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Abstract——Transcranial magnetic stimulation (TMS)
is a noninvasive neuromodulation tool currently used as
a treatment inmultiple psychiatric andneurologic disor-
ders. Despite its widespread use, we have an incomplete
understanding of the way in which acute and chronic
sessions of TMS affect various neural and vascular sys-
tems. This systematic review summarizes the state of our
knowledge regarding the effects TMS may be having on
cerebral bloodflow, glucosemetabolism, andneurotrans-
mitter release. Forty-five studieswere identified. Several
key themes emerged: 1) TMS transiently increases cere-
bral blood flow in the area under the coil; 2) TMS to the
prefrontal cortex increases glucose metabolism in the
anterior cingulate cortex of patients with depression;
and 3) TMS to themotor cortex and prefrontal cortex de-

creases dopamine receptor availability in the ipsilat-
eral putamen and caudate respectively. There is,
however, a paucity of literature regarding the effects
TMS may have on other neurotransmitter and neuro-
peptide systems of interest, all of which may shed vi-
tal light on existing biologic mechanisms and future
therapeutic development.

Significance Statement——Transcranial magnetic
stimulation (TMS) is a noninvasive neuromodulation
tool currently used as a treatment in multiple psychi-
atric and neurologic disorders. This systematic review
summarizes the state of our knowledge regarding the
effects TMS on cerebral blood flow, glucose metabo-
lism, and neurotransmitter release.

I. Introduction

Through technical and experimental advances in
brain imaging research over the last 20 years, we
have an increasingly sophisticated understanding of
the neural circuit disruptions that are present in pa-
tients with various neurologic and psychiatric dis-
eases. These circuit disruptions represent biologic
targets that can be identified and harnessed for
therapeutic use. There is correspondingly a strong
momentum toward developing noninvasive neural cir-
cuit–based therapeutics for these patient populations.
One of these promising approaches is transcranial
magnetic stimulation (TMS).
TMS is a noninvasive neuromodulatory therapy

that uses electromagnetic induction to depolarize cells
in cortical areas directly affected by the magnetic
field, as well as in monosynaptic afferent targets.
Single-pulse TMS was first introduced in 1985 by
Dr. Anthony Barker. He demonstrated that single
pulses of TMS delivered to the left motor cortex gen-
erated motor-evoked potentials in the right hand with
amplitudes proportional to the strength of the mag-
netic field. Single-pulse TMS (and the closely related
paired-pulse TMS) is now routinely used as a probe of
cortical excitability. Single-pulse TMS can be used to
evaluate cortical remapping following a stroke and as
a biomarker to determine the effects of various
pharmacotherapies on the cortical inhibitory/excit-
atory balance (a surrogate of GABA/glutamate bal-
ance) (Ziemann et al., 2015). As a therapeutic tool,
most TMS is delivered in a repetitive manner, known
as repetitive TMS (rTMS), wherein a series of single
pulses of TMS are delivered to a prespecified brain

region over a period of seconds to minutes. There are
three key parameters to understand when evaluating
the effects of rTMS on the brain:

1. Frequency. This can be a fixed frequency,
wherein the interpulse interval is consistent
(e.g., 10 Hz, 5 seconds on, 10 seconds off, for a to-
tal of 3000 pulses) or a bursting frequency,
wherein the interpulse interval varies [e.g., h
burst stimulation (TBS) consisting of three pulse
bursts delivered five times/s, 2 seconds on and 8
seconds off for a total of 600 pulses]. The first
rTMS studies demonstrated that 10 Hz rTMS
over the motor cortex increased cortical excitabil-
ity (Pascual-Leone et al., 1994), whereas 1 Hz
rTMS decreased cortical excitability (Chen
et al., 1997). More recent studies using bursting
frequencies like TBS, however, they demon-
strated that there is a lot more complexity to
the effects of frequency and pulse number on
cortical excitability than initially understood
(McCalley et al., 2021; Hanlon et al., 2022). An
influential clinical trial demonstrated that 10
Hz rTMS and intermittent TBS (using the pro-
tocols described above) have similar efficacy for
treating major depressive disorder (Blumberger
et al., 2018).

2. Intensity. This is typically measured as a percent-

age of the capacitor output. There is a dose-depen-

dent relationship between the amplitude of the

induced magnetic field and the amplitude of effects

on the brain. This is most elegantly demonstrated

in the motor cortex using motor-evoked potentials.

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine; ACC, anterior cingulate cortex; CBF, cerebral blood flow; cTBS, continuous h burst stim-
ulation; D2/3, dopamine type 2/3 receptor; DLPFC, dorsolateral prefrontal cortex; H-coil, Hesed coil; L-DOPA, L-3, 4-dihydroxyphenylala-
nine; M1, primary motor cortex; MPFC, medial prefrontal cortex; OCD, obsessive-compulsive disorder; OFC, orbitofrontal cortex; PD,
Parkinson’s disease; PET, positron emission tomography; PFC, prefrontal cortex; rCBF, regional cerebral blood flow; rCMRglc, regional ce-
rebral metabolic rate of glucose; rTMS, repetitive transcranial magnetic stimulation; SMA, supplementary motor area; TBS, h burst stimu-
lation; TMS, transcranial magnetic stimulation.
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3. Location of stimulation. The brain regions modu-
lated by TMS are directly related to the geometry
of the TMS coil used and the location of the coil
on the head. There are dozens of TMS coil de-
signs currently available, but the two most com-
mon classes are figure-eight coils and Hesed coils
(H-coils). Figure-eight coils have a relatively
compact magnetic field distribution and are typi-
cally used in applications wherein the researcher
is focusing on a specific cortical target. H-coils
have larger magnetic field distributions, which
enables modulation of many brain regions—a
feature that is often desired when trying to mod-
ulate a neural network or the left and right sides
of the brain synchronously.

The majority of TMS–positron emission tomogra-
phy (PET) studies have used figure-eight coils, which
can only stimulate one hemisphere at a time. The
left hemisphere has been the primary area studied.
Within the motor cortex, the choice of the left side
for experimental design is merely because most peo-
ple are right-handed. Within the prefrontal cortex
(PFC), there are established functional asymmetries
wherein greater activity in the left dorsolateral pre-
frontal cortex (DLPFC) relative to the right DLPFC
is associated with positive effect (Harmon-Jones
et al., 2010). Consistent with this, TMS studies in
patients with depression have found that 10 Hz TMS
to the left DLPFC (which should increase excitabil-
ity) improves depressive symptoms, whereas 10 Hz
TMS to the right DLPFC worsens depressive symp-
toms and induces anxiety. The influence of TMS on
functional laterality is still underdeveloped, how-
ever, and represents a scientific gap that should be
pursued.
A variety of frequencies, intensities, and coil ge-

ometries have been cleared by the US Food and
Drug Administration as therapeutic tools for major
depressive disorder (O’Reardon et al., 2007), obses-
sive-compulsive disorder (OCD) (Carmi et al.,
2018), anxious depression (Pell et al., 2022), and
smoking cessation (Zangen et al., 2021). A recent
European consensus paper stated that there was
also Level A evidence (definite efficacy) to support
its use for neuropathic pain and motor recovery af-
ter stroke (Lefaucheur et al., 2020). Combined pub-
lication rates of peer-reviewed articles examining
TMS as a therapeutic tool for depression, OCD, and
substance use disorder have nearly doubled from
2016 to 2021. All of the currently approved clinical
indications for repetitive TMS in the United States
use high frequency stimulation with coils that
reach superficial and/or deeper structures in the
PFC.
However, despite increasingly widespread clinical

indications for TMS, there are still large gaps

in our knowledge regarding its mechanisms of
action. In particular, the field has very little
understanding of the effects of TMS on neurochem-
istry (the typical therapeutic target for most phar-
macotherapeutics) or regional blood flow (which
may be particularly important for stroke recovery).
The purpose of this literature review is to summa-
rize our existing knowledge regarding the effects of
TMS on the brain and to identify gaps for future re-
search to fill.

A. PET: Evaluating Neurometabolic and
Neurochemical Changes

PET is a functional imaging approach in which a
radioactive tracer is injected into a peripheral vein.
These tracers are labeled with radioisotopes that de-
cay over time and emit a positron. This positron col-
lides with an electron in the body’s tissue and emits
two high-energy photons traveling in opposite direc-
tions (Bailey et al., 2005). Both of these photons are
detected by the PET scanner and are reconstructed
into a three-dimensional image indicating the location
of accumulated tracer in the body. Through this tech-
nique, it is possible to quantify changes in blood flow
and metabolic processes and to indirectly measure
the release of neurotransmitters in the brain. This re-
view will first describe studies that have used PET
methodologies to evaluate the effects of TMS on cere-
bral blood flow (CBF) and glucose metabolism, which
make up most of the published literature on PET and
TMS.
Next, we will highlight a particularly relevant

gap in the field’s knowledge of TMS’s effects
on the release of neurotransmitters, such as L-3,4-
dihydroxyphenylalanine (L-DOPA), as well as vari-
ous pre- and postsynaptic mechanisms. Perhaps the
greatest promise of combined TMS-PET research,
from a therapeutic development perspective, is that
PET can be used to measure regional releases of spe-
cific neurotransmitters that may be induced by TMS.
While neurologic and psychiatric research have re-
vealed the influence of a variety of neurotransmitter
systems on symptom severity and disease development,
most of the published work focuses exclusively on dopa-
mine. Additionally, most of these investigations have
been carried out in healthy individuals, while clinical
populations have been largely unstudied.
Following a description of the known literature and

themes that emerge, the review will conclude with a
discussion of several critical gaps in our existing
knowledge and a forward-focusing viewpoint on the
paradigm-shifting gains that we may have as a field if
we can fill these gaps to design therapeutic strategies
for patients that unite our understanding of neuro-
chemical disruptions with neural circuit modulation
approaches.

920 Kinney and Hanlon
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B. Standard Experimental Designs Using PET and
TMS

Before diving into the literature, it is important to
highlight the three most common experimental de-
signs that have been used in these studies to date
(Fig. 1).

1. Design A: Multiple Short Sessions (Fig. 1A). Most
of the studies examining cerebral blood flow changes
induced by TMS use this design. These studies use
15O-H2O, a radiotracer that has a half-life of approxi-
mately 2 minutes. This rapid decay rate enables in-
vestigators to evaluate the acute effects of TMS on
CBF. In this design, participants lay supine in the
PET scanner as each bolus of 15O-H2O is injected. Im-
mediately following the injection, various TMS pulse
sequences are delivered while the participant is in
the scanner. This process can then be repeated (e.g.,
subsequent injections and TMS sessions). As many as
nine short PET scans have been acquired using this
design (Takano et al., 2004), with most studies acquir-
ing at least five PET scans. In this design, each PET
scan typically lasts 50–90 seconds.

2. Design B: Single Long Session (Fig. 1B). The ma-
jority of TMS studies using PET have used Design B,
wherein a radioligand of interest is injected immedi-
ately before or after a single TMS session. This allows

investigators to evaluate the acute effects of TMS on
an array of radioligands with varying decay rates.
TMS can be given in the bore of the PET scanner
(similar to Design A), but it is often given outside of
the PET scanner—especially when using radioligands
with a longer half-life, such as [11C]raclopride (half-
life of approximately 20 minutes). The PET scanning
procedures last between 30 and 90 minutes, depend-
ing on the study, with most studies using a 60-minute
scan time.

3. Design C: Longitudinal (Fig. 1C). While the ef-
fects of a single session of TMS are of interest from a
mechanistic perspective, many research teams are in-
terested in evaluating the effects of a therapeutic
course of TMS (e.g., multiple daily sessions of TMS in
patients with depression) on basal brain activity (as
measured via various PET radioligands). Most of
these studies are done in patient populations. For exam-
ple, these studies have measured the effects of multiple
TMS sessions on glucose metabolism via [18F]Fluoro-2-
deoxy-D-glucose (FDG), CBF (Speer et al., 2000), dopa-
mine receptor availability (Kuroda et al., 2006), and
dopamine synthesis rate (Kuroda et al., 2010) in individ-
uals with depression. Typically, there is a 30–90-minute
PET scan at baseline. Following the initial scan, partici-
pants undergo anywhere from 5 to 20 TMS sessions

Fig. 1. Common experimental designs used in TMS-PET literature. Above is the representation of several different experimental designs used
throughout the combined TMS and PET literature included in this review. These designs depict (A) studies examining CBF changes (measured with
15O-H2O) induced by TMS using multiple short TMS-PET sessions, (B) single long session studies mainly used to investigate changes in dopamine re-
ceptor availability following TMS protocols, and (C) a standard longitudinal design that is primarily used to measure changes in glucose metabolism
using [18F]Fluoro-2-deoxy-D-glucose PET.

Effects of TMS on Blood Flow, Glucose, and Dopamine 921
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over the course of several weeks. Following the TMS
treatment sessions, another 30–90-minute PET scan is
acquired. Most studies measure their post-TMS PET
scan within one week following treatment.

C. Procedures for Article Selection

A comprehensive literature search was conducted
on PubMed. A combination of several key terms was
used to explore relevant TMS and PET articles. The
exact combination used is shown in Supplemental
Fig. 1. To assess the risk of bias, an additional search
was also conducted on Google Scholar. The initial
searches resulted in 753 records. During the early
stage of screening, two independent reviewers (K.K.
and C.H.) excluded 300 duplicate records, 242 records
based on their titles and abstracts, and 81 review ar-
ticles. After an in-depth full-text review, 130 articles
were included in the final evaluation to identify eligi-
ble articles. The exclusion criteria at this stage in-
cluded: 1) articles that were not full-text; 2) studies
evaluating neurochemical changes in rodents using
microdialysis; 3) studies evaluating neurochemical
changes using single-photon emission computed to-
mography; 4) studies not in English; and 5) studies
where “TMS” was an abbreviation for “trunk muscle
strength.” The Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) chart for
the inclusion/exclusion procedures for TMS-PET stud-
ies are shown in Supplemental Fig. 1.

II. The Effects of TMS on CBF

Some of the earliest papers examining the effects
of TMS using PET imaging techniques measured
changes in regional cerebral blood flow (rCBF) in
healthy control populations with the [15O]H2O radioli-
gand (Table 1). [15O]H2O is water labeled with a ra-
dioactive [15O] molecule that is able to penetrate the
blood-brain barrier (Raichle et al., 1983). Increases in
[15O]H2O indicate elevations in oxygen consumption
associated with increased blood supply to that cere-
bral region. It is similar to the blood oxygen level–
dependent signal that is commonly investigated with
functional magnetic resonance imaging, but [15O]H2O
PET has several advantages, including a more quan-
tifiable dependent measure, less sensitivity to move-
ment, and less variability in longitudinal studies
(Kameyama et al., 2016). Nearly all of these studies
follow Design A (see Fig. 1).

A. Motor Cortex

Nearly all of the studies that have evaluated the ef-
fect of motor cortex TMS on CBF have used low fre-
quency (1 Hz) stimulation. Seven of these papers
showed TMS-related increases in motor cortex CBF,
while only one study demonstrated a decrease
(Paus et al., 1998). This may seem counterintuitive

given that 1 Hz TMS causes a decrease in cortical ex-
citability (Chen et al., 1997). These findings, however,
emphasize that CBF imaging is measuring something
distinct from cortical excitability.
The first published TMS-PET study was done by

Fox and colleagues in 1997. They applied 1 Hz rTMS
to the left primary motor cortex concurrently with
PET in three healthy controls. They found that there
was an increase in CBF directly under the stimulated
site (Fox et al., 1997). All additional research stimu-
lating the left M1 of healthy controls with 1Hz rTMS
replicated these 1997 results (Siebner, Takano, et al.,
2001; Lee et al., 2003; Speer et al., 2003a; Rounis
et al., 2005). These results were consistent despite dif-
fering experimental designs. PET scans acquired
within the first hour after 1 Hz TMS was adminis-
tered showed stable CBF increases in the motor cor-
tex for up to an hour poststimulation (Lee et al.,
2003; Rounis et al., 2005). These results suggest that
a single session of 1 Hz TMS to the left M1 produced
both acute and sustained increases (1 hour) in CBF
under the stimulated site. This has also been demon-
strated in several studies following 5 Hz TMS (Ta-
kano et al., 2004; Rounis et al., 2005). Siebner et al.
(2001) demonstrated that left supplementary motor
cortex stimulation (nine frequencies between 1 and 5
Hz) increased rCBF under the stimulation site for all
frequencies.
There have been two studies investigating the ef-

fects of 10 Hz TMS to the motor cortex on CBF. Dur-
ing 10 Hz paired-pulse TMS to the left motor cortex,
Strafella and Paus (2001) reported increases in CBF
under the stimulation site. Conversely, Paus et al.
(1998) demonstrated that 10 Hz TMS decreased CBF
in the area under the coil (motor cortex). These differ-
ences could be attributed to differing TMS protocols
and experimental designs. As 10 Hz TMS is fre-
quently associated with an increase in motor cortex
excitability, the 1998 findings seem counterintuitive.
That said, the inverse relationship between 1 Hz and
10 Hz TMS on CBF mirrors the inverse relationship
these frequencies have on cortical excitability (as
measured with electromyography). It is interesting
that the effects of 1 Hz versus 10 Hz TMS paradoxi-
cally go in the unexpected direction (increase for 1 Hz
and a decrease for 10 Hz).
Overall, there has not been enough work done with

high-frequency stimulation to draw a definitive con-
clusion. Additionally, while 1 Hz TMS to the motor
cortex consistently increases CBF under the coil, the
effects of TMS on blood flow in regions not directly af-
fected by the magnetic field is more varied (Paus
et al., 1998; Lee et al., 2003; Speer et al., 2003a;
Takano et al., 2004; Rounis et al., 2005; Obeso et al.,
2013) (Table 1).
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TABLE 1
The effect of TMS on CBF

These data highlight a common theme that low-frequency TMS to the motor cortex and high frequency TMS to the DLPFC tends to increase blood
flow in the area underneath the coil.

Author Year
Subject

Population
Site of

Stimulation
Stimulation
Frequency

PET
Radiotracer

Effect on
CBF Regions Affected

Motor Cortex
Fox et al. 1997 HC M1 - Left 1 Hz [15O]H2O ⇧ Directly under stimulated site
Paus et al. 1998 HC M1 - Left 10 Hz [15O]H2O ⇩ Site of stimulation, R M1, premotor, SMA, medial

parietal
Siebner et al. 2001 HC M1 - Left 1–5 Hz [15O]H2O ⇧ Directly under stimulation site
Strafella and

Paus
2001 HC M1 - Left 10 Hz [15O]H2O ⇧ Site of stimulation, R M1, L lateral premotor cortex

Lee et al. 2003 HC M1 - Left 1 Hz [15O]H2O ⇧
and
⇩

Site of stimulation, bilateral dorsal premotor cortex,
cerebellum

R cingulate motor cortex, L ventral premotor area
Speer et al. 2003 HC M1 - Left 1 Hz [15O]H2O ⇧

and
⇩

Under stimulation site, L primary auditory cortex, R
cerebellum, putamen, insula and red nucleus

Contralateral frontal, parietal cortex, ACC, occipital
cortex

Takano et al. 2004 HC M1 - Left 5 Hz [15O]H2O ⇧
and
⇩

Under stimulation site, temporal cortex and insula
Medial frontal, occipital and cuneus

Rounis et al. 2005 HC M1 - Left 1 Hz and
5 Hz

[15O]H2O 1 Hz
⇧

and
⇩

5 Hz
⇧

and
⇩

Under the stimulated area, R M1, L SMA, R dorsal and
ventral premotor areas, L ventromedial prefrontal
cortex, caudal and rostral cingulate motor areas.

R putamen, L head of caudate, R cerebellar vermis.
Under the stimulation site, L ventral premotor area,

prefrontal and somatosensory cortices, anterior
cingulate, parietal areas.

Superior cerebellum
Obeso et al. 2013 HC Pre-SMA -

Right
50 Hz (cTBS) [15O]H2O ⇧ L pre-SMA, L inferior frontal gyrus, R premotor and R

inferior parietal cortex.
Prefrontal Cortex

Paus et al. 1997 HC FEF- Left 10 Hz [15O]H2O ⇧ Directly under the coil, superior parietal cortex, L
cuneus, R supplementary eye field

Speer et al. 2000 Depression DLPFC- Left 1 Hz and 20
Hz

[15O]H2O 1 Hz
⇩

20 Hz
⇧

R prefrontal cortex, L medial temporal cortex, L basal
ganglia, L amygdala

Directly under the stimulation site, R prefrontal cortex,
L and R cingulate gyrus, L amygdala, bilateral
insula, basal ganglia, uncus, hippocampus, thalamus,
cerebellum

Paus et al. 2001 HC DLPFC- Left 10 Hz [15O]H2O ⇧ Directly under the stimulation site, ACC, posterior
cingulate

Speer et al. 2003 HC PFC- Left 1 Hz [15O]H2O ⇧
and
⇩

L ACC, cerebellum, R insula, primary auditory cortex,
and somatosensory face area

Stimulated region and in the R PFC, L medial temporal
lobe, parahippocampus, and posterior middle
temporal gyri

Ohnishi,
Matsuda
et al.

2004 HC DLPFC- Left 1 Hz [15O]H2O ⇧ R ACC, R medial prefrontal cortex, L ventromedial
PFC, and L ventral striatum

Barrett et al. 2004 HC DLPFC- Left 1 Hz and 10
Hz

[15O]H2O 1 Hz – No
effect
10 Hz

⇧
and
⇩

-
Under stimulation site, perigenual ACC, insula,

thalamus, parahippocampal gyrus, caudate nucleus
Amygdala, middle frontal gyrus, gyrus rectus, inferior

frontal gyrus, inferior and superior parietal lobes

Knoch et al. 2005 HC DLPFC- Left
and Right

1 Hz and 10
Hz

[15O]H2O 1 Hz R
⇧

and
⇩

1 Hz L
⇧

and
⇩

10 Hz R
⇧

and
⇩

10 Hz L
⇧

and
⇩

L postcentral gyrus, R precentral gyrus, cingulate
gyrus

L posterior cingulate, L parahippocampal gyrus
Directly under stimulation site, R middle frontal gyrus,

anterior cingulate, R caudate nucleus
L inferior frontal gyrus, L OFC
Directly under stimulation site, L uncus, R caudate
R middle and superior frontal gyrus regions, L middle

frontal gyrus
Directly under stimulation site, R inferior frontal

gyrus, cingulate gyrus
R middle frontal gyrus

Eisenegger
et al.

2008 HC DLPFC- Right 1 Hz [15O]H2O ⇧ L DLPFC, right ventrolateral PFC, inferior frontal
cortex

FEF, frontal eye field; HC, healthy control; L, left; MDL-FC, mid-dorsolateral frontal cortex; R, right; SM1 HAND, sensorimotor hand area.

Effects of TMS on Blood Flow, Glucose, and Dopamine 923

at A
SPE

T
 Journals on A

pril 19, 2024
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


Collectively, studies examining CBF changes with
stimulation to the motor cortex are quite consistent.
Most of the literature has used a stimulation fre-
quency of 1 Hz and reported an increase in CBF un-
der the site of stimulation (Fig. 2). Two studies have
examined the effects of 10 Hz TMS to the motor cor-
tex with opposing results at the stimulation site. The
effect of TMS to the motor cortex on CBF in brain re-
gions distal from the site of stimulation remains
unclear.

B. PFC

Eight studies have evaluated the effects of PFC
TMS on CBF. 10 Hz rTMS increased CBF under the
stimulation site in healthy controls (Paus et al., 1997;
Paus et al., 2001; Barrett, Della-Maggiore et al., 2004;
Knoch et al., 2006), while 1Hz TMS does not appear
to change CBF in the area under the coil (Barrett,
Della-Maggiore et al., 2004; Ohnishi, Matsuda, et al.,
2004; Knoch et al., 2006; Eisenegger et al., 2008).
These results were the opposite of what was observed
in the motor cortex. Although it is not completely un-
derstood why these differences emerge, there are cy-
toarchitectural differences between the prefrontal
and motor cortices. Additionally, there are also likely
neurovascular differences contributing to these incon-
gruent findings. These results confirm the importance
of considering these regions independently and not
generalizing TMS findings across cortical target sites.
As with motor cortex stimulation, the effects of pre-

frontal TMS on CBF in distal areas are more variable
(Paus et al., 2001; Barrett, Della-Maggiore et al., 2004;
Knoch et al., 2006). That said, several studies have
shown that 10 Hz TMS to the left DLPFC decreased
CBF in the medial PFC (Barrett, Della-Maggiore

et al., 2004; Knoch et al., 2006) and increased CBF in
the cingulate gyrus (Paus et al., 2001; Barrett, Della-
Maggiore et al., 2004). This reciprocal change is impor-
tant for the treatment of diseases and disorders
wherein modulation of the medial prefrontal cortex
(MPFC) and cingulate via DLPFC stimulation are part
of the conceptual design for treatment development.
This increased CBF in the cingulate gyrus following 10
Hz TMS has also been shown following 1 Hz TMS
(Speer et al., 2003b; Ohnishi, Matsuda, et al., 2004;
Knoch et al., 2006) (Table 1).

C. Insight from a Study in Patients with Depression

All of the studies presented to this point have been
performed in healthy control populations. There has
only been one study investigating the effects of TMS
on CBF in patients. Speer et al. (2000) evaluated the
effect of a single session of 20 Hz or 1 Hz TMS to the
DLPFC in individuals with major depression. High-
frequency rTMS increased CBF under the stimulation
site (consistent with studies in healthy controls) and
in the right PFC, bilateral cingulate, bilateral insula,
amygdala, basal ganglia, hippocampus, thalamus,
and cerebellum. In contrast, low-frequency rTMS did
not change CBF under the stimulation site (also con-
sistent with healthy controls), but decreased CBF in
the right PFC, left medial temporal cortex, left basal
ganglia and the left amygdala. The frequency-depen-
dent effects on CBF in the distal areas may have ther-
apeutic value given that 10 Hz rTMS to the left PFC
is widely used to treat major depressive disorder.

D. Take-Home Points

Seventeen studies have evaluated the effects of
TMS on regional CBF. Nearly all of these studies

Motor cortex: Seven studies. 5 Hz and 1 Hz
increases CBF at the s�mula�on 
 site [[15O]H2O] 

DLPFC: Six studies. 20 Hz and 10 HzT increases 
cerebral blood flow at the s�mula�on site 
[[15O]H2O] 

120

110

100

90

80

70

Fig. 2. TMS transiently increases CBF at the site of stimulation. Above are representative models of electric fields following TMS to the motor (left)
and dorsolateral prefrontal (right) cortices in standard space. Changes in rCBF were measured in vivo using PET scanning procedures via a [15O]H2O
radioligand. In seven published studies, 5 Hz and 1 Hz (low-frequency) TMS to the motor cortex transiently increased CBF at the site of stimulation.
Six published studies suggested a transient increase in CBF at the site of stimulation using 20 Hz and 10 Hz (high-frequency) TMS to stimulate the
DLPFC. Modeling parameters include a Magstim B70 coil at 60% machine output and standard tissue conductivity values. The electric fields depicted
range from 70 to 120 millivolts.
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have been performed on healthy controls, with about
half of them evaluating the effects of motor cortex
stimulation and the other half evaluating the effect of
DLPFC stimulation. The results of motor cortex stim-
ulation are different than DLPFC stimulation (see
Fig. 2). Consistent themes are that 1) 1 Hz rTMS to
the motor cortex increases rCBF in the area under
the coil and 10 Hz may decrease rCBF (though it
hasn’t been widely studied); 2) 1 Hz rTMS to the
DLPFC does not change rCBF, but 10 Hz rTMS to the
DLPFC stimulation reliably increases rCBF; and 3)
10 Hz rTMS to the DLPFC simultaneously decreases
rCBF in the MPFC while increasing rCBF at the
DLPFC. This last point is particularly valuable, as it
points to a biologic foundation that buttresses func-
tional connectivity literature demonstrating a recipro-
cal relationship between engagement of the executive
control network (which contains the DLPFC) and the
default mode network (which contains the MPFC).

III. The Effects of TMS on Glucose Metabolism

Another area of interest has been the effect of TMS
on glucose metabolism. [18F]FDG-PET scans use the
radiotracer [18F]FDG, a glucose analog, to measure
the rate of consumption of glucose in the brain
(Phelps et al., 1979; Berger, 2003). Greater concentra-
tions of [18F]FDG are indicative of greater glucose
metabolic rates in that brain region. In the following
studies, [18F]FDG-PET was used to measure changes
in regional cerebral metabolic rate of glucose (rCMRglc)
after TMS (Table 2). The majority of [18F]FDG studies
presented follow a longitudinal design (Design C) outlined
in Fig. 1.

A. Motor Cortex

The first group to evaluate the effects of TMS on
glucose metabolism, Siebner et al. (1998, 1999, 2000;
Siebner, Takano et al., 2001), completed a series of
studies examining the effects of 2–5 Hz rTMS in
healthy controls. All four studies targeted the left pri-
mary sensorimotor cortex and reported an increase in
rCMRglc in the area under the coil with this low fre-
quency stimulation. Additionally, there were TMS-in-
duced increases in glucose metabolism reported
within the supplementary motor area (SMA) (Siebner,
Peller, et al., 2001; Siebner et al., 2000; Siebner et al.,
1998), the bilateral primary auditory cortex (Siebner
et al., 1999), the right M1 (Siebner et al., 2000), and
the anterior cingulate cortex (ACC) (Siebner, Peller,
et al., 2001). The stimulated cortical area (left senso-
rimotor cortex), right M1 and caudal SMA were ele-
vated acutely (Siebner et al., 1998, 1999, 2000) and
lasted for at least 1 hour (Siebner et al., 2000). The el-
evated bilateral primary auditory cortex glucose me-
tabolism was thought to be related to the sound of the
TMS rather than the magnetic field, leading Siebner

et al. (1999) to note the importance of taking rTMS-
related acoustic input into consideration—a factor
that is now widely considered in all TMS studies
when developing high fidelity sham techniques.
In addition to these human studies, Hayashi et al.

(2004) performed an innovative investigation of the
effects of TMS on glucose metabolism in nonhuman
primates. In these anesthetized animals, they demon-
strated that 5 Hz TMS increased rCMRglc in the
ACC and posterior cingulate gyrus. Interestingly, in-
creased rCMRglc was found in the left orbitofrontal
cortex (OFC) on post-TMS day 1 and day 8. This last-
ing increase in rCMRglc was no longer present at
day 16.
To summarize, low-frequency TMS to the motor cor-

tex consistently increased rCMRglc under the coil
and in remote brain regions in healthy controls. Data
suggests that these rCMRglc changes are both acute
and can be sustained for at least an hour post-stimu-
lation. Changes in rCMRglc following high-frequency
TMS to the motor cortex remains largely unstudied in
healthy populations.

B. PFC

While the majority of motor cortex rCMRglc re-
search has been carried out in healthy controls, most
PFC research has been done on individuals with ma-
jor depressive disorder (see C. Insight from Clinical
Populations).

C. Insight from Clinical Populations

The first study done in patients with major depres-
sive disorder demonstrated that 10 daily sessions of
10 Hz TMS to the left DLPFC increased rCMRglc in
the ACC (Baeken et al., 2009). Other studies demon-
strate this may last for 1 week (Tastevin et al., 2020)
to 3 months (Li et al., 2010). TBS to the left DLPFC
(4 sessions per day for 5 days) decreased rCMRglc of
the subgenual ACC, while TBS to the right DLPFC
increased rCMRglc in the ACC (Baeken et al., 2015).
While the neurobiologic rationale for the laterality
differences is unclear, there are established functional
asymmetries in the PFC, wherein the greater activity
in the left DLPFC relative to the right DLPFC is as-
sociated with positive effect (Harmon-Jones et al.,
2010).
While TMS strategies for depression typically aim

to amplify activity in the executive control system
(e.g., through 10 Hz TBS to the DLPFC), many clini-
cal trials of TMS for OCD and schizophrenia have
focused on dampening activity in areas that are typi-
cally overactive. Among individuals with schizophrenia,
low-frequency rTMS (0.9 Hz) to the temporoparietal
cortex decreased brain glucose metabolism in the area
under the coil (Horacek et al., 2007), as well as in the
temporal cortex, cerebellum, insula, cuneus, uncus, and
the hippocampus (Horacek et al., 2007). Increased
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rCMRglc was found in the middle frontal lobe, superior
temporal lobe, and the supramarginal gyrus.
In OCD, low-frequency rTMS (1 Hz) to the right

OFC decreased rCMRglc in the area under the coil as
well as the caudate and putamen (Nauczyciel et al.,
2014) (Table 2).

D. Cerebellum and Temporal Cortex

While the bulk of the studies have focused on the
motor cortex or PFC, four studies have examined
unique brain targets—two in healthy controls and
two in patient populations. Results of the two studies
involving patient populations are outlined above in
C. Insight from Clinical Populations. In healthy con-
trols, when stimulating the left lateral cerebellum
(Cho et al., 2012), 1 Hz rTMS [18F]FDG-PET scans re-
vealed decreased glucose metabolism in the stimu-
lated area and a number of distal targets (Cho et al.,
2012). This is in contrast with the increased glucose

metabolism observed following 1 Hz TMS to the motor
cortex. Following 1 Hz rTMS to the right temporal
cortex, healthy controls had no change in the area un-
der the coil, but experienced increased glucose metab-
olism in remote regions such as the right frontal
cortex, ACC, and various motor cortical regions (Lee
et al., 2013).

E. Take-Home Points

In healthy controls, low-frequency TMS to the mo-
tor cortex increased glucose metabolism under the
coil, but high-frequency TMS remains largely unstud-
ied. In patient populations high-frequency stimulation
has been evaluated however. Ten to 20 sessions of 10
Hz TMS appears to increase glucose metabolism in a
network of distributed regions and may last for sev-
eral weeks. Additionally, there appears to be a recip-
rocal relationship between DLPFC stimulation and
glucose metabolism in the MPFC. This is consistent

TABLE 2
The effect of TMS on glucose metabolism

Author Year
Subject

Population Site of Stimulation
Stimulation
Frequency

PET
Radiotracer

Effect on
Glutamate
Metabolism

Regions
Effected

Motor Cortex
Siebner, et al. 1998 HC M1 - Left 2 Hz [18F]FDG ⇧ Directly under the coil and SMA
Siebner, et al. 1999 HC M1 - Left 2 Hz [18F]FDG ⇧ Directly under the coil and primary

auditory cortex
Siebner, et al. 2000 HC M1 - Left 5 Hz [18F]FDG ⇧ Directly under the coil, R M1, caudal

SMA
Siebner, et al. 2001 HC M1 - Left 2 Hz [18F]FDG ⇧ Directly under the coil, caudal SMA, ACC
Hayashi, et al. 2004 NHP M1 - Right 5 Hz [18F]FDG ⇧

and
⇩

Anterior cingulate, posterior cingulate
gyrus, L OFC

Directly under the coil, L M1
Prefrontal Cortex

Kimbrell, et al. 2002 HC DLPFC - Left 1 Hz [18F]FDG ⇧
and
⇩

Cuneus
L Superior frontal gyrus

Baeken, et al. 2009 Depression DLPFC - Left 10 Hz [18F]FDG ⇧ Anterior cingulate
Li, et al. 2010 Depression DLPFC - Left 10 Hz [18F]FDG ⇧

and
⇩

Anterior cingulate, somatosensory and
precuneus

L fusiform gyrus and middle temporal
lobe

Baeken, et al. 2015 Depression DLPFC - Left 10 Hz [18F]FDG ⇧
and
⇩

Right prefrontal cortex
Subgenual cingulate

Tastevin, et al. 2020 Depression DLPFC - Left 10 Hz [18F]FDG ⇧ Bilateral precuneus, R temporal lobe,
fusiform gyrus, hippocampus and
amygdala

Li, et al. 2018 Depression DLPFC - Left
and Right

TBS [18F]FDG R cTBS⇧
L iTBS⇧

Anterior cingulate, medial PFC
Anterior Cingulate, medial PFC

Other Regions
Cho, et al. 2011 HC Cerebellum - Left 1 Hz [18F]FDG ⇧

and
⇩

R SMA, R posterior parietal cortex, L
frontal lobe and ACC

L middle and inferior frontal lobes, temporal
cortex, L pons, and L dentate nucleus

Nauczyciel,
et al.

2014 OCD OFC - Right 1 Hz [18F]FDG ⇩ Directly under stimulation area, R frontal
lobe, L putamen and L caudate

Lee, et al. 2013 HC Temporal - Right 1 Hz [18F]FDG ⇧ Directly under the coil, R frontal cortex,
ACC and various motor cortical regions

Horacek, et al. 2007 Schizophrenia Temporoparietal-
Left

0.9 Hz [18F]FDG ⇧
and
⇩

Middle frontal lobe, superior temporal
lobe, and the supramarginal gyrus

Directly under the coil, temporal cortex,
cerebellum, insula, cuneus, uncus and
the hippocampus

HC, healthy control; iTBS, intermittent h burst stimulation; L, left; NHP, nonhuman primate; R, right.
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with the theme that was observed in studies looking
at rCBF, further strengthening the biologic basis for
previously observed patterns of reciprocal connectiv-
ity between the executive control network (of which
the DLPFC is a node) and the default mode network
(of which the MPFC is a node).

4. The Effects of TMS on Dopamine Receptor
Availability

Studies of changes in specific neurotransmitters af-
ter TMS make up the smallest portion of combined
TMS-PET literature, yet an online literature search
of all papers included in this review suggests that
this category is the most cited in the literature. In
this section, we will examine studies that use various
radiotracers to examine the effects that TMS can
have on dopamine receptor availability in the brain
(Table 3). The most commonly used radiotracer to
measure dopamine receptor availability is [11C]ra-
clopride, a dopamine type 2/3 (D2/D3) receptor antag-
onist. This has low affinity for dopamine type 1
receptors and high affinity for D2 receptors (Laruelle,
2000). When [11C]raclopride is injected into the body,
it competes for binding sites with synaptic dopamine
in the striatum (Laruelle, 2000). With this, one can
indirectly measure dopamine release in the brain as
lower [11C]raclopride binding is associated with an in-
crease in synaptic dopamine release. Other radio-
tracers, such as [11C]FLB 457 and [11C]-(1)-PHNO,
are also used to examine dopamine receptor availability

in vivo. While [11C]FLB 457 has a high affinity for D2-
type dopamine receptors (Farde et al., 1997), [11C]-
(1)-PHNO is a D3-type dopamine receptor–preferring
agonist (Narendran et al., 2006). A reduction in radio-
tracer binding potential is indicative of an increase in ex-
tracellular dopamine concentration (Laruelle et al., 1997;
Endres et al., 2003). The dopamine receptor studies pre-
sented primarily follow Design B, outlined in Fig. 1.

A. Motor Cortex

There are five studies examining the effects of
rTMS to the motor cortex on dopamine receptor avail-
ability. Two of these studies were done in healthy con-
trols (Strafella et al., 2003; Lamusuo et al., 2017), one
in healthy nonhuman primates (Ohnishi, Hayashi,
et al., 2004), and two explored dopamine changes af-
ter TMS in individuals with Parkinson’s disease (PD)
(Strafella et al., 2005; Kim et al., 2008). With one ex-
ception (Lamusuo et al., 2017), these studies all re-
ported significant changes in dopamine receptor
availability induced by TMS to the motor cortex. For
example, Strafella et al. (2003) demonstrated that
10 Hz rTMS to the left M1 reduced [11C]raclopride
binding in the left putamen in healthy controls—an
indication that TMS is induced dopamine release. A
study in patients with PD demonstrated that 10 Hz
rTMS decreased [11C]raclopride binding in the ipsilat-
eral putamen, again suggesting that TMS increased
dopamine release in these patients (Strafella et al.,
2005). In another study of PD, Kim et al. (2008) dem-
onstrated that 5 Hz TMS to the motor cortex also

TABLE 3
The effect of TMS on dopamine receptor availability

Author Year
Subject

Population Site of TMS
Stimulation
Frequency

PET
Radiotracer

Effect on
Dopamine Receptor

Binding
Regions
Effected

Motor Cortex
Strafella et al. 2003 HC M1 - Left 10 Hz [11C]raclopride ⇩ L putamen
Ohnishi,

Hayashi
et al.

2004 NHP M1 - Right 5 Hz [11C]raclopride ⇧
and

R putamen
Bilateral ventral striatum

Strafella et al. 2005 PD M1 - Left and
Right

10 Hz [11C]raclopride ⇩ Ipsilateral putamen from stimulated side

Kim et al. 2008 PD M1 5 Hz [11C]raclopride ⇩ Contralateral caudate from stimulated side
Lamusuo et al. 2017 HC M1 - Right 10 Hz [11C]raclopride No Effect -

Prefrontal Cortex
Strafella et al. 2001 HC DLPFC - Left 10 Hz [11C]raclopride ⇩ L dorsal caudate
Kuroda et al. 2006 Depression DLPFC - Left 10 Hz [11C]raclopride No Effect -
Ko et al. 2008 HC DLPFC - Left

and Right
10 Hz [11C]raclopride L

⇩
R – No Effect

L caudate, putamen
-

Cho and
Strafella

2009 HC DLPFC - Left
and Right

10 Hz [11C]FLB 457 L
⇩

R – No Effect

L subgenual, pregenual cingulate,
L medial OFC

-
Cho et al. 2015 HC MPFC (BA

10) - Double
cone coil

10 Hz [11C] PHNO ⇩ Bilateral dorsal putamen, bilateral dorsal
and ventral globus pallidus

Other Regions
Malik et al. 2018 HC Insula 1 Hz and

10 Hz
[11C] PHNO 1 Hz

⇧
10 Hz – No Effect

Substantia nigra, sensorimotor striatum
-

DLPFC, dorsolateral prefrontal cortex; HC, healthy control; L, left; NHP, nonhuman primate; R, right.
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reduced dopamine receptor availability in the contra-
lateral caudate.
Similarly, Ohnishi, Hayashi et al. (2004) reported

decreased dopamine receptor availability in the bilat-
eral striatum in nonhuman primates. In contrast, this
study was the only one to observe increases in dopa-
mine receptor availability following stimulation to the
motor cortex. As all human studies described above
were done in awake humans, Ohnishi, Hayashi et al.
(2004) measured changes in anesthetized nonhuman
primates. Thus, it is possible that anesthesia could be
responsible for slight differences in results. Pentobar-
bital, the anesthesia used in this study, has been
found to inhibit both ketamine-induced dopamine re-
lease (Masuzawa et al., 2003) and L-DOPA–induced
dopamine release (Adachi et al., 2006) in the rat stria-
tum. Perhaps the anesthetic used suppressed TMS-in-
duced dopamine release in the putamen—part of the
dorsal striatum—leading to an increase in dopamine
receptor availability in this region.
Overall, these studies in patients and in healthy

controls suggest that high-frequency TMS to the
motor cortex tends to reduce [11C]raclopride binding,
suggesting a TMS-induced increase in dopamine
release.

B. DLPFC

Four studies investigated the effects of DLPFC
TMS on dopamine receptor availability. In healthy
controls, 10 Hz rTMS to the left DLPFC decreased do-
pamine receptor availability, as measured by [11C]ra-
clopride, in the left dorsal caudate (Strafella et al.,
2001). Using [11C]FLB 457, decreased dopamine re-
ceptor availability was also reported in the left subge-
nual and pregenual ACC and the left medial OFC
following 10 Hz rTMS to the left DLPFC in healthy
controls (Cho and Strafella, 2009). There was no
change in dopamine receptor availability after 10 Hz
rTMS to the right DLPFC (Cho and Strafella, 2009).
In individuals with major depressive disorder, 10 ses-
sions of 10 Hz rTMS to the left DLPFC did not change
[11C]raclopride binding (Kuroda et al., 2006). Further,
in an attempt to measure changes in dopamine syn-
thesis rates after TMS to the left DLPFC, the
L-[b-11C]DOPA radiotracer was used in patients with
depression. As endogenous dopamine is produced by
enzymatic decarboxylation of L-DOPA, radioactively
labeled L-DOPA can be used to assess the rate of en-
dogenous dopamine synthesis (Ito et al., 2006). The
rate of endogenous dopamine synthesis can be used to
estimate presynaptic function of the dopaminergic
system (Ito et al., 2006). Results suggested that 10
sessions of TMS treatment over a 2-week period does
not change the dopamine synthesis rate in individuals
with major depressive disorder (Kuroda et al., 2010).
Despite the growing list of clinical indications for
TMS beyond depression, there are no other published

reports evaluating the effect of TMS on dopamine re-
ceptor availability in diseases with known dopamine
disruptions, including drug and alcohol abuse and
schizophrenia.
One study evaluated the effects of DLPFC TBS (a

patterned form of TMS) on striatal dopamine release
during a task that required planning and set-shifting
(Ko et al., 2008). As this task involves executive pro-
cesses, it likely engages the DLPFC while concur-
rently inducing dopamine release in the brain.
Participants first received continuous TBS (cTBS; 600
pulses) to either the left or right DLPFC. Within
5 minutes of stimulation, participants performed the
Montreal Card Sorting Task (Monchi et al., 2006)
while in the PET scanner. TBS of the left DLPFC in-
creased [11C]raclopride binding (ipsilateral caudate,
anterior putamen, and contralateral caudate nu-
cleus), indicating that cTBS decreased typical dopa-
mine release that occurs during the set-shifting task
(Ko et al., 2008). cTBS of the right DLPFC did not
change dopamine receptor availability (Ko et al.,
2008). This study has interesting implications for pa-
tients with schizophrenia, for example, who are
known to have elevated PFC dopamine. There are
also interesting implications for individuals with alco-
hol and substance use disorders, as elevated dopami-
nergic tone in the presence of drug cues can lead to
relapse.

C. Insula and MPFC

After stimulating the MPFC at 10Hz, one study
used an [11C]-(1)-PHNO radiotracer to examine
changes in D3 receptor availability in healthy con-
trols (Cho et al., 2015). In agreement with previous
literature, Cho et al. (2015) reported a reduction in
dopamine receptor binding potential in the bilateral
dorsal putamen and the bilateral dorsal and ventral
globus pallidus, indicating a TMS-induced increase
in dopamine. Another study, measuring dopamine
changes with [11C]-(1)-PHNO, used a specially de-
signed coil, the H-coil, to bilaterally target the insula
(Malik et al., 2018). No changes were observed after
10 Hz rTMS to the bilateral insula. Conversely,
1 Hz rTMS to the insula caused an increase in
[11C]-(1)-PHNO binding, suggesting a decrease in do-
pamine levels in the substantia nigra and the sensori-
motor striatum (Malik et al., 2018).

D. Take-Home Points

Eleven studies have evaluated the effects of poten-
tial TMS-induced changes in dopamine receptor avail-
ability. Most of these studies use higher frequency
stimulation (5–10 Hz) in healthy participants. Follow-
ing TMS to both the frontal and motor cortices,
there are consistent reductions in dopamine receptor
availability in the striatum in healthy controls. This
reduction in dopamine receptor availability is thought
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to be indicative of endogenous dopamine release in-
duced by TMS. Similar results have been shown in in-
dividuals with PD, as stimulation to the motor cortex
was reportedly able to decrease dopamine receptor
availability in two studies. Only one study examined
a patient population other than individuals with PD.
This study found that individuals with depression,
who were stimulated at the left DLPFC, had no
change in dopamine receptor availability following
TMS.

5. Less Studied Areas: l-Opioid and Serotonin
Binding

Lamusuo et al. (2017) examined changes in l-opioid
receptor binding in healthy controls after rTMS to the
right M1. Using [11C]carfentanil, a highly potent and
selective l-opioid receptor agonist (Endres et al.,
2003), widespread significant decreases in [11C]car-
fentanil binding in the right ACC, MPFC, medial
OFC cortex, ventral striatum, left insula, DLPFC,
precentral gyrus, superior temporal gyrus, and pre-
central gyrus were indicated (Lamusuo et al., 2017).
These results suggest that 10 Hz rTMS to the right
M1 activated the endogenous opioid system.
Sibon et al. (2007) worked to start forming an an-

swer regarding potential changes in serotonin synthe-
sis in healthy controls after TMS by targeting the left
DLPFC. Using [11C]-a-methyl-tryptophan, a radioac-
tively labeled precursor to serotonin (Diksic and
Young, 2001), they were able to measure the rate of
serotonin synthesis in vivo (Sibon et al., 2007). After
10 Hz rTMS to the left DLPFC, there were lower
[11C]-a-methyl-tryptophan levels in the left parahippo-
campal gyrus and the right insula, while increased val-
ues were noted in the right cingulate gyrus and the
cuneus (Sibon et al., 2007). Given these early results,
it is possible that rTMS to the left DLPFC modulates
aspects of 5-hydroxytryptamine (5-HT) metabolism in
limbic areas.

6. Themes and Future Directions

TMS has gained momentum as a therapeutic tool in
clinical research as well as clinical practice. Various
TMS protocols (e.g., different frequencies, cortical tar-
gets) are currently approved for therapeutic use in
major depressive disorder, OCD, smoking cessation,
pain, and headaches. That said, we still have an in-
complete understanding of how TMS is affecting
rCBF, glucose metabolism, and dopamine binding.
This review highlights several prominent themes
from the literature: 1) 5–20 Hz TMS transiently in-
creases CBF in the area under the coil; 2) multiple
sessions of 10 Hz TMS to the PFC in depression pa-
tients increases glucose metabolism in the anterior
cingulate; and 3) 10 Hz TMS to the motor and

prefrontal cortices decreased dopamine receptor avail-
ability in the ipsilateral putamen and caudate, re-
spectively. The potential therapeutic implications of
these findings are discussed below.

A. Selective Amplification of Blood Flow to a Cortical
Target: Implications for Multimodal Therapy

Among the 17 studies reviewed here, the majority
demonstrated that high-frequency stimulation in-
creased CBF to the area directly affected by the elec-
trical field. All of these studies used 15O-H2O, a
radioligand that has a very short half-life (approxi-
mately 120 seconds). The increase in CBF could be
detected within a few seconds, and may accumulate.
Fox and colleagues (1997), for example, demonstrated
that acute TMS resulted in a 12% increase in local
blood flow (approximately 400 mm3), which was main-
tained for 1 minute and had decayed to 6% about
10 minutes later. A subsequent bolus of TMS at
10 minutes further increased CBF to 14%, while a
third TMS bolus at 20 minutes increase blood flow by
20% compared with baseline.
Although the biologic mechanism for this blood flow

change is not clear, there are intriguing therapeutic
implications. These include the potential to direct
pharmacotherapeutics to a brain target of interest
(e.g., TMS-optimized drug infusions for patients with
psychiatric/neurologic/oncologic disease). Additionally,
while the bulk of the literature to date regarding the
biologic mechanism of TMS has focused on changes in
the blood oxygen level–dependent signal and connec-
tivity, it is possible that regional blood flow changes
may be even more critical. This could be particularly
true in headaches, for example, wherein many of the
successful migraine treatments act on the vasculature
and induction of migraine can be accomplished with
vasoactive agent (Mason and Russo, 2018).

B. Modulating Dopamine Binding through TMS

Although there are now many radioligands that
could easily be paired with TMS, most studies that
have focused on neurotransmitter changes with TMS
have focused on dopamine. They almost all use higher
(5–10 Hz) stimulation frequencies and report reduc-
tions in dopamine receptor availability, particularly in
striatal regions and related circuitry, after TMS to
the frontal and motor cortices (Fig. 3). This reduction
likely reflects an increase in endogenous dopamine re-
lease induced by TMS and is consistent across both
healthy control populations and individuals with PD.
These reductions in binding were not replicated in in-
dividuals with depression, however, suggesting that
underlying differences in dopamine availability/func-
tion in these patients may alter TMS effects. For indi-
viduals with PD, administering TMS to the motor
cortex to induce endogenous dopamine release could
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be a promising therapeutic as a lack of dopamine is a
hallmark of the disease.
The uniformity of results across dopamine receptor

work is encouraging, but there is an obvious gap in
the literature: there is only one study examining low-
frequency (1 Hz) TMS on dopamine receptor availabil-
ity. This study used an H-coil, which is different from
a regular TMS coil as it has a deeper magnetic field
and can reach beyond superficial cortical areas and
target deeper regions, like the insula (Malik et al.,
2018). In healthy controls, an increase in dopamine
receptor availability was observed in the striatum af-
ter 1 Hz rTMS to the insula, suggesting a decrease in
striatal dopamine levels following low-frequency
rTMS. These results have promising therapeutic im-
plications, especially in clinical areas in which there
is significant dysregulation of dopamine. For example,
in the addiction field, previous studies have shown
that various drugs of abuse, including tobacco, am-
phetamine, cannabis, ketamine, and alcohol (Vollen-
weider et al., 2000; Boileau et al., 2003; Barrett,
Boileau et al., 2004; Bossong et al., 2009) result in in-
creased striatal dopamine release in humans, but
many of these individuals have low tonic dopamine

levels in the striatum (Volkow et al., 2004). If 10 Hz
rTMS can increase dopamine receptor availability in
substance-using populations, it is possible that it
could be used as an agonist therapy or as a tool to re-
set the homeostatic balance of dopamine in the
striatum.

C. Moving Beyond Dopamine

In the last 20 years there has been a prominent ex-
pansion in the radionuclides available for study with
PET imaging. While most clinical PET usage (and re-
search) is in the field of oncology (e.g., detecting glu-
cose metabolism in a primary tumor and metastases),
there are now many widely available radioligands
with relevance to neurologic and psychiatric disease
(e.g., amyloid-b and -s, serotonin, nicotine, endoge-
nous opioids, inflammatory markers, synaptic den-
sity). To date however, there are very few studies that
have gone beyond basic assessment of TMS effects on
dopamine, glucose metabolism, and CBF. More re-
search in this area may not only help us understand
the biologic basis through which TMS is acting as a
therapeutic agent in clinical populations (e.g., effect
of TMS on serotonin), but it will also help the field
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Fig. 3. TMS to the motor cortex and the DLPFC influences dopamine receptor availability in a region-specific manner. Above are representative mod-
els of electric fields following TMS to the motor (top) and dorsolateral prefrontal (bottom) cortices in standard space. D2 dopamine receptor availability
was measured in vivo using [11C]raclopride, a radiotracer detectible through PET scanning procedures. Reported above are regions exhibiting a de-
crease in [11C]raclopride binding in at least two publications. One study used [11C]FLB 457. Overall, 5 Hz and 10 Hz TMS to the left motor cortex de-
creases [11C]raclopride binding in the caudate (yellow) and putamen (red). 10 Hz TMS to the left dorsolateral prefrontal cortex (DLPFC) decreases
[11C]FLB 457 binding in the pregenual cingulate (orange) and orbitofrontal cortex (OFC) (purple). Additionally, 10 Hz TMS to the left DLPFC de-
creases [11C]raclopride binding in the caudate (yellow) and putamen (red). Decreases in dopamine receptor availability suggest a TMS-induced dopa-
mine release. Modeling parameters include a Magstim B70 coil at 60% machine output and standard tissue conductivity values. The electric fields
depicted range from 70 to 120 millivolts.
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develop more innovative therapeutic strategies that
integrate pharmacotherapeutic approaches with brain
stimulation interventions. Filling in the gaps between
neural circuit–based therapeutics and neurochemistry-
based therapeutics will produce a more complete ther-
apeutic picture for the future.

D. Limitations and Future Directions

Unfortunately, there are still prominent gaps in our
knowledge that cannot be filled by the existing litera-
ture. For example, most studies involve healthy con-
trol participants and use only a single frequency of
stimulation. It is not clear that the patterns observed
in healthy individuals will generalize to those with
psychiatric diseases. This may be particularly true
of disorders that are known to effect endogenous do-
pamine (e.g., substance use disorders, psychosis,
Huntington’s chorea, PD), or diseases that are chroni-
cally treated with dopamine modulators (e.g., ago-
nists, antagonists, prodrugs). More studies in these
populations would be fruitful additions to the thera-
peutic development pipeline. Likewise, there are very
few within-subjects designs in the TMS-PET field.
This is due in part to safety concerns associated with
repeated doses of radiation. This may be an excellent
place for animal research, particularly large animals
like nonhuman primates, to fill our knowledge gap.
There is also relatively little information regarding

the effect of TBS on the brain using PET imaging.
This is unfortunate given the growing usage of TBS
as a brain stimulation intervention. Future research
should develop combined TBS-PET protocols. More-
over, as most combined TMS-PET imaging studies
have been conducted in control subjects and not in a
patient population, exploring the effects of TMS on
neurochemistry in various psychiatric populations
is an essential future direction. As discussed above,
moving forward, it will be important to evaluate how
TMS may be changing other neural systems including
serotonin receptors, opioid receptors, and inflamma-
tory markers. Future studies should work to incorpo-
rate these and other neural systems into the TMS-
PET body of literature.
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