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CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). This article is based
on a consensus conference, promoted and supported by the International Federation of Clinical
Neurophysiology (IFCN), which took place in Siena (Italy) in October 2018. The meeting intended to
update the ten-year-old safety guidelines for the application of transcranial magnetic stimulation
(TMS) in research and clinical settings ( Rossi et al., 2009 ). Therefore, only emerging and new
issues are covered in detail, leaving still valid the 2009 recommendations regarding the description
of conventional or patterned TMS protocols, the screening of subjects/patients, the need of
neurophysiological monitoring for new protocols, the utilization of reference thresholds of
stimulation, the managing of seizures and the list of minor side effects.

New issues discussed in detail from the meeting up to April 2020 are safety issues of recently
developed stimulation devices and pulse configurations; duties and responsibility of device makers;
novel scenarios of TMS applications such as in the neuroimaging context or imaging-guided and
robot-guided TMS; TMS interleaved with transcranial electrical stimulation; safety during paired
associative stimulation interventions; and risks of using TMS to induce therapeutic seizures
(magnetic seizure therapy).



An update on the possible induction of seizures, theoretically the most serious risk of TMS, is
provided. It has become apparent that such a risk is low, even in patients taking drugs acting on the
central nervous system, at least with the use of traditional stimulation parameters and focal coils for
which large data sets are available. Finally, new operational guidelines are provided for safety in
planning future trials based on traditional and patterned TMS protocols, as well as a summary of the
minimal training requirements for operators, and a note on ethics of neuroenhancement.

This is the third article on safety of use of repetitive Transcranial Magnetic Stimulation (rTMS) in
clinical practice and research following by eleven years the last IFCN guidelines ( Rossi et al., 2009
), which itself followed the first guidelines by eleven years ( Wassermann, 1998 ). To minimize
redundancy, the current update (that began at the meeting in October 2018 and lasted up to April
2020) does not cover again some basic topics that have previously been fully discussed and
approved on a consensus basis, nor will it discuss again certain guidelines and recommendations
to prevent adverse effects which have proved useful in the interim: the need for neurophysiological
monitoring for every new intervention protocol that exceeds, or is close to, the limits suggested in
the original safety tables ( Wassermann, 1998 ); pros and cons on resting motor threshold (RMT) or
phosphene threshold as reference for “dosing” rTMS; minor side effects as local pain, headache or
discomfort; description of conventional or patterned TMS protocols; and screening questionnaires
for subjects/patients undergoing rTMS.

Rather, the update focuses on recent technological developments of stimulation devices and pulse
configuration, including duties for device manufacturers, novel scenarios of application such as
TMS in a neuroimaging context or imaging- and robot-guided TMS and TMS interleaved with other
techniques of transcranial electrical stimulation (TES), as well as potential risks of new
pharmacological interactions, especially in patient populations. Potential risks of paired associative
stimulation (PAS) techniques are also covered.

We also address risks of magnetic-seizure therapy (MST), a topic that was not covered in previous
guidelines. We provide an update on TMS-induced seizures, which remains the most serious risk of
this technique, although by now it is certain that such a risk is very low. In this framework, we also
remark on the need to distinguish at a clinical level between seizure and convulsive syncope.
Finally, new operational guidelines will be provided for traditional and patterned TMS protocols
whenever substantial data are available, as well as a summary of the minimal training requirements
for operators.

When encountered in the text, the term “new” is intended to be in regard to previous 2009 safety
guidelines, with the exception of “new” TMS devices which refers to the state of evidence for their
safety.

Current guidelines reflect expert opinion based on the available evidence. The rating of the level of
evidence is something that would have been very useful. Unfortunately, this is impossible, as
virtually none of the studies were done with the specific purpose of assessing safety. In these
studies, the safety information is just incidental.

In order to facilitate reading, in Table 1 we report the standardized classification of adverse events
(AEs), with relative abbreviations. “Serious” adverse events (SAEs) are defined as those events
which are life-threatening, result in death, require patient’s hospitalization or prolongation of their
hospitalization.

This section addresses safety and risk management relevant to any new TMS device or method of
use. For the purpose of this section, a TMS device or method of intervention is considered new
when first introduced or functionally reconfigured (e.g., with new waveforms, coils, pulse train
patterns, or intensity) by a device maker or user. A device will remain to be considered new until
sufficiently strong evidence of safety is generated, regardless of absolute chronology. Devices and
specific paradigms that have been subject of significant clinical testing, including as part of



regulatory clearance [e.g., by the US Food and Drug Administration (FDA)], would not be
considered new; guidelines for them will be discussed in subsequent sections of this document.
Those recommendations for established TMS systems cannot automatically be applied directly to
new TMS devices and paradigms, and new TMS devices generally require additional risk analysis
and management.

Risk analysis is warranted whenever there is a change in the TMS equipment or method of use,
including hardware and software configuration, dose selection, environment, or subject population
that result in potential new risks compared to TMS devices and methods with established safety
records. Changes to complementary technologies and methods such as neuronavigation, coil
holders, dosing algorithms, electroencephalography (EEG), electromyography (EMG) and magnetic
resonance imaging (MRI) scanners may also affect risk. New instrumentation or methods do not
necessarily imply increased risks; the risk level may possibly be lowered with more accurate
targeting, optimized electric field (Efield) shaping, more sensitive and specific detection of
responses, or more efficient threshold or dose determination algorithms. However, even if the risk
analysis suggests unchanged or lower risks, when new technologies and methods of use are
deployed, increased vigilance is warranted. The process (framework) of risk analysis for new TMS
systems is already established through regulations such as those governing human trials [e.g.,
Institutional Review Board (IRB) approval] and medical device manufacturing (e.g., IEC/IEEE
standards). Therefore, the following sections should not be understood as suggesting additional or
new processes, but rather providing insight on how to apply relevant existing processes for new
TMS devices and paradigms. Risk analysis and management is the overall principle guiding these
processes. In deciding whether to proceed with a new TMS approach (either device or protocol),
risk is also considered against benefit.

Technical safety of a TMS device refers to hazards to the subject or operator other than those
related to the effects of the E-field induced in a body when the intended magnetic field is generated
around the TMS coil. For example, technical aspects relevant to TMS safety include electrical
insulation of high voltages; heating, vibration, fractures, acoustic clicking, biocompatibility and
weight of the coil; reliability of generating the intended magnetic field; electromagnetic interference
with other devices; neck pain due to head posture; headache or neck pain due to pressure on the
scalp; and human factors (e.g., incorrect use or access by unqualified personnel) ( Ruohonen and
Ilmoniemi, 2005 ).

Technical safety is largely an issue of medical equipment design, manufacturing, maintenance, and
proper use. Risk management for technical safety begins with compliance of the design and
manufacturing with relevant medical device safety standards and guidelines, as well as
consideration of novel contexts in which the device is intended to be used, such as in conjunction
with another device such as an MRI scanner or EEG equipment. As applicable, national regulatory
agencies (such as EU and Asian regulators and USA FDA) require compliance with a range of
medical equipment standards; such standards indicate equipment-specific testing and cannot be
based on “equivalence” when the hardware is unique (U.S. Department of Health and Human
Services, 2011).

The risk management during the design, manufacture, delivery, maintenance, and use of medical
devices as a formal process is the cornerstone for guaranteeing safety. It should be performed
continuously throughout the device lifecycle. Formal risk management is defined as the application
of engineering practices to analyze, evaluate, and control risk. As applicable, practices of risk
management for medical devices can be informed by various national and international standards,
including the ISO 14971 standard (International Organization for Standardization, 2007). The
process involves identifying possible ways in which the device could bring harm to a user or patient.
Then, the device maker determines the likelihood of occurrence of each potential risk and their
gravity (e.g., the severity of the potential harm should the risk be realized, ranging from minor
inconvenience to severe injury). Finally, the maker identifies and implements safety measures,
called mitigators, that act to reduce each identified risk to an acceptable level. These can span
warning labels (instructions) to features that automatically shut down the device when errant



conditions are detected.

Stimulation dose safety refers to the effects of the TMS magnetic field with the intended dose
induced in the body of anyone exposed to the field, including subject, operator, bystander, or fetus.
The dose of TMS is defined as all device parameters that influence the generated magnetic field
and the resultant induced E-field in the body ( Peterchev et al., 2012 ). TMS accessories such as
coil arms, neuronavigation, and software can affect the dose selection and delivery. The risks of
stimulation can be subject-dependent. A stimulation dose that is safe for one subject may not be
safe for another, e.g., because of a different seizure threshold or interaction with different drugs.
Doses that are considered safe may depend on the cortical region that is targeted by stimulation
and may differ depending on the precise shape of the E-field that is generated by a specific coil.
Moreover, the subject or operator may have implants or other objects attached to their body that
introduce risk when exposed to the magnetic field and/or E-field (see Section 3.2 ). Further,
because of different risk-benefit ratios, the criteria of what is an acceptable risk may vary when
applied to a subject, pregnant woman, or patient who is the intended target of TMS versus an
operator or fetus who are not targeted. Stimulation dose may be hard-limited by equipment design
or guided by device instructions (indications for use), but given that most TMS devices allow for a
wide range of waveforms, coil placements and off-label use, stimulation dose safety largely relies
on risk management by the operator (see Section 2.5 ).

Risk analysis of the stimulation dose of new TMS devices or protocols begins with theoretical
considerations related to the induced magnetic field, computational models or estimates of the
resulting induced E-field, and theories or evidence of how pulse train parameters affect relevant
neuronal activation. Given certain unknowns about the neurobiological mechanisms of TMS,
comparison with the electromagnetic output and effects of other devices and protocols is useful,
including documented AEs and approvals of instruments by regulatory agencies around the world.
Risks to be evaluated include (but are not necessarily limited to) effects on the brain (e.g., seizures
or thought processing), on implanted objects (e.g., cardiac pacemakers, brain implants, hearing
aids, surgical clips), and on a fetus and operator. With the most significant established dose-related
risk of TMS being induction of seizure, changes that may affect seizure threshold should be
weighed, including alterations in the E-field distribution (e.g., more distributed field or field in new
brain regions); temporal pulse repetition rates, patterns, or number of pulses; pulse waveforms; or
intensity selection and individualization. For example, holding other parameters constant, one
would generally expect higher risk for strong versus weak pulse intensities and more versus fewer
pulses. When, based on such analysis, new potential risks are identified, then additional safety
studies and careful safety monitoring during a research or clinical study are warranted.

Risk analysis can include evidence of one or more TMS predicates. This “biological effect
equivalence” with predicates is based on stimulation dose safety. For stimulation dose safety (and
efficacy), this is a model adopted by regulatory agencies such as the FDA when evaluating the
safety and efficacy of TMS. Whereas, starting in 2008, the approval of the first rTMS system by the
FDA involved substantial clinical trials with measures of efficacy and safety, new systems may be
approved with little or no clinical trials if “the proposed device is sufficiently similar to the predicate
device in terms of indications, device specifications, and energy output” (U.S. Department of Health
and Human Services, 2011). When new TMS devices have equivalent output, i.e. can provide
stimulation doses for the same indications as comparative (approved) predicate devices, FDA
considers them to be capable of the same clinical performance demonstrated by the predicate.
Note that when a device cleared by a regulatory body is used in an off-label manner (e.g., a
waveform available through a research mode, a patient population not included in the original label,
or a new coil), risk analysis is warranted and the sanctioning by the regulatory agency may or may
not apply.

An ongoing body of work on animal models has been steadily accumulating since the 2009 TMS
safety guidelines. Most of the studies were performed in rodents or using in-vitro preparations, with
the bulk of this work originating from a small number of specialized groups investigating
mechanisms of action of TMS and the translational potential for clinical applications. In the following



two paragraphs some emerging issues potentially relevant for safety are highlighted, as they raise
two types of questions: (i) whether rTMS effects can act by eliciting action potentials or modulating
axon membrane potentials only, or also by inducing intracellular changes in neuron architecture,
axonal transport, or cytoskeleton; (ii) and therefore whether the magnetic field can influence cellular
targets other than neurons, beyond the mechanisms affecting transmembrane potential ( Rodger
and Sherrard, 2015 ).

Key work in this sense has been carried out to understand the role of cortical inhibitory interneurons
in plasticity induction. This work has highlighted the ability of protocols such as theta burst
stimulation (TBS) to modulate fast spiking neurons ( Funke and Benali, 2011 ; Trippe et al., 2009 ).
At the cellular level, single-pulse TMS has been shown to induce GABA-mediated inhibition of
cortical dendrites in layer V pyramidal neurons ( Murphy et al., 2016 ), while very high intensity TMS
in a rat model has been shown to transiently increase permeability across the blood brain barrier in
a mechanism that is mediated by glutamate release ( Vazana et al., 2016 ). An important technical
achievement has been the development of a system in primates for focal TMS and single neuronal
recording at the coil focus ( Mueller et al., 2014 ). This work follows the fundamental work
combining TMS with electrophysiological recordings undertaken in cat visual cortex ( Allen et al.,
2007 ; Moliadze et al., 2003 ). Using this setup, action potentials were recorded around 1 ms after
the TMS pulses ( Li et al., 2017 ).

It has been shown that low-intensity magnetic stimulation using small (<10 mm in diameter) circular
coils with an iron core generating fields of less than 100mT at their surface modulate intracellular
calcium release ( Grehl et al., 2015 ), influence motor learning ( Tang et al., 2018 ), increase levels
of brain derived neurotrophic factor (BDNF) ( Kim et al., 2016 ), induce topographical changes in
visual cortex (Rodiger et al., 2012; Makowiecki et al., 2014 ) generate electrophysiological effects in
in-vitro preparations that last beyond the stimulation period ( Lenz et al., 2016 ; Tang et al., 2016a ;
Vlachos et al., 2012 ), and especially induce axon outgrowth and neural repair, possibly due to the
presence of cryptochrome, a magnetoreceptor able to activate intracellular signaling cascades (
Dufor et al., 2019 ; Sherrard et al., 2018 ).

Effects of repeated rTMS sessions have received attention with regard to mechanisms and safety.
For example, following repeated sessions of 10 Hz rTMS over 5 days in rats, no changes were
found in development of body and organ weights in female rats ( Sato et al., 2017 ). However,
high-intensity stimulation (150% of RMT) induced thinning of post-synaptic density, disordered
synaptic structure, reduced the number of synapses, and downregulated BDNF–TrkB and synaptic
proteins ( Ma et al., 2014 ). Following 2000 pulses at 100% of RMT in a rat model, no evidence of
DNA damage in brain cells was seen ( de Sauvage et al., 2008 ). A study in which aged mice were
exposed to 25 Hz rTMS over 14 days, showed a reversal of certain metabolic and behavioral
markers of cognitive decline ( Wang et al., 2013 ); a study in a guinea pig model found that 10 daily
sessions of 1 Hz low-intensity stimulation significantly reduced tinnitus without affecting BDNF
levels or hyperactivity ( Mulders et al., 2016 ), and a study in an animal model of depression found
that 10 days of low- (1 Hz) or high-frequency (20 Hz) stimulation generated antidepressant effects (
Hesselberg et al., 2016 ).

Finally, initial studies with regard to the pro- and anti-convulsant effects of TMS were examined in
dedicated rat models ( Chameh et al., 2015 ; Lin et al., 2014 ; Shojaei et al., 2014 ). The role of
anesthesia in animal TMS studies on findings has been highlighted ( Gersner et al., 2011 ) in which
high-frequency rTMS in rats led alternatively to decreased and raised levels of neuroplasticity
markers such as BDNF in anesthetized and awake animals, respectively. Diagnostic TMS in
anesthetized rats showed that while long-interval cortical inhibition (LICI) was observed, its level
was significantly reduced following injection of a convulsant agent, although single-pulse measures
of excitability were unchanged ( Vahabzadeh-Hagh et al., 2012 ). Metabolic effects of single
sessions of high- versus low-frequency rTMS have been investigated using microPET in a rat
model ( Parthoens et al., 2014 ). Regional distribution of cerebral uptake of [18F]-PET was found to
be largely similar between 1 Hz and 50 Hz sessions, (but the scale of uptake was larger for the high
frequency), while high- (10 Hz) and low-frequency (1 Hz) stimulation differently affect regional



cerebral blood flow, with more widespread or more pronounced effects, respectively ( Wyckhuys et
al., 2013 ).

Several issues need to be considered when translating the findings in rodent models to the safe use
of TMS of the human brain ( Vahabzadeh-Hagh et al., 2012 ). Many studies use electrical rather
than inductive magnetic stimulation in small animal models (that moreover have to be
anaesthetised) in order to better mimic the effects of TMS due to the impact of head size and
coil-to-brain ratio on the distribution of induced fields (used for example by ( Levy et al., 2007 ;
Moshe et al., 2016 ), and the translational implications have been discussed. Finally, a significant
body of work has addressed the issue of building practical and efficient TMS coils for small animals
(for example, Rastogi et al., 2016 ; Tang et al., 2016b ).

In summary, while TMS studies in small animals are by now not conclusive, mainly because focality
of stimulation in these circumstances cannot be achieved, (thus, they do not directly mirror the
actual stimulation conditions in humans), they still play an important role in investigating its basic
mechanisms. Preclinical TMS studies are important for demonstrating safety at cellular and genetic
levels, and they facilitate development of novel protocols and techniques.

Technical and stimulation-dose safety should be analyzed and managed during both manufacturing
and the use of TMS devices.

Risk management and quality assurance must be implemented by the entity that designed and
constructed the TMS device, which is typically a commercial manufacturer but can be a maker
based in an academic or medical center, e.g., a research laboratory. The maker should identify and
manage aspects of the device operation that present either technical or stimulation-dose risk. As
applicable, technical safety is defined and regulated by medical device safety standards such as
IEC/ UL60601–1(UL,2003)andIEC/EN62304(InternationalElectrotechnical Commission, 2006) as
well as by environmental exposure standards such as those by the US Occupational Safety and
Health Administration (OSHA) and International Commission on Non-Ionizing Radiation Protection
(ICNIRP). The degree of relevant regulations may vary with the nature and scale of deployment
including production for clinical use, investigational use, and custom device. The dose may be
limited by the device maker to address risks including excessive coil heating or adverse
neuromodulatory effects. The maker should also address human factors, e.g., by providing
protections so that the device cannot be operated incorrectly in a way that increases risk. The
maker provides instructions for safe operation and maintenance of the device, which users should
respect in limiting how the device is used.

As applicable, a manufacturer’s risk management may be audited by a regulatory agency. For
example, in evaluating a device for approval, the FDA may require labeling materials, operator’s
manual, flammability and biocompatibility test report for the coil, software report, FDA-recognized
standard electrical safety test report (‘EN’ reports are not acceptable, ‘IEC’ reports are),
FDA-recognized standard electromagnetic compatibility test report, bench performance testing
(magnetic field output, cooling system, acoustic output, etc.). Some of these tests may have to be
certified by independent test laboratories. In Europe, the CE mark process follows largely
comparable testing and certification plans. Audits are part of a manufacturer receiving government
regulatory clearance (e.g., US FDA clearance, CE Mark per EU directive 93/42/EEC), but risk
management should be applied in any case, including investigational devices. The appropriate
degree and processes of risk management (and what regulation may apply for example to “custom”
devices) is the responsibility of the maker to determine.

Quality assurance (or Quality System of Good Manufacturing Practice) comprises processes by
device makers to ensure that their TMS systems perform safely and reliably. This includes
delivering a magnetic field corresponding to the intended stimulation dose. If a device is provided
without quality assurance in place, there are no comprehensive guarantees of what the device
does. Even if the device appears to operate as expected initially, failures may emerge. One device
may operate differently than others of the same serial and model number. For example, avoiding a



production error that changes the coil inductance, resistance, or shape or the pulse generator
capacitance in a way that changes the magnetic field is a quality issue. Another quality issue is that
TMS coils and other system components may be subject to mechanical, electrical, or chemical
stresses limiting the lifetime of the system. Quality is also in place to prevent technical hazards
unrelated to the stimulation function such as electrical safety. Determining and implementing the
appropriate degree and processes of quality control (including if and what regulations apply) is the
responsibility of the maker. Medical device manufacturers are required to conform to ISO 13485
(Europe) or 21 CFR 820 (US) for their quality management system. If issues with the device quality
are identified after the device has been cleared for use, regulatory agencies such as the FDA have
mechanisms for postmarket reporting of AE, use errors, and product problems (U.S. FDA, 2018).

The user should consider the provenance of any TMS device or accessory to ensure that the maker
has implemented adequate risk management and quality assurance. Unless warranted, TMS
devices should be operated according to the instructions, e.g., the user manual, in the frame of
international guidelines ( Rossini et al., 2015 ). The user can access information about device
approvals as well as up-to-date safety communications from regulatory agencies (U.S. FDA, 2018).
If operation beyond these instructions is attempted, risk analysis is necessary. Operating a device
outside the maker’s specified environments, configuration, or accessories, such as connecting a
custom coil or measuring EEG simultaneously, can negate assurance of technical safety, and
requires additional risk analysis and management. The user also has to be mindful of the lifetime of
each device; for instance, the maker may define the maximum safe number of pulses for a coil or
other components of the system. Adequate hearing protection should be used (see Section 4.2 ).
Regardless of prior technical safety testing and even if the device is operated correctly, the user
should be aware of faults that may occur over the course of a device lifetime, such as cracks in the
coil or device enclosure, compromises in the insulation, altered sound, smoke, or unexpected
smells. In case of such, use of the device should be discontinued immediately and it should be
serviced by qualified personnel. The potential for interaction of TMS with other devices and
associated risk should be considered too, for example when combining TMS with an MRI scanner,
a PET scanner, or an EEG system.

Regarding dose, conventional TMS devices and paradigms should be operated in accordance with
the safety guidelines presented in this paper ( Section 7 ) or a risk analysis should be conducted.
Novel devices, paradigms, or subject populations require additional risk management steps, since
the effects on the body may differ from those of conventional devices or paradigms (for examples
see next section). When a trial involves novel aspects that could reasonably introduce new risks,
there are established approaches to increase vigilance in monitoring for early indicators of risk [e.g.,
Motor Evoked Potential (MEP) after discharges indicative of excessive excitation that could result in
a seizure] or management of an unexpected AE (e.g. protocol to contact clinical support staff). It is
not possible to precisely identify and mitigate every possible risk, but reliance on predicates (e.g.
prior tests of an investigational coil or comparable waveforms) with prudent considerations of those
novel aspects of the protocol, can support rational risk analysis. Predicates may be weighted by the
size of the trial (number of subjects) and rigor of their monitoring.

For TMS studies involving human subjects, risk analysis and management is an established
process governed by the relevant IRB or Ethics Committee. In such studies, the investigator is
required to identify and report risks, along with methods to mitigate them or manage AEs. In the US,
an Investigational Device Exemption (IDE) is required for human studies with many medical
devices; however, the FDA allows the local IRB to provide an IDE when specific conditions apply.
IRBs may rely on approval by a regulatory body (e.g., FDA clearance or a CE mark) as evidence of
risk management and quality control by the maker, but risk management is still needed if the
method of device use (e.g., indication, environment) differs from that approved by the regulatory
body. It is worth stressing that an IRB approval is always an approval of a study, not of a device,
and that IRB requirements will vary between institutions and countries.

Here we review the evidence for safety of recently introduced TMS devices and paradigms. It
should be noted that the majority of studies using novel devices or stimulation paradigms have



been conducted with relatively small numbers of subjects, so the absence of unexpected side
effects should be interpreted with caution.

Over the past decade, devices have been developed that allow more extensive control over the
waveform of the individual magnetic pulses than in conventional TMS devices. The latter produce
damped sinusoidal pulses with fixed pulse width, whereas other devices such as those called cTMS
( Peterchev et al., 2014 , 2011 , 2008 ) and FlexTMS ( Gattinger et al., 2012 ) generate more
rectangular E-field pulses with continuous control of parameters such as the pulse width and the
positive/negative phase amplitude ratio of the pulse. These novel pulse shapes can be delivered at
both low and high rTMS frequencies. TMS devices with even more flexibility of pulse shaping are
under development ( Goetz et al., 2015 ; Peterchev et al., 2015).

It is known that briefer pulses require larger E-field amplitudes to activate neurons (as described by
the so-called strength–duration curve) ( Barker et al., 1991 ; Rothkegel et al., 2010 ; Peterchev et
al., 2012 ). FDA-approved rTMS devices have pulse widths that differ by a factor of up to two. There
is no evidence that pulse-width differences on this order affect the risk for seizure when the
stimulation intensity is adjusted relative to the RMT. There is some evidence from single-pulse
studies that the pulse width may affect scalp sensation, but the effect is small and it is unclear how
it translates to rTMS ( Peterchev et al., 2017 ).

There is significant literature on the effects of pulse waveform and E-field direction on the
neuromodulatory effect of rTMS ( Sommer et al., 2013 ). Earlier data came from comparisons
between conventional biphasic and monophasic pulses ( Antal et al., 2002 ; Arai et al., 2007 , 2005
; Hosono et al., 2008 ; Sommer et al., 2002 ; Taylor and Loo, 2007 ; Tings et al., 2005 ), whereas
more recent studies have used cTMS ( Sommer et al., 2014 ; Peterchev et al., 2015; Goetz et al.,
2016). Collectively, these results suggest that TMS pulses with asymmetric E-field phase amplitude
—i.e., one phase having significantly larger amplitude than the other, such as in conventional
monophasic pulses— confer stronger and direction-specific neuromodulatory effects in rTMS
(Halawa et al., 2019). While at present complete mechanistic explanation of these effects is lacking,
the most likely factor is differential recruitment of neural elements and neural populations by pulses
of varying waveform shape, duration, and direction, as witnessed, for example, by different MEP
latencies ( D’Ostilio et al., 2016 ; Goetz et al., 2015 ; Hannah and Rothwell, 2017 ; Hannah et al.,
2020; Sakai et al., 1997 ; Sommer et al., 2018 , 2016), different corticospinal volley composition ( Di
Lazzaro and Rothwell, 2014 ) and evoked EEG potentials ( Casula et al., 2018 ).

These studies with unconventional pulse shapes did not report unexpected AEs, with one qualified
exception: Tings et al. (2005) found that trains of 80 pulses at 5 Hz over primary motor cortex (M1)
with intensity adjusted to yield baseline MEP amplitudes of about 1 mV resulted in an alternating
pattern of low and very high MEP amplitudes and spreading of excitation in 8 of the 18 participants.
This occurred with the most excitatory pulse configuration, monophasic pulses with
posterior–anterior direction (Prof. Martin Sommer, personal communication, December 20, 2018). It
should be noted, however, that the pulse train parameters significantly exceeded the range (10
pulses at 5 Hz) of the original safety tables ( Wassermann, 1998 ).

While instances of seizures have not been reported with waveforms other than conventional
sinusoidal biphasic and sinusoidal polyphasic pulses used in early rTMS systems, the observations
of stronger neuromodulation with asymmetric pulses should be flagged for appropriate risk
management. For example, even if rTMS paradigms using alternative (especially asymmetrical)
E-field pulses conform to the guidelines in Section 7 , more extensive monitoring for potential
seizure induction may be appropriate until there is adequate evidence that the risk is not
significantly increased.

A protocol that combined features of TBS (200 ms interburst interval) and quadri-pulse TMS (four
pulse bursts at 666 Hz or 200 Hz) applied at 90% of active motor threshold (AMT) with sinusoidal
biphasic pulses has been shown to produce lasting neuromodulation in 16 healthy subjects, without
AEs ( Jung et al., 2016 ). This protocol did not only add a fourth pulse, but also chose an ultra-high



pulse repetition rate within a single burst. The physiological impact of within-burst frequencies of
200 Hz or more remains to be explored. Regarding the number of pulses per burst in a TBS
stimulation paradigm, modelling studies predict a fluctuating pattern of excitability increases and
decreases with increasing number per burst rather than an increase in cortical excitability with the
number of pulses per burst ( Wilson et al., 2018 ).

No safety data are available yet for these new pulse sequences.

Coil characteristics relevant for TMS dose safety include shape, size, and number of winding turns.
The shape and size of a coil as well as its placement and orientation determine the spatial pattern
of the E-field induced in the body. The number of winding turns, in combination with the coil shape
and size, affects the strength of the induced E-field as well as its pulse width (via the coil
inductance). Pulse waveform effects are addressed above, and the strength of the E-field is
adjustable by the coil current amplitude; therefore, here we focus on the effect of coil shape and
size.

The simplest TMS coil type is circular (or round); it produces an annulus-shaped E-field pattern. A
more focused E-field pattern is obtained with figure-8 coils, where the area of cortex significantly
stimulated can be on the order of a square centimeter, depending on stimulation strength. For any
coil shape, there is a fundamental trade-off between stimulation focality and depth, with larger coils
having a deeper but less focal E-field ( Deng et al., 2013 ; Gomez et al., 2018 ; Peterchev et al.,
2015).

Likewise, increasing the coil current deepens and spreads out the stimulation. Double-cone (or
angled butterfly/double) coils are a larger version of figure-8 coils where the two circular windings
are angled toward the subject’s head to increase the magnetic field strength in depth as well as the
electrical efficiency. Consequently, the double-cone coil E-field penetrates deeper and is less focal
than conventional figure-8 coils ( Deng et al., 2014 , 2013 ). Double-cone coils have been used to
target various brain regions that may be difficult to reach with standard figure-8 coils, such as the
leg motor area or medial prefrontal cortex, and were claimed to reach effectively the cingulate,
insula, and cerebellum. In studies reviewed, no serious AEs such as seizures were reported (
Ciampi de Andrade et al., 2012 ; Blumberger et al., 2018 ; Dunlop et al., 2015 ; Fernandez et al.,
2018 ; Gerschlager et al., 2002 ; Grossheinrich et al., 2009 ; Huang et al., 2018 ; Kreuzer et al.,
2015a ; Kreuzer et al., 2015b ; Modirrousta et al., 2015 ; Nauczyciel et al., 2014 ; Popa et al., 2010 ;
Riehl, 2008 ; Ruohonen and Ilmoniemi, 2005 ; Sutter et al., 2015 ). Some double-cone coils have
CE approval for use in Europe.

H-coils are designed to induce an E-field penetrating deeper in the brain than typical figure-8 coils
at the expense of reduced focality ( Deng et al., 2013 ; Guadagnin et al., 2016 ; Parazzini et al.,
2017 ; Tendler et al., 2016 ). While the H1 and H7 coils that are part of FDA-cleared systems are
discussed in Section 4.1.2 , other H-coils are considered new by our definition. When other
(non-FDA approved) H-coils were used, no serious AEs such as seizures were reported ( Avirame
et al., 2016 ; Carmi et al., 2018 ; Cervigni et al., 2018 ; Chieffo et al., 2014 , 2014b; Cohen et al.,
2016 ; Coppi et al., 2016 ; Dinur-Klein et al., 2014 ; Enticott et al., 2011 ; Gersner et al., 2016 ;
Kranz et al., 2010 ; Onesti et al., 2013 ; Shahar et al., 2015 ; Shimizu et al., 2017 ; Spagnolo et al.,
2014 ; Torres et al., 2015 ; Vazana et al., 2016 ). It should be noted that the winding configuration of
some H-coils, including H3, H6, H7, and H10 somewhat resembles double-cone coils (Peterchev et
al., 2015; Tendler et al., 2016 ). Therefore, after assessing similarity by comparing the induced
E-fields, safety data from double-cone coil trials could potentially be used to inform the safety of
comparable H-coils, and vice versa.

Other unconventional devices and paradigms include a pair of coils or coil arrays for multi-coil
stimulation ( Roth et al., 2014 ). In the latter case, one needs to analyze the safety issues that arise
from the ability to stimulate two or more targets at the same time or with short time intervals. One
such study used a pair of V-shaped coils activated synchronously at two sites in 43 patients to treat
depression, without any reported seizures or other unexpected TMS-related AEs ( Carpenter et al.,



2017 ; Kavanaugh et al., 2018 ). A study of 16 subjects with four simultaneously activated V-shaped
coils reported no serious AEs either ( Tzabazis et al., 2013 ). Another study used a pair of H6 coils,
activated synchronously at 10 Hz over the left PFC and 1 Hz over the right PFC, in 47 patients
suffering from depression, with no reported seizures or other SAE ( Harel et al., 2018 ). New types
of TMS paradigms will be possible with multi-locus TMS devices ( Koponen et al., 2018 ), which
allow stimulation sequences with multiple arbitrarily located targets and arbitrary E-field directions,
time differences, and intensities. At present, no significant data on safety for such multi-coil
stimulation is available. Another recent technical advance is the computational design of coils that
are more focal than figure-8 coils for a matched depth of stimulation ( Gomez et al., 2018 ). This
approach could potentially increase the precision of stimulation and reduce side effects; however,
these designs have not been evaluated in human subjects yet.

Low-field magnetic stimulation refers to TMS paradigms that induce E-field pulses of very low
amplitude, generally below 10% of the neural activation threshold (Deng and Lisanby, 2017; Wang
et al., 2018 ). Some low-field paradigms, for which there is evidence of neuromodulatory effects, are
derived from MRI gradient sequences ( Cook et al., 2019 ; Dubin et al., 2017 ). Other approaches
use even lower electromagnetically-induced E-field intensities and frequencies ( Capone et al.,
2009 ; Martiny et al., 2010 ). Finally, low-intensity E-fields have also been induced with rotating
permanent magnets, with evidence for neuromodulatory effects as well ( Cook et al., 2019 ). These
studies reported no AEs resulting from the electromagnetic stimulation. This is consistent with the
fact that both the magnetic fields and E-fields were lower than those in conventional TMS and
would therefore be expected to carry less risk. Moreover, for the paradigms derived from MRI
gradient sequences, the extensive experience with the safety of MRI supports a low-risk profile.
The literature of transcranial alternating current stimulation and cranial electrotherapy stimulation (
Antal and Paulus, 2013 ; Chaieb et al., 2014 , 2011 ; Zaghi et al., 2010 ) may also be relevant in risk
analysis of low-field magnetic stimulation, since these techniques share some E-field
characteristics, especially its subthreshold and pulsed/alternating nature.

It has been reported that a sufficiently long exposure to static magnetic fields on the order of
hundreds of millitesla can alter cortical excitability ( Carrasco-Lopez et al., 2017 ; Dileone et al.,
2018 ; Gonzalez-Rosa et al., 2015 ; Kirimoto et al., 2018 , 2016 , 2014 ; Lozano-Soto et al., 2018 ;
Oliviero et al., 2011 ). These magnetic fields are approximately ten times lower than those in MRI
scanners ( Rivadulla et al., 2014 ; Tharayil et al., 2018 ), which are well-characterized in terms of
safety ( Schenck, 2000 ). No safety concerns related to the magnetic field exposure of tSMS have
been reported ( Oliviero et al., 2015 ). However, there are very strong forces exerted between the
permanent magnets used for tSMS as well as between the magnets and other ferromagnetic
objects. As a result of these forces, in one instance, a tSMS magnet operator sustained a clean
break of two different phalanx bones in two fingers (Antonio Oliviero and Casto Rivadulla, personal
communication, June 12, 2018); another one squeezing of two fingers that resulted in bleeding
(Andrea Antal, personal communication, July, 2016). Therefore, permanent magnets for tSMS
should be handled with extreme caution. As is the case for the static magnetic field of MRI
scanners, the strong localized magnetic field of tSMS can also affect implants that contain magnets
(such as cochlear implants) or ferromagnetic materials, or that are otherwise sensitive to magnetic
fields. The use of tSMS nearby such devices must therefore follow strict safety precautions.

The combination of TMS with brain imaging has become common, if not standard, in research
settings ( Fox et al., 2012 ; Siebner et al., 2009 ) including large-scale clinical trials of rTMS for
depression ( Blumberger et al., 2018 ; George et al., 2010 ). Neuroimaging may help to improve
patient selection ( Drysdale et al., 2017 ), targeting ( Fitzgerald et al., 2009 ; Fox et al., 2013 ;
George et al., 2010 ; Opitz et al., 2016 ; Sack et al., 2009 ), and efficacy of TMS ( Fitzgerald et al.,
2009 ; Sack et al., 2009 ; Weigand et al., 2018 ). Therefore, an important question is whether
neuroimaging can improve TMS safety, although neuroimaging is currently still rarely used in
clinical practice ( McClintock et al., 2013 ).

The use of neuroimaging is not necessary for most patients undergoing TMS unless
neuronavigation software will be used for precision targeting. However, it should be considered in



patients with structural brain abnormalities such as stroke, tumor, or multiple sclerosis and when
the stimulation targets a brain region outside the motor cortex. Although the absolute risk of seizure
remains low ( Gaede et al., 2018 ; Jorge et al., 2004 ; Tarapore et al., 2016 ), there are cases in
which TMS delivered close to brain lesions has induced seizure ( Cogné et al., 2017 ; Groiss et al.,
2017 ; Haupts et al., 2004 ). Neuroimaging can help avoid these lesion locations, improving safety
without sacrificing clinical benefit ( Caulfield et al., 2017 ). Structural MRI can inform realistic
modelling of the E-field distribution in the brain, which can help predict how stimulated tissue may
change in the setting of structural abnormalities ( Wagner et al., 2008 , 2006 ). Finally,
neuroimaging may allow for individual adjustment of stimulation intensity, accounting for factors
such as scalp-to-cortex distance that vary across different stimulation sites ( Kozel et al., 2000 ;
McConnell et al., 2001; Nahas et al., 2001 ; Nathou et al., 2015 ; Stokes et al., 2013 , 2007 , 2005 ).
Indeed, adjustment of the rTMS intensity based on the individual scalp-to-cortex distance at the
target site has been deployed in clinical trials ( Blumberger et al., 2016 ; Koch et al., 2018 ).

Neuroimaging and E-field modeling on an individual basis is recommended by the National Institute
of Mental Health for any application of TMS as well as with TES to standardize coil placement and
orientation, and to control for individual variation in delivered dose with the goal of improving the
rigor and reproducibility of non invasive brain stimulation studies ( Bikson et al., 2018 ; McMullen,
2018).

In theory, neuroimaging and increased neuroanatomical precision should lead to a reduction in
off-target side effects and improved TMS safety, and therefore it should be recommended. The
benefit of increased precision is evident comparing the side effects profile of TMS to non-focal
electroconvulsive therapy (ECT), where AEs are due to the intense non-focal stimulation and
generalzed seizure induction. However, improved neuroanatomical precision is only useful if one
knows where one needs to stimulate to improve a target symptom and where one should avoid
stimulating to avoid side effects. As these neuroanatomical targets become clearer ( Fitzgerald et
al., 2009 ; Fox et al., 2013 ; Weigand et al., 2018 ), neuroimaging is likely to take a stable place for
therapeutic TMS applications.

Frameless navigation systems have been developed to integrate anatomical or functional brain
imaging of subjects or patients to optimize the placement of the TMS coil on a defined target over
their cortex ( Ruohonen and Karhu, 2010 ). Navigation systems dedicated to MRI-based
neuronavigated TMS (nTMS) practice have shown their reliability to determine cortical target
location and to improve the reproducibility of coil placement throughout serial rTMS sessions (
Lefaucheur, 2010 ). Only few comparative studies specifically addressed this issue, showing the
beneficial impact of navigated (nTMS) versusnon-navigated rTMS protocols ( Ayache et al., 2016 ;
Bashir et al., 2011 ; Fitzgerald et al., 2009 ; Sack et al., 2009 ). However, these systems need to be
further evaluated both in terms of risk-benefit ratio and therapeutic effectiveness

One of the most important areas of development of nTMS, with an increasing clinical use, is the
cortical mapping of language and motor functions in preoperative time, especially in patients with
brain tumors ( Lefaucheur and Picht, 2016 ). For motor mapping, single TMS pulses above the RMT
are delivered over the rolandic region ( Picht et al., 2011 , 2009 ), while brief rTMS trains are used
to induce speech arrest or errors for language mapping ( Picht et al., 2013 ). The accuracy of these
methods was demonstrated in comparison to intraoperative direct cortical stimulation, which is the
gold standard in this domain ( Picht et al., 2013 , 2011 ). One study ( Tarapore et al., 2016 )
addressed both tolerability and safety issues of motor and language mapping procedures
performed in 733 patients with brain tumors, 50% of whom with a history of seizures due to the
brain lesion. The nTMS mapping procedure was found to produce discomfort in 5.1% of the cases
for motor mapping and 23.4% for language mapping, and pain in 0.4% of the cases for motor
mapping and 69.5% for language mapping. However, although patients had a high risk for seizures,
no seizures occurred during the procedures. In fact, in the rest of the literature, there is also no
reported seizure with this practice. Therefore, it can be reasonably concluded that the nTMS
approach allows motor or language mapping to be safely performed, at least according to the
specific methods currently used in the studies mentioned above.



To further improve the reliability and repeatability of TMS coil positioning, the use of a robot to hold
the coil, combined with image-guided navigation has been proposed. To our knowledge, only three
robots are commercially distributed specifically for rTMS practice, which are the Smartmove™
(ANT, Enschede, Netherlands), the TMS-Cobot™ and the TMS-Robot™ (Axilum Robotics,
Strasbourg, France), the last one being the only one robot specially developed for TMS use and not
derived from an “industrial” environment ( Ginhoux et al., 2013 ; Zorn et al., 2012 ). These robots
used either a dedicated neuronavigation system (ANT) or are compatible with various commercial
TMS navigation systems (Axilum Robotics). It is estimated that about 40 robotized nTMS systems
are installed worldwide, of which more than 10 are used for therapeutic applications (data courtesy
of Axilum Robotics).

To date, only a few studies have reported results obtained in patients who underwent repeated
sessions of robotized nTMS ( Lefaucheur et al., 2017 ; Pommier et al., 2016 ; Quesada et al., 2018 ,
2020). In fact, most studies aimed at describing the accuracy of more or less automated motor
mapping procedures using robotized nTMS ( Finke et al., 2008 ; Grab et al., 2018 ; Harquel et al.,
2017 ; Kantelhardt et al., 2010 ; Matthäus et al., 2006 ; Meincke et al., 2016 , 2018; Grab et al.,
2018 ; Goetz et al., 2019; Giuffre et al., 2019). Thus, it has been shown that the use of a robot
improves accuracy and repeatability of TMS targeting and motor mapping versus manual
procedures ( Ginhoux et al., 2013 ; Lancaster et al., 2004 ; Richter et al., 2013 ).

Most safety issues for using robots in TMS practice are related to various regulatory, mechanical,
electrical, and software aspects, as discussed in Sections 2.1 – 2.3 , 2.5 for any new device.
Mechanical safety aspects are managed by either limiting the motion of the robot to an acceptable
workspace, limiting motion speed or by adding force or torque sensors to detect a collision with the
environment of the robot. Trajectory planning and execution remains challenging tasks, as motion
must be restricted to avoid hitting the patient’s head or the environment while the robot aligns the
coil on the head. For TMS, a small workspace could be a limitation. To this regard, systems based
on standard industrial-type robots are often more limited compared to dedicated architectures (
Zorn et al., 2012 ).

The noise level emitted by the system, the pressure exerted by the coil handled by the robot on the
head of the patient are also important features, as untimely movements of the patient or
unpleasantness due to acoustic or musculoskeletal discomfort should not force the cessation of
stimulation. Electronic safety is ensured by electrical isolation and emergency buttons, which are
usually accessible to the patient or the operator to stop any ongoing robot motion. Specific safety
issues must be considered if the robot system is connected to the TMS stimulator, automatically
triggering the pulses when the target position is reached and contact with the head is confirmed.
Finally, when used in combination with EEG or EMG, attention has to be paid to avoid any
electromagnetic interference while acquiring the signals.

Robots are usually coupled with a navigation or 3D-targeting system to help the user to define a
specific stimulation target. The usual precision of targeting is in the range of a few mm, taking into
account the flexibility of the robot arm, the accuracy of the navigation system, and the method of
manual registration, which needs an input from the operator (i.e. a possible source of human error).
The risk of targeting and stimulating a wrong cortical region due to poor accuracy of the system
itself is limited, as position feedback from the motors or by an external 3D sensor (usually a
camera) ensures very low risk of positioning error. Some systems require the addition of optical
markers on the coil or the robotic arm to adjust their position in real-time using a feedback control
loop. This reduces any residual errors from the positioning system.

Thus, the main requirement for robot use in TMS practice is the need to maintain coil contact with
the head at a given position and with a given orientation during a whole session of TMS pulse
delivery. Systems may include a pressure or force sensor that measures if the coil is actually in
close contact with head surface, so that the coil-to-head distance is maintained at the lowest value.
The lack of pressure feedback is an acknowledged limitation of some robotic systems (Goetz et al.,



2019). To conclude, a robotized nTMS procedure offers simplified positioning of the coil on the
head, limits human bias and operator exposure to magnetic field, and allows for real-time
compensation of head motion to increase targeting accuracy while the stimulation is executed.

A yet unexplored but timely and plausible advantage of robot-guided TMS can be the reduction of
the risk of human-to-human transmission of infections.

TMS can be combined with a wide range of brain mapping modalities based on MRI. The combined
use of TMS with MRI or magnetic resonance spectroscopy (MRS) has great clinical and
neuroscientific potential ( Siebner et al., 2009 ; Bestmann and Feredoes, 2013 ; Hallett et al., 2017
). For example, it can capture TMS-induced changes in tissue concentrations of relevant molecules
such as glutamate or GABA in brain regions of interest. Diffusion weighted imaging (DWI) can help
to link TMS-induced plasticity to regional changes in brain microstructure and to derive information
about the structural connectivity of the targeted brain region. TMS can also be combined with
functional MRI (fMRI) to delineate immediate and longer lasting effects of the TMS intervention on
regional brain activity as well as functional connectivity within and among brain networks (
Bestmann et al., 2008 ; Ruff et al., 2009 ). In addition, fMRI can be used as functional localizer to
identify the optimal cortical target. DWI and fMRI can also reveal brain regions that are indirectly
stimulated by TMS through spread of excitation along pre-existing neuronal connections.

In the majority of combined TMS-MRI or TMS-MRS studies, TMS and MR-based mapping are
strictly separated in space and time. TMS is given “offline” outside the scanner environment before
or after the MR session. In these instances, standard safety procedures for TMS and MR-based
examinations apply without any additional safety concerns. This is different for TMS studies in
which TMS is delivered in the MR scanner room to probe acute changes in human brain function
during or shortly before and after TMS. In this case, specific safety concerns apply; we refer to our
previous consensus paper on TMS safety for a comprehensive list of specific precautions ( Rossi et
al., 2009 ; Siebner et al., 2009 ). Importantly, only dedicated TMS coils whose use is approved
inside the scanner must be used. The TMS coil must not contain ferromagnetic material and must
be able to cope with the increased mechanical stress caused by the Lorentz forces, which the static
magnetic field of the MR scanner creates on the coil windings during the discharge of the TMS
pulses. The number of total pulses that can be applied by the MR-conditional TMS coil, which is
currently commercially available, has been restricted by the vendor. Once this number is reached,
the coil is blocked and needs to be returned to the vendor. This precaution has been implemented
to secure that the integrity of the coil, including the wires and their insulation, is not endangered
over time due to the increased mechanical stress levels. Finally, while MRI-comparible coils have a
standard figure-8 configuration and magnetic field pattern, the intensity and focality of the field may
be reduced compared to conventional coils due to thicker casing ( Koponen et al., 2018 ; Nieminen
et al., 2015 ). Therefore, the difference in absolute field strength and motor thresholds with different
coils should be accounted for to maintain safety and efficacy

Recommendations: TMS coils dedicated for use in the MR scanner are currently only approved for
MR systems with a magnet that produces a static field of 3T or less. They cannot be used in MR
systems that have higher field strength than 3T. This also applies to a recently developed combined
TMS-MR-coil design where the TMS coil is integrated into a multi-channel MR receiving coil ( de
Weijer et al., 2014 ; Lara et al., 2015 ).

The heating produced by TMS in the brain is estimated to be very small (less than 0.1 °C) and this
should not pose any safety issue ( Brix et al., 2002 ; Ruohonen and Ilmoniemi, 2005 ). TMS can
also induce currents in skin electrodes and implants that can heat them ( Rotenberg et al., 2007 ;
Roth et al., 1992 ). The heating depends on the structure, size, electrical conductivity, and
placement of the electrode or implant, the geometrical and conductivity characteristics of the tissue
it contacts, and the TMS coil configuration and pulse characteristics. Electrodes made of silver and
gold have high conductivity and can heat up substantially, potentially leading to skin burns. Skin
burns can be caused by temperature of 50 C for 100 s or 55 C for 10 s ( Roth et al., 1992 ).
Low-conductivity plastic electrodes are less prone to heating up. As well, radial slits that impede



induced currents can reduce heating in electrodes and skull plates. Titanium skull plates tend to
have low heating since this metal has low conductivity and the plates are either small in size or
have radial slits ( Rotenberg et al., 2007 ). Similarly, titanium rods for spinal implants showed no
significant temperature change when exposed to magnetic stimulation ( Petrosyan et al., 2015 ).

Metallic brain implants could heat up as well. Heating of brain tissue over 43°C can cause
irreversible damage ( Matsumi et al., 1994 ). Ex vivo studies with rTMS applied over implantable
electrodes found no significant heating ( Phielipp et al., 2017 ; Shimojima et al., 2010 ). Likewise,
rTMS applied over vascular stents placed in gelled saline detected temperature increase below 1°C
which is considered safe ( Varnerin et al., 2017 ).

When there are electrodes or implants in the vicinity of the TMS coil, risk analysis should be
conducted to assess the possibility of excessive heating (see Section 2.1 ). This analysis can be
based on manufacturer data, results in the literature, theoretical calculations, simulations, and/or
measurements. If measurements are conducted, ex vivo testing may be sufficient for the risk
analysis. But sometimes it may be important to consider the electrical and thermal properties of the
tissues in contact with the implant which would require modeling and/or in vivo testing. Sharing of
the results of such safety analyses with the community via publications is encouraged.

TMS pulses generate a magnetic field that exerts attractive forces on ferromagnetic objects as well
as repulsive forces on non-ferromagnetic conducting objects. Thus, some head implants could
experience forces and even be displaced by TMS. Ferromagnetic objects tend to experience larger
electromagnetic forces than non-ferromagnetic conductors. Titanium skull plates, rods, and
aneurysm clips do not appear to experience significant forces due to TMS ( Petrosyan et al., 2015 ;
Pridmore and Lawson, 2017 ; Rotenberg et al., 2007 ). This is because titanium is
non-ferromagnetic and has relatively low electrical conductivity, and larger titanium plates tend to
have slits. Similarly, it has been estimated that movement of a stainless steel aneurysm clip due to
a TMS pulse is very small and unlikely to produce clinical complications ( Barker, 1991 ). A
modeling study suggested that mechanical movements induced by TMS in implanted electrodes,
such as electrodes used for electrocorticography, are well below the limit for tissue damage (
Golestanirad et al., 2012 ). This is consistent with the findings of ex-vivo studies that applied TMS
over implantable cortical or deep electrodes and found no significant displacement ( Phielipp et al.,
2017 ; Shimojima et al., 2010 ). Cochlear or other implants incorporating a magnet could move or
demagnetize when exposed to a TMS pulse. Eye makeup containing ferromagnetic particles may
contribute to facial pain during rTMS with frontal coil placements potentially due to local heating or
electric current concentration near skin receptor/trigeminal fibers ( Redolar-Ripoll et al., 2015 ).
While no data have been reported on permanent makeup (e.g. for alopecia) or scalp tatoos, they
may contain ferromagnetic and/or conductive particles such as iron oxide or metalcontaining ink
which may interact with the TMS induced magnetic field, but with no risk to induce SAE.

Similar to risk analyses for heating, the possibility of significant forces and/or movement on implants
should be assessed. In many cases, simple ex vivo ballistic pendulum measurements can indicate
the presence of significant forces ( Barker, 1991 ; Pridmore and Lawson, 2017 ). Potentially
conducting or ferromagnetic objects, such as hearing devices, or materials worn on the head,
including piercings, jewelry and glasses, should be removed if they can interact with the TMS
magnetic field.

The TMS coil emits strong magnetic pulses that can induce high voltages and currents in adjacent
wires and electronic devices. Wires connecting to surface electrodes, for example in EEG and TES,
should be arranged to minimize loops that are coupled to the magnetic field and result in
electromagnetically induced voltages and currents. Specifically, the wires should be arranged to be
close or twisted together, without looping either between wires or of the whole wire bundle (
Peterchev et al., 2012 ). Electronic implants, including systems for deep brain stimulation (DBS) or
cochlear implants and subdural/epidural electrode arrays for cortical stimulation, contain intracranial
electrodes connected to wires under the scalp. Spinal and cranial nerve stimulators, such as
devices for vagus nerve stimulation (VNS), have subcutaneous wires too. Electrical currents can be



induced in these electrode wires during the delivery of TMS, regardless of whether the implant is
turned on or off; this can produce unintended stimulation in the central or peripheral nervous system
( Hidding et al., 2006 ; Kühn et al., 2002 ). These induced currents may affect safety compared to
TMS with no implant.

Several ex vivo studies have specifically addressed the safety of the voltages induced in DBS,
cortical, and VNS electrodes by TMS. Generally, two types of measurements have been reported:
(1) induced voltages or currents between a pair of electrode contacts or a pair of lead wire contacts
that connect to the implanted pulse generator (IPG), and (2) induced voltages or currents between
an electrode contact and the IPG case or the IPG-side connector of the lead. The first type of
measurements in DBS and VNS devices have detected relatively low voltages of <2.8 V at 100%
TMS device output ( Kühn et al., 2004 ; Kühn and Huebl, 2011 ; Kumar et al., 1999 ; Schrader et al.,
2005 ). The second type of measurements in deep as well as cortical electrodes have identified
substantially higher voltages ranging from 15–100 V with 100% TMS device output, depending on
the specific setup (Deng et al., 2010; Phielipp et al., 2017 ; Shimojima et al., 2010 ). The latter
measurements are more relevant to safety, since they are orders of magnitude higher than the
former. The physical reason for these differences in the induced voltage magnitudes is that the
circuit formed by the electrodes, lead wires, IPG, and conductive tissue path back to the electrodes
constitutes a loop with a significantly larger area than the circuit formed by the wires connecting
pairs of electrode contacts, which are very close to each other (Deng et al., 2010). Critical factors
for the magnitude of the induced voltage are the TMS coil proximity to the lead as well as the
number of lead loops. The highest voltages are induced when the center of the TMS coil is over the
subcutaneous lead and the induced current orientation (e.g. axis between the two loops of a
figure-8 coil) is aligned with the lead or when the TMS coil loops are centered over loops in the
electrode lead (Deng et al., 2010; Shimojima et al., 2010 ). Depending on its size, each turn of a
lead loop can contribute 16–28 V at 100% TMS intensity (Deng et al., 2010; Phielipp et al., 2017 ;
Shimojima et al., 2010 ). The voltage induced in a lead loop can be calculated by the formula V ind
= (π■B■A loop )/(2■t r ), where B is the magnetic field (flux density) penetrating a loop with area A
loop , and t r is the rise time of the magnetic pulse ( Mueller et al., 2014 ). Importantly, IPGs can
conduct electrical current even if they are turned off, resulting in induced currents that are injected
through the electrode contacts. Nevertheless, having the IPG off can offer some protection from
induced currents, since the IPG may not conduct until the induced voltage reaches as high as 5 V,
whereas it conducts for any induced voltage when on (Deng et al., 2010). The induced electrode
current can be calculated by the formula I elec = ( V ind – V IPG )/ R elec , where V IPG is the IPG
voltage drop which is typically negligible in on state but can be a few volts in off state, and R elec is
the electrode impedance.

The voltages and currents induced by TMS in implanted stimulator electrodes can match and
exceed the stimuli normally generated by the implant which are typically <10 V and <10 mA.
Therefore, the safety of the induced currents should be assessed with respect to not only
unintended neuromodulation, but also the potential for tissue damage. While strict limits have not
been established, some implanted stimulator manufacturers specify a maximum allowable charge
density of 30 µC/cm 2 /phase ( Shimojima et al., 2010 ). For conventional sinusoidal TMS pulses,
charge per phase through the electrode is calculated as Q elec = 2■I elec ■ t r /π for monophasic
pulses and twice that amount for biphasic pulses, and charge density per phase is Q elec / A elec ,
where A elec is the electrode surface area. A more sophisticated approach accounts for both
charge per phase (in µC) as well as charge density per phase (in µC/cm 2 ) according to the
formula k = log( Q elec / A elec ) + log( Q elec ), with evidence for no histological damage for k <
1.85 and potentially higher ( Phielipp et al., 2017 ). Both of these limits can be exceeded for certain
configurations of the TMS device and the implanted stimulator, in particular when the TMS coil is
close to the lead, there is looping in the electrode lead under the coil, and high TMS pulse
intensities are used ( Shimojima et al., 2010 ; Phielipp et al., 2017 ).

These considerations may apply in some cases when the electrode leads are externalized and
connected to an external stimulator or an amplifier for electrophysiological recordings. While
bioamplifiers typically have very high input impedance, if a large voltage is induced in the leads, the



amplifier input impedance may drop essentially to zero due to clamping of the input protection
diodes to the internal power supply rails. Moreover, loops through reference or ground leads
connected to the patient may inject currents as well. As with any external wiring in the vicinity of the
TMS coil, inductive loops should be minimized by bundling and twisting wires/leads together and
placing them as far as possible from the TMS coil. Ideally the amplifier input or external stimulator
output should be electrically isolated from earth ground.

Finally, it should be noted that burr holes or other openings in the skull do not affect significantly the
E-field delivered to the brain by TMS. This is due to the fact that TMS induces an E-field that is
primarily tangential to the scalp surface; therefore, openings in the skull generally do not result in
additional current injected in the brain. This is in marked contrast to transcranial electrical
stimulation which injects significant radial currents throught the skull and is therefore strongly
affected by skull openings (Deng et al., 2010).

The TMS electromagnetic pulse can also damage electronic implants near the coil. Ex vivo studies
showed that TMS with the coil at a distance of 2–10 cm could cause malfunction of a DBS IPG, and
distances of 2 cm or less could lead to permanent damage of the IPG ( Kumar et al., 1999 ; Kühn et
al., 2004 ). However, another study reported that VNS IPG was not damaged by TMS pulses (
Schrader et al., 2005 ). TMS over a DBS electrode lead can shut off the IPG, presumably due to
voltages induced across the IPG through the electrode lead, but no damage to the IPG was
reported ( Ni et al., 2018 ).

Cochlear implants involve an electrode implanted in the cochlea, a magnet, a loop antenna, and an
electronic chip under the scalp. Although there are no reports on TMS being performed in people
with cochlear implants, it may be unsafe based on physics considerations. TMS can damage the
electronic chip, cause movement or demagnetize the permanent magnet or induce high voltages in
the loop antenna. In addition, most cochlear implants are not compatible with MRI, although some
newer models are. Therefore, unless additional safety evaluation showed that there are no AEs,
TMS should be avoided in subjects with cochlear implants.

Many TMS studies have been performed in patients with implanted electrodes in the brain, spinal
cord, or peripheral nerves for the treatment of migraine, chronic pain syndromes, movement
disorders (Parkinson’s disease, tremor and dystonia), epilepsy, or psychiatric diseases (depression
or obsessive- compulsive disorder). Most of them involved single or paired pulse TMS (ppTMS) and
some used repetitive TMS (see Supplemental Material , Table S1 ). The main purposes of these
studies were to:

Determine the effects of TMS on the brain or spinal cord by recording TMS-evoked responses or
changes in spontaneous electrophysiological signals induced by TMS using the implanted
electrodes;

Determine the effects of stimulation through the implanted electrodes on the central nervous
system by measuring TMS-evoked responses;

Evaluate the effects produced by paired stimulation combining TMS with DBS;

The first study of TMS in patients with implanted electrodes involved four patients with spinal cord
stimulators. TMS was applied with the device turned on or off, and no AE was observed ( Kofler et
al., 1991 ). Subsequent studies involved patients implanted with five main types of electrodes: (1)
epidural cortical or spinal cord electrodes; (2) subdural cortical electrodes; (3) DBS electrodes; (4)
nerve stimulation electrodes over peripheral or cranial nerves (e.g., vagus nerve); or (5) cardiac
pacemakers ( Supplemental Material , Table S1 ). Some studies were conducted when the leads of
the electrode were externalized, usually within several days after electrode implantation and before
the electrode was connected to the IPG. Other studies involved patients with chronic, implanted
devices with the leads connected to IPGs. Two of these studies in patients with DBS electrodes



showed that TMS can induce lead currents that led to motor responses ( Kühn et al., 2002 ; Hidding
et al., 2006 ). This is likely due to induced currents between the electrode contacts and the IPG
case. In a study with 5 patients with dystonia and DBS electrodes in the globus pallidus internus,
the authors suggested that TMS induced currents in the subcutaneous wire loops, which activated
the corticospinal tract subcortically near the DBS site, eliciting motor responses in hand muscles (
Kühn et al., 2002 ). Another study reported similar findings in 8 patients with Parkinson’s disease
who had subthalamic nucleus (STN) DBS electrodes with leads connected to an IPG ( Hidding et
al., 2006 ). After the implantation, the latencies of the MEP in the relaxed first dorsal interosseous
muscle were shorter compared to latencies before the operation. This decreased corticomotor
conduction time was likely due to inadvertent stimulation of the corticospinal tract near the STN
from current induced in the scalp leads near the TMS coil, connecting the IPG with STN electrodes.
Importantly, no AEs were reported in these studies ( Kühn et al., 2002 ; Hidding et al., 2006 ).
Another study found that the MEP latencies induced by TMS varied with current directions as
expected and were longer than the latencies of motor responses evoked by increasing the
intensities of STN DBS. There was no evidence of activation of the corticospinal fibers in the vicinity
of the STN by TMS in that study ( Kuriakose et al., 2010 ). Some of these differences could be
related to the TMS coil position relative to the electrode leads and if there was coiling of the lead in
the scalp ( Shimojima et al., 2010 ; Phielipp et al., 2017 ). However, TMS over the electrode lead
can shut off the IPG, although no AEs in patients or damage to pulse generators have been
reported ( Ni et al., 2018 ). A patient with intractable neuropathic pain and motor cortical subdural
electrodes was safely treated with rTMS over the M1 following ex-vivo studies ( Phielipp et al., 2017
).

Philip et al. (2014) pooled information on the use of rTMS in 20 patients with VNS implants across
17 medical centers. All centers used TMS systems with focal figure-8 coils. None of the sites
reported any unique AE in VNS patients undergoing rTMS therapy. This safety profile is supported
theoretically by the significant distance between the TMS coil and the VNS implant.

There are two reports of TMS in patients with a cardiac pacemaker. One patient with depression
was treated with rTMS to the left dorsolateral prefrontal cortex (DLPFC) ( Hizli Sayar et al., 2016 )
and another patient with migraine was treated with single pulse TMS to the occipital cortex ( Wei et
al., 2018 ). No AE was reported.

TMS studies have been carried out safely in patients with implanted electrodes for epidural spinal
cord stimulation or DBS during the period of externalization of the leads prior to their connection to
the IPG (see Supplemental Material , Table S1 ).

Finally, TMS has been considered safe in patients with pressure-programmable valves to treat
hydrocephalus; however, it is recommended to check the valve settings after a TMS session (
Lefranc et al., 2010 ).

Ex vivo studies and studies in patients showed that TMS can be safely applied in patients with
implanted stimulators in the central or peripheral nervous system. In summary: TMS with
figure-8coils is considered safe in individuals with cardiac pacemakers, VNS systems, and spinal
cord stimulators if the TMS coil is not activated close to (<10 cm) electronic components such as
the IPG located in the neck or torso. Caution should be taken to avoid accidental firing of the TMS
coil near electronic implants.

TMS can also be conducted safely in patients with implanted electrodes in the central and
peripheral nervous system that are not connected to an IPG; care should be taken to minimize the
currents induced in any connections to external stimulators or amplifiers. Implants in the head that
are MRI safe are more likely to be TMS safe than those that are not MRI safe.

In patients with DBS or cortical stimulation electrodes, TMS can induce currents in the electrode
leads which could cause unintended stimulation: this may be a potential safety hazard. Therefore,



when such systems are implanted, lead loops should be avoided if possible or wound with each
turn circling in opposite direction (e.g. one turn clockwise and the next turn counterclockwise) in
order to minimize electromagnetic induction.

If possible, TMS should be applied away from the electrode leads, particularly leads with loops.
Specifically, it is desirable to minimize the magnetic coupling between the TMS coil and the
electrode lead, i.e. minimize the magnetic flux encircled by the lead wire. For individual patients,
this can be assessed by personnel with appropriate engineering or physics background based on
information about the implant spatial configuration, e.g. from X-rays or detailed surgical records.
While many studies have been conducted with the IPG on during TMS without AEs ( Supplemental
Material , Table S1 ), turning the IPG off during TMS confers some protection against induced
electrode currents and should be considered in the overall risk/benefit analysis. TMS should start
with low intensity and gradually increase to the desired intensity. If there is the potential of
increased seizure risk due to expanded neural recruitment from induced currents through
electrodes, for example during high-frequency rTMS and with cortical electrodes, EMG should be
monitored for spread of excitation and afterdischarges. TMS in patients with DBS or cortical
stimulators should only be done if there are justifiable scientific or medical reasons. There should
be pre-specified protocols and oversight by IRB or Ethics Committee. Since TMS may be unsafe in
subjects with cochlear implants, it should not be performed in these subjects unless thorough safety
analysis is performed.

Finally, it is important to evaluate new implant devices as they become available since their
behavior may differ from what was reviewed here. As both TMS and implants are becoming more
common and approved for treating a wider range of disorders, implant device manufacturers should
consider compatibility with TMS at the design or characterization stage.

Generally, the rationale for the combination of rTMS and transcranial direct current stimulation
(tDCS), transcranial alternating current stimulation (tACS) or transcranial random noise stimulation
(tRNS) protocols is to utilize mechanisms of priming or meta-plasticity to enhance the effect size of
either of the protocols ( Karabanov et al., 2015 ; Müller-Dahlhaus and Ziemann, 2015 ). In these
studies, low intensity TES is applied in combination with rTMS either concomitantly or sequentially.
Theoretically, the concomitant application of TES and rTMS or priming with tDCS or tACS might
intensify the AEs of subsequent rTMS ( Rossi et al., 2009 ).

The number of studies using these kinds of combination in healthy subjects (e.g., applying
stimulation over the primary motor or visual cortices: anodal and cathodal tDCS with 1 or 1.5 mA
intensity for 10–15 min combined with 1 or 5 Hz rTMS 100–600 pulses 85–130% of RMT or 100%
AMT or 90 % phosphene threshold) is limited ( Moliadze et al., 2003 , 2010 ; Siebner et al., 2004 ;
Lang et al., 2004 , 2007 ; Cosentino et al., 2012 ; Bocci et al., 2014 ). Even though “safety” or
reporting AEs were not a primary outcome measure, there are few studies in which tolerability and
AEs are mentioned. No AEs were reported in any of the available studies.

There are a few studies in which a combination of intermittent theta burst (iTBS) or continuous theta
burst (cTBS) and tACS were used, applying both TBS and tACS concurrently over M1 in order to
enhance the modulation of cortical plasticity induced by TBS ( Doeltgen et al., 2012 ; Goldsworthy
et al., 2016 ; Guerra et al., 2018 ). No AEs were reported in any of these studies, but the evidence
is insufficient due to the small sample sizes and since none of the studies had been designed to
specifically evaluate safety.

As for pathological conditions, the combination of tDCS with rTMS has been investigated in patients
with migraine ( Antal et al., 2008 ), depression ( Loo et al., 2009 ) and writer’s cramp ( Quartarone
et al., 2005 ) (e.g. anodal and cathodal tDCS over M1 with 1 or 1.5 mA intensity for 10–15 min
combined with 1 or 5 Hz rTMS 100–900 pulses 85–130% of RMT), also with the aim to explore
abnormal meta-plasticity usually reported in these disorders. None of the reviewed studies
observed AEs apart from one pilot study that combined priming-tDCS with 10 Hz rTMS of DLPFC in
patients with major depression ( Loo et al., 2009 ). Here, patients experienced stronger scalp pain



while receiving rTMS after tDCS, possibly due to increase scalp sensitivity, but no serious AE were
reported.

As for the combination of single pulse TMS and tDCS/tACS/tRNS, a few investigations are
available when considering either concurrent (e.g. Bergmann et al., 2009 ; Feurra et al., 2013 ,
2011 ; Groppa et al., 2010 ; Raco et al., 2017 ; Santarnecchi et al., 2014 ) or sequential application
(e.g. ( Antal et al., 2008 ; Moliadze et al., 2012 ; Romero Lauro et al., 2014 ; Terney et al., 2008 ;
Varoli et al., 2018 ). As in the case of rTMS, no AE were reported, although safety-specific
assessments were not carried out. Moreover, a recent study has investigated the effect of multifocal
versus bifocal tDCS over M1, assessed via corticospinal excitability (i.e. single pulse TMS) at
various time points before and after tDCS. A slightly lower rate of scalp itching, redness and burning
sensation was reported during multifocal tDCS, possibly due to the higher number of scalp
electrodes and resulting lower current density per electrode. Regardless, no differences in the
perception of single pulse TMS were reported ( Neri et al., 2020 )

Recommendations: the available evidence suggests that the combination of tDCS/tACS/tRNS and
TMS/rTMS used up to now is safe, if technical risks from heating or magnetically induced currents
through the TES electrodes are ruled out (see Section y.2).

Many hundreds of thousands of patients have been treated with rTMS to prefrontal cortex for
depression, or other cortical targets for many other neuropsychiatric diseases, since 2008. It is
estimated that the majority of these were concurrently taking one or more psychotropic medications
from multiple pharmacological classes. Systematic data are not available regarding the specific
medications and adverse outcomes of patients treated with rTMS for depression in clinical settings.
Nevertheless, despite the large numbers exposed to TMS in the past decade, no specific toxicities
arising from the combination of rTMS with such medications have been identified. Moreover, the
actual risk for induction of seizures may depend on additional, not yet specifically explored, factors;
these are drug dose, speed of dose change (increase or decrease), combination with other CNS
active drugs or other factors potentially contributing to lower the seizure threshold (i.e., sleep
deprivation, alcohol consumption, marijuana therapeutic and recreational use).

A number of medications have been reported to increase risk of seizure in clinical populations (
Bhatti et al., 2017 ; Hitchings, 2016 ), and it was previously assumed that their use in combination
with rTMS may confer heightened risk for seizure induction ( Rossi et al., 2009 ). However,
empirical evidence for this risk is lacking, and the observed seizure rate in rTMS patients is
extremely low overall despite that the majority of them were on CNS-active medications. In a survey
of researchers and clinicians performing sp/ppTMS or rTMS ( Lerner et al., 2019 ), 19 seizures
were reported in individuals at increased risk of seizure from all causes according to the previous
guidelines ( Rossi et al., 2009 ). These individuals underwent a collective total of 57185 rTMS
sessions delivered within the previously published guidelines ( Rossi et al., 2009 ). Among them,
only three - all psychiatric patients free from anatomical lesions - were taking medications
suspected of lowering the seizure threshold. Two seizures were reported in depressed individuals
and one in a healthy individual on no medications. One seizure was reported in a healthy individual
on an oral contraceptive.

Recommendation: The previous TMS Safety guidelines advised caution in the application of TMS in
persons taking medications known to lower seizure threshold. However, the currently available data
showing low seizure rate no longer support this recommendation. However, documentation of
concurrent intake of drugs and other potentially seizure threshold lowering factors (such as sleep
deprivation, infection, alcohol consumption) during TMS application and systematic
capture/reporting of side effect data are recommended to further inform the field.

Induction of seizures is the most severe acute AE of TMS. Several cases of accidental seizures
induced by TMS or rTMS have been reported to date; most of them occurred prior to the definition
of safety limits. However, considering the large number of subjects and patients who received have
TMS since 1998 and the small number of seizures, we can assert that the risk of TMS/rTMS to



induce seizures is certainly very low.

Seizures depend by hypersynchronized discharges of groups of neurons in the gray matter as a
consequence of an imbalance between inhibitory and excitatory synaptic activity in favor of the
latter. Seizures have been described acutely during TMS with single-pulse, ppTMS and rTMS
protocols. rTMS might theoretically induce seizures (1) during or immediately (seconds) after trains
of rTMS and, (2) after rTMS with a temporal delay (i.e., during the after-effects) due to the
modulation of cortical excitability (i.e., kindling effect, see ( Wassermann, 1998 ). While the first has
been observed, no evidence exists that the latter has ever occurred. Indeed, there is no solid
evidence for kindling in humans in any situation.

The published literature up to February 2020 was searched for reports of seizures and 41 were
identified ( Chou et al., 2020 ). Although the numbers are difficult to interpret without denominator,
the data have some value. There were 13 in healthy persons and 28 in patients with neurological or
psychiatric conditions; 19 had high frequency repetitive rTMS, 1 had low frequency, 8 with single
pulse, 9 with deep TMS of various patterns, 2 with iTBS, 1 with cTBS, and 1 unknown. It appears
that any type of person with any pattern of stimulation might have a seizure.

It is most important to consider a convulsive syncope when associating TMS with seizures (see
Rossi et al., 2009 ). Some observers may misinterpret myoclonic jerks in the context of a syncope
as a seizure ( Lempert et al., 1994 ), but return to conscious state after syncope is usually not
characterized by the level of confusion and disorientation produced in a post-ictal state.
Furthermore, tongue-biting, incontinence, oral frothing, and vomiting are rarely seen with syncope.
Syncope is caused by global cerebral hypoperfusion and can result from functional hypotension in
association with vagus-nerve mediated vasodilation during emotional stress or pain, dehydration,
bradycardia and use of medications which cause orthostatic hypotension or reduce cardiac ouput.
Hyperventilation can also lead to syncope, as falling carbon dioxide levels trigger cerebral
vasoconstriction. Steps to manage syncope in the context of TMS include lowering the head of the
subject/patient to facilitate cerebral perfusion, restoring fluid volume/hydration, cooling the skin (to
reduce vasodilation), and providing reassurance to mitigate fear and stressful emotional states.

Here we begin by reviewing risk factors for TMS-provoked seizures. We then briefly assess the
potential utility of TMS coupled with simultaneous EEG to assess for TMS-induced epileptiform
discharges that might indicate a high risk for seizures. Finally, we review a recent survey assessing
the incidence of TMS-evoked seizures across the general TMS community.

Seizures in the setting of TMS are generally considered to be TMS-provoked, which implies a
minimal risk of recurrent seizures in the absence of such a provocation (except in subjects with
known epilepsy in whom the seizure may be coincidental and unrelated). A number of medical
conditions and pharmacologic substances (see Section 3.4 for the latter) that lower the seizure
threshold may increase the probability of provoking a seizure during TMS. As noted above,
however, in regard to most drugs, while there is a theoretical risk, increased risk has not been seen
in clinical practice. Also, first-degree relatives of persons with epilepsy have an increased risk
compared to the general population ( Peljto et al., 2014 ), but no TMS-related seizures have been
described so far in these individuals.

While the presence of one or more of these factors does not represent a contraindication to TMS,
additional precautions are certainly warranted when planning TMS in these subjects. In particular,
the clinical indication for TMS, and the particular TMS protocol should be carefully considered when
multiple factors that potentially lower seizure threshold are present. Furthermore, if multiple
transient factors are present, postponement of the TMS session could be considered. In the next
sections, we delineate some conditions and drugs that potentially lower seizure threshold.

Besides the obvious case of epilepsy, patients with a broad range of neuropsychiatric disease are
at elevated risk for seizures. Essentially all neurologic conditions with structural cerebral damage



(e.g. stroke, multiple sclerosis, traumatic brain injury, Alzheimer’s and other neurodegenerative
diseases, meningoencephalitis or intracerebral abscess, parenchymal or leptomeningeal cancers)
are associated with an elevated risk for seizures. More intriguingly, a broad array of studies has
shown that patients with psychiatric disease are also at increased risk for developing seizures.
Specifically, elevated risk for developing epilepsy has been reported in patients with major
depression ( Hesdorffer et al., 2000 , 2006 , 2012 ), with incidence rates approximately 19-fold
higher than those typically reported in the general population seen in one study evaluating the rate
of seizures in the placebo (and treatment separately) arm of antidepressant drug studies ( Alper et
al., 2007 ). Notably, some studies have suggested that in patients with depression, the risk of
developing seizures is particularly increased in those with dementia or a recent stroke. Other
significant predictors of incident seizures in depression include being underweight, a current
smoker, having alcoholism or drug abuse, and concurrent use of cephalosporins and
antiarrhythmics (particularly propranolol) ( Bloechliger et al., 2016 ). An elevated risk of developing
seizures has also been reported in other neuropsychiatric diseases such as schizophrenia or
autism ( Deykin and MacMahon, 1979 ; Bolton et al., 2011 ), bipolar disorder ( Wotton and
Goldacre, 2014 ; Sucksdorff et al., 2015 ) and alcohol abuse ( Samokhvalov et al., 2010 ).

Section 6 describes in detail TMS risks in neurological and psychiatric patient populations.

Numerous studies have explored precipitants for seizures in patients with epilepsy, which may also
have implications for susceptibility to TMS-provoked seizures. Common provoking factors that
might be relevant to subjects receiving TMS include sleep deprivation, stress, depression/anxiety,
increased alcohol consumption, and menses ( Balamurugan et al., 2013 ; Haut et al., 2007 ;
Wassenaar et al., 2014 ), with at least one study demonstrating that the degree of stress/anxiety or
sleep deprivation significantly increased the risk of seizures ( Haut et al., 2007 ). Sleep deprivation
is of particular relevance, as studies using TMS in combination with EEG have reported increases
in cortical excitability measures with sleep deprivation even in normal healthy subjects ( Huber et
al., 2013 ; Kuhn et al., 2016), although sleep deprivation was also associated with a decreased
long-term potentiation (LTP)-like plasticity in response to a paired-associative stimulation protocol
(Kuhn et al., 2016).

Many medical conditions can lower seizure threshold and contribute to the risk of seizures. The list
is vast, but includes in particular metabolic abnormalities (hyponatremia, hypocalcemia,
hypomagnesemia, hypoglycemia, hyperglycemia, renal failure/uremia, liver failure); raised blood
concentrations of proconvulsant medications due to reduced clearance (e.g. secondary to initiation
of antibiotics for treatment of infections); alcohol withdrawal; use of stimulants such as cocaine or
MDMA; use of immunosuppressive therapy with cyclosporine, tacrolimus and other agents that can
cause the posterior reversible leukoencephalopathy syndrome; dialysis; systemic infection, and
fever itself ( Delanty et al., 1998 ).

While safety guidelines established first by Wassermann ( Wassermann, 1998 ), augmented by
Chen et al. (1997) , and later on further improved ( Rossi et al., 2009 ), have greatly reduced the
incidence of seizures, they continue to occur even in individuals without identifiable risk factors and
with stimulation within the “safe” parameter space. Since the literature was reviewed by Rossi et al.
(2009) , at least six additional clear TMS-induced seizures have been reported ( Bagati et al., 2012 ;
Chiramberro et al., 2013 ; Boes et al., 2016 ; Cullen et al., 2016 ; Cogne et al., 2017 ; Groiss et al.,
2017 ). In addition, we have to mention a spontaneous seizure most likely not causally related to
ppTMS ( Vernet et al., 2012 ) and one other event, which may have been a convulsive syncope (
Alonso-Alonso et al., 2011 ; Kratz, 2011 ; Kratz et al., 2011 ). However, as the use of TMS has
spread and seizures are recognized as an “expected” potential AE, seizures are likely being newly
reported only when the circumstances are remarkable in some way. The US FDA’s online database
for mandatory post-market reporting contains only five seizure reports for approved devices, one
from 2009, two from 2011, one from 2012, and one from 2015.

While the risk of seizure from TMS was described by Rossi et al. (2009) as “very low,” it has never
been quantified and common assumptions, such as that single-pulse or low-frequency stimulation is



less risky than rTMS within the recommended limits, have not been tested. To address this
knowledge gap, Lerner et al. (2019) sent questionnaires to 2510 authors of papers using TMS and
members of clinical TMS associations, requesting information on numbers of TMS sessions
conducted and numbers of seizures for the five-year period, 2012–2016. 174 groups using a variety
of coils (including figure-8, double cone and H-coils) and protocols responded, reporting over
300,000 TMS sessions and 24 seizures (standardized risk: 7/100,000 sessions). The data from the
Lerner et al., study cannot be considered more than approximate and might have some reporting
biases. Nineteen of these occurred in subjects with elevated risk, such as medications, brain
lesions, or epilepsy (standardized risk: 33/100,000 sessions). Respondents reported 19,308 TMS
sessions delivered with a combination of parameter values outside the 2009 recommendations, of
which 6749 were done in individuals with elevated risk. One seizure occurred in these sessions, in
an individual with elevated risk ( Table 1 of Lerner et al., 2019 ).

Together, single, paired (13), and low-frequency (3) stimulation (≤1 Hz) accounted for 16 seizures
apparently caused by TMS in over 200,000 sessions for a standardized risk of 8/100,000 sessions
across high and low-risk subjects. However, 13 of these occurred in high-risk subjects
(standardized risk: 27/100,000 sessions). The other three had none of the risk factors listed by
Rossi et al. (2009) (standardized risk: 2/100,000 sessions). All of these seizures occurred with
single or paired stimulation. Eight seizures were reported with rTMS at a frequency >1 Hz, including
one with iTBS (standardized risk: 7/100,000 sessions). Of these, 7 occurred in individuals with risk
factors (standardized risk: 67/100,000 sessions) and one in an individual without identifiable risks
(standardized risk: 1/100.000 sessions). While the numbers of seizures, especially in low-risk
individuals, are too small for valid statistical comparison, an implication of these data is that
high-frequency rTMS delivered within the 2009 guidelines is no more likely to cause seizures than
sp/ppTMS, contrary to current assumptions and to the theoretical risk, which increases in proportion
to the increase in the stimulation frequency. Finally, the likelihood of low frequency rTMS in
inducing seizures seems even lower (possibily due to its inhibitory effects).

A new risk factor identified by this survey was lack of previous exposure to TMS. Over 62% of
seizures occurred on the first exposure to TMS, and 75% occurred within the first three exposures.
These data show that subjects who have undergone TMS safely are at less risk than first-time
participants, even in the presence of risk factors. This suggests that precautions should be higher
for early TMS exposures than for later sessions. This also may indicate the role of an individual risk
and not of an accumulation of magnetic stimulation doses.

Regarding the new generation of deep H-coils, active monitoring by the manufacturer reported
48252 patients who were treated with H-coils until June 2019 (almost all with the FDA-approved
H1-coil system): 46 experienced seizures (or convulsive syncope) and 5 pseudo-seizures,
corresponding to a seizure per subject frequency of 85/100,000 and to a standardized risk of
4/100,000 sessions ( Zibman et al., 2019b ), thus similar to what previously reported ( Tendler et al.,
2018 ). However, only 11 of those reported seizures occurred in cases of low-risk subjects in which
the protocol was administered according to instructions for use (Zibman et al., 2019). The survey by
Lerner et al. (2019) included 6924 sessions with H-coil and reported three seizures (i.e.,
43/100,000; all high-frequency rTMS). To conclude, although the H-coil appears to have a higher
seizure rate, we do not have quantitative data from other manufacturers to make a proper
comparison of seizure rate among the different coils.

The recent advent and expanding use of TMS-EEG for research and diagnostic purposes provides
the opportunity to assess the potential of various TMS paradigms for inducing subclinical EEG
abnormalities and epileptiform discharges in particular ( Hui et al., 2019 ; Noda, 2020 ; Tremblay et
al., 2019 ). A literature search for relevant articles published between 2008 and March 2018
identified 173 studies containing EEG recordings concurrent with or immediately following a TMS
session.

The application of single and paired-pulse TMS in healthy subjects as well as patients with various
neurological disorders (including traumatic brain injury, stroke, mild cognitive impairment,



Alzheimer’s disease, myoclonus dystonia and disorders of consciousness) did not result in
subclinical EEG abnormalities. In patients with epilepsy, however, a limited number of studies (
Valentin et al., 2008 ; Kimiskidis et al., 2017 , 2013 ) reported the induction of epileptiform
abnormalities by single and paired-pulse TMS stimuli and delineated the stimulation characteristics
that are associated with this excitatory effect (e.g. the spatial extent of the induced E-field and the
employed stimulation intensity). Accordingly, for patients at particularly high risk of seizures (for
instance, epileptic patients with uncontrolled seizures), continuous EEG monitoring during the TMS
session and careful selection of stimulation parameters is advisable.

As for sp/ppTMS, the application of rTMS with low-frequency, high-frequency and TBS (at least
cTBS) protocols in healthy subjects, neurological and psychiatric patients also did not result in
subclinical EEG abnormalities ( Hui et al., 2019 ; Noda, 2020 ; Tremblay et al., 2019 ). Specifically,
for iTBS, the risk to induce seizures is very low ( Oberman et al., 2011 ). This favorable outcome
probably reflects the fact that these studies were generally performed in line with the 2009 safety
Guidelines.

Recommendations: the risk of rTMS in inducing a seizure is definitely low, even in patient
populations taking drugs acting on the central nervous system, at least with the use of traditional
stimulation parameters and focal coils for which large data sets are available. While this is
reassuring and helpful information for subjects, it remains necessary to be prepared to deal with a
seizure that might arise in any experimental protocol.

Rapid mechanical deformation of the TMS discharging coil produces a transient acoustic artifact
originally reported as greater than 140 dB sound pressure level (SPL) ( Counter and Borg, 1992 ) a
level that exceeds the permissible noise exposure limit for impulsive noises (OSHA 2010, 2014; EU
Directive 2003). More recent measurements have documented peak SPL below but near the 140
dB limit for single pulses: 139 dB (Z-weighted scale) and 136 dB (C-weighted) (Koponen et al.,
2020) as well as 127.6 dB (C) ( Kukke et al., 2017 ). The maximum SPL level during rTMS when the
stimulator is set to 100% output is reported to be 96.5 dB (A-weighted scale, Dhamne et al., 2014 )
and 112 dB(A) (Koponen et al., 2020), which exceed safety thresholds of 80 dB(A) for 3 seconds
and 85 dB(A) for 1 second (ACGIH, 2012; DOD, 2015).

Variations in measured output can be attributed to several factors including the weighting scale of
the sound level meter, type of coil, type and rate of the TMS stimulus, and position and distance of
the coil from the measurement microphone. The transient nature of the acoustic artifact makes
accurate measurement with standard sound level meters difficult and is complicated by averaging
response times that are much longer than the TMS artifact, resulting in underestimation of the
actual level of the peak by as much as 50 dB ( Goetz et al., 2015 ). Moreover, since the TMS coil
typically rests on the head, sound can be conducted through the skull bone and contribute risk
which is not quantified with conventional sound measurements ( Goetz et al., 2015 ; Koponen et al.,
2020).

After exposure to the TMS stimulus, few adult subjects have experienced transient increases in
auditory thresholds (PascualLeone et al., 1993; Loo et al., 2001 ). Permanent small threshold shift
occurred in a single individual whose ear plug slipped out of one ear during stimulation with an
H-coil ( Zangen et al., 2005 ). When hearing protection was used, as in the majority of studies, no
change in hearing sensitivity after TMS has been reported ( Pascual-Leone et al., 1992 ; O’Reardon
et al., 2007 ; Janicak et al., 2008 ). While pure tone hearing sensitivity remained unchanged in a
group of adults immediately after TMS, small declines in otoacoustic emission (OAE) amplitudes
were observed in the ear ipsilateral to the stimulus in the subset of participants for whom ear
protection was less effective ( Tringali et al., 2012 ). This OAE pattern resolved in the subsequent
hour suggesting a temporary effect on the auditory system. While temporary threshold elevation or
reduction of OAE amplitude appears reassuring, it has been shown long term degeneration of
afferent auditory nerve fibers not detected by standard hearing measures ( Kujawa and Liberman,
2009 ).



Factors affecting the amount of sound reaching a patient ear include the number and repetition
frequency of TMS pulses, the type of coil ( Dhamne et al., 2014 ; Koponen et al., 2020), proximity of
coil to the ear, contact of the coil with the head, pulse amplitude setting of the device, the size of the
ear canal and use of hearing protection. Furthermore, adequate fit of foam earplugs may be difficult
for some patients or participants to achieve on their own. Of additional concern is the use of TMS
for groups who may be at greater risk for noise-induced hearing loss. This includes persons who
are being treated with ototoxic medications (aminoglygoside antibiotics and platinum-based
compounds) and current exposure to solvents.

There is a risk of worsening hyperacusis by performing stimulations applied over the auditory
cortex, near the ear, in patients with rTMS indicated for the treatment of tinnitus, especially when
hyperacusis was already present before rTMS ( Lefaucheur et al., 2012 ). More generally,
pre-existing auditory symptoms were found to be possibly aggravated by rTMS applied over the
auditory cortex in 1–2.2% of patients treated for tinnitus or auditory hallucinations ( Muller et al.,
2012 ). Given the relatively poor level of evidence of rTMS efficacy in these two applications (
Lefaucheur et al., 2020 ), this particular use of rTMS should be approached with more caution.

Hearing safety concerns for adults should be addressed by: (i) use of well-fitted and approved
hearing protection (earplugs or ear muffs) by patients, subjects, and TMS operators (see Section
8.2 ); (ii) referral for auditory evaluation of any individual complaining of hearing loss, tinnitus, or
aural fullness following TMS; (iii) individuals with pre-existing noise-induced hearing loss or
concurrent treatment with ototoxic medications (aminoglycosides, cisplatin) should undergo TMS
only after careful consideration of risk/benefit ratio. Temporary hearing threshold shifts do not mean
there has not been permanent damage to the auditory system, and the goal should be to avoid
even temporary hearing changes.

The risk of increased auditory symptoms, although very low,should be considered in patients
treated for tinnitus (or even auditory hallucinations) with hyperacusis present before rTMS
application near the affected ear.

Individuals with cochlear implants should not undergo TMS(see also Section 3.2 ).

The evaluation of the acoustic output of newly developed coilsis needed, and hearing safety studies
should be conducted as indicated by these measures. Because the actual sound level of the TMS
pulse may be underestimated and sound conduction through the skull bone is not captured by
standard sound level meters, it is recommended to consider TMS sound artifact levels as potentially
hazardous to hearing without hearing protection devices.

Hearing safety concerns for children is dealt with in Section 4.4 .

In this section, we will separately deal with cognitive effects described in experimental studies and
those emerging in clinical studies.

This section only concerns cognitive side/AEs, not the effects of TMS in cognitive studies. It should
be underlined that is difficult to quantify all aspects of cognition during TMS: indeed, only the
functions that are specifically measured as changes in performance on neurocognitive tests can be
quantified.

In general, the overall impact of on-line TMS on cognition is disruptive, i.e., a decrease in
performance during or immediately after stimulation, although there are some notable exceptions
where TMS coupled with on-line working memory task performance enhanced working memory
function ( Luber et al., 2013 , 2008 , 2007 ; Luber and Lisanby, 2014 ). The overall effects of TMS
on cognition are generally low to modest, in both health and disease. Within the protocols used in
basic research in healthy participants, the effects of TMS on behavior are generally short-lived (in
the order of minutes), and effect sizes generally low to modest as well. Both in absolute and relative



terms are the effects of TMS on behavioral readouts such as reaction times and error rates, recall
rates, and accuracy very short-lived, and rarely extend the time of stimulation for longer than tens of
minutes when actually assessed.

Systematic assessment of the safety of TMS for cognition is complicated also by an enormous
variance in study designs, small sample sizes and under-reporting of experimental and statistical
details. Moreover, studies in healthy participants, generally do not assess long-term effects (over
hours/days/weeks) of the TMS protocols used, which rarely involve the multiple sessions over
repeated days that are delivered in patients. In light of this, the issues arising from
neuroenhancement studies can be viewed similarly (at least for TMS), where cognitive
enhancement can be defined as “any augmentation of core information processing systems in the
brain, including the mechanisms underlying perception, attention, conceptualization, memory,
reasoning and motor performance” (see Luber and Lisanby, 2014 ). Given the small effect sizes,
enhancement rarely occurs beyond the time immediately during or a short time after TMS, and we
propose that the definition should be expanded by the duration over which this enhancement
occurs (e.g., in our view a change in error rate over a few minutes of testing is not a concern).
Repeated sessions of TMS coupled with on-line task performance can produce enhanced
performance lasting up to 18 hours after the last stimulation, which the authors described as
“extended” ( Luber et al., 2013 ).

A comprehensive assessment of TMS studies showing performance improvements (with >60
studies up to that point) suggests that there is no systematic relationship between the type of
enhancement (e.g., decrease in RT) and the stimulation protocol (single pulse, low/high
frequency/TBS) ( Luber and Lisanby, 2014 ). However, there is scant data to suggest how long
substantial changes in cognition can last: Narayana et al. ( Narayana et al., 2014 ) conducted a
month of training combined with rTMS (6000 pulses, 5 Hz) spread over 4 sessions, that showed
improved motor learning ability.

Lage et al. (2016) reviewed the effects of low-frequency TMS (max 1 Hz) in healthy participants,
without evidence for lasting cognitive improvement nor deterioration. However, occasional
“paradoxical improvement” following 1 Hz rTMS, which scaled with changes in effective connectivity
in the stimulated network, has been described ( Herz et al., 2014 ; Ward et al., 2010 ).

Non-specific effects on cognition might therefore also occur from auditory and somatosensory
stimulation. For example, auditory threshold shifts ( Tringali et al., 2012 ) or mild headaches due to
sensory stimulation and/or coil-induced pain symptoms will likely impact on cognition (attention,
memory) for the duration of these symptoms. Such effects can occur with any stimulation protocol
(TMS/rTMS). However, they are unlikely to pose safety concerns.

The issue is potentially different in clinical applications of rTMS. In this context, more extensive
protocols (with regard to duration and intensity) are used, compared to any studies in healthy
participants. Because these protocols can, in some cases, change the clinical appearance of
patients over weeks if not longer, it is important to consider whether cognitive changes occur. In
fact, given the clinical efficacy of these protocols, at least in some occasions such as major
depression, one should a priori assume that concomitant changes in cognition will occur, and that
these may not necessarily be beneficial. This notion is further emphasised by the fact that most
clinical application target cortical areas (e.g., DLPFC) that have important roles in cognition.

The majority of data come from the use of TMS in depression. Serafini et al. (2015) included 22
studies in a systematic review of rTMS to DLPFC in major depression. An overall trend towards
improvements in the neurocognitive profile was reported, but also negative findings were often
present. This study acknowledged the problem of small samples and limited study designs.
Importantly, in almost all cases, in this area of clinical research, it remains unclear whether the
cognitive changes are a consequence of the primary treatment effects (i.e., reduction in depressive
symptoms), or directly caused by stimulation. Schulze et al. (2016) concluded that after 20 sessions
of 10 Hz rTMS to dorsomedial PFC, no cognitive changes were observed in treatment resistant



depression, apart from what are likely to be incidental changes out of a large battery of behavioural
tests that were administered. A systematic review and meta-analysis of randomized controlled trials
of rTMS to DLPFC (n = 30) concluded that active rTMS was not associated with generalization of
gains across the majority of domains of examined cognitive functioning ( McClintock et al., 2019 ). A
subsequent systematic review by ( Iimori et al., 2019 ) concluded that there was no reliable
evidence for cognitive side effects across 31 randomized controlled studies administering rTMS to
DLPFC in depression, schizophrenia, or Alzheimer’s disease (albeit some pro-cognitive effects on
executive function and attention in depression were found in six studies). Analysis of randomized or
matched-groups, blind, sham-controlled studies (12 studies, 347 participants) on “excitatory” rTMS
applied to left DLPFC in depression found no evidence of rTMS induced effects on executive
functions as age advances.

Recommendations: Across clinical investigations of TMS, the heterogeneity in study design and
patient samples is even larger than those in healthy participants. The paucity of evidence regarding
cognitive side-effects of TMS in healthy subjects is exacerbated by an often untargeted “scanning”
of cognitive changes, e.g., via questionnaires, without sufficient control for either type-1 or type-2
errors. It is strongly recommended that future studies that seek to systematically investigate the
effects of TMS on cognition, including safety and cognitive enhancement, should consider the
following:

Pre-registration of the precise methodology and expected outcomes. For patient studies in
particular, large test batteries are often used, and the impact of rTMS on cognition is then generally
assessed in exploratory analyses, but rarely with sufficient control for type-1 and type-2 errors.
Consequently, there is little consistency across studies. However, it should be noted that concerns
about safety are in light of overall small to modest effects on behaviour and cognition in the first
place.

Studies should distinguish between (potentially) desired effects in which performance improves
(enhancement), and undesired effects in which performance is impaired (impairment). Here, again,
pre-registration should be employed.

Any improvement in a dependent variable (e.g. reaction time, error rate) should be interpreted with
the distinction between genuine improvements, paradoxical improvements, and isolated
improvements, as previously stated ( Bestmann et al., 2015 ; see also Luber and Lisanby, 2014 ).
Similar considerations apply to the assessment of any impairment or enhancement of cognitive
function. Such assessment rarely provides sufficient demonstration of enhancement without
quantifying multiple functions and dependent variables; for example, a decrease in RT cannot
necessarily, sine qua non , be taken as evidence for enhancement or genuine improvement without
demonstration that accuracy is not also affected. Genuine enhancement also requires
demonstration of generalisability to qualify as genuine, and to distinguish it from an isolated
improvement (i.e., the improvement of a specific task that does not extend to tasks requiring the
same or similar cognitive operations) ( Bestmann et al., 2015 ).

Future studies should include follow-up assessments to quantify the longer-lasting impact of TMS
on cognition, in particular in clinical applications in which stimulation is often delivered over days or
weeks.

We conclude at present that TMS does not appear to cause apparent lasting perceptual or cognitive
AEs in healthy subjects.

Research in children poses special ethical as well as technical challenges ( Hameed et al., 2017 ).
From an ethical standpoint, children are considered a protected, special population because they
cannot provide informed consent. Moreover, serious AEs, were they to occur, could affect a child’s
developing nervous system and result in life-long impairments. Finally, from a technical standpoint,
performing research in young children, whose resting thresholds for cortical activation are higher,



may exceed the stimulation intensity capacity of commercial TMS machines. Higher intensity
stimulation could also be linked to increased discomfort and thus poorer cooperation and artifacts
related to motion and muscle activation (Kaye and Rotenberg, 2017).

Despite these issues and challenges, since the last safety assessment in 2009 ( Rossi et al., 2009
), the use of TMS for a variety of physiological and treatment studies in children has continued to
grow and has been recently reviewed ( Allen et al., 2017 ). The published data from more than 100
studies since 2009 includes reports of TMS applied to approximately 2000 children under 18 years.
These include not only case reports but clinical and biomarker studies involving larger groups of
children ( Allen et al., 2017 ; Gilbert et al., 2019 ; Oberman et al., 2014 ; Pedapati et al., 2019 ;
Zewdie et al., 2020 ). Similarly, single-site safety reviews of repetitive TMS in 131 children ( Zewdie
et al., 2020 ) and TBS in 76 children ( Hong et al., 2015 ) have been published. Indications have
varied from severe motor disorders like hemiplegic cerebral palsy to neurodevelopmental disorders
like autism spectrum disorder. Most studies reported no side effects. Those which did reported only
mild, transient side effects such as headache. At present, many IRBs are comfortable with the risk
benefit ratio for sp/ppTMS for biomarker or mapping studies and rTMS for biomarkers or clinical
interventional trials in neurological disorders in children. However, IRB approval of the use of rTMS
for assessments of biomarkers, such as of long-term-depression (LTD)-like and LTP-like cortical
measures, in studies including healthy control children remains more variable.

The vast majority of TMS studies in children continue to be single and paired pulse studies. Serious
AEs have not been reported in these studies, suggesting that these procedures pose minimal risk
and that IRBs should be comfortable approving studies involving healthy children.

A longstanding concern for TMS safety in children is whether special care for hearing protection
would be needed, in part for anatomic reasons, in children. Limited data have been published about
changes in auditory acuity associated with TMS in children. One study reports no change in hearing
in a group of 18 children (aged 2 months-16 years) that did not wear hearing protection (
Collado-Corona et al., 2001 ). Another study of 16 children and young adults found no change in
hearing thresholds after exposure to 1 to 2 sessions of TMS with up to 100% of maximum
stimulator output. This study employed standard single and paired pulse techniques, up to 446
pulses, and children wore earplugs with a 29 dB noise reduction rating ( Kukke et al., 2017 ).

To date, study sample sizes remain too small and TMS scenarios too limited to ensure hearing
safety for pediatric cases. There is a particular concern in young children for which appropriately
sized ear plugs are not available. Additional concerns are that their canal resonance is different
from adults and their smaller head size results in the TMS coil being closer to the ear.

Recommendations: we cautiously conclude that when suitable hearing protection is used,
single-pulse and paired-pulse TMS in pediatrics is safe for children two years and older. For
children younger than two years, data about risk for acoustic injury are not available, and therefore
specialized hearing protection may be required. Also, for children age one year and younger, safety
data are not available, and will have to be obtained. The larger number of children, including
healthy children, now reported to have undergone sp-ppTMS, or rTMS provides reassurance
regarding safety of these techniques.

Pharmacologic interventions for neurologic and psychiatric disease in pregnancy are at times
associated with risk to the fetus. This has prompted a growing interest in noninvasive brain
stimulation as an alternative to pharmacotherapy during pregnancy. While studies specifically
aimed to test TMS safety in pregnancy are absent, the physics of conventional clinical rTMS appear
compatible with pregnancy. A finite element model indicates that the TMS-induced E-field,
generated by a figure-of eight coil adjacent to the DLPFC, approximates 100 mV/m when the
coil-uterus distance was ≥60 cm (Yanamalda et al., 2017). This value is far below the safety
threshold to stimulate myelinated central and peripheral nerves (800 mV/m) stated in the
International Commission on Non-Ionizing Radiation Protection Guidelines ( McRobbie, 2010 ).
Further studies of migraine patients during pregnancy assessed TMS-induced magnetic field safety,



and concluded that single-pulse TMS applied to the occiput generates a magnetic field that
decreases from 0.9 T at 1 cm away from the coil surface to ~11 × 10 −6 T at 46 cm away from the
coil surface—an approximate point where the uterus may reach at full term ( Clarke, 2006 ; Dodick,
2010 ; Knoth et al., 2010 ).

While the E-field electric exposure is close to nil, the major source of risk to the fetus is a
TMS-induced seizure in the mother. Seizures can be induced safely during pregnancy when using
ECT, however in that case the mother is anesthetized, has received a paralytic agent to prevent
movement of the body, and has her respiration supported. Without such safeguards, a seizure
during pregnancy can be a source of complications. Further, it has been shown that reproductive
hormones affect cortical excitability.

Of twelve published reports and trials applying rTMS for depression or other indications during
pregnancy (n = 50 total patients) ( Nahas, 1999 ; Klirova, 2008 ; Zhang et al., 2011 ; Kim, 2011 ,
2019 ; Gahr, 2012 ; Burton et al., 2014; Hizli Sayar, 2014 ; Guerrero Solano and Pacheco, 2017 ;
Ferrao and Silva, 2018 ), the stimulation protocol for the majority of patients (n = 36, 72%) included
high-frequency rTMS, targeting the left DLPFC. In addition, 12 patients (24%) underwent low
frequency stimulation of the right DLPFC, and 2 patients (4%) underwent bilateral stimulation of the
left and right DLPF cortices. Among all stimulation protocols, 58% (29/50) of patients showed
significant improvement (≥50% reduction in symptom severity from baseline). In studies where the
left DLPFC was the single stimulation target, researchers used 5–25 Hz rTMS, and the response
rate was 50% (18/36). In studies where 1 Hz rTMS was delivered to the right DLPFC, 75% of
patients (9/12) were considered treatment responders. Both of the two patients who received
bilateral rTMS therapy responded to the treatment initially, before symptom relapse approximately
two months following rTMS. The reported AEs in the published cases were transient, mild, and
usually limited to scalp pain and mild headache. Singular instances of supine hypotension
syndrome, concentration difficulty, and anxiety were reported, each of which resolved
spontaneously. Adverse event prevalence for left, right, and bilateral DLPFC stimulation were 11%
(4/36), 50% (6/12), and 0% (0/2), respectively.

With respect to long-term effects on the offspring, the data are also limited. However,
encouragingly, 18–62 month-old children (N = 26) born to mothers treated with high-frequency
rTMS for depression during pregnancy did not present with increased perinatal complications and
were within normal limits in both cognitive and motor development comparable to those infants who
were born to mothers with untreated depression ( Kim et al., 2019 ).

Recommendations : from the reports cited above, a cautious conclusion can be made that rTMS is
minimal risk for the mother and child. A logical extension is that spTMS and ppTMS are also
minimal risk procedures in pregnancy. Notably, this assessment is based on data largely with a
figure-of eight coil.

Safety data in pregnancy with the use of the H-coil, or with other neuromodulation technologies are
not yet available. Notably, no AEs related to the fetus or newborn child have been reported.

As it is the first time that Magnetic Seizure Therapy (MST) is addressed in the safety guidelines,
and because it is offered as treatment in few labs around the world, we provide an introduction
regarding definition and therapeutic settings of MST. In contrast to sub-convulsive rTMS, where the
goal is to select parameters to minimize seizure risk, optimal MST dosing involves selecting
parameters more efficient in inducing seizure.

MST refers to the use of TMS to induce seizures deliberately, under anesthesia, for the treatment of
depression or other serious neuropsychiatric conditions ( Lisanby et al., 2003 , 2001a , 2001b ). The
rationale behind MST is that the increased control over site of stimulation permits sparing of brain
regions related to the AEs of ECT, thereby resulting in a safer way of administering seizure therapy
( Lisanby, 2002 ).



MST is given under general anesthesia, therefore it is required that it be performed in a procedure
room equipped with a crash cart and an anesthesia station by a multidisciplinary team including a
psychiatrist (or other physician or nurse practitioner with experience in performing ECT),
anesthesiologist, and nursing staff who monitor the patient during the procedure and during the
immediate post-treatment recovery period until full orientation is regained. Anesthesia for seizure
therapy involves intravenous sedation with a sedative/hypnotic (typically methohexital) followed by
muscular paralysis with a depolarizing neuromuscular blocker (typically succinylcholine) to prevent
musculoskeletal injury from the motor convulsion, and 100% oxygen given via facemask and
manual ventilation during the period of muscular paralysis. Seizure induction and duration are
assessed using two methods: (i) 2-channel frontomastoid scalp EEG, and (ii) motor seizure
expression using a tourniquet on a leg applied prior to the infusion of the muscle relaxant.
Pre-procedure medical evaluation entails the standard pre-ECT workup, including physical
examination, blood and urine lab analysis, pregnancy test, drug screen, electrocardiogram, and
pre-anesthesia evaluation with additional testing as indicated based on comorbid medical illnesses.
Further information about the context and pre-treatment workup for ECT can be found in [APA Task
Force Report on ECT] and at present, it is reasonable to require the same workup for MST.

MST is usually given at 100% of maximal stimulator output, at a frequency of 25–100 Hz, in a single
train lasting up to 10 s. Even at maximal stimulator output intensity, studies using realistic head
modeling of the E-field induced in the brain with MST demonstrate that it is much lower and much
more focal than ECT ( Deng et al., 2013 , 2011 , 2009 , Lee et al., 2017 , 2014 ) which is thought to
underlie its superior side effect profile. Studies have shown that the optimal frequency for inducing
seizure with MST, and with ECT, is actually lower than the frequencies typically used with clinical
ECT (specifically, 18–25 Hz) (Peterchev et al., 2015).

Optimal dosing of MST to maximize therapeutic benefit while minimizing side effects is not known.
Dosage for ECT is typically personalized based on individually titrated seizure threshold to
maximize the risk/benefit ratio of ECT, and this practice has been adopted in many MST studies as
well. Seizure threshold titration entails administering stimuli at successively increasing dosage
every 20 s in the same anesthesia session until a seizure is induced. Subsequent sessions are
given at a specific percentage above seizure threshold, based upon the electrode placement, in the
case of ECT. Optimal dosage above the seizure threshold for specific MST coils is not known at the
time of this writing.

TMS coils differ in their efficiency of seizure induction. In general, less focal and larger coils are
more efficient in inducing seizure (e.g. the twin-coil and double-cone coil) in comparison with the
more focal figure-8 coil ( Lisanby et al., 2001a ). Much of the work has utilized round or double-cone
coils placed on the vertex, which is reported to have a lower seizure threshold than other
placements, such as the midline prefrontal cortex.

Future research should determine the dose-response relationships among dosage relative to
threshold, coil selection, and site of stimulation and risk of side effects with MST. Further research
could also examine whether intensity should be individualized with MST, as it is with TMS
(Peterchev et al., 2015).

Testing in nonhuman primates using modern neuropathological and stereological cell counting
methodology demonstrated the safety of MST, as well as the safety of ECT. Both interventions
lacked neuropathological evidence of tissue damage ( Dwork et al., 2004 ), and both showed no
reductions in the count of neuronal and glial cell ( Dwork et al., 2009 ). Studies using a sensitive
non-human primate model of the neurocognitive effects of ECT demonstrated MST was
significantly safer than ECT and was no different from anesthesia alone sham ( Moscrip et al., 2006
; Spellman et al., 2008 ; McClintock et al., 2013 ). This is an important result because human
studies have typically contrasted MST with ECT with no sham condition. Animal studies also
substantiate that the seizures induced with MST are less robust and differ in their physiological
expression than ECT induced seizures ( Cycowicz et al., 2008 , 2009 , 2018 ).



To date, all work with MST in humans has been in patients with clinical conditions necessitating
ECT, mostly major depressive disorder ( Daskalakis et al., 2020 ; Fitzgerald et al., 2013 ; Kirov et
al., 2008 ; Kosel et al., 2003 ; Lisanby et al., 2003 ; Sun et al., 2016 ), bipolar disorder ( Cretaz et
al., 2015 ; Kayser et al., 2009 ; Tang et al., 2020 ), and to a lesser extent, schizophrenia ( Tang et
al., 2018 ). Furthermore, the demographics of ECT demonstrate that a large proportion of patients
receiving ECT are elderly. These diagnoses and age groups are associated with cognitive changes
at baseline, highlighting the clinical significance of developing a safer alternative to ECT for such
patients to spare cognitive function. Clinical trials with MST demonstrate an excellent safety profile
with minimal to no detectable cognitive side effects ( McClintock et al., 2011 ; Polster et al., 2015 ).
Several of these studies have used randomized double-blinded controlled trials to compare the side
effects of ECT versus MST ( Fitzgerald et al., 2013 ; Kayser et al., 2011 ; Lisanby et al., 2003 ).
These studies have consistently found superiority of MST over ECT in terms of cognitive side
effects.

Experience with MST in schizophrenia is more limited than with mood disorders. Tang et al 2018
reported on a study of 8 patients with treatment resistant schizophrenia who receive up to 24 MST
treatments. Cognitive side effects were evaluated using a neurocognitive test battery assessing
multiple cognitive domains, including tests sensitive to the cognitive effects of schizophrenia, and
most measures showed no change.

Cardiovascular effects are among the leading causes of morbidity and mortality from ECT, which
are rare. Studies suggest that these risks are even lower with MST than with ECT ( White et al.,
2006 ) and that MST induced seizures are less likely to require medications to control
cardiovascular responses, which include bradycardia in response to the parasympathetic surge
seen with subconvulsive stimuli, and tachycardia as well as hypertension in response to the
sympathetic surge following convulsive stimuli ( Rowny et al., 2009 ). Pre-treatment with an
anticholinergic agent (typically atropine 0.4 mg iv) is given when subconvulsive stimuli are
anticipated, such as during a seizure threshold titration procedure.

Serious complications from anesthesia are rare with ECT. Data indicate that given the more focal
nature of MST, it typically requires lower dosages of the paralytic agent to effectively protect the
body, which reduces the time during which respiration needs to be supported until the paralytic
agent has worn off. Given that MST is associated with less amnesia and more rapid return of
orientation, it is even more important that the sedative agent is dosed so that it lasts until the
paralytic agent has worn off. Otherwise, the patient has a risk of regaining consciousness while still
paralyzed, which is a distressing event. Other more common but less serious side effects of
anesthesia include muscle soreness (due to depolarizing neuromuscular blockade), but the degree
of muscle soreness as well as headache and other subjective side effects are reported to be lower
with MST than ECT ( Lisanby et al., 2003 ).

Mania has been reported as a psychiatric complication of ECT, which is a side effect shared with
other effective antidepressant treatments. To date, there are 3 cases of mania reported with MST (
Daskalakis et al., 2020 ), therefore, monitoring for symptoms of mania is recommended.

As described in [APA Task Force on ECT] there are other potential complications of ECT which
have not to date been reported with MST. These include death (extremely rare with ECT and
attributed to a rare complication of general anesthesia), cerebral herniation (attributed to a
pre-existing condition associated with increased intracranial pressure, such as spaceoccupying
lesion), prolonged seizure (aka status epilepticus), postictal agitation, and dental fracture
(secondary to masseter contraction induced by ECT, mitigated through the use of a bite block to
protect the teeth). Masseter contraction is not observed with MST, however use of bite block is
considered an appropriate precaution to protect the teeth and the airway during MST.

The number of patients who have received MST to date is small compared to over 8 decades of
clinical experience with ECT, therefore, low incidence side effects of MST may be as yet unknown.
Given this, being prepared for side effects reported with ECT is medically appropriate.



Although the patient is under anesthesia at the time of the treatment, hearing protection via
earplugs is required during MST just as it is during TMS. In fact, intensities used with MST (usually
100% of maximal stimulator output) are typically higher than those used with subconvulsive
dosages of TMS (which are typically based on individually titrated RMT). Like TMS, MST will induce
electrical eddy currents in metal on or in the head. For this reason, intracranial metal implants, skull
plates, or aneurysm clips are contraindicated. It is also important that the scalp EEG electrodes
used to monitor the seizure must be TMS compatible to avoid scalp burns that have been reported
when TMS is used over traditional EEG electrodes. Given the high intensities, frequencies, and
long train durations used with MST, heating of the stimulating coil may represent a safety issue.
Typically, MST coils are pre-cooled in a refrigerator prior to each use. While coil temperatures can
rise above 40 C, the rate of temperature rise is slow, so as long as the coil is removed from the
head immediately after the stimulation train is delivered, the risk of skin burn is low. To date there is
one report of a superficial scalp burn due to a coil malfunction ( Daskalakis et al., 2020 ).

Most reported work to date with MST is in adults. There is one published case report of MST being
used safely in an adolescent with depression ( Noda et al., 2014 ). The safety of MST in children,
adolescents, and in pregnancy has not been reported to date.

A systematic review of the literature through the database PubMed from March 2008 (last TMS
Safety meeting) to October 2019 was conducted. The following keywords (repetitive TMS) OR
(rTMS) OR (deep TMS) OR (dTMS) OR theta burst) AND (side effect OR AE OR safety[title] OR
seizure[title]) initially identified 199 articles, which were reviewed, and finally 40 relevant papers
were considered. They consisted of: (i) original articles reporting cases of AEs occurred during
rTMS studies in healthy volunteers (n = 3); (ii) original articles reporting cases of AEs occurred
during rTMS therapy trials for neurological (n = 4) or psychiatric (n = 7) indications; (iii) review
papers on safety issues regarding rTMS application in neurology (n = 4), in psychiatry (n = 15)
(mostly on depression, including TBS, dTMS, and accelerated protocols), in children or adolescents
(n = 4), or concerning the use of TBS in general (n = 3).

In this section, we will only analyze the reported SAEs occurred in the context of the treatment of
neurological diseases (including tinnitus) by means of rTMS (or TBS) protocols. In our previous
work (up to 2008) ( Rossi et al., 2009 ), 3 cases had been identified concerning rTMS use in
patients with chronic pain (n = 1) ( Rosa et al., 2006 ), tinnitus (n = 1) ( Nowak et al., 2006 ), and
epilepsy (n = 1) ( Dhuna et al., 1991 ). In the current literature search, 5 patients were identified as
case reports with migraine (n = 1) ( Wang et al., 2018 ), motor stroke (n = 1) (Gómez et al., 2011),
post-stroke pain (n = 1) ( Cogné et al., 2017 ), post-stroke aphasia (n = 2) ( Cogné et al., 2018 ).
Two additional cases of patients with chronic pain ( Picarelli et al., 2010 ; Lee et al., 2012 ) were
found as cited in relevant review articles.

Among these 10 cases, 8 events were seizures and the remaining two cases were the occurrence
of a sudden, uncontrollable and intense thirst during procedures of low-frequency (1 Hz) rTMS
delivered over the right inferior frontal gyrus in patients with post-stroke anomic aphasia ( Cogné et
al., 2018 ). The pathophysiology of this atypical AE is very obscure and will not be discussed
further. In addition, this was not really a SAE, since thirst immediately disappeared in both patients
just after drinking water, without requiring medical intervention and did not lead to any significant
disability or incapacity.

Concerning the 8 cases of seizures, also no sequel and no reoccurrence was reported. However,
predisposing factors were not found in 4 cases. Among the other patients, one had left temporal
epilepsy (although motor seizure occurred after rTMS), one underwent a session of brain mapping
using high-frequency rTMS at 100% RMT two days prior, one had stroke, and one had stroke and
alcohol withdrawal syndrome. In terms of rTMS protocol, the “technical” factors possibly involved in
the 6 seizures produced by 10 Hz-rTMS delivered over M1 (hand representation) were as follows:
(i) a too high intensity of stimulation, i.e. 100–110% RMT ( Rosa et al., 2006 ; Wang et al., 2018 );
(ii) a too short inter-train interval, i.e. 5–10 s. ( Lee et al., 2012 ; Cogné et al., 2017 ); (iii) the use of



an angulated figure-of-8 coil (B70, MagVenture, Farum, Denmark) ( Rosa et al., 2006 ; Picarelli et
al., 2010 ; Gómez et al., 2011). Indeed, the B70 coil is more powerful and activates brain deeper
than the flat B65 figure-of-eight coil ( Kammer et al., 2001 ), which is more widely used in rTMS
practice. The B70 coil is really useful to target deeper cortical structures, such as the representation
of the lower limb or the perineum within M1 and therefore valuable for the treatment of symptoms,
such as pain, affecting these body regions ( Hodaj et al., 2018 ). However, this type of coil may be
less suitable to stimulate more superficial cortical areas, such as the motor cortical representation
of the upper limb.

Regarding the two cases of seizures that occurred after temporal or parietal stimulation ( Dhuna et
al., 1991 ; Nowak et al., 2006 ), a procedure of 15/16 Hz-rTMS was performed at relatively high
intensity (100% MSO or 100% RMT) and using a large (circular) or deep (B70) coil.

Finally, as recently reviewed ( Pereira et al., 2016 ; Chen et al., 2016 ), the risk of AE in epileptic
patients is low.

The traditional multi-session design targeting the DLPFC using high-frequency rTMS is showing
promising results in reducing the behavioral and psychological symptoms in Alzheimer’s Disease
(AD) patients ( Cotelli et al., 2011 ; Ahmed et al., 2012 ; Rutherford et al., 2015 ; Wu et al., 2015 ;
Zhao et al., 2017 ; Dong et al., 2018 ; Cui et al., 2019 ).

Recently, the precuneus has been suggested as another cortical target with potential cognitive
aftereffect because of its importance as an episodic memory hub as well as a major hub node of the
Default Mode Network. Two weeks of precuneus rTMS led to improvements in long-term episodic
memory ( Koch et al., 2018 ). Each daily stimulation session consisted of forty trains of 2 sec
delivered at 20 Hz spaced-out by 28 s of no stimulation (total number of stimuli: 1600). The entire
session lasted approximately 20 min. Intensity of stimulation was set at 100% of the RMT. Notably,
no significant AEs were reported in these studies, irrespective of the DLPFC or precuneus targets.

Another recent approach is based on multi-site, high-frequency rTMS protocols combining the
stimulation with cognitive training. The intervention targets six different brain regions in the same
stimulation session: left and right DLPFC; Broca’s area; Wernicke’s area; left and right inferior
parietal lobule. Daily sessions are applied across three targeted regions, with a total of 1300 rTMS
pulses at 10 Hz in short bursts of 20 pulses. rTMS intensity was set up to a maximum of 110% of
each participant’s RMT. 30 sessions have been shown to have possible beneficial immediate and
long-lasting effects (more than six weeks) on overall cognitive improvement based on evidence
from at least one class II study (Lee et al., 2016) and one class III study (Rabey et al., 2013).
Another recent clinical trial evaluated the efficacy and safety of a 6-week course of daily neuroAD™
therapy with multi-site rTMS combined with cognitive training. Patients with milder form of AD
(ADAS-Cog ≤30) showed a significant benefit favoring active over sham (Sabbagh et al., 2019). In
all these multi-site studies, no major AEs were reported.

In major depressive disorder (MDD), rTMS protocols have been approved as treatment option in
many countries, and other psychiatric disorders are a focus of current research as well ( Lefaucheur
et al., 2020 ). The large body of evidence including thousands of patients in clinical trials led to (i) a
more rapid development of new protocols seeking innovation, (ii) expanding the stimulation
parameter matrix beyond previous limits and (iii) applying rTMS in conditions where depressive
disorders occur as co-morbid entity.

In their recent meta-analysis of 81 studies with 4233 patients, Brunoni et al. (2017) included
accelerated TMS; “deep” (H-coil) TMS; priming TMS, synchronized TMS and TBS in addition to
classical low and high frequency protocols. The different categories do not comprise standardized
protocols, but rather represent a heterogeneous group. Among innovative protocols there has been
a tendency of increasing parameters (i.e., stimulation intensity) towards a putative higher efficacy.
One example is TBS which was first applied at 80% AMT stimulation intensity according to Huang



et al. (2005) . For MDD, pilot application was performed with 80% RMT intensity in a safety study
with healthy subjects ( Grossheinrich et al., 2009 ), and in MDD at 80% RMT with two series of iTBS
with 10 min interval or iTBS followed by cTBS corresponding to the higher number of stimuli of
standard 10 Hz protocols ( Holzer and Padberg, 2010 ; Plewnia et al., 2014 ). More recently, iTBS
has been applied in an accelerated fashion with five sessions per day and 1620 pulses per session
in 54 triplet bursts (2 s. on, 8 s. off) ( Duprat et al., 2016 ) or with a marked higher stimulation
intensity of 120% RMT ( Blumberger et al., 2018 ). In this large randomized non-inferiority trial, rate
and characteristics of AEs in 208 patients undergoing iTBS were not different from those in the 204
undergoing 10 Hz ( Blumberger et al., 2018 ). Though these protocols appeared to be clinically
effective, it cannot be concluded that higher intensity or stimuli numbers are superior to standard
iTBS at 80% RMT or AMT in terms of its risk/benefit ratio, due to the lack of studies investigating
dose response relationships in iTBS. Theoretically, lower intensity protocols may still have
advantageous safety profiles and should also be further investigated.

In comparison with MDD, safety data for other psychiatric disorders are less comprehensive.
However, there is no evidence of a clinically different AE or SAE profile in other disorders including
conditions where rTMS is applied for co-morbid depressive syndromes, e.g. post-stroke depression
where its application has been controversially discussed ( Bucur and Papagno, 2018 ; Deng and
Lisanby, 2017).

The expansion of protocols and putative indications in psychiatry converges with the problem that
psychiatric side effects are difficult to follow across studies. Treatment-emergent mania and new
onset psychotic symptoms (as mentioned in the 2009 guidelines) are still examples of such side
effects occurring within acceptable safety limits for TMS dose. Treatment-emergent mania has
been reported for both low and high frequency rTMS in patients with uni- and bipolar depression (
Xia et al., 2008 ) after stimulation of the left prefrontal cortex. Although single cases suggest a
causal relationship between rTMS and mania, the overall rate (13 cases) across 53 randomized
controlled studies in depression appears to be low (0.84% mania for active rTMS vs. 0.73% for
sham rTMS) and even below natural switch rates in patients with bipolar disorders receiving mood
stabilizers (2.3 to 3.45%)” ( Xia et al., 2008 ). A sub-manic activation syndrome, characterized by
onset or worsening of insomnia, agitation, or anxiety, is not uncommon among depressed patients
receiving daily high-frequency rTMS in naturalistic settings ( Philip et al., 2015 ) and likely accounts
for the majority of cases where concomitant benzodiazepines or hypnotic medications were initiated
as allowed in large regulatory RCTs.

Similarly, cases of rTMS induced psychotic symptoms, agitation, anxiety, insomnia and suicidal
ideation (Zwanzger et al., 2002; Janicak et al., 2008 ) have been reported; however, it is still
unknown whether such AEs are more frequent during rTMS compared to the natural course of the
underlying conditions. Psychotic symptoms and suicidal ideation have been never described in
normal subjects during or after rTMS and there is even some evidence for an antisuicidal effect of
rTMS in MDD ( George et al., 2014 ; Weissman et al., 2018 ). However, when given as an
accelerated schedule of TMS treatments (3 sessions per day for 3 days), active stimulation was
associated with greater patient ratings of anxiety/ irritability over time than sham ( George et al 2014
).

In all the above cases, psychiatric AEs induced by rTMS were transient, with a rapid spontaneous
resolution after TMS cessation or parameters change, or promptly controlled by pharmacological
treatment. Identifying TMS-associated psychiatric AEs and SAEs in samples with neuropsychiatric
disorders is intrinsically challenging and particularly complex when it comes to reporting suicidality,
given controversy that may be generated surrounding reports of suicidal behavior associated with
noninvasive transcranial brain stimulation ( Weintraub et al., 2013 ).

Thus, our recommendations are mainly based on data from large RCTs in psychiatric disorders (n >
100 patients) where rTMS and sham stimulation can be compared in terms of AEs and SAE. An
overview on these studies is shown in Supplemental Material , Table S2 . An exception from active
vs sham comparability is the RCT by Blumberger et al. (2018) , which compared iTBS to standard



10 Hz rTMS, but not sham TMS. However, we have included this study as the data recently led to
approval of the iTBS protocol by the U.S. Food and Drug Administration (FDA). The AE and SAE
rates reported from RCTs indicate categories of side effects and provide an approximation to
identifying TMS specific side effects. In sum, psychiatric SAE occurred at a rate between 1 and 5%,
but their occurrence did not clearly differ between treatment groups. However, psychiatric patients
undergoing rTMS should be clearly informed about the risk of psychiatric side effects which are not
uncommon but relatively minor in severity.

A critical issue is the occurrence of seizures in psychiatric patients, as there are various
predisposing factors, e.g. pharmacotherapy with effects on seizure thresholds, substance
consumption (e.g. alcohol, caffeine), instable behavioral patterns (e.g. agitation, sleep deprivation).
These circumstances may be more relevant when technical parameters are at upper limits based
on protocols or coil designs.

Tendler et al. (2018) recently reported details in 31 seizures and two pseudo-seizures during H1
coil TMS. Twenty-nine seizures occurred in depressed patients, one in a case of schizophrenia,
and one in a case of post-traumatic stress disorder (PTSD). In the majority of cases, patients
received concomitant pharmacological treatment with psychopharmacological agents, mostly in
combination (amitriptyline, aripiprazole, bupropione, citalopram, clomipramine, desvenlafaxine,
duloxetine, escitalopram, fluoxetine, lithium, lurasidone, mianserine, mirtazapine, olanzapine,
sertraline, trazodone, venlafaxine, vortioxetine). The question whether these drugs had a causal
role is difficult to answer, as substances with a comparably higher risk (e.g. clomipramine) were
involved, but also substances whose seizure facilitating potential is usually regarded as negligible (
Steinert and Fröscher, 2018 ).

We recommend that vigilance is warranted if rTMS is applied in patients receiving concomitant
pharmacotherapy with medication that has pro-convulsant properties, although no additional risk
has been documented to date (see Section 2.4 ). We note that in three large RCTs ( O’Reardon et
al., 2007 ; George et al., 2010 ; Levkovitz et al., 2015 ) rTMS was applied as monotherapy; however
in numerous other large RCTs (e.g., Herwig et al., 2007; Carpenter et al 2017 ; Blumberger et al
2018 ), it was adjunctive to psychiatric medications and the observed rate of AEs was not
substantially different. Tendler et al (2018) reported alcohol consumption in six and poor sleep in
two patients who had a seizure during H1 coil rTMS. Patients treated with all TMS coils shapes
should be informed and closely monitored regarding substance intake and behavioral habits,
particularly sleep patterns. Finally, thorough evaluation and reporting of psychiatric AEs/SAEs in
RCTs according to Good Clinical Practice (GCP) criteria by principal investigators of RCTs is
essential, and similar systematic assessment of AE/SAE to benefit rations should be also
introduced in clinical practice.

Data are still needed to characterize the potential adverse or beneficial effects of concurrent
marijuana products (e.g., THC and CBD) during rTMS therapy.

Recommendations: available data indicate no additional risks of major AEs in specific patient
populations so this is not a concern that needs to be taken into account, at least with the protocols
of intervention considered.

As reviewed in other sections of these guidelines, the previous safety tables were overall effective
in preventing seizure occurrence both in healthy volunteers and patient populations. This was the
case despite the fact that they were determined in healthy young subjects, using only figure-8 coils.
Such efficacy of those safety table in preventing seizures may be attributed to the use of M1 as
target of stimulation, that is traditionally considered the most epileptogenic area of the neocortex
after the mesial temporal area (that is deeper and not directly accessible to TMS). In the following
years, no studies explored systematically further combinations of intensity/frequency/number of
pulses and trains/intertrain intervals/ and coil types with the purpose to test their safety in healthy
subjects. This probably happened because the previous tables concerned already the most used
range of parameters in research and clinical settings.



In the last ten years the number of rTMS studies including clinical trials has grown impressively; a
Medline search (October 2019) using “TMS” or “rTMS” or “Transcranial Magnetic Stimulation” as
keywords identified 14,000 papers of which about 1400 included the term “clinical trial”. The
imagination of researchers in designing new combinations of frequency, intensity, train duration,
number of pulses per day, number of sessions day/week, duration of a standard course of therapy,
type of coil, and number and location of brain stimulation sites has been enormous. For these
reasons, it is unrealistic to categorize all these variables into new tables.

Despite such variety, as reviewed for these guidelines, neither seizure occurrence nor other AEs
emerged consistently, thus indicating that whatever the protocol of intervention, the technique can
be considered basically safe. Therefore, we have decided not to provide a formal update of the
previous safety tables, and that, instead, we propose “operational guidelines”. Clearly, the
parameters of stimulation used for MST should not be exceeded. The usual lowest parameters of
stimulation to induce seizures during MST are 100% of maximal stimulator output (at least for these
commercially available devices), frequency of 25 Hz, delivered in a single train lasting up to 10 s.
Therefore, every combination of intensity/frequency/duration of conventional rTMS treatment (when
seizure induction is not the goal) must remain well below this combination of parameters.

Recommendations: we propose that in all clinical trials and scientific studies that use conventional
rTMS protocols, the Principal Investigator (PI) has to: (i) balance the overall risk/benefit ratio of the
proposed intervention, (ii) use neurophysiological monitoring (i.e., emergence of motor twitches
during stimulation) as a warning for increased cortical excitation, in case the combination of
parameters of stimulation exceeds the 2009 safety guidelines, (iii) reconsider the protocol of the
trial if a seizure occurs under these circumstances, and iv) alert the scientifc community through
dedicated scientific Journals about the new possibly unsafe combinations of parameters.

We believe that this strategy should not preclude the development of new protocols, while
respecting a scientific-based safety profile.

The QPS was invented to induce robust LTP/LTD effects in human brain using monophasic
magnetic/electric pulses ( Hamada et al., 2009 , 2008 , 2007 ; Hamada and Ugawa, 2010 ). A
recent review paper has summarized the details of this stimulation method (Matsumoto et al.,
2020). All of those are summarized in Supplemental Material , Table S3 . To our knowledge, more
than 500 normal volunteers and 30 patients with dementia, 30 with Parkinson’s disease, and 10
with epilepsy participated in some QPS experiments. The target stimulation area was mostly the
M1, but the supplementary motor area, premotor cortex, DLPFC and sensory cortex have all been
target areas in a few papers ( Supplemental Material , Table S4 ). Most of them followed the original
stimulation parameters reported by Hamada et al (2008) ; in others, some unprecedented
stimulation parameters were used, such as the intensity of 1.3 times AMT for hand muscles (or 0.9
AMT for tibialis anterior muscle) with 2880 total TMS pulses given in one session, without noticing
AEs.

In addition to the original study group, Simeoni et al. (2016) studied the inter-individual variability of
QPS in normal subjects, and no AEs were noted. One group used QPS for the treatment of
depression ( Nakamura, 2017 ). They stimulated the left DLPFC with QPS5 which gave a beneficial
effect on depression and no AEs.

Based on the above data, we propose the safety guideline for QPS in Supplemental Material ,
Table S3 . We may conclude that QPS with a figure-8-coil is safe in normal subjects.

The majority of TBS papers have used the parameters originally described by Huang et al (50 Hz
bursts of 3 pulses repeated at 5 Hz; stimulus intensity of 80% AMT) ( Huang et al., 2005 ). To the
best of our knowledge, there has only been one seizure reported using these parameters ( Lenoir et
al., 2018 ). The other seizures reported using TBS have used parameters that exceed these levels.



The first seizure was reported by Oberman and Pascual-Leone (2009) in a healthy individual after
cTBS to M1 delivered at an intensity of 100% RMT. Two more seizures (one definite generalised
and one suspected partial) were reported ( Lenoir et al., 2018 ) after cTBS over the right sylvian
fissure using a double cone coil and an intensity of 80% RMT of the tibialis anterior muscle of
healthy individuals. A recent survey of TBS in treatment of psychiatric disease reports no seizures (
Rachid, 2017 ), as does a review of the use of TBS in 165 children aged 6–18 years ( Hong et al.,
2015b ). Perhaps the most extreme parameters are those used by Hanlon et al. (2017) who used 6
trains of cTBS at 110% RMT (separated by 1 min intervals) applied to ventro-medial PFC in cocaine
users or alcohol-dependent volunteers without incident].

As reported in Supplemental Material , Table S5 , parameters of TBS are quite standard among
studies, ranging between 80–100% of RMT, with the exception of two studies ( Hanlon et al.,
2017a, b ) that used TBS applied over the left frontal pole or the medial prefrontal at 110% of RMT
and one study targeting the left DLPFC at 120% of RMT ( Blumberger et al., 2018 ). Based on these
data, it can be concluded that TBS in this range is safe. For future clinical trials exceeding the
parameters of Supplemental Material , Table S5 , the same recommendations suggested in the
paragraph 6.1 should be followed.

PAS protocols are emerging as an experimental method to investigate principles of neural plasticity
in humans based on spike-timing dependent plasticity (STDP) rules elaborated in animal models (
Koch et al., 2013 ). PAS protocols were developed originally by applying a single electrical stimulus
to a peripheral nerve few ms before a TMS pulse delivered to the contralateral M1 ( Stefan et al.,
2000 ). Depending on the interstimulus interval (ISI) “repeated pairing of the stimuli (i.e.,
association) over an extended period may increase or decrease the excitability of corticospinal
projections from hand M1, thereby inducing LTP-like and LTD after effects” ( Wolters et al., 2005 ).
Other similar protocols have been developed in order to apply PAS by targeting the primary motor
leg area. TMS was applied over the motor hot spot of the tibialis anterior muscle (120 pulses at
intensity for eliciting MEPs of about 0.5 mV), paired with the electrical stimulation of the common
peroneal nerve ( Stinear and Hornby, 2005 ; Prior and Stinear, 2006 ). Some PAS protocols used
nociceptive stimuli (intraepidermal electrical or laser stimulation) as conditioning peripheral stimuli
applied at the limb ( Suppa et al., 2013 ; Gavaret et al., 2018 ).

Recent PAS protocols introduced repeated paired-coil focal TMS over different cortical areas to
modify the activity of corticocortical networks: this is called cortico-cortical PAS (ccPAS).
Associative ccPAS of homologous areas of left and right M1 resulted in an ISI-specific long-term
MEP increase in the conditioned M1 ( Koganemaru et al., 2009 ; Rizzo et al., 2009 ). Following
these initial observations, there have been several attempts to modulate cortico-cortical plasticity in
a STDP manner using ccPAS. Novel cc-PAS protocols have been developed to investigate STDP
within different interhemispheric cortical networks, being able to induce bidirectional modulation of
cortical plasticity in the conditioned target area ( Rizzo et al., 2009 ; Arai et al., 2011 ; Koch et al.,
2013 ; Veniero et al., 2013 ; Momi et al., 2019 ; Nord, 2019 ; Romei et al., 2016 ; Santarnecchi et
al., 2018 ; Zibman et al., 2019a ).

Most studies used MEP elicited by TMS over the hand M1 as test stimulus modulated by applying
the conditioning stimulus over a second cortical area. The paired conditioning stimulus usually
precedes or follows the test stimulus by 5–20 ms ( Koch et al., 2013 ). The intensity of conditioning
stimulus is relatively weak, ranging from 90% RMT up to 120% RMT, while the intensity of the test
pulse over M1 is set an intensity sufficient to elicit a 1 mV MEP following a single pulse TMS
(spTMS) (~130% RMT). The number of paired stimuli is relatively low, ranging from 100 up to 200.
The paired pulses are delivered at frequencies ranging from 0.05 Hz up to 1 Hz, with the entire
inducing plasticity protocol lasting between 6 and 30 minutes. The conditioning pulses have been
applied over the contralateral M1 ( Koganemaru et al., 2009 ; Rizzo et al., 2009 , 2011 ), the
premotor cortex ( Buch et al., 2011 ; Johnen et al., 2015 ; Fiori et al., 2018 ), the supplementary
motor area ( Arai et al., 2011 ), the posterior parietal cortex ( Chao et al., 2013 ; Koch et al., 2013 ;
Veniero et al., 2013 ; Ribolsi et al., 2017 ; Di Lorenzo et al., 2018 ). PAS protocols also tested the
effects of afferent volleys to M1 driven by subcortical structures, by applying a conditioning TMS



pulse over the cerebellum ( Lu et al., 2012 ) or by coupling stimulation of the subthalamic nucleus (
Udupa et al., 2016 ) or internal globus pallidus ( Ni et al., 2018 ) with DBS electrodes and TMS over
hand M1. M1 PAS has also been coupled with peripheral laser stimulation (60 stimuli, intensity for 1
mV MEPs at 0.1 Hz) or associated with passive movements achieved by a robotic device, at 1 Hz (
Edwards et al., 2014 ).

While most studies have adopted low-frequencies for cc-PAS stimulation, others developed
rapid-rate cc-PAS of the primary motor and sensory hand area pairing TMS over M1 (600 stimuli at
90% AMT with electric median nerve stimuli at 5 Hz (2 min of stimulation) ( Quartarone et al., 2006 ;
Rizzo et al., 2008 ; Tsang et al., 2015 ). No major AE, including seizure occurrence were reported in
these studies using high frequency PAS.

Other innovative approaches used TMS-EEG as read out in a “silent” cortical area after paired
condition stimulus applied over a second interconnected brain region. For instance, conditioning
stimulations in the posterior parietal cortex (PPC) as well as the contralateral DLPFC, have recently
been paired with DLPFC showing LTPLTD after effects in the DLPFC ( Casula et al., 2016 ;
Ziebman et al., 2018). Alternatively, resting state fMRI can be used to monitor the network effects of
cc-PAS in certain cognitive domains ( Momi et al., 2019 ; Santarnecchi et al., 2018 ). Other studies
explored the effects of cc-PAS in the context of the visual system by measuring changes in the
primary visual cortex after repeated conditioning stimuli applied over the V5 ( Chiappini et al., 2018 ;
Romei et al., 2016 ) or testing visuo-motor integration by coupling peripheral visual stimulation with
TMS applied over M1 ( Suppa et al., 2013 ). cc-PAS has been also tested in the auditory system
either by coupling paired TMS stimuli over the auditory cortex ( Schecklmann et al., 2011 ) or paring
TMS over M1 (200 stimuli, at 120% RMT) with auditory cues ( Sowman et al., 2014 ) or
transauricular electric stimulation of the auditory nerve ( Naro et al., 2015 ).

PAS protocols have also been tested at the spinal cord level. Taylor and Martin (2009) introduced a
new protocol “employing electric peripheral stimulation of the brachial plexus able to elicit
antidromic motor axon activation timed to coincide at the alphamotor neuron with descending
volleys induced by cervicomedullar stimulation (cervical MEPs – cMEPs, in the biceps brachii
muscle)”. The authors applied TMS (50 stimuli adjusted in intensity for producing 1 mV MEPs)
paired at 0.1 Hz with electric stimuli at various ISIs (about 8 min of stimulation). Cortes et al. (2011)
designed a protocol “consisting of TMS given over the M1 hot spot for the soleus muscle (90 stimuli
at 80% RMT) paired with electric stimulation of posterior tibial nerve able to elicit H-reflex from
soleus muscle, at 0.1 Hz (15 min of stimulation)”. Leukel et al. (2012) applied TMS over M1 hot spot
of the soleus muscle (360 stimuli at 100% RMT) paired with electric TN stimulation, at 0.2 Hz and 1
ms ISI (30 min of stimulation).

Only a couple of studies evaluated the effects of repeated sessions of PAS in clinical populations.
Tarri et al. (2018) did not report any majorsideeffectsafter5 days of PAS-targeting the Extensor
Carpi Radialis (ECR) muscle belly of the paretic limb. The intensity of the stimulation was adjusted
to 1.5 times the RMT. Cortical magnetic stimulation was adjusted to obtain an ECR MEP with a
peak-to-peak amplitude of about 1 mV. The ISI between the last pulse of the electrical train and the
TMS was 25 ms. This paired stimulation was applied every 10 s (0.1 Hz) for 30 min. Tolmacheva et
al. (2017) evaluated in a sampleoffivepatientswithspinalcordinjurytheeffectsof16sessions of PAS (at
0.2 Hz) during 4 weeks (5 sessions/week during the initial two weeks and 3 sessions/week
thereafter). The ISI between TMS and peripheral nerve stimulation was determined individually for
each patient based on individual F-response and MEP latencies as described previously. After four
weeks of stimulation and 1-month follow-up, each deficient muscle in the PAS-treated hand
improved by 1 point on average on a 0–5 scale. There were no AEs on autonomic functions. Two
patients reported some discomfort in sitting in the same position during the 2-h session; no seizures
were reported.

Recommendations: In conclusion, with regards to safety, it has to be considered that all the studies
mentioned above were planned to investigate physiological mechanisms of corticocortical plasticity
in healthy subjects or in pathological conditions and thus did not require repeated sessions over



several days in order to reach a clinical effect. Under these circumstances, no major AE, including
seizure occurrence, was reported in both healthy subjects and pathological conditions. Thus, there
should not be any special concern in studies of this type.

Over the past decades, adoption of TMS in basic and translational research and clinical medicine
has grown tremendously and the use of TMS has expanded beyond a few specialized centers into
research laboratories and clinics in the public and private sector. In parallel, the applications of TMS
have continued to grow more diverse, both in terms of the protocols and populations being studied.
This expanded use harbors the risk of declining quality control, less reliable or less effective
application, and potentially unsafe practices. Training guidelines are critical to address testretest
reliability and minimize the risk of less effective and unsafe use. Definition of training guidelines and
of competencies for clinicians prescribing TMS, scientists overseeing research protocols employing
TMS, and technicians applying TMS to research participants or patients, will lead to reduced risk,
improved quality, and higher cross-study compatibility. To this end, the IFCN convened a
committee that generated consensus training guidelines ( Fried et al., 2021 ). These can be
implemented at the individual laboratory or institution, but might also be valuable for governing
bodies and professional societies to develop accreditation guidelines, for medical insurance
agencies, health care systems, medical executive boards, investigational review boards and ethics
committees, funding agencies, and journal editorial boards, to assess competencies and define
minimal standards of quality.

The consensus training guidelines endorsed by the IFCN envision three distinct classes of trainees:
(1) Technicians, (2) Clinicians, and (3) Scientists. The Technician applies TMS to research
participants or patients, monitors their wellbeing, and administers certain outcome assessments
(e.g., depression severity indices). The Clinician establishes the indication, identifies and prescribes
the optimum protocol for a given patient or indication, and supervises the Technician(s). The
Scientist might be the principal investigator (PI) or a key co-investigator responsible for the TMS
protocol in a given research study or clinical trial. The Scientist either performs the study personally
or supervises the Technician (s), and may be distinct from the medically responsible investigator,
who may be more in line with a clinically trained person exerting a clinical supervisory role. For
each class of trainees there are specific sets of core competencies defined (see Fried et al., 2021 ).

Any training regimen should be comprised of three core components: (1) theoretical and didactic
knowledge; (2) hands-on training; (3) observation and supervised practice. The curriculum should
cover three domains: (1) Core knowledge; (2) Safety and ethical concerns; (3) Technical application
and hands-on training, which can be separated into (a) Basic skills and (b) Advanced skills ( Fried
et al., 2021 ).

Common across all types of trainees, training in TMS should begin with a didactic curriculum in the
fundamentals of brain stimulation. The main objective of the Core knowledge topic is to provide a
systematic review and instruction in all major theoretical aspects of TMS. The second topic, Safety
and ethical concerns, should cover all subject matter related to the safe and ethical practice of TMS
in the clinic or laboratory. This provides trainees with the knowledge and resources to conduct
human subjects research (or animal research, where appropriate) with the utmost protections and
in accordance with all international, national, regional, and institutional regulations. For the Basic
Skills competencies, training should be structured, hands-on instruction in the core TMS
techniques, followed by observations of these techniques performed by a skilled technician, then
practice of these techniques under the supervision of a skilled technician, and finally assessment of
competency by some objective measure. Examples of Basic Skills competencies are: (1) basic
device operation and setting parameters for subsequent stimulation; (2) proper coil handling,
including placement (location, orientation, angulation) of the coil on the participant’s scalp, returning
to a chosen site, and maintaining chosen coil position and orientation over a given stimulation
session (with or without neuronavigation); (3) identification of the motor hotspot and definition of a
non-motor target location; and (4) assessment of RMT and AMT) according to the IFCN guidelines
and procedures. Once a trainee has mastered these core skills, they can easily be adapted to other
TMS protocols (e.g., ppTMS, repetitive/patterned TMS, etc.). The Advanced skills topic should



cover such more specialized TMS protocols that may not be necessary for all trainees to learn.
Therefore, it may be up to individual laboratories, clinics, or institutions to design or require training
of such skills.

Structured evaluation is important for the assessment and documentation that each individual
trainee has acquired the material and mastered the various techniques. Assessments may take the
form of testing (e.g., multiple-choice quizzes) for didactic knowledge, but for most practical skills
assessment might be based on the principles of “see x, do y, and test z”. For instance, a trainee
might observe 5 sessions, do 5 sessions with supervision, and then be tested in a final test session.
Recently, a TMS phantom has been developed for both practice and then testing of these motor
threshold finding skills ( Finetto et al., 2019 ). As with any education program, there is no
one-size-fits-all approach. The IFCN endorsed consensus training guidelines ( Fried et al., 2021 )
should therefore serve as a common framework around which to build a training and assessment
program to suit the individual needs for each clinic or laboratory.

A final important consideration should be given to the question of qualifications for those who offer
and oversee the training. Industry/company-dependent workshops focus on training in the proper
use on their specific systems. While this is important, training in TMS should provide competencies
beyond the correct utilization of a specific given stimulation device. Attainment of competences
should be unbiased and independent from the manufacturers or other financial interests and
requires criteria and evaluation of the trainers themselves. Therefore, academic
(industry-independent) training programs and courses are most relevant. Trainers should be
Clinicians or Scientists with several years of experience and good command of the methods and
required competencies, as well as experience in training and mentoring. In certain circumstances, it
may be appropriate for a highly experienced Technician with extensive hands-on experience to
come into the role of trainer (e.g., for hands-on demonstration of a technique).

As an important introduction, it is worth noting that there are no specific reports of AEs of TMS in
operators. Safety issues are seldom addressed for operators, despite their being exposed to
magnetic fields for several hours daily, even for years. Guidelines for occupational levels of
exposure to electromagnetic fields have been proposed and updated by the International
Commission on Non-Ionizing Radiation Protection (see ICNIRP, 2003, 2017) and by Directives from
the European Parliament (directive 2004/40/ EC, directive 2013/35/EU). These directives “introduce
Exposure Limit Values for workers and also Action Values (magnitude of electromagnetic field
which is directly measurable)”. In contrast, long term effects have not been addressed because
these are out of the scope of the directives. Occupational exposure to magnetic fields has been
measured for MRI units ( Riches et al., 2007 ). These exposure values are one hundred times
below the recommended limits (Bradley et al., 2007), with the exception of interventional
procedures ( Hill et al., 2005 ; Riches et al., 2007 ). Regarding rapidly time varying magnetic fields,
as those of TMS/rTMS, one study took into account the MagPro machine (Medtronic), MC-B70
figure-8 coil, 5 Hz frequency, and stimulus intensity of 60–80% of the maximal stimulator output (
Karlström et al., 2006 ): exposure limit values for the magnetic field pulses were transgressed at a
distance of about 0.7 m from the surface of the coil. Recently, using the same equipment (magnetic
stimulator and coil), stimulation parameters, and methods of measurement, Møllerløkken et al
(2017) reported that the distance needed from the coil to avoid magnetic field exposure exceeding
these limit values is 40 cm. These observations warrant further research to characterize the limiting
distance to the coil according to: (i) the type of TMS machine and coil; (ii) the frequency/intensity of
stimulation and (iii) the total exposure time. Furthermore, the potential risk of long-term AEs for
rTMS operators due to daily close exposure (even to weak electromagnetic fields), repeated for
months or even years, is a still open issue that should be addressed in the future. In the absence of
these data, the following recommendation can be put forward:

Using a finite element method full-body model, (Yanamadala et al., 2019) extended their
observations on the fetal exposure to TMS-induced electric field to the case of a pregnant woman
acting as operator. When the distance uterus-stimulating coil was 60 cm, the extimated induced
current peak electric field throughout the fetal volume was far below the value recommended by



ICNIRP 2010 to avoid stimulation of both central and peripheral myelinated fibres.

The sound waveforms of seven different figure-of-eight coils with high bandwidth has been
recorded (Koponen et al., 2020). The data showed that during high frequency (>1 Hz) rTMS, the
sound can reach or even exceed the standard exposure limits at distances relevant for operators
holding a coil, whereas the airborne sound from lower rate rTMS and spTMS was below these
exposure limits. According to these findings, hearing protection (earplugs or earmuffs) is
recommended not only for subjects undergoing TMS ( Section 3.2 ), but also for operators who
manually hold a coil during high-frequency rTMS.

An emerging potential risk for both the operator and the patient, when in close contact, is
human-to-human Transmission of infectious diseases, particularly respiratory infections, and there
would be an advantage for robot-guided TMS to minimize such contact. This issue was not
discussed at the Consensus Conference but has emerged as important since; a detailed and timely
discussion on this topic can be found in a recent review ( Bikson et al., 2020 ).

Recommendation: the presence of the operators in proximity (i.e., less than 40 cm) of the magnetic
coil during prolonged stimulation sessions should be minimized. The use of ear plugs or earmuffs is
mandatory for operators.

This section covers ethical aspects of performing TMS in healthy subjects and in patients. As in
medical research in general, acceptable risks and burdens differ depending on the scenario. We
differentiate between basic (nontherapeutic research), therapeutic research in patients, and
therapeutic applications in medical care.

Non-therapeutic applications cover everything which does not have potential medical benefits for
the study participant, either because the study participant is healthy or, if performed on persons with
neuropsychiatric or medical disorders, because the intervention is not intended to be of therapeutic
or diagnostic value for the individual. Research on cognitive enhancement in healthy subjects may
also be classified here. The risk for permanent harm should be minimal in nontherapeutic research
in healthy humans. Participants usually get financial compensation for participation. Remuneration
may also compensate for burden (e.g. discomfort, pain, time spent in research), but should not be
intended to compensate for risks, although limited, of permanent health damage.

Nontherapeutic research may not be acceptable in vulnerable populations or may be acceptable in
vulnerable populations only if the study is considered to have risk of minimal harm and/or minimal
risk. There is no clear operational definition of minimal risk and minimal burden but looking at
analogies from current literature on medical ethics usually facilitates classification. For instance,
MRI scans are usually considered minimal risk and minimal burden but would not be thus classified
when the scan procedure also requires anesthesia. The risk and burden from venipuncture (with an
existing but very low risk of SAE) may be classified as minimal in many but not all countries. Given
the accumulated safety data from rTMS experience to date, some research protocols may qualify
for minimal risk/minimal burden status based on local IRB or ethics board review, while others may
not.

Therapeutic research includes studies on interventions aiming to prevent or cure a disease or to
alleviate symptoms of a disease. This includes diagnostic research with potential benefits of the
studied diagnostic procedures for the participants. Study participants have some chance for
individual benefits. In placebo-controlled trials, some portion of participants have a chance to
benefit from the active intervention, but empirical research has shown that those allocated to
inactive treatment arms may also benefit to some extent, e.g. from the placebo effect and/or
intensified monitoring and care. Acceptable risks and burdens in therapeutic neuromodulation
research depend on the burden and the risk of the disease and on the anticipated benefits. New
and experimental treatment interventions are typically conducted if approved therapies are
inadequate or unacceptable, or if there are no approved therapies.



Review and approval of a proposed therapeutic research study by an IRB or ethics committee
provides a mechanism to ensure that the safety and welfare of human subjects are adequately
protected. Requirements for evidence of adequate training, reporting of AEs, and long-term
follow-up assessments are examples of steps often required by IRBs or ethics committees who
oversee research studies.

This category includes interventions intended to cure a disease or to alleviate or prevent symptoms
but not aiming to study the effects of the intervention in a scientific fashion. Data from
standard-of-care therapeutic clinical rTMS application may later be analyzed retrospectively to
generate findings and insights that contribute to generalizable knowledge. However, a prospective
plan for nonstandard clinical care with a TMS device is considered therapeutic research, and as
such must comply with various research regulations. Which rTMS procedures comprise standard of
care may be defined by the medical device or product labeling, professional guild or expert
consensus guidelines, or by other widely accepted authoritative sources. Depending on
countryspecific regulations and on the quality and strength of published evidence for safety and
efficacy, some off-label applications of rTMS may be acceptable. Acceptability of off-label,
experimental, or nonstandard neuromodulation interventions is often evaluated through
consideration of available treatment alternatives and by peer-reviewed data suggesting possible
benefits and the associated safety profile.

Clinicians not performing research also have an ethical obligation to describe relevant risks and
benefits of a nonstandard therapeutic procedure, and to obtain written informed consent from
patients who will undergo a TMS procedure for therapeutic purposes. Disclosure to the patient of a
plan to use a nonstandard rTMS protocol is a critical element of the informed consent process.

In basic, nontherapeutic research with TMS, factors which may produce any additional risk should
be avoided not only for safety reasons, but also for scientific reasons to reduce scatter and bias. A
history of epilepsy or intracranial ferromagnetic metal implants are typically exclusionary but not
absolutely contraindicated. Depending on the specific condition under scrutiny, one or more factors
that heighten risks associated with rTMS may be acceptable if adequate precautions are taken.

In most therapeutic research studies and in therapeutic application of rTMS in clinical care settings,
the presence of any condition resulting in a significantly increased risk should be allowed only if
there are no acceptable therapeutic alternatives or when special precautions are in place to reduce
known risks.

In early phases of new treatment development research, however, it may be necessary to include
participants whose conditions confer heightened risk. Precautions to mitigate seizure risk may
include heightened levels of participant screening, neurophysiological monitoring during the
stimulation, use of a supportive medical setting for procedures, and/or the presence of medical
professionals or other clinical experts.

Persons who are members of vulnerable subgroups should not be excluded from participation in
research involving innovative therapies nor from receiving them in clinical care settings. However,
for some subgroups (e.g. prisoners, minors, pregnant women, persons unable to give informed
consent) country-specific legal regulations or medical device labeling may prohibit or otherwise limit
participation in TMS research. The potential risks and benefits of treatment with rTMS should be
weighed against the risks associated with alternative treatments and against the risks associated
with lack of treatment in vulnerable populations. Special considerations are needed for research in
pregnant women because AEs associated with treatments may in some instances cause harm not
only to the mother but also to the unborn child, however, in certain cases (e.g., a pregnant woman
with severe depression) the risks may be justified.

When nontherapeutic research is deemed acceptable in children, application of a rTMS protocol
should be performed only after the method has been sufficiently studied in adults to establish



safety. Nontherapeutic rTMS research in children may not be acceptable if administration of
narcotic or sedative drugs is required to perform the procedure. Although the legal distinction for
minors is defined as younger than or older than the legal age (e.g. 18 years, or in some cases 21
years), ethically the criteria for inclusion of children may differ if they have reached an age (typically
about 12–14 years, if otherwise healthy with normal development) where they are able to
understand the procedures and to express their own will.

Acceptability of research in samples with significant decisional impairment due the presence of
neuropsychiatric disorders varies across countries and when acceptable these TMS studies may
require additional steps to ensure proper informed consent. Consent “partners” are sometimes
required for studies in patients selected on the basis of dementia or severe cognitive deficits, and
consent “tools” (e.g., videos or single-page summary descriptions of research procedures with a
“teach-back” interview) may be used to facilitate participant understanding of the main risks and
potential benefits.

As presented in another section, according to best current evidence, risk of seizures induced by
TMS is about <0.03%. Even if a seizure occurs, in current TMS practice such a seizure has never
been resulted in any permanent damage. Seizure, if induced by rTMS, occurs only during the
application of stimulation. Beyond studies conducted specifically in patients with epilepsy, there has
been no reported incidence of rTMS-associated seizure that had onset within hours or days after
the stimulation procedure concluded. Therapeutic research involving application of rTMS to clinical
samples where seizure risk is inherently heightened (e.g., alcohol or drug use disorders, stroke or
traumatic brain injury, persons taking medications that lower seizure threshold) may carry relatively
greater risk and thus require special evaluation of potential risks and benefits. The ethics in these
studies must also consider the relative risks of requiring discontinuation of certain medications or
alterations to ongoing treatments, which may on the one hand serve to diminish seizure risk but at
the same time introduce other unacceptable risks (e.g., withdrawing antidepressants from
depressed patients could be associated with increase in suicidality, administration of anticonvulsant
agents may compromise cognitive function or confer other side effects). In summary, depending on
the specific study protocol and the participant characteristics, the risk of TMS may or may not be
considered minimal.

Use and settings of different types of TMS in research and for clinical applications have been
defined in Table 7 of Rossi et al. (2009) and are still operationally valid. The type of qualification
required for doing TMS research or applying TMS in clinical settings is defined in Fried et al. (2021)
. In the two following paragraphs, we summarize basic requirements for research and clinical use of
TMS:

Consistent with the protections for human subjects in research studies, TMS research should be
conducted under a research protocol that is approved by an IRB or other relevant research ethics
committee. Informed consent should be obtained by an individual listed on the research protocol
who is authorized to obtain informed consent. The research protocol will specify the level of risk, the
risk benefit ratio, and the roles of each member of the study team who will be involved in the
delivery of TMS. It will also specify the degree of medical supervision required based on the
anticipated risks of the specific protocol.

Consistent with the standards of the practice of medicine, decisions about prescribing the
therapeutic use of TMS for the treatment of a clinical disorder outside of the research context
should always be made by an adequately trained physician, and informed consent for the
therapeutic use of TMS should be obtained by a physician. TMS may be delivered by the physician
or by an appropriately trained individual operating under the supervision of the physician. TMS
should be delivered in a context where anticipated side effects may be appropriately managed.

In research and therapeutic settings, participants and patients have always to be informed about all
possible AEs, although the present review shows that generally TMS is safe with most of the
currently applied protocols and that there are no demonstrated permanent AEs from TMS.



However, lack of reported AEs does not mean that there are no AEs possible, given the rapidly
developing nature of the field, so researchers and clinicians using TMS must remain vigilant for
eventual unexpected and still unknown risks. Although investigators and TMS medical device
industry sponsors have put extensive efforts into collecting safety data, our knowledge base
remains limited to the relatively low number of large studies and paucity of long term follow up data.
Use of TMS devices that do not conform to regulatory guidelines may confer more risk.

As required by the declaration of Helsinki in its current version, every interventional TMS study
should be registered (prior to enrolling the first participant) in a publicly available database.
Negative outcomes should be reported in publicly available databases or published in regular
scientific journals. Standardized reporting modalities and forms should be used by TMS
researchers to allow a more valid summary of the observed worldwide safety. Standardized
classifications ( Table 1 ) should be used to record and report AEs.

Follow up of all SAEs with possible causality to the research procedures is typically required. A
definitive assessment of causality is often not possible for AEs. In addition to seizures, other AEs
such as cognitive change, syncope, and suicidality should trigger reporting, even when relationship
of the events to TMS is not certain

An emerging ethical aspect is neuroenhancement that refers to the possibility of inducing a
supernormal “improvement” of brain activity with TMS. The term “neuroenhancement” refers to any
augmentation of core information processing systems in the brain of healthy subjects, apart from
natural training, including the neural mechanisms underlying attention, conceptualization,
perception, reasoning, memory and motor performance.

Pharmacological neuroenhancement is well recognized in the scientific community, in terms of use
of substances with the purpose of cognitive enhancement (e.g., of concentration, vigilance, mood or
memory). Among devices, TMS has also been proposed as neuroenhancer, although it is obviously
less exposed to an anarchic, unregulated use as compared to other non invasive brain stimulation
(NIBS) techniques such as low-intensity TES, which can be performed at home without any medical
supervision.

Below, we outline relevant considerations for the use of NIBS techniques [also indicated as NTBS
(non-invasive transcranial brain stimulation)] for neuroenhancement, but point out that to this date,
the overall cognitive impact of NIBS is at best weak to moderate, and generally short-lasting, thus
providing a logical barrier to concerns about neuroenhancement.

Theories behind a potential for neuroenhancement include the following mechanisms:

Balance effect. These effects are based on the model of the inter-hemispheric rivalry that would
take place between homologous areas. Inter-hemispheric balance effects have been hypothesized
to account for the paradoxical enhancement of ipsilateral motor function, lateralized verbal memory
and language abilities and ipsilateral visuospatial attention, when using brain stimulation to
suppress activity in specific cortical regions.

Entrainment theory. This theory is based on the relationships between oscillatory activity in brain
networks and specific functions. According to this notion, if this link is causal, then external rhythmic
stimulation mimicking endogenous brain oscillations might have an effect by entraining the brain’s
natural state.

Stochastic resonance. This refers to the notion that injecting subthreshold noise into a system can
serve to enhance signal detection.

Single or repetitive TMS studies targeting dicrete brain areas have suggested an improvement of
various cognitive functions, even in healthy subjects: (i) DLPFC: planning and deceptive abilities,



risk-taking/impulsivity, attention, logical reasoning (ii) inferior Frontal Cortex: deceptive abilities and
attention; (iii) PPC: attention; (iv) M1: motor control; (v) temporoparietal junction: working memory.
This kind of “brain doping” obviously raises numerous ethical and social concerns, that should be
necessarily addressed in future research centered on safety considerations.

Ethical implications and compensatory trade-offs on applying these technologies for
neuroenhancement requires careful scrutiny both for adults and children. For the latter,
compensatory tradeoffs associated with NIBS posit a big challenge, insofar as these trade-offs
have the effect of limiting the child’s future options. The distinction between “treatment” and
“enhancement” can be blurry, and making enhancement into a treatment requires a major change
in thinking. The idea of neuroenhancement creates considerable uncertainty in weighing of the
benefits, risks, and costs as well as the appropriateness of the parents as proxy decision makers.
Given the limited evidence for a real long-lasting cognitive benefit of NIBS effects in normal
individuals, the need to protect the child’s (future) autonomy looms larger. NIBS for enhancement
involving trade-offs should therefore be delayed, at least until the child reaches a state of maturity
and can make an informed, personal decision. Expert-based opinions of specific Scientific Societies
might play an important role in governing these issues worldwide, and dedicated research is
needed. The IFCN has made a public statement (quoted in Wurzman et al., 2016 ) that, as a
minimum, NIBS should not be undertaken as “do-it-yourself” but only under medical supervision.

The meeting was supported by the International Federation of Clinical Neurophysiology (IFCN).
Authors are grateful to representatives of EBNeuro, Magstim, Magventure, Rogue Research and
Rogue Resolution for additional meeting support and fruitful discussions: these are included in the
authorship as “study group”. Authors are grateful to Dr. Sara Romanella for manuscript editing. Drs.
Wassermann and Hallett are supported by the NINDS Intramural Program.

Conflicts of interests (related to TMS devices) in the last three years

Andrea Antal has received speaker’s and consultat’s honoraria from NeurCare, Munich and Savir
GmbH, Magdeburg.

Marom Bikson has equity in Soterix Medical, is inventor on patents on brain stimulation, and
consults or receives grants from Boston Scientific, Mecta, Halo Neuroscience, X, and GSK.

Linda Carpenter has received grants or donated equipment for clinical research from Janssen,
Affect Neuro, Neuronetics, Nexstim, and Neosync. She has been a paid consultant for Magstim,
Neuronetics, Affect Neuo, Sage Therapeutics, and Neurolief.

Jeff Daskalakis has received research and equipment in-kind support for an investigator-initiated
study through Brainsway Inc and Magventure Inc

Mark George has been Consultant (unpaid), received Research Grant or donated equipment for
research trials by Brainsway, Magstim, Neuronetics, NeoSync

Michael Fox has intellectual property on using brain connectivity to guide TMS

Risto Ilmoniemi is founder, minority shareholder and advisor of Nexstim Plc.

Sarah Lisanby is co-inventor on a patent for TMS coil design, with no revenues. She has received
equipment support from Magstim and Magventure.

Mark Hallett may accrue on US Patent #7407478 (Issued: August 5, 2008): Coil for Magnetic
Stimulation and methods for using the same (H-coil); in relation to the latter, he has received
license fee payments from the NIH (from Brainsway) for licensing of this patent. He is on the
Medical Advisory Boards of CALA Health and Brainsway.



Frank Padberg is a member of the European Scientific Advisory Board of Brainsway Inc.,
Jerusalem, Israel, and has received speaker’s honoraria from Mag&More GmbH, Munich, and
neuroCare, Munich. His lab has received support with equipment from Brainsway Inc., Mag&More
GmbH and neuroCare.

Alvaro Pascual-Leone currently serves, or has served in the past three years, on the scientific
advisory boards for Neosync, Neuronix, Starlab Neuroscience, Neuroelectrics, Magstim Inc.,
Axilum Robotics, and Nexstim; and is listed as an inventor on several issued and pending patents
on the real-time integration of transcranial magnetic stimulation with electroencephalography and
magnetic resonance imaging.

Walter Paulus Is member of the scientific advisory board of Precisis AG

Angel Peterchev is inventor on patents and patent applications related to TMS. In the past 3 years
he has received travel support as well as patent royalties from Rogue Research related to
controllable pulse parameter TMS; research and travel support, consulting fees, as well as
equipment donation from Tal Medical / Neurex related to low-field magnetic stimulation; patent
application and research support from Magstim related to TMS; TMS equipment loans and
hardware donations from Magventure; and expert witness compensation from Neuronetics.

Simone Rossi Is holder of a patent for a sham coil (REMP coil) and consultant for EB-Neuro and
Neurocare Group Italy.

Alexander Rotenberg has received research support by Brainsway and Nextim

Emiliano Santarnecchi is consultant for Neuroelectrics and Neurocare Group Italy

Hartwig Roman Siebner has received honoraria as speaker from Sanofi Genzyme, Denmark and
Novartis, Denmark, as consultant from Sanofi Genzyme, Denmark and as editor-in-chief
(Neuroimage Clinical) and senior editor (NeuroImage) from Elsevier Publishers, Amsterdam, The
Netherlands. He has received royalties as book editor from Springer Publishers, Stuttgart, Germany
and Gyldendahl, Copenhagen, Denmark.

Abraham Zangen is one of the co-inventors of deep cortical TMS H-coils, serves as a scientific
consultant for Brainsway and has financial interest in Brainsway.

Ulf Ziemann has the following patents: SMARTCOIL (EEGElectrodes and logic integrated with TMS
Coil for EEG-triggered stimulation, PCT/EP2016/070499). He is a project leader in an ERC synergy
grant “Connecting to the Networks of the Human Brain” (Acronym: ConnectToBrain, Grant Nr.
810377).

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.clinph.2020.10.003 .

The paper is part of the activity of the IFCN Special Interest Group on Non-Invasive Brain
Stimulation.

The views expressed are the authors’ own and do not necessarily represent the views of the
National Institutes of Health or the United States Government.



21671144 10.1007/s00415-011-6128-4 Allen CH , Kluger BM , Buard I . Safety of transcranial
magnetic stimulation in children: A systematic review of the literature . Pediatr Neurol 2017 ; 68 : 3
– 17 . 10.1016/j.pediatrneurol.2016.12.009 . 28216033 PMC5346461 Allen EA , Pasley BN , Duong
T , Freeman RD . Transcranial magnetic stimulation elicits coupled neural and hemodynamic
consequences . Science 2007 ; 317 : 1918 – 21 . 17901333 10.1126/science.1146426
Alonso-Alonso M , Chang B , Press DZ , Rotenberg A , Pascual-Leone A . Commentary on Kratz et
Al “seizure in a nonpredisposed individual induced by single-pulse transcranial magnetic
stimulation” . J ECT 2011 ; 27 : 176 – 7 . 21602643 10.1097/YCT.0b013e3181e6336e Alper K ,
Schwartz KA , Kolts RL , Khan A . Seizure incidence in psychopharmacological clinical trials: an
analysis of Food and Drug Administration (FDA) summary basis of approval reports . Biol
Psychiatry 2007 ; 62 : 345 – 54 . 10.1016/j.biopsych.2006.09.023 . 17223086 Antal A , Kincses TZ ,
Nitsche MA , Bartfai O , Demmer I , Sommer M , Pulse configuration-dependent effects of repetitive
transcranial magnetic stimulation on visual perception . Neuroreport 2002 ; 13 : 2229 – 33 .
12488802 10.1097/00001756-200212030-00013 Antal A , Lang N , Boros K , Nitsche M , Siebner
HR , Paulus W . Homeostatic metaplasticity of the motor cortex is altered during headache-free
intervals in migraine with aura . Cereb Cortex 2008 ; 18 : 2701 – 5 . 10.1093/cercor/bhn032 .
18372292 Antal A , Paulus W . Transcranial alternating current stimulation (tACS) . Front Hum
Neurosci 2013 ; 7 : 317 . 23825454 10.3389/fnhum.2013.00317 PMC3695369 Arai N ,
Müller-Dahlhaus F , Murakami T , Bliem B , Lu MK , Ugawa Y , Ziemann U . Statedependent and
timing-dependent bidirectional associative plasticity in the human SMA-M1 network . J Neurosci
2011 ; 31 :15376–83. 10.1523/JNEUROSCI.2271-11.2011 . PMC6703519 22031883 Arai N ,
Okabe S , Furubayashi T , Mochizuki H , Iwata NK , Hanajima R . Differences in after-effect
between monophasic and biphasic high-frequency rTMS of the human motor cortex . Clin
Neurophysiol 2007 ; 118 : 2227 – 33 . 17765606 10.1016/j.clinph.2007.07.006 Arai N , Okabe S ,
Furubayashi T , Terao Y , Yuasa K , Ugawa Y . Comparison between short train, monophasic and
biphasic repetitive transcranial magnetic stimulation (rTMS) of the human motor cortex . Clin
Neurophysiol 2005 ; 116 : 605 – 13 . 15721074 10.1016/j.clinph.2004.09.020 Avirame K , Stehberg
J , Todder D . Benefits of deep Transcranial Magnetic Stimulation in Alzheimer disease: case series
. J ECT 2016 ; 32 : 127 – 33 . 26669743 10.1097/YCT.0000000000000286 Ayache SS , Ahdab R ,
Chalah MA , Farhat WH , Mylius V , Goujon C , Sorel M , Lefaucheur JP . Analgesic effects of
navigated motor cortex rTMS in patients with chronic neuropathic pain . Eur J Pain 2016 ; 20 : 1413
– 22 . 27061948 10.1002/ejp.864 Bagati D , Mittal S , Praharaj SK , Sarcar M , Kakra M , Kumar P .
Repetitive Transcranial magnetic stimulation safely administered after seizure . J ECT 2012 ; 28 :
60 – 1 . 22343584 10.1097/YCT.0b013e318221f9b1 Balamurugan E , Aggarwal M , Lamba A ,
Dang N , Tripathi M . Perceived trigger factors of seizures in persons with epilepsy . Seizure 2013 ;
22 : 743 – 7 . 10.1016/j.seizure.2013.05.018 . 23806632 Barker AT . An introduction to the basic
principles of magnetic nerve stimulation . J Clin Neurophysiol 1991 ; 8 : 26 – 37 . 2019648
10.1097/00004691-199101000-00005 Barker AT , Garnham CW , Freeston IL . Magnetic nerve
stimulation: the effect of waveform on efficiency, determination of neural membrane time constants
and the measurement of stimulator output . Electroencephalogr Clin Neurophysiol Suppl 1991 ; 43 :
227 – 37 . 1773760 Bashir S , Edwards D , Pascual-Leone A . Neuronavigation increases the
physiologic and behavioral effects of low-frequency rTMS of primary motor cortex in healthy
subjects . Brain Topogr 2011 ; 24 : 54 – 64 . 21076861 10.1007/s10548-010-0165-7 PMC3589808
Bergmann TO , Groppa S , Seeger M , Mölle M , Marshall L , Siebner HR . Acute changes in motor
cortical excitability during slow oscillatory and constant anodal transcranial direct current stimulation
. J Neurophysiol 2009 ; 102 : 2303 – 11 . 10.1152/jn.00437.2009 . 19692511 Bestmann S , de
Berker AO , Bonaiuto J . Understanding the behavioural consequences of noninvasive brain
stimulation . Trends Cogn Sci 2015 ; 19 : 13 – 20 . 10.1016/j.tics.2014.10.003 . 25467129
Bestmann S , Feredoes E . Combined neurostimulation and neuroimaging in cognitive
neuroscience: past, present, and future . Ann N Y Acad Sci 2013 ; 1296 : 11 – 30 .
10.1111/nyas.12110 . 23631540 PMC3760762 Bestmann S , Ruff CC , Blankenburg F , Weiskopf
N , Driver J , Rothwell JC . Mapping causal interregional influences with concurrent TMS-fMRI . Exp
Brain Res 2008 ; 191 : 383 – 402 . 10.1007/s00221-008-1601-8 . 18936922 Bhatti M , Dorriz P ,
Mehndiratta P . Impact of Psychotropic drugs on Seizure threshold . Neurology 2017 ; 88 ( 16
Supplement). P6.311. Bikson M , Brunoni AR , Charvet LE , Clark VP , Cohen LG , Deng ZD , Rigor
and reproducibility in research with transcranial electrical stimulation: an NIMHsponsored workshop
. Brain Stimul 2018 ; 11 : 465 – 80 . 29398575 10.1016/j.brs.2017.12.008 PMC5997279 Bikson M ,



Hanlon CA , Woods AJ , Gillick BT , Charvet L , Lamm C , Guidelines for TMS/tES clinical services
and research through the COVID-19 pandemic . Brain Stimul 2020 ; 13 : 1124 – 49 .
10.1016/j.brs.2020.05.010 . 32413554 PMC7217075 Bloechliger M , Ceschi A , Rüegg S , Jick SS ,
Meier CR , Bodmer M . Lifestyle factors, psychiatric and neurologic comorbidities, and drug use
associated with incident seizures among adult patients with depression: a population-based nested
case-control study . Eur J Epidemiol 2016 ; 31 : 1113 – 22 . 10.1007/s10654-016-0156-4 .
27147064 Blumberger DM , Maller JJ , Thomson L , Mulsant BH , Rajji TK , Maher M , Brown PE ,
Downar J , Vila-Rodriguez F , Fitzgerald PB , Daskalakis ZJ . Unilateral and bilateral MRI-targeted
repetitive transcranial magnetic stimulation for treatmentresistant depression: a randomized
controlled study . J Psychiatry Neurosci JPN 2016 ; 41 : E58 – 66 . 10.1503/jpn.150265 . 27269205
PMC4915938 Blumberger DM , Vila-Rodriguez F , Thorpe KE , Feffer K , Noda Y , Giacobbe P .
Effectiveness of theta burst versus high-frequency repetitive transcranial magnetic stimulation in
patients with depression (THREE-D): a randomised non-inferiority trial . Lancet 2018 ; 391 : 1683 –
92 . 29726344 10.1016/S0140-6736(18)30295-2 Bocci T , Vannini B , Torzini A , Mazzatenta A ,
Vergari M , Cogiamanian F , Priori A , Sartucci F . Cathodal transcutaneous spinal direct current
stimulation (tsDCS) improves motor unit recruitment in healthy subjects . Neurosci Lett 2014 ; 578 :
75 – 9 . 10.1016/j.neulet.2014.06.037 . 24970753 Boes AD , Stern AP , Bernstein M , Hooker JE ,
Connor A , Press DZ , Pascual-Leone A . Hcoil repetitive transcranial magnetic stimulation induced
seizure in an adult with major depression: a case report . Brain Stimul 2016 ; 9 : 632 – 3 . 27160470
10.1016/j.brs.2016.04.013 PMC5592734 Bolton PF , Carcani-Rathwell I , Hutton J , Goode S ,
Howlin P , Rutter M . Epilepsy in autism: features and correlates . Br J Psychiatry J Ment Sci 2011 ;
198 : 289 – 94 . 10.1192/bjp.bp.109.076877 . PMC3065774 21972278 Brix G , Seebass M , Hellwig
G , Griebel J . Estimation of heat transfer and temperature rise in partial-body regions during MR
procedures: an analytical approach with respect to safety considerations . Magn Reson Imaging
2002 ; 20 . 10.1016/s0730-725x(02)00483-6 11973031 Brunoni AR , Chaimani A , Moffa AH ,
Razza LB , Gattaz WF , Daskalakis ZJ , Carvalho AF . Repetitive transcranial magnetic stimulation
for the acute treatment of major depressive episodes: a systematic review with network
meta-analysis . JAMA Psychiatry 2017 ; 74 : 143 – 52 . 10.1001/jamapsychiatry.2016.3644 .
28030740 Buch ER , Johnen VM , Nelissen N , O’Shea J , Rushworth MF . Noninvasive associative
plasticity induction in a corticocortical pathway of the human brain . J Neurosci 2011 ; 31
:17669–79. 10.1523/JNEUROSCI.1513-11.2011 . PMC6623800 22131427 Bucur M , Papagno C .
A systematic review of noninvasive brain stimulation for poststroke depression . J Affect Disord
2018 ; 238 : 69 – 78 . 29860185 10.1016/j.jad.2018.05.026 Capone F , Dileone M , Profice P ,
Pilato F , Musumeci G , Minicuci G . Does exposure to extremely low frequency magnetic fields
produce functional changes in human brain? . J Neural Transm 2009 ; 116 : 257 – 65 . 19189041
10.1007/s00702-009-0184-2 Carmi L , Alyagon U , Barnea-Ygael N , Zohar J , Dar R , Zangen A .
Clinical and electrophysiological outcomes of deep TMS over the medial prefrontal and anterior
cingulate cortices in OCD patients . Brain Stimul. Basic Transl Clin Res Neuromodulation 2018 ; 11
: 158 – 65 . 10.1016/j.brs.2017.09.004 28927961 Carpenter LL , Aaronson ST , Clarke GN ,
Holtzheimer PE , Johnson CW , McDonald WM . rTMS with a two-coil array: safety and efficacy for
treatment resistant major depressive disorder . Brain Stimul 2017 ; 10 : 926 – 33 . 28642024
10.1016/j.brs.2017.06.003 Carrasco-Lopez C , Soto-Leon V , Cespedes V , Profice P , Strange BA ,
Foffani G . Static magnetic field stimulation over parietal cortex enhances somatosensory detection
in humans . J Neurosci 2017 ; 37 : 3840 – 7 . 28280254 10.1523/JNEUROSCI.2123-16.2017
PMC6596712 Casula EP , Pellicciari MC , Picazio S , Caltagirone C , Koch G .
Spike-timing-dependent plasticity in the human dorso-lateral prefrontal cortex . Neuroimage 2016 ;
143 : 204 – 13 . 10.1016/j.neuroimage.2016.08.060 . 27591116 Casula EP , Rocchi L , Hannah R ,
Rothwell JC . Effects of pulse width, waveform and current direction in the cortex: a combined
cTMS-EEG study . Brain Stimul 2018 ; 11 : 1063 – 70 . 29709505 10.1016/j.brs.2018.04.015
Caulfield KA , Bernstein MH , Stern AP , Pascual-Leone A , Press DZ , Fox MD . Antidepressant
effect of low-frequency right-sided rTMS in two patients with left frontal stroke . Brain Stimul 2017 ;
10 : 150 – 1 . 28104083 10.1016/j.brs.2016.10.002 PMC5627970 Cervigni M , Onesti E , Ceccanti
M , Gori MC , Tartaglia G , Campagna G . Repetitive transcranial magnetic stimulation for chronic
neuropathic pain in patients with bladder pain syndrome/interstitial cystitis . Neurourol Urodyn 2018
; 37 : 2678 – 87 . 29797500 10.1002/nau.23718 Chaieb L , Antal A , Paulus W . Transcranial
alternating current stimulation in the low kHz range increases motor cortex excitability . Restor
Neurol Neurosci 2011 ; 29 : 167 – 75 . 21586823 10.3233/RNN-2011-0589 Chaieb L , Antal A ,



Pisoni A , Saiote C , Opitz A , Ambrus GG . Safety of 5 kHz tACS . Brain Stimul 2014 ; 7 : 92 – 6 .
24064065 10.1016/j.brs.2013.08.004 Chameh HM , Janahmadi M , Semnanian S , Shojaei A ,
Mirnajafi-Zadeh J . Effect of low frequency repetitive transcranial magnetic stimulation on
kindling-induced changes in electrophysiological properties of rat CA1 pyramidal neurons . Brain
Res 2015 ; 1606 : 34 – 43 . 25721786 10.1016/j.brainres.2015.02.023 Chao CC , Karabanov AN ,
Paine R , Campos A , Kukke SN , Wu T , Hallett M . Induction of motor associative plasticity in the
posterior parietal cortex–primary motor network . Cereb Cortex 2013 ; 25 : 365 – 73 .
10.1093/cercor/bht230 . 23968834 PMC4303801 Chen R , Gerloff C , Classen J , Wassermann EM
, Hallett M , Cohen LG . Safety Of Different inter-train intervals for repetitive transcranial magnetic
stimulation and recommendations for safe ranges of stimulation parameters . Electroencephalogr
Clin Neurophysiol 1997 ; 105 : 415 – 21 . 9448642 10.1016/s0924-980x(97)00036-2 Chen R ,
Spencer DC , Weston J , Nolan SJ . Transcranial magnetic stimulation for the treatment of epilepsy
. Cochrane Database Syst Rev 2016 . 10.1002/14651858.CD011025.pub2 . 27513825 Chiappini E
, Silvanto J , Hibbard PB , Avenanti A , Romei V . Strengthening functionally specific neural
pathways with transcranial brain stimulation . Curr Biol 2018 ; 28 : 735 – 6 .
10.1016/j.cub.2018.05.083 . 29990453 Chieffo R , De Prezzo S , Houdayer E , Nuara A , Di Maggio
G , Coppi E . Deep repetitive transcranial magnetic stimulation with H-coil on lower limb motor
function in chronic stroke: a pilot study . Arch Phys Med Rehabil 2014 ; 95 : 1141 – 7 . 24625546
10.1016/j.apmr.2014.02.019 Chiramberro M , Lindberg N , Isometsa E , Kahkonen S , Appelberg B
. Repetitive Transcranial magnetic stimulation induced seizures in an adolescent patient with major
depression: a case report . Brain Stimul 2013 ; 6 : 830 – 1 . 10.1016/j.brs.2013.02.003 23518261
Ciampi de Andrade D , Galhardoni R , Pinto LF , Lancelotti R , Rosi J Jr , Marcolin MA , Teixeira MJ
. Into the island: a new technique of non-invasive cortical stimulation of the insula . Neurophysiol
Clin 2012 ; 42 : 363 – 8 . 23181966 10.1016/j.neucli.2012.08.003 Clarke BM . Transcranial
magnetic stimulation for migraine: clinical effects . J Headache Pain 2006 ; 7 : 341 – 6 . 17058041
10.1007/s10194-006-0329-8 PMC3468174 Chou YH , Ton That V , Chen AY , Sundman M , Huang
YZ . TMS-induced seizure cases stratified by population, stimulation protocol, and stimulation site:
A systematic literature search . Clin Neurophysiol 2020 ; 131 ( 5 ): 1019 – 20 .
10.1016/j.clinph.2020.02.008 . 32193163 PMC7646466 Cogné M , Aupy J , Gil-Jardiné C , Glize B .
Thirst induced by low frequency right hemisphere focal rTMS . Brain Stimul 2018 ; 11 : 623 – 4 .
29311014 10.1016/j.brs.2017.12.012 Cogné M , Gil-Jardiné C , Joseph P-A , Guehl D , Glize B .
Seizure induced by repetitive transcranial magnetic stimulation for central pain: Adapted guidelines
for poststroke patients . Brain Stimul 2017 ; 10 : 862 – 4 . 28359831 10.1016/j.brs.2017.03.010
Cogne M , Gil-Jardine C , Joseph PA , Guehl D , Glize B . Seizure Induced By Repetitive
transcranial magnetic stimulation for central pain: adapted guidelines for poststroke patients . Brain
Stimul 2017 ; 10 : 862 – 4 . 28359831 10.1016/j.brs.2017.03.010 Cohen OS , Orlev Y , Yahalom G ,
Amiaz R , Nitsan Z , Ephraty L . Repetitive deep transcranial magnetic stimulation for motor
symptoms in Parkinson’s disease: a feasibility study . Clin Neurol Neurosurg 2016 ; 140 : 73 – 8 .
26658034 10.1016/j.clineuro.2015.11.017 Collado-Corona MA , Mora-Magaña I , Cordero GL ,
Toral-Martiñón R , ShkurovichZaslavsky M , Ruiz-Garcia M , González-Astiazarán A . Transcranial
magnetic stimulation and acoustic trauma or hearing loss in children . Neurol Res 2001 ; 23 : 343 –
6 . 10.1179/016164101101198532 . 11428513 Cook IA , Wilson AC , Corlier J , Leuchter AF . Brain
activity and clinical outcomes in adults with depression treated with synchronized transcranial
magnetic stimulation: an exploratory study . Neuromodulation 2019 ; 22 : 894 – 7 .
10.1111/ner.12914 . 30637862 Coppi E , Ferrari L , Nuara A , Chieffo R , Houdayer E , Ambrosi A .
71. Repetitive Transcranial Magnetic Stimulation (rTMS) applied with H-coil in Alzheimer’s disease:
a placebo-controlled, double-blind, pilot study . Clin Neurophysiol 2016 ; 127 : e148 – 9 . Cortes M ,
Thickbroom GW , Valls-Sole J , Pascual-Leone A , Edwards DJ . Spinal associative stimulation: a
non-invasive stimulation paradigm to modulate spinal excitability . Clin Neurophysiol 2011 ; 122 :
2254 – 9 . 10.1016/j.clinph.2011.02.038 . 21524606 PMC3538079 Cosentino G , Fierro B ,
Paladino P , Talamanca S , Vigneri S , Palermo A , Giglia G , Brighina F . Transcranial direct
current stimulation preconditioning modulates the effect of high-frequency repetitive transcranial
magnetic stimulation in the human motor cortex . Eur J Neurosci 2012 ; 35 : 119 – 24 .
10.1111/j.1460-9568.2011.07939.x . 22211744 Cotelli M , Calabria M , Manenti R , Rosini S ,
Zanetti O , Cappa SF . Improved language performance in Alzheimer disease following brain
stimulation . J Neurol Neurosurg Psychiatry 2011 ; 82 : 794 – 7 . 20574108
10.1136/jnnp.2009.197848 Counter SA , Borg E . Analysis of the coil generated impulse noise in



extracranial magnetic stimulation . Electroencephalogr Clin Neurophysiol 1992 ; 85 : 280 – 8 .
10.1016/0168-5597(92)90117-t . 1380916 Cretaz E , Brunoni AR , Lafer B . Magnetic seizure
therapy for unipolar and bipolar depression: a systematic review . Neural Plast 2015 ; 2015
:521398. 10.1155/2015/521398 . PMC4444586 26075100 Cui H , Ren R , Lin G , Zou Y , Jiang L ,
Wei Z . Repetitive transcranial magnetic stimulation induced hypoconnectivity within the default
mode network yields cognitive improvements in amnestic mild cognitive impairment: a randomized
controlled study . JAD 2019 ; 69 ( 4 ): 1137 – 51 . 31127779 10.3233/JAD-181296 Cullen KR ,
Jasberg S , Nelson B , Klimes-Dougan B , Lim KO , Croarkin PE . Seizure induced by deep
transcranial magnetic stimulation in an adolescent with depression . J Child Adolesc
Psychopharmacol 2016 ; 26 : 637 – 41 . 27447245 10.1089/cap.2016.0070 PMC5118961 Cycowicz
YM , Luber B , Spellman T , Lisanby SH . Neurophysiological characterization of high-dose
magnetic seizure therapy: comparisons with electroconvulsive shock and cognitive outcomes . J
ECT 2009 ; 25 : 157 – 64 . 19300292 10.1097/YCT.0b013e31818dd40a Cycowicz YM , Luber B ,
Spellman T , Lisanby SH . Differential neurophysiological effects of magnetic seizure therapy (MST)
and electroconvulsive shock (ECS) in non-human primates . Clin EEG Neurosci 2008 ; 39 : 144 – 9
. 18751564 10.1177/155005940803900309 Cycowicz YM , Rowny SB , Luber B , Lisanby SH .
Differences in seizure expression between magnetic seizure therapy and electroconvulsive shock .
J ECT 2018 ; 34 : 95 – 103 . 29240021 10.1097/YCT.0000000000000470 Daskalakis ZJ , Dimitrova
J , McClintock SM , Sun Y , Voineskos D , Rajji TK , Goldbloom DS , Wong AHC , Knyahnytska Y ,
Mulsant BH , Downar J , Fitzgerald PB , Blumberger DM . Magnetic seizure therapy (MST) for
major depressive disorder . Neuropsychopharmacol 2020 ; 45 : 276 – 82 .
10.1038/s41386-019-0515-4 . PMC6901571 31486777 de Sauvage RC , Lagroye I , Billaudel B ,
Veyret B . Evaluation of the potential genotoxic effects of rTMS on the rat brain and current density
mapping . Neurophysiol 2008 ; 119 : 482 – 91 . 10.1016/j.clinph.2007.09.137 . 18063407 de Weijer
AD , Sommer IEC , Bakker EJ , Bloemendaal M , Bakker CJG , Klomp DWJ , Bestmann S ,
Neggers SFW . A setup for administering TMS to medial and lateral cortical areas during
whole-brain FMRI recording . J Clin Neurophysiol 2014 ; 31 : 474 – 87 . 25271688
10.1097/WNP.0000000000000075 Delanty N , Vaughan CJ , French JA . Medical causes of
seizures . Lancet 1998 ; 352 : 383 – 90 . 10.1016/S0140-6736(98)02158-8 . 9717943 Deng ZD ,
Lisanby SH . Electric field characteristics of low-field synchronized transcranial magnetic stimulation
(sTMS) . In: 39th annual international conference of the IEEE engineering in medicine and biology
society (EMBC) . p. 1445 – 8 . 10.1109/EMBC.2017.8037106 29060150 Deng ZD , Lisanby SH ,
Peterchev AV . Coil design considerations for deep transcranial magnetic stimulation . Clin
Neurophysiol 2014 ; 125 : 1202 – 12 . 24411523 10.1016/j.clinph.2013.11.038 PMC4020988 Deng
ZD , Lisanby SH , Peterchev AV . Electric field depth-focality tradeoff in transcranial magnetic
stimulation: Simulation comparison of 50 coil designs . Brain Stimul 2013 ; 6 : 1 – 13 . 22483681
10.1016/j.brs.2012.02.005 PMC3568257 Deng ZD , Lisanby SH , Peterchev AV . Electric field
strength and focality in electroconvulsive therapy and magnetic seizure therapy: a finite element
simulation study . J Neural Eng 2011 ; 8 :016007. 10.1088/17412560/8/1/016007 . PMC3903509
21248385 Deng ZD , Lisanby SH , Peterchev AV . Transcranial magnetic stimulation in the
presence of deep brain stimulation implants: Induced electrode currents . Conf Proc IEEE Eng Med
Biol Soc 2010b ; 2010 : 6821 – 4 . 10.1109/IEMBS.2010.5625958 21095849 Deng ZD , Lisanby SH
, Peterchev AV . Effect of anatomical variability on neural stimulation strength and focality in
electroconvulsive therapy (ECT) and magnetic seizure therapy (MST . Conf Proc IEEE Eng Med
Biol Soc 2009 ; 2009 : 682 – 8 . 10.1109/IEMBS.2009.5334091 19964484 Deykin EY , MacMahon
B . The incidence of seizures among children with autistic symptoms . Am J Psychiatry 1979 ; 136 :
1310 – 2 . 10.1176/ajp.136.10.1310 . 484727 Dhamne SC , Kothare RS , Yu C , Hsieh TH ,
Anastasio EM , Oberman L , Pascual-Leone A , Rotenberg A . A measure of acoustic noise
generated from transcranial magnetic stimulation coils . Brain Stimul 2014 ; 7 : 432 – 4 .
10.1016/j.brs.2014.01.056 . 24582370 Dhuna A , Gates J , Pascual-Leone A . Transcranial
magnetic stimulation in patients with epilepsy . Neurology 1991 ; 41 : 1067 – 71 . 2067635
10.1212/wnl.41.7.1067 Di Lazzaro V , Rothwell JC . Corticospinal activity evoked and modulated by
noninvasive stimulation of the intact human motor cortex . J Physiol 2014 ; 592 : 4115 – 28 .
10.1113/jphysiol.2014.274316 . 25172954 PMC4215763 Di Lorenzo F , Ponzo V , Motta C , Bonnì
S , Picazio S , Caltagirone C , Koch G . Impaired Spike Timing Dependent Cortico-Cortical Plasticity
in Alzheimer’s Disease Patients . J Alzheimers Dis Preprint 2018 ; 1 – 9 . 10.3233/JAD180503 .
30372679 Dileone M , Mordillo-Mateos L , Oliviero A , Foffani G . Long-lasting effects of



transcranial static magnetic field stimulation on motor cortex excitability . Brain Stimul 2018 ; 11 :
676 – 88 . 10.1016/j.brs.2018.02.005 . Epub 2018 Feb 7. 29500043 Dinur-Klein L , Dannon P ,
Hadar A , Rosenberg O , Roth Y , Kotler M . Smoking cessation induced by deep repetitive
transcranial magnetic stimulation of the prefrontal and insular cortices: a prospective, randomized
controlled trial . Biol Psychiatry 2014 ; 76 : 742 – 9 . 25038985 10.1016/j.biopsych.2014.05.020
Dodick DW . Transcranial magnetic stimulation for migraine: a safety review . Headache 2010 ; 50 :
1153 – 63 . 20553334 10.1111/j.1526-4610.2010.01697.x Doeltgen SH , McAllister SM , Ridding
MC . Simultaneous application of slowoscillation transcranial direct current stimulation and theta
burst stimulation prolongs continuous theta burst stimulation-induced suppression of corticomotor
excitability in humans . Eur J Neurosci 2012 ; 36 : 2661 – 8 . 10.1111/j.1460-9568.2012.08181.x .
22697254 Dong X , Yan L , Huang L , Guan X , Dong C , Tao H . Repetitive transcranial magnetic
stimulation for the treatment of Alzheimer’s disease: A systematic review and meta-analysis of
randomized controlled trials . PLoS ONE 2018 ; 13 . 10.1371/journal.pone.0205704 e0205704.
PMC6185837 30312319 D’Ostilio K , Goetz SM , Hannah R , Ciocca M , Chieffo R , Chen JC .
Effect of coil orientation on strength-duration time constant and I-wave activation with controllable
pulse parameter transcranial magnetic stimulation . Clin Neurophysiol 2016 ; 127 : 675 – 83 .
26077634 10.1016/j.clinph.2015.05.017 PMC4727502 Drysdale AT , Grosenick L , Downar J ,
Dunlop K , Mansouri F , Meng Y , Fetcho RN , Zebley B , Oathes DJ , Etkin A , Schatzberg AF ,
Sudheimer K , Keller J , Mayberg HS , Gunning FM , Alexopoulos GS , Fox MD , Pascual-Leone A ,
Voss HU , Casey BJ , Dubin MJ , Liston C . Resting-state connectivity biomarkers define
neurophysiological subtypes of depression . Nat Med 2017 ; 23 : 28 – 38 . 27918562
10.1038/nm.4246 PMC5624035 Dubin MJ , Liston C , Avissar MA , llieva I , Gunning FM .
Network-guided transcranial magnetic stimulation for depression . Curr Behav Neurosci Rep . 2017
; 4 : 70 – 7 . 10.1007/s40473-017-0108-7 . 28316903 PMC5351807 Dufor T , Grehl S , Tang AD ,
Doulazmi M , Traoré M , Debray N , Dubacq C , Deng Z-D , Mariani J , Lohof AM , Sherrard RM .
Neural circuit repair by low-intensity magnetic stimulation requires cellular magnetoreceptors and
specific stimulation patterns . Sci Adv 2019 ; 5 :eaav9847. 10.1126/sciadv.aav9847 . PMC6821463
31692960 Dunlop K , Gaprielian P , Blumberger D , Daskalakis ZJ , Kennedy SH , Giacobbe P .
MRIguided dmPFC-rTMS as a Treatment for Treatment-resistant Major Depressive Disorder . J Vis
Exp 2015 ; 102 . 10.3791/53129 e53129. PMC4692428 26327307 Duprat R , Desmyter SRR ,
Heeringen K , Abbeele D , Tandt H , Bakic J , Accelerated intermittent theta burst stimulation
treatment in medication-resistant major depression: a fast road to remission? . J Affect Disord 2016
; 200 : 6 – 14 . 27107779 10.1016/j.jad.2016.04.015 Dwork AJ , Arango V , Underwood M , Ilievski
B , Rosoklija G , Sackeim HA , Lisanby SH . Absence of histological lesions in primate models of
ECT and magnetic seizure therapy . Am J Psychiatry 2004 ; 161 : 576 – 8 . 14992989
10.1176/appi.ajp.161.3.576 Dwork AJ , Christensen JR , Larsen KB , Scalia J , Underwood MD ,
Arango V , Pakkenberg B , Lisanby SH . Unaltered neuronal and glial counts in animal models of
magnetic seizure therapy and electroconvulsive therapy . Neuroscience 2009 ; 164 : 1557 – 64 .
19782728 10.1016/j.neuroscience.2009.09.051 PMC2784087 Edwards DJ , Dipietro L ,
Demirtas-Tatlidede A , Medeiros AH , Thickbroom GW , Mastaglia FL , Pascual-Leone A .
Movement-generated afference paired with transcranial magnetic stimulation: an associative
stimulation paradigm . J Neuroengineering Rehabil 2014 ; 11 : 31 . 10.1186/1743-0003-1131 .
PMC3975847 24597619 Enticott PG , Kennedy HA , Zangen A , Fitzgerald PB . Deep repetitive
transcranial magnetic stimulation associated with improved social functioning in a young woman
with an autism spectrum disorder . J ECT 2011 ; 27 : 41 – 3 . 20966773
10.1097/YCT.0b013e3181f07948 Fernandez L , Major BP , Teo WP , Byrne LK , Enticott PG .
Assessing cerebellar brain inhibition (CBI) via transcranial magnetic stimulation (TMS): A
systematic review . Neurosci Biobehav Rev 2018 ; 86 : 176 – 206 . 29208533
10.1016/j.neubiorev.2017.11.018 Ferrao YA , Silva RMF . Repetitive transcranial magnetic
stimulation for the treatment of major depression during pregnancy . Rev Bras Psiquiatr 2018 ; 40 :
227 – 8 . 29846468 10.1590/1516-4446-2017-2522 PMC6900775 Feurra M , Bianco G ,
Santarnecchi E , DelTesta M , Rossi A , Rossi S . Frequencydependent tuning of the human motor
system induced by transcranial oscillatory potentials . J Neurosci 2011 ; 31 :12165–70.
10.1523/JNEUROSCI.0978-11.2011 . PMC6623220 21865459 Feurra M , Pasqualetti P , Bianco G
, Santarnecchi E , Rossi A , Rossi S . State-dependent effects of transcranial oscillatory currents on
the motor system: what you think matters . J Neurosci 2013 ; 33 :17483–9.
10.1523/JNEUROSCI.1414-13.2013 . PMC6618358 24174681 Finetto C , Glusman C , Doolittle J ,



George MS . Presenting ERIK, the TMS phantom: A novel device for training and testing operators .
Brain Stimul 2019 ; 12 : 1095 – 7 . 10.1016/j.brs.2019.04.015 . 31103454 PMC7173619 Finke M ,
Fadini T , Kantelhardt S , Giese A , Matthaus L , Schweikard A . Brain-mapping using robotized
TMS . Conf Proc IEEE 2008 ; 2008 : 3929 – 32 . 10.1109/IEMBS.2008.4650069 19163572 Fiori F ,
Chiappini E , Avenanti A . Enhanced action performance following TMS manipulation of associative
plasticity in ventral premotor-motor pathway . NeuroImage 2018 ; 183 : 847 – 58 .
10.1016/j.neuroimage.2018.09.002 . 30193973 Fitzgerald PB , Hoy K , McQueen S , Maller JJ ,
Herring S , Segrave R , Bailey M , Been G , Kulkarni J , Daskalakis ZJ . A randomized trial of rTMS
targeted with MRI based neuro-navigation in treatment-resistant depression .
Neuropsychopharmacology 2009 ; 34 : 1255 – 62 . 19145228 10.1038/npp.2008.233 Fitzgerald PB
, Hoy KE , Herring SE , Clinton AM , Downey G , Daskalakis ZJ . Pilot study of the clinical and
cognitive effects of high-frequency magnetic seizure therapy in major depressive disorder . Depress
Anxiety 2013 ; 30 : 129 – 36 . 23080404 10.1002/da.22005 Fox MD , Halko MA , Eldaief MC ,
Pascual-Leone A . Measuring and manipulating brain connectivity with resting state functional
connectivity magnetic resonance imaging (fcMRI) and transcranial magnetic stimulation .
NeuroImage 2012 ; 62 : 2232 – 43 . 22465297 10.1016/j.neuroimage.2012.03.035 PMC3518426
Fox MD , Liu H , Pascual-Leone A . Identification of reproducible individualized targets for treatment
of depression with TMS based on intrinsic connectivity . Neuroimage 2013 ; 66 : 151 – 60 .
23142067 10.1016/j.neuroimage.2012.10.082 PMC3594474 Fried PJ , Santarnecchi E , Antal A ,
Bartres-Faz D , Bestmann S , Carpenter L , Celnik P , Edwards D , Farzan F , Fecteau S , George
MS , He B , Kim YH , Leocani L , Lisanby SH , Loo C , Luber B , Nitsche MA , Paulus W , Rossi S ,
Rossini PM , Rothwell J , Sack AT , Thut G , Ugawa Y , Ziemann U , Hallett M , Pascual-Leone A .
Training in the practice of noninvasive brain stimulation: recommendations from an IFCN committee
. Clinph , 2021 , in press.. 10.1016/j.clinph.2020.11.018 PMC11624139 33549501 Funke K , Benali
A . Modulation of cortical inhibition by rTMS–findings obtained from animal models . J Physiol 2011
; 589 : 4423 – 35 . 21768267 10.1113/jphysiol.2011.206573 PMC3208216 Gaede G , Tiede M ,
Lorenz I , Brandt AU , Pfueller C , Dörr J , Bellmann-Strobl J , Piper SK , Roth Y , Zangen A ,
Schippling S , Paul F . Safety and preliminary efficacy of deep transcranial magnetic stimulation in
MS-related fatigue . Neurol Neuroimmunol Amp Neuroinflammation 2018 ; 5 e423.
10.1212/NXI.0000000000000423 PMC5730816 29259998 Gahr M . Successful treatment of major
depression with electroconvulsive therapy in a pregnant patient with previous non-response to
prefrontal rTMS . Pharmacopsychiatry 2012 ; 45 : 79 – 80 . 22174028 10.1055/s-0031-1297936
Gattinger N , Moessnang G , Gleich B . FlexTMS–a novel repetitive transcranial magnetic
stimulation device with freely programmable stimulus currents . IEEE Trans Biomed Eng 2012 ; 59 :
1962 – 70 . 22531742 10.1109/TBME.2012.2195180 Gavaret M , Ayache SS , Mylius V , Mhalla A ,
Chalah MA , Lefaucheur JP . A reappraisal of pain-paired associative stimulation suggesting motor
inhibition at spinal level . Clin Neurophysiol 2018 ; 48 : 295 – 302 . 10.1016/j.neucli.2018.04.003
29753579 George MS , Lisanby SH , Avery D , McDonald WM , Durkalski V , Pavlicova M ,
Anderson B , Nahas Z , Bulow P , Zarkowski P , Holtzheimer PE , Schwartz T , Sackeim HA . Daily
left prefrontal transcranial magnetic stimulation therapy for major depressive disorder: a
sham-controlled randomized trial . Arch Gen Psychiatry 2010 ; 67 : 507 – 16 .
10.1001/archgenpsychiatry.2010.46 . 20439832 George MS , Raman R , Benedek DM , Pelic CG ,
Grammer GG , Stokes KT , Schmidt M , Spiegel C , Dealmeida N , Beaver KL , Borckardt JJ , Sun
X , Jain S , Stein MB . A twosite pilot randomized 3 day trial of high dose left prefrontal repetitive
transcranial magnetic stimulation (rTMS) for suicidal inpatients . Brain Stimul 2014 ; 7 : 421 – 31 .
24731434 10.1016/j.brs.2014.03.006 Gerschlager W , Christensen LO , Bestmann S , Rothwell JC .
rTMS over the cerebellum can increase corticospinal excitability through a spinal mechanism
involving activation of peripheral nerve fibres . Clin Neurophysiol 2002 ; 113 : 1435 – 40 . 12169325
10.1016/s1388-2457(02)00156-6 Gersner R , Kravetz E , Feil J , Pell G , Zangen A . Long-term
effects of repetitive transcranial magnetic stimulation on markers for neuroplasticity: differential
outcomes in anesthetized and awake animals . J Neurosci 2011 ; 31 : 7521 – 6 . 21593336
10.1523/JNEUROSCI.6751-10.2011 PMC6622610 Gersner R , Oberman L , Sanchez M ,
Chiriboga N , Kaye H , Pascual-Leone A . H-coil repetitive transcranial magnetic stimulation for
treatment of temporal lobe epilepsy: A case report . Epilepsy Behav Case Rep 2016 ; 5 : 52 – 6 .
27114902 10.1016/j.ebcr.2016.03.001 PMC4832041 Gilbert DL , Huddleston DA , Wu SW ,
Pedapati EV , Horn PS , Hirabayashi K , Crocetti D , Wassermann EM , Mostofsky SH . Motor
cortex inhibition and modulation in children with ADHD . Neurology 2019 ; 93 : e599 – 610 .



10.1212/WNL.0000000000007899 . 31315973 PMC6709998 Ginhoux R , Renaud P , Zorn L ,
Goffin L , Bayle B , Foucher J , Lamy J , Armspach JP , Mathelin M . A custom robot for
Transcranial Magnetic Stimulation: first assessment on healthy subjects . Conf Proc IEEE Eng Med
Biol Soc 2013 ; 2013 : 5352 – 5 . 10.1109/EMBC.2013.6610758 24110945 Goetz SM , Lisanby SH
, Murphy DL , Price RJ , O’Grady G , Peterchev AV . Impulse noise of transcranial magnetic
stimulation: measurement, safety, and auditory neuromodulation . Brain Stimul 2015 ; 8 : 161 – 3 .
25468074 10.1016/j.brs.2014.10.010 Goldsworthy MR , Vallence A-M , Yang R , Pitcher JB ,
Ridding MC . Combined transcranial alternating current stimulation and continuous theta burst
stimulation: a novel approach for neuroplasticity induction . Eur J Neurosci 2016 ; 43 : 572 – 9 .
10.1111/ejn.13142 . 26663460 Golestanirad L , Rouhani H , Elahi B , Shahim K , Chen R , Mosig P
, Combined use of transcranial magnetic stimulation and metal electrode implants: a theoretical
assessment of safety considerations . Phys Med Biol 2012 ; 57 : 7813 – 27 . 23135209
10.1088/0031-9155/57/23/7813 Gomez LJ , Goetz SM , Peterchev AV . Design of transcranial
magnetic stimulation coils with optimal trade-off between depth, focality, and energy . J Neural Eng
2018 ; 15 046033. 10.1088/1741-2552/aac967 PMC6433395 29855433 Gonzalez-Rosa JJ ,
Soto-Leon V , Real P , Carrasco-Lopez C , Foffani G , Strange BA . Static Magnetic Field
Stimulation over the Visual Cortex Increases Alpha Oscillations and Slows Visual Search in
Humans . J Neurosci 2015 ; 35 : 9182 – 93 . 26085640 10.1523/JNEUROSCI.4232-14.2015
PMC6605156 Grab JG , Zewdie E , Carlson HL , Kuo HC , Ciechanski P , Hodge J , Giuffre A ,
Kirton A . Robotic TMS mapping of motor cortex in the developing brain . J Neurosci Methods 2018
; 309 : 41 – 54 . 30121208 10.1016/j.jneumeth.2018.08.007 Grehl S , Viola HM , Fuller-Carter PI ,
Carter KW , Dunlop SA , Hool LC , Sherrard RM , Rodger J . Cellular and molecular changes to
cortical neurons following low intensity repetitive magnetic stimulation at different frequencies .
Brain Stimul 2015 ; 8 : 114 – 23 . 25444593 10.1016/j.brs.2014.09.012 Groiss SJ , Trenado C ,
Sabel M , Schnitzler A , Wojtecki L . Focal seizure induced by preoperative navigated transcranial
magnetic stimulation in a patient with anaplastic oligoastrocytoma . Brain Stimul 2017 ; 10 : 331 – 2
. 28017645 10.1016/j.brs.2016.12.006 Groppa S , Bergmann TO , Siems C , Mölle M , Marshall L ,
Siebner HR . Slow-oscillatory transcranial direct current stimulation can induce bidirectional shifts in
motor cortical excitability in awake humans . Neuroscience 2010 ; 166 : 1219 – 25 .
10.1016/j.neuroscience.2010.01.019 . 20083166 Grossheinrich N , Rau A , Pogarell O ,
Hennig-Fast K , Reinl M , Karch S . Theta burst stimulation of the prefrontal cortex: safety and
impact on cognition, mood, and resting electroencephalogram . Biol Psychiatry 2009 ; 65 : 778 – 84
. 19070834 10.1016/j.biopsych.2008.10.029 Guadagnin V , Parazzini M , Fiocchi S , Liorni I ,
Ravazzani P . Deep Transcranial Magnetic Stimulation: Modeling of Different Coil Configurations .
IEEE Trans Biomed Eng 2016 ; 63 : 1543 – 50 . 26560868 10.1109/TBME.2015.2498646 Guerra A
, Suppa A , Bologna M , D’Onofrio V , Bianchini E , Brown P , Di Lazzaro V , Berardelli A . Boosting
the LTP-like plasticity effect of intermittent theta-burst stimulation using gamma transcranial
alternating current stimulation . Brain Stimul 2018 ; 11 : 734 – 42 . 10.1016/j.brs.2018.03.015 .
29615367 PMC6022811 Guerrero Solano JL , Pacheco EM . Low-Frequency rTMS Ameliorates
Akathisia During Pregnancy . J Neuropsychiatry Clin Neurosci 2017 ; 29 : 409 – 10 . 28558482
10.1176/appi.neuropsych.17030053 Hallett M , Iorio RD , Rossini PM , Park JE , Chen R , Celnik P
, Strafella AP , Matsumoto H , Ugawa Y . Contribution of transcranial magnetic stimulation to
assessment of brain connectivity and networks . Clin Neurophysiol 2017 ; 128 : 2125 – 39 .
28938143 10.1016/j.clinph.2017.08.007 PMC5679437 Hamada M , Hanajima R , Terao Y , Arai N ,
Furubayashi T , Inomata-Terada S , Yugeta A , Matsumoto H , Shirota Y , Ugawa Y . Quadro-pulse
stimulation is more effective than paired-pulse stimulation for plasticity induction of the human
motor cortex . Clin Neurophysiol 2007 ; 118 : 2672 – 92 . 17977788 10.1016/j.clinph.2007.09.062
Hamada M , Hanajima R , Terao Y , Okabe S , Nakatani-Enomoto S , Furubayashi T , Matsumoto H
, Shirota Y , Ohminami S , Ugawa Y . Primary motor cortical metaplasticity induced by priming over
the supplementary motor area . J Physiol 2009 ; 587 : 4845 – 62 . 19723779
10.1113/jphysiol.2009.179101 PMC2770151 Hamada M , Terao Y , Hanajima R , Shirota Y ,
Nakatani-Enomoto S , Furubayashi T , Matsumoto H , Ugawa Y . Bidirectional long-term motor
cortical plasticity and metaplasticity induced by quadripulse transcranial magnetic stimulation . J
Physiol 2008 ; 586 : 3927 – 47 . 18599542 10.1113/jphysiol.2008.152793 PMC2538917 Hamada M
, Ugawa Y . Quadripulse stimulation – A new patterned rTMS . Restor Neurol Neurosci 2010 ; 28 :
419 – 24 . 20714066 10.3233/RNN-2010-0564 Hameed MQ , Dhamne SC , Gersner R , Kaye HL ,
Oberman LM , Pascual-Leone A , Rotenberg A . Transcranial Magnetic and Direct Current



Stimulation in Children . Curr Neurol Neurosci Rep 2017 ; 17 : 11 . 10.1007/s11910-0170719-0 .
28229395 PMC5962296 Hanlon CA , Dowdle LT , Correia B , Mithoefer O , Kearney-Ramos T ,
Lench D . Left frontal pole theta burst stimulation decreases orbitofrontal and insula activity in
cocaine users and alcohol users . Drug Alcohol Depend 2017 ; 178 : 310 – 7 . 28686990
10.1016/j.drugalcdep.2017.03.039 PMC5896018 Hannah R , Rothwell JC . Pulse Duration as Well
as Current Direction Determines the Specificity of Transcranial Magnetic Stimulation of Motor
Cortex during Contraction . Brain Stimul 2017 ; 10 : 106 – 15 . 28029595 10.1016/j.brs.2016.09.008
PMC5282399 Harel EV , Shmuel D , Antler D , Katz D , Pushkarski E , Ais E . A Novel
Dual-Channel Deep Transcranial Magnetic Stimulator for Major Depressive Disorder . CNS Spectr
2018 ; 23 : 71 – 2 . Harquel S , Diard J , Raffin E , Passera B , DallIgna G , Marendaz C ,
Automatized set-up procedure for transcranial magnetic stimulation protocols . Neuroimage 2017 ;
153 : 307 – 18 . 28389385 10.1016/j.neuroimage.2017.04.001 Haupts MR , Daum S , Ahle G ,
Holinka B , Gehlen W . Transcranial magnetic stimulation as a provocation for epileptic seizures in
multiple sclerosis . Mult Scler 2004 ; 10 : 475 – 6 . 15327050 10.1191/1352458504ms1062cr Haut
SR , Hall CB , Masur J , Lipton RB . Seizure occurrence: precipitants and prediction . Neurology
2007 ; 69 : 1905 – 10 . 10.1212/01.wnl.0000278112.48285.84 . 17998482 Herz DM , Christensen
MS , Bruggemann N , Hulme OJ , Ridderinkhof KR , Madsen KH , Siebner HR . Motivational Tuning
of Fronto-Subthalamic Connectivity Facilitates Control of Action Impulses . J Neurosci 2014 ; 34 :
3210 – 7 . 10.1523/JNEUROSCI.4081-13.2014 . 24573279 PMC6795302 Hesdorffer DC , Hauser
WA , Annegers JF , Cascino G . Major depression is a risk factor for seizures in older adults . Ann
Neurol 2000 ; 47 : 246 – 9 . 10665498 Hesdorffer DC , Hauser WA , Olafsson E , Ludvigsson P ,
Kjartansson O . Depression and suicide attempt as risk factors for incident unprovoked seizures .
Ann Neurol 2006 ; 59 : 35 – 41 . 16217743 10.1002/ana.20685 Hesdorffer DC , Ishihara L ,
Mynepalli L , Webb DJ , Weil J , Hauser WA . Epilepsy, suicidality, and psychiatric disorders: a
bidirectional association . Ann Neurol 2012 ; 72 : 184 – 91 . 22887468 10.1002/ana.23601
Hesselberg ML , Wegener G , Buchholtz PE . Antidepressant efficacy of high and low frequency
transcranial magnetic stimulation in the FSL/FRL genetic rat model of depression . Behav Brain
Res 2016 ; 314 : 45 – 51 . 27473004 10.1016/j.bbr.2016.07.037 Hidding U , Bäumer T , Siebner HR
, Demiralay C , Buhmann C , Weyh T , Moll C , Hamel W , Münchau A . MEP latency shift after
implantation of deep brain stimulation systems in the subthalamic nucleus in patients with advanced
Parkinson’s disease . Mov Disord 2006 ; 21 : 1471 – 6 . 16703590 10.1002/mds.20951 Hill DL ,
McLeish K , Keevil SF . Impact of electromagnetic field exposure limits in Europe: is the future of
interventional MRI safe? . Acad Radiol 2005 ; 12 : 1135 – 42 . 16099687
10.1016/j.acra.2005.05.023 Hitchings AW . Drugs that lower the seizure threshold . Adverse Drug
React Bull 2016 ; 298 : 1151 – 4 . Hizli Sayar G . Transcranial magnetic stimulation during
pregnancy . Arch Womens Ment Health 2014 ; 17 : 311 – 5 . 24248413
10.1007/s00737-013-0397-0 Hizli Sayar G , Salçini C , Tarhan N . Transcranial Magnetic
Stimulation in a Depressive Patient With Cardiac Pacemaker . J ECT 2016 ; 32 : e22 – 3 .
27428479 10.1097/YCT.0000000000000342 Hodaj H , Payen JF , Lefaucheur JP . Therapeutic
impact of motor cortex rTMS in patients with chronic neuropathic pain even in the absence of an
analgesic response . A case report Neurophysiol Clin 2018 ; 48 : 303 – 8 . 29910145
10.1016/j.neucli.2018.05.039 Holzer M , Padberg F . Intermittent theta burst stimulation (iTBS)
ameliorates therapy-resistant depression: a case series . Brain Stimul 2010 ; 3 : 181 – 3 .
10.1016/j.brs.2009.10.004 . 20633448 Hong YH , Wu SW , Pedapati EV , Horn PS , Huddleston DA
, Laue CS . Safety and tolerability of theta burst stimulation vs. Single and paired pulse transcranial
magnetic stimulation: A comparative study of 165 pediatric subjects . Front Hum Neurosci 2015 ; 9 :
29 . 25698958 10.3389/fnhum.2015.00029 PMC4316715 Hosono Y , Urushihara R , Harada M ,
Morita N , Murase N , Kunikane Y . Comparison of monophasic versus biphasic stimulation in rTMS
over premotor cortex: SEP and SPECT studies . Clin Neurophysiol 2008 ; 119 : 2538 – 45 .
18835216 10.1016/j.clinph.2008.07.279 Huang YZ , Chen RS , Fong PY , Rothwell JC , Chuang
WL , Weng YH . Inter-cortical modulation from premotor to motor plasticity . J Physiol 2018 ; 596 :
4207 – 17 . 29888792 10.1113/JP276276 PMC6117544 Huang Y-Z , Edwards MJ , Rounis E ,
Bhatia KP , Rothwell JC . Theta burst stimulation of the human motor cortex . Neuron 2005 ; 45 :
201 – 6 . 10.1016/j.neuron.2004.12.033 . 15664172 Huber R , Mäki H , Rosanova M , Casarotto S ,
Canali P , Casali AG , Human cortical excitability increases with time awake . Cereb Cortex 2013 ;
23 : 332 – 8 . 10.1093/cercor/bhs014 . 22314045 PMC3539451 Hui J , Tremblay S , Daskalakis ZJ .
The Current and Future Potential of Transcranial Magnetic Stimulation With



Electroencephalography in Psychiatry . Clin Pharmacol Ther 2019 ; 106 : 734 – 46 .
10.1002/cpt.1541 . 31179533 Iimori T , Nakajima S , Miyazaki T , Tarumi R , Ogyu K , Wada M ,
Tsugawa S , Masuda F , Daskalakis ZJ , Blumberger DM , Mimura M , Noda Y . Effectiveness of the
prefrontal repetitive transcranial magnetic stimulation on cognitive profiles in depression,
schizophrenia, and Alzheimer’s disease: A systematic review . Prog Neuro-Psychopharmacol Biol
Psychiatry 2019 ; 88 : 31 – 40 . 10.1016/j.pnpbp.2018.06.014 . 29953934 Janicak PG , O’Reardon
JP , Sampson SM , Husain MM , Lisanby SH , Rado JT , Heart KL , Demitrack MA . Transcranial
magnetic stimulation in the treatment of major depressive disorder: a comprehensive summary of
safety experience from acute exposure, extended exposure, and during reintroduction treatment . J
Clin Psychiatry 2008 ; 69 : 222 – 32 . 18232722 10.4088/jcp.v69n0208 Johnen VM , Neubert FX ,
Buch ER , Verhagen L , O’Reilly JX , Mars RB , Rushworth MF . Causal manipulation of functional
connectivity in a specific neural pathway during behaviour and at rest . Elife 2015 ; 4 :04585.
10.7554/eLife.04585 . PMC4353194 25664941 Jorge RE , Robinson RG , Tateno A , Narushima K ,
Acion L , Moser D , Arndt S , Chemerinski E . Repetitive transcranial magnetic stimulation as
treatment of poststroke depression: a preliminary study . BPS 2004 ; 55 : 398 – 405 .
10.1016/j.biopsych.2003.08.017 14960293 Jung NH , Gleich B , Gattinger N , Hoess C , Haug C ,
Siebner HR , Mall V . Quadri-Pulse Theta Burst Stimulation using Ultra-High Frequency Bursts - A
New Protocol to Induce Changes in Cortico-Spinal Excitability in Human Motor Cortex . PLoS ONE
2016 ; 11 . 10.1371/journal.pone.0168410 e0168410. PMC5158069 27977758 Kammer T , Beck S
, Thielscher A , Laubis-Herrmann U , Topka H . Motor thresholds in humans: a transcranial
magnetic stimulation study comparing different pulse waveforms, current directions and stimulator
types . Clin Neurophysiol 2001 ; 112 : 250 – 8 . 11165526 10.1016/s1388-2457(00)00513-7
Kantelhardt SR , Fadini T , Finke M , Kallenberg K , Siemerkus J , Bockermann V , Matthaeus L ,
Paulus W , Schweikard A , Rohde V , Giese A . Robot-Assisted ImageGuided Transcranial
Magnetic Stimulation For Somatotopic Mapping Of The Motor Cortex: A Clinical Pilot Study . Acta
Neurochir Wien 2010 ; 152 : 333 – 43 . 19943069 10.1007/s00701-009-0565-1 PMC2815301
Karabanov A , Ziemann U , Hamada M , George MS , Quartarone A , Classen J , Massimini M ,
Rothwell J , Siebner HR . Consensus Paper: Probing Homeostatic Plasticity of Human Cortex With
Non-invasive Transcranial Brain Stimul 2015 ; 8 : 442 – 54 . 10.1016/j.brs.2015.01.404 . 26050599
Karlström EF , Lundström R , Stensson O , Mild KH . Therapeutic staff exposure to magnetic field
pulses during TMS/rTMS treatments . Bioelectromagnetics 2006 ; 27 : 156 – 8 .
10.1002/bem.20194 . 16304689 Kavanaugh BC , Aaronson ST , Clarke GN , Holtzheimer PE ,
Johnson CW , McDonald WM . Neurocognitive Effects of Repetitive Transcranial Magnetic
Stimulation with a 2-Coil Device in Treatment-Resistant Major Depressive Disorder . J ECT 2018 ;
34 : 258 – 65 . 29613944 10.1097/YCT.0000000000000494 Kaye HL , Rotenberg A . nTMS in
Pediatrics: Special Issues and Solutions . In: Krieg S , editor. Navigated Transcranial Magnetic
Stimulation in Neurosurgery . Cham : Springer International Publishing . p. 209 – 18 .
10.1007/978-3-319-54918-7_12 . Kayser S , Bewernick B , Axmacher N , Schlaepfer TE . Magnetic
seizure therapy of treatment-resistant depression in a patient with bipolar disorder . J ECT 2009 ;
25 : 137 – 40 . 19057399 10.1097/YCT.0b013e31817dc45a Kayser S , Bewernick BH , Grubert C ,
Hadrysiewicz BL , Axmacher N , Schlaepfer TE . Antidepressant effects, of magnetic seizure
therapy and electroconvulsive therapy, in treatment-resistant depression . J Psychiatr Res 2011 ;
45 : 569 – 76 . 20951997 10.1016/j.jpsychires.2010.09.008 Kim DR . An open label pilot study of
transcranial magnetic stimulation for pregnant women with major depressive disorder . J Womens
Health Larchmt 2011 ; 20 : 255 – 61 . 21314450 10.1089/jwh.2010.2353 Kim E-D , Kim GW , Won
YH , Ko MH , Seo JH , Park SH . Ten-Year Follow-Up of Transcranial Magnetic Stimulation Study in
a Patient With Congenital Mirror Movements: A Case Report . Ann Rehabil Med 2019 ; 43 : 524 – 9
. 10.5535/arm.2019.43.4.524 . 31499606 PMC6734025 Kim J , Park H , Jee S , Cheon KA , Song
DH , Kim SJ , Im W-Y , Kang J . Effects of highfrequency repetitive transcranial magnetic
stimulation (rTMS) on spontaneously hypertensive rats, an animal model of attention-deficit/
hyperactivity disorder . Int J Dev Neurosci 2016 ; 53 : 83 – 9 . 27469434
10.1016/j.ijdevneu.2016.07.006 Kimiskidis VK , Kugiumtzis D , Papagiannopoulos S , Vlaikidis N .
Transcranial Magnetic stimulation (TMS) modulates epileptiform discharges in patients with frontal
lobe epilepsy: a preliminary EEG–TMS study . Int J Neural Syst 2013 ; 23 :1250035.
10.1142/S0129065712500359 23273131 Kimiskidis VK , Tsimpiris A , Ryvlin P , Kalviainen R ,
Koutroumanidis M , Valentin A , Laskaris N , Kugiumtzis D . TMS Combined With EEG In Genetic
Generalized Epilepsy: A Phase Ii Diagnostic accuracy study . Clin Neurophysiol 2017 ; 128 : 367 –



81 . 28007469 10.1016/j.clinph.2016.11.013 Kirimoto H , Asao A , Tamaki H , Onishi H .
Non-invasive modulation of somatosensory evoked potentials by the application of static magnetic
fields over the primary and supplementary motor cortices . Sci Rep 2016 ; 6 :34509.
10.1038/srep34509 PMC5048290 27698365 Kirimoto H , Tamaki H , Matsumoto T , Sugawara K ,
Suzuki M , Oyama M . Effect of transcranial static magnetic field stimulation over the sensorimotor
cortex on somatosensory evoked potentials in humans . Brain Stimul 2014 ; 7 : 836 – 40 .
25444588 10.1016/j.brs.2014.09.016 Kirimoto H , Tamaki H , Otsuru N , Yamashiro K , Onishi H ,
Nojima I . Transcranial Static Magnetic Field Stimulation over the Primary Motor Cortex Induces
Plastic Changes in Cortical Nociceptive Processing . Front Hum Neurosci 2018 ; 12 : 63 . 29497371
10.3389/fnhum.2018.00063 PMC5818436 Kirov G , Ebmeier KP , Scott AI , Atkins M , Khalid N ,
Carrick L , Stanfield A , O’Carroll RE , Husain MM , Lisanby SH . Quick recovery of orientation after
magnetic seizure therapy for major depressive disorder . Br J Psychiatry 2008 ; 193 : 152 – 5 .
18670002 10.1192/bjp.bp.107.044362 PMC2587356 Klirova M . Repetitive transcranial magnetic
stimulation (rTMS) in major depressive episode during pregnancy . Neuro Endocrinol Lett 2008 ; 29
: 69 – 70 . 18283246 Knoth RL , Bolge SC , Kim E , Tran QV . Effect of inadequate response to
treatment in patients with depression . Am J Manag Care 2010 ; 16 : e188 – 96 . 20690785 Koch G
, Bonnì S , Pellicciari MC , Casula EP , Mancini M , Esposito R . Transcranial magnetic stimulation
of the precuneus enhances memory and neural activity in prodromal Alzheimer’s disease .
Neuroimage 2018 ; 169 : 302 – 11 . 29277405 10.1016/j.neuroimage.2017.12.048 Koch G , Ponzo
V , Di Lorenzo F , Caltagirone C , Veniero D . Hebbian and anti-Hebbian spike-timing-dependent
plasticity of human cortico-cortical connections . J Neurosci 2013 ; 33 : 9725 – 33 .
10.1523/JNEUROSCI.4988-12.2013 . 23739969 PMC6619701 Kofler M , Leis AA , Sherwood AM ,
Delapasse JS , Halter JA . Safety of transcranial magnetic stimulation in patients with abdominally
implanted electronic devices . Lancet 1991 ; 338 : 1275 – 6 . 10.1016/0140-6736(91)92144-q
1682672 Koganemaru S , Mima T , Nakatsuka M , Ueki Y , Fukuyama H , Domen K . Human motor
associative plasticity induced by paired bihemispheric stimulation . J Physiol 2009 ; 587 : 4629 – 44
. 10.1113/jphysiol.2009.174342 . 19687124 PMC2768018 Koponen LM , Nieminen JO , Ilmoniemi
RJ . Multi-locus transcranial magnetic stimulation-theory and implementation . Brain Stimul 2018 ;
11 : 849 – 55 . 29627272 10.1016/j.brs.2018.03.014 Kosel M , Frick C , Lisanby SH , Fisch HU ,
Schlaepfer TE . Magnetic seizure therapy improves mood in refractory major depression .
Neuropsychopharm 2003 ; 28 : 2045 – 8 . 10.1038/sj.npp.1300293 12942146 Kozel FA , Nahas Z ,
DeBrux C , Molloy M , Lorberbaum JP , Bohning D , Risch SC , George MS . How coil-cortex
distance relates to age, motor threshold, and antidepressant response to repetitive transcranial
magnetic stimulation . J Neuropsychiatry Clin Neurosci 2000 ; 12 : 376 – 84 . 10956572
10.1176/jnp.12.3.376 Kranz G , Shamim E , Lin P , Kranz G , Hallett M . Transcranial magnetic
brain stimulation modulates blepharospasm A randomized controlled study . Neurology 2010 ; 75 :
1465 – 71 . 20956792 10.1212/WNL.0b013e3181f8814d PMC3039207 Kratz O . Reply to the letter
to the editor “response to Kratz et Al, seizure in a nonpredisposed individual induced by
single-pulse transcranial magnetic stimulation” . J ECT 2011 ; 27 : 177 . 21602644
10.1097/YCT.0b013e3181ec0d8a Kratz O , Studer P , Barth W , Wangler S , Hoegl T , Heinrich H ,
Moll GH . Seizure In A nonpredisposed individual induced by single-pulse transcranial magnetic
stimulation . J ECT 2011 ; 27 : 48 – 50 . 20351571 10.1097/YCT.0b013e3181d2ef85 Kreuzer PM ,
Lehner A , Schlee W , Vielsmeier V , Schecklmann M , Poeppl TB . Combined rTMS treatment
targeting the Anterior Cingulate and the Temporal Cortex for the Treatment of Chronic Tinnitus . Sci
Rep 2015a ; 5 :18028. 10.1038/srep18028 PMC4678896 26667790 Kreuzer PM , Schecklmann M ,
Lehner A , Wetter TC , Poeppl TB , Rupprecht R . The ACDC pilot trial: targeting the anterior
cingulate by double cone coil rTMS for the treatment of depression . Brain Stimul 2015b ; 8 : 240 –
6 . 25541389 10.1016/j.brs.2014.11.014 Kühn AA , Brandt SA , Kupsch A , Trottenberg T , Brocke J
, Irlbacher K . Comparison of motor effects following subcortical electrical stimulation through
electrodes in the globus pallidus internus and cortical transcranial magnetic stimulation . Exp Brain
Res 2004 ; 155 : 48 – 55 . 15064884 10.1007/s00221-003-1707-y Kühn AA , Huebl J . Safety of
transcranial magnetic stimulation for the newer generation of deep brain stimulators . Park Relat
Disord 2011 ; 17 : 647 – 8 . 10.1016/j.parkreldis.2011.05.007 21641264 Kühn AA , Trottenberg T ,
Kupsch A , Meyer BU . Pseudo-bilateral hand motor responses evoked by transcranial magnetic
stimulation in patients with deep brain stimulators . Clin Neurophysiol 2002 ; 113 : 341 – 5 .
11897534 10.1016/s1388-2457(01)00731-3 Kuhn M , Wolf E , Maier JG , Mainberger F , Feige B ,
Schmid H . Sleep recalibrates homeostatic and associative synaptic plasticity in the human cortex .



Nat Commun 2016a ; 7 :12455. 10.1038/ncomms12455 PMC4996971 27551934 Marion Kuhn ,
Wolf E , Maier JG , Mainberger F , Feige B , Schmid H , Bürklin J , Maywald S , Mall V , Jung NH ,
Reis J , Spiegelhalder K , Klöppel S , Sterr A , Eckert A , Riemann D , Normann C , Nissen C .
Sleep recalibrates homeostatic and associative synaptic plasticity in the human cortex . Nat
Commun 2016b ; 7 :12455. 10.1038/ncomms12455 . PMC4996971 27551934 Kujawa SG ,
Liberman MC . Adding insult to injury: cochlear nerve degeneration after “temporary” noise-induced
hearing loss . J Neurosci 2009 ; 29 :14077–85. 10.1523/JNEUROSCI.2845-09.2009 . PMC2812055
19906956 Kukke SN , Brewer CC , Zalewski C , King KA , Damiano D , Alter KE , Hallett M .
Hearing Safety From Single- and Double-Pulse Transcranial Magnetic Stimulation in Children and
Young Adults . J Clin Neurophysiol 2017 ; 34 : 340 – 7 . 10.1097/WNP.0000000000000372 .
28644204 PMC5484061 Kumar R , Chen R , Ashby P . Safety of transcranial magnetic stimulation
in patients with implanted deep brain stimulators . Mov Disord 1999 ; 14 : 157 – 8 . 9918361
10.1002/1531-8257(199901)14:1<157::aid-mds1027>3.0.co;2-u Kuriakose R , Saha U , Castillo G ,
Udupa K , Ni Z , Gunraj C , Mazzella F , Hamani C , Lang AE , Moro E , Lozano AM , Hodaie M ,
Chen R . The nature and time course of cortical activation following subthalamic stimulation in
Parkinson’s disease . Cereb Cortex 2010 ; 20 : 1926 – 36 . 20019146 10.1093/cercor/bhp269
Lancaster JL , Narayana S , Wenzel D , Luckemeyer J , Roby J , Fox P . Evaluation of an
image-guided, robotically positioned transcranial magnetic stimulation system . Hum Brain Mapp
2004 ; 22 : 329 – 40 . 15202111 10.1002/hbm.20041 PMC6872115 Lang N , Siebner HR ,
Chadaide Z , Boros K , Nitsche MA , Rothwell JC , Paulus W , Antal A . Bidirectional modulation of
primary visual cortex excitability: a combined tDCS and rTMS study . Invest Ophthalmol Vis Sci
2007 ; 48 : 5782 – 7 . 10.1167/iovs.07-0706 . 18055832 Lang N , Siebner HR , Ernst D , Nitsche
MA , Paulus W , Lemon RN , Rothwell JC . Preconditioning with transcranial direct current
stimulation sensitizes the motor cortex to rapid-rate transcranial magnetic stimulation and controls
the direction of after-effects . Biol Psychiatry 2004 ; 56 : 634 – 9 . 10.1016/j.biopsych.2004.07.017 .
15522246 Lara LI , Windischberger C , Kuehne A , Woletz M , Sieg J , Bestmann S , Weiskopf N ,
Strasser B , Moser E , Laistler E . A novel coil array for combined TMS/fMRI experiments at 3 T .
Magn Reson Med 2015 ; 74 : 1492 – 501 . 25421603 10.1002/mrm.25535 PMC4737243 Lee HF ,
Hsieh JC , Lu CL , Yeh TC , Tu CH , Cheng CM , Niddam DM , Lin HC , Lee FY , Chang FY .
Enhanced affect/cognition-related brain responses during visceral placebo analgesia in irritable
bowel syndrome patients . Pain 2012 ; 153 : 1301 – 10 . 10.1016/j.pain.2012.03.018 . 22541443
Lee WH , Lisanby SH , Laine AF , Peterchev AV . Minimum Electric Field Exposure for Seizure
Induction with Electroconvulsive Therapy and Magnetic Seizure Therapy . Neuropsychopharm
2017 ; 42 : 1192 – 200 . 10.1038/npp.2016.276 PMC5437889 27934961 Lee WH , Lisanby SH ,
Laine AF , Peterchev AV . Stimulation strength and focality of electroconvulsive therapy and
magnetic seizure therapy in a realistic head model . Conf Proc IEEE Eng Med Biol Soc 2014 ; 2014
: 410 – 3 . 10.1109/EMBC.2014.6943615 25569983 Lefaucheur JP . Why image-guided navigation
becomes essential in the practice of transcranial magnetic stimulation . Neurophysiol Clin 2010 ; 40
: 1 – 5 . 20230930 10.1016/j.neucli.2009.10.004 Lefaucheur J-P , Aleman A , Baeken C , Benninger
DH , Brunelin J , Di Lazzaro V , Filipovic SR , Grefkes C , Hasan A , Hummel FC , Jääskeläinen SK
, Langguth B , Leocani L , Londero A , Nardone R , Nguyen J-P , Nyffeler T , Oliveira-Maia AJ ,
Oliviero A , Padberg F , Palm U , Paulus W , Poulet E , Quartarone A , Rachid F , Rektorová I ,
Rossi S , Sahlsten H , Schecklmann M , Szekely D , Ziemann U . Evidence-based guidelines on the
therapeutic use of repetitive transcranial magnetic stimulation (rTMS): An update (2014–2018) .
Neurophysiol 2020 ; 131 : 474 – 528 . 10.1016/j.clinph.2019.11.002 . 31901449 Lefaucheur J-P ,
Antal A , Ayache SS , Benninger DH , Brunelin J , Cogiamanian F , Cotelli M , De Ridder D ,
Ferrucci R , Langguth B , Marangolo P , Mylius V , Nitsche MA , Padberg F , Palm U , Poulet E ,
Priori A , Rossi S , Schecklmann M , Vanneste S , Ziemann U , Garcia-Larrea L , Paulus W .
Evidence-based guidelines on the therapeutic use of transcranial direct current stimulation (tDCS) .
Clin Neurophysiol 2017 ; 128 : 56 – 92 . 10.1016/j.clinph.2016.10.087 . 27866120 Lefaucheur JP ,
Brugières P , Guimont F , Iglesias S , Franco-Rodrigues A , LiégeoisChauvel C , Londero A .
Navigated rTMS for the treatment of tinnitus: a pilot study with assessment by fMRI and AEPs .
Neurophysiol Clin 2012 ; 42 : 95 – 109 . 10.1016/j.neucli.2011.12.001 . 22500699 Lefaucheur JP ,
Picht T . The value of preoperative functional cortical mapping using navigated TMS . Neurophysiol
Clin 2016 ; 46 : 125 – 33 . 27229765 10.1016/j.neucli.2016.05.001 Lefranc M , Ko JY , Peltier J ,
Fichten A , Desenclos C , Macron JM , Toussaint P , Le Gars D , Petitjean M . Effect of transcranial
magnetic stimulation on four types of pressure-programmable valves . Acta Neurochir (Wien) 2010 ;



152 : 689 – 97 . 10.1007/s00701-009-0564-2 . 19957091 Lempert T , Bauer M , Schmidt D .
Syncope: a videometric analysis of 56 episodes of transient cerebral hypoxia . Ann Neurol 1994 ;
36 : 233 – 7 . 10.1002/ana.410360217 . 8053660 Lenoir C , Algoet M , Mouraux A . Deep
continuous theta burst stimulation of the operculo-insular cortex selectively affects adelta-fiber heat
pain . J Physiol 2018 ; 596 : 4767 – 87 . 30085357 10.1113/JP276359 PMC6166055 Lenz M ,
Galanis C , Müller-Dahlhaus F , Opitz A , Wierenga CJ , Szabó G , Ziemann U , Deller T , Funke K ,
Vlachos A . Repetitive magnetic stimulation induces plasticity of inhibitory synapses . Nat Commun
2016 ; 7 :10020. 10.1038/ncomms10020 . PMC4729863 26743822 Lerner AJ , Wassermann EM ,
Tamir D . Seizures from Transcranial Magnetic Stimulation 2012–2016: Results of a survey . Clin
Neurophysiol 2019 ; 130 : 1409 – 16 . 31104898 10.1016/j.clinph.2019.03.016 PMC7274462
Leukel C , Taube W , Beck S , Schubert M . Pathway-specific plasticity in the human spinal cord .
Eur J Neurosci 2012 ; 35 : 1622 – 9 . 10.1111/j.14609568.2012.08067.x . 22487124 Levkovitz Y ,
Isserles M , Padberg F , Lisanby SH , Bystritsky A , Xia G , Tendler A , Daskalakis ZJ , Winston JL ,
Dannon P , Hafez HM , Reti IM , Morales OG , Schlaepfer TE , Hollander E , Berman JA , Husain
MM , Sofer U , Stein A , Adler S , Deutsch L , Deutsch F , Roth Y , George MS , Zangen A . Efficacy
and safety of deep transcranial magnetic stimulation for major depression: a prospective
multicenter randomized controlled trial . World Psychiatry 2015 ; 14 : 64 – 73 . 10.1002/wps.20199 .
25655160 PMC4329899 Levy D , Shabat-Simon M , Shalev U , Barnea-Ygael N , Cooper A ,
Zangen A . Repeated electrical stimulation of reward-related brain regions affects cocaine but not
“natural” reinforcement . J Neurosci 2007 ; 27 :14179–89. 10.1523/JNEUROSCI.4477-07.2007 .
PMC6673499 18094257 Li B , Virtanen JP , Oeltermann A , Schwarz C , Giese MA , Ziemann U ,
Benali A . Lifting the veil on the dynamics of neuronal activities evoked by transcranial magnetic
stimulation 2017 ; eLife 6 . 10.7554/eLife.30552 e30552. PMC5722613 29165241 Lin CY , Li K ,
Franic L , Gonzalez-Martinez J , Lin VW , Najm I , Lee YS . Frequencydependent effects of
contralateral repetitive transcranial magnetic stimulation on penicillin-induced seizures . Brain Res
2014 ; 1581 : 103 – 16 . 24937795 10.1016/j.brainres.2014.06.006 Lisanby SH . Update on
magnetic seizure therapy: a novel form of convulsive therapy . J ECT 2002 ; 18 : 182 – 8 .
12468992 10.1097/00124509-200212000-00003 Lisanby SH , Luber B , Finck AD , Schroeder C ,
Sackeim HA . Deliberate seizure induction with repetitive transcranial magnetic stimulation in
nonhuman primates . Arch Gen Psychiatry 2001a ; 58 : 199 – 200 . 11177122
10.1001/archpsyc.58.2.199 Lisanby SH , Luber B , Schlaepfer TE , Sackeim HA . Safety and
feasibility of magnetic seizure therapy (MST) in major depression: randomized within-subject
comparison with electroconvulsive therapy . Neuropsychopharmacology 2003 ; 28 : 1852 – 65 .
12865903 10.1038/sj.npp.1300229 Lisanby SH , Schlaepfer TE , Fisch HU , Sackeim HA .
Magnetic seizure therapy of major depression . Arch Gen Psychiatry 2001b ; 58 : 303 – 5 .
11231838 10.1001/archpsyc.58.3.303 Loo C , Martin D , Pigot M , Arul-Anandam P , Mitchell P ,
Sachdev P . Transcranial direct current stimulation priming of therapeutic repetitive transcranial
magnetic stimulation: a pilot study . J ECT 2009 ; 25 : 256 – 60 . 10.1097/YCT.0b013e3181a2f87e .
19440158 Loo C , Sachdev P , Elsayed H , McDarmont B , Mitchell P , Wilkinson M , Parker G ,
Gandevia S . Effects of a 2- to 4-week course of repetitive transcranial magnetic stimulation (rTMS)
on neuropsychologic functioning, electroencephalogram, and auditory threshold in depressed
patients . Biol Psychiatry 2001 ; 49 ( 7 ): 615 – 23 . 10.1016/s0006-3223(00)00996-3 . 11297719
Lozano-Soto E , Soto-Leon V , Sabbarese S , Ruiz-Alvarez L , Sanchez-Del-Rio M , Aguilar J .
Transcranial static magnetic field stimulation (tSMS) of the visual cortex decreases experimental
photophobia . Cephalalgia 2018 ; 38 : 1493 – 7 . 29020806 10.1177/0333102417736899 Lu MK ,
Tsai CH , Ziemann U . Cerebellum to motor cortex paired associative stimulation induces
bidirectional STDP-like plasticity in human motor cortex . Front Hum Neurosci 2012 ; 6 : 260 .
10.3389/fnhum.2012.00260 . 23049508 PMC3446544 Luber B , Kinnunen LH , Rakitin BC ,
Ellsasser R , Stern Y , Lisanby SH . Facilitation of performance in a working memory task with
rTMS stimulation of the precuneus: Frequency and time-dependent effects . Brain Res 2007 ; 1128
: 120 – 9 . 17113573 10.1016/j.brainres.2006.10.011 Luber B , Lisanby SH . Enhancement of
human cognitive performance using transcranial magnetic stimulation (TMS) . NeuroImage 2014 ; 3
:4083569. 10.1016/j.neuroimage.2013.06.007 PMC4083569 23770409 Luber B , Stanford AD ,
Bulow P , Nguyen T , Rakitin BC , Habeck C , Basner R , Stern Y , Lisanby SH . Remediation of
sleep-deprivation induced visual working memory impairment with fMRI-guided Transcranial
Magnetic Stimulation . Cereb Cortex 2008 ; 18 : 2077 – 85 . 18203694 10.1093/cercor/bhm231
PMC2981026 Luber B , Steffener J , Tucker A , Habeck C , Peterchev AV , Deng ZD , Basner RC ,



Stern Y , Lisanby SH . Extended remediation of sleep deprived-induced working memory deficits
using fMRI-guided transcranial magnetic stimulation . Sleep 2013 ; 36 :3649828.
10.5665/sleep.2712 PMC3649828 23729929 Ma J , Zhang Z , Kang L , Geng D , Wang Y , Wang M
, Cui H . Repetitive transcranial magnetic stimulation (rTMS) influences spatial cognition and
modulates hippocampal structural synaptic plasticity in aging mice . Exp Gerontol 2014 ; 58 : 256 –
68 . 25172625 10.1016/j.exger.2014.08.011 Makowiecki K , Harvey AR , Sherrard RM , Rodger J .
Low-intensity repetitive transcranial magnetic stimulation improves abnormal visual cortical circuit
topography and upregulates BDNF in mice . J Neurosci 2014 ; 34 :10780–92.
10.1523/JNEUROSCI.0723-14.2014 PMC4122806 25100609 Martiny K , Lunde M , Bech P .
Transcranial Low Voltage Pulsed Electromagnetic Fields in Patients with Treatment-Resistant
Depression . Biol Psychiatry 2010 ; 68 : 163 – 9 . 20385376 10.1016/j.biopsych.2010.02.017
Matsumi N , Matsumoto K , Mishima N , Moriyama E , Furuta T , Nishimoto A , Taguchi K . Thermal
damage threshold of brain tissue: Histological study of heated normal monkey brains . Neurol Med
Chir (Tokyo) 1994 ; 34 : 209 – 15 . 7520542 10.2176/nmc.34.209 Matthäus L , Giese A ,
Wertheimer D , Schweikard A . Planning and analyzing robotized TMS using virtual reality . Stud
Health Technol Inf 2006 ; 119 : 373 – 8 . 16404081 McClintock SM , DeWind NK , Husain MM ,
Rowny SB , Spellman TJ , Terrace H , Lisanby SH . Disruption of component processes of spatial
working memory by electroconvulsive shock but not magnetic seizure therapy . Int J
Neuropsychopharmacol 2013 ; 16 : 177 – 87 . 22217479 10.1017/S1461145711001866
PMC3647222 McClintock SM , Kallioniemi E , Martin DM , Kim JU , Weisenbach SL , Abbott CC . A
Critical Review and Synthesis of Clinical and Neurocognitive Effects of Noninvasive
Neuromodulation Antidepressant Therapies . Focus J Life Long Learn Psychiatry 2019 ; 17 : 18 –
29 . 10.1176/appi.focus.20180031 . PMC6493152 31975955 McClintock SM , Tirmizi O , Chansard
M , Husain MM . A systematic review of the neurocognitive effects of magnetic seizure therapy . Int
Rev Psychiatry 2011 ; 23 : 413 – 23 . 22200131 10.3109/09540261.2011.623687 PMC3638750
McConnell KA , Nahas Z , Shastri A , Lorberbaum JP , Kozel FA , Bohning DE , George MS . The
transcranial magnetic stimulation motor threshold depends on the distance from coil to underlying
cortex: a replication in healthy adults comparing two methods of assessing the distance to cortex.
BPS 2001;49:454–9. McMullen DP. Where to Target: The Precision Medicine Approach to Brain
Stimulation” . Biol Psychiatry 2018 ; 84 :e1–2. 10.1016/j.biopsych.2018.04.010 . 11274657
McRobbie D . Concerning guidelines for limiting exposure to time-varying electric, magnetic, and
electromagnetic fields (1 Hz-100 khz) . Health Phys 2010 ; 99 : 818 – 36 . 21350350
10.1097/HP.0b013e31820c2101 Meincke J , Hewitt M , Batsikadze G , Liebetanz D . Automated
TMS hotspot-hunting using a closed loop threshold-based algorithm . Neuroimage 2016 ; 124 : 509
– 17 . 26385012 10.1016/j.neuroimage.2015.09.013 Modirrousta M , Shams E , Katz C , Mansouri
B , Moussavi Z , Sareen J . The efficacy of deep repetitive transcranial magnetic stimulation over
the medial prefrontal cortex in obsessive compulsive disorder: results from an open-label study .
Depress Anxiety 2015 ; 32 : 445 – 50 . 25826717 10.1002/da.22363 Moliadze V , Antal A , Paulus
W . Boosting brain excitability by transcranial high frequency stimulation in the ripple range . J
Physiol 2010 ; 588 : 4891 – 904 . 10.1113/jphysiol.2010.196998 . 20962008 PMC3036186
Moliadze V , Atalay D , Antal A , Paulus W . Close to threshold transcranial electrical stimulation
preferentially activates inhibitory networks before switching to excitation with higher intensities .
Brain Stimul 2012 ; 5 : 505 – 11 . 10.1016/j.brs.2011.11.004 . 22445135 Moliadze V , Zhao Y ,
Eysel U , Funke K . Effect of transcranial magnetic stimulation on single-unit activity in the cat
primary visual cortex . J Physiol 2003 ; 553 : 665 – 79 . 12963791 10.1113/jphysiol.2003.050153
PMC2343567 Møllerløkken OJ , Stavang H , Hansson Mild K . Staff exposure to pulsed magnetic
fields during depression treatment with transcranial magnetic stimulation . Int J Occup Saf Ergon
2017 ; 231 : 39 – 42 . 10.1080/10803548.2016.1223193 27593517 Momi D , Smeralda C ,
Sprugnoli G , Neri F , Rossi S , Rossi A , Di Lorenzo G , Santarnecchi E . Thalamic morphometric
changes induced by first-person action videogame training . Eur J Neurosci 2019 ; 49 : 1180 – 95 .
10.1111/ejn.14272 . 30554448 Moscrip TD , Terrace HS , Sackeim HA , Lisanby SH . Randomized
controlled trial of the cognitive side-effects of magnetic seizure therapy (MST) and
electroconvulsive shock (ECS) . Int J Neuropsychopharmacol 2006 ; 9 : 1 – 11 . 16045810
10.1017/S146114570500578X Moshe H , Gal R , Barnea-Ygael N , Gulevsky T , Alyagon U ,
Zangen A . Prelimbic stimulation ameliorates depressive-like behaviors and increases regional
BDNF expression in a novel drug-resistant animal model of depression . Brain Stimul 2016 ; 9 : 243
– 50 . 26655599 10.1016/j.brs.2015.10.009 Mueller JK , Grigsby EM , Prevosto V , Petraglia FW ,



Rao H , Deng Z-D , Peterchev AV , Sommer MA , Egner T , Platt ML , Grill WM . Simultaneous
transcranial magnetic stimulation and single-neuron recording in alert non-human primates . Nat
Neurosci 2014 ; 17 : 1130 – 6 . 10.1038/nn.3751 . 24974797 PMC4115015 Mulders WH , Vooys V ,
Makowiecki K , Tang AD , Rodger J . The effects of repetitive transcranial magnetic stimulation in
an animal model of tinnitus . Sci Rep 2016 ; 6 :38234. 10.1038/srep38234 PMC5131273 27905540
Muller PA , Pascual-Leone A , Rotenberg A . Safety and tolerability of repetitive transcranial
magnetic stimulation in patients with pathologic positive sensory phenomena: a review of literature .
Brain Stimul 2012 ; 5 : 320 – 329 .e27. 10.1016/j.brs.2011.05.003 . 22322098 PMC3656498
Müller-Dahlhaus F , Ziemann U . Metaplasticity in human cortex . Neurosci Rev J Bringing
Neurobiol Neurol Psychiatry 2015 ; 21 : 185 – 202 . 10.1177/1073858414526645 . 24620008
Murphy SC , Palmer LM , Nyffeler T , Müri RM , Larkum ME . Transcranial magnetic stimulation
(TMS) inhibits cortical dendrites . Elife 2016 ; 5 e13598. 10.7554/eLife.13598 PMC4811769
26988796 Nahas Z . Safety and feasibility of repetitive transcranial magnetic stimulation in the
treatment of anxious depression in pregnancy: a case report . J Clin Psychiatry 1999 ; 60 : 50 – 2 .
10.4088/jcp.v60n0111 10074879 Nahas Z , Teneback CC , Kozel A , Speer AM , DeBrux C , Molloy
M , Stallings L , Spicer KM , Arana G , Bohning DE , Risch SC , George MS . Brain effects of TMS
delivered over prefrontal cortex in depressed adults: role of stimulation frequency and coil-cortex
distance . J Neuropsychiatry Clin Neurosci 2001 ; 13 : 459 – 70 . 11748315 10.1176/jnp.13.4.459
Nakamura M . New perspectives on transcranial magnetic stimulation in psychiatric disorders . In
Clinical application of quadripulse stimulation (QPS) to major depression. In: Symposium
presentation at 13th world congress of biological psychiatry (WFSBP) . Copenhagen, Denmark .
2017 . Symposium 32.. Narayana S , Zhang W , Rogers W , Strickland C , Franklin C , Lancaster JL
, Fox PT . Concurrent TMS to the primary motor cortex augments slow motor learning . NeuroImage
2014 ; 85 : 971 – 84 . 10.1016/j.neuroimage.2013.07.024 . 23867557 PMC4331120 Naro A , Leo A
, Cannavò A , Buda A , Bruno R , Salviera C . Audiomotor integration in minimally conscious state:
proof of concept! . Neural Plast . 2015 ; 2015 . 10.1155/2015/391349 . Published online 2015 Sep
3. PMC4573993 26425370 Nathou C , Simon G , Dollfus S , Etard O . Cortical Anatomical
Variations and Efficacy of rTMS in the Treatment of Auditory Hallucinations . Brain Stimul 2015 ; 8 :
1162 – 7 . 10.1016/j.brs.2015.06.002 . 26117356 Nauczyciel C , Le Jeune F , Naudet F , Douabin S
, Esquevin A , Verin M . Repetitive transcranial magnetic stimulation over the orbitofrontal cortex for
obsessivecompulsive disorder: a double-blind, crossover study . Transl Psychiatry 2014 ; 4 e436.
10.1038/tp.2014.62 PMC4203001 25203167 Neri F , Mencarelli L , Menardi A , Giovannelli F ,
Rossi S , Sprugnoli G , Rossi A , Pascual-Leone A , Salvador R , Ruffini G , Santarnecchi E . A
novel tDCS sham approach based on model-driven controlled shunting . Brain Stimul 2020 ; 13 :
507 – 16 . 10.1016/j.brs.2019.11.004 . 31926812 Ni Z , Kim SJ , Phielipp N , Ghosh S , Udupa K ,
Gunraj CA , Lee DJ . Pallidal deep brain stimulation modulates cortical excitability and plasticity .
Ann Neurol 2018 ; 83 : 352 – 62 . 10.1002/ana.25156 . 29369401 Nieminen JO , Koponen LM ,
Ilmoniemi RJ . Experimental Characterization of the Electric Field Distribution Induced by TMS
Devices . Brain Stimul 2015 ; 8 : 582 – 9 . 10.1016/j.brs.2015.01.004 . 25680320 Noda Y . Toward
the establishment of neurophysiological indicators for neuropsychiatric disorders using transcranial
magnetic stimulation-evoked potentials: A systematic review . Psychiatry Clin Neurosci 2020 ; 74 :
12 – 34 . 10.1111/pcn.12936 . 31587446 Noda Y , Daskalakis ZJ , Downar J , Croarkin PE ,
Fitzgerald PB , Blumberger DM . Magnetic seizure therapy in an adolescent with refractory bipolar
depression: a case report . Neuropsychiatr Treat 2014 ; 10 : 2049 – 55 . 10.2147/NDT.S71056
PMC4222618 25382978 Nord C . The effect of frontoparietal paired associative stimulation on
decisionmaking and working memory . Cortex 2019 ; 117 . 10.1016/j.cortex.2019.03.015 .
PMC6664322 31009813 Nowak DA , Hoffmann U , Connemann BJ , Schönfeldt-Lecuona C .
Epileptic seizure following 1 Hz repetitive transcranial magnetic stimulation . Clin Neurophysiol
2006 ; 117 : 1631 – 3 . 16679059 10.1016/j.clinph.2006.03.017 Oberman L , Edwards D , Eldaief M
, Pascual-Leone A . Safety of theta burst transcranial magnetic stimulation: a systematic review of
the literature . J Clin Neurophysiol 2011 ; 28 : 67 – 74 . 10.1097/WNP.0b013e318205135f .
21221011 PMC3260517 Oberman LM , Pascual-Leone A . Report of seizure induced by continuous
theta burst stimulation . Brain Stimul 2009 ; 2 : 246 – 7 . 20160904 10.1016/j.brs.2009.03.003
PMC2769021 Oberman LM , Pascual-Leone A , Rotenberg A . Modulation of corticospinal
excitability by transcranial magnetic stimulation in children and adolescents with autism spectrum
disorder . Front Hum Neurosci 2014 ; 8 . 10.3389/fnhum.2014.00627 . PMC4131188 25165441
Oliviero A , Carrasco-Lopez MC , Campolo M , Perez-Borrego YA , Soto-Leon V , Gonzalez-Rosa



JJ . Safety Study of Transcranial Static Magnetic Field Stimulation (tSMS) of the Human Cortex .
Brain Stimul 2015 ; 8 : 481 – 5 . 25595064 10.1016/j.brs.2014.12.002 Oliviero A , Mordillo-Mateos L
, Arias P , Panyavin I , Foffani G , Aguilar J . Transcranial static magnetic field stimulation of the
human motor cortex . J Physiol 2011 ; 589 : 4949 – 58 . 21807616 10.1113/jphysiol.2011.211953
PMC3224885 Onesti E , Gabriele M , Cambieri C , Ceccanti M , Raccah R , Di Stefano G . H-coil
repetitive transcranial magnetic stimulation for pain relief in patients with diabetic neuropathy . Eur J
Pain 2013 ; 17 : 1347 – 56 . 23629867 10.1002/j.1532-2149.2013.00320.x Opitz A , Fox MD ,
Craddock RC , Colcombe S , Milham MP . An integrated framework for targeting functional
networks via transcranial magnetic stimulation . Neuroimage 2016 ; 127 : 86 – 96 . 26608241
10.1016/j.neuroimage.2015.11.040 PMC4836057 O’Reardon JP , Solvason HB , Janicak PG ,
Sampson S , Isenberg KE , Nahas Z , McDonald WM , Avery D , Fitzgerald PB , Loo C , Demitrack
MA , George MS , Sackeim HA . Efficacy and safety of transcranial magnetic stimulation in the
acute treatment of major depression: a multisite randomized controlled trial . Biol Psychiatry 2007 ;
62 : 1208 – 16 . 10.1016/j.biopsych.2007.01.018 . 17573044 Parazzini M , Fiocchi S , Chiaramello
E , Roth Y , Zangen A , Ravazzani P . Electric field estimation of deep transcranial magnetic
stimulation clinically used for the treatment of neuropsychiatric disorders in anatomical head models
. Med Eng Phys 2017 ; 43 : 30 – 8 . 10.1016/j.medengphy.2017.02.003 . Epub 2017 Feb 21.
28236602 Parthoens J , Verhaeghe J , Wyckhuys T , Stroobants S , Staelens S . Small-animal
repetitive transcranial magnetic stimulation combined with [18F]-FDG microPET to quantify the
neuromodulation effect in the rat brain . Neuroscience 2014 ; 275 : 436 – 43 . 24979056
10.1016/j.neuroscience.2014.06.042 Pascual-Leone A , Cohen LG , Shotland LI , Dang N , Pikus A
, Wassermann EM , No evidence of hearing loss in humans due to transcranial magnetic
stimulation . Neurology 1992 ; 42 ( 3 ). 10.1212/wnl.42.3.647 1549231 Pascual-Leone A , Houser
CM , Reese K , Shotland LI , Grafman J , Sato S , Valls-Solé J , Brasil-Neto JP , Wassermann EM ,
Cohen LG . Safety of rapid-rate transcranial magnetic stimulation in normal volunteers .
Electroencephalogr Clin Neurophysiol 1993 ; 89 : 120 – 30 . 10.1016/0168-5597(93)90094-6 .
7683602 Pedapati EV , Mooney LN , Wu SW , Erickson CA , Sweeney JA , Shaffer RC , Horn PS ,
Wink LK , Gilbert DL . Motor cortex facilitation: a marker of attention deficit hyperactivity disorder
co-occurrence in autism spectrum disorder . Transl Psychiatry 2019 ; 9 : 298 .
10.1038/s41398-019-0614-3 . 31723120 PMC6853984 Peljto AL , Barker-Cummings C , Vasoli VM
, Leibson CL , Hauser WA , Buchhalter JR , Ottman R . Familial risk of epilepsy: a population-based
study . Brain J Neurol 2014 ; 137 : 795 – 805 . 10.1093/brain/awt368 . PMC3927702 24468822
Pereira LS , Müller VT , da Mota Gomes M , Rotenberg A , Fregni F . Safety of repetitive
transcranial magnetic stimulation in patients with epilepsy: A systematic review . Epilepsy Behav
2016 ; 57 : 167 – 76 . 10.1016/j.yebeh.2016.01.015 . 26970993 Peterchev AV , Deng Z-D , Goetz
SM . Advances in transcranial magnetic stimulation technology . In: Reti IM , editor. Brain
Stimulation: Methodologies and Interventions . Hoboken, NJ, USA : Wiley Blackwell ; 2015a . p. 165
– 89 . Peterchev AV , D’Ostilio K , Rothwell JC , Murphy DL . Controllable pulse parameter
transcranial magnetic stimulator with enhanced circuit topology and pulse shaping . J Neural Eng
2014 ; 11 . 10.1088/1741-2560/11/5/056023 . Epub 2014 Sep 22 056023. PMC4208275 25242286
Peterchev AV , Jalinous R , Lisanby SH . A transcranial magnetic stimulator inducing
near-rectangular pulses with controllable pulse width (cTMS) . IEEE Trans Biomed Eng 2008 ; 55 :
257 – 66 . 18232369 10.1109/TBME.2007.900540 PMC3740125 Peterchev AV , Luber B , Westin
GG , Lisanby SH . Pulse Width Affects Scalp Sensation of Transcranial Magnetic Stimulation . Brain
Stimul 2017 ; 10 : 99 – 105 . 28029593 10.1016/j.brs.2016.09.007 PMC5241181 Peterchev AV ,
Murphy DL , Lisanby SH . A repetitive transcranial magnetic stimulator with controllable pulse
parameters . J Neural Eng 2011 ; 8 036016. 10.1088/1741-2560/8/3/036016 PMC3697055
21540487 Peterchev AV , Sikes-Keilp C , Rosa MA , Lisanby SH . Re-evaluating the
electroconvulsive therapy stimulus: frequency and directionality . Biol Psychiatry 2015b ; 77 : 23S .
Peterchev AV , Wagner TA , Miranda PC , Nitsche MA , Paulus W , Lisanby SH . Fundamentals of
transcranial electric and magnetic stimulation dose: definition, selection, and reporting practices .
Brain Stimul 2012 ; 5 : 435 – 53 . 22305345 10.1016/j.brs.2011.10.001 PMC3346863 Petrosyan HA
, Alessi V , Sniffen J , Sisto SA , Fiore S , Davis R , Kaufman M , Arvanian VL . Safety of titanium
rods used for spinal stabilization during repetitive magnetic stimulation . Clin Neurophysiol 2015 ;
126 : 2405 – 6 . 25836601 10.1016/j.clinph.2015.02.059 Phielipp NM , Saha U , Sankar T , Yugeta
A , Chen R . Safety of repetitive transcranial magnetic stimulation in patients with implanted cortical
electrodes. An ex-vivo study and report of a case . Clin Neurophysiol 2017 ; 128 : 1109 – 15 .



28259678 10.1016/j.clinph.2017.01.021 Philip NS , Carpenter SL , Carpenter LL . Safe use of
repetitive transcranial magnetic stimulation in patients with implanted vagus nerve stimulators .
Brain Stimul 2014 ; 7 : 608 – 12 . 24794163 10.1016/j.brs.2014.04.001 Philip NS , Carpenter SL ,
Ridout SJ , Sanchez G , Albright SE , Tyrka AR , Price LH , Carpenter LL . 5 Hz repetitive
transcranial magnetic stimulation to left prefrontal cortex for major depression . J Affect Disord 2015
; 186 : 13 – 7 . 10.1016/j.jad.2014.12.024 . 26210705 PMC4565741 Picarelli H , Teixeira MJ ,
Andrade DC , Myczkowski ML , Luvisotto TB , Yeng LT , Fonoff ET , Pridmore S , Marcolin MA .
Repetitive transcranial magnetic stimulation is efficacious as an add-on to pharmacological therapy
in complex regional pain syndrome (CRPS) type I . J Pain 2010 ; 11 : 1203 – 10 . 20430702
10.1016/j.jpain.2010.02.006 Picht T , Krieg SM , Sollmann N , Rösler J , Niraula B , Neuvonen T ,
Savolainen P , Lioumis P , Mäkelä JP , Deletis V , Meyer B , Vajkoczy P , Ringel F . A comparison
of language mapping by preoperative navigated transcranial magnetic stimulation and direct cortical
stimulation during awake surgery . Neurosurgery 2013 ; 72 : 808 – 19 . 23385773
10.1227/NEU.0b013e3182889e01 Picht T , Mularski S , Kuehn B , Vajkoczy P , Kombos T , Suess
O . Navigated transcranial magnetic stimulation for preoperative functional diagnostics in brain
tumor surgery . Neurosurgery 2009 ; 65 : 93 – 9 . 19935007
10.1227/01.NEU.0000348009.22750.59 Picht T , Schmidt S , Brandt S , Frey D , Hannula H ,
Neuvonen T , Karhu J , Vajkoczy P , Suess O . Preoperative functional mapping for rolandic brain
tumor surgery: comparison of navigated transcranial magnetic stimulation to direct cortical
stimulation . Neurosurgery 2011 ; 69 : 581 – 8 . 21430587 10.1227/NEU.0b013e3182181b89
Plewnia C , Pasqualetti P , Große S , Schlipf S , Wasserka B , Zwissler B , Fallgatter A . Treatment
of major depression with bilateral theta burst stimulation: a randomized controlled pilot trial . J Affect
Disord 2014 ; 156 : 219 – 23 . 24411682 10.1016/j.jad.2013.12.025 Polster JD , Kayser S ,
Bewernick BH , Hurlemann R , Schlaepfer TE . Effects of electroconvulsive therapy and magnetic
seizure therapy on acute memory retrieval . J ECT 2015 ; 31 : 13 – 9 . 24853650
10.1097/YCT.0000000000000130 Pommier B , Créac’h C , Beauvieux V , Nuti C , Vassal F ,
Peyron R . Robot-guided neuronavigated rTMS as an alternative therapy for central (neuropathic)
pain: clinical experience and long-term follow-up . Eur J Pain 2016 ; 20 : 907 – 16 . 26765799
10.1002/ejp.815 Popa T , Russo M , Meunier S . Long-lasting inhibition of cerebellar output . Brain
Stimul 2010 ; 3 : 161 – 9 . 20633445 10.1016/j.brs.2009.10.001 Pridmore S , Lawson F .
Transcranial magnetic stimulation and movement of aneurysm clips . Brain Stimul 2017 ; 10 : 1139
– 40 . 28941752 10.1016/j.brs.2017.08.009 Prior MM , Stinear JW . Phasic spike-timing-dependent
plasticity of human motor cortex during walking . Brain Res 2006 ; 1110 : 150 – 8 .
10.1016/j.brainres.2006.06.057 . 16887105 Quartarone A , Rizzo V , Bagnato S , Morgante F ,
Sant’Angelo A , Girlanda P , Rapid-rate paired associative stimulation of the median nerve and
motor cortex can produce long-lasting changes in motor cortical excitability in humans . J Physiol
2006 ; 575 : 657 – 70 . 10.1113/jphysiol.2006.114025 . 16825301 PMC1819453 Quartarone A ,
Rizzo V , Bagnato S , Morgante F , Sant’Angelo A , Romano M , Homeostatic-like plasticity of the
primary motor hand area is impaired in focal hand dystonia . Brain J Neurol 2005 ; 128 : 1943 – 50 .
10.1093/brain/awh527 . 15872016 Quesada C , Pommier B , Fauchon C , Bradley C , Créac’h C ,
Vassal F , Robot-guided neuronavigated repetitive transcranial magnetic stimulation (rTMS) in
central neuropathic pain . Arch Phys Med Rehabil 2018 ; 99 : 2203 – 2215 .e1.
10.1016/j.apmr.2018.04.013 . 29750900 Rachid F . Safety and efficacy of theta-burst stimulation in
the treatment of psychiatric disorders: A review of the literature . J Nerv Ment Dis 2017 ; 205 : 823 –
39 . 29077650 10.1097/NMD.0000000000000742 Raco V , Bauer R , Norim S , Gharabaghi A .
Cumulative effects of single TMS pulses during beta-tACS are stimulation intensity-dependent .
Brain Stimul 2017 ; 10 : 1055 – 60 . 10.1016/j.brs.2017.07.009 . 28779945 Rastogi P , Hadimani R ,
Jiles D . Investigation of coil designs for transcranial magnetic stimulation on mice . IEEE Trans
Magn 2016 ; 52 : 1 – 4 . Redolar-Ripoll D , Viejo-Sobera R , Palaus M , Valero-Cabre A , Marron
EM . Local pain during transcranial magnetic stimulation induced by ferromagnetic pigments in
commonly used cosmetics . Clin Neurophysiol 2015 ; 126 : 2243 – 5 . 25840527
10.1016/j.clinph.2015.03.003 Ribolsi M , Lisi G , Ponzo V , Siracusano A , Caltagirone C , Niolu C ,
Koch G . Left hemispheric breakdown of LTP-like cortico-cortical plasticity in schizophrenic patients
. Clin Neurophysiol 2017 ; 128 : 2037 – 42 . 10.1016/j.clinph.2017.06.255 . 28843131 Riches SF ,
Collins DJ , Scuffham JW , Leach MO . EU Directive 2004/40: field measurements of a 1.5 T clinical
MR scanner . Br J Radiol 2007 ; 80 : 483 – 7 . 17684078 10.1259/bjr/69843752 Richter L ,
Trillenberg P , Schweikard A , Schlaefer A . Stimulus intensity for hand held and robotic transcranial



magnetic stimulation . Brain Stimul 2013 ; 6 : 315 – 21 . 22749687 10.1016/j.brs.2012.06.002 Riehl
M . TMS stimulator design . In: Wassermann EM , Epstein CM , Ziemann U , Walsh V , Paus T ,
Lisanby SH , editors. The Oxford Handbook of Transcranial Magnetic Stimulation . Oxford
University Press ; 2008 . p. 13 – 23 . Rivadulla C , Foffani G , Oliviero A . Magnetic field strength
and reproducibility of neodymium magnets useful for transcranial static magnetic field stimulation of
the human cortex . Neuromodulation 2014 ; 17 : 441 – 1432 . 10.1111/ner.12125 24125470 Rizzo V
, Aricò I , Mastroeni C , Morgante F , Liotta G , Girlanda P , Silvestri R , Quartarone A . Dopamine
agonists restore cortical plasticity in patients with idiopathic restless legs syndrome . Mov Disord
2009 ; 24 : 710 – 5 . 10.1002/mds.22436 . 19117337 Rizzo V , Bove M , Naro A , Tacchino A ,
Mastroeni C , Avanzino L , Quartarone A . Associative cortico-cortical plasticity may affect
ipsilateral finger opposition movements . Behav Brain Res 2011 ; 216 : 433 – 9 .
10.1016/j.bbr.2010.08.037 . 20816702 Rizzo V , Siebner HS , Morgante F , Mastroeni C , Girlanda
P , Quartarone A . Paired associative stimulation of left and right human motor cortex shapes
interhemispheric motor inhibition based on a Hebbian mechanism . Cereb Cortex 2008 ; 19 : 907 –
15 . 10.1093/cercor/bhn144 . 18791179 Rodger J , Sherrard RM . Optimising repetitive transcranial
magnetic stimulation for neural circuit repair following traumatic brain injury . Neural Regen Res
2015 ; 10 : 357 – 9 . 25878575 10.4103/1673-5374.153676 PMC4396089 Romei V , Thut G ,
Silvanto J . Information-based approaches of noninvasive transcranial brain stimulation . Trends
Neurosci 2016 ; 39 : 782 – 95 . 10.1016/j.tins.2016.09.001 . 27697295 Romero Lauro LJ ,
Rosanova M , Mattavelli G , Convento S , Pisoni A , Opitz A , Bolognini N , Vallar G . TDCS
increases cortical excitability: direct evidence from TMS-EEG . Cortex J Devoted Study Nerv Syst
Behav 2014 ; 58 : 99 – 111 . 10.1016/j.cortex.2014.05.003 . 24998337 Rosa MA , Picarelli H ,
Teixeira MJ , Rosa MO , Marcolin MA . Accidental seizure with repetitive transcranial magnetic
stimulation . J ECT 2006 ; 22 : 265 – 6 . 17143158 10.1097/01.yct.0000244236.72049.9e Rossi S ,
Hallett M , Rossini PM , Pascual-Leone A . Safety, ethical considerations, and application
guidelines for the use of transcranial magnetic stimulation in clinical practice and research . Clin
Neurophysiol 2009 ; 120 : 2008 – 39 . 10.1016/j.clinph.2009.08.016 . 19833552 PMC3260536
Rossini PM , Burke D , Chen R , Cohen LG , Daskalakis Z , Di Iorio R , Di Lazzaro V , Ferreri F ,
Fitzgerald PB , George MS , Hallett M , Lefaucheur JP , Langguth B , Matsumoto H , Miniussi C ,
Nitsche MA , Pascual-Leone A , Paulus W , Rossi S , Rothwell JC , Siebner HR , Ugawa Y , Walsh
V , Ziemann U . Non-invasive electrical and magnetic stimulation of the brain, spinal cord, roots and
peripheral nerves: Basic principles and procedures for routine clinical and research application. An
updated report from an I.F.C.N . Committee Clin Neurophysiol 2015 ; 126 : 1071 – 107 .
10.1016/j.clinph.2015.02.001 . 25797650 PMC6350257 Rotenberg A , Harrington MG , Birnbaum
DS , Madsen JR , Glass IES , Jensen FE , Pascual Leone A . Minimal heating of titanium skull
plates during 1 Hz repetitive transcranial magnetic stimulation . Clin Neurophysiol 2007 ; 118 : 2536
– 8 . 17890148 10.1016/j.clinph.2007.08.003 Roth BJ , Pascual Leone A , Cohen LG , Hallett M .
The heating of metal-electrodes during rapid-rate magnetic stimulation - a possible safety hazard .
Electroenceph Clin Neurophysiol 1992 ; 85 : 116 – 23 . 1373364 10.1016/0168-5597(92)90077-o
Roth Y , Levkovitz Y , Pell GS , Ankry M , Zangen A . Safety and Characterization of a Novel
Multi-channel TMS Stimulator . Brain Stimul 2014 ; 7 : 194 – 205 . 10.1016/j.brs.2013.09.004 .
24529836 Rothkegel H , Sommer M , Paulus W , Lang N . Impact of pulse duration in single pulse
TMS . Clin Neurophysiol 2010 ; 121 : 1915 – 21 . 20444645 10.1016/j.clinph.2010.04.006 Rowny
SB , Benzl K , Lisanby SH . Translational development strategy for magnetic seizure therapy . Exp
Neurol 2009 ; 219 : 27 – 35 . 19348798 10.1016/j.expneurol.2009.03.029 PMC2997268 Ruff CC ,
Driver J , Bestmann S . Combining TMS and fMRI: from “virtual lesions” to functional-network
accounts of cognition. Cortex . J Devoted Study Nerv Syst Behav 2009 ; 45 : 1043 – 9 .
10.1016/j.cortex.2008.10.012 . PMC2726131 19166996 Ruohonen J , Ilmoniemi RJ . Basic Physics
and Design of Transcranial Magnatic Stimulation Devices and Coils . In: Hallett M , Chokroverty S ,
editors. Magnetic stimulation in clinical neurophysiology . Philadelphia, PA : Elsevier
ButterworthHeinemann ; 2005 . p. 17 – 30 . Ruohonen J , Karhu J . Navigated transcranial
magnetic stimulation . Neurophysiol Clin 2010 ; 40 : 7 – 17 . 20230931
10.1016/j.neucli.2010.01.006 Rutherford G , Lithgow B , Moussavi Z . Short and long-term effects of
rTMS treatment on Alzheimer’s disease at different stages: A pilot study . J Exp Neurosci 2015 ; 9 :
43 – 51 . 10.4137/JEN.S24004 PMC4457230 26064066 Sack AT , Kadosh RC , Schuhmann T ,
Moerel M , Walsh V , Goebel R . Optimizing functional accuracy of TMS in cognitive studies: a
comparison of methods . J Cogn Neurosci 2009 ; 21 : 207 – 21 . 18823235



10.1162/jocn.2009.21126 Sakai K , Ugawa Y , Terao Y , Hanajima R , Furubayashi T , Kanazawa I
. Preferential activation of different I waves by transcranial magnetic stimulation with a
figure-of-eight-shaped coil . Exp Brain Res 1997 ; 113 : 24 – 32 . 10.1007/BF02454139 . 9028772
Samokhvalov AV , Irving H , Mohapatra S , Rehm J . Alcohol consumption, unprovoked seizures,
and epilepsy: a systematic review and meta-analysis . Epilepsia 2010 ; 51 : 1177 – 84 . 20074233
10.1111/j.1528-1167.2009.02426.x Santarnecchi E , Bianco C , Sicilia I , Momi D , Lorenzo G ,
Ferrone S , Sprugnoli G , Rossi S , Rossi A . Age of Insomnia Onset Correlates with a Reversal of
Default Mode Network and Supplementary Motor Cortex Connectivity . Neural Plast 2018 ; 2018
:3678534. 10.1155/2018/3678534 PMC5901935 29808082 Santarnecchi E , Feurra M , Barneschi
F , Acampa M , Bianco G , Cioncoloni D , Rossi A , Rossi S . Time Course of Corticospinal
Excitability and Autonomic Function Interplay during and Following Monopolar tDCS . Front
Psychiatry 2014 ; 5 : 86 . 10.3389/fpsyt.2014.00086 . 25101009 PMC4104833 Sato E , Yamanishi
T , Imai Y , Kobayashi M , Sakamoto T , Ono Y , Fujii A , Yamaguchi T , Nakamura T , Ueda Y .
High-Frequency Continuous Pulsed Magnetic Stimulation Does Not Adversely Affect Development
on Whole Body Organs in Female Sprague-Dawley Rats . LUTS Low Urin Tract Symptoms 2017 ; 9
: 102 – 6 . 28394494 10.1111/luts.12115 Schecklmann M , Volberg G , Frank G , Hadersdorfer J ,
Steffens T , Weisz N , Langguth B . Paired associative stimulation of the auditory system: a
proof-of-principle study . PLoS ONE 2011 ; 6 :27088. 10.1371/journal.pone.0027088 .
PMC3206892 22073259 Schenck JF . Safety of strong, static magnetic fields . J Magn Reson
Imaging 2000 ; 12 : 2 – 19 . 10931560 10.1002/1522-2586(200007)12:1<2::aid-jmri2>3.0.co;2-v
Schrader LM , Stern JM , Fields TA , Nuwer MR , Wilson CL . A lack of effect from transcranial
magnetic stimulation (TMS) on the vagus nerve stimulator (VNS) . Clin Neurophysiol 2005 ; 116 :
2501 – 4 . 16122980 10.1016/j.clinph.2005.06.025 Schulze L , Wheeler S , McAndrews MP ,
Solomon CJE , Giacobbe P , Downar J . Cognitive safety of dorsomedial prefrontal repetitive
transcranial magnetic stimulation in major depression . Eur Neuropsychopharmacol J Eur Coll
Neuropsychopharmacol 2016 ; 26 : 1213 – 26 . 10.1016/j.euroneuro.2016.04.004 . 27157074
Serafini G , Pompili M , Belvederi Murri M , Respino M , Ghio L , Girardi P , Fitzgerald PB , Amore M
. The effects of repetitive transcranial magnetic stimulation on cognitive performance in
treatment-resistant depression . A systematic review Neuropsychobiology 2015 ; 71 : 125 – 39 .
10.1159/000381351 . 25925699 Shahar H , Alyagon U , Lazarovits A , Hadar A , Cohen D , Shalev
H . Right prefrontal deep TMS effects on attention symptoms: Behavioral outcomes and
electrophysiological correlates . Eur Psychiatry 2015 ; 30 . Sherrard RM , Morellini N , Jourdan N ,
El-Esawi M , Arthaut L-D , Niessner C , Rouyer F , Klarsfeld A , Doulazmi M , Witczak J ,
d’Harlingue A , Mariani J , Mclure I , Martino CF , Ahmad M . Low-intensity electromagnetic fields
induce human cryptochrome to modulate intracellular reactive oxygen species . PLoS Biol 2018 ;
16 . 10.1371/journal.pbio.2006229 e2006229. PMC6168118 30278045 Shimizu T , Hosomi K ,
Maruo T , Goto Y , Yokoe M , Kageyama Y . Efficacy of deep rTMS for neuropathic pain in the lower
limb: a randomized, double-blind crossover trial of an H-coil and figure-8 coil . J Neurosurg 2017 ;
127 : 1172 – 80 . 28156250 10.3171/2016.9.JNS16815 Shimojima Y , Morita H , Nishikawa N ,
Kodaira M , Hashimoto T , Ikeda S . The safety of transcranial magnetic stimulation with deep brain
stimulation instruments . Park Relat Disord 2010 ; 16 : 127 – 31 . 10.1016/j.parkreldis.2009.09.006
19811944 Shojaei A , Semnanian S , Janahmadi M , Moradi-Chameh H , Firoozabadi SM ,
Mirnajafi-Zadeh J . Repeated transcranial magnetic stimulation prevents kindling-induced changes
in electrophysiological properties of rat hippocampal CA1 pyramidal neurons . Neuroscience 2014 ;
280 : 181 – 92 . 25241070 10.1016/j.neuroscience.2014.09.022 Siebner HR , Bergmann TO ,
Bestmann S , Massimini M , Johansen-Berg H , Mochizuki H , Bohning DE , Boorman ED , Groppa
S , Miniussi C , Pascual-Leone A , Huber R , Taylor PC , Ilmoniemi RJ . Consensus paper:
combining transcranial stimulation with neuroimaging . Brain Stimul 2009 ; 2 : 58 – 80 . 20633405
10.1016/j.brs.2008.11.002 Siebner HR , Lang N , Rizzo V , Nitsche MA , Paulus W , Lemon RN ,
Rothwell JC . Preconditioning of low-frequency repetitive transcranial magnetic stimulation with
transcranial direct current stimulation: evidence for homeostatic plasticity in the human motor cortex
. J Neurosci 2004 ; 24 : 3379 – 85 . 10.1523/JNEUROSCI.5316-03.2004 . 15056717 PMC6730024
Simeoni S , Hannah R , Sato D , Kawakami M , Rothwell J , Simeoni S , Gigli GL , Sato D ,
Kawakami M . Effects of Quadripulse Stimulation on Human Motor Cortex Excitability : A
Replication Study. Brain Stimul 2016 ; 9 : 148 – 50 . 10.1016/j.brs.2015.10.007 . 26596527 Sommer
M , Alfaro A , Rummel M , Speck S , Lang N , Tings T . Half sine, monophasic and biphasic
transcranial magnetic stimulation of the human motor cortex . Clin Neurophysiol 2006 ; 117 : 838 –



44 . 16495145 10.1016/j.clinph.2005.10.029 Sommer M , Ciocca M , Chieffo R , Hammond P , Neef
A , Paulus W . TMS of primary motor cortex with a biphasic pulse activates two independent sets of
excitable neurones . Brain Stimul 2018 ; 11 : 558 – 65 . 29352669 10.1016/j.brs.2018.01.001
PMC5938087 Sommer M , Ciocca M , Hannah R , Hammond P , Neef N , Paulus W . Intermittent
theta burst stimulation inhibits human motor cortex when applied with mostly monophasic
(anterior-posterior) pulses . Clin Neurophysiol 2014 ; 125 : S228 . Sommer M , Lang N , Tergau F ,
Paulus W . Neuronal tissue polarization induced by repetitive transcranial magnetic stimulation? .
NeuroReport 2002 ; 13 : 809 – 11 . 11997692 10.1097/00001756-200205070-00015 Sommer M ,
Norden C , Schmack L , Rothkegel H , Lang N , Paulus W . Opposite optimal current flow directions
for induction of neuroplasticity and excitation threshold in the human motor cortex . Brain Stimul
2013 ; 6 : 363 – 70 . 10.1016/j.brs.2012.07.003 . 22885142 Sowman PF , Dueholm SS ,
Rasmussen JH , Mrachacz-Kersting N . Induction of plasticity in the human motor cortex by pairing
an auditory stimulus with TMS . Front Hum Neurosci 2014 ; 8 : 398 . 10.3389/fnhum.2014.00398 .
24917810 PMC4042887 Spagnolo F , Volonté M , Fichera M , Chieffo R , Houdayer E , Bianco M .
Excitatory deep repetitive transcranial magnetic stimulation with H-coil as add-on treatment of
motor symptoms in Parkinson’s disease: an open label, pilot study . Brain Stimul 2014 ; 7 : 297 –
300 . 24300835 10.1016/j.brs.2013.10.007 Spellman T , McClintock SM , Terrace H , Luber B ,
Husain MM , Lisanby SH . Differential effects of high-dose magnetic seizure therapy and
electroconvulsive shock on cognitive function . Biol Psychiatry 2008 ; 63 : 1163 – 70 . 18262171
10.1016/j.biopsych.2007.11.024 PMC2587316 Stefan K , Kunesch E , Cohen LG , Benecke R ,
Classen J . Induction of plasticity in the human motor cortex by paired associative stimulation .
Brain 2000 ; 123 : 572 – 84 . 10.1093/brain/123.3.572 . 10686179 Steinert T , Fröscher W .
Epileptic seizures under antidepressive drug treatment: systematic review . Pharmacopsychiatry
2018 ; 51 : 121 – 35 . 10.1055/s-0043-117962 . 28850959 Stinear JW , Hornby TG .
Stimulation-induced changes in lower limb corticomotor excitability during treadmill walking in
humans . J Physiol 2005 ; 567 : 701 – 11 . 10.1113/jphysiol.2005.090654 . 15975980 PMC1474197
Stokes MG , Barker AT , Dervinis M , Verbruggen F , Maizey L , Adams RC , Chambers CD .
Biophysical determinants of transcranial magnetic stimulation: effects of excitability and depth of
targeted area . J Neurophysiol 2013 ; 109 : 437 – 44 . 23114213 10.1152/jn.00510.2012
PMC3545458 Stokes MG , Chambers CD , Gould IC , English T , McNaught E , McDonald O ,
Mattingley JB . Distance-adjusted motor threshold for transcranial magnetic stimulation . Clin
Neurophysiol 2007 ; 118 : 1617 – 25 . 10.1016/j.clinph.2007.04.004 . 17524764 Stokes MG ,
Chambers CD , Gould IC , Henderson TR , Janko NE , Allen NB , Mattingley JB . Simple metric for
scaling motor threshold based on scalp-cortex distance: application to studies using transcranial
magnetic stimulation . J Neurophysiol 2005 ; 94 : 4520 – 7 . 10.1152/jn.00067.2005 . 16135552
Sucksdorff D , Brown AS , Chudal R , Jokiranta-Olkoniemi E , Leivonen S , Suominen A . Parental
and comorbid epilepsy in persons with bipolar disorder . J Affect Disord 2015 ; 188 : 107 – 11 .
26356289 10.1016/j.jad.2015.08.051 PMC4631649 Sun Y , Farzan F , Mulsant BH , Rajji TK ,
Fitzgerald PB , Barr MS , Downar J , Wong W , Blumberger DM , Daskalakis ZJ . Indicators for
Remission of Suicidal Ideation Following Magnetic Seizure Therapy in Patients With
Treatment-Resistant Depression . JAMA Psychiatry 2016 ; 73 : 337 – 45 . 26981889
10.1001/jamapsychiatry.2015.3097 Suppa A , Li Voti P , Rocchi L , Papazachariadis O , Berardelli
A . Early visuomotor integration processes induce LTP/LTD-like plasticity in the human motor cortex
. Cereb Cortex 2013 ; 25 : 703 – 12 . 10.1093/cercor/bht264 . 24057659 Sutter R , Rüegg S ,
Tschudin-Sutter S . Seizures as adverse events of antibiotic drugs: A systematic review . Neurology
2015 ; 85 : 1332 – 41 . 10.1212/WNL.0000000000002023 . 26400582 Tang AD , Bennett W ,
Hadrill C , Collins J , Fulopova B , Wills K , Bindoff A , Puri R , Garry MI , Hinder MR . Low intensity
repetitive transcranial magnetic stimulation modulates skilled motor learning in adult mice . Sci Rep
2018 ; 8 : 4016 . 29507375 10.1038/s41598-018-22385-8 PMC5838100 Tang AD , Hong I ,
Boddington LJ , Garrett AR , Etherington S , Reynolds JN , Rodger J . Low-intensity repetitive
magnetic stimulation lowers action potential threshold and increases spike firing in layer 5
pyramidal neurons in vitro . Neuroscience 2016a ; 335 : 64 – 71 . 27568058
10.1016/j.neuroscience.2016.08.030 Tang AD , Lowe AS , Garrett AR , Woodward R , Bennett W ,
Canty AJ , Garry MI , Hinder MR , Summers JJ , Gersner R . Construction and evaluation of
rodent-specific rTMS coils . Front Neural Circuits 2016b ; 10 : 47 . 27445702
10.3389/fncir.2016.00047 PMC4928644 Tang VM , Blumberger DM , Dimitrova J , Throop A ,
McClintock SM , Voineskos D , Downar J , Knyahnytska Y , Mulsant BH , Fitzgerald PB ,



Daskalakis ZJ . Magnetic seizure therapy is efficacious and well tolerated for treatment-resistant
bipolar depression: an open-label clinical trial . J Psychiatry Neurosci 2020 ; 45 .
10.1503/jpn.190098190098 . PMC7850154 31922372 Tarapore PE , Picht T , Bulubas L , Shin Y ,
Kulchytska N , Meyer B , Berger MS , Nagarajan SS , Krieg SM . Safety and tolerability of navigated
TMS for preoperative mapping in neurosurgical patients . Clin Neurophysiol 2016 ; 127 : 1895 – 900
. 26762952 10.1016/j.clinph.2015.11.042 Tarri M , Brihmat N , Gasq D , Lepage B , Loubinoux I ,
De Boissezon X , Castel-Lacanal E . Five-day course of paired associative stimulation fails to
improve motor function in stroke patients . Ann Phys Rehabil Med 2018 ; 61 : 78 – 84 .
10.1111/j.1460-9568.2012.08067.x . 29274471 Taylor JL , Loo CK . Stimulus waveform influences
the efficacy of repetitive transcranial magnetic stimulation . J Affect Disord 2007 ; 97 : 271 – 6 .
16887197 10.1016/j.jad.2006.06.027 Taylor JL , Martin PG . Voluntary motor output is altered by
spike-timing-dependent changes in the human corticospinal pathway . J Neurosci 2009 ; 29 : 11708
– 16 . 10.1523/JNEUROSCI.2217-09.2009 . 19759317 PMC6665756 Tendler A , Barnea Ygael N ,
Roth Y , Zangen A . Deep transcranial magnetic stimulation (dTMS) - beyond depression . Expert
Rev Med Devices 2016 ; 13 : 987 – 1000 . 27601183 10.1080/17434440.2016.1233812 Tendler A ,
Roth Y , Zangen A . Rate of inadvertently induced seizures with deep repetitive transcranial
magnetic stimulation . Brain Stimul 2018 ; 11 : 1410 – 4 . 10.1016/j.brs.2018.09.001 . 30245161
Terney D , Chaieb L , Moliadze V , Antal A , Paulus W . Increasing human brainexcitability by
transcranial high-frequency random noise stimulation . J Neurosci 2008 ; 28 :14147–55.
10.1523/JNEUROSCI.4248-08.2008 PMC6671476 19109497 Tharayil JJ , Goetz SM , Bernabei
JM , Peterchev AV . Field Distribution of Transcranial Static Magnetic Stimulation in Realistic
Human Head Model . Neuromodulation 2018 ; 21 : 340 – 7 . 29024263 10.1111/ner.12699
PMC5893444 Tings T , Lang N , Tergau F , Paulus W , Sommer M . Orientation-specific fast rTMS
maximizes corticospinal inhibition and facilitation . Exp Brain Res 2005 ; 164 : 323 – 33 . 15868175
10.1007/s00221-005-2253-6 Tolmacheva A , Savolainen S , Kirveskari E , Lioumis P , Kuusela L ,
Brandstack N , Shulga A . Long-term paired associative stimulation enhances motor output of the
tetraplegic hand . J Neurotrauma 2017 ; 34 : 2668 – 74 . 10.1089/neu.2017.4996 . 28635523
PMC5610384 Torres F , Villalon E , Poblete P , Moraga-Amaro R , Linsambarth S , Riquelme R .
Retrospective Evaluation of Deep Transcranial Magnetic Stimulation as Add-On Treatment for
Parkinson’s Disease . Front Neurol 2015 ; 6 : 210 . 26579065 10.3389/fneur.2015.00210
PMC4620693 Tremblay S , Rogasch NC , Premoli I , Blumberger DM , Casarotto S , Chen R , Di
Lazzaro V , Farzan F , Ferrarelli F , Fitzgerald PB , Hui J , Ilmoniemi RJ , Kimiskidis VK , Kugiumtzis
D , Lioumis P , Pascual-Leone A , Pellicciari MC , Rajji T , Thut G , Zomorrodi R , Ziemann U ,
Daskalakis ZJ . Clinical utility and prospective of TMS- EEG . Clin Neurophysiol 2019 ; 130 : 802 –
44 . 10.1016/j.clinph.2019.01.001 . 30772238 Tringali S , Perrot X , Collet L , Moulin A . Repetitive
transcranial magnetic stimulation noise levels: methodological implications for tinnitus treatment .
Brain Stimul 2012 ; 5 : 655 – 6 . 10.1016/j.brs.2011.10.006 . Epub 2012 Feb 22. 22405743 Trippe J
, Mix A , Aydin-Abidin S , Funke K , Benali A . Theta burst and conventional low-frequency rTMS
differentially affect GABAergic neurotransmission in the rat cortex . Exp Brain Res 2009 ; 199 : 411
– 21 . 10.1007/s00221009-1961-8 . 19701632 Tsang P , Bailey AZ , Nelson AJ . Rapid-rate paired
associative stimulation over the primary somatosensory cortex . PLoS ONE 2015 ; 10 :0120731.
10.1371/journal.pone.0120731 . PMC4370473 25799422 Tzabazis A , Aparici CM , Rowbotham
MC , Schneider MB , Etkin A , Yeomans DC . Shaped magnetic field pulses by multi-coil repetitive
transcranial magnetic stimulation (rTMS) differentially modulate anterior cingulate cortex responses
and pain in volunteers and fibromyalgia patients . Mol Pain 2013 ; 9 : 33 . 23819466
10.1186/1744-8069-9-33 PMC3750766 Udupa K , Bahl N , Ni Z , Gunraj C , Mazzella F , Moro E ,
Chen R . Cortical plasticity induction by pairing subthalamic nucleus deep-brain stimulation and
primary motor cortical transcranial magnetic stimulation in Parkinson’s disease . J Neurosci 2016 ;
36 : 396 – 404 . 10.1523/JNEUROSCI.2499-15.2016 . 26758832 PMC6602027 Vahabzadeh-Hagh
AM , Muller PA , Gersner R , Zangen A , Rotenberg A . Translational neuromodulation:
approximating human transcranial magnetic stimulation protocols in rats . Neuromodulation
Technol Neural Interface 2012 ; 15 : 296 – 305 . 10.1111/j.1525-1403.2012.00482.x PMC5764706
22780329 Valentin A , Arunachalam R , Mesquita-Rodrigues A , Seoane , Garcia JJ , Richardson
MP , Late EEG responses triggered by transcranial magnetic stimulation (TMS) in the evaluation of
focal epilepsy . Epilepsia 2008 ; 49 : 470 – 80 . 18028404 10.1111/j.1528-1167.2007.01418.x
Varnerin N , Mirando D , Potter-Baker KA , Cardenas J , Cunningham DA , Sankarasubramanian V
, Beall E , Plow EB . Assessment of Vascular Stent Heating with Repetitive Transcranial Magnetic



Stimulation . J Stroke Cerebrovasc Dis 2017 ; 26 : 1121 – 7 .
10.1016/j.jstrokecerebrovasdis.2016.12.030 . 28117211 Varoli E , Pisoni A , Mattavelli GC ,
Vergallito A , Gallucci A , Mauro LD , Rosanova M , Bolognini N , Vallar G , Romero Lauro LJ .
Tracking the Effect of Cathodal Transcranial Direct Current Stimulation on Cortical Excitability and
Connectivity by Means of TMS-EEG . Front Neurosci 2018 ; 12 : 319 . 10.3389/fnins.2018.00319 .
29867330 PMC5962888 Vazana U , Veksler R , Pell GS , Prager O , Fassler M , Chassidim Y .
Glutamate-mediated blood–brain barrier opening: implications for neuroprotection and drug delivery
. J Neurosci 2016 ; 36 : 7727 – 39 . 27445149 10.1523/JNEUROSCI.0587-16.2016 PMC4951577
Veniero D , Ponzo V , Koch G . Paired associative stimulation enforces the communication between
interconnected areas . J Neurosci 2013 ; 33 :13773–83. 10.1523/JNEUROSCI.1777-13.2013 .
PMC6618662 23966698 Vernet M , Walker L , Yoo WK , Pascual-Leone A , Chang BS . EEG
Onset Of A Seizure During TMS from a focus independent of the stimulation site . Clin Neurophysiol
2012 ; 123 : 2106 – 8 . 22580176 10.1016/j.clinph.2012.03.015 PMC3747351 Vlachos A ,
Müller-Dahlhaus F , Rosskopp J , Lenz M , Ziemann U , Deller T . Repetitive magnetic stimulation
induces functional and structural plasticity of excitatory postsynapses in mouse organotypic
hippocampal slice cultures . J Neurosci 2012 ; 32 :17514–23. 10.1523/JNEUROSCI.0409-12.2012 .
PMC6621866 23197741 Wagner T , Eden U , Fregni F , Valero-Cabre A , Ramos-Estebanez C ,
Pronio-Stelluto V , Grodzinsky A , Zahn M , Pascual-Leone A . Transcranial magnetic stimulation
and brain atrophy: a computer-based human brain model study . Exp Brain Res Exp Hirnforsch Exp
Cerebrale 2008 ; 186 : 539 – 50 . 10.1007/s00221-007-1258-8 PMC3374637 18193208 Wagner T ,
Fregni F , Eden U , Estebanez CR , Grodzinsky A , Zahn M , Pascual-Leone A . Transcranial
magnetic stimulation and stroke: a computer-based human model study . NeuroImage 2006 ; 30 :
857 – 70 . 16473528 10.1016/j.neuroimage.2005.04.046 Wang B , Shen MR , Deng ZD , Smith JE ,
Tharayil JJ , Gurrey CJ . Redesigning existing transcranial magnetic stimulation coils to reduce
energy: application to low field magnetic stimulation . J Neural Eng 2018 ; 15 036022.
10.1088/1741-2552/aaa505 PMC5929994 29300001 Wang H , Geng Y , Han B , Qiang J , Li X ,
Sun M , Wang Q , Wang M . Repetitive transcranial magnetic stimulation applications normalized
prefrontal dysfunctions and cognitive-related metabolic profiling in aged mice . PLoS ONE 2013 ; 8
e81482. 10.1371/journal.pone.0081482 PMC3838337 24278445 Ward NS , Bestmann S ,
Hartwigsen G , Weiss MM , Christensen LOD , Frackowiak RSJ , Rothwell JC , Siebner HR .
Low-Frequency Transcranial Magnetic Stimulation over Left Dorsal Premotor Cortex Improves the
Dynamic Control of Visuospatially Cued Actions . J Neurosci 2010 ; 30 : 9216 – 23 .
10.1523/JNEUROSCI.4499-09.2010 . 20610756 PMC3717513 Wassenaar M , Kasteleijn-Nolst
Trenité DGA , Haan G-J , Carpay JA , Leijten FSS . Seizure precipitants in a community-based
epilepsy cohort . J Neurol 2014 ; 261 : 717 – 24 . 10.1007/s00415-014-7252-8 . Epub 2014 Feb 6.
24500495 Wassermann EM . Risk And Safety Of Repetitive Transcranial Magnetic Stimulation:
Report And suggested guidelines from the International Workshop on the Safety of Repetitive
Transcranial Magnetic Stimulation, June 5–7, 1996 . Electroencephalogr Clin Neurophysiol 1998 ;
108 : 1 – 16 . 9474057 10.1016/s0168-5597(97)00096-8 Wei DY , Greenwood FS , Murgatroyd FD
, Goadsby PJ . Case Report of the Safety Assessment of Transcranial Magnetic Stimulation Use in
a Patient With Cardiac Pacemaker: To Pulse or Not to Pulse? . Headache 2018 ; 58 : 295 – 7 .
10.1111/head.13258 . 29411366 Weigand A , Horn A , Caballero R , Cooke D , Stern AP , Taylor
SF , Press D , Pascual-Leone A , Fox MD . Prospective Validation That Subgenual Connectivity
Predicts Antidepressant Efficacy of Transcranial Magnetic Stimulation Sites . Biol Psychiatry 2018 ;
84 : 28 – 37 . 29274805 10.1016/j.biopsych.2017.10.028 PMC6091227 Weintraub D , Duda JE ,
Carlson K , Luo P , Sagher O , Stern M , Suicide Ideation and Behaviours after STN and GPi DBS
Surgery for Parkinson’s Disease . J Neurol Neurosurg Psychiatry . 2013 ; 84 : 1113 – 8 . 23667214
10.1136/jnnp-2012-304396 PMC4594869 Weissman CR , Blumberger DM , Brown PE , Isserles M
, Rajji TK , Downar J , Mulsant BH , Fitzgerald PB , Daskalakis ZJ . Bilateral repetitive transcranial
magnetic stimulation decreases suicidal ideation in depression . J Clin Psychiatry 2018 ; 79
:17m11692. 10.4088/JCP.17m11692 . 29701939 White PF , Amos Q , Zhang Y , Stool L , Husain
MM , Thornton L , Downing M , McClintock S , Lisanby SH . Anesthetic considerations for magnetic
seizure therapy: a novel therapy for severe depression . Eur PMC 2006 ; 103 : 76 – 80 .
10.1213/01.ane.0000221182.71648.a3 16790630 Wilson MT , Fulcher BD , Fung PK , Robinson
PA , Fornito A , Rogasch NC . Biophysical modeling of neural plasticity induced by transcranial
magnetic stimulation . Clin Neurophysiol 2018 ; 129 : 1230 – 41 . 10.1016/j.clinph.2018.03.018 .
29674089 Wolters A , Schmidt A , Schramm A , Zeller D , Naumann M , Kunesch E .



Timingdependent plasticity in human primary somatosensory cortex . J Physiol Lond 2005 ; 565 :
1039 – 52 . 10.1113/jphysiol.2005.084954 . 15845584 PMC1464551 Wotton CJ , Goldacre MJ .
Record-linkage studies of the coexistence of epilepsy and bipolar disorder . Soc Psychiatry
Psychiatr Epidemiol 2014 ; 49 : 1483 – 8 . 24638891 10.1007/s00127-014-0853-9 Wu Y , Xu W ,
Liu X , Xu Q , Tang L , Wu S . Adjunctive treatment with high frequency repetitive transcranial
magnetic stimulation for the behavioral and psychological symptoms of patients with Alzheimer’s
disease: a randomized, double-blind, sham-controlled study . Shanghai Arch Psychiatry 2015 ; 27 :
280 – 8 . 26977125 10.11919/j.issn.1002-0829.215107 PMC4764002 Wurzman R , Hamilton RH ,
Pascual-Leone A , Fox MD . An Open Letter Concerning Do-It-Yourself Users of Transcranial Direct
Current Stimulation . Ann Neurol 2016 ; 80 : 1 – 4 . 27216434 10.1002/ana.24689 PMC6050584
Wyckhuys T , De Geeter N , Crevecoeur G , Stroobants S , Staelens S . Quantifying the effect of
repetitive transcranial magnetic stimulation in the rat brain by lSPECT CBF scans . Brain Stimul
2013 ; 6 : 554 – 62 . 23127432 10.1016/j.brs.2012.10.004 Xia G , Gajwani P , Muzina DJ , Kemp
DE , Gao K , Ganocy SJ , Calabrese JR . Treatmentemergent mania in unipolar and bipolar
depression: focus on repetitive transcranial magnetic stimulation . Int J Neuropsychopharmacol
2008 ; 11 : 119 – 30 . 17335643 10.1017/S1461145707007699 Yanamadala J , Borwankar R ,
Makarov S , Pascual-Leone A . Estimates of Peak Electric Fields Induced by Transcranial Magnetic
Stimulation in Pregnant Women as Patients or Operators Using an FEM Full-Body Model . In:
Makarov S , Horner M , Noetscher G , editors. Brain and Human Body Modeling . Cham (CH) :
Springer . p. 49 – 73 . 10.1007/978-3-030-21293-3_3 . 31725242 Zaghi S , Acar M , Hultgren B ,
Boggio PS , Fregni F . Noninvasive brain stimulation with low-intensity electrical currents: putative
mechanisms of action for direct and alternating current stimulation . Neuroscientist 2010 ; 16 : 285 –
307 . 20040569 10.1177/1073858409336227 Zangen A , Roth Y , Voller B , Hallett M . Transcranial
magnetic stimulation of deep brain regions: evidence for efficacy of the H-coil . Clin Neurophysiol
2005 ; 116 : 775 – 9 . 15792886 10.1016/j.clinph.2004.11.008 Zewdie E , Ciechanski P , Kuo HC ,
Giuffre A , Kahl C , King, Safety and tolerability of transcranial magnetic and direct current
stimulation in children: prospective single center evidence from 3.5 million stimulations . Brain
Stimul . 2020 ; 13 : 565 – 75 . 10.1016/j.brs.2019.12.025 . 32289678 Zhang W , Qin S , Guo J , Luo
J . A follow-up fMRI study of a transferable placebo anxiolytic effect: fMRI study of placebo
anxiolytic effect . Psychophysiology 2011 ; 48 : 1119 – 28 . 10.1111/j.1469-8986.2011.01178.x .
21332487 Zhao H , Qiao L , Fan D , Zhang S , Turel O , Li Y , Li J , Xue G , Chen A , He Q .
Modulation of Brain Activity with Noninvasive Transcranial Direct Current Stimulation (tDCS):
Clinical Applications and Safety Concerns . Front Psychol 2017 ; 8 . 10.3389/fpsyg.2017.00685 .
PMC5423956 28539894 Zibman S , Daniel E , Alyagon U , Etkin A , Zangen A . Interhemispheric
cortico-cortical paired associative stimulation of the prefrontal cortex jointly modulates frontal
asymmetry and emotional reactivity . Brain Stimul 2019a ; 12 : 139 – 47 . 10.1016/j.brs.2018.10.008
. 30392898 Zibman S , Pell GS , Barnea-Ygael N , Roth Y , Zangen A . Application of transcranial
magnetic stimulation for major depression: Coil design and neuroanatomical variability
considerations . Eur Neuropsychopharmacol 2019b ; 5 :S0924. 10.1016/j.euroneuro.2019.06.009
31285123 Zorn L , Renaud P , Bayle B , Goffin L , Lebossé C , Mathelin M , Foucher J . Design and
evaluation of a robotic system for transcranial magnetic stimulation . IEEE Trans Biomed Eng 2012
; 59 : 805 – 15 . 22186930 10.1109/TBME.2011.2179938 Table 1 Standardized classification of
adverse effects, according to EU regulation definitions.

This article updates the previous safety guidelines from 2009.

Safety of new devices and techniques is considered.

Operational guidelines for future protocols using TMS are provided.


