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A B S T R A C T   

Non-invasive brain stimulation techniques are popular tools to investigate brain function in health and disease. 
Although transcranial magnetic stimulation (TMS) is widely used in cognitive neuroscience research to probe 
causal structure-function relationships, studies often yield inconclusive results. To improve the effectiveness of 
TMS studies, we argue that the cognitive neuroscience community needs to revise the stimulation focality 
principle – the spatial resolution with which TMS can differentially stimulate cortical regions. In the motor 
domain, TMS can differentiate between cortical muscle representations of adjacent fingers. However, this high 
degree of spatial specificity cannot be obtained in all cortical regions due to the influences of cortical folding 
patterns on the TMS-induced electric field. The region-dependent focality of TMS should be assessed a priori to 
estimate the experimental feasibility. Post-hoc simulations allow modeling of the relationship between cortical 
stimulation exposure and behavioral modulation by integrating data across stimulation sites or subjects.   

Non-invasive brain stimulation (NIBS) methods have become 
increasingly popular tools for studying human brain function in health 
and disease (Dayan et al., 2013; Polanía et al., 2018). In particular, 
transcranial magnetic stimulation (TMS; Fig. 1a, left) is a widely-used 
technique with which the causality of structure-function relationships 
can be probed (e.g., Hartwigsen and Silvanto, 2022; Pascual-Leone, 
Walsh and Rothwell, 2000; Walsh and Cowey, 2000). Accordingly, a 
typical opening sentence of a TMS publication may read as follows: TMS 
can interfere with neuronal processing in the human cortex with high spatial 
precision, enabling researchers to draw causal inference about brain func
tions. Although commonly accepted, this statement is seemingly at odds 
with the widespread notion of TMS effects on cognitive functions as 
variable, individual-specific (Hannah et al., 2016), or heterogeneous (Sid
diqi et al., 2022). The observed heterogeneity in TMS effects hampers 
conclusions about the functional relevance of a cortical region: effects 
are often smaller and less consistent than expected from the simple 
causality premise stated above (Valero-Cabré et al., 2017). Heteroge
neous TMS effects have been attributed to methodological issues (Beynel 
et al., 2019), individual differences in baseline task-induced brain states 
(e.g., Silvanto and Cattaneo, 2017), or dependencies between oscillatory 

brain states and TMS responsiveness (Peters et al., 2020). Here, we argue 
that the current understanding of stimulation focality is flawed. In our 
view, this is a major conceptual shortcoming in the cognitive neurosci
ence community that may hinder progress in using TMS as a neuro
modulatory tool. We suggest that the misinterpretation of stimulation 
specificity at the cortex offers a key explanation for the discrepancy 
between the expected results of TMS studies and their actual outcome. 
Below, we discuss why reconceptualising TMS focality is crucial to in
crease the reliability and validity of TMS experiments in cognitive 
neuroscience. 

Where does the misconception of TMS focality originate? For de
cades, TMS has successfully been used to stimulate individual finger 
muscle representations in the motor cortex, leading to the widely-held 
notion of high spatial focality—in the range of 1–2 cm2 (e.g., Ridding 
and Rothwell, 2007; Ward, 2019). Most TMS researchers will be familiar 
with a manual search of the motor “hotspot” (Rothwell et al., 1999) for 
muscle representations in the primary motor cortex (M1). During this 
procedure, slight shifts of the TMS coil can yield pronounced changes in 
the muscle response, allowing for a differentiation of cortical muscle 
representations of adjacent fingers (e.g., Bashir et al., 2013; Raffin et al., 

* Corresponding author at: Lise Meitner Research Group Cognition and Plasticity, Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany. 
E-mail address: numssen@cbs.mpg.de (O. Numssen).   

1 shared contribution 

Contents lists available at ScienceDirect 

Neuroscience and Biobehavioral Reviews 

journal homepage: www.elsevier.com/locate/neubiorev 

https://doi.org/10.1016/j.neubiorev.2023.105154 
Received 17 January 2023; Received in revised form 6 March 2023; Accepted 31 March 2023   

mailto:numssen@cbs.mpg.de
www.sciencedirect.com/science/journal/01497634
https://www.elsevier.com/locate/neubiorev
https://doi.org/10.1016/j.neubiorev.2023.105154
https://doi.org/10.1016/j.neubiorev.2023.105154
https://doi.org/10.1016/j.neubiorev.2023.105154
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2023.105154&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Neuroscience and Biobehavioral Reviews 149 (2023) 105154

2

2015). These sharp tuning curves have led to the characterisation of 
TMS as a relatively high-spatial resolution brain stimulation method. 
Testimony to this view is the often-used visualisation of the primary 
electric field (e-field) generated by the TMS coil, which peaks under
neath the centre of a figure-of-eight coil (Fig. 1a, right). Importantly, it is 
often overlooked that cortical stimulation exposure is not equal to this 
primary e-field, which is a theoretically generated field in free space. 
Rather, the spatial distribution of the stimulation effect is described by 
the effective e-field, determined by the primary e-field in combination 
with the individual brain and head anatomy. Instead of spreading uni
formly across the cortex, the effective e-field is shaped by individual 
tissue distributions (Fig. 1b). 

Recently, the NIBS community has capitalised on advancing methods 
to quantify the cortical stimulation exposure via calculations of the TMS- 

induced (effective) e-field (Miranda et al., 2003; Opitz et al., 2011; 
Thielscher et al., 2011; Hartwigsen et al., 2015). Using production-ready 
toolboxes, such as SimNIBS (Puonti et al., 2020; Thielscher et al., 2015) 
and ROAST (Huang et al., 2019), individual head models can be con
structed from structural magnetic resonance images to compute the 
induced e-fields for specific TMS coil models and stimulation sites (see 
Nielsen et al., 2018 for an overview). These e-field estimations have 
been used to map cortical muscle representations accurately in M1 
(Opitz et al., 2013; Bungert et al., 2016; Aonuma et al., 2018; Weise 
et al., 2020). Moreover, studies from our lab have used e-field strength in 
cortical regions of interest to explain performance differences in a wide 
range of cognitive tasks (Kuhnke et al., 2020; van der Burght et al., 2023; 
Maran et al., 2022). Likewise, simulations have underlined that the 
stimulation spread is highly dependent on macro-anatomical 

Fig. 1. : A functional differentiation between adjacent subregions with TMS is not possible for all cortical areas. a) A model of an MCF-B65 figure-of-eight 
TMS coil positioned over the left motor cortex (left). Coil model kindly provided by Konstantin Weise. Head model created with SimNIBS/charm. The primary e-field 
of a figure-of-eight TMS coil shows a well-defined stimulation peak (right; red spike) of the stimulation strength under the centre of the coil concerning the magnitude 
of E (|E|). b) The effective electric field is shaped by individual-specific factors, such as gyrification patterns and distribution of various tissue types (shown here: grey 
matter). Superficial regions of neighbouring gyri are exposed to stronger stimulation than deeper regions like sulcal walls and troughs. Stimulation target: inferior 
parietal lobe (IPL). c, d) Neighbouring cortical targets (spheres) on the same gyrus, e.g., in the M1 region (green area/panels), can be differentially stimulated with 
TMS if the cortical depth is similar: for both M1 targets, the target area is stimulated more strongly than the off-target area. Likewise, both selected targets in the IPL 
(PFm/PGa) can be similarly dissociated (red panels). In contrast, targeting the posterior inferior frontal gyrus (pIFG) can yield a stronger stimulation of the anterior 
IFG (aIFG) than pIFG due to differences in cortical-skin distances (blue panels; marked with a star in d). 
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configurations (e.g., sulcal depth, gyral folding; Thielscher et al., 2011). 
Currently, efforts are being made to standardise the reporting procedure 
of NIBS parameters, which might ultimately allow fully automated field 
calculations (Bertazolli et al., 2023). This dependence on individual 
brain anatomy prompts important considerations that are currently 
often ignored in TMS studies of cognition, both at the individual subject 
and group level. 

At the individual level, one should consider that cortical stimulation 
may not peak directly underneath the coil centre. Rather, the peak may 
lie at an adjacent, more superficial region, depending on the individual 
anatomy. For example, targeting a sulcal target A may result in stronger 
stimulation at an adjacent gyrus B. Likewise, a more superficial neigh
bouring gyrus D might receive stronger stimulation for a gyral target C. 
This general principle is illustrated in Fig. 1c & d: when targeting the 
posterior IFG (pIFG, pars opercularis), the anterior parts of the IFG 
(aIFG, pars triangularis) receive stronger stimulation exposure on 
average. However, the conclusion “the target area is causally relevant 
for function X” critically depends on whether the stimulation effect is 
confined to the target area. Specifically, to demonstrate causal 
involvement in a cognitive process, the involvement of a neighbouring 
area must be ruled out. Similarly, if the aim is to functionally differen
tiate between two areas and test for a functional-anatomical double 
dissociation, both areas must be differentially stimulated. E-field simu
lations may be used to confirm that these key assumptions are met. As 
such, simulating how the e-field spreads across the cortex of an indi
vidual (Gomez-Tames et al., 2018) allows for more valid and more 
precise conclusions about the causal role of a cortical area for a given 
cognitive task. Importantly, the spatial profile of the induced e-field is 
the same for a given coil position/orientation regardless of the stimu
lator intensity–only the e-field magnitude, that is, the strength of the 
cortical stimulation, changes. The relative difference in cortical stimu
lation between two cortical areas (e.g., between aIFG and pIFG, Fig. 1d) 
remains unchanged when the stimulator output is altered. 

At the group level, simple comparisons of behavioural performance 
(using outcome measures such as response time or accuracy) can only 
yield robust effects when stimulation consistently reaches the target 

area in most subjects. In other words, an inference on the functional 
relevance of a region can only be drawn if the differential stimulation is 
relatively consistent across the sample. Importantly, this may not be 
equally feasible in all regions across the cortex. Muscle representations 
in M1, for example, are often located on the crown and rims of the 
precentral gyrus (Siebner et al., 2022). At such cortical locations, 
stimulation may be relatively focal (Romero et al., 2019), thus allowing 
for differential stimulation of close cortical targets in most subjects 
(Fig. 1c & d, M1 region). In contrast, differentiating between adjacent 
regions in areas with stronger cortical folding or higher interindividual 
variability, such as Broca’s area (Juch et al., 2005), is more challenging 
(Fig. 2). Functional separation of neighbouring regions with different 
depth profiles (e.g., van der Burght et al., 2023; Fig. 1c & d, IFG region; 
Fig. 2) is particularly complex: here, a differential peak stimulation 
might not be feasible at all, in contrast to the analysis of cortical areas 
with similar depths (e.g., Fig. 1c & d, IPL region; Fig. 2b, middle row). 
Group-level effects might be more variable in regions with large 
inter-subject variance because the e-field distributions will substantially 
differ. Therefore, large between-subject variability in e-field distribution 
likely explains the small effect sizes in many TMS studies. In sum, the 
target region and differences between individual subjects determine the 
distribution of the TMS-induced e-field. As such, taking both factors into 
account is key for a valid interpretation of TMS focality. As a side note, 
we wish to emphasise that it remains currently unknown how differ
ences in microanatomy between motor and non-motor areas shape the 
response to TMS. Yet, e-field distributions are mostly determined by 
macroanatomical properties, making e-field modelling an appropriate 
tool for evaluating the stimulation spread at all parts of the cortex.(Box 
1). 

How can e-field simulations be exploited to attenuate the limited 
focality of TMS? Although the dependence of the e-field on individual 
anatomy has been described as a shortcoming above, it also enables 
researchers to increase focality: by integrating information from multi
ple e-fields, variations in stimulation strength can be related to vari
ability in motor or cognitive effects. This combination of data can be 
implemented within-subject, obtaining e-field distributions from 

Fig. 2. : The cortical folding constraints the 
discriminability of neighbouring areas by 
TMS. Differential stimulation is necessary to 
examine the functional relevance of neigh
bouring cortical areas with TMS. However, the 
focality of TMS (the degree to which cortical 
areas can be differentially stimulated) depends 
on cortical folding patterns. a) Cortical grey 
matter for an example subject. Colour: skin- 
cortex distance. Grey plane: horizontal slice in 
the bottom panel. Bottom panel: Cortical 
folding and skin-cortex distances differ across 
the cortical sheet. Turquoise outline and 
spheres: Target details in the left inferior frontal 
gyrus from B. Black area indicates white matter. 
b) Top: The stimulation is highest at the cortical 
target (solid circle). This target can be differ
entiated from the neighbouring gyrus (dashed 
circle) with TMS. Middle: Stimulation of the 
main target (solid circle) leads to stimulation of 
the posterior neighbour (right dashed circle) 
with a similar strength, whereas the anterior 
neighbour can be successfully dissociated (left 
dashed circle). Bottom: Targeting deeper areas 
(solid circles) exposes superficial, neighbouring 
gyri (dashed circles) to higher stimulation. The 
cortical target cannot be differentiated from 
both neighbouring regions. See Fig. 1 for field 
simulation details. E-field simulations were 
done for an arbitrary stimulator intensity (1 A/ 

µs) and normalised across targets to allow for a comparison of stimulation exposures and e-field spread across different cortical targets.   
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multiple stimulations sites or across-subjects, comparing the e-field 
distributions between various brain and head anatomies. Within-subject 
modelling has recently been implemented for the motor cortex (Weise 
et al., 2022; Numssen et al., 2021) and adapted to map spatial attention 
(Jing et al., 2023), while the analysis of between-subject variation is a 
promising path for studies on cognition: e-field strengths across subjects 
within a region of interest are used to explain the TMS modulation of 
task performance and thus, identify causally involved areas (Kuhnke 
et al., 2020; van der Burght et al., 2023; Maran et al., 2022). As such, the 
between-subject variability in e-field strength turns into an advantage 
and can be used to explain between-subject variability in behaviour. 
Here, stimulation is understood as a continuous rather than a discrete 
factor. Whereas behavioural effects have classically been described as 
driven by active TMS vs sham TMS, we propose to analyse the entire 
relationship between cortical stimulation strength and behavioural ef
fect. In this way, the functional involvement of neighbouring regions in a 
certain cognitive process can be demonstrated by directly testing for a 
functional relationship between local e-field and behaviour—even if 
visual inspection suggests both regions were similarly affected by 
stimulation. Currently, a wide range of TMS coil models is available, 
each with a characteristic (primary) e-field pattern (see Deng et al., 2013 
and Drakaki et al., 2022 for overviews on TMS coil designs). Prospec
tively, multi-channel TMS coils (e.g., Nurmi et al., 2021; Nieminen et al., 
2022) will allow for an adjustment of the spatial stimulation profile to 
specific target variables, e.g., hotspot and spread of the e-field or its 
spatial orientation. Aside from fine-tuning the spatial focality, this 
approach enables an increase in temporal resolution to the range of 
milliseconds by sequentially stimulating several targets (de Lara et al., 
2021). The view of TMS-induced effects as part of a continuous 
dose-response-relationship is generally accepted in motor research 
(Ridding et al., 1997; Möller et al., 2009; Peterchev et el, 2013; Aberra 
et al., 2020) but still rarely adopted in the field of cognition. E-field 
modelling introduces the basis for bio-physiologically plausible TMS 
dosing metrics. Commonly used dosing strategies based on the resting 
motor threshold (rMT), e.g., 90% rMT, do not yield the same cortical 
stimulation exposure across different cortical areas. In contrast, 
e-field-based dosing (Caulfield et al., 2021; Dannhauer et al., 2022; 
Weise et al., 2023; Kuhnke et al., 2023) mitigates differences in cortical 
depths and anatomical properties between M1 (where rMT is estab
lished), and the actual target region. However, to leverage its full po
tential, this dynamic and emerging branch (Gomez-Tames et al., 2020) 
of applied, simulation-based neurostimulation has to agree on general 
metrics with which on- and off-target stimulation are defined (c.f. Van 

Hoornweder et al., 2023), that is, a threshold at which stimulation is 
considered functionally relevant (Box 2). 

Which principles can we derive from using e-fields to improve future 
TMS studies on cognition? First, our understanding of the focality of TMS 
needs to reflect the induced e-field distribution in the cortex realisti
cally. A correct view of the mode of action of TMS is particularly 
important for the functional dissociation of neighbouring gyri or when 
the involvement of neighbouring areas in the task of interest cannot be 
ruled out. Second, stimulation must be conceptualised as a continuous 
factor within and across subjects. That is, the stimulation exposure of 
(neighbouring) cortical areas should be quantified relative to each other. 
Across subjects, it should be understood that individual anatomy im
pacts the differential stimulation of neighbouring areas. Third, simula
tions of the induced e-fields should be used to gain relevant insights into 
the cortical stimulation exposure before and after data collection (Bal
derston et al., 2020). A-priori e-field simulations allow for an estimate of 
the cortical stimulation in the individual subject’s brain to identify un
feasible targets or target pairs before the experimental data is acquired. 
In addition, coil positioning can be optimised to maximise stimulation 
exposure in a specific cortical area (Weise et al., 2022) or minimise 
off-target stimulation (Makarov et al., 2021; Lueckel et al., 2022). 
Post-hoc e-field simulations provide insight into the relationship be
tween stimulation exposure and behaviour for different cortical areas at 
the group level. 

In conclusion, we argue that the conceptualisation of the focality of 
TMS in cognitive neuroscience requires reconsideration. Instead of 
distributing uniformly, stimulation spreads to neighbouring cortical 
areas in a way that is highly dependent on individual brain anatomy. 
Furthermore, rather than viewing TMS as a binary stimulation method 
(active or sham stimulation), we emphasise that TMS is better understood 
as a continuous factor: by analysing variability in stimulation strength in 
cortical regions and the impact on the behavioural modulation, one can 
derive their causal relevance for a given cognitive function. Together, 
these recommendations enable researchers to better select stimulation 
targets and yield more fine-grained insights into causal structure- 
function relationships. Ultimately, this should lead to more robust 
group-level effects in TMS studies on human cognition. 

All e-field data were computed with SimNIBS 4.0 (www.simnibs. 
org). IFG and IPL targets were defined in MNI space based on group 
results and transformed into single subject spaces for the 11 exemplary 
individuals shown following standard TMS targeting procedures. M1 
targets were manually positioned. Head models were constructed from 
high-resolution (1 mm3 voxel size) T1- and T2-weighted MRI scans (see 

Box 1 
Electric field simulations provide important considerations for the focality of TMS.  
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Numssen et al., 2021 for details). The simulations were done for a 
MagVenture MCF-B65 figure-of-eight coil and arbitrary stimulator in
tensity (1 A/µs). E-field magnitudes (|E|) were extracted from the closest 
point within grey matter and normalised per subject and target pair to 
compare stimulation exposures within target pairs. Grey lines and 
points: single subject data. E-field values are normalised per subject. 
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