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Abstract
Transcranial magnetic stimulation (TMS) is widely used for understanding brain function in neurologically intact
subjects and for the treatment of various disorders. However, the precise neurophysiological effects of TMS at
the site of stimulation remain poorly understood. The local effects of TMS can be studied using concurrent
TMS-functional magnetic resonance imaging (fMRI), a technique where TMS is delivered during fMRI scanning.
However, although concurrent TMS-fMRI was developed over 20 years ago and dozens of studies have used
this technique, there is still no consensus on whether TMS increases blood oxygen level-dependent (BOLD)
activity at the site of stimulation. To address this question, here we review all previous concurrent TMS-fMRI
studies that reported analyses of BOLD activity at the target location. We find evidence that TMS increases
local BOLD activity when stimulating the primary motor (M1) and visual (V1) cortices but that these effects are
likely driven by the downstream consequences of TMS (finger twitches and phosphenes). However, TMS does
not appear to increase BOLD activity at the site of stimulation for areas outside of the M1 and V1 when conducted at rest. We examine the possible reasons for such lack of BOLD signal increase based on recent work
in nonhuman animals. We argue that the current evidence points to TMS inducing periods of increased and
decreased neuronal firing that mostly cancel each other out and therefore lead to no change in the overall
BOLD signal.
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Significance Statement
Transcranial magnetic stimulation (TMS) is known to affect neuronal firing at the site of stimulation and can
lead to downstream effects such as motor twitches. Consequently, it is widely assumed that TMS delivered
inside a magnetic resonance imaging (MRI) scanner leads to an increase of blood oxygen level-dependent
(BOLD) activity at the site of stimulation. Yet, the results in the literature are surprisingly mixed. Here, we
comprehensively review all published concurrent TMS-functional MRI (fMRI) studies that report TMS effects
on BOLD activity near site of stimulation. The review provides strong evidence for the surprising conclusion
that TMS has no direct effects on BOLD activity at the site of stimulation. To understand the reason, we examine animal studies that reported how TMS affects neuronal firing at the site of stimulation.

Introduction
Transcranial magnetic stimulation (TMS) is a noninvasive technique commonly used in both basic science research and clinical interventions (Kobayashi and Pascual-

Leone, 2003; Ziemann, 2017; Chail et al., 2018). The neurophysiological effects of TMS at the site of stimulation
have been explored by combining TMS with several neuroimaging techniques such as electroencephalography
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(Rossi, 2000; Paus et al., 2001; Strens et al., 2002;
Oliviero et al., 2003; Thut et al., 2003), positron emission tomography (Fox et al., 1997; Paus et al., 1997,
1998; Siebner et al., 2001; Chouinard et al., 2003;
Ferrarelli et al., 2004; Knoch et al., 2006), and single
photon emission computed tomography (Okabe et al.,
2003). A drawback for all of these methods, however, is
their relatively low spatial resolution, which makes it difficult to resolve the activity induced specifically at the site of
stimulation. Therefore, it has become increasingly popular
to combine TMS with functional magnetic resonance imaging (fMRI) to examine how the stimulation affects the blood
oxygen level-dependent (BOLD) signal immediately underneath the TMS coil (Bestmann et al., 2008a; Driver et al.,
2009; Ruff et al., 2009).
The first study to employ concurrent TMS-fMRI was
published in 1997 and focused on demonstrating the feasibility of the technique by examining the 3D intensity
maps of the TMS-induced magnetic field inside a conventional MR scanner (Bohning et al., 1997). Since then, dozens
of studies have used concurrent TMS-fMRI to reveal the
local and distant effects of TMS during rest or task execution. The field has witnessed substantial improvements in
the development of MRI-compatible TMS equipment including TMS coils, neuronavigation, stands, and even special
MRI receiver coils designed for use in concurrent TMS-fMRI
studies (De Weijer et al., 2014; Navarro de Lara et al., 2015;
Wang et al., 2017; Goldstein et al., 2022). Such improvements have made it possible to investigate the BOLD
activity at the precise site of stimulation with relatively
high resolution and with negligible signal loss compared
with standard fMRI.
However, despite all of these technical improvements
and the availability of extensive research, the basic question of whether and under what conditions TMS affects
the BOLD signal at the site of stimulation remains unresolved. Specifically, the field is yet to converge on which
of the following two competing hypotheses is more likely:

•
•

Hypothesis 1: The direct neural effects of TMS at the
site of stimulation result in increased local BOLD
activity.
Hypothesis 2: The direct neural effects of TMS at the
site of stimulation do not result in increased local
BOLD activity.

The literature on concurrent TMS-fMRI is indeed seemingly divided with some studies finding increased local
BOLD and others finding no BOLD increase at the site of
stimulation. To date, there has been no comprehensive
review of this literature specifically focused on the issue of
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local BOLD. The only paper that has examined this issue
in more detail is a recent review by Bergmann et al.
(2021), where the authors compiled all concurrent TMSfMRI studies published until September, 2020. While
Bergmann and colleagues do not specifically focus on the
issue of local BOLD increases, they do provide a table regarding the details of all concurrent TMS-fMRI studies.
That table includes a column to indicate whether local
BOLD increase was observed in the study but does not
separately examine the multiple conditions that are often
present in a single study. Because of that, the table marks
only one out of the 69 available studies as having found
evidence for a lack of local BOLD increase. Without further examination of these studies, the classifications in
this table can give the erroneous impression for the presence of overwhelming support for hypothesis 1 above.
Indeed, Bergmann and colleagues also state that increased local BOLD is frequently not observed (thus acknowledging the viability of hypothesis 2) and provide an
extensive discussion for the possible reasons. These considerations further highlighting the need for a comprehensive examination of whether the direct neural effects of
TMS do or do not lead to increased local BOLD.
Here, we set to provide a comprehensive review of the
published literature on concurrent TMS-fMRI with the
goal of adjudicating between the two competing hypotheses above. First, we compiled all papers on concurrent
TMS-fMRI published by December 31, 2021. To do so,
we started with the 69 studies reported by Bergmann et
al. (2021) and then, using equivalent search criteria,
looked for additional studies published in 2020 and 2021,
which resulted in five additional studies (Cobos Sánchez
et al., 2020; Navarro de Lara et al., 2020; Jackson et al.,
2021; Rafiei et al., 2021; Scrivener et al., 2021). Second,
we excluded two sets of articles: (1) papers that primarily
focused on methodological issues and only reported data
from a single subject (Bestmann et al., 2003a, 2006;
Peters et al., 2013; Navarro de Lara et al., 2015; Oh et al.,
2019), and (2) papers that did not provide information that
allows the determination of whether or not TMS led to an
increase in local BOLD activation because relevant analyses were not reported (Ruff et al., 2006, 2008; Guller et al.,
2012; Chen et al., 2013; Hanlon et al., 2016; Fonzo et al.,
2017; Cobos Sánchez et al., 2020; Eshel et al., 2020;
Hermiller et al., 2020; Navarro de Lara et al., 2020; Jackson
et al., 2021; Oathes et al., 2021; Scrivener et al., 2021).
Among the remaining studies, two pairs of studies shared
the same underlying dataset (Leitão et al., 2013, 2015 and
Shitara et al., 2011, 2013) and, therefore, we kept only the
ones that explicitly mention results related to the presence or absence of activation at the site of stimulation
(Shitara et al., 2011; Leitão et al., 2015). This process resulted in a total of 54 relevant articles. Of these, 22 articles
delivered TMS outside of the primary motor (M1) or visual
(V1) cortex at rest, 22 articles delivered TMS to M1 or V1
at rest, and 10 delivered TMS during a task.
We start by discussing factors critical to establishing
the direct TMS effects on local BOLD activity (Factors
Critical to Establishing the Direct TMS Effects on Local
BOLD Activity). We then discuss each of the three groups
eNeuro.org
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Table 1: Five critical factors
Factor
Site of stimulation

Why is this factor important?
Downstream effects of M1 or V1 stimulation may lead to different results for these sites compared with others
Task vs rest
TMS may have different effects based on whether a subject is at rest or engages in a task
Intensity and amount of stimulation Higher intensities and more pulses may be more likely to affect the BOLD activity
Image artifacts
Spatial artifacts and signal dropout may occur near the TMS coil and mask genuine increases in
BOLD activity at the site of stimulation
Precision of TMS localization and Imprecise localization of the site of stimulation increases the possibility for both false positives
type of analyses
and false negatives; analyses on precisely localized ROIs are likely to be most informative
The table lists factors likely to be critical for establishing the direct effect of TMS at the site of stimulation and reasons for the importance of each factor. The first
three factors relate to aspects of stimulation likely to affect the BOLD signal, whereas the last two factors are methodological.

of studies above separately in sections Studies That
Targeted Areas Outside of M1/V1 during Rest, Studies
That Targeted M1 or V1 during Rest, and Studies That
Delivered TMS during a Task with the main focus falling
on the articles that delivered TMS at rest outside of M1
and V1 (Studies That Targeted Areas Outside of M1/V1
during Rest). The review finds strong support for hypothesis 2 that the direct neural effects of TMS at the site of
stimulation do not consistently result in increased local
BOLD activity. We then explore how these findings relate
to the available animal research regarding the effects of
TMS on the firing rate of single neurons (The Effects of
TMS on Neuronal Activity at the Site of Stimulation) and
finish with a discussion of the possible reasons for why
the direct neural effects of TMS may not lead to increased
BOLD (Why Does Not TMS Have a Direct Effect on Local
BOLD Activity?) and a brief conclusion.

Factors Critical to Establishing the Direct
TMS Effects on Local BOLD Activity
Establishing the direct BOLD effects of TMS at the site
of stimulation requires the consideration of several factors. Here, we identify five factors that we believe are
most critical to understanding the local effects of TMS
(Table 1) and later examine each relevant study in sections Studies That Targeted Areas Outside of M1/V1 during Rest, Studies That Targeted M1 or V1 during Rest,
and Studies That Delivered TMS during a Task in relation
to these factors.
Site of stimulation
The local effects of TMS are likely not identical throughout the brain. Specifically, TMS to both M1 and V1 can
lead to downstream consequences that a subject can directly experience (twitches in the contralateral hand or subjective visual experiences called “phosphenes”). Therefore,
we consider the studies that targeted M1/V1 as a separate
group (Studies That Targeted M1 or V1 during Rest).
Rest versus task
The majority of concurrent TMS-fMRI studies are conducted at rest but an increasing proportion of studies are
now conducted with an accompanying task to test how
TMS modulates brain activity and connectivity. Because
the effects of TMS on local BOLD activity may depend on
whether the targeted region is already engaged in a
July/August 2022, 9(4) ENEURO.0163-22.2022

task, we consider all studies conducted during a task
as a separate group (Studies That Delivered TMS during a Task). This leaves all studies conducted during
rest and targeting areas outside of M1 or V1 as the
main focus here (Studies That Targeted Areas Outside
of M1/V1 during Rest).
The strength and amount of stimulation
Many aspects of TMS including intensity, frequency, as
well as pattern and duration of stimulation may be important for the observed effects on the local BOLD signal
(Aydin-Abidin et al., 2006; Fitzgerald et al., 2006; Krieg et
al., 2015; Bergmann et al., 2016; Matheson et al., 2016).
Therefore, we explicitly list these for all studies in sections
Studies That Targeted Areas Outside of M1/V1 during
Rest, Studies That Targeted M1 or V1 during Rest, and
Studies That Delivered TMS during a Task.
Image artifacts
The presence of the TMS coil inside the MRI scanner
affects the homogeneity of the static magnetic field and
can result in signal dropout near the site of stimulation
(Baudewig et al., 2000; Bestmann et al., 2003a; Weiskopf
et al., 2009; Bungert et al., 2012; Oh et al., 2019). This can
be an important factor when examining the consequences
of the magnetic stimulation underneath the coil. Since
most studies in the literature do not explicitly measure or
correct for TMS-related image artifacts, we discuss this
issue at greater length in section Why Does Not TMS
Have a Direct Effect on Local BOLD Activity?, where we
examine all studies that did try to reduce image artifacts.
Precision of TMS localization and type of analyses
Perhaps the most important factor for establishing the
direct effects of TMS on local BOLD activity is the precision with which the site of stimulation has been localized
(Romero et al., 2019). Precise localization allows the researcher to test only the site immediately underneath the
coil with high power (e.g., without the need to correct for
multiple comparisons). On the other hand, imprecise or
nonexistent localization necessitates that a larger area is
examined, which increases the likelihood of both false
positives (e.g., an activation is found that is not at the true
site of stimulation) and false negatives (e.g., the need to
correct for multiple comparisons obscures a significant
effect at the site of stimulation). Second-level analyses,
eNeuro.org
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which involve conducting across-subject analyses on
normalized individual subjects’ brains, are likely to be particularly noisy because there is a large variability between
the exact sites of stimulation for different subjects (Vink
et al., 2018). Therefore, we treat the studies that precisely
localized the site of stimulation for each subject and conducted region of interest (ROI) analyses as the gold standard for revealing the TMS effects on local BOLD activity.
The type of localization and analysis is listed for all studies
in sections Studies That Targeted Areas Outside of M1/V1
during Rest, Studies That Targeted M1 or V1 during Rest,
and Studies That Delivered TMS during a Task.

Studies That Targeted Areas Outside of
M1/V1 during Rest
As highlighted above, arguably the studies most informative about the direct neural effects of TMS on local
BOLD involve targeting areas outside of M1/V1 during
rest. A total of 22 such papers have been published
(Baudewig et al., 2001; Kemna and Gembris, 2003; Li et
al., 2004a; Bestmann et al., 2005; Sack et al., 2007;
Blankenburg et al., 2008; de Vries et al., 2009; X. Li et al.,
2010; Hanlon et al., 2013; Leitão et al., 2013; De Weijer et
al., 2014; Jung et al., 2016, 2020; Xu et al., 2016; Dowdle
et al., 2018; Hawco et al., 2018; Kearney-Ramos et al.,
2018; Vink et al., 2018; Peters et al., 2020; Webler et al.,
2020; Rafiei et al., 2021) with one paper including two
separate experiments (Rafiei et al., 2021). The authors reported significant BOLD increases at or near the site of
stimulation for seven individual experiments, and no local
change in BOLD for the remaining 16 experiments (Table
2). We examine the experiments from each group in more
detail below.
Studies reporting an increase in local BOLD activity
Seven papers reported local BOLD increase with TMS.
The first three papers targeted the prefrontal cortex (PFC)
and compared suprathreshold to subthreshold intensities
using either first-level (Vink et al., 2018) or second-level
analysis (Li et al., 2004a; Hawco et al., 2018). Each paper
reported BOLD increases in many portions of the PFC
including near the presumed location of stimulation.
However, higher intensity TMS is louder and elicits more
pronounced tactile sensations compared with low intensity TMS. This makes high intensity TMS feel more uncomfortable, which may induce emotional or cognitive
changes, with the PFC known to be involved in both types
of processes (Miller et al., 2002; Lorenz et al., 2003;
Apkarian et al., 2005; Jobson et al., 2021). Further, given
that these papers did not perform ROI-based analyses,
it is impossible to determine whether the observed activations were indeed at the actual site of stimulation.
Finally, in the case of one of the papers (Li et al., 2004a),
the same authors used an identical TMS protocol in a different study and observed no significant activations (Li et
al., 2004b). These considerations suggest that it is difficult
to ascertain whether the activations reported in these
three papers were because of direct neural effects of TMS
at the actual site of stimulation.
July/August 2022, 9(4) ENEURO.0163-22.2022
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The remaining four papers employed ROI analyses
but none of them defined the ROIs based on the actual
TMS coil location. Instead, three of them defined the
ROI based on anatomic considerations (Bestmann et
al., 2005; Hanlon et al., 2013; Webler et al., 2020), while
the fourth used the functional activations from a different task (Peters et al., 2020). The first two papers targeted the dorsal premotor cortex (PMd; Bestmann et
al., 2005; Peters et al., 2020). Bestmann et al. (2005)
found that suprathreshold, but not subthreshold, stimulation evoked significant response in the PMd ROI, but,
critically, did not report a statistical test on the comparison between the two types of stimulation. Peters et al.
(2020) included four subjects in their study but primarily
reported on the results from two of them (termed “high
activators,” as opposed to the other two who were
termed “low activators”), with again no statistical test
reported either across subjects or for each of the four
subjects separately. Thus, while both studies may contain statistically significant evidence for increased BOLD
at the site of stimulation, this cannot be clearly determined from the reported information. Importantly, both
studies also found widespread activations in motor-related areas of the brain, suggesting that TMS over PMd
may result in generalized response in motor-related
areas. It is therefore unclear whether the activations reported in PMd in these two papers were the result of the
direct local neural effects of TMS, or a more generalized
spreading of activation that reverberated throughout the
motor network.
The remaining two papers that reported activation
under the coil outside of M1/V1 during rest both targeted
the PFC (Hanlon et al., 2013; Webler et al., 2020). Hanlon
et al. (2013) targeted the dorsolateral PFC (DLPFC) and
medial PFC (MPFC). Both areas were defined as ROIs
for analyses using the large regions from the AAL atlas
(Tzourio-Mazoyer et al., 2002). The authors found that
TMS to either area produced increased activity in both
ROIs, demonstrating that the activations observed in
these analyses were not constrained to the site of stimulation. Nevertheless, the ROI corresponding to the targeted area showed greater activation, suggesting that
local activity increase was greater. In the second study,
Webler et al. (2020) used 80%, 100%, and 120% of rMT
and examined activations in a large ROI that corresponds to
Brodmann area 9 in a group of 11 schizophrenics and 8 controls. The authors reported a significant ROI activation for the
100% rMT in the subjects with schizophrenia (p = 0.0157),
but no statistical tests were reported for the ROI activation for
the other intensities or the control subjects.
Studies reporting no increase in local BOLD activity
Fifteen papers including a total of 16 individual experiments reported no BOLD increases at the site of TMS
(Baudewig et al., 2001; Kemna and Gembris, 2003; Li et
al., 2004b; Sack et al., 2007; Blankenburg et al., 2008; de
Vries et al., 2009; X. Li et al., 2010; Leitão et al., 2013; De
Weijer et al., 2014; Jung et al., 2016, 2020; Xu et al., 2016;
Dowdle et al., 2018; Kearney-Ramos et al., 2018; Rafiei et
al., 2021). All papers used intensities equal to or higher
eNeuro.org
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Table 2: Studies delivering TMS outside of M1/V1 during rest
Study
Li et al. (2004a)
Bestmann et al. (2005)

Target(s)
L PFC
L PMd

Protocol(s)
21 pulses over 21 s
30 pulses over 10 s

N
14
9

Activation
Yes
Yes

Single pulse

Contrast(s)
100% rMT . rest
(1) 110% rMT . 90% aMT
(2) 110% rMT . rest
100% rMT . rest

Hanlon et al. (2013)

L DLPFC
L MPFC
L DLPFC
L DLPFC
R PMd

17

Yes

Single pulse
Single pulse
3 pulses over 66.67 ms

115% rMT . 60% rMT
100% rMT . 40% rMT
5% MSO below 100% rMT . rest

9
22
4

Yes
Yes
Yes

L BA9
L PMC
1) L PFC
(2) L parietal
L PFC

3 pulses over 100 ms
10 pulses over 1 s
4 pulses over 1 s

80%, 100% and 120% rMT . rest
110% rMT . zero
150% rMT . zero

18
6
8

Yes
No
No

First-level GLMs
Second-level GLM
(1) ROI (functionally defined)
(2) First-level GLMs
ROI (anatomically defined)
ROI (functionally defined)
ROI (actual coil position)

21 pulses over 21 s

8

No

Second-level GLM

5 pulses over 300 ms

8

No

Second-level GLM

Blankenburg et al. (2008)
De Vries et al. (2009)
X. Li et al. (2010)

1) L SPL
(2) R SPL
R parietal
L SPL
L PFC

1) 120% rMT . rest
(2) 100% rMT . rest
(3) 120% rMT . 100%
100% MSO . rest

5 pulses over 500 ms
10 pulses over 10 s
5 pulses over 5 s

5
10
21

No
No
No

Leitão et al. (2013)

R IPS

38 pulses over 20 s

20

No

Second-level GLM
Second-level GLM
(1) ROI (anatomically defined)
(2) Second-level GLM
Second-level GLM

De Weijer (2014)

L dSMG

Single pulse

110% rMT . 50% rMT
115% rMT . rest
100% rMT . rest
120% rMT . rest
(1) 66% MSO . 33% MSO
(2) 66% MSO . rest
110% rMT . 70% rMT

3

No

Jung et al. (2016)
Xu et al. (2016)

Vertex
R pre-SMA

12 pulses over 12 s
Single pulse

32
17

No
No

Dowdle et al. (2018)

L DLPFC

Single pulse

100% rMT . rest
40% rMT . rest
80% rMT . rest
120% rMT . rest
90–120% rMT . sham

20

No

Kearney-Ramos et al. (2018)

R VMPFC

Single pulse

100% rMT . rest

49

No

Jung et al. (2020)
Rafiei et al. (2021), experiment 1

Vertex
R PFC

100% rMT . rest
100% rMT . 50% rMT

12
5

No
No

Rafiei et al. (2021), experiment 2

L DLPFC

11 pulses over 11 s
(1) 20 pulses over 10 s
(2) 10 pulses over 10 s
(1) 30 pulses over 1.2 s
(2) 30 pulses over 2.4 s
(3) 30 pulses over 3.6 s
(4) 30 pulses over 6 s

100% rMT . rest

6

No

Vink et al. (2018)
Hawco et al. (2018)
Peters et al. (2020)
Webler et al. (2020)
Baudewig et al. (2001)
Kemna and Gembris (2003)
Li et al. (2004b)

Sack et al. (2007)

Analyses
Second-level GLM
(1) ROI (anatomically defined)
(2) Second-level GLM
ROI (anatomically defined)

(1) ROI (actual coil position)
(2) First-level GLMs
Second-level GLM
(1) ROI (anatomically defined)
(2) First-level GLMs
(1) ROI (anatomically defined)
(2) Second-level GLM
(1) ROI (anatomically defined)
(2) Second-level GLM
Second-level GLM
(1) ROI (actual coil position)
(2) First-level GLMs
(1) ROI (actual coil position)
(2) First-level GLMs

The table lists all 23 individual experiments using concurrent TMS-fMRI and stimulating areas outside M1 or V1 during rest. The first seven experiments reported
significant activations in the vicinity of the TMS coil, whereas the remaining 16 reported no significant activations. aMT, active motor threshold; BA9, Brodmann
area 9; DLPFC, dorsolateral prefrontal cortex; dSMG, dorsal supramarginal gyrus; GLM, general linear model; IPS, intraparietal sulcus; L, left; MPFC, medial prefrontal cortex; MSO, maximum stimulator output; PFC, prefrontal cortex; PMC, premotor cortex; PMd, dorsal premotor cortex; R, right; rMT, resting motor
threshold; ROI, region of interest; SMA, supplementary motor area; SPL, superior parietal lobule; VMPFC, ventromedial prefrontal cortex.

than 100% of rMT. Seven of the papers only employed
second-level GLMs (Li et al., 2004b; Sack et al., 2007;
Blankenburg et al., 2008; de Vries et al., 2009; Leitão et
al., 2013; Jung et al., 2016, 2020) and thus provide at best
weak evidence against a direct neural effect of TMS on
BOLD. Importantly, the remaining eight papers performed
ROI-based analysis and thus provided much stronger
evidence.
In the first five of the ROI-based papers, the ROIs were
defined for each subject based on either the functional activations from a different task (Baudewig et al., 2001) or
anatomic considerations (X. Li et al., 2010; Xu et al., 2016;
Dowdle et al., 2018; Kearney-Ramos et al., 2018). The
first study examined the hemodynamic response function
(HRF) produced by TMS within the ROI and found that it
July/August 2022, 9(4) ENEURO.0163-22.2022

does not differ from baseline (Baudewig et al., 2001). The
other four studies found no effects of TMS both in the predefined ROIs and in second-level whole-brain analyses
(X. Li et al., 2010; Xu et al., 2016; Dowdle et al., 2018;
Kearney-Ramos et al., 2018). These findings serve as a
counterweight to the positive findings above that were
based on equivalent methods of using functionally or
anatomically defined ROIs (Bestmann et al., 2005;
Hanlon et al., 2013; Peters et al., 2020; Webler et al.,
2020). However, as we have emphasized already, all of
these studies should also be interpreted with caution
given the lack of specificity in their ROI definitions.
The strongest evidence to date, therefore, comes from
the remaining three papers that reported on four different
experiments and used the gold-standard technique of
eNeuro.org
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precisely localizing the coil location for each subject
(Kemna and Gembris, 2003; De Weijer et al., 2014; Rafiei
et al., 2021). In the first such paper, Kemna and Gembris
(2003) delivered TMS at 150% of rMT to the left prefrontal
and parietal cortex at 4 Hz for 1 s. The authors extracted
the time course of BOLD activity following TMS stimulation and found that it did not correlate with the canonical
HRF in either the prefrontal or parietal cortex, although a
significant correlation was observed in a separate condition where TMS was delivered to M1 and the activation in
M1 was examined. In the second paper, De Weijer et al.
(2014) found no BOLD activity difference between 110%
of rMT and 70% of rMT stimulation of the supramarginal
gyrus. Importantly, the study also measured the MRI signal
quality at the exact spot of stimulation and did not find any
signal dropout when compared with other brain regions. The
final study was conducted by Rafiei and colleagues and consisted of two separate experiments both targeting DLPFC
(Rafiei et al., 2021). In the first experiment, the authors included two conditions of suprathreshold stimulation (100%
of rMT) and one condition of subthreshold stimulation (50%
of rMT) where between 10 and 20 pulses were delivered over
10 s. In the second experiment, they used only 100% of rMT
but delivered 30 pulses over 1.2 s (25 Hz), 2.4 s (12.5 Hz), 3.6
s (8.33 Hz), or 6 s (5 Hz). Despite the very large number of
pulses in each burst, no condition in either experiment led to
BOLD signal change at the site of stimulation as measured
in ROIs of four different sizes. Importantly, these null results
occurred although the TMS conditions could be decoded
using multivoxel pattern analysis in the same ROIs in both
experiments.
Summary
Overall, the evidence to date strongly suggests that
TMS delivered at rest outside of M1/V1 does not lead to
increases in BOLD activity at the site of stimulation (thus
supporting hypothesis 2 above). This conclusion was
reached in all four individual experiments that used the
gold-standard technique of precisely localizing the actual
TMS coil position by using markers placed directly on the
TMS coil (Kemna and Gembris, 2003; De Weijer et al.,
2014; Rafiei et al., 2021). Further, the conclusion is also
supported by the majority of the published literature (16/
23 individual experiments). Finally, most of the remaining
seven studies provided at best weak evidence for the notion that TMS leads to BOLD increases at the site of stimulation given that several of them did not feature ROI
analyses at all, while others did not report direct statistical
tests to establish local BOLD activations. Thus, the preponderance of evidence suggests that the direct neural
effects of TMS delivered at rest outside of M1/V1 do not
result in local BOLD increases.

Studies That Targeted M1 or V1 during
Rest
M1 and V1 are unique among typical TMS target locations in that stimulation to those areas produces effects
that the participant has a subjective experience of
(twitches for M1 TMS and phosphenes for V1 TMS) and
are therefore examined separately here.
July/August 2022, 9(4) ENEURO.0163-22.2022
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Suprathreshold TMS induces a local BOLD increase
To date, 22 concurrent TMS-fMRI studies have targeted
M1 or V1 with suprathreshold TMS intensities (i.e., intensities at or above 100% of resting motor threshold, rMT)
during rest (Bohning et al., 1998, 1999, 2000a,b, 2003;
Baudewig et al., 2001; Bestmann et al., 2003b, 2004;
Kemna and Gembris, 2003; Denslow et al., 2005a,b;
Hanakawa et al., 2009; Moisa et al., 2009, 2010; Caparelli
et al., 2010; X. Li et al., 2010; Shitara et al., 2011; Yau et
al., 2013; De Weijer et al., 2014; Jung et al., 2016, 2020;
Navarro de Lara et al., 2017). All of these studies reported
significant BOLD activations at or near the site of stimulation (Table 3). Twenty-one of these studies targeted M1,
while only one of them targeted V1 (Caparelli et al., 2010).
Of the studies that found significant activations in M1,
six used the gold-standard localization technique of defining an ROI at the precise site of stimulation using markers
placed directly on the TMS coil (Bohning et al., 1999,
2000a, 2003; Kemna and Gembris, 2003; Yau et al., 2013;
De Weijer et al., 2014), 11 defined ROIs based on either
anatomic considerations or functional activations from a
related task (Baudewig et al., 2001; Bestmann et al.,
2003b, 2004; Denslow et al., 2005a,b; Hanakawa et al.,
2009; Moisa et al., 2009, 2010; X. Li et al., 2010; Shitara et
al., 2011; Navarro de Lara et al., 2017), four used firstlevel or second-level analyses (Bohning et al., 1998;
Caparelli et al., 2010; Jung et al., 2016, 2020), and for
one study the analysis type is unknown (Bohning et al.,
2000a). Altogether, these studies paint an extremely
consistent picture where TMS to M1 robustly increases
BOLD activity at the site of stimulation.
A single concurrent TMS-fMRI study has targeted V1
(Caparelli et al., 2010). The authors stimulated at 100% of
the phosphene threshold and found a significant BOLD increase in the visual cortex for subjects who experienced
phosphenes but not for subjects who did not experience
phosphenes. However, these results are based on second-level analyses and come from a single study, so they
should be interpreted with caution.
Subthreshold TMS does not increase the local BOLD
signal
Six of the studies above included control conditions
with subthreshold TMS intensities (i.e., intensities below
100% of rMT). All six of the studies found that subthreshold stimulation did not affect the overall BOLD activity at
the site of stimulation (Bohning et al., 1999; Baudewig et
al., 2001; Bestmann et al., 2003b, 2004; Yau et al., 2013;
Navarro de Lara et al., 2017) even for intensities of up to
90% of rMT. In all of these cases, the null results were
found in the same ROIs where a significant BOLD increase was found for suprathreshold stimulation.
These results suggest that subthreshold TMS does not
induce BOLD signal increases at the site of stimulation
in M1.
Summary
Overall, the studies that targeted M1 and V1 paint a
very consistent picture: suprathreshold TMS intensities
eNeuro.org
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Table 3: Studies targeting M1/V1
Study
Bohning et al. (1998)
Bohning et al. (1999)
Bohning et al., (2000b)
Bohning et al., (2000a)
Baudewig et al. (2001)
Bestmann et al. (2003b)
Kemna and Gembris (2003)
Bohning et al. (2003)
Bestmann et al. (2004)

Target
L M1
L M1
L M1
L M1
L M1
L M1
L M1
L M1
L M1

Protocol
20 pulses over 24 s
18 pulses over 17 s
Single pulse
21 pulses over 20 s
10 pulses over 1 s
40 pulses over 10 s
4 pulses over 1 s
1–24 pulses over 39 or 60 s
30 pulses over 9.6 s

Contrast(s)
110% rMT . rest
110% rMT . rest
120% rMT . rest
110% rMT . rest
110% rMT . zero
110% rMT . zero
150% rMT . zero
120% rMT . rest
110% rMT . 90% aMT
110% rMT . rest
110% rMT . rest

Denslow et al., (2005b)

L M1

21 pulses over 21 s

Denslow et al., (2005a)
Hanakawa et al. (2009)

L M1
L M1

21 pulses over 21 s
Single pulse

Moisa et al. (2009)

L M1

Moisa et al. (2010)

L M1

Moisa et al. (2010)

L M1

110% rMT . rest
90% rMT . rest
100% rMT . rest
110% rMT . rest
10 pulses over 2 s
110% rMT . finger tapping
cued by 50% rMT TMS
16, 48, or 96 pulses over 24 s 100% rMT . VM-TMS
110% rMT . VM-TMS
120% rMT . VM-TMS
48 pulses over 24 s
100% rMT . VM-TMS

X. Li et al. (2010)

L M1

5 pulses over 5 s

Caparelli et al. (2010)
Shitara et al. (2011)

L V1
L M1

De Weijer (2014)

L M1

N
3
7
5
7
6
8
8
4
11

Activation
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

11 Yes
9 Yes
16 Yes

5

Yes

10 Yes

10 Yes

8 pulses over 28 s
Single pulse

100% rMT . rest
120% rMT . rest
100% PT . rest
120% rMT . rest

12 Yes
36 Yes

Single pulse

110% rMT . 70% rMT

4

Jung et al. (2016)
L M1
Navarro de Lara et al. (2017) L M1

12 pulses over 12 s
10 pulses over 10 s

32 Yes
7 Yes

Jung et al. (2020)
Bohning et al. (1999)
Baudewig et al. (2001)
Bestmann et al. (2003b)

L M1
L M1
L M1
L M1

11 pulses over 11 s
18 pulses over 17 s
10 pulses over 1 s
40 pulses over 10 s

Bestmann et al. (2004)

L M1

30 pulses over 9.6 s

100% rMT . vertex TMS
100% aMT . rest
110% aMT . rest
100% rMT . rest
80% rMT . rest
90% rMT . zero
110% aMT . zero
90% aMT . zero
90% aMT . rest

Yau et al. (2013)

L M1

10 pulses over 10 s

8

No

Navarro de Lara et al. (2017) L M1

10 pulses over 10 s

90% rMT . finger tapping
cued by 50% rMT TMS
80% aMT . rest
90% aMT . rest

7

No

25 Yes

12
7
6
8

Yes

Yes
No
No
No

11 No

Analyses
First-level GLMs
ROI (actual coil position)
ROI (actual coil position)
Unknown
ROI (functionally defined)
ROI (anatomically defined)
ROI (actual coil position)
ROI (actual coil position)
(1) ROI (anatomically defined)
(2) Second-level GLM
(1) ROI (anatomically defined)
(2) Second-level GLM
ROI (anatomically and functionally defined)
(1) ROI (functionally defined)
(2) Second-level GLM
(1) ROI (anatomically defined)
(2) Second-level GLM
(1) ROI (anatomically defined)
(2) Second-level GLM
(1) ROI (anatomically defined)
(2) Second-level GLM
(1) ROI (anatomically defined)
(2) Second-level GLM
Second-level GLM
(1) ROI (anatomically defined)
(2) Second-level GLM
(1) ROI (actual coil position)
(2) First-level GLMs
Second-level GLM
(1) ROI (anatomically and functionally defined)
(2) Second-level GLM
Second-level GLM
ROI (actual coil position)
ROI (functionally defined)
ROI (anatomically defined)
(1) ROI (anatomically defined)
(2) Second-level GLM
(1) ROI (actual coil position)
(2) Second-level GLM
(1) ROI (anatomically and functionally defined)
(2) Second-level GLM

The table first lists all 22 studies using suprathreshold stimulation first in order of publication. All six studies that reported subthreshold contrasts (reported in the
second part of the table) also appear in the first part of the table. aMT, active motor threshold; GLM, general linear model; L, left; PT, phosphene threshold; rMT,
resting motor threshold; ROI, region of interest.

invariably lead to increases in local BOLD activity,
whereas subthreshold intensities invariably lead to no
significant local BOLD increases. Many researchers
have speculated that this pattern of results emerges
because the observed activations are caused by afferent feedback from contralateral muscle responses
(Baudewig et al., 2001; Kemna and Gembris, 2003;
Li et al., 2004b; X. Li et al., 2010; Bestmann et al.,
2008a; Bestmann and Feredoes, 2013). The most direct evidence for this hypothesis comes from a study
that compared TMS to M1 with a condition where
electrical stimulation was applied to the right median
nerve at the wrist (Shitara et al., 2011). The authors
found that electrical activation at the wrist produced a
July/August 2022, 9(4) ENEURO.0163-22.2022

very similar pattern of motor cortex (including M1) activations, thus confirming that many of the observed
activations after M1 stimulation can be explained as
being the result of feedback from muscle twitches.
Similarly, as suggested by Caparelli and colleagues,
BOLD increases in the primary visual cortex may be
the result of higher-order areas that process the conscious experience of phosphenes sending feedback
signals (Caparelli et al., 2010). Thus, although the
possibility of direct neural effects cannot be completely excluded, it appears likely that in studies of M1
and V1, suprathreshold stimulation leads to local
BOLD increases primarily because of its downstream
consequences.
eNeuro.org
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Table 4: Studies conducted during a task
Study
Nahas et al. (2001)

Bestmann et al., (2008c) L PMd

Grip

Contrast(s)
120% rMT . rest
120% rMT . 80% rMT
5 pulses over 455 ms 110% rMT . 70% aMT

Feredoes et al. (2011)

R DLPFC

Working memory

3 pulses over 270 ms 110% rMT . 40% aMT

16 Yes

Heinen et al. (2014)

R FEF

Visual attention task

3 pulses over 270 ms 110% rMT . 40% aMT

16 Yes

Leitão et al. (2017)
Sack et al. (2007)
Bestmann et al. (2010)

R IPS
L SPL
Contralesional
PMd
R angular gyrus

Spatial attention
4 pulses over 400 ms 69% MSO . sham TMS
8 Yes
Visuospatial judgment 5 pulses over 300 ms 100% MSO . task, no TMS 8 No
Grip
5 pulses over 455 ms 110% rMT . 70% aMT
12 No

Heinen et al. (2011)

Ricci et al. (2012)
Mason et al. (2014)

Leitão et al. (2017)

Target
L DLPFC

Task
Tone discrimination

Protocol
21 pulses over 21 s

Visuospatial attention 3 pulses over 270 ms 120% rMT . 40% rMT

R PPC
Line bisection task
Wernicke’s area Sentence
comprehension
task
R Occ
Spatial attention

N Activation Analyses
5 Yes
Second-level GLM
12 Yes

5

No

(1) ROI (using coordinates
from a previous study)
(2) Second-level GLM
(1) ROI (using coordinates
of the intended target)
(1) ROI (using coordinates of
the intended target)
Second-level GLM
Second-level GLM
Second-level GLM

Single pulse
115% rMT . no TMS
300 pulses over 300 s 110% rMT . no TMS

3 No
26 No

(1) ROI (using coordinates of
the intended target)
(2) Second-level GLM
First-level GLMs
Second-level GLM

4 pulses over 400 ms 69% MSO . sham TMS

8

Second-level GLM

No

The table lists all 11 experiments using concurrent TMS-fMRI and stimulating areas outside M1 or V1 during a task. The first five experiments reported significant
activations in the vicinity of the TMS coil, whereas the remaining six reported no significant activations. aMT, active motor threshold; DLPFC, dorsolateral prefrontal cortex; FEF, frontal eye field; GLM, general linear model; IPS, intraparietal sulcus; L, left; MSO, maximum stimulator output; Occ, occipital cortex; PMd, dorsal
premotor cortex; PPC, posterior parietal cortex; R, right; rMT, resting motor threshold; ROI, region of interest; SPL, superior parietal lobule.

Studies That Delivered TMS during a
Task
TMS may be expected to have different effects on
BOLD depending on whether the targeted brain region is
engaged in a task or not. Specifically, it is unclear whether
the conclusions obtained from studies conducted during
rest should generalize to studies where the targeted brain
area is already engaged in a task and thus may have elevated BOLD at the time of stimulation. To date, 10 papers
reporting on 11 experiments have employed concurrent
TMS-fMRI during a task and reported either presence or
absence of local BOLD activation (Nahas et al., 2001;
Sack et al., 2007; Bestmann et al., 2008c, 2010; Feredoes
et al., 2011; Heinen et al., 2011, 2014; Ricci et al., 2012;
Mason et al., 2014; Leitão et al., 2015, 2017). Of these,
five experiments resulted in TMS-induced BOLD activity
at the site of stimulation, while six experiments led to no
such activity (Table 4).

Studies reporting an increase in BOLD activity
Of the five studies that found increased local BOLD activity, two used second-levels analyses and three used
ROI-based analyses. The first two studies targeted either
left DLPFC or right intraparietal sulcus (IPS) and reported
significant activations near the presumed location of the
TMS coil (Nahas et al., 2001; Leitão et al., 2017). The remaining three studies used predefined ROIs, though none
of these studies used the gold-standard technique of defining the ROIs based on the actual coil position. The first
study targeted PMd during a grip task or no grip rest
(Bestmann et al., 2008c). The second study stimulated
DLPFC time-locked to a working memory task (Feredoes
et al., 2011). Finally, the third study targeted the frontal
eye field (FEF) during a time-locked attention task (Heinen
et al., 2014). In all three studies, suprathreshold TMS increased BOLD activity in the ROI compared with subthreshold TMS.

Table 5: TMS studies performed in animals
Study
Moliadze et al. (2003)

Species
Cat

Allen et al. (2007)
Pasley et al. (2009)
Kozyrev et al. (2014)
Mueller et al. (2014)
B. Li et al. (2017)
Romero et al. (2019)

Cat
Cat
Cat
Monkey
Rat
Monkey

Target
Primary visual
cortex (area 17)
Visual cortex
Visual cortex
Visual cortex
FEF
CFA
Parietal cortex

Protocol
Single pulse

Anesthetized?
Yes

N
7

A combination of increased
and decreased firing rate?
Yes (: ;)

TMS bursts (1–4 s, 1–8 Hz)
TMS bursts (1–4 s, 1–8 Hz)
Single pulse, rTMS (10 Hz)
Single pulse
Single pulse
Single pulse

Yes
Yes
Yes
No
Yes
No

8
2
15
2
17
2

No (:)
No (:)
Yes (: ; :)
Yes (neuron-dependent)
Yes (: ; :)
Yes (neuron-dependent)

The table lists all seven studies reporting TMS effects on neuronal activity. Five studies reported a combination of increasing and decreasing single neuron activity after stimulation. Two studies observed only increase in neuronal activity but the effects disappear after a few trials of single pulse stimulation. Arrows in the
last column represent average increases and decreases in activity across the recorded neurons. FEF, frontal eye field; CFA, caudal forelimb area (rodent’s equivalent to the forelimb area of primate M1).
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Studies reporting no increase in BOLD activity
As a counterweight to the five studies that found TMSinduced increases of activity at the site of stimulation during tasks, six studies failed to find such increases. Of
these, four studies employed various attention tasks and
delivered TMS to attention-related brain areas such as the
superior parietal lobule (Sack et al., 2007), angular gyrus
(Heinen et al., 2011), posterior parietal cortex (Ricci et al.,
2012), and occipital cortex (Leitão et al., 2017) in neurologically intact subjects (note that the last study reported
significant BOLD activation in a separate condition that
targeted IPS). Another study targeted Wernicke’s area
during a sentence comprehension task again in normal
subjects (Mason et al., 2014). The remaining study employed a motor task and stimulated PMd in a group of
stroke patients (Bestmann et al., 2010). Four studies employed only second-level analyses (Sack et al., 2007;
Bestmann et al., 2010; Mason et al., 2014; Leitão et al.,
2017), one employed first-level analyses (Ricci et al.,
2012), and only one employed ROI analyses with the ROIs
defined based on the targeted coordinates (Heinen et al.,
2011). Unfortunately, the lack of precise localization in the
majority of these studies makes it hard to draw firm conclusions from them regarding the direct neural effects of
TMS on the BOLD activity at the site of stimulation.
Summary
Thus far, the concurrent TMS-fMRI studies that delivered TMS during a task paint an inconsistent picture of
whether TMS leads to local BOLD increases. Five individual experiments found such increases, whereas six did
not. Critically, none of the studies used the gold-standard
technique of localizing the site of stimulation for each subject based on the actual coil location, and seven of the
studies did not report ROI-based analyses at all. Thus, the
heterogeneity in results and lack of precise localization
make it difficult to draw strong conclusions about either
the presence or absence of TMS-induced effects at the
site of stimulation during tasks.

The Effects of TMS on Neuronal Activity
at the Site of Stimulation
Our review of the literature suggests that TMS appears
not to have a consistent direct effect on the BOLD signal
at the site of stimulation during rest. To understand the
possible reasons for this, here we examine the TMS studies performed in nonhuman animals (hence referred to as
“animals”) and discuss how what is known about the neuronal activity at the site of stimulation relates to the observed BOLD results.
To date, a total of seven published studies delivered
TMS to animals and recorded single neuron firing at the
site of stimulation (Moliadze et al., 2003; Allen et al., 2007;
Pasley et al., 2009; Kozyrev et al., 2014; Mueller et al.,
2014; B. Li et al., 2017; Romero et al., 2019). The studies
varied in many aspects including species (cats or monkeys), TMS protocol (single pulses or trains), state of the
animals (anesthetized or awake), and location of stimulation (visual cortex, FEF, parietal cortex, or motor cortex)
July/August 2022, 9(4) ENEURO.0163-22.2022
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(Table 5). More importantly, their findings are heterogeneous with no two studies from different labs finding similar
effects of TMS. Nevertheless, one pattern of results
appears in the majority of these studies: TMS typically
produces a combination of both increases and decreases
in single neuron activity.
Three studies found that TMS induces periods of increased and decreased firing. The first study delivered
single TMS pulses to the primary visual cortex of anesthetized cats and found early activity increase (up to 500 ms
after TMS) and a weaker but long-lasting activity decrease
(up to 5–6 s after TMS; Moliadze et al., 2003). Another
study delivered single TMS pulses to the caudal forelimb
area (equivalent to primate motor cortex) of anesthetized
rats and observed a very early activity increase (up to
50 ms after TMS), followed by a period of suppression (up
to ;200 ms after TMS), and another period of excitation
(up to 300 ms after TMS; B. Li et al., 2017). Finally, a
third study delivered single TMS pulses to the visual
cortex of anesthetized cats and found a brief increase
(, 20 ms after TMS) followed by a period of decreased
activity (up to 400 ms after TMS), which then turned into
increased activity again (lasting at least to 800 ms after
TMS; Kozyrev et al., 2014). Critically, all three studies
report results where the increases and decreases in single neuron activity seem to mostly cancel each other
out.
Two recent studies delivered single-pulse TMS to FEF
or the parietal cortex in awake monkeys and showed
substantial differences in the response across neurons
(Mueller et al., 2014; Romero et al., 2019). The studies
uncovered neurons that only showed increases in firing,
neurons that only showed decreases, and neurons that
showed periods of both increases and decreases. These
results are again consistent with the notion that TMS induces a mixture of increased and decreased neuronal
activity.
Finally, two other studies delivered TMS to the visual
cortex of anesthetized cats (Allen et al., 2007; Pasley et
al., 2009). They found increased single neuron activity
that lasted for a full minute (similar results were obtained
using indirect measures of net activity including local field
potentials, tissue oxygen, and total hemoglobin), but this
effect diminished rapidly over the course of the experiment with some neurons showing no overall change in firing already by the fifth trial (Pasley et al., 2009). It should
be noted that fMRI studies typically deliver hundreds of
TMS trials, and therefore the BOLD effects in these studies primarily reflect the steady-state TMS influence on
neural firing achieved after several dozen trials. Finally,
both of these studies were conducted in anesthetized animals, leaving open the question of whether the same neuronal effects would be observed in the awake brain.
In summary, the animal literature on TMS consistently
finds that TMS produces complex effects on neuronal firing with most studies reporting a combination of both increases and decreases of single neuron activity. None of
the studies to date establish whether TMS changes the
total amount of firing over the first few seconds after TMS
(i.e., the period relevant for the observed BOLD response)
eNeuro.org
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at the site of stimulation. Yet, at least some studies suggest that the TMS-induced a pattern of activity increases
and decreases that may be balanced such that there is little to no overall increase in firing during the first 1–2 s after
TMS.

Why Does Not TMS Have a Direct Effect
on Local BOLD Activity?
The current review strongly suggests that TMS does
not have a direct effect on local BOLD activity. Many potential reasons for a lack of local BOLD activity have been
discussed in the literature (Bergmann et al., 2021). Here,
we compile and critically examine the previously discussed explanations.
TMS stimulation is too weak or short
One potential reason for a lack of TMS effect on local
BOLD could be that the applied stimulation was too weak
or short (Reithler et al., 2011; Bergmann et al., 2021).
Indeed, low-intensity TMS would logically result in smaller
effects than high-intensity TMS and a single TMS pulse
could be expected to have a smaller effect than a train of
TMS pulses. Nevertheless, it is difficult to see how these
considerations alone could explain the results in the literature. For example, out of the seven experiments that
found local BOLD activity increase outside of M1/V1 (see
Table 2), four employed trains of pulses (57%) and only
two employed intensities above 100% of rMT (29%). On
the other hand, out of the 16 experiments that found no
local BOLD activity increase outside of M1/V1 (see Table
2), 12 employed trains of pulses (75%) and 11 employed
intensities above 100% of rMT (69%). In other words, the
studies that failed to find local BOLD increases used more
pulses and higher intensities. Thus, the difference between the two sets of studies does not appear to stem
from the intensity and length of stimulation.
Low signal-to-noise ratio (SNR) at the site of
stimulation
Another possible reason for the lack of BOLD increase
at the site of stimulation is that there may be image distortion or a signal drop underneath the TMS coil, which
could mask genuine increases in the BOLD signal
(Baudewig et al., 2000; Bestmann et al., 2003a, 2008a;
Blankenburg et al., 2008; Bergmann et al., 2021). Several
remedies have been employed to reduce the effect of the
presence of the TMS coil on the static magnetic field in
nearby areas. One commonly used method to reduce
such artifacts is to make frequency-encoding direction
and slice orientation parallel to the TMS coil (Bestmann et
al., 2003a; Moisa et al., 2009; Weiskopf et al., 2009;
Bungert et al., 2012; Navarro de Lara et al., 2015, 2017).
Other techniques intended to minimize the static artifacts
and signal loss include using a relay-diode combination
(Weiskopf et al., 2009), passive shimming (Bungert et al.,
2012), customized radio frequency arrays (Navarro de
Lara et al., 2015, 2017), and using B0 field maps or point
spread function (Oh et al., 2019). Importantly, the papers
above that used various methods for minimizing image
July/August 2022, 9(4) ENEURO.0163-22.2022
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artifacts were not more likely to find increased BOLD activations at the site of stimulation compared with other papers that did not specifically try to minimize image
artifacts. Specifically, five studies that targeted areas outside M1 during rest and corrected for distortion effects
during preprocessing did not find any activations at the
site of stimulation (Kemna and Gembris, 2003; Leitão et
al., 2013; De Weijer et al., 2014; Xu et al., 2016; Dowdle et
al., 2018), while only a single study that targeted areas
outside M1 during rest and corrected for image artifacts
using a field map reported local BOLD activations in a
second-level analysis (Hawco et al., 2018).
Another critical issue to consider is the improvement
in TMS technology over the years. Early studies using
Dantec technology (Bohning et al., 1997, 1999, 2000a,
b) induced substantial dropout that likely substantially
affected the SNR in the vicinity of the coil (Weiskopf et
al., 2009). However, modern Magstim and especially
MagVenture setups typically result in excellent signal
underneath the TMS coil (De Weijer et al., 2014; Bergmann et
al., 2021). Indeed, several studies have explicitly measured signal dropout using MagVenture equipment and
have found it to be minimal (Moisa et al., 2009, 2010;
Leitão et al., 2013). Further, the image distortions and
dropout reduce with the distance from the coil. Given
the typical scalp-to-cortex distance of 1–2 cm, the distortions in the brain are typically small (Bestmann et al.,
2008b). Importantly, the signal drop even in early studies was not large enough to prevent the reliable detection of BOLD activations in M1 when that region was
targeted (Bohning et al., 1997, 1998, 1999, 2000a,b;
Moisa et al., 2009; De Weijer et al., 2014). Thus, the
image artifacts caused by the presence of the TMS coil
appear unlikely to fully explain the lack of local BOLD increases uncovered in the present review, especially for
studies that correct for image artifacts or use modern
technology that has been shown to result in minimal
levels of distortion.
Nonstandard HRF shape
A third possibility is that the BOLD response produced
by TMS pulses does not follow the shape of the standard
HRF (Bergmann et al., 2021). To test this possibility, several studies have performed finite impulse response analyses to explore the actual shape of the BOLD response
independently of any assumptions (Bohning et al., 1999,
2000b; Baudewig et al., 2001; Bestmann et al., 2003b;
Kemna and Gembris, 2003; Rafiei et al., 2021). These
studies either found no significant BOLD increase at any
time point (Bohning et al., 1999; Baudewig et al., 2001;
Kemna and Gembris, 2003; Rafiei et al., 2021), or, for
cases when a change was observed such as after M1
stimulation, the response was similar to the standard
HRF shape (Bohning et al., 2000b; Baudewig et al.,
2001; Bestmann et al., 2003b; Kemna and Gembris,
2003). Further, several studies that failed to find local
TMS-related BOLD increases used long intervals of
stimulation that obviate the need for precise HRF modeling (Li et al., 2004b; de Vries et al., 2009; X. Li et al.,
2010; Leitão et al., 2013; Jung et al., 2016, 2020; Rafiei
eNeuro.org
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et al., 2021). Therefore, a nonstandard TMS-induced HRF
shape is also unlikely to account for the lack of observed
BOLD increase.
Low number of subjects
A fourth possibility for the lack of BOLD increase at the
site of stimulation is that most concurrent TMS-fMRI studies
employ a low number of subjects and this results in low statistical power. Indeed, the median sample size among the
52 studies reviewed here is 8. Importantly, this concern
does not apply to the studies that examined the effects of
TMS on each individual, but they do affect the studies that
performed group-level analyses. Nevertheless, it should be
noted that M1 activation is robust even in studies with few
number of subjects (Bohning et al., 1998, 2000a, 2003;
Moisa et al., 2009; De Weijer et al., 2014), whereas even the
top three studies with largest number of subjects (Mason et
al., 2014; Jung et al., 2016; Kearney-Ramos et al., 2018) did
not find significant activation when TMS was applied over
areas outside of M1/V1. Thus, while the low number of subjects remains an important concern, this issue alone does
not seem to explain the pattern of results in the literature.
TMS may affect primarily the output of a given area
and thus not lead to local BOLD activity
A fifth possibility for the lack of local BOLD increase is
that TMS may mostly affect the output of the stimulated
brain area (Baudewig et al., 2001; X. Li et al., 2010), whereas BOLD activity primarily reflects the input and intracortical processing of a given area rather than its spiking
output (Logothetis, 2003; Logothetis and Wandell, 2004).
However, TMS is thought to also affect intracortical processing including perisynaptic and postsynaptic activity,
which should lead to increased BOLD at the site of stimulation (Kemna and Gembris, 2003; Di Lazzaro et al., 2008;
Bergmann et al., 2021). Because relatively little is known
about the exact type of neuronal activity elicited by TMS
and its associated neurovascular coupling and oxygen utilization demands, this explanation for the lack of local BOLD
increases is difficult to evaluate at present.
TMS produces a combination of increases and
decreases in neuronal activity that balance out
Finally, the lack of local BOLD increase may be because
of TMS producing a pattern of increased and decreased single neuron activity that mostly balance each other out
(Kemna and Gembris, 2003; Bergmann et al., 2021; Rafiei et
al., 2021). This hypothesis is based on several animal studies that demonstrate that TMS induces a combination of increased and decreased neuronal activity (Moliadze et al.,
2003; Allen et al., 2007; Pasley et al., 2009; Kozyrev et al.,
2014; Mueller et al., 2014; B. Li et al., 2017; Romero et al.,
2019). Notably, similar increases and decreases in neuronal
activity have also been found in animals during electrical
 et al., 1964). Critically, the decreases in
stimulation (Krnjevic
single neuron activity elicited by electrical stimulation appear
to result from long-lasting g -aminobutyric acid release
(that likely does not affect BOLD) rather than continuous
inhibitory neuronal activity (that may have caused BOLD
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 et al., 1964). While the possibility of relaincreases; Krnjevic
tively precise balance of increases and decreases in neuronal activity is also speculative, we argue that this is currently
the most likely explanation for the lack of BOLD increases
associated with the direct neural effects of TMS.

Conclusion
Here we reviewed all published concurrent TMS-fMRI
studies that report the effects of TMS on BOLD activity at
or near the site of stimulation, and attempted to adjudicate between the hypotheses that TMS does or does not
have a direct neural effect on local BOLD activity. The review strongly suggests that TMS does not have a direct
neural effect on BOLD activity at the site of stimulation.
The strongest evidence comes from studies that delivered
TMS outside of M1/V1 during rest: the great majority of
them found no local BOLD changes. Studies targeting
M1/V1 are also consistent with this interpretation since it
appears that they only lead to BOLD increases in the
presence of feedback related to hand twitches or phosphenes. Our results demonstrate that local BOLD activity
increases should not be automatically expected when delivering TMS and cannot be used as a robust method of
verifying the effectiveness of the TMS stimulation. We
speculate that the most likely explanation for the lack of
direct TMS-induced BOLD changes at the site of stimulation is that TMS induces a combination of increases and
decreases in neuronal activity underneath the coil that
balance each other out. This explanation suggests the
presence of robust regulatory mechanisms that dynamically adjust the overall firing in an area in the presence of
artificially induced firing. An exciting possibility is that
such regulatory processes may be disrupted in disorders
such as epilepsy and that TMS could provide a promising
avenue for studying their mechanisms.
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Sack AT (2013) On the feasibility of concurrent human TMS-EEGfMRI measurements. J Neurophysiol 109:1214–1227.
Peters JC, Reithler J, Graaf TD, Schuhmann T, Goebel R, Sack AT
(2020) Concurrent human TMS-EEG-fMRI enables monitoring of
oscillatory brain state-dependent gating of cortico-subcortical network activity. Commun Biol 3:40.
Rafiei F, Safrin M, Wokke ME, Lau H, Rahnev D (2021) Transcranial
magnetic stimulation alters multivoxel patterns in the absence of
overall activity changes. Hum Brain Mapp 42:3804–3820.
Reithler J, Peters JC, Sack AT (2011) Multimodal transcranial magnetic stimulation: using concurrent neuroimaging to reveal the
neural network dynamics of noninvasive brain stimulation. Prog
Neurobiol 94:149–165.
Ricci R, Salatino A, Li X, Funk AP, Logan SL, Mu Q, Johnson KA,
Bohning DE, George MS (2012) Imaging the neural mechanisms of
TMS neglect-like bias in healthy volunteers with the interleaved TMS/
fMRI technique: preliminary evidence. Front Hum Neurosci 6:1–13.
Romero MC, Davare M, Armendariz M, Janssen P (2019) Neural effects of transcranial magnetic stimulation at the single-cell level.
Nat Commun 10:2642.
Rossi S (2000) Effects of repetitive transcranial magnetic stimulation
on movement-related cortical activity in humans. Cereb Cortex
10:802–808.
Ruff CC, Blankenburg F, Bjoertomt O, Bestmann S, Freeman E,
Haynes J, Rees G, Josephs O, Deichmann R, Driver J (2006)
Concurrent TMS-fMRI and psychophysics reveal frontal influences
on human retinotopic visual cortex. Curr Biol 16:1479–1488.

July/August 2022, 9(4) ENEURO.0163-22.2022

14 of 14

Ruff CC, Bestmann S, Blankenburg F, Bjoertomt O, Josephs O,
Weiskopf N, Deichmann R, Driver J (2008) Distinct causal influences of parietal versus frontal areas on human visual cortex: evidence from concurrent TMS-fMRI. Cereb Cortex 18:817–827.
Ruff CC, Driver J, Bestmann S (2009) Combining TMS and fMRI:
from “virtual lesions” to functional-network accounts of cognition.
Cortex 45:1043–1049.
Sack AT, Kohler A, Bestmann S, Linden DEJ, Dechent P, Goebel R,
Baudewig J (2007) Imaging the brain activity changes underlying
impaired visuospatial judgments: simultaneous fMRI, TMS, and
behavioral studies. Cereb Cortex 17:2841–2852.
Scrivener CL, Jackson JB, Correia MM, Mada M, Woolgar A (2021)
Now you see it, now you don’t: optimal parameters for interslice
stimulation in concurrent TMS-fMRI. bioRxiv. doi: 10.1101/2021.
05.28.446111.
Shitara H, Shinozaki T, Takagishi K, Honda M, Hanakawa T (2011)
Time course and spatial distribution of fMRI signal changes during
single-pulse transcranial magnetic stimulation to the primary
motor cortex. Neuroimage 56:1469–1479.
Shitara H, Shinozaki T, Takagishi K, Honda M, Hanakawa T (2013)
Movement and afferent representations in human motor areas: a
simultaneous neuroimaging and transcranial magnetic/peripheral
nerve-stimulation study. Front Hum Neurosci 7:554.
Siebner HR, Takano B, Peinemann A, Schwaiger M, Conrad B, Drzezga
A (2001) Continuous transcranial magnetic stimulation during positron
emission tomography: a suitable tool for imaging regional excitability
of the human cortex. Neuroimage 14:883–890.
Strens LHA, Oliviero A, Bloem BR, Gerschlager W, Rothwell JC,
Brown P (2002) The effects of subthreshold 1 Hz repetitive TMS on
cortico-cortical and interhemispheric coherence. Clin Neurophysiol
113:1279–1285.
Thut G, Northoff G, Ives JR, Kamitani Y, Pfennig A, Kampmann F,
Schomer DL, Pascual-Leone A (2003) Effects of single-pulse
transcranial magnetic stimulation (TMS) on functional brain activity: a combined event-related TMS and evoked potential study.
Clin Neurophysiol 114:2071–2080.
Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O,
Delcroix N, Mazoyer B, Joliot M (2002) Automated anatomical labeling
of activations in SPM using a macroscopic anatomical parcellation of
the MNI MRI single-subject brain. Neuroimage 15:273–289.
Vink JJT, Mandija S, Petrov PI, van den Berg CAT, Sommer IEC,
Neggers SFW (2018) A novel concurrent TMS-fMRI method to reveal propagation patterns of prefrontal magnetic brain stimulation.
Hum Brain Mapp 39:4580–4592.
Wang WT, Xu B, Butman JA (2017) Improved SNR for combined
TMS-fMRI: a support device for commercially available body array
coil. J Neurosci Methods 289:1–7.
Webler RD, Hamady C, Molnar C, Johnson K, Bonilha L, Anderson
BS, Bruin C, Bohning DE, George MS, Nahas Z (2020) Decreased
interhemispheric connectivity and increased cortical excitability in
unmedicated schizophrenia: a prefrontal interleaved TMS fMRI
study. Brain Stimul 13:1467–1475.
Weiskopf N, Josephs O, Ruff CC, Blankenburg F, Featherstone E,
Thomas A, Bestmann S, Driver J, Deichmann R (2009) Image artifacts in concurrent transcranial magnetic stimulation (TMS) and
fMRI caused by leakage currents: modeling and compensation. J
Magn Reson Imaging 29:1211–1217.
Xu B, Sandrini M, Wang WT, Smith JF, Sarlls JE, Awosika O, Butman
JA, Horwitz B, Cohen LG (2016) PreSMA stimulation changes
task-free functional connectivity in the fronto-basal-ganglia that
correlates with response inhibition efficiency. Hum Brain Mapp
37:3236–3249.
Yau JM, Hua J, Liao DA, Desmond JE (2013) Efficient and robust
identification of cortical targets in concurrent TMS-fMRI experiments. Neuroimage 76:134–144.
Ziemann U (2017) Thirty years of transcranial magnetic stimulation:
where do we stand? Exp Brain Res 235:973–984.

eNeuro.org

