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Abstract
Objective.To investigate whether themotor threshold (MT) and the location of themotor hotspot in
transcranialmagnetic stimulation (TMS) can be predictedwith computationalmodels of the induced
electricfield.Approach. Individualized computationalmodels were constructed from structural
magnetic resonance images of ten healthy participants, and the induced electricfieldswere determined
with the finite elementmethod. Themodels were used to optimize the location and direction of the
TMS coil on the scalp to produce the largest electric field at a predetermined cortical target location.
Themodels were also used to predict how theMT changes as themagnetic coil ismoved to various
locations over the scalp. To validate themodel predictions, themotor evoked potentials were
measured from the first dorsal interosseous (FDI)muscle with TMS in the ten participants. Both
computational and experimentalmethodswere preregistered prior to the experiments.Main results.
Computationally optimized hotspot locationswere nearly as accurate as those obtained usingmanual
hotspot search procedures. Themean Euclidean distance between the predicted and themeasured
hotspot locationswas approximately 1.3 cmwith a 0.8 cmbias towards the anterior direction.
Exploratory analyses showed that the bias could be removed by changing the cortical target location
that was used for the prediction. The results also indicated a statistically significant relationship
(p< 0.001) between the calculated electric field and theMTmeasured at several locations on the scalp.
Significance.The results show that the individual TMShotspot can be located using computational
analysis without stimulating the subject or patient even once. Adapting computationalmodelling
would save time and effort in research and clinical use of TMS.

1. Introduction

Transcranialmagnetic stimulation (TMS) is a non-invasive brain stimulationmethod for researching the brain
functionality and for clinical use, where TMS is used to treat brain disorders such as depression (Baeken et al
2019) and chronic pain (Stilling et al 2019). In TMS, a pulse of electric current in a coil located above the scalp
generates amagnetic field, which in turn induces an electric field in the brain. This induced electric field can
excite or inhibit the targeted brain area (Hallett 2000, Siebner et al 2022).

The exact cortical location(s) activated byTMSdepend on the strength and direction of the induced electric
field. Unfortunately, the induced electric fields cannot be directlymeasured. Therefore, they are usually
simulated using a computational dosimetricmodels constructed from structuralmagnetic resonance image
(MRI) data (Gomez-Tames et al 2020).Modern dosimetricmodels factor in several different aspects, such as coil
location and direction, individual cortical structure, conductivity of biological tissues and body fluids, and
realistic neuronemodels (Thielscher et al 2011, Aberra et al 2020). Precise estimation of the induced electric field
is, however, fairly challenging because of various intricacies in the brain structure that affect the electric field and
differ between individuals (Gomez-Tames et al 2020).
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In general clinical TMSprocedures and in research studies, the TMS parameters are typically adjusted
individually based on themotor threshold (MT) and optimal coil location (hotspot), which need to bemeasured
at the start of the protocol (Rossini et al 2015). However, this can be time-consuming as severalmagnetic pulses
are required tomeasure theMT and to ensure that the TMS coil will be optimally positioned for stimulating the
cortical target location. Additionally, this procedure is susceptible to variations, which affect the outcome and
repeatability, such as the operator’s subjective decisionmaking (Sollmann et al 2013). Therefore, there have been
attempts to streamline the process, for example, with an automated hotspot detection procedure (Meincke et al
2016, Tervo et al 2020). Although thesemethods eliminate the user-specific variation, they still requiremultiple
stimulations. Dosimetricmodels could potentially improve the clinical practice by providing information
before stimulation.With dosimetricmodels, the stimulation intensity and location could be predetermined
making the initialMT andhotspot search redundant, whichwould shorten the time required for the TMS
procedure.

Previous studies have used dosimetricmodels to developmethods for estimating the locations that TMS
activates in the brain (Bungert et al 2017, Aonuma et al 2018, Laakso et al 2018,Weise et al 2020, Kataja et al
2021). Thesemethods could potentially be used inversely to predetermine important factors such as hotspot
location andMTprior to TMS.However, thesemethods have not yet been used prospectively, and have only
been used to analyse existingmeasurement data.

This preregistered study (https://doi.org/10.17605/OSF.IO/MA2JT) aims to improve the TMSprocedure
by providing amethod that predicts the hotspot coil location and direction prior to the TMS. Additionally, we
investigate whether theMT can be estimated fromdosimetricmodels.We test two hypotheses: H1)Hotspot coil
location for the thefirst dorsal interosseous (FDI)muscle can be predictedwith 1 cm accuracy prior to the TMS
by computationally optimizing the coil location and direction to produce the largest normal component to the
greymatter surface of the electric field at the FDI cortical location (En,FDI), andH2)Activemotor threshold
(AMT) values are inversely proportional toEn,FDI.

These hypotheses were selected based on a previous study (Laakso et al 2018) that estimated the location of
the cortical activation site of the FDImuscle using TMSmeasurement and retrospective dosimetric analysis. The
study also demonstrated a strong inverse relationship between the electric field normal component at the
estimated activation site (En,FDI) and themeasured resting and activeMTs. This indicated that it would be
possible to use dosimetricmodels to predetermine the location and direction of themagnetic coil so that En,FDI is
maximized. The locationwith themaximalEn,FDI should correspond to the actualmeasured hotspot, and
moving the coil away from the predetermined optimal location should increase theMTproportionally to the
inverse ofEn,FDI. Both hypotheses can be tested byfirst performing the computational analysis, and then
confirming themodel predictions in experiments.

2.Materials andmethods

2.1. Participants
The datawere collected from10 healthy right-handed participants (5 female, 5male,mean
age± SD= 30.0± 4.2, age range: 26–40) in accordance with the sampling plan in the preregistration. All
participants gave their written consent for participation. One participant was excluded from the first analysis as
nomotor evoked potentials (MEPs)were visible with 50% stimulator output, whichwas the predetermined
intensity used in themeasurements. Another participant did not participate in the second study. Therefore, both
studies had nine participants for the analysis. The studywas approved by theAaltoUniversity Research Ethics
Committee (decisionsD/574/03.04/2022 andD/1006/03.04/2022). All procedures were conducted in
accordancewith theDeclaration ofHelsinki.

2.2.Magnetic resonance imaging
T1- andT2-weightedMR images were acquired using a 3 TMRI scanner (MagnetomSkyra; Siemens, Ltd,
Erlangen, Germany)with following parameters. T1: TR/TE/TI/FA/FOV/voxel size/slice number= 1800 ms/
1.99 ms/800 ms/9°/256 mm/1× 1× 1 mm/176; andT2: TR/TE/FOV/voxel size/slice number= 3200 ms/
412 ms/256 mm/1× 1× 1 mm/176. The dataweremeasured at AMICentre, AaltoNeuroImaging, Aalto
University School of Science.

2.3. Cortical reconstruction and volume conductormodels
TheMR images were segmented into different tissue types using a semi-automatic pipeline described in Laakso
et al (2015). In the pipeline, non-brain tissues were segmented fromT1- andT2-weighted images, and the pial
(greymatter) surface and the grey–whitematter boundary were reconstructed fromT1-weighted images using
the FreeSurfer image analysis software (Dale et al 1999, Fischl et al 1999). FreeSurfer was also used to generate a
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nonlinear surface-basedmapping between the individual brain surface and the surfaces of an average brain
template. In this study, the average brainwas theMontreal neurological institute (MNI) ICBM2009a nonlinear
asymmetric template (Fonov et al 2009, 2011).

Volume conductormodels were generated from these segmented images by voxelizing them into cubical
elements with a spatial resolution of 0.5 mm. Electric conductivity valueswere assigned to the voxels similarly to
Laakso et al (2018) (unit: S/m): greymatter (0.215), whitematter (0.142), cerebrospinal fluid (1.79), compact
and spongy bone (0.009 and 0.034), subcutaneous fat (0.15), scalp (0.43), muscle (0.18), duramater (0.18), and
blood (0.7). Sensitivity analysis of the conductivity valueswas not necessary in our case, as TMS electric fields are
not strongly affected by uncertainty in conductivity values (Saturnino et al 2019).

2.4. Calculation of the induced electricfield
The induced electricfields were estimated computationally with thefinite-elementmethod (FEM) for each
participant. The procedure for the calculations is described in Laakso et al (2018). In brief, amodel of thefigure-
eight coil was placed on the preferred location on the head surface over the left hemisphere. From there, the
induced electricfieldwas determined using the FEMwith a uniform grid offirst-order cubical elements with a
0.5 mmedge length and the individual volume conductormodel. Thefieldwas calculated everywhere in the
head and then interpolated to a surface at a depth of 2 mmbelow the pial surface for analysis and visualization in
order to avoid the staircase approximation error at the tissue boundary between greymatter and
cerebrospinal fluid.

2.5.Optimization of the coil location and direction
The cortical target locationwas preregistered to be [−41,−7, 63] in theMNI coordinates. This location is a
group-average activation site of the FDImuscle fromLaakso et al (2018). For each individual participant, the
cortical target location corresponding to theMNI coordinates was obtainedwith FreeSurfer.

For each participant, the optimal coil location and directionwere predetermined as the combination of a
point on the scalp and direction that induce the largest electric field normal component at the preregistered
cortical target location (figure 1). To speed up the calculations, the procedure forfinding the optimal coil
location and direction consisted of two parts: calculations with a coarse and fine grid. The coarse gridfirst
provided a rough estimate of the location, after which the fine grid was used formore accurate estimation.

First, the electric field normal components at the preregistered cortical target locationwere calculated for
modelled coil locations in a 11× 11 gridwith 1 cmdistance between adjacent points. For this coarse grid, a
2 mmedge lengthwas used for the voxel size for FEMcalculations. The centre point of the gridwas the closest
point to the preregistered cortical target location on the scalp. The gridwas adjusted to the scalp surface. The coil
was placed tangentially to the scalp, and the direction at eachmodelled coil locationwas optimized tomaximize
the electricfield normal component. Starting from the posterior-anterior direction, the coil was rotated
iteratively until the electric field normal component at the cortical target point wasmaximal.

Then, the point on the scalp that produced the highest electric field normal component at the preregistered
cortical target locationwas selected as the centre point for the next set of calculations following the same
approach but with a 11× 11 gridwith 2 mmdistance between adjacent points. From this, the point with the
highest electricfield normal component at the preregistered cortical target locationwas selected as the predicted
optimal coil location and the direction as the predicted optimal direction in that point.

The predicted optimal coil location and directionwere added to theMR images as amarker prior to the
experiment to aid the positioning of the coil during neuronavigation.

2.6. TMS andEMGrecordings
TMSwas performedwith amonophasicMagstim 2002 stimulator (MagstimCompany,UK). The TMS coil was
eight-shapedwith two adjacent roundwings of 9 cmdiameter. The coil location and orientationwere tracked
and recordedwith theVisor2 TMSneuronavigation system (ANTNeuro, Enschede, theNetherlands). The data
weremeasured at Aalto TMS, AaltoNeuroImaging, AaltoUniversity School of Science.

MEPswere recordedwithNeurOne EMG system (NeurOne,MEGAElectronics Ltd, Finland) and
disposable Ag/AgCl surface electrodes. The electrodes were placed on the right hand FDImuscle. The recorded
electromyography (EMG) signals were sampled at 5 kHz and high-passfilteredwith 10 Hz cutoff frequency.

2.7. Experimental setup
OurTMSmeasurements consisted of two parts: the first was to validate the predicted optimal coil location and
the secondwas to analyse the relationship between the AMTand the En,FDI (figure 2). In both parts, the
participant was sitting on a chair with their hands positioned comfortably on a pillow placed on their lap. Their
headwas supported by a neck rest. The neuronavigated TMSwas delivered over their left cerebral hemisphere.
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The participant’s head togetherwith the coil was 3D scanned (Artec Leo, Artec 3D, Luxembourg) to validate the
coil locationmeasured by the navigation system. If necessary, the recorded coil locationswere corrected using
3D scan data for further computational analysis.

In thefirst part of the study, three TMSpulses were delivered in the predetermined optimal coil location and
20 locationswithin a 2 cm radius around it with approximately 5 s inter-stimulus interval (ISI). The stimulus
intensity was 50%of themaximum stimulator output (MSO). ThemeanMEP amplitude was calculated in each
location. TheMEP amplitudewas defined as the peak-to-peak distance between the negative and positive peak
in the EMGwaveform. Themeasured hotspot was defined as the location that produced the largestmeanMEP
amplitude. The optimized coil directionwas validated by testing it against two other directions that were
approximately 20 degrees counterclockwise and clockwise from the optimized direction.

In the second part of the study, the left cerebral hemisphere was stimulated in nine locationswith TMS in a
3× 3 grid (4 cm× 4 cm). The central locationwas the predetermined optimal coil location. These
predetermined coil locationsweremarked on theMR images for neuronavigation during TMS. The coil
directionwas selected bymeasuring thresholds from three different directions. First, the thresholdwas recorded
from the predicted direction, and second, from a direction approximately 30 degrees counterclockwise from the
prediction. The third directionwas either clockwise from the first or counterclockwise from the second, based
onwhichever of the first two produced the lower threshold. Finally, the direction that produced the lowest
thresholdwas selected and used for the eight other locations. The coil was positioned using amechanical holder.
During stimulation, the participant’s taskwas to contract their FDImuscle by applying a constant pressure on a
10 cmdiameter cork ball with their fingers. Participants were instructed to observe their EMGactivation from
the screen in front of them and keep the peak-to-peak amplitude at 200 μV.

AMTwas determined for each location by delivering 10 pulses per intensity with 2 s ISI. The intensity was
started from16%of theMSOand increased by three percentage points until either the activationwas evident or
a preselected limit of 61%of theMSOwas reached. AMT intensities were defined as theminimum intensity

Figure 1.Prediction of the hotspot coil location and direction. (A)T1- andT2-weightedMR imageswere used to create (B) an
individual cortical reconstructionwith conductivity. (C)The preregistered cortical target location of the FDImuscle from the
template brainwasmapped to the (D) individual brain, and an 11 × 11 grid of 1 cm resolutionwas placed on top of it so that its centre
point coincided scalp location closest to themapped FDI point. (E) Individualized induced electricfieldswere computed using
dosimetricmodels at each grid point. (F)The normal component of the electricfieldwas calculated at the cortical FDI target location
for each grid point, and then the calculationswere repeatedwith a finer grid with the point that induced the strongest normal
component as the centre and 2 mmgrid resolution. The strongest point from this was selected as the predicted optimal coil location.
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required to elicit TMSMEPswith amplitude of at least 200 μV in at least 50%of trials in the FDImuscle. Active
muscles were used to lower the requiredMT and to stabilise themodulatory effect of the ISI on theMEP
amplitude (Matilainen et al 2022).

2.8.Data processing and statistical analysis
For the analysis, as stated in the preregistration, we used the recorded coil locations, thatmay slightly differ from
the pre-computed locations, to calculate the En,FDI values. All statistical tests were performed inMATLAB 2022b
(Mathworks inc.).

2.8.1. Preregistered hypotheses
For thefirst hypothesis, the differences in lateral-medial and posterior-anterior directions were calculated
between themeasured hotspot and the predicted optimal coil location. Themean and SDwere calculated for the
differences.We used Student’s two-tailed t-tests to investigate if themeans are zero to detect bias. Chi-squared
test for standard deviation (one sided)was used to investigate whether the standard deviations are smaller than
1 cm. Preregistered power calculations based on the data fromLaakso et al (2018) indicated that the test had a
statistical power of 0.79 for nine subjects.

For the second hypothesis, a linearmixed effectmodel was used to analyse the relationship between the AMT
and the inverse En,FDI (invEn,FDI). Thismodel allows non-independent observations and considers inter-subject
variability.Model’s specificationwas ’AMT∼ invEn,FDI+ (1+invEn,FDI | Subject)’.Maximum likelihoodwas
used as the estimationmethod tofitmodel coefficients. As stated in the preregistration, random correlations
were dropped from themodel to enable it to converge properly. Statistical significance of thefixed effects were
testedwith likelihood ratio test against themodel without invEn,FDI. Potential outliers were detected using the
generalized extreme Studentized deviate test for themodel residuals, and if anywere found, theywere left out of
themodelfit.

2.8.2. Exploratory analyses
The results of the preregistered analyses suggested that the preregistered cortical target locationwas possibly
inaccurate. To study the effect of the cortical target location, we derived new exploratory cortical target locations

Figure 2.Experimental setupwith twomeasurements. The firstmeasurement was to validate the predicted optimal coil location for
the FDImuscle. In that, 3 TMSpulses were delivered in the predicted optimal coil location and 20 locations in a 2 cm radius around it
with 50% stimulator output intensity. The secondmeasurement was to investigate the relationship between the AMTand the inverse
of the electricfield at the cortical FDI target location. In that, 9 locations in 3 × 3 grid (4 cm×4 cm)with the predicted optimal coil
location as the centre were stimulatedwith activemuscle contraction. Stimulator intensity was increased from16%with the increase
of 3 percentage points until theMEPwas evident or the predetermined upper limit of 61%was reached. 10 pulses were deliveredwith
every intensity.
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similarly to the study of Laakso et al (2018) and repeated the analysis above for these new target locations. The
more detailed description of the analyses is written in the results section.

3. Results

The results of the preregistered analyses are reported first, followed by the results of exploratory analyses.

3.1. Confirmatory:measured and predicted optimal coil location anddirection
The predicted optimal coil locationswere 0.37–2.1 cm (mean 1.3 cm, SD 0.54 cm) away from themeasured
hotspot locations. Figure 3 shows the locations and normalizedMEP amplitudes of the stimulations relative to
the predicted coil location.

The distances between the predicted optimal coil location and themeasured hotspot location in lateral-
medial (LM) and posterior-anterior (PA) directionswere−0.85 to 1.1 cm (mean 0.06 cm, SD0.67 cm) and
−0.33 to 1.7 cm (mean 0.83 cm, SD 0.77 cm), respectively (figure 3). Studentʼs two-tailed t-tests showed
significant bias between the predicted andmeasured locations in the PAdirection (t(8)= 3.2, p= 0.01) but not
in the LMdirection (t(8)= 0.27, p= 0.79). These results suggested that the predicted optimal coil locationwas
biased to the anterior direction compared to themeasured hotspot location.

Figure 3. (A)The stimulus locations around the predicted optimal coil location (centre) for each participant. NormalizedmeanMEP
amplitudes are presentedwith dotswhere the size and colour of the dot correlate with the amplitude. For each participant, themean
MEP amplitudes are linearly scaled from the lowest to the highest value. Participant specific optimized direction is pointedwith a red
arrow. The diameter of the circles are 1 cm, 2 cm, and 3 cm. (B)The euclidean distances from themeasured hotspot to the predicted
optimal coil location for each participant. (C)The distances from themeasured hotspot to the predicted optimal coil location for each
participant in lateral-medial (LM) and posterior-anterior (PA) directions.
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While the sample SDs of the distances between themeasured hotspot and the predicted coil locationwere
smaller than 1 cm,Chi-square test did not support the SDs being statistically significantly smaller than 1 cm
(LM:χ2(8,N= 9)= 3.6, p= 0.11, PA:χ2(8,N= 9)= 4.8, p= 0.22).

For eight subjects, the optimized direction produced the largestmeanMEP amplitude compared to
directions 20 degrees clockwise and counterclockwise from the optimized direction (figure 3(A)). For subject 3, a
direction 20 degrees counterclockwise from the optimized direction produced a largermeanMEP amplitude
than the optimized direction.

3.2. Confirmatory: the relationship between EnFDI andAMT
ThemeasuredAMTs for each subject and coil location are reported in table 1. Thefirst location corresponds to
the predicted optimal coil location, and the others populate the 3× 3 grid counterclockwise starting from the
bottom-left corner (figure 2). TheAMT could not bemeasured in four cases, because it exceeded the preselected
limit of 61%of theMSO.On average, the first coil location, corresponding to the predicted optimal coil location,
produced the smallest AMT (Wilcoxon signed-rank tests, all p< 0.05). The differences between the recorded
coil and the pre-computed coil locationswere 2.1–18.9 mm (mean 6.6 mm,median 3.3 mm, SD 5.7 mm).

TheEn,FDI valueswere calculated for each subject and coil location corresponding to themeasured 78AMT
values (table 1). The data were then input into a linearmixed effectmodel to investigate the relationship between
the AMTand En,FDI. Four outliers were left out from themodel fit. Thefittedmodel was of the form:

y A
B

E
, 1ij j

j

ij
ij ( )a

b
= + +

+
+

where i is the coil location, j is the participant, yij is the AMT in terms of theMSO,Eij isEn,FDI calculated at the
MSO, andα andβ are the fixed effect coefficients. The participant-specific coefficientsAj andBj and error term
òij follownormal distributions with zeromean and standard deviations ofσa,σb, andσò, respectively:

 A N B N N0, , 0, , 0, . 2j a j b ij( ) ( ) ( ) ( )s s s~ ~ ~

The estimates for these parameters are listed in table 2. Figure 4(A) illustrates the relationship between theAMT
andEn,FDI obtained from themodel. A likelihood ratio test indicated that En,FDI had a statistically significant
effect on the AMT (χ2(1)= 12.34, p< 0.001).

Despite the statistically significant effect ofEn,FDI, the presentmodel provided only limited support for the
hypothesis (H2) that the AMTwas inversely proportional toEn,FDI. This could be observed by examining the
model coefficients reported in table 2. Firstly, interceptαdiffered significantly from zero, whichwas evident
from its confidence interval. Secondly, the effect of the electric field term, characterized by coefficientβ, was
relatively small compared to the intercept (En,FDI varied between 50 and 250 Vm−1). Taken together, themodel
indicated that the AMTwas always approximately 30%of theMSOaddedwith a small electric-field dependent
correction. For example, a change ofEn,FDI from200 to 100 Vm−1 would lead to an approximate change in the
AMT from35% to 41%of theMSO, depending on the subject. This wasmarkedly different from the ideal

Table 1.Activemotor threshold (AMT) values as percentage ofmaximum stimulator output for each subject
and coil location. Coil locations are numbered as infigure 2.Missing values indicate cases where theAMT is
greater than 61%.They are treated as 61% in the calculation of themean,median, and standard deviation
(SD). Bolding shows the smallest thresholds for each subject. AWilcoxon signed-rank test indicates that the
median thresholds were statistically significantly smaller (**: p < 0.01, *: p < 0.05) than those of the predicted
optimal coil location (OPT).

Location

1 (OPT) 2 3 4 5 6 7 8 9

Subject 1 31 31 37 58 40 40 34 31 34

Subject 2 25 28 37 49 28 34 28 34 31

Subject 3 37 40 49 — 46 52 37 40 34

Subject 4 28 43 40 — 25 31 28 58 31

Subject 5 28 46 31 43 34 34 37 52 43

Subject 6 31 31 34 37 37 55 52 61 31

Subject 7 34 46 37 37 28 37 37 46 37

Subject 9 28 34 49 43 46 37 34 37 31

Subject 10 34 55 43 — 52 — 43 58 55

Mean 31 39 40 50 37 42 37 46 36

Median 31 40** 37** 49** 37* 37** 37** 46** 34*

SD 4 9 6 10 9 11 7 11 8
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scenario (hypothesis H2), where the AMT should doublewhen the coil ismoved so that the electric field is
halved.

In contrast, during the development of the preregistered hypotheses of this paper, we used the AMT and
electric field data obtained froma previous study (Laakso et al 2018) to select the linearmixed effectsmodel.
During development, themodel indicated that the intercept was not different from zero (α= 0.02 [95%CI:
−0.02, 0.07]) andβ= 67.7 Vm−1 [95%CI: 53.5, 81.9], indicating a near-ideal relationship betweenEn,FDI and
the AMT.

Wehypothesized that the poorer than expected fit between the electric field and theAMTwas due to a
mismatch in the cortical target location that was used to calculate the electric field values for the analysis. The
same reason could possibly explain why the predicted optimal coil locationwasmore anterior compared to the
measured hotspot location.

3.3. Exploratory: improved estimate of the cortical target location using correlation analysis
Next, we exploredwhich target location in the cortexwould produce a better agreement between the electric
field andAMTandwhether the new target locationwould produce an improved prediction of the optimal coil
location.

For the analysis, we used themethod of Laakso et al (2018). In themethod, the electric field data (normal
component ormagnitude) of each subject is firstmapped to the surface of a commonbrain template using
FreeSurfer. TheAMT is then normalized in each subject so that the lowest AMTover all coil locations is 1. For
each point on the template brain, the electric field data of all coil locations are normalized so that the electric field
for the central coil location is 1. This normalization removes the subject-specific termsAj andBj in (1), and the
relationship between the AMT and inverse of the electric field can be investigated using simple linear regression.
The linear regression analysis is repeated for each point on the template brain surface. This process produces a
whole-brainmap of the Pearson correlation coefficient that indicates the cortical areaswhere there is an
agreement between the AMTand the inverse of the electric field normal component ormagnitude. Figure 5 (A)
illustrates the Pearson correlation coefficient over the left hemisphere calculated for themagnitude (|E|) and
normal component (En) of the electric field. The globalmaximal correlation (0.81)was found for |E| andwas

Figure 4. (A)The relationship between theAMT and theEn,FDI at the preregistered cortical FDI target location. (B)The relationship
between theAMT and the |E|FDI at the exploratory cortical FDI target location.

Table 2.Coefficient estimates for the linearmixed effectmodelfit. Themodel wasfitted for
two cortical target locations, A andB,which correspond to the preregistered target location
and that obtained from exploratory analyses.%MSO = percentage ofmaximum
stimulator output. CI = confidence interval.

A. Preregistered target B. Exploratory target

Parameter Unit Estimate 95%CI Estimate 95%CI

α %MSO 31 27–35 16 11–21

β V/m 10.35 4.99–15.72 42.51 31.86–53.16

σa %MSO 3 1–9 2 0–26

σb V/m 4.77 2.11–10.75 9.82 5.52–17.49

σò %MSO 7 5–8 5 4–6
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located in [−31,−12, 60] inMNI coordinates. This location corresponded to the anterior wall of the precentral
gyrus (Brodmann area 6). However, high correlationswere also found on the crown and the posterior wall of the
precentral gyrus. As themotor responses produced by TMS are thought to follow from the activation of the
primarymotor cortex, wewill only focus onBrodmann area 4 in the following.

Themaximal Pearson correlation coefficients in Brodmann area 4were 0.75 and 0.66 for |E| andEn,
respectively. The locations of thesemaximal correlations inMNI coordinates were r|E|= [−41,−19, 67] and
r 41, 13, 57En

[ ]= - - , respectively (figure 5).
Similarly to the preregistered target location, the linearmixed effectmodel was used to investigate the

relationship between the AMT and |E| at the r|E|. One outlier was left out from themodel fit. The estimates for
the parameters are listed in table 2. The relationship between the AMT and |E| obtained from themodel is
illustrated infigure 4(B). The intercept still differed from zero but not asmuch as in the preregisteredmodel fit.
The effect of the electric fieldwas also stronger and closer to the inverse relationship.

3.4. Exploratory: removing bias in the predicted optimal coil location using an improved cortical target
location
Wemoved the cortical target location of the FDImuscle to the two locations obtained from the correlation study
above, and repeated the coil location optimization procedure (section 2.5) using the new target locations. For the
optimization using r|E| as the cortical target location, themaximized electric field componentwas in the
direction of [0.62, 0.62, 0.48] in theMNI coordinates instead of the normal component. This electricfield
component directionwas the one that produced the largest correlation between the AMT and the normalized
inverse of the electric field at r|E|.

The results are listed in table 3. The coil location optimized using r|E| as the cortical target did not showbias
in the LMnor PAdirection compared to themeasured hotspot location. Using the rEn

as the cortical target
showed bias in PAdirection. Chi-square test did not support the SDbeing smaller than 1 cm for r|E| (LM:χ2(8,
N= 9)= 7.17, p= 0.48, PA:χ2(8,N= 9)= 6.10, p= 0.36)nor rEn

(LM:χ2(8,N= 9)= 4.52, p= 0.19, PA:
χ2(8,N= 9)= 6.79, p= 0.44).

Figure 5. (A)Pearson correlation coefficient between the normalized AMTs and the inverse of the normalized electric fields on
template brain for themagnitude (upper) and the normal component (lower). (B)Close-up view of the posterior wall of the central
sulcus on template brain shows the points with the strongest correlation (white circle with a black centre). The strongest correlation
points for themagnitude (a) and the normal component (b) fromLaakso et al (2018) aremarked as blue dots. The light grey dots
indicate the cortical FDI target locations obtained from the studies of Bungert et al (2017) (c), Kataja et al (2021) (d), andNumssen et al
(2021) (e). Grey areas indicate locationswhere the correlation is not significant at false discovery rate of 0.05. The data for Figure 5 are
provided at https://doi.org/10.17605/OSF.IO/6J2RB.
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4.Discussion

In this study, we investigatedwhether we can reliably predict the optimal coil positioning and estimate theMT
values using induced electricfields calculatedwith computational dosimetry. Themean Euclidean distance
between the predicted optimal coil locations andmeasured hotspots was 1.3 cm, and themean distances in
lateral-medial and posterior-anterior directions were 0.06 cm and 0.83 cm, respectively.

Unlike hypothesized, the hotspot predictionwas not able to attain the 1 cm accuracy. Nevertheless, the
predictionswere still in close proximity of themeasured hotspots (1.3± 0.54 cm), and compared to the state of
the art in TMShotspot search, the difference in the accuracywas small. Previous studies have evaluated the
reliability of themanual hotspot search of differentmuscles by comparing themeasured hotspot locations
between sessions in individual subjects. The distance between the hotspots varies slightly between different
studies, but seems to consistently be approximately 1 cm (Wolf et al 2004, Forster et al 2012, Sollmann et al 2013,
Weiss et al 2013, Cotovio et al 2021). Especially relevant is the study using the FDImuscle inwhich the distances
were 1.16± 0.62 cm (Forster et al 2012). The result is comparable to our result. Thus, we believe that our
method, even in its current state, could improve the speed and reliability of the TMShotspot finding procedure.

The inverse ofEn,FDI had a significant effect on the AMTbutwas not alone enough to predict theAMT. Based
on data fromLaakso et al (2018), we expected an inverse relationship between the electricfield normal
component and the AMTat the cortical location determined in the study ([−41,−7, 63] inMNI coordinates),
but the relationshipwe found differed from the expected ideal inverse proportionality.

There are several potential reasonswhy the En,FDI was not inversely proportional to theAMT.One potential
reason is that the preregistered target from the study of Laakso et al (2018)might not be generalizable to the
subjects of this study. In addition, theremay be uncertainty in the location because Laakso et al (2018) did not
use a neuronavigation system. Another reason is that the targeted electric field component (normal)may be
suboptimal. For example, Bungert et al (2017) found that themagnitude correlated better with theMT than the
normal component. Additionally, other studies have found different locations for the FDImuscle, such as [−37,
−19, 66] (Bungert et al 2017), [−34,− 14, 67] (Numssen et al 2021), or [−42,−15, 57] (themean fromKataja
et al (2021)), so there is no clear consensus of the exact location.

Considering the results, we relocalized the cortical targets with the data from this study using themethod of
Laakso et al (2018). The data indicated amore posterior cortical target location ([−41,−19, 67]) compared to the
preregistered target (Laakso et al 2018), and this new target location also agrees with the locations found in the
studies of Bungert et al (2017) andNumssen et al (2021). Additionally, our results showed that the predicted
optimal coil locationswere systematically too anterior compared to themeasured hotspot, which could also be
explained by a too anterior preregistered target location. Another possible reason for a systematic error is the
difference between a supine position inMRI and a sitting position in TMS,which slightly shifts the location of
the brain inside the skull (Mikkonen and Laakso 2019). However, our predicted locationswere too anterior,
whereas the change in position should cause the predicted locations to be too posterior as the brain shifts to
anterior, so the brain shift is not a probable explanation for our result. Therefore, better selection of the target
location could improve the accuracy of the coil location optimization procedure.We tested this by trying two
cortical target locations as discussed. Using the location r|E|which had the strongest correlationwith the |E| in
Brodmann area 4 removed the bias but did not reduce the distance.

Although the coil location optimizationmethod is already potentially useful, the study has some limitations.
One limitation of the current study is that thismethod fails to properly consider the individual functional
differences. As the cortical target location is derived from a group analysis on a template brain, it does not

Table 3. Summary statistics of the distances between themeasured hotspot and the predicted optimal
coil location. The predictionwas obtained for the preregistered cortical target locations and for
exploratory targets r|E| and rEn.

Target Distance Mean (cm) SD (cm) Range (cm)

Preregistered Euclidean 1.30 0.54 0.37–2.09

target LM −0.06 (t(8) = −0.27, p = 0.79) 0.67 −0.85 to 1.06

[−41,−7, 63] PA 0.83 (t(8) = 3.22, p = 0.01) 0.77 −0.33 to 1.74

r|E| Euclidean 1.35 0.55 0.54–2.27

[−41,−19, 67] LM 0.39 (t(8) = 1.24, p = 0.25) 0.95 −1.18 to 1.55

PA 0.25 (t(8) = 0.84, p= 0.42) 0.87 −1.14 to 1.52

rEn Euclidean 1.41 0.69 0.16–2.43

[−41,−13, 57] LM −0.23 (t(8) = −0.92, p = 0.38) 0.75 −1.20 to 1.02

PA 0.82 (t(8) = 2.67, p = 0.03) 0.92 −0.51 to 2.18
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completely consider the individual variations of the cortical target location, which is demonstrated inKataja et al
(2021). These inter-individual differences can potentially explain the observed variations in the distances
between the predicted and themeasured hotspots. Another limitation is the selection of the cortical target
location, which is essential for themethod. So far, only few cortical targets have existing coordinate data, which
reduces the potential applications for themethod. Additionally, the selection of a single target location is a
simplification, as TMS could activatemultiple cortical locations that cause amotor response. This could explain
why the relationship between the electric field and the AMTwas not ideally inversely proportional.

In conclusion, we showed that dosimetricmodelling can be used to predict the hotspot coil locationwhen
the cortical target location in a template brain is known. The accuracy of the predicted optimal coil locations is
comparable tomanual hotspot search. Dosimetricmodels could provide individually optimized coil location
and direction using onlyMR images, without stimulating the patient even once.Our study demonstrated the
feasibility of themethod on themotor cortex, asfinding the target locations there is fairly straightforward by
measuringMEPs from the specificmuscle. Theoretically, themethod could be used for locating any part of the
cerebral cortex. However,more research is required for the selection of the correct cortical target locations.
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