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Abstract
Repetitive transcranial magnetic stimulation (rTMS) is an increasingly used, non-
invasive brain stimulation technique in neuroscience research and clinical practice 
with a broad spectrum of suggested applications. Among other parameters, the choice 
of stimulus intensity and intracranial electric field strength substantially impacts 
rTMS outcome. This review provides a systematic overview of the intensity selection 
approaches and stimulation intensities used in human rTMS studies. We also exam-
ined whether studies report sufficient information to reproduce stimulus intensities 
for basic science research models. We performed a systematic review by focusing on 
original studies published between 1991 and 2020. We included conventional (e.g., 1 
or 10 Hz) and patterned protocols (e.g., continuous or intermittent theta burst stimula-
tion). We identified 3,784 articles in total, and we manually processed a representa-
tive portion (20%) of randomly selected articles. The majority of the analyzed studies 
(90% of entries) used the motor threshold (MT) approach and stimulation intensities 
from 80% to 120% of the MT. For continuous and intermittent theta burst stimulation, 
the most frequent stimulation intensity was 80% of the active MT. Most studies (92% 
of entries) did not report sufficient information to reproduce the stimulation intensity. 
Only a minority of studies (1.03% of entries) estimated the rTMS-induced electric 
field strengths. We formulate easy-to-follow recommendations to help scientists and 
clinicians report relevant information on stimulation intensity. Future standardized 
reporting guidelines may facilitate the use of basic science approaches aiming at bet-
ter understanding the molecular, cellular, and neuronal mechanisms of rTMS.
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1  |   INTRODUCTION

Repetitive transcranial magnetic stimulation (rTMS) non-
invasively induces electromagnetic fields in the brain 
(Saturnino et al., 2019). It is increasingly applied in neurosci-
ence research and clinical treatment (Blumberger et al., 2018; 
Suppa et al., 2016). The efficacy of rTMS, besides the state 
of the receiving brain, significantly depends on the stimula-
tion parameters, collectively referred to as the dose.

Based on the definition of Peterchev and colleagues 
(Peterchev et al., 2012), rTMS dose refers to all participant-
independent device parameters that affect the spatial and tem-
poral characteristics of the electromagnetic field produced in 
the brain. These include defining both the user-adjustable 
parameters (e.g., the percentage of maximum pulse inten-
sity) and non-adjustable parameters (e.g., coil inductance) 
(Peterchev et  al.,  2012). In this definition, the term “inde-
pendent” refers to the notion that all stimulation parameters 
are translated into physical, participant-independent device 
parameters (Peterchev et al., 2012).

Selecting the stimulation intensity is an important step in 
determining rTMS dose. There are several intensity selection 
approaches, and researchers, as well as clinicians, may face 
two obvious challenges in this process. The first is concep-
tual: How to determine the stimulation intensity prospectively, 
such that the application of rTMS leads to the desired effects? 
The second is practical: For the sake of reproducibility, which 
parameters are crucial to standardize across experiments, and 
what information must be reported for a given protocol?

The goal of the present systematic review was to provide 
a comprehensive overview of the different intensity selec-
tion approaches and stimulation frequencies. To this aim, we 
performed a careful literature search to identify the differ-
ent approaches and quantify their relative frequency of use. 
Moreover, we evaluated whether studies report sufficient 
information required to reproduce the stimulation intensity. 
Reporting the stimulation parameters in a reproducible manner 
is essential for research and clinical applications (Peterchev 
et  al.,  2012). Indeed, standardized reporting guidelines are 
crucial to informing computational and basic science research 
approaches to investigate the cellular, molecular, and network 
mechanisms of clinically relevant rTMS protocols (e.g., Lenz 
et al., 2016). We formulate easy-to-follow recommendations 
to help improve the reporting quality of rTMS studies.

2  |   METHODS

2.1  |  Research integrity

The data, the code for the literature search, and the re-
ported analyses are available for download at the following 

repository: https://github.com/Zsolt​Turi/2021_rTMS_inten​
sity_review_paper.

2.2  |  Creating the database

A systematic literature search was performed by identify-
ing rTMS studies to create a comprehensive database. The 
goal was to provide a systematic overview of the differ-
ent intensity selection approaches and stimulation frequen-
cies. We searched for articles that were published between 
January 1, 1991, and July 31, 2020. To this aim, we used 
R (version 4.0.2) (R Core Team, 2020), RStudio integrated 
development environment (version 1.3.1073) (RStudio 
Team,  2020), and the RISmed library (version 2.1.7) 
(Kovalchik, 2017).

We performed the literature search on the PubMed engine 
that mainly accesses the MEDLINE database. The RISmed 
R library was used to algorithmically perform the literature 
search. PubMed lists more than 30 million citations (source 
from https://en.wikip​edia.org/wiki/PubMed; retrieved on 
January 19, 2021) and the search results are independent 
from the institutional subscription. The following search 
terms were used: ‘repetitive transcranial magnetic stimula-
tion’, ‘rTMS’, ‘repetitive AND TMS’, ‘rhythmic AND TMS’, 
‘theta burst stimulation’, ‘theta burst AND stimulation’, 
‘cTBS’, and ‘iTBS’. For each search term, we used the ‘all 
fields’ search field description tag.

The search revealed 6,727 PubMed hits in total, and we 
manually screened them to identify peer-reviewed original 
studies that applied rTMS on humans. The manual screen-
ing was performed on the title, abstract, and full text. We 
identified 3,804 articles that matched the criteria, and we 
could gain access to 3,784 articles. The remaining articles 
belonged to (a) other article types (e.g., reviews, edito-
rials, commentaries, letters, meta-analyses, video-audio 
media, published erratum, retraction of publications), (b) 
other stimulation types (e.g., single-pulse TMS, paired-
pulse TMS, peripheral application of repetitive magnetic 
stimulation that incorrectly used the term transcranial, 
transcranial magnetic seizure therapy, transcranial static 
magnetic stimulation, rotating transcranial magnetic stim-
ulation technologies, other electrical stimulation tech-
niques), (c) animal studies, (d) in vitro studies, or (e) the 
article was not available in English. We applied no further 
criteria for selecting the articles. Therefore, we included 
all rTMS articles irrespective of their stimulation param-
eters, sample characteristics or outcome measures. Note 
that we did not follow the Preferred Reporting Items for 
Systematic Reviews and Meta Analyses (PRISMA) guide-
lines in this study and hence, we did not register the eval-
uation protocol.

https://github.com/ZsoltTuri/2021_rTMS_intensity_review_paper
https://github.com/ZsoltTuri/2021_rTMS_intensity_review_paper
https://en.wikipedia.org/wiki/PubMed
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2.3  |  Randomly sampling from the database

Two independent random samples were taken from the 3,784 
accessed articles using a multi-step procedure implemented 
algorithmically in R. The goal of processing two independ-
ent samples was to cross-validate results found in one sam-
ple with results from the second one and to assess estimation 
error. Since the number of articles depends on the year of 
publication, we used year-dependent, stratified sampling. 
In each step, we sampled and processed 380 articles, which 
corresponds to ~10% of the total number of articles (see 
Table S1).

In the first sampling step, we selected all articles between 
1991 and 1998, because in these early years we identified 
only a few articles (n = 41). In 1999, we randomly took 14 
articles and between 2000 and 2010, we randomly picked 
15 articles in each year (n = 165), because there were <200 
publications per year. Between 2011 and 2020, we randomly 
selected 16 articles (n = 160; see Table S1).

In the second sampling step, we selected 13 articles for 
the year 1999, since we identified only 27 articles in this year. 
Moreover, we randomly picked 15 articles in each year be-
tween 2000 and 2010 (n = 165 articles), 20 articles between 
2011 and 2019 (n = 180) and 22 articles for year 2020 (see 
Table S1). We selected the number of random samples to en-
sure that each independent sample yields the same total num-
ber of articles (i.e., 380).

After the second step, we compared the result with the 
combined results of the first and second steps. We assessed 
similarity and compared the results from the steps based on 
the stimulation intensity selection approaches. If the results 
were not different, we interpreted the findings to indicate that 
the results could be generalized to the entire database.

In case of a discrepancy, we planned to continue with the 
next step until we observed no difference in the results be-
tween the last and second-last steps. However, this was not 
necessary, because we observed highly similar results be-
tween the first and second sampling (see Figure S1). Thus, 
we processed 760 articles, which corresponds to ~20% of the 
total number of articles.

2.4  |  Extracting the stimulation parameters

We performed a text-mining search to identify the stimu-
lation intensity approaches, the stimulation intensity, and 
device-specific information using R library pdfsearch (ver-
sion 0.3.0) (LeBeau, 2018) on the 760 randomly selected 
articles. The keyword search was performed on full text. 
Moreover, we also evaluated on the entire database, whether 
studies report the electric field values (see Table  S2 for 
details). Note that we only used the text-mining search to 
facilitate the manual information extraction process; all 

information for each study was manually assessed on full 
text.

Only real stimulation protocols were considered. 
Consequently, entries from sham/control protocols were not 
included in this review. Because this review focused on how 
rTMS studies determine the stimulation intensity and its rela-
tionship to the stimulation frequency, we created a new entry 
for every unique combination of the stimulation frequency 
and intensity in a given study. For instance, we created two 
separate entries for the scenario, when a given study used 
1 Hz rTMS at 90% and 110% of the resting motor threshold 
(MT).

However, studies may also manipulate other stimulation 
parameters, such as the stimulation location, stimulation du-
ration (number of pulses), inter-train intervals, stimulation 
timing, number of rTMS sessions or medications combined 
with rTMS. In case of additional stimulation parameters, we 
added new entries up to three values. For example, if a map-
ping study tested the 1 and 10 Hz protocols in six different 
locations for each frequency, we added only two new entries 
to the database (corresponding to the two frequencies). Note 
that despite adding new entries, we did not code these addi-
tional parameters (e.g., stimulation location, stimulation du-
ration, etc.) separately in the database. We found 29 entries 
with multiple sites, one entry with multiple pulse numbers, 
six entries with multiple sessions, and three multiple medi-
cation conditions.

3  |   RESULTS

3.1  |  Intensity selection approaches

The number of original studies steadily increased during the 
observation period, reaching 250–300 publications per year 
during the past 5 years (see Figure 1). We processed 760 ran-
domly sampled articles, identified 241 unique protocols and 
added 1,378 entries in total. Because the details of the stimu-
lation intensity parameters may differ between the entries in 
a given study, we decided to report the number of entries, not 
studies, unless stated otherwise. Consequently, the associated 
percentage values refer to the percentage of the total number 
of identified entries.

We identified three main stimulation intensity selection 
approaches: (a) threshold based (n  =  1,257; 91.22%), (b) 
fixed intensity (n = 91; 6.6%), and (c) electric field estima-
tion based (n = 2; 0.15%). A small portion of entries failed 
to report the approach (n = 28; 2.03%). For an overview, see 
Figure 2.

The most common threshold-based approach was the MT 
approach (n  =  1,232; 89.40%). Most studies used the rest-
ing threshold (n = 683; 49.56%) or the active MT approach 
(n = 233; 16.91%). Some studies did not specify the type of 
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threshold (n = 316; 22.93%). Throughout the article, we use 
the abbreviation MT to collectively refer to the active, rest-
ing, and unspecified MT. Otherwise, we use the adjectives 
active, resting, or unspecified to explicitly refer to a given 
subtype of the MT.

Most studies used the method of limit (n  =  776, 
56.31%) to estimate the MT. In this approach, the minimal 
device output is determined by decreasing or increasing 
the device output required to produce motor-evoked poten-
tials with a minimum predefined peak-to-peak amplitude 
50% of the time in a given number of trials (Borckardt 
et  al.,  2006). Some studies did not specify the exact 
method; instead, they referred to previous publications via 
citation (n = 107, 7.76%). A small subset of studies used 
other algorithms to estimate the MT (e.g., parameter es-
timation by sequential testing methods) (Awiszus,  2014; 

Borckardt et al., 2006) (n = 28, 2.03%). Many studies did 
not report any details of the method used to estimate the 
MT (n = 340, 24.67%).

In some studies, the MT was determined by recording 
motor-evoked potentials with surface electrodes (n  =  705, 
51.16%). In other studies, MT was visually identified by 
observing the muscle twitches (n = 177, 12.84%). In many 
cases, the authors provided no information about how the MT 
was detected (n = 350, 25.40%).

Some studies used additional, although less common, 
threshold-based approaches. A small number of studies used 
the phosphene threshold (n = 19, 1.38%), the threshold for 
inducing “functional lesions” (n = 4, 0.29%), such as speech 
arrest, or the tolerability threshold (i.e., the maximum inten-
sity of comfortable stimulation; n = 2, 0.15%) to set the stim-
ulation intensity.

F I G U R E  1   Number of identified original studies performing rTMS on humans. The number of articles per year is shown between January 1, 
1991 and July 31, 2020

F I G U R E  2   Stimulation intensity selection approaches and their relative frequency of use, by percentage of the total number of identified 
entries (n = 1,378). The sizes of rectangles are proportional to the percentage values. AMT indicates active motor threshold; EF, electric-field-
based intensity selection; FL, functional lesion threshold; FXD, fixed intensity; NR, not reported; PT, phosphene threshold; RMT, resting motor 
threshold; TT, tolerability threshold; uMT, unspecified motor threshold
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3.2  |  Most studies use the MT approach at 
80%–120% of the threshold

The most frequent intensity selection approach was the MT-
based one. Here, the stimulation intensity is typically expressed 
as the percentage (e.g., 90%) of the MT. Two methods are com-
monly used for estimating the MT. The active MT requires the 
slight contraction of the target muscle by ~10%–20% of the 
maximum contraction intensity. The resting MT is assessed 
during the complete relaxation of the target muscle.

We selected articles that (a) used the MT approach, (b) 
used a single stimulation intensity, and (c) reported the stim-
ulation intensity and frequency (n = 1,162, 84.33%). Of these 
studies, the stimulation intensity typically ranged from 80% 
to 120% of the MT (Figure 3). Studies using resting MT were 
the most frequent (Figure 3b).

3.3  |  Stimulation intensity as a function of 
stimulation frequency

Next, we focused on the relationship between the stimulation 
intensity and stimulation frequency. We used the same selec-
tion criteria described in the previous point.

We divided the rTMS protocols into conventional and pat-
terned ones. Conventional protocols use single frequencies 
(e.g., 1 Hz) (Chen et al., 1997), whereas patterned protocols 
combine at least two stimulation frequencies (e.g., 5 and 
50 Hz as in theta burst rTMS) (Huang et al., 2005). Moreover, 
patterned protocols use standardized stimulation parameters, 
such as inter burst intervals. We also identified studies using 
quadripulse protocols that deliver four monophasic pulses 
with interpulse intervals of 5 or 50 ms (Hamada et al., 2007; 
Matsumoto & Ugawa, 2020). However, due to the low occur-
rence rate in our sample (n = 5, 0.36%), we did not analyze 
these protocols in detail.

Focusing on the conventional protocols, we found that 
during the past 20  years, 1  Hz stimulation protocols were 

most frequently used (n = 304, 22.06%), followed by 10 Hz 
(n = 230, 16.70%), 5 Hz (n = 126, 9.14%), 20 Hz (n = 122, 
8.85%), 25 Hz (n = 22, 1.60%), and 15 Hz (n = 17, 1.23%). 
See also Figure 4.

Although the stimulation intensity typically ranged from 
80% to 120% of the MT, we found “popular” stimulation 
intensities for specific stimulation frequencies, shown in 
Figure 4. The substantial variability in the stimulation inten-
sity selection approaches makes the direct comparison be-
tween the various protocols difficult. For example, the most 
common stimulation intensities were 90% and 110% of the 
MT for 1 Hz protocols. For the 5 Hz protocol, the most fre-
quent intensity was 90% of the MT. For 10 Hz, the most fre-
quent intensities ranged from 90% to 110% of the MT. Note 
that the 10 Hz protocol approved by the U.S. Food and Drug 
Administration (FDA) uses 120% of the resting MT (George 
et al., 2010).

We found that the theta burst protocols (n = 210, 15.24%) 
used lower stimulation intensities than conventional proto-
cols. The most common stimulation intensity was 80% of the 
active MT (Figure  5). Whereas for the conventional proto-
col, the resting MT was the most frequent intensity selection 
approach, for the theta burst protocols, the active MT was 
the dominant approach (Figure 6). Note that the U.S. FDA-
approved intermittent theta burst protocol uses 120% of the 
resting MT (Blumberger et al., 2018).

3.4  |  Reproducibility of stimulation intensity

The seminal work of Peterchev et  al.  (2012) emphasized 
the importance of reporting all user-adjustable and device-
specific information that influences the resulting electromag-
netic field. Here, we focus on the stimulation intensity from 
the perspective of basic science and electric field estimation 
approaches. We acknowledge that reproducing the dose (and 
not only the stimulation intensity) is a more complex and 
challenging task beyond the scope of this review.

F I G U R E  3   Stimulation intensity selection based on the motor threshold approach. (a) Motor threshold percentages typically ranged from 80% 
to 120%. Vertical dashed line highlights the intensity corresponding to the 100% motor threshold. (b) Stimulation intensity according to the type of 
the motor threshold. AMT indicates active motor threshold; RMT, resting motor threshold; uMT, unspecified motor threshold
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In basic science and computational approaches, the goal 
is to fine-tune the stimulation parameters in a manner that 
closely matches the produced electromagnetic fields uti-
lized in clinically relevant rTMS protocols. To ensure the 

reproducibility of the stimulation intensity, it is necessary to 
report (a) the individual percentages of the maximum stim-
ulator output and (b) the company and model identification 
number of the rTMS device. Furthermore, in human studies, 

F I G U R E  4   Stimulation intensity expressed as a percentage of motor threshold in the conventional protocols arranged according to stimulation 
frequency. Note the range of intensities and differences between protocols. Intensities correspond to the resting, active, and unspecified motor 
thresholds

F I G U R E  5   Stimulation intensity 
expressed as percentages of motor threshold 
assessed in theta burst protocols. AMT 
indicates active motor threshold; cTBS, 
continuous theta burst stimulation; iTBS, 
intermittent theta burst stimulation; RMT, 
resting motor threshold
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one should also describe the (c) intensity selection approach, 
(d) its detailed procedure, and (e) the stimulation intensity 
(e.g., 90% of the resting MT). If applicable, human studies 
should share the defaced, anonymized, anatomical magnetic 
resonance imaging (MRI) data of the participants.

We determined how many studies reported all information 
required to reproduce the stimulation intensity (points a and 
b). We identified only 110 entries (7.98%) that fulfilled these 
criteria.

We found that only a highly limited number of entries re-
ported all the criteria described above (points a–e; n = 57, 
4.14%). Strictly speaking, the reported stimulation protocol 
is not reproducible if any of the abovementioned parameters 
(i.e., points a–e) are missing from the description. Strikingly, 
in more than half of the entries assessed here, the device 
output or coil model was not reported. This information is 
essential for approximating the induced electric fields in a 
given head model (Saturnino et al., 2019). Table 1 summa-
rizes the missing information and its frequency in various 
year intervals.

3.5  |  Reporting electric field strength

We identified only 39 of 3,784 studies (1.03%) that re-
ported the electric field strength in the brain produced by 
rTMS. The reported electric field values ranged from 14 to 
182 V/m. Most studies reported the estimated electric field 
given by the neuronavigation system (n = 31, 0.82%). Six 
used the finite element method (simulation of non-invasive 
brain stimulation—SimNIBS, openly available since 2015 
[Thielscher et  al.,  2015]), one used the boundary element 
method, and one a spherical head model. Most studies 
(n = 36, 0.95%) set the stimulation intensity based on the 
MT and then estimated the corresponding electric field 
strength. We found only three studies that determined the 
stimulation intensity based on estimating the electric field 
strength.

Notably, more studies reporting the electric field strength 
have been published within the past 10 years, indicating an 
increased requirement for computational tools to estimate and 
standardize electric fields induced by a given rTMS protocol.

F I G U R E  6   Relative frequency 
of motor threshold intensity selection 
approaches in conventional (1, 5, and 10 Hz) 
and theta burst protocols. AMT, active 
motor threshold; cTBS, continuous theta 
burst stimulation; FXD, fixed stimulation 
intensity; iTBS, intermittent theta burst 
stimulation; RMT, resting motor threshold; 
uMT, unspecified motor threshold

T A B L E  1   Missing information required to reproduce rTMS stimulation intensity

Missing information

Nr. of entries Percent

1991–2000 2001–2010 2011–2020 Total 1991–1999 2000–2010 2011–2020 Total

Intensity selection approach 9 11 8 28 3.93 1.91 1.4 2.03

Stimulation intensity 0 8 14 22 0 1.39 2.44 1.60

Device output 192 395 419 1,006 83.84 68.58 73.12 73.00

Stimulator company 16 41 43 100 6.99 7.12 7.50 7.26

Stimulator model 34 74 75 183 14.85 12.85 13.09 13.28

Coil model 113 482 356 951 49.34 83.68 62.13 69.01

Coil model & shape 9 64 76 149 3.93 11.11 13.26 10.81

Note: Examples for the missing information: intensity selection approach e.g., “active motor threshold”; stimulation intensity e.g., “90%” of RMT; device output e.g., 
“50%” of MSO.
Abbreviations: RMT, resting motor threshold; rTMS, repetitive transcranial magnetic stimulation.
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4  |   DISCUSSION

In this review, we focused on how human rTMS studies 
determine the stimulation intensity for rTMS. To this aim, 
we created a database comprising 3,784 original studies and 
manually processed 760 randomly selected articles.

We found that the most common intensity selection ap-
proach was the MT one. Most studies used a single stimu-
lation intensity (e.g., 110% of the resting MT). In contrast, 
a minority of studies used a range of stimulation intensities 
(e.g., 100%–110% of the resting MT).

The 1, 10, and 5 Hz were the three most popular conven-
tional protocols. We found that most protocols used stimu-
lation intensities from 80% to 120% of the MT. Theta burst 
protocols used slightly lower stimulation intensities, typically 
at 80% of the active MT. Whereas the threshold-based esti-
mation approaches used individualized stimulation intensi-
ties, the less common fixed-intensity approach delivered a 
predetermined stimulation intensity (e.g., 50% of the device 
output).

According to the current reporting convention, the vast 
majority of articles (ca. 92%) did not report sufficient infor-
mation required to readily reproduce the stimulation inten-
sity and approximate the electric field for rTMS. It should 
be noted, however, that the results of this study are based on 
the literature search using the PubMed engine that mainly ac-
cesses the MEDLINE database. Therefore, it is possible that 
we may have missed additional peer-reviewed rTMS publica-
tions that are not indexed by MEDLINE.

4.1  |  Need to link dose to electric field

Several factors can contribute to selecting the stimulation 
intensity in human rTMS studies. The most frequent fac-
tors are (a) conventions of the field (e.g., using the resting 
MT even when targeting a different cortical region than the 
motor cortex itself), (b) the safety and tolerability of the par-
ticipants, and (c) device limitations. Surprisingly, the electric 
field rarely played an explicit role in determining the stimu-
lation intensity for rTMS (but see Beynel et al., 2020; Kraft 
et al., 2015; Zmeykina et al., 2020).

The variability in the electric field strength of non-
invasive brain stimulation techniques significantly af-
fects the underlying neural mechanisms (Liu et al., 2018). 
Electric field simulations play an essential role in linking in 
vitro and in vivo studies targeting cell cultures, brain slices, 
or the entire, in situ brains of different species (Alekseichuk 
et al., 2019; Lenz et al., 2016). The lack of reporting the 
electric field strength and participant-independent device 
parameters in human rTMS studies hinders the translational 
use of computational and basic science approaches. Mutli-
scale neuronal modeling is crucial in informing studies on 

the molecular, cellular, and neural mechanisms of rTMS 
(e.g., Shirinpour et al., 2020).

For instance, estimating the resting MT in rodents is dif-
ferent from the procedure typically used in humans due to 
anesthetics (c.f., Sykes et al., 2016). Similarly, it is uninfor-
mative when ex vivo studies such as brain slice experiments 
define the stimulation intensity exclusively using percentages 
of the MT (Lenz et al., 2016). In this context, reporting the 
corresponding device output for the stimulation intensity and 
the electric field is of utmost importance. Translating the MT 
in human participants to in vitro basic research settings is 
hardly possible.

However, there is substantial variability in how one can 
describe the resulting electric field properties. Because the 
produced electric field is a complex three-dimensional vector 
field, it is not possible to characterize it using a single pa-
rameter (Peterchev et al., 2012). Furthermore, there is an on-
going debate about which component of the rTMS-induced 
electric field produces the relevant physiological effects (e.g., 
Bungert et al., 2017; Laakso et al., 2018).

Based on these considerations, it appears to be import-
ant to share all necessary information and data required to 
reproduce not only the dose but also the electromagnetic 
field induced by a given rTMS protocol (e.g., Zmeykina 
et al., 2020). As the accuracy and user-friendliness of electric 
field simulations improve, we expect an increase in the num-
ber of studies that standardize certain electric field properties 
across subjects.

We tentatively suggest that studies could share at the 
individual level (a) the raw, anonymized, defaced, ana-
tomical MRI (when the ethic vote and participant consent 
allow), (b) the exact coil location and orientation prefera-
bly saved by the neuronavigation system, (c) device char-
acteristics, such as stimulator/coil company and model, and 
(d) the stimulation intensity either expressed in percent-
age of the maximum stimulator output and the coil current 
rate of change [in A/µs]. Furthermore, we also recommend 
documenting (e) the program used for the electric field 
simulation, (f) the coil current rate of change used for the 
simulation, (g) the type of head model (e.g., finite element 
or boundary element approach), (h) the analytical pipeline 
used for creating the head model, (i) the number of com-
partments and their conductivity values, and (j) sharing the 
code used for the simulation.

4.2  |  Recommendations for reproducibility

Our analyses revealed that the overwhelming majority of stud-
ies (92%) did not report sufficient information to reproduce 
the stimulation intensity. Our findings agree with the com-
mentary of Wilson and George (2016), who draw attention to 
the variability and lack of methodololgical transparency and 
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standardization in estimating and reporting motor-evoked 
potentials in human studies.

One way to overcome the limitations of the current report-
ing convention is to establish a consensus about standardized 
reporting guidelines. Editors of specialized peer-reviewed 
journals, who are often the leading experts in the field, can 
play an important role in developing and enforcing such 
guidelines.

At the same time, companies selling the devices should 
ensure access to all device-specific information (e.g., coil in-
ductance). The model identification number should be read-
ily available for the user to facilitate easy referencing. Thus, 
the authors could only report the user-adjustable parameters 
while referring to non-adjustable, fixed-device parameters 
via unique device identification numbers. The goal of such a 

referencing system is that authors do not have to deal with a 
long list of nuanced but important device-specific parameters.

Below, we list our recommendations from a basic science 
perspective, which may serve as an orientation for future ini-
tiatives aiming to define the relevant standards in the field 
(see Figure 7). We focused on the MT approach because it is 
unequivocally the dominant approach in the literature.

4.2.1  |  Recommendation 1

Many studies reported using the MT approach without speci-
fying the type of MT and the exact methods of how it was 
determined. Different MT approaches yield varying stimula-
tion intensities (Siebner & Ziemann, 2014) and electric field 

F I G U R E  7   Crucial information to 
report when using the motor threshold 
intensity selection approach
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strengths. Therefore, it is essential to report explicitly about 
whether the MT was an active, resting MT or based on an-
other approach, (e.g., to produce interhemispheric inhibition) 
(Gilio et al., 2003).

4.2.2  |  Recommendation 2

One can estimate the threshold using various methods, 
such as the method of limit or threshold hunting algo-
rithms (Awiszus,  2014; Pridmore et  al.,  1998; Schutter & 
Honk,  2006). Many studies do not mention the method at 
all; instead, they only state that the MT “was established ac-
cording to published criteria.” Alternatively, the authors only 
name the method (e.g., method of limit) and refer to the pro-
cedure via citation. One obvious limitation of this reporting 
convention is that the article may not be available at all re-
search institutes. Because word limitations are typically not 
imposed on the methods section, we recommend explicitly 
reporting the method's details.

4.2.3  |  Recommendation 3

Many studies used the method of limit to estimate the active or 
resting MT. Although many studies used an electromyogram 
to record the amplitude of the motor-evoked potentials, the 
exact values often remained undefined. For example, the mini-
mum amplitude for the active MT may be between 100 and 
200 µV. A typical minimum value for the resting MT is 50 µV.

Another important aspect is the success rate because the 
exact number of successfully evoked motor potentials above 
a certain amplitude may vary. The typical values are 3 of 5 or 
5 of 10 TMS pulses. However, we observed many other suc-
cess rates. Success rates were often not reported. Therefore, 
we recommend reporting the peak-to-peak threshold ampli-
tude and the success rate when using the method of limit.

4.2.4  |  Recommendation 4

Most studies used the MT intensity selection method. 
Studies usually reported the stimulation intensity as a cer-
tain percentage of the MT (e.g., 90% of the resting MT). 
Although describing the method of selecting the stimula-
tion intensity is an important step, reporting the associ-
ated stimulation intensities in terms of the device output 
is crucial for basic science and electric field simulation 
approaches. For example, the active MT may correspond 
to 36% of the device output in one participant and 59% in 
another (Rounis et al., 2007). Therefore, it is essential to 
report the device output, typically referred to as the maxi-
mum stimulator output percentage.

4.2.5  |  Recommendation 5

It is a common shortcoming that studies only state the 
manufacturer of the stimulator and the shape of the coil 
(e.g., figure-of-eight-shaped coil). However, the stimulator 
and coil parameters (e.g., coil inductance) can significantly 
affect the produced electromagnetic field. Different coils 
attached to the same stimulator may end up in different re-
sults (Lang et al., 2006). By accurately reporting the exact 
stimulator and coil model, one can trace these important 
parameters.

5  |   CONCLUSION

Due to the extensive set of possible parameters, it is currently 
challenging to decide which parameters to report for rTMS. 
Consequently, the overwhelming majority of studies do not 
report sufficient information to reproduce the stimulation 
intensity and, eventually, the dose of rTMS. This failure to 
report stimulation parameters makes it nearly impossible to 
properly reproduce published protocols and design appropri-
ate basic science experiments. There is a need for develop-
ing a standardized and easy-to-follow reporting guideline to 
document the most crucial stimulation parameters in the best 
possible way.
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