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Repetitive transcranial magnetic stimulation (rTMS) has been proposed as a therapeutic
tool to alleviate symptoms for neurological and psychiatric diseases such as chronic
pain, stroke, Parkinson’s disease, major depressive disorder, and others. Although the
therapeutic potential of rTMS has been widely explored, the neurological basis of its
effects is still not fully understood. Fortunately, the continuous development of imaging
techniques has advanced our understanding of rTMS neurobiological underpinnings
on the healthy and diseased brain. The objective of the current work is to summarize
relevant findings from positron emission tomography (PET) and magnetic resonance
imaging (MRI) techniques evaluating rTMS effects. We included studies that investigated
the modulation of neurotransmission (evaluated with PET and magnetic resonance
spectroscopy), brain activity (evaluated with PET), resting-state connectivity (evaluated
with resting-state functional MRI), and microstructure (diffusion tensor imaging). Overall,
results from imaging studies suggest that the effects of rTMS are complex and involve
multiple neurotransmission systems, regions, and networks. The effects of stimulation
seem to not only be dependent in the frequency used, but also in the participants
characteristics such as disease progression. In patient populations, pre-stimulation
evaluation was reported to predict responsiveness to stimulation, while post-stimulation
neuroimaging measurements showed to be correlated with symptomatic improvement.
These studies demonstrate the complexity of rTMS effects and highlight the relevance
of imaging techniques.

Keywords: rTMS (repetitive transcranial magnetic stimulation), PET, resting state connectivity (rsfMRI), MRS
(magnetic resonance spectroscopy), diffusion tensor imaging (DTI), animal models
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INTRODUCTION

Transcranial magnetic stimulation (TMS) is a brain stimulation
technique that modulates activity non-invasively. TMS
accomplishes this via the induction of electrical currents
through rapidly changing magnetic field pulses. When TMS
is applied in repetitive trains of stimulation (i.e., repetitive
TMS, rTMS), its effects on cortical excitability can outlast the
period of stimulation (for review, see Fitzgerald et al. (2006),
Nordmann et al. (2015)). In humans, rTMS has been shown to
induce plasticity reflected as changes in corticospinal excitability.
Changes in excitability are often measured using motor evoked
potential (MEP) amplitude, elicited with single-pulse stimulation
to the motor cortex (Pell et al., 2011; Nojima and Iramina,
2018). rTMS can be used to either increase (excitatory rTMS) or
decrease (inhibitory rTMS) cortical excitability depending on the
paradigm of repetitive stimulation used (Speer et al., 2000; Lang
et al., 2006). The ability of rTMS to modulate cortical excitability
beyond the period of repetitive stimulation makes it an appealing
therapeutic tool for neuropsychiatric disorders where plasticity
induction proves helpful (for review, see Lefaucheur et al.
(2020)).

Repetitive transcranial magnetic stimulation is currently
approved by regulatory agencies as a therapeutic tool for drug-
resistant depression (O’Reardon et al., 2007) and obsessive-
compulsive disorder (Carmi et al., 2018). Studies have also
proposed rTMS delivery as a potential therapeutic tool in the
treatment of multiple disorders such as drug addiction (Diana
et al., 2017), gambling disorder (Moccia et al., 2017), neuropathic
pain (Lefaucheur, 2006a; Andre-Obadia et al., 2018), stroke
(Corti et al., 2012; Neva et al., 2020), and dystonia (Siebner
et al., 2003; Kimberley et al., 2015). However, the mechanisms
through which rTMS elicits its therapeutic effects are still to be
elucidated. For example, while the approved excitatory rTMS
delivery on the left dorsolateral prefrontal cortex (DLPFC) is
effective in alleviating depression symptoms (Perera et al., 2016),
recent studies suggest that inhibitory rTMS of the right DLPFC
may be as effective (Schaffer et al., 2021).

To fully exploit the potential of rTMS in clinical settings, it
is necessary to understand rTMS-induced neurochemical and
functional changes directly in the human brain. The emergence
and constant development of brain imaging techniques have
facilitated the study of rTMS effects. Positron emission
tomography (PET) and magnetic resonance imaging (MRI)
techniques such as diffusion tensor imaging (DTI) and
magnetic resonance spectroscopy (MRS) can be used to
evaluate functional, microstructural, and neurochemical changes
following stimulation.

For example, the availability of multiple PET radiotracers
makes PET imaging a relevant tool in studying the brain’s
physiology. This neuroimaging tool can be used to measure
the modulation of specific neurotransmitters and receptor
systems, taking advantage of the development of a variety of
radioligands for receptors, transporters, enzymatic activity, and
neurotransmission processes. MRS can also be used to evaluate
changes in neurotransmitter concentrations such as gamma-
aminobutyric acid (GABA) and glutamate, the major inhibitory

and excitatory neurotransmitters in the brain, respectively.
Further, MRI and PET techniques can be used to evaluate
neural activity modulation. Specifically, 2-deoxy-2-(18F) fluoro-
D-glucose (FDG), a PET tracer and glucose analog, has been used
to evaluate rTMS induced changes in neuronal activity. [18F]FDG
uptake reflects glucose metabolism in neural tissue and, given
that glucose metabolism increases during neuronal activation
(Raichle and Mintun, 2006). Similarly, PET O15H2O measures
neural activation indirectly by recording regional cerebral blood
flow (rCBF) changes, which are coupled to brain activity.

Functional magnetic resonance imaging (fMRI)
measurements of blood-oxygen-level-dependent (BOLD), a
measurement modulated by neural activity (Raichle and Mintun,
2006). Fluctuations in the BOLD signal across the brain can be
used to evaluate functional connectivity, a method that identifies
correlation patterns between brain regions (Büchel and Friston,
1997; Greicius et al., 2004).

These fMRI images can be acquired at rest (rsfMRI) or during
a task. During a task, fMRI is used to record task-derived changes
in brain activity, while at rest fMRI is used to detected regions in
which patterns of spontaneous BOLD fluctuation correlate when
participants are at rest. Both methods have proven helpful in
their way as they can evaluate different processes or mechanisms
of rTMS. Task-based studies can evaluate activation pattern
discrepancies between healthy and patient populations, as well
as inquire how these patterns are affected by rTMS delivery.
Resting state fMRI can be used to record the effect of rTMS
in functional connectivity and avoid the measurement of task-
derived modulation. In addition, MR techniques such as DTI
can be used to evaluate rTMS induced changes in white matter
microstructure and structural connectivity.

Given the broad literature of neuroimaging studies
investigating the effects of rTMS, in this narrative review,
we present a summary of some of the relevant findings from
PET and MRI studies in humans and large animal models. The
literature search was carried out with PubMed using major
terms such as “rTMS” or “repetitive transcranial magnetic
stimulation” in combination with PET, MRS, resting-state
connectivity, or DTI.

We have organized the current work in distinct sections,
starting with an introduction to rTMS protocols and some
of the disorders relevant to the current work, along with a
small section on rTMS and in vivo imaging in animal models.
We then present literature in human participants evaluating
in vivo neurotransmission systems (using PET and MRS),
activity modulation (using PET tracers for blood flow and
glucose metabolism), functional connectivity (using rsfMRI), and
microstructure (using DTI).

REPETITIVE TRANSCRANIAL
MAGNETIC STIMULATION OVERVIEW

The diversity of rTMS protocols enabled the study of its
applicability and effectiveness in brain disorders. Several rTMS
parameters can be modified depending on the target population,
including the stimulated area, stimulus frequency and patterns,
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stimulus intensity, duration of the application period, and the
total number of stimuli. Conventionally, low-frequency rTMS
(LF-rTMS, ≤1 Hz) is consider to decrease cortical excitability
while high-frequency rTMS (HF-rTMS, ≥5 Hz) is consider to
increase it (Houdayer et al., 2008). In addition to the conventional
HF- and LF-rTMS, several patterned protocols with more
complex timings exist, such as theta-burst stimulation (TBS) and
quadripulse stimulation (QPS), which can increase and decrease
cortical excitability depending on the interval between patterns of
stimuli (i.e., bursts).

Theta-burst stimulation is delivered in bursts of 3 stimuli
at 50 Hz, every 2 s, and can be delivered continuously (cTBS)
or intermittently (iTBS), inducing a decrease or increase in
cortical excitability, respectively. As its name indicates, cTBS
involves the application of continuous TBS pulses for 20 to
40 s (300 to 600 stimuli, respectively), whereas, in iTBS, the
TBS pattern is applied in a 10-s intertrain interval, with 2 s
of stimulation and 8 s of no stimulation, for a total of 190 s
(Huang et al., 2005).

Quadripulse stimulation consists of bursts of four monophasic
magnetic pulses at 0.5-ms intervals for 30 min to 360 bursts.
Like TBS, QPS can induce an increase or decrease in cortical
excitability. QPS delivered with a short inter-pulse interval
(smaller than 15 ms) increases excitability, while QPS delivered
with larger intervals (between 15 and 100 ms) decreases it
(Hamada et al., 2008).

In addition to different frequencies and patterns, rTMS effects
can also be altered by the coil used. There are multiple coils
designs and sizes available for rTMS delivery. Using a different
coil affects the size, shape, and depth of the induced electrical
field in the brain (Deng et al., 2013). Generally, the depth of
stimulation from a given coil can be estimated by dividing the
coil diameter in half. For example, a 7 cm diameter coil induced
a stimulation depth of 4.5 cm depth starting from the coil,
which must penetrate the plastic casing of the coil, the skull, and
cerebrospinal fluid before reaching brain tissue. Current human
studies mainly use a figure-eight coil, which reaches cortical
stimulation depth ranging from 1 to 1.9 cm in the cortex (Deng
et al., 2013). Circular coils are often used in clinical populations
in specific cases where the depth of stimulation might be more
critical than stimulation focality, which tends to be compromised
in circular coils compared to figure-eight coils. Deeper brain
regions can also be targeted using specialized coils, such as an
H-coil, enabling the targeting of deeper structures (>2.4 cm in
brain matter) bilaterally (Deng et al., 2013).

Parameters such as the stimulus intensity can and is often
individualized according to the resting or active motor threshold
(RMT and AMT, respectively). Motor thresholds are measured by
delivering single-pulse TMS over the motor cortex and assessing
the MEPs via electromyographical (EMG) measurement in the
targeted muscle. RMT is measured while the muscle is at rest,
and it is defined as the minimal intensity of a single pulse of
TMS required to elicit an MEP with a peak-to-peak amplitude
≥50 µV in at least 5 out of 10 consecutive trials (Boroojerdi et al.,
2001). AMT is obtained the same way but during an isometric
contraction of 5–20% of the maximal voluntary contraction, and

where the peak-to-peak MEP amplitude needs to be ≥200 µV in
at least 5 out of 10 consecutive trials (Berardelli et al., 2008; Boyd
et al., 2014; Auriat et al., 2015).

Main Therapeutic Applications of
Repetitive Transcranial Magnetic
Stimulation
Depressive Disorders
Mood disorders are chronic disorders characterized by the
occurrence of depressed mood along with a loss of interest in
activities that were once enjoyable. The pathophysiology of mood
disorders is still not fully understood but studies have shown
patients present hypoactivity in the left and hyperactivity in the
right frontal cortex. This led to the application of facilitatory
rTMS over the left or inhibitory rTMS over the right frontal
cortex (Fitzgerald et al., 2009; George et al., 2010). Similarly,
rTMS studies of other neuropsychiatric and mood disorders have
been based on the induction of cortical excitability decrease or
increase (see Lefaucheur et al. (2014b)).

Parkinson’s Disease
Parkinson’s disease is characterized by a progressive loss of
dopaminergic neurons in the substantial nigra, disrupting the
basal ganglia-thalamo-cortical loops and regions, including
the primary motor cortex (Burciu and Vaillancourt, 2018).
Parkinson’s patients manifest various motor symptoms such as
bradykinesia, tremors, rigidity, and gait difficulties (Moustafa
et al., 2016). While Parkinson’s motor symptoms are the most
clinically evident, non-motor signs such as cognitive dysfunction
and depression are also prominent in Parkinson’s patients
(Helmich et al., 2006). Similar to mood disorders patients, studies
have indicated that Parkinson’s disease is accompanied by motor
cortices dysfunction (Lefaucheur, 2005), thus making them a
sound targets for rTMS delivery.

Stroke
Following a stroke, changes in brain activity in both hemispheres
are observed, these changes can be advantageous, but they can
also lead to maladaptive recovery (Ward et al., 2003; Altman et al.,
2019). Studies have suggested a shift in sensorimotor cortical
excitability in both hemispheres (Dijkhuizen et al., 2003), where
excitability decreases in the affected region and increases in the
unaffected area (Huynh et al., 2016). Thus, LF-rTMS delivery
over the unaffected hemisphere has been used to improve motor
performance by rebalancing the excitability of the hemispheres
(Lefaucheur, 2006b). While fewer studies have delivered HF-
rTMS ipsitralesionally, beneficial results using this method have
also been reported (see Lefaucheur et al. (2014a)).

Chronic Pain
Chronic pain research suggested that the disorder might be
associated with maladaptive plastic changes in the central and
peripheral nervous system (Fregni et al., 2007). Several areas,
including limbic, thalamic, and cortical regions such as the
sensorimotor, insular, parietal, and prefrontal cortex, have been
suggested as regions contributing to a state of over-reactivity
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(Goossens et al., 2018; Ong et al., 2019). Researchers have
explored the potential of rTMS when applied over the motor
cortex under the assumption that pain perception could be
modulated by indirect effects carried via neural networks that
ultimately target pain-modulating areas such as the thalamic and
limbic regions (Lefaucheur et al., 2020).

Addiction
Addiction is a complex disorder involving several neural
pathways; the main implicated pathways are those from
the meso-cortico-limbic system (Koob and Volkow, 2010).
This condition is characterized by the disruption and
dysregulation of dopaminergic activity induced by exposure
to addictive substances (Volkow et al., 2007). Thus, delivery
of rTMS in patients with addiction is thought to be able to
modulate connectivity between regions of the mesolimbic
system and alleviate symptoms by altering activity in
relevant cortices, such as the hypoactive frontal cortex
(Hu et al., 2019).

IMAGING METHODS IN REPETITIVE
TRANSCRANIAL MAGNETIC
STIMULATION STUDIES

Positron Emission Tomography Studies
of Neurotransmission
Positron emission tomography imaging relies on detecting
and localization of a radionuclide used to label a molecule
(e.g., receptor/transporter agonists or antagonists, enzymatic
precursors) to target a specific neurotransmitter system.
Various radiotracers can be used to monitor specific
proteins and neurochemicals processes in the living brain
non-invasively. PET-rTMS studies have been heavily
focused on evaluating stimulation effects on endogenous
dopamine. The majority of such studies use [11C]raclopride,
a D2/3 receptor antagonist (Laruelle, 2000), as a surrogate
marker for dopamine level quantification in the striatum.
Evaluation of extrastriatal dopamine release can also be
assessed using higher-affinity receptor radioligands like
[18F]fallypride (Hernaus and Mehta, 2016) and [11C]PHNO
(Wilson et al., 2005).

Positron emission tomography imaging has also been used to
evaluate rTMS-induced perturbations in other neurotransmitters
such as serotonin and endogenous opioids. Serotonin imaging
is enabled by tracer such as [11C]αMtrp synthetic analog of
the essential amino acid precursor to 5HT, L-tryptophan (Trp),
which provides a proxy measure for serotonin synthesis capacity
in vivo. Imaging of the endogenous opioid system can be
monitored using [11C]carfentanil as a high-affinity µ opioid
receptor antagonist.

While understanding rTMS-driven neurotransmitters release
is an essential tool to understand the short- and long-term
mechanisms of action of the non-invasive stimulation therapies,
other tracers also permit measuring and quantifying other
processes, such as inflammation or synaptic density.

Magnetic Resonance Spectroscopy
Imaging
Magnetic resonance spectroscopy allows to investigate
concentrations of metabolites in vivo non-invasively and
can thus can be used as a piece of surrogate information to infer
neurotransmitter and neurochemical changes. Usually, MRS is
acquired from a volume of interest containing several voxels at
a time (1 cm3 is often considered adequate size). Its acquired
spectral components from N-acetyl aspartate (NAA), total NAA
(tNAA), a combination of NAA and NAA glutamate (NAAG),
creatine (Cr), phosphocreatine (PCr), choline, myoinositol, and
the combined signal of glutamate and glutamine (Glx).

Under specific acquisition and analysis conditions, it is
also possible to record spectral components of glutamate and
glutamine separately and gamma-aminobutyric acid (GABA).
MRS measurements of GABA and glutamate concentration can
be used to monitor inhibitory and excitatory neurotransmission,
while the other metabolites present in the MRS spectra have been
used as markers of other neurochemical processes.

Quantification of GABA is technically challenging due to its
low concentration (Govindaraju et al., 2000) and spectral overlap
with other metabolites that are more abundant (Puts and Edden,
2012). One possible method to separate the GABA spectra is to
use scanners with higher field strength, such as 7Tesla (Gröhn
et al., 2019). Alternatively, spectral editing and two-dimensional
MRS methods can be used when higher field scanners are
unavailable. Spectral editing methods such as MEGA-PRESS are
used to reduce the information in the spectrum (Buonocore
and Maddock, 2015), while two-dimensional MRS methods can
spread the overlapping signals (Ke et al., 2000).

Glutamate (Glu) spectra overlap with glutamine (Gln) spectra,
making it simpler to report information from both spectra
together as Glx. Modifying echo times to shorter ones can
improve the detection of Glu (Wilson et al., 2019), as done with
sequences such as SPECIAL and sLASER (Öz et al., 2021).

In vivo Imaging of Neural Activity and
Functional Connectivity
Positron emission tomography evaluation of neural activity
is enabled by measuring alterations in [18F]FDG, a glucose
analog, and flow and oxygen metabolism using 15OH2O and
15O radiotracers. As neural activity changes, changes in glucose
consumption and metabolism are reflected, leading to an increase
or decrease in the uptake and trapping of [18F]FDG. PET-
15OH2O imaging is used to measure regional cerebral blood
flow (rCBF), coupled with neural activity, unless there are
severe pathological conditions where uncoupling may occur
(Raichle and Mintun, 2006).

Another helpful imaging tool to evaluate neural activity is
fMRI. Similar to PET- O15H2O, this technique can monitor
changes in blood flow through the measurement of the BOLD
signal and change in oxygenation as an indirect measure of
neural activity. When acquired at rest, fMRI can identify the
correlation of spontaneous fluctuations in brain activity among
spatially distributed brain regions; this analysis is defined as
resting-state functional connectivity (rsFC) (Biswal et al., 2010;
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Smitha et al., 2017). In rTMS studies, rsFC evaluation is useful as
it allows for the assessment of rTMS effects without accounting
for connectivity modulation concomitant to a task or state.

Regions that show statistical dependence in BOLD
signal fluctuation are known as resting-state networks
(Smith et al., 2009; Doucet et al., 2011; Hamada et al., 2013;
Smitha et al., 2017). These networks can be identified using
several analysis techniques, seed-based analysis being the first
method adopted in early work by Biswal et al. (1995). Such
analysis finds the linear correlation of a pre-selected region (a
seed region) with all the other voxels in the brain. While this is
advantageous due to its simplicity and interpretability, its results
are heavily influenced by the seed region selected.

Later techniques have allowed hypothesis-free analysis of rs-
fMRI data; one of such techniques is independent component
analysis (ICA) (Beckmann et al., 2005; Damoiseaux et al., 2006; Bi
et al., 2018) which allows for the distinction of networks through
decomposition of the signal from all brain voxels to temporal and
spatial independent components. In addition, techniques such as
k-means clustering (Thomas Yeo et al., 2011; Zhang and Li, 2012;
Drysdale et al., 2017), graph theory (Lord et al., 2012; Khazaee
et al., 2015), and others (for review see Khosla et al. (2019)),
have expanded the available toolbox of hypothesis-free rs-fMRI
analysis methods.

In vivo Imaging of Structural Integrity
Changes With Diffusion Tensor Imaging
Diffusion tensor imaging can evaluate structural integrity and
structural changes in white matter. It allows the acquisition of
diffusion water maps in the brain and provides quantitative
information through diffusion coefficients (Alexander et al.,
2007; Westlye et al., 2010; Hawco et al., 2018). Diffusion maps
provide microstructural information that allows the detection
of changes in white matter and can also be used to evaluate
alterations in neuroanatomy due to aging (Poudel et al., 2015;
Lebel and Deoni, 2018), disease (Melzer et al., 2013; Poudel et al.,
2015; Visser et al., 2019) or interventions (Coenen et al., 2014; Pi
et al., 2019).

Fractional anisotropy (FA) measurements described the
directionality of random water diffusion (Pierpaoli and Basser,
1996). FA values range from 0 (isotropic) to 1 (anisotropic),
where values closer to 0 represent water molecules that diffuse
freely in any direction or are equally restricted in all directions
(e.g., cerebral fluid) and values closer to 1 represent water
diffusion occurring in a single direction (e.g., when contained
in fiber bundles). Regarding white matter FA estimates, higher
values are observed in heavily myelinated tracks, given that the
myelin restricts the diffusion of water molecules to the direction
along the fiber tracks (Beaulieu, 2002). Another commonly used
DTI measurement is mean diffusivity (MD) representing the
average mobility of water molecules where higher values of MD
indicate a more isotropic movement.

Diffusion tensor imaging can provide information on
the local white matter bundle orientation, which can be
used to reconstruct white matter connections (Lin et al.,
2011) and structural connectivity (Chiang and Haneef, 2014).

DTI tractography analyzed using graph theory methods can
evaluate fiber count as a measurement connectivity strength
(Caeyenberghs et al., 2012). Specifically, metrics to evaluate global
or local connectivity such as characteristic path length, global
efficiency, strength, and modularity can be obtained (Kocevar
et al., 2016; Yu et al., 2018). Path length is a measurement
of the information integration processing, an increase in this
measurement represents a bigger number of steps for brain
regions to communicate with each other. Global efficiency is a
proportional inverse of path length, and it provides information
about the network’s parallel information processing efficiency.
Finally, modularity and strength are measurements that evaluate
the network segregation and the weight of the connectivity
across the regions of a network (Girvan and Newman, 2002;
Baum et al., 2017).

IMAGING STUDIES OF REPETITIVE
TRANSCRANIAL MAGNETIC
STIMULATION EFFECTS IN ANIMAL
MODELS

Even though the current review focused on human imaging
studies, it is important to acknowledge the value of animal work
in unveiling the mechanisms of rTMS. The use of animal models
provides a unique opportunity compared to human studies; it
allows the parallel evaluation of behavior and non-invasive in vivo
imaging and permits confirmation of the in vivo findings and
monitoring of molecular and cellular changes using invasive
techniques, including postmortem evaluations. Furthermore,
rTMS studies in animal subjects decrease population variability
by controlling for subject characteristics such as age, sex, disease
stage, and genetic background. Animal models can also evaluate
rTMS safety as the effects of higher frequency, a larger number
of pulses and supra-threshold intensities can be measured on the
cellular, molecular and inflammatory responses.

Non-human primates are a precious animal model in
the study of the brain, and they are an essential tool
for understanding the neural mechanisms involved in non-
invasive brain stimulation techniques. Specifically, in evaluating
rTMS effects, non-human primates provide several advantages
compared to other animal models. Their large brains and
comparable neuroanatomy to humans facilitate the translation of
the methods with only slight adjustments and even permit the use
of standard coils as well as facilitate the use and comparison of
neuroimaging data from PET and MR imaging (Ohnishi et al.,
2004; Salinas et al., 2013, 2015). Non-human primates can be
trained to sit in a monkey chair (McMillan et al., 2014) and
receive rTMS daily while awake (Aceves-Serrano et al., 2019a,b).
The variety of available primate models of diseases such as
Parkinson’s disease, epilepsy, and stroke can be used to provide
insights into the effects of rTMS in these different disorders
(Bezard et al., 1997; Szabó et al., 2005; Kadono et al., 2021).
Finally, healthy non-human primates could help to evaluate
the impact of a clinical course of rTMS delivery and allow for
comparison between the effects of rTMS in the healthy and
non-healthy brain.
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In monkeys, a [11C]raclopride studies of acute stimulation
reported an increase in striatal dopamine release following
HF-rTMS (Ohnishi et al., 2004) and a decrease after cTBS
(Aceves-Serrano et al., 2019a). In addition, PET studies of
glucose metabolism in healthy monkeys showed rTMS over the
motor cortex induced immediate and long-lasting (8 and up
to 16 days after stimulation) effects in areas anatomically of
functionally connected to the targeted region (Hayashi et al.,
2004), which were also observed 16 days after stimulation. In
healthy baboons, Salinas et al. (2013, 2016) showed that different
stimulation frequencies yield distinct effects in rCBF. Authors
found both increase and decrease in rCBF after different HF
rTMS frequencies (3 Hz, 5 Hz, 10 Hz, and 15 Hz), and their work
suggested different frequencies might be optimal for targeting
different nodes from the motor network. This study, in particular,
highlights the advantage of animal imaging studies as such study
design would not have been feasible in human subjects due to
ethical concern of radioactivity exposure, as multiple scans per
subject were acquired.

Magnetic resonance studies of rTMS effects have also been
carried in animals. In a non-human primate model of post-
stroke pain, fMRI evaluation demonstrated HF-rTMS over the
ipsilesional motor cortex induced pain relief and changes in
connectivity between the thalamus and the amygdala (Kadono
et al., 2021). While, in rats, a resting-state fMRI study showed
different rTMS frequencies and patterns (1 Hz, 10 Hz, continuous
theta-burst stimulation (cTBS) or biomimetic high-frequency
stimulation) delivered over the right hemisphere modulated
connectivity in the somatosensory cortex, the motor cortex, and
the hippocampus (Seewoo et al., 2018). Like what was reported
in monkeys and humans, effects in these regions were frequency-
dependent.

Taken together, these studies show the feasibility of rTMS
studies in animal models. They illustrate the advantages that
animal studies provide, such as the acquisition of multiple
imaging studies per subject and the evaluation of the effects of
multiple rTMS parameters in the same animal. In addition, rTMS
imaging studies allow direct comparison between the results
from human and extensive animal studies, as similar acquisition
and analysis parameters are typically implemented. Importantly,
in the case of fMRI evaluation, the identification of resting-
state networks in monkeys and rodents (Vincent et al., 2007;
Hutchison and Everling, 2012; Lu et al., 2012) simplifies the
translation of resting-state fMRI results from animal to humans.

POSITRON EMISSION TOMOGRAPHY
EVALUATION OF REPETITIVE
TRANSCRANIAL MAGNETIC
STIMULATION EFFECTS IN
NEUROTRANSMISSION

Dopamine
Healthy Participants
An early PET study in healthy participants by Strafella et al.
(2001) detected a striatal decrease of [11C]raclopride binding
immediately after HF-rTMS over the left prefrontal cortex (PFC),

indicating an increase in dopamine release in the left caudate
nucleus. The same research group later showed a similar increase
in the putamen after HF-rTMS over the left motor cortex
(Strafella et al., 2003).

Dopamine imaging studies have also reported a decrease in
dopamine release following rTMS administration. One study by
Ko et al. (2008) looked at the effects of inhibitory cTBS over the
left dorsolateral DLPFC before a planning and set-shifting task.
Authors found that cTBS, an inhibitory form of rTMS, impaired
performance and decreased dopamine release in the bilateral
caudate and the putamen. Given the study design, it is unclear
whether this bilateral effect resulted from the higher frequency
(50 Hz), the task at hand, or a combination of the two.

A later study also reported a bilateral dopamine decrease
in the striatum of healthy subjects following inhibitory rTMS
(Malik et al., 2018). LF-rTMS was delivered to the bilateral insular
cortex, which most likely mediated the bilateral response. They
reported an increase in [11C] PHNO, a D2 receptor agonist,
in parts of the striatum, suggesting a decrease in dopamine
release. Importantly, even though Ko and Malik’s studies used
different rTMS parameters (different frequency, coil, number of
pulses, and target region), they both showed a decrease in striatal
dopamine. These findings suggest that conventionally inhibitory
forms of rTMS (LF-rTMS and cTBS) decrease dopamine release
in the striatum and accord with a hypothesized decrease in
cortical excitability. Notably, the changes in striatal dopamine
reported in these studies follow the distribution of corticostriatal
projections reported in anatomical and physiological studies
(Alexander et al., 1986), suggesting dopamine release might have
been mediated by modulation of the corticostriatal projections.

Delivery of HF-rTMS has also been shown to modulate
extrastriatal dopamine in healthy participants. In work by Cho
and Strafella (2009), the authors found dopamine increases in the
anterior cingulate cortex and the orbitofrontal cortex following
HF-rTMS over the left DLPFC likely facilitated by the dense
anatomical connections between the DLPFC and the cingulate
cortex (Petrides and Pandya, 2002). These results showed rTMS
ability to indirectly increase or decrease dopamine release in
multiple brain regions of healthy controls.

Clinical Populations
Further studies confirmed tonic striatal dopamine release
induced by rTMS in patient populations. In a study of unilateral
parkinsonian patients, researchers showed increased dopamine
release in the bilateral putamen after HF-rTMS delivery over the
symptomatic M1 (i.e., hemisphere contralateral to the clinically
affected hemibody) (Strafella et al., 2005). Following work Kim
et al. (2008) confirmed these findings and reported improvement
of parkinsonian motor symptoms and an increase in striatal
dopamine release.

While the dopamine-rTMS studies previously listed have
assessed the effects on a single session of rTMS, studies in
participants with psychiatric conditions have been carried a
clinical therapeutic course of stimulation. In subjects with
depression, studies using [11C]raclopride and L-[b 11C]DOPA
failed to detect changes in striatal dopamine release and
dopamine synthesis (Kuroda et al., 2006, 2010) the day after ten
daily HF-rTMS sessions of the left DLPFC. RTMS parameters
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such as frequency (10 Hz) and intensity (100% RMT) were similar
to acute studies where dopaminergic changes were detected.
Thus, the discrepancy might have resulted from the time between
the rTMS application and the scan acquisition.

Using a similar rTMS parading, Pogarell et al. (2006, 2007)
evaluated both the immediate and chronic effects of rTMS.
Instead of PET imaging, the authors used single photon-
emission computed tomography (SPECT) and [123I] IBZM, a
D2/3 receptor antagonist. Using a bolus plus constant infusion
scanning paradigm allowed authors to measure the tracer and the
changes in dopamine release over hours, in this case before and
after an rTMS session. In their study design, Pogarell et al. (2006,
2007) delivered rTMS daily on the left DLPFC of patients with
depression for 3 weeks with an IBZM scan on day one and an
IBZM scan on the last day. In each scan day, two acquisitions
were performed: one before and one after the rTMS session.
Tracer binding in the bilateral striatum before the first and before
the last stimulation session (i.e., 24 h after the previous rTMS
session but before the last session) was comparable, replicating
Kuroda’s work finding (Kuroda et al., 2006, 2010). In contrast,
tracer binding after the first and after the last rTMS was increased
compared to their respective baseline assessment, suggesting that
in both cases, after the first and after the last rTMS session,
an immediate increased dopamine release in response to the
stimulation. Changes in dopamine release were also accompanied
by significant symptomatic improvement.

Three observations can be drawn from these results: first,
the findings of the therapeutical improvements from HF-rTMS
over the left DLPFC in depression are consistent. Second,
measurable rTMS modulation of dopamine is transient and
is not detectable within hours following the end of HF-rTMS

stimulation, in line with results from a dialysis study in rats,
where rTMS induced dopamine release lasted about 140 min
(Kanno et al., 2004). Third, acute dopamine modulation is similar
in response to HF-rTMS when delivered for the first time and
delivered after multiple daily sessions (Pogarell et al., 2006,
2007). However, these studies were carried in a small sample of
patients with depression, and it is not clear whether the subjects’
neuropathology drove or at least influenced these results.

In summary, PET studies in healthy subjects and patient
populations have shown that HF-rTMS delivery increases
dopamine in the ipsilateral striatum (Table 1). Dopamine
modulation is localized in areas that correspond to the
distribution of the stimulated corticostriatal projections. In
human subjects with Parkinson’s disease and mood disorders
have shown bilateral changes in striatal dopamine transmission,
which highlights how differences in the neurochemical and
functional state (disease compared to healthy control) may
influence rTMS effects on striatal dopamine release (ipsilateral vs.
bilateral) (Ko and Strafella, 2012).

A significant limitation of some of the studies presented
here is the lack of a control condition (Strafella et al., 2005;
Kuroda et al., 2006, 2010; Pogarell et al., 2006, 2007; Cho
and Strafella, 2009), which is specifically relevant in studies of
dopamine release modulation. Such study design may make
measurement susceptible to expectation, leading to dopamine
release (De la Fuente-Fernández et al., 2001).

Other Neurotransmitters
Positron emission tomography studies of rTMS effects have
primarily focused on evaluating dopamine modulation, partly
because of the relevance of the dopaminergic system and the

TABLE 1 | SPECT and PET dopamine studies of rTMS effects in healthy controls and clinical populations.

rTMS

Author Subjects Frequency,
intensity

Sessions
(pulses/session)

Target region Tracer Results

Strafella et al., 2001 N = 8, HC 10 Hz, 100% RMT 1 (450) L DLPFC [11C]raclopride ↑ DA in ips caudate

Strafella et al., 2003 N = 6, HC 10 Hz, 90% RMT 1 (450) L M1 [11C]raclopride ↑ DA in ips putamen

Strafella et al., 2005 N = 7, PD 10 Hz, 90% RMT 1 (450) More affected M1
Less affected M1

[11C]raclopride ↑ DA in ips putamen.
Greater release in less

affected M1.

Kuroda et al., 2006 N = 9, MD 10 Hz, 100% RMT 10 (1000) L DLPFC [11C]raclopride NS

Pogarell et al., 2006,
2007

N = 5, MD 10 Hz, 100% RMT 1 (3000)
15 (1500)

L DLPFC [123 I] IBZM ↑ DA L and R striatum

Ko et al., 2008 N = 10, HC during a
task

50 Hz (cTBS), 80%
AMT

1 (900) L DLPFC, vertex
(control)

[11C]raclopride ↓ DA L and R caudate
and left putamen

Kim et al., 2008 N = 9, PD 5 Hz, 90% RMT 2 (150) More affected M1 [11C]raclopride ↑ DA contralateral
caudate

Cho and Strafella, 2009 N = 7, HC 10 Hz, 100% RMT 1 (750) L DLPFC, R DLFPC [11C]FLB 457 ↑ DA L ACC and mOFC
post left DLPFC rTMS

Kuroda et al., 2010 N = 8, MD 10 Hz, 100% RMT 10 (1000) L DLPFC L-[β−11C]DOPA NS

Lamusuo et al., 2017 N = 11, HC 10 Hz, 90% RMT 1 (1000) L DLPFC [11C]raclopride NS

Malik et al., 2018 N = 8, HC 10 Hz, 120% RMT
1 Hz, 120% RMT

1 (1000)
1 (1020)

Bilateral insula
(H-coil)

[11C] PHNO ↑ DA L and R SN (1 Hz)
↑ DA L and R SMST

(1 Hz)

↑, increase; ↓, decrease; ACC, anterior cingulate cortex; bi, bilateral; DA, dopamine release; DAT, dopamine transporter; DLPFC, dorsolateral prefrontal cortex; GD,
gambling disorder; HC, healthy control; ips, ipsilateral; L, left; M1, motor cortex; MD, mood disorder; mOFC, medial orbitofrontal cortex; NS, non-significant; PD,
Parkinson’s disease; R, right; SMST, sensorimotor striatum; SN, substantia nigra.
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availability of tracers for dopaminergic evaluation. However, a
few PET studies have evaluated the effect of rTMS on serotonin
and endogenous opioid release.

An early pilot study used [11C]-Alpha-methyl-tryptophan
([11C]-αMtrp), a synthetic analog of the serotonin precursor, and
measured “trapping” as a proxy measurement for or serotonin
synthesis capacity in vivo. Their results suggested that HF-
rTMS delivered over the left DLPFC could modulate serotonin
metabolism and trapping in parts of the limbic cortex of healthy
subjects right after a single stimulation session (Sibon et al.,
2007). These results are in line with reported results from
SPECT imaging, where binding of [123I]-5-I-R91150, a 5-HT2A
receptor antagonist decreased following 10 sessions of rTMS
delivery (Baeken et al., 2011). These changes in serotonin release
correlated with symptomatic improvement, suggesting that HF-
rTMS therapeutic effects might be associated with modulation of
serotonin release and metabolism.

A study by Lamusuo et al. (2017) evaluated the effects of HF-
rTMS in both the dopaminergic and opioid systems. While they
found no dopamine release changes hours after the end of HF-
rTMS, the evaluation using an agonist tracer of the µ opiate
receptor ([11C]carfentanil) continued to show significant changes
more than 5 h after the end of the stimulations.

Although there is limited literature on the effects of rTMS on
neurotransmitters other than dopamine, these PET and SPECT
studies highlight the complex multi-neurotransmitter effect of
rTMS. The effects of rTMS on dopamine release seem to be
immediate and transient, given the lack of effects after several
hours (Kuroda et al., 2010; Lamusuo et al., 2017). In contrast,
studies of the serotonergic system reported immediate [right after
stimulation (Sibon et al., 2007)] and longer-lasting effects [a week
after 10 daily sessions (Baeken et al., 2011)]. Finally, there also
seems to be an effect of rTMS in the opioid system, which lasts
longer than the effect in the dopaminergic system (Lamusuo et al.,
2017). These studies confirm that different neurotransmission
systems have a unique response to rTMS, with modulation lasting
from less than a few hours to several days.

Neuropharmacological imaging is limited to a few
neurotransmitters and changes in the two transmitters that
may present the most interest based on their ubiquitous
distribution, GABA and glutamate, are not easily measurable
by PET or SPECT. Combination with other modalities, as
described below, may, however, permit one to have a glimpse
into their role.

MAGNETIC RESONANCE
SPECTROSCOPY EVALUATION OF
REPETITIVE TRANSCRANIAL
MAGNETIC STIMULATION EFFECTS IN
NEUROTRANSMISSION

In this section, we present results from MRS literature focused
on investigating the effects of rTMS on neurotransmission. In
this review, we have not included studies that only report
modulation of metabolites other than GABA, Glu, and Glx

[e.g., Myo-inositol, choline, and N-acetyl aspartate (NAA)];
for a more detailed review on MRS-rTMS studies, refer to
Cuypers and Marsman (2021).

Healthy Participants
Excitatory rTMS modulates neurotransmitter levels in healthy
humans. Iwabuchi et al. (2017) showed a decrease in GABA/Glx
ratio in the targeted region (left DLPFC) and the anterior
cingulate cortex after iTBS delivery. An early HF-rTMS recorded
a decrease in Glx in the stimulated left DLPFC and an increase
in the contralateral region (Michael et al., 2003). Interestingly,
Glx changes in the left DLPFC negatively correlated with
baseline levels, suggesting that baseline Glx might predict rTMS
induced Glx changes.

Studies in healthy subjects have reported a relation between
brain connectivity and changes in metabolite levels following
excitatory rTMS. Iwabuchi et al. (2017) showed that the
GABA/Glx ratio decreased in the right DLPFC and was
associated with decreased connectivity between the DLPFC
and right anterior insula in response to iTBS over the left
DLPFC. Another study reported a relation between an increase
in GABA/tCr in the posterior cingulate and its connectivity
and the inferior parietal lobe (targeted area) after iTBS
delivery (Vidal-Piñeiro et al., 2015). These results illustrate the
propagation of rTMS effects from the proximal, stimulated
area to distal anatomically and functionally connected regions
and that GABA and Glx measurements have a significant
relationship with the large-scale network changes resulting from
rTMS delivery.

Stagg et al. (2009) reported an increase in GABA/NAA
ratio in the stimulated motor cortex following a single session
of cTBS but could not detect any changes in Glx, possibly
due to limited measurement sensitivity. A later cTBS study
also reported an increase in GABA concentration in the
primary visual cortex, accompanied by a decreased cortical
excitability (Allen et al., 2014). Similarly, LF-rTMS also led
to increased GABA in the stimulated left motor cortex,
accompanied by a GABA decrease in the contralateral M1
(Gröhn et al., 2019), observable after 20 min post-stimulation.
These results suggest that LF-rTMS and cTBS stimulation
might activate GABAergic interneurons, which in turn modulate
excitability in the cortex. Table 2 summarizes MRS findings from
healthy participants.

Clinical Populations
Mood Disorders
In participants with mood disorders, HF-rTMS has been shown
to increase GABA concentration in the target area after a clinical
course of stimulation over the left DLPFC (Levitt et al., 2019).
Similarly, Erbay et al. (2019) reported an increase in Gln/Cr ratio
on the left DLPFC after 10 sessions.

Several MRS studies in major depressive disorder participants
have reported a relation between metabolite concentration
modulation and rTMS therapeutic effects. In work by Croarkin
et al. (2016), authors found an increased Gln/Glu ratio
following 10 sessions of HF-rTMS over the left DLPFC. These
changes in metabolite concentration were accompanied by
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TABLE 2 | MRS imaging of rTMS effects in healthy controls.

TMS MRS

Author Subjects Hz, intensity Sessions
(pulses/session)

Target
region

Field strength,
Sequence

Voxel location Results

Michael et al., 2003 N = 12 20 Hz, 80% RMT 5 (800) L DLPC 1.5T, STEAM L DLPFC R
DLPFC L ACC

L DLPFC: ↓ Glx post 1 rTMS
session.

R DLPFC and L ACC: ↑ Glx
pots 5 rTMS sessions.

Stagg et al., 2009 N = 16 50 Hz (cTBS) 80%
AMT

1 (600) L M1
Vertex of
cranium
(sham)

3T,
MEGA-PRESS

L M1 ↑ GABA/NAA compared to
control. NS change Glx/NAA

Allen et al., 2014 N = 18 50 Hz (cTBS) 80%
RMT

2 (600) V1 3T,
MEGA-PRESS

V1 ↑ GABA compared to control

Vidal-Piñeiro et al.,
2015

N = 36 50 Hz (iTBS or
cTBS) session 80%

AMT and Sham

1 (600) L IPL 3T,
MEGA-PRESS

L IPL
PCC

PCC ↑ GABA/Cr post iTBS
compared to sham.

PCC GABA increase post iTBS
positively related to IPL-to-PCC

connectivity

Iwabuchi et al., 2017 N = 28 50 Hz (iTBS) at
80% AMT and

sham

1 (600) L DLPFC 3T, PRESS L DLPFC ACC L DLPFC and ACC: ↓
GABA/Glx compared to sham

Gröhn et al., 2019 N = 7 1 Hz, 90% RMT 1 (1200) L M1 Laser L M1
R M1

L M1: ↑ GABA and tCr and ↓
Asp

R M1: decrease GABA and Asp

↓, decrease; ↑, increase; ACC, anterior cingulate cortex; AMT, active motor threshold; DLPFC, dorsolateral prefrontal cortex; Glx, glutamate + glutamine; IPL, inferior
parietal lobe; L, left; M1, motor cortex; PCC, posterior cingulate cortex; R, right; RMT, resting motor threshold; V1, visual cortex.

improvement of depressive symptoms. GABA modulation
has also been associated with rTMS therapeutic effects
in mood disorders. Increased GABA was reported to be
greater in responders (i.e., participants that showed symptom
improvement) than in non-responders, even when the
change in metabolite concentration was not significant in
the whole sample (Dubin et al., 2016; Baeken et al., 2017b).
Similarly, in Levitt’s work (Levitt et al., 2019), authors reported
a greater increase in GABA concentration in responders
than non-responders.

One study also found a relation between baseline metabolite
concentration and rTMS therapeutic effects: the authors
evaluated the therapeutic effects of 10 sessions of HF-rTMS
in patients with mood disorders and found that those who
exhibited symptomatic improvement had significantly lower
baseline glutamate levels in the left DLPFC, which increased after
stimulation (Luborzewski et al., 2007).

Other Clinical Populations
Single studies have investigated the modulatory effects of rTMS
over GABA, Glx, and glutamate levels in diseases other than
mood disorders. In a chronic pain study, LF-rTMS over the right
secondary somatosensory increased glutamate at the target and
contralateral area (Fregni et al., 2011). Changes in metabolites
were accompanied and associated with therapeutic effects. In
amyotrophic lateral sclerosis, a study found no significant
changes in GABA after bilateral cTBS (Di Lazzaro et al., 2017).
However, the authors found a relationship between GABA
concentration increase and milder disease progression.

In patients with upper dystonia, delivery of HF-rTMS induced
a local decrease in both GABA and Glx, while no changes were
observed in distal regions (Marjańska et al., 2013). Importantly,
in this study, the authors showed that rTMS modulatory
effects of metabolites might differ between patient populations
and healthy controls. Their study showed that, opposite to
what was found in dystonia patients, HF-rTMS delivery in
healthy controls tends to increase GABA in the target region,
suggesting a distinct response to rTMS depending on the
participant population.

Taken together, these studies illustrate the capacity of rTMS
to modulate GABAergic and glutamatergic activity in various
populations. Studies of inhibitory rTMS protocols report a
consistent increase of GABA concentration in the stimulated
region and suggest possible effect of contralateral GABA, while
excitatory forms of rTMS report both modulations of GABA and
Glx in the targeted region. Furthermore, these studies illustrate
the relation between local and distal effects as shown by the
correlation between local metabolite concentration changes and
distal brain activity (Iwabuchi et al., 2017) and connectivity
(Vidal-Piñeiro et al., 2015).

These studies, while plagued by low power, the poor
homogeneity of the samples, and the MRS specific technical
limitations (voxel size, for example), nevertheless show the
profound effects that localized rTMS exerts on the major
neurotransmitters of the brain, GABA and glutamate, both
acutely and in the long term. They also provide an insight
into the therapeutic mechanism of rTMS, as there seems to
be a relation between therapeutic outcomes and metabolite
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TABLE 3 | MRS imaging of rTMS effects in patient population.

rTMS MRS

Author Subjects
(N)

Hz, intensity Sessions, pulses Target
region

Field strength,
Sequence

Voxel location Results

Fregni et al., 2011 N = 17,
chronic pain

1 Hz, 70% MSO 10 sessions, 1600
pulses/session

R S2 3T, PRESSS L S2
R S2

L and R S2: ↑ Glu

Marjańska et al.,
2013

N = 29,
dystonia

5 Hz, 90% RMT Single session, 1600
pulses

Dominant M1 3T, MEGA-PRESS Bilateral M1 Dominant M1: ↓ Glx and ↓
GABA

Di Lazzaro et al.,
2017

N = 3, ALS cTBS, 80% AMT 120 sessions, 600
pulses/session

Bilateral M1 3T, PRESS and
MEGA-PRESS

L M1
WM

No significant changes

Luborzewski et al.,
2007

N = 17, MD 20 Hz, 100% RMT 10 sessions, 2000
pulses/session

L DLPFC 3T, PRESS L DLPFC ACC L DLPFC: lower baseline Glu
in responders. ↑ Glu

post-rTMS in responders
ACC: non-significant change

Glu

Croarkin et al., 2016 N = 10, MD 10 Hz, 120% RMT 30 sessions, 3000
pulses/session

L DLPFC 3T, PRESS and
2DJ-PRESS

L DLPFC ACC L DLPFC and ACC: ↑
Gln/Glu 6 months post-rTMS

compared to baseline and
post-rTMS

Dubin et al., 2016 N = 23, MD 10 Hz, range of
80–120% RMT

25 sessions, 3000
pulses/session

L DLPFC 3T, MEGA-PRESS mPFC ↑ GABAa post-rTMS.
Greater GABAa increase in

responders

Baeken et al., 2017b N = 36, MD 20 Hz, 110% RMT 20 sessions, 1560
pulses/session

L DLPFC 3T, PRESS L DLPFC
R DLPFC

L ACC

L DLPFC: Positive
correlation between GABA ↑

and clinical improvement.

Erbay et al., 2019 N = 18, MD 10 Hz, – 20 sessions, 2
sessions per day,

3000 pulses/session

L DLPFC 3T, PRESS L DLPFC No significant ↑ Glu/Cr

Levitt et al., 2019 N = 26, MD 10 Hz, 80–120%
RMT

30 sessions, 3000
pulses/session

L DLPFC 3T, MEGA-PRESS L DLPFC ↑ GABA post-rTMS, greater
GABA increase post-rTMS in

responders.

↓, decrease; ↑, increase; ACC, anterior cingulate cortex; ALS, amyotrophic lateral sclerosis; DLPFC, dorsolateral prefrontal cortex; Glx, glutamate + glutamine; IPL,
inferior parietal lobe; L, left; M1, motor cortex; MD, mood disorder; mPCC, medial posterior cingulate cortex; R, right; RMT, resting motor threshold; S2, secondary
somatosensory; V1, visual cortex.
aExpresses GABA ratio of peak areas relative to the area of the unsuppressed voxel water signal.

concentration modulation. Table 3 summarizes MRS findings
from clinical populations.

POSITRON EMISSION TOMOGRAPHY
EVALUATIONS OF REPETITIVE
TRANSCRANIAL MAGNETIC
STIMULATION EFFECTS IN CEREBRAL
BLOOD FLOW AND GLUCOSE
METABOLISM

Healthy Participants
Early PET studies in healthy subjects showed that both HF- (Paus
et al., 1997) and LF-rTMS (Fox et al., 1997) increased rCBF.
Similar results were replicated in later studies (Paus et al., 2000;
Siebner et al., 2000, 2001b; Speer et al., 2003b; Takano et al., 2004;
Knoch et al., 2006).

Early work also suggested the rTMS effect over rCBF to
be dose, frequency, and intensity-dependent. More specifically,
it was shown that a more significant number of pulses (Paus
et al., 1997, 1998), a higher rTMS frequency (Siebner et al.,
2001b; Knoch et al., 2006), and a more vigorous stimulation
intensity (Speer et al., 2003a,b) induced greater rCBF change.
In addition, work from Knoch et al. (2006) suggested rCBF

response to rTMS might also vary depending on the stimulated
hemisphere. They showed that rTMS over the prefrontal cortex
yields activity modulation in different distal regions based on the
hemisphere stimulated.

Low-frequency-rTMS modulation of metabolism in the
targeted area has been reported to be heterogeneous, with studies
reporting both increase (Siebner et al., 1998, 1999, 2001b; Cho
et al., 2012; Lee et al., 2013) and decrease (Cho et al., 2012; Lee
et al., 2013) after LF-rTMS. HF-rTMS in healthy participants
has been only shown to increase local glucose metabolism
(Siebner et al., 2000).

Changes in rCBF and glucose metabolism have been
mainly localized within the stimulated networks (Paus
et al., 1998; Siebner et al., 2001a; Speer et al., 2003b;
Takano et al., 2004). Delivery over the motor cortex both
increases and decreases activity in the contralateral motor
cortex, premotor areas, ACC, cerebellum, and striatum
(Paus et al., 1998; Siebner et al., 1998, 2001a; Speer et al.,
2003b). Stimulation in the prefrontal cortex modulated
rCBF in cognitive regions (Paus et al., 2000; Kimbrell
et al., 2002; Speer et al., 2003a; Knoch et al., 2006). Glucose
metabolism studies also showed that LF-rTMS delivery decreases
activity in the cerebellum and induces a widespread activity
modulation in the prefrontal, parietal, and temporal cortex
(Cho et al., 2012).
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Clinical Populations
Mood Disorders
In an early study, Speer et al. (2000) compared the effect of
HF and LF when delivered over the left prefrontal cortex.
They found that 10 daily sessions of HF and LF rTMS have
opposite effects in local and distal activity modulation in patients
with a depressive disorder. In line with the conventionally
excitatory and inhibitory convention of HF and LF rTMS,
authors found a local and distal increase in rCBF after
20 Hz rTMS while they reported that 1 Hz rTMS induced
a decrease in activity. Interestingly, the authors found that
patients who showed symptomatic improvement after delivery
of one rTMS frequency worsened after the other, suggesting
that different mood disorder patients may benefit from different
rTMS paradigms.

Repetitive transcranial magnetic stimulation delivery
modulates metabolic activity in regions from the cerebellum
and the limbic and paralimbic systems (Baeken et al., 2009,
2015; Li et al., 2010). These studies also reported a relation
between rTMS induced symptomatic improvement and
metabolism modulation. Specifically, Baeken and colleagues
demonstrated symptom improvement after HF-rTMS (Baeken
et al., 2009), and accelerated HF-rTMS (Baeken et al., 2015)
was accompanied by modulation in glucose metabolism
of the anterior cingulate, which was not observed in non-
responders. These results were further confirmed in other
studies that showed HF-rTMS (Li et al., 2010; Takahashi
et al., 2013) and iTBS (Li et al., 2018a) induced decrease
in glucose metabolism and rCBF in patients that presented
symptomatic improvement. The authors also reported
a significant correlation between the degree of symptom
improvement and the decrease in cingulate cortex metabolism
(Baeken et al., 2015).

In line with these results, rTMS antidepressant effects
appear predictable based on anterior cingulate metabolism
pre-stimulation. Studies have consistently reported higher
metabolism in responders to HF-rTMS (Baeken et al., 2009,
2015; Li et al., 2010). Two main observations can be drawn
from these findings. One, that rTMS antidepressant effects
might be mediated by decreasing the anterior cingulate activity,
a region that is metabolically hyperactive during depressive
episodes in treatment-resistant depression (Drevets et al.,
2008; Mayberg, 2009). And second, that anterior cingulate
activity might be a helpful biomarker for early detection of
rTMS responders.

These results from PET rCBF and glucose metabolism studies
have been replicated using arterial spin labeling, an MRI
technique that permits assessments of CBF. Specifically, in a study
of major depressive patients, Baeken et al. (2019) reported that
decrease in depression severity scores was related to decrease in
cerebral perfusion in the frontopolar cortex, a region receiving
direct synaptic projections from the DLPFC.

Other Clinical Populations
To date, only a few PET studies have evaluated rTMS modulation
of metabolic activity in movement disorders. Brusa et al. (2012)
reported changes in metabolism following bilateral cerebellar

stimulation in patients with levodopa-induced dyskinesia. They
found that improvement in motor symptoms accompanied
a decrease in metabolism in the cerebellar cortex and deep
cerebellar nuclei. These results suggest rTMS therapeutic effects
might be facilitated by modulation of these pathways.

Horimoto et al. (2021) showed that concurrent HF and
LF rTMS delivery combined with physical therapy in post-
stroke hemiplegic patients decreases metabolism asymmetry
between the lesional and contralesional areas. The authors also
reported that improvement in motor function was associated
with changes in metabolism.

Studies in other patient populations have demonstrated
metabolism modulation and concomitant symptomatic
improvement after rTMS. In subjects with obsessive-compulsive
disorder, glucose metabolism of the bilateral orbitofrontal cortex
decreases after LF-rTMS, along with a reduction in clinical
symptoms (Nauczyciel et al., 2014). In fibromyalgia subjects,
increased metabolism in the medial temporal lobe after HF-
rTMS over the left M1 was accompanied by an improvement in
quality-of-life assessment (Parkitny et al., 2014).

In idiopathic tinnitus, Mennemeier et al. (2011) found local
decrease and distal modulation of metabolism accompanied by
a significant decrease in tinnitus perception following rTMS.
In contrast, Kan et al. (2019) showed that LF-rTMS over
the left temporoparietal cortex did not alleviate symptoms,
although metabolic activity was increased in the stimulated
and remote areas.

Taken together, glucose metabolism and rCBF studies
showed rTMS activity modulation to be localized within the
stimulated systems, reaching deep brain regions. In patient
populations, the changes in activity have seemed to not
only be accompanied by symptomatic improvement (Baeken
et al., 2009, 2015; Li et al., 2010; Brusa et al., 2012;
Nauczyciel et al., 2014) but also correlated to the degree of
improvement (Baeken et al., 2015; Horimoto et al., 2021).
In patients with mood disorders, anterior cingulate activity
is a predictor for rTMS responsiveness (Li et al., 2010,
2018a; Takahashi et al., 2013). Similarly, downregulation of
activity in this region modulates rTMS antidepressant effects
(Baeken et al., 2015).

FUNCTIONAL MAGNETIC RESONANCE
IMAGING EVALUATIONS OF REPETITIVE
TRANSCRANIAL MAGNETIC
STIMULATION EFFECTS IN
RESTING-STATE CONNECTIVITY

Healthy Participants
Evaluation of rsFC has been used to reveal the neural mechanisms
underlying rTMS effects. In healthy controls, studies have
evaluated the effects of HF, LF, and inhibitory and excitatory
TBS and QPS delivered mostly over the prefrontal and
motor cortices.

The effects of rTMS in rsFC are dependent on the number of
stimuli delivered. Nettekoven et al. (2014) found iTBS delivery
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over the left motor cortex increased connectivity between the
stimulated area and the ipsilateral dorsolateral premotor cortex.
The increase in connectivity was higher after 1800 pulses
compared to changes after 600 and 1200 pulses. An increase in
connectivity was also observed between the motor cortex and
bilateral areas of the somatosensory and superior parietal cortex,
but changes were not dose-dependent, suggesting that the dose-
dependent effect might be exclusive to some areas within the
stimulated network.

Stimulation of the DLPFC induces a consistent modulation of
rsFC across subjects in the anterior cingulate. In a large study
carried on 60 healthy participants, Tik et al. (2017) recorded an
increase in rsFC in the anterior cingulate cortex after HF-rTMS.
These results were supported by a study from a different group,
where similar results were observed (Xue et al., 2017).

Bilateral modulation of rsFC has also been reported after
QPS delivery to the motor cortex (Watanabe et al., 2014).
Excitatory QPS (Interstimulus intervals of 5 ms) decreased rsFC
between the stimulated left motor cortex and the contralateral
motor cortex, while inhibitory QPS (interstimulus intervals of
50 ms) increased it, illustrating the bidirectional effects of rTMS
in rsFC.

Other studies have also reported differences in rsFC response
to inhibitory and excitatory rTMS over the motor cortex.
Eldaief et al. (2011) found that HF rTMS decreased functional
connectivity within nodes of the default mode network when
delivered over the posterior inferior parietal lobule, while LF
increased connectivity between the targeted area and regions
outside the network. A different study reported similar effects
after delivery of HF- and LF-rTMS over the medial frontopolar
cortex, where authors reported an increase (after HF-rTMS) and
decreased (after LF-rTMS) in connectivity between the target
area and the amygdala (Riedel et al., 2019). Adding to these
findings, Zhang et al. (2020) reported changes in connectivity
observed after HF to be more widespread, while LF-rTMS
modulated connectivity mostly found in regions within the
stimulated hemisphere. This suggests that HF and LF rTMS not
only can induce different directional effects but also distinct
topological changes.

Similarly, modulation of the motor network with LF rTMS
and cTBS, 2 inhibitory forms of TMS stimulation differing by
their frequency (1 Hz vs. 50 Hz), has been shown to induce
distinct directional effects. Stimulation of the supplementary
motor area using LFr-rTMS increased rsFC within the motor
network, while cTBS decreased it. Nevertheless, these two
stimulation paradigms had similar topographical and temporal
effects, with effects being observed after 6 to 10 min post-
stimulation (Ji et al., 2017). Similarly, cTBS delivery over the
left somatosensory cortex decreased connectivity within the
motor network (Mastropasqua et al., 2014; Valchev et al., 2015).
Contrary to cTBS studies, HF studies have failed to induce
changes in rsFC after stimulation of the supplementary motor
area (Hendrikse et al., 2020).

Finally, a cTBS study by Mancini et al. (2017) suggested that
recorded changes in functional connectivity might depend on the
time they are evaluated. They measured rsFC at 5 and 15 min
post stimulation and reported a decreased functional connectivity

of the temporal lobe at the 5 min and a change in precuneus
connectivity at 15 min.

Clinical Populations
Mood Disorders
Several studies in patients with mood disorders have reported
modulation of connectivity in the anterior cingulate after HF-
rTMS delivery over the DLPFC (Baeken et al., 2014, 2017a;
Salomons et al., 2014; Taylor et al., 2018; Weigand et al.,
2018; Ge et al., 2020). Modulation of connectivity between the
subgenual cingulate and the orbitofrontal cortex (Baeken et al.,
2017a; Taylor et al., 2018), the inferior parietal cortex (Taylor
et al., 2018), the occipital cortex (Ge et al., 2020), and the
caudate (Salomons et al., 2014) was shown to be associated with
symptomatic improvement. Similarly, an iTBS study reported an
increase in connectivity between the target area (dorsomedial
PFC) and regions from the default mode network and the salience
network. This increase in connectivity was predictive of symptom
improvement (Persson et al., 2020).

Pre-rTMS connectivity between the anterior cingulate
and areas of the prefrontal (Baeken et al., 2014, 2017a;
Salomons et al., 2014; Weigand et al., 2018; Ge et al., 2020)
and parietal cortices (Ge et al., 2020) have been shown to
predict therapeutic response, as higher baseline connectivity
was observed in treatment responders. Similarly, in a study of
comorbid mood disorders and post-traumatic stress disorder,
Philip et al. (2018) found that HF rTMS over the left DLPFC
decreased connectivity in the subgenual cingulate, which
was increased at baseline. These results are in line with
results from Liston et al. (2014) reporting that depressed
patients, in comparison with healthy controls, exhibited
increased functional connectivity between the subgenual
cingulate and nodes of the default mode network such as the
ventromedial prefrontal cortex, pregenual anterior cingulate
cortex, thalamus, and precuneus. In addition, lower baseline
cortico-thalamic, cortico-striatal, and cortico-limbic connectivity
have also been reported as predictors of treatment response
(Salomons et al., 2014).

Movement Disorders
Evaluation of rTMS effects in patients with motor impairment
reported a relation between rsFC modulation and therapeutic
improvement. In patients with essential tremors, symptomatic
improvement after LF-rTMS was accompanied by an increase
in connectivity within the cerebello-thalamo-cortical circuit
(Popa et al., 2013). In participants with multiple system
atrophy, stimulation of the motor cortex improved motor
symptoms and modulated rsFC in the cerebellum and
regions from the limbic system and the default mode
network (Chou et al., 2015). In stroke patients, motor
improvement following iTBS delivery and physiotherapy
was linked to changes in interhemispheric connectivity rsFC
(Volz et al., 2016).

In Parkinson’s patients, LF rTMS over the superior temporal
gyrus increased connectivity between the stimulated area and
the parahippocampal gyrus, improving dysarthria symptoms
(Brabenec et al., 2019), while HF delivery modulated rsFC but
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did not induce symptom improvement. Flamez et al. (2021)
reported that the effect of rTMS on rsFC might be different in
Parkinson’s patients with different symptomatic profiles. They
found LF-rTMS over the supplementary motor area increased
connectivity between the target area and the putamen in patients
with levodopa-induced dyskinesia while it decreased connectivity
in participants without dyskinesia.

Other Clinical Populations
In patients with obsessive-compulsive disorder, a decrease
in rsFC in regions of the cortico-striatal-subthalamic circuit
correlated with symptomatic improvement after LF (Mantovani
et al., 2021) and bilateral HF (Dunlop et al., 2016). In
these studies, responders to rTMS exhibited higher pre-
rTMS connectivity between the stimulated area and areas
from the cortico-striatal-subthalamic circuit (Dunlop et al.,
2016; Mantovani et al., 2021). The authors also reported
that responsiveness to rTMS might depend on disease
severity, as patients with greater impairment showed no
improvement following rTMS and showed the strongest baseline
connectivity within the cortico-striatal-thalamo-cortical circuit
(Mantovani et al., 2021).

In stroke patients, improved cognitive impairment after HF-
rTMS correlated to increased functional connectivity of the right
medial prefrontal cortex and right ventral anterior cingulate
(Yin et al., 2020). In addition, iTBS induced spatial neglect
improvement has been linked to greater rsFC modulation within
regions of the attention network (Cao et al., 2016). Similarly, an
increase in rsFC between the DLPFC and the inferior parietal
lobule after iTBS accompanied craving reduction in patients with
methamphetamine cravings (Su et al., 2020).

Yet, some studies have failed to report changes in
rsFC after rTMS. In a tinnitus study, Roland et al.
(2016) found no changes in functional connectivity nor
symptom improvement immediately after 2–4 weeks
of LF rTMS over the left temporoparietal junction. In
patients with disorders of consciousness, Liu et al. (2018)
did not find modulation in connectivity after five daily
sessions of stimulation nor changes in coma recovery
scale scores. In an alcohol dependence study, Perini
et al. (2020) also found no changes in symptoms but
reported differences in rsFC changes between the sham
and HF-rTMS cohort, suggesting that in some instances,
modulation of rsFC is not enough to elicit therapeutic effects
(Perini et al., 2020).

Overall, rsFC-rTMS studies illustrate the complex network-
wise effect of this type of stimulation. In some patient
populations, modulation of rsFC is related to symptomatic
alleviation and serve as a predictor for treatment responsiveness.
In these studies, rsFC changes do not always follow the
frequency-dependent convention of inhibitory and excitatory
rTMS (Ji et al., 2017), and high and low frequency- rTMS elicit
distinct topological effects in rsFC (Zhang et al., 2020). These
studies also show that rsFC modulation differs between healthy
participants and patient populations (Liston et al., 2014) and even
between the same patient population at different disease stages
(Flamez et al., 2021).

DIFFUSION TENSOR IMAGING
EVALUATION OF STRUCTURAL
INTEGRITY

Diffusion tensor imaging studies of rTMS effects have been
mainly carried in mood disorders and stroke patients. In these
studies, authors have reported rTMS induced changes in FA, MD,
path length, and cluster coefficient.

Mood Disorders
Diffusion tensor imaging evaluations have reported FA and MD
values modulation. In a study by Kozel et al. (2011), authors
found 4–6 weeks of 10 Hz stimulation over the left prefrontal
cortex increased FA prefrontal white matter. Similarly, white
matter FA in the right superior frontal gyri has been reported to
significantly increase after HF-rTMS delivery over the left DLPFC
(Tateishi et al., 2019).

Similar to results from functional connectivity studies, a
DTI study showed pre-rTMS structural changes in white matter
tracks related to therapeutic improvement. A study by Fu et al.
(2021) showed baseline FA in fiber tracts from the DLPFC
to the insula correlated with symptom improvement in mood
disorders patients. The authors found the same correlation when
comparing pre-rTMS functional connectivity of the DLPFC and
the insula and therapeutic effects. These results illustrate the
close relation between fMRI and DTI derived measurements,
and more importantly, the similarity between functional and
structural connectivity changes induced by rTMS delivery. In
a different study, baseline DTI evaluation found reduced white
matter FA in the left middle frontal gyrus compared to healthy
controls, suggesting abnormalities of white matter in this region
might be part of mood disorders pathology (Peng et al., 2012).
Authors also reported that 4 weeks of HF-rTMS over the left
DLPFC increased FA and induced therapeutic effects; these
changes in FA were correlated with therapeutic improvement.
Taken together, these results illustrate rTMS capacity to modulate
structural changes in regions related to the mood disorders’
pathophysiology and suggest such modulation might facilitate
rTMS therapeutic effects.

Stroke
High-frequency-rTMS has been shown to enhance FA values as
soon as 4 days after stroke onset. In a recent clinical trial, the
treatment group (those with subcortical stroke) received 10 days
of 5 Hz rTMS over the ipsilesional motor cortex. Following the
10 days of rTMS, the treatment group showed increased FA
in the contralesional corticospinal tract, the pontine crossing
tract, the middle cerebellar peduncle, the contralesional superior
cerebellar peduncle, the contralesional medial lemniscus, and
the ipsilesional inferior cerebellar peduncle compared to the
sham group (Li et al., 2018b). Measures of MD in the superior
longitudinal fasciculus and the uncinate fasciculus can be
enhanced following a combination of acupuncture therapy and
LF-rTMS over the contralesional motor cortex (Zhao et al.,
2018). Another study showed that HF- rTMS (10 Hz) to
ipsilesional motor cortex enhanced FA values of motor-related
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gray matter, which correlated with decreased motor impairment.
These increases in FA in motor-related white matter were greater
than those in a conventional physical therapy group that did not
receive HF-rTMS (Guo et al., 2016). Changes in FA values along
with symptom improvement suggest rTMS induced recovery of
the motor-related system and white matter connections to a
greater extent than usual therapy alone.

Yamada et al. (2018) showed that 15 daily LF-rTMS and
occupational therapy improved motor function and observed
an increase of generalized FA in the white matter of lesioned
motor cortex. Similarly, Yang et al. (2015) reported changes in
FA following chronic rTMS delivery. Specifically, the authors
compared the therapeutic and structural effects of different
rTMS frequencies (1 Hz, 10 Hz, and cTBS) in stroke patients
with unilateral spatial effect: subjects who received cTBS
delivery showed the greatest therapeutic improvement which
was accompanied by an increase in FA and MD in the white
matter of frontal fasciculus and the capsula interna and externa.
Therapeutic effects were also observed after 1 and 10 Hz
stimulation, but no changes in FA and MD were reported.

In individuals with aphasia after stroke, five sessions of iTBS
applied to the affected hemisphere on separate days showed
increases in FA values in several regions of the brain previously
shown to have increased fMRI activation during language
activation after iTBS (Allendorfer et al., 2012). Specifically, FA
was enhanced in inferior and superior frontal gyri, anterior
corpus callosum, the right midbrain, and bilaterally near
temporal, parietal and posterior cingulate regions in those with
aphasia due to stroke.

Diffusion tensor imaging analyzed using graph theory analysis
showed that 12 sessions of LF-rTMS over the motor cortex
combined with occupational therapy increased path length in
the stimulated network in stroke patients (Ueda et al., 2019).
These findings suggest rTMS delivery led to more multifaceted
neural circuits and, as mentioned by the authors, these new
connections might be a compensatory mechanism to cover
for the impaired motor paths due to stroke. Graph-theoretical
analysis was also used to evaluate DTI measurements before
and after rTMS delivery over the left DLPFC in children with
cerebral palsy. Zhang et al. (2021) reported an increase in the
clustering coefficient of the frontal gyrus and the pallidum, and
a decrease of the path length of the right putamen and thalamus,
suggesting rTMS stimulation might have improved the efficacy of
information exchange through the striatal thalamic projections.
These results indicate rTMS delivery modulation of structural
connectivity within the corticostriatal pathway and, along with
results reported by Ueda et al. (2019), illustrate the complexity of
the rTMS effect in brain structure, integrity, and connectivity.

Even though DTI studies of rTMS effects are limited, they
show the ability of rTMS to induce changes in white matter
microstructure. Several studies have reported modulation of FA
values, changes that are thought to represent microstructural
changes of white matter tracks (Li et al., 2018b). Through
graph theory analysis, studies were also able to measure changes
in structural networks and found LF-rTMS might lead the
generation of more complex neural circuits, which might
ultimately indicate an increase in microstructural connections

across the evaluated network. The studies summarized here
illustrate the value of DTI-rTMS studies and the ability of rTMS
delivery to induce microstructural changes in brain connectivity.

CAVEATS

An important limitation of the studies summarized here is
the heterogeneity of rTMS parameters. The variability of rTMS
protocols and the difference between participant populations
limits the comparability between different imaging studies. While
there is no one optimal rTMS paradigm, further studies should
aim to replicate findings with larger samples and include realistic
rTMS sham conditions.

From the studies presented here, it is hard to say whether
the effects of rTMS observed in healthy participants can be
generalized to disease populations and vice versa. In general,
studies in healthy controls have investigated the acute effects
of rTMS delivery, where imaging assessments are mostly
carried immediately after a single stimulation session due to
ethical concerns about unneeded multiple rTMS sessions in
healthy participants. Conversely, in clinical populations, rTMS
studies mostly evaluate the effects of multiple daily sessions of
stimulation. This limits the comparability of and understanding
of the neurobiological effects of rTMS between clinical and
healthy participants.

FUTURE DIRECTIONS

This brief review of the imaging findings after acute or
clinical courses of rTMS highlights the important role that
neuroimaging tools such as PET, MRS, DTI, and fMRI can
play in a better understanding of the physiology, morphology,
and neuropharmacology of neural networks, as well as in the
preponderant role these non-invasive imaging methodologies
can play in designing patient-centered therapies adapted
to specific diseases and individual presentations. As these
techniques are constantly being developed and improved,
the knowledge of how rTMS induces neuroplasticity in
the brain grows.

The development of new PET tracers increases our capacity of
evaluating the rTMS effect in different neurotransmitters across
the brain. For example, the development of tracers targeting the
synaptic vesicle glycoprotein (SV2A) (Bretin et al., 2015; Finnema
et al., 2016; Nabulsi et al., 2016), a protein critical for synaptic
function, could be used to evaluate synaptic changes due to rTMS
delivery. SV2A radiotracers such as [11C]UCB-J and [18F]UCB-
H are capable of quantifying SV2A density in healthy participants
(Finnema et al., 2016; Bahri et al., 2017) and patient populations
(Bastin et al., 2020; Holland et al., 2020).

Magnetic resonance imaging techniques such as arterial
spin labeling are started to be used in the evaluation
of rTMS mechanisms (Orosz et al., 2012; Baeken et al.,
2020; Puig et al., 2020; Dalton et al., 2021). Arterial
spin labeling has the potential to further advance the
current knowledge on stimulation-derived CBF changes.
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The development of MR-compatible TMS devices permits
the near-simultaneous investigation of TMS actions and brain
responses (Navarro De Lara et al., 2015). Similarly, the use of
Hybrid PET/MRI has the potential to improve knowledge of
and manipulate the neuropharmacology of rTMS mechanisms.
On one hand, MRI acquisition can provide information on
brain structure, brain metabolites, and neural activity and
connectivity. In the other hand, PET can provide complementary
information on neurotransmitter release, receptor occupancy,
protein expression, glucose and energy metabolism. Thus,
PET/MRI is a useful tool for the study of complex effects on
the brain, such as the ones elicited by rTMS. The accessibility to
such a tool can provide new insights into the induced functional,
structural, and neurochemical organization after rTMS.

Positron emission tomography/magnetic resonance imaging
studies enable the evaluation of both functional and
neurochemical changes. As shown by Sander et al. (2013),
simultaneous acquisition of fMRI and PET-raclopride can be
used to investigate the relationship between dopamine release
and vascular responses following administration of varying
doses of dopamine antagonist. Similarly, evaluation of GABA
or glutamate (using MRS) and dopamine (using PET) could
be carried to better understand the rTMS mechanisms that
modulate dopamine release (Schultz et al., 2012; Bunai et al.,
2021). Furthermore, the simultaneous acquisition of fMRI
and PET- [11C]FDG can provide a more complete picture of
rTMS induced neuromodulation and changes in functional
connectivity (Ionescu et al., 2021). Ultimately, multiple possible
combinations for MRI techniques and PET tracers exist, and as
the different techniques for PET/MRI analysis and preprocessing
are developed, the toolbox for rTMS evaluation increases.

CONCLUSION

This review summarizes some of the most relevant findings
of rTMS studies carried out using PET and MR techniques.
The combination of rTMS and imaging studies provide insight
into the neurobiological effects this neurostimulation technique.
A better understanding of the neurobiological effects of rTMS will
help researchers and clinicians choose more adequate protocols
for different patient populations and could help decrease the
variability of rTMS effects.

Taken together, results from these studies have illustrated
the complex effect of rTMS, as it modulates multiple
neurotransmitters and connectivity systems. Specifically, effects
in the dopaminergic system are immediate and short-lasting
(Strafella et al., 2001; Pogarell et al., 2006), while effects in
the serotonergic and opioid system might be longer-lasting
(Sibon et al., 2007; Lamusuo et al., 2017). These studies also
suggest effects in GABA and glutamate (as measured with MRS),
brain activity modulation (as measured with rCBF and glucose
metabolism), and functional connectivity might not follow the
convention of frequency-dependent inhibition or facilitation.
Specifically in the case of functional connectivity, HF- and
LF-rTMS yield different topological effects (Zhang et al., 2020).

Regarding rTMS therapeutic effects, most studies reported
changes that were often, but not always, accompanied by
symptomatic improvement. GABA and Glx concentration, rCBF,
and glucose metabolism, as well as functional connectivity
have been shown to correlate with therapeutic effects (Baeken
et al., 2015; Yin et al., 2020; Horimoto et al., 2021). Finally,
studies reported rTMS effects in rsFC are dependent on the
population studied, as different responses are observed between
healthy controls and patient populations (Liston et al., 2014).
RTMS effects may vary depending on the degree of disease
progression, as patients with different disease onset have been
shown to respond differently to rTMS delivery (Flamez et al.,
2021). In conclusion, rTMS neurobiological effects are complex,
thus information from multiple imaging methods is required to
capitalize on the therapeutic opportunities it presents.
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Marjańska, M., Lehéricy, S., Valabrègue, R., Popa, T., Worbe, Y., Russo, M., et al.
(2013). Brain dynamic neurochemical changes in dystonic patients: a magnetic
resonance spectroscopy study. Mov. Disord. 28, 201–209. doi: 10.1002/mds.
25279

Mastropasqua, C., Bozzali, M., Ponzo, V., Giulietti, G., Caltagirone, C., Cercignani,
M., et al. (2014). Network based statistical analysis detects changes induced by
continuous theta-burst stimulation on brain activity at rest. Front. Psychiatry
5:97. doi: 10.3389/fpsyt.2014.00097

Mayberg, H. S. (2009). Targeted electrode-based modulation of neural circuits for
depression. J. Clin. Invest. 119, 717–725. doi: 10.1172/JCI38454

McMillan, J. L., Perlman, J. E., Galvan, A., Wichmann, T., and Bloomsmith, M. A.
(2014). Refining the pole-and-collar method of restraint: emphasizing the use
of positive training techniques with rhesus macaques (Macaca mulatta). J. Am.
Assoc. Lab. Anim. Sci. 53, 61–68.

Melzer, T. R., Watts, R., Macaskill, M. R., Pitcher, T. L., Livingston, L., Keenan,
R. J., et al. (2013). White matter microstructure deteriorates across cognitive
stages in Parkinson disease. Neurology 80, 1841–1849. doi: 10.1212/WNL.
0b013e3182929f62

Mennemeier, M., Chelette, K. C., Allen, S., Bartel, T. B., Triggs, W., Kimbrell, T.,
et al. (2011). Variable changes in PET activity before and after rTMS treatment
for tinnitus. Laryngoscope 121, 815–822. doi: 10.1002/lary.21425

Michael, N., Gösling, M., Reutemann, M., Kersting, A., Heindel, W., Arolt, V., et al.
(2003). Metabolic changes after repetitive transcranial magnetic stimulation
(rTMS) of the left prefrontal cortex: a sham-controlled proton magnetic
resonance spectroscopy (1H MRS) study of healthy brain. Eur. J. Neurosci. 17,
2462–2468. doi: 10.1046/j.1460-9568.2003.02683.x

Moccia, L., Pettorruso, M., De Crescenzo, F., De Risio, L., di Nuzzo, L., Martinotti,
G., et al. (2017). Neural correlates of cognitive control in gambling disorder:
a systematic review of fMRI studies. Neurosci. Biobehav. Rev. 78, 104–116.
doi: 10.1016/j.neubiorev.2017.04.025

Moustafa, A. A., Chakravarthy, S., Phillips, J. R., Gupta, A., Keri, S., Polner, B., et al.
(2016). Motor symptoms in Parkinson’s disease: a unified framework. Neurosci.
Biobehav. Rev. 68, 727–740. doi: 10.1016/j.neubiorev.2016.07.010

Nabulsi, N. B., Mercier, J., Holden, D., Carr, S., Najafzadeh, S., Vandergeten, M. C.,
et al. (2016). Synthesis and preclinical evaluation of 11C-UCB-J as a PET tracer
for imaging the synaptic vesicle glycoprotein 2A in the brain. J. Nucl. Med. 57,
777–784. doi: 10.2967/jnumed.115.168179

Nauczyciel, C., Le Jeune, F., Naudet, F., Douabin, S., Esquevin, A., Vérin, M.,
et al. (2014). Repetitive transcranial magnetic stimulation over the orbitofrontal
cortex for obsessive-compulsive disorder: a double-blind, crossover study.
Transl. Psychiatry 4:e436. doi: 10.1038/tp.2014.62

Navarro De Lara, L. I., Windischberger, C., Kuehne, A., Woletz, M., Sieg, J., et al.
(2015). A novel coil array for combined TMS/fMRI experiments at 3 T. Magn.
Reson. Med. 74, 1492–1501. doi: 10.1002/mrm.25535

Nettekoven, C., Volz, L. J., Kutscha, M., Pool, E.-M., Rehme, A. K., Eickhoff, S. B.,
et al. (2014). Dose-Dependent effects of theta burst rTMS on cortical excitability
and resting-state connectivity of the human motor system. J. Neurosci. 34,
6849–6859. doi: 10.1523/JNEUROSCI.4993-13.2014

Neva, J. L., Hayward, K. S., and Boyd, L. A. (2020). Therapeutic effects of repetitive
transcranial magnetic stimulation (rTMS) in stroke. Wiley Encycl. Heal. Psychol.
1, 169–179. doi: 10.1002/9781119057840.ch20

Nojima, K., and Iramina, K. (2018). Relationship between rTMS effects and MEP
features before rTMS. Neurosci. Lett. 664, 110–115. doi: 10.1016/j.neulet.2017.
11.030

Nordmann, G., Azorina, V., Langguth, B., and Schecklmann, M. (2015). A
systematic review of non-motor rTMS induced motor cortex plasticity. Front.
Hum. Neurosci. 9:416. doi: 10.3389/fnhum.2015.00416

O’Reardon, J. P., Solvason, H. B., Janicak, P. G., Sampson, S., Isenberg, K. E., Nahas,
Z., et al. (2007). Efficacy and safety of transcranial magnetic stimulation in the

Frontiers in Neuroscience | www.frontiersin.org 19 February 2022 | Volume 16 | Article 787403

https://doi.org/10.3988/jcn.2013.9.2.75
https://doi.org/10.3988/jcn.2013.9.2.75
https://doi.org/10.1016/j.pain.2006.02.024
https://doi.org/10.1016/j.neucli.2006.08.011
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.clinph.2014.05.021
https://doi.org/10.1016/j.clinph.2004.11.017
https://doi.org/10.1016/j.clinph.2004.11.017
https://doi.org/10.1503/jpn.180230
https://doi.org/10.1503/jpn.180230
https://doi.org/10.1016/j.jad.2010.05.028
https://doi.org/10.1016/j.jad.2010.05.028
https://doi.org/10.1016/j.brs.2018.04.014
https://doi.org/10.3389/fnbeh.2018.00160
https://doi.org/10.1016/j.jad.2010.12.018
https://doi.org/10.1016/j.biopsych.2014.01.023
https://doi.org/10.1016/j.biopsych.2014.01.023
https://doi.org/10.3389/fneur.2018.00982
https://doi.org/10.3389/fneur.2018.00982
https://doi.org/10.1371/journal.pone.0041282
https://doi.org/10.1073/pnas.1200506109
https://doi.org/10.1016/j.jpsychires.2006.02.003
https://doi.org/10.1007/s11682-017-9800-9801
https://doi.org/10.1007/s10548-017-0559-x
https://doi.org/10.1007/s10548-017-0559-x
https://doi.org/10.1016/j.jpsychires.2020.10.030
https://doi.org/10.1002/mds.25279
https://doi.org/10.1002/mds.25279
https://doi.org/10.3389/fpsyt.2014.00097
https://doi.org/10.1172/JCI38454
https://doi.org/10.1212/WNL.0b013e3182929f62
https://doi.org/10.1212/WNL.0b013e3182929f62
https://doi.org/10.1002/lary.21425
https://doi.org/10.1046/j.1460-9568.2003.02683.x
https://doi.org/10.1016/j.neubiorev.2017.04.025
https://doi.org/10.1016/j.neubiorev.2016.07.010
https://doi.org/10.2967/jnumed.115.168179
https://doi.org/10.1038/tp.2014.62
https://doi.org/10.1002/mrm.25535
https://doi.org/10.1523/JNEUROSCI.4993-13.2014
https://doi.org/10.1002/9781119057840.ch20
https://doi.org/10.1016/j.neulet.2017.11.030
https://doi.org/10.1016/j.neulet.2017.11.030
https://doi.org/10.3389/fnhum.2015.00416
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-787403 February 15, 2022 Time: 14:21 # 20

Aceves-Serrano et al. In vivo Imaging of rTMS

acute treatment of major depression: a multisite randomized controlled trial.
Biol. Psychiatry 62, 1208–1216. doi: 10.1016/j.biopsych.2007.01.018

Ohnishi, T., Hayashi, T., Okabe, S., Nonaka, I., Matsuda, H., and Iida, H. (2004).
Endogenous dopamine release induced by repetitive transcranial magnetic
stimulation over the primary motor cortex: an [11C] raclopride positron
emission tomography study in anesthetized macaque monkeys. Biol. Psychiatry
55, 484–489. doi: 10.1016/j.biopsych.2003.09.016

Ong, W.-Y., Stohler, C. S., and Herr, D. R. (2019). Role of the prefrontal cortex
in pain processing. Mol. Neurobiol. 56, 1137–1166. doi: 10.1007/s12035-018-
1130-1139

Orosz, A., Jann, K., Wirth, M., Wiest, R., Dierks, T., and Federspiel, A. (2012). Theta
burst TMS increases cerebral blood flow in the primary motor cortex during
motor performance as assessed by arterial spin labeling (ASL). Neuroimage 61,
599–605. doi: 10.1016/j.neuroimage.2012.03.084

Öz, G., Deelchand, D. K., Wijnen, J. P., Mlynárik, V., Xin, L., Mekle, R., et al.
(2021). Advanced single voxel 1 H magnetic resonance spectroscopy techniques
in humans: experts’ consensus recommendations. NMR Biomed. 34, 1–18. doi:
10.1002/nbm.4236

Parkitny, L., O’Connell, N. E., Guedj, E., and Boyer, L. (2014). rTMS in
fibromyalgia: a randomized trial evaluating QoL and its brain metabolic
substrate. Neurology 83, 2192–2192. doi: 10.1212/WNL.0000000000001088

Paus, T., Castro-Alamancos, M., and Petrides, M. (2000). Cortico-cortical
connectivity of the human mid-dorsolateral frontal cortex and its modulation
by repetitive transcranial magnetic stimulation: a combined TMS/PET study.
Neuroimage 11:S765. doi: 10.1016/S1053-8119(00)91694-X

Paus, T., Jech, R., Thompson, C. J., Comeau, R., Peters, T., and Evans, A. C. (1997).
Transcranial magnetic stimulation during positron emission tomography: a
new method for studying connectivity of the human cerebral cortex. J. Neurosci.
17, 3178–3184. doi: 10.1523/jneurosci.3886-05.2006

Paus, T., Jech, R., Thompson, C. J., Comeau, R., Peters, T., and Evans, A. C.
(1998). Dose-Dependent reduction of cerebral blood flow during rapid-
rate transcranial magnetic stimulation of the human sensorimotor cortex.
J. Neurophysiol. 79, 1102–1107. doi: 10.1152/jn.1998.79.2.1102

Pell, G. S., Roth, Y., and Zangen, A. (2011). Modulation of cortical excitability
induced by repetitive transcranial magnetic stimulation: influence of timing
and geometrical parameters and underlying mechanisms. Prog. Neurobiol. 93,
59–98. doi: 10.1016/j.pneurobio.2010.10.003

Peng, H., Zheng, H., Li, L., Liu, J., Zhang, Y., Shan, B., et al. (2012). High-frequency
rTMS treatment increases white matter FA in the left middle frontal gyrus
in young patients with treatment-resistant depression. J. Affect. Disord. 136,
249–257. doi: 10.1016/j.jad.2011.12.006

Perera, T., George, M. S., Grammer, G., Janicak, P. G., Pascual-Leone, A., and
Wirecki, T. S. (2016). The clinical TMS society consensus review and treatment
recommendations for TMS therapy for major depressive disorder. Brain Stimul.
9, 336–346. doi: 10.1016/j.brs.2016.03.010

Perini, I., Kämpe, R., Arlestig, T., Karlsson, H., Löfberg, A., Pietrzak, M., et al.
(2020). Repetitive transcranial magnetic stimulation targeting the insular
cortex for reduction of heavy drinking in treatment-seeking alcohol-dependent
subjects: a randomized controlled trial. Neuropsychopharmacology 45, 842–850.
doi: 10.1038/s41386-019-0565-567

Persson, J., Struckmann, W., Gingnell, M., Fällmar, D., and Bodén, R. (2020).
Intermittent theta burst stimulation over the dorsomedial prefrontal cortex
modulates resting-state connectivity in depressive patients: a sham-controlled
study. Behav. Brain Res. 394:112834. doi: 10.1016/j.bbr.2020.112834

Petrides, M., and Pandya, D. N. (2002). Dorsolateral prefrontal cortex comparative
cytoarchitectonic analysis in the human and the macaque brain and
corticocortical connection pattern. Eur. J. Neurosci. 16, 291–310. doi: 10.1046/j.
1460-9568.2001.02090.x

Philip, N. S., Barredo, J., van ’t Wout-Frank, M., Tyrka, A. R., Price, L. H.,
and Carpenter, L. L. (2018). Network mechanisms of clinical response to
transcranial magnetic stimulation in posttraumatic stress disorder and major
depressive disorder. Biol. Psychiatry 83, 263–272. doi: 10.1016/j.biopsych.2017.
07.021

Pi, Y. L., Wu, X. H., Wang, F. J., Liu, K., Wu, Y., Zhu, H., et al. (2019). Motor
skill learning induces brain network plasticity: a diffusion-tensor imaging study.
PLoS One 14:e0210015. doi: 10.1371/journal.pone.0210015

Pierpaoli, C., and Basser, P. J. (1996). Toward a quantitative assessment of diffusion
anisotropy. Magn. Reson. Med. 36, 893–906. doi: 10.1002/mrm.1910360612

Pogarell, O., Koch, W., Pöpperl, G., Tatsch, K., Jakob, F., Mulert, C., et al. (2007).
Acute prefrontal rTMS increases striatal dopamine to a similar degree as
d-amphetamine. Psychiatry Res. - Neuroimaging 156, 251–255. doi: 10.1016/j.
pscychresns.2007.05.002

Pogarell, O., Koch, W., Pöpperl, G., Tatsch, K., Jakob, F., Zwanzger, P., et al. (2006).
Striatal dopamine release after prefrontal repetitive transcranial magnetic
stimulation in major depression: preliminary results of a dynamic [123I] IBZM
SPECT study. J. Psychiatr. Res. 40, 307–314. doi: 10.1016/j.jpsychires.2005.09.
001

Popa, T., Russo, M., Vidailhet, M., Roze, E., Lehéricy, S., Bonnet, C., et al. (2013).
Cerebellar rTMS stimulation may induce prolonged clinical benefits in essential
tremor, and subjacent changes in functional connectivity: an open label trial.
Brain Stimul. 6, 175–179. doi: 10.1016/j.brs.2012.04.009

Poudel, G. R., Stout, J. C., Domínguez, D. J. F., Churchyard, A., Chua, P., Egan,
G. F., et al. (2015). Longitudinal change in white matter microstructure in
Huntington’s disease: the IMAGE-HD study. Neurobiol. Dis. 74, 406–412. doi:
10.1016/j.nbd.2014.12.009

Puig, O., Henriksen, O. M., Vestergaard, M. B., Hansen, A. E., Andersen, F. L.,
Ladefoged, C. N., et al. (2020). Comparison of simultaneous arterial spin
labeling MRI and 15 O-H 2 O PET measurements of regional cerebral blood
flow in rest and altered perfusion states. J. Cereb. Blood Flow Metab. 40,
1621–1633. doi: 10.1177/0271678X19874643

Puts, N. A. J., and Edden, R. A. E. (2012). In vivo magnetic resonance spectroscopy
of GABA: a methodological review. Prog. Nucl. Magn. Reson. Spectrosc. 60,
29–41. doi: 10.1016/j.pnmrs.2011.06.001

Raichle, M. E., and Mintun, M. A. (2006). Brain work and brain imaging. Annu.
Rev. Neurosci. 29, 449–476. doi: 10.1146/annurev.neuro.29.051605.112819

Riedel, P., Heil, M., Bender, S., Dippel, G., Korb, F. M., Smolka, M. N., et al.
(2019). Modulating functional connectivity between medial frontopolar cortex
and amygdala by inhibitory and excitatory transcranial magnetic stimulation.
Hum. Brain Mapp. 40, 4301–4315. doi: 10.1002/hbm.24703

Roland, L. T., Peelle, J. E., Kallogjeri, D., Nicklaus, J., and Piccirillo, J. F. (2016).
The effect of noninvasive brain stimulation on neural connectivity in tinnitus: a
randomized trial. Laryngoscope 126, 1201–1206. doi: 10.1002/lary.25650

Salinas, C. A., Searle, G. E., and Gunn, R. N. (2015). The simplified reference tissue
model: model assumption violations and their impact on binding potential.
J. Cereb. Blood Flow Metab. 35, 304–311. doi: 10.1038/jcbfm.2014.202

Salinas, F. S., Franklin, C., Narayana, S., Szabó, C. Á, and Fox, P. T. (2016).
Repetitive transcranial magnetic stimulation educes frequency-specific causal
relationships in the motor network. Brain Stimul. 9, 406–414. doi: 10.1016/j.
brs.2016.02.006

Salinas, F. S., Narayana, S., Zhang, W., Fox, P. T., and Szabó, C. Á (2013).
Repetitive transcranial magnetic stimulation elicits rate-dependent brain
network responses in non-human primates. Brain Stimul. 6, 777–787. doi:
10.1016/j.brs.2013.03.002

Salomons, T. V., Dunlop, K., Kennedy, S. H., Flint, A., Geraci, J., Giacobbe,
P., et al. (2014). Resting-state cortico-thalamic-striatal connectivity predicts
response to dorsomedial prefrontal rTMS in major depressive disorder.
Neuropsychopharmacology 39, 488–498. doi: 10.1038/npp.2013.222

Sander, C. Y., Hooker, J. M., Catana, C., Normandin, M. D., Alpert, N. M.,
Knudsen, G. M., et al. (2013). Neurovascular coupling to D2/D3 dopamine
receptor occupancy using simultaneous PET/functional MRI. Proc. Natl. Acad.
Sci. U S A. 110, 11169–11174. doi: 10.1073/pnas.1220512110

Schaffer, D. R., Okhravi, H. R., and Neumann, S. A. (2021). Low-Frequency
Transcranial Magnetic Stimulation (LF-TMS) in treating depression in patients
with impaired cognitive functioning. Arch. Clin. Neuropsychol. 36, 801–814.
doi: 10.1093/arclin/acaa095

Schultz, C. C., Fusar-Poli, P., Wagner, G., Koch, K., Schachtzabel, C., Gruber,
O., et al. (2012). Multimodal functional and structural imaging investigations
in psychosis research. Eur. Arch. Psychiatry Clin. Neurosci. 262(Suppl. 2),
S97–S106. doi: 10.1007/s00406-012-0360-365

Seewoo, B. J., Feindel, K. W., Etherington, S. J., and Rodger, J. (2018). Resting-
state fMRI study of brain activation using low-intensity repetitive transcranial
magnetic stimulation in rats. Sci. Rep. 8:6706. doi: 10.1038/s41598-018-24951-
24956

Sibon, I., Strafella, A. P., Gravel, P., Ko, J. H., Booij, L., Soucy, J. P., et al. (2007).
Acute prefrontal cortex TMS in healthy volunteers: effects on brain C- α Mtrp
trapping. Neuroimage 34, 1658–1664. doi: 10.1016/j.neuroimage.2006.08.059

Frontiers in Neuroscience | www.frontiersin.org 20 February 2022 | Volume 16 | Article 787403

https://doi.org/10.1016/j.biopsych.2007.01.018
https://doi.org/10.1016/j.biopsych.2003.09.016
https://doi.org/10.1007/s12035-018-1130-1139
https://doi.org/10.1007/s12035-018-1130-1139
https://doi.org/10.1016/j.neuroimage.2012.03.084
https://doi.org/10.1002/nbm.4236
https://doi.org/10.1002/nbm.4236
https://doi.org/10.1212/WNL.0000000000001088
https://doi.org/10.1016/S1053-8119(00)91694-X
https://doi.org/10.1523/jneurosci.3886-05.2006
https://doi.org/10.1152/jn.1998.79.2.1102
https://doi.org/10.1016/j.pneurobio.2010.10.003
https://doi.org/10.1016/j.jad.2011.12.006
https://doi.org/10.1016/j.brs.2016.03.010
https://doi.org/10.1038/s41386-019-0565-567
https://doi.org/10.1016/j.bbr.2020.112834
https://doi.org/10.1046/j.1460-9568.2001.02090.x
https://doi.org/10.1046/j.1460-9568.2001.02090.x
https://doi.org/10.1016/j.biopsych.2017.07.021
https://doi.org/10.1016/j.biopsych.2017.07.021
https://doi.org/10.1371/journal.pone.0210015
https://doi.org/10.1002/mrm.1910360612
https://doi.org/10.1016/j.pscychresns.2007.05.002
https://doi.org/10.1016/j.pscychresns.2007.05.002
https://doi.org/10.1016/j.jpsychires.2005.09.001
https://doi.org/10.1016/j.jpsychires.2005.09.001
https://doi.org/10.1016/j.brs.2012.04.009
https://doi.org/10.1016/j.nbd.2014.12.009
https://doi.org/10.1016/j.nbd.2014.12.009
https://doi.org/10.1177/0271678X19874643
https://doi.org/10.1016/j.pnmrs.2011.06.001
https://doi.org/10.1146/annurev.neuro.29.051605.112819
https://doi.org/10.1002/hbm.24703
https://doi.org/10.1002/lary.25650
https://doi.org/10.1038/jcbfm.2014.202
https://doi.org/10.1016/j.brs.2016.02.006
https://doi.org/10.1016/j.brs.2016.02.006
https://doi.org/10.1016/j.brs.2013.03.002
https://doi.org/10.1016/j.brs.2013.03.002
https://doi.org/10.1038/npp.2013.222
https://doi.org/10.1073/pnas.1220512110
https://doi.org/10.1093/arclin/acaa095
https://doi.org/10.1007/s00406-012-0360-365
https://doi.org/10.1038/s41598-018-24951-24956
https://doi.org/10.1038/s41598-018-24951-24956
https://doi.org/10.1016/j.neuroimage.2006.08.059
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-787403 February 15, 2022 Time: 14:21 # 21

Aceves-Serrano et al. In vivo Imaging of rTMS

Siebner, H. R., Filipovic, S. R., Rowe, J. B., Cordivari, C., Gerschlager, W., Rothwell,
J. C., et al. (2003). Patients with focal arm dystonia have increased sensitivity
to slow-frequency repetitive TMS of the dorsal premotor cortex. Brain 126,
2710–2725. doi: 10.1093/brain/awg282

Siebner, H. R., Peller, M., Willoch, F., Auer, C., Bartenstein, P., Drzezga, A.,
et al. (1999). Imaging functional activation of the auditory cortex during focal
repetitive transcranial magnetic stimulation of the primary motor cortex in
normal subjects. Neurosci. Lett. 270, 37–40. doi: 10.1016/S0304-3940(99)00454-
451

Siebner, H. R., Peller, M., Willoch, F., Minoshima, S., Boecker, H., Auer, C., et al.
(2000). Lasting cortical activation after repetitive TMS of the motor cortex: a
glucose metabolic study. Neurology 54, 956–963. doi: 10.1212/WNL.54.4.956

Siebner, H. R., Peller, M., Bartenstein, P., Willoch, F., Rossmeier, C., Schwaiger,
M., et al. (2001a). Activation of frontal premotor areas during suprathreshold
transcranial magnetic stimulation of the left primary sensorimotor cortex: a
glucose metabolic PET study. Hum. Brain Mapp. 12, 157–167. doi: 10.1002/
1097-0193(200103)12:3&lt;157::aid-hbm1012&gt;3.0.co;2-v

Siebner, H. R., Takano, B., Peinemann, A., Schwaiger, M., Conrad, B., and Drzezga,
A. (2001b). Continuous transcranial magnetic stimulation during positron
emission tomography: a suitable tool for imaging regional excitability of the
human cortex. Neuroimage 14, 883–890. doi: 10.1006/nimg.2001.0889

Siebner, H. R., Willoch, F., Peller, M., Auer, C., Boecker, H., Conrad, B.,
et al. (1998). Imaging brain activation induced by long trains of repetitive
transcranial magnetic stimulation. Neuroreport 9, 943–948. doi: 10.1097/
00001756-199803300-199803333

Smith, S. M., Fox, P. T., Miller, K. L., Glahn, D. C., Fox, P. M., Mackay, C. E., et al.
(2009). Correspondence of the brain’s functional architecture during activation
and rest. Proc. Natl. Acad. Sci. U S A. 106, 13040–13045. doi: 10.1073/pnas.
0905267106

Smitha, K. A., Akhil Raja, K., Arun, K. M., Rajesh, P. G., Thomas, B.,
Kapilamoorthy, T. R., et al. (2017). Resting state fMRI: a review on methods
in resting state connectivity analysis and resting state networks. Neuroradiol. J.
30, 305–317. doi: 10.1177/1971400917697342

Speer, A. M., Kimbrell, T. A., Wassermann, E. M., Repella, D. J., Willis, M. W.,
Herscovitch, P., et al. (2000). Opposite effects of high and low frequency rTMS
on regional brain activity in depressed patients. Biol. Psychiatry 48, 1133–1141.
doi: 10.1016/S0006-3223(00)01065-1069

Speer, A. M., Willis, M. W., Herscovitch, P., Daube-Witherspoon, M., Repella
Shelton, J., Benson, B. E., et al. (2003a). Intensity-dependent regional cerebral
blood flow during 1-Hz repetitive transcranial magnetic stimulation (rTMS) in
healthy volunteers studied with h215o positron emission tomography: II. effects
of prefrontal cortex rTMS. Biol. Psychiatry 54, 826–832. doi: 10.1016/S0006-
3223(03)00324-X

Speer, A. M., Willis, M. W., Herscovitch, P., Daube-Witherspoon, M., Shelton, J. R.,
Benson, B. E., et al. (2003b). Intensity-dependent regional cerebral blood flow
during 1-Hz repetitive transcranial magnetic stimulation (rTMS) in healthy
volunteers studied with H215O positron emission tomography: I. effects of
primary motor cortex rTMS. Biol. Psychiatry 54, 818–825. doi: 10.1016/S0006-
3223(03)00002-7

Stagg, C. J., Wylezinska, M., Matthews, P. M., Johansen-Berg, H., Jezzard, P.,
Rothwell, J. C., et al. (2009). Neurochemical effects of theta burst stimulation as
assessed by magnetic resonance spectroscopy. J. Neurophysiol. 101, 2872–2877.
doi: 10.1152/jn.91060.2008

Strafella, A. P., Ko, J. H., Grant, J., Fraraccio, M., and Monchi, O.
(2005). Corticostriatal functional interactions in Parkinson’s disease: a
rTMS/[11C]raclopride PET study. Eur. J. Neurosci. 22, 2946–2952. doi: 10.1111/
j.1460-9568.2005.04476.x

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

Strafella, A. P., Paus, T., Fraraccio, M., and Dagher, A. (2003). Striatal dopamine
release induced by repetitive transcranial magnetic stimulation of the human
motor cortex. Brain 126, 2609–2615. doi: 10.1093/brain/awg268

Su, H., Liu, Y., Yin, D., Chen, T., Li, X., Zhong, N., et al. (2020). Neuroplastic
changes in resting-state functional connectivity after rTMS intervention for
methamphetamine craving. Neuropharmacology 175:108177. doi: 10.1016/j.
neuropharm.2020.108177

Szabó, C. Á, Leland, M. M., Knape, K., Elliott, J. J., Haines, V., and Williams,
J. T. (2005). Clinical and EEG phenotypes of epilepsy in the baboon (Papio
hamadryas spp.). Epilepsy Res. 65, 71–80. doi: 10.1016/j.eplepsyres.2005.05.003

Takahashi, S., Ukai, S., Tsuji, T., Kose, A., Shoyama, M., Yamamoto, M., et al.
(2013). Cerebral blood flow in the subgenual anterior cingulate cortex and
modulation of the mood-regulatory networks in a successful rTMS treatment
for major depressive disorder. Neurocase 19, 262–267. doi: 10.1080/13554794.
2012.667121

Takano, B., Drzezga, A., Peller, M., Sax, I., Schwaiger, M., Lee, L., et al. (2004).
Short-term modulation of regional excitability and blood flow in human motor
cortex following rapid-rate transcranial magnetic stimulation. Neuroimage 23,
849–859. doi: 10.1016/j.neuroimage.2004.06.032

Tateishi, H., Nishihara, M., Kawaguchi, A., Matsushima, J., Murakawa, T.,
Haraguchi, Y., et al. (2019). Improvement of frontal lobe dysfunction and white
matter integrity by rTMS in treatment-resistant depression. Neuropsychiatr.
Dis. Treat. Volume 15, 3079–3087. doi: 10.2147/NDT.S228501

Taylor, S. F., Ho, S. S., Abagis, T., Angstadt, M., Maixner, D. F., Welsh, R. C., et al.
(2018). Changes in brain connectivity during a sham-controlled, transcranial
magnetic stimulation trial for depression. J. Affect. Disord. 232, 143–151. doi:
10.1016/j.jad.2018.02.019

Thomas Yeo, B. T., Krienen, F. M., Sepulcre, J., Sabuncu, M. R., Lashkari, D.,
Hollinshead, M., et al. (2011). The organization of the human cerebral cortex
estimated by intrinsic functional connectivity. J. Neurophysiol. 106, 1125–1165.
doi: 10.1152/jn.00338.2011

Tik, M., Hoffmann, A., Sladky, R., Tomova, L., Hummer, A., Navarro, et al. (2017).
Towards understanding rTMS mechanism of action: stimulation of the DLPFC
causes network-specific increase in functional connectivity. Neuroimage 162,
289–296. doi: 10.1016/j.neuroimage.2017.09.022

Ueda, R., Yamada, N., Abo, M., and Senoo, A. (2019). Relationship between
motor function improvements and white matter structure after low-frequency
repetitive transcranial magnetic stimulation plus intensive occupational therapy
in chronic subcortical stroke patients. Neuroreport 30, 485–490. doi: 10.1097/
WNR.0000000000001227
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