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Abstract.  In transcranial magnetic stimulation, a current pulse in a coil on the scalp causes a time-
varying magnetic field that induces an electric field that stimulates the brain. To navigate the coil to the

desired stimulation location or to estimate the location and strength of stimulation, the electric field in
the brain is  often computed. For this  computation,  the current  distribution of the coil  needs to  be

modeled. In this work, we quantify, how approximations in the model of a figure-of-eight coil affect
the  computed electric field.  We built a high-detail reference coil model and various simplified test

models,  and  computed  the  cortical  electric  field  in  a  realistically-shaped  head  model.  In  our
simulations, AC effects (eddy currents) and the thickness of coil winding had a very small role. A

model based on a set of closed current loops performed better than a simple spiral model. Our 42-
dipole optimized model performed very well  in the comparison against  models  with higher dipole

count.
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1. Introduction

In transcranial magnetic stimulation (TMS) (Barker et al., 1985), a current pulse in a coil on the 

scalp causes a time-varying magnetic field that induces an electric field that stimulates the brain. To 

navigate the coil to desired location and to estimate the stimulation locus and strength, the induced 

electric field is computed. Such a computation requires models of the coil and the head. For fast 
computation during a TMS experiment (Stenroos & Koponen, 2019), a simple coil model is beneficial, 

but in such a model, one needs to ignore, for example, the spiral-like pitch of the windings. Here we 
study, how the level of detail of the model of a stimulation coil affects the computed electric field in 

the case of a standard figure-of-eight coil.

2. Material and methods

2.1 Coil models

To compute the electric field (E-field) due to a time-varying current in a coil, we need to model the
current in the coil and compute its magnetic vector potential. When the winding geometry is known,

there are two basic techniques for building the model: 1) discretize the windings to a set of thin wire
segments and typically further to a set of current dipoles, or 2) represent the current distribution in

terms of magnetic dipole moment distribution, discretized into a set of magnetic dipoles. Technique 1
is used, for example, in (Bijsterbosch et al., 2012; Makarov et al., 2018), and technique 2 in (Thielscher

& Kammer,  2002,  Thielscher  et  al.,  2011,  Stenroos  & Koponen,  2019)  and  overall  in  SimNIBS
software (Windhoff et al., 2013). Here, we model the figure-of-eight type Magstim 70-mm Double Coil

as characterized and imaged in (Thielscher & Kammer, 2002) and apply both techniques.
For a figure-of-eight coil, we applied three levels of geometrical detail: in the most detailed  test

model (3D), we used realistic windings, including the feeding wires and the twisted wire segment that



connects the coil wings. In the simple spiral model, the coil is represented using two spirals, ignoring
the connecting and feeding segments. Simplifying further, the circular model represents the windings

as a set of closed circular loops. For these geometries, we implemented test models with both realistic
wire thickness and a thin wire; the cross-section of the wire was modeled using 21 filaments (i.e. 21

dipoles per cross-section), and the current was assumed to flow uniformly. These models we made
using Technique 1. Further, we used two speed-optimized magnetic-dipole models (42 and 14 dipoles)

that are based on circular loops. These two models were presented and verified against dense circular-
loop models in (Stenroos & Koponen, 2019). 

Our reference model has the same geometry as the 3D model with 55 filaments per cross section,
and takes into account the AC effects on current distribution (eddy currents). The current distribution

was modeled for 3 kHz frequency as in (Gomez  et al., 2020; Koponen et al. 2020) with multipole-
accelerated inductance extraction technique (Kamon et al. 1994) implemented in FastHenry2 software

(FastHenry2, Software Bundle 5.2.0, FastFieldSolvers, Italy). The geometry of the 3D coil is shown in
Fig. 1.

The coil was placed to 26 locations on the scalp above the left hemisphere. The coil orientation
was set to match approximately the orientation of the nearest sulci underneath the coil.

Figure 1. The 3D coil geometry, used for the reference coil and the 3D test coils. The blue and red lines 

illustrate the 21 discretization filaments of the 3D test coil. The other coils are displayed in Figure 2.

2.2 Head model and field solver

The cortical E-field was computed in a realistically-shaped head model. The model comprises four

compartments (brain, CSF, skull, scalp) and was built as described in (Stenroos & Nummenmaa, 2016;
Stenroos & Koponen 2019) using the mri2mesh pipeline and the T1- and T2-weighted MR images of

Ernie dataset of SimNIBS software (Windhoff et al., 2013). The field computation surface was placed
in the middle of the cortex, with 3 mm spacing.

    The  E-field  in  the  cortex  was  computed  using  quasi-magnetostatic  approximation,  and  the
contribution of the head conductivity was modeled with reciprocal BEM (Nummenmaa et al. 2013;

Stenroos  & Koponen 2019),  using  linear  basis  functions,  Galerkin  weighting,  and  isolated  source
approach (Stenroos & Sarvas 2012, Stenroos & Nummenmaa, 2016). The inner element integrals and

weighted dipole potentials in the BEM and the coil integrals were computed analytically. 

2.3 Comparison metrics

The E-fields of test coils were compared to the reference coil using relative error RE, correlation error
CCE, mean angle error AE, and relative magnitude rMAG metrics The metrics were calculated for

vector data as detailed in (Stenroos & Koponen, 2019). The computations were carried out both for all
field points and for only locations with strong field, i.e. field magnitude over 0.7 times the maximum

field magnitude for that coil.

3. Results

3.1 Electric field of a coil in vacuum

First, we computed the E-field of each coil in vacuum on a planar slab one centimeter below the coil 
bottom. The magnitude of the field for all coil models is shown in Fig 2. The comparison metrics for 

the field are displayed in Table 1. The coarse 14-dipole model has, as expected, the highest errors, 
followed by the simple spiral coils. All 3D coils produce very similar results. 
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Figure 2. The magnitude of electric field induced by the coil one centimeter below the coil. The color scale is 
normalized according to the reference coil.

Table 1. Comparison metrics for electric field in a slab one centimeter below the coil.  For each metric, the top
row shows the metric values for all field points, and the bottom row for the region of strong field only.

3D 3D thin spiral spiral thin circular circular thin 42 14

RE [%] 0.5 0.7 4.7 4.7 2 2 3.4 16.6

0.4 0.7 4.6 4.5 1.5 1.4 1.5 9

CCE [%] 0 0 0.03 0.03 0.02 0.02 0.06 1.39

0 0 0.2 0.2 0.2 0.2 0.24 9.51

AE [deg] 0.2 0.3 1.8 1.8 0.9 0.9 1.4 4.1

0.2 0.2 2.4 2.4 0.5 0.5 0.5 2.8

MAG [%] 100 99.6 100.2 99.8 100.1 99.7 99.6 100.8

99.8 99.4 100.8 100.4 100.7 100.3 100.4 99.6

3.2 Electric field on cortex

We computed the E-field on the cortex for 26 coil locations. An example location and fields for that 

location with different coil models are shown in Fig 3. Comparison metrics are presented in Table 2. 
The simple spiral coils perform the worst, while the 14-dipole coil performs essentially better than in 

the previous comparison. Inclusion of wire thickness affects the results only minimally. Omitting the 
AC effects causes an error of approx 0.5%. In visual comparison, the fields are nearly identical.

3



Figure 3. Electric field on the cortex. On left, coil positioning and the magnitude of electric field. On right, the 

magnitude of electric field for all coil models, normalized according to the reference model. The 
contour lines mark the region with magnitude over 70% of the maximum in that coil, and the arrows 

show the electric field in locations that exceed 90% of the maximum. 

Table 2. Comparison metrics (mean ± standard deviation) for electric field on the cortex. For each metric, the top
row shows the metric values for all field points, and the bottom row for the region of strong field only.

3D 3D thin spiral spiral thin circular circular  thin 42 14

RE [%] 0.5 ± 0.1 0.7 ± 0.1 5.3 ± 0.5 5.3 ± 0.4 1.5 ± 0.1 1.4 ± 0.2 1.4 ± 0.2 2.5 ± 0.4

0.4 ± 0.0 0.7 ± 0.0 4.4 ± 0.5 4.4 ± 0.5 1.3 ± 0.2 1.2 ± 0.2 1.3 ± 0.2 2.7 ± 0.5

CCE [%] 0.00 ± 0.00 0.00 ± 0.00 0.08 ± 0.01 0.08 ± 0.01 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.03 ± 0.01

0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.05 0.11 ± 0.06 0.05 ± 0.03 0.05 ± 0.03 0.05 ± 0.03 0.55 ± 0.29

AE [deg] 0.4 ± 0.1 0.4 ± 0.1 2.9 ± 0.5 2.9 ± 0.5 0.8 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 0.8 ± 0.1

0.1 ± 0.0 0.1 ± 0.0 2.4 ± 0.3 2.4 ± 0.3 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.8 ± 0.2

rMAG [%] 99.9 ± 0.1 99.6 ± 0.1 100.3 ± 0.5 99.9 ± 0.5 100.2 ± 0.2 99.9 ± 0.2 99.8 ± 0.2 99.8 ± 0.2

99.7 ± 0.0 99.3 ± 0.1 100.4 ± 0.6 100.0 ± 0.6 100.4 ± 0.3 100.0 ± 0.3 99.9 ± 0.3 99.3 ± 0.5

4. Discussion

The results show that omitting the AC effects in the studied coil causes a relative error of 0.5%. 
Assuming the coil to consist of a set of circular windings increases the error to approximately 1.5%, 

whereas modeling the coil as a simplified spiral leads to an error of over 5%. Thus, for this kind of coil,
it seems to be better to use a simple set of closed current loops instead of coarsely approximating the 

spiral shape. The omission of wire thickness has a very small effect, and in the case of a circular test 
coil, the thin-wire model is even slightly better. Our speed-optimized 42-dipole coil performs as well as

the circular thin-wire-segment coil that has 1800 dipoles.
The errors due to the coil model simplifications are smaller than the expected errors due to poorly-

known head-conductivities (Saturnino et al. 2019; Stenroos & Koponen, 2019), typical numerical 
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errors (Gomez et al, 2020), and differences in head model segmentation and meshing. In other words, 
modeling of the windings that connect the coil wings, the pitch of the windings, wire thickness, or the 

AC effects on current distribution is not at first priority with this kind of coils. In a coil with less 
symmetrical, thicker, or more complicated windings, these effects may be larger. The 14-dipole model 

can, despite the 2.7% error, be well used for navigation purposes, especially with simplified head 
models, such as single-shell and spherical models. The use of simplified spiral model is not advisable, 

as simpler models perform better. Different field computation techniques may have different 
sensitivities to model simplications, so if one plans to use a very coarse model, it should first be 

verified with the field solver to be used.
The windings of the used coil model are circular, but the main results should hold also for other 

figure-of-eight or nearly-circular coils. In a coil with less symmetrical, thicker, or more complicated 
windings, the error due to the simplifications studied here may be larger. Thus, we recommend 

modeling the actual winding at least when designing new coils for specific purposes.
The errors in vacuum close to the coil and in the cortex are very similar for 3D and spiral coils. For

circular coils and especially the speed-optimized magnetic-dipole coils, the errors in the cortex are 
relatively smaller. The 14-dipole coil shows this especially clearly. Simulations in vacuum near the coil

are thus not adequate for evaluating the expected performance of a coil model.

5. Conclusions

Our simulations show that simplified models that are based on sets of closed current loops provide 

an adequate representation of a figure-of-eight coil. Simple spiral models performed worse. For a 
figure-of-eight coil with circularly-symmetric windings, our 42-dipole model has an excellent accuracy

with light computational load.

References

Barker, A.T., Jalinous, R., Freeston, I.L., 1985. Non-invasive magnetic stimulation of human motor cortex. Lancet 1 (8437), 

1106–1107.

Bijsterbosch, J.D., Barker, A.T., Lee, K.H., Woodruff, P.W., 2012. Where does transcranial magnetic stimulation (TMS) 

stimulate? Modelling of induced field maps for some common cortical and cerebellar targets. Med Biol Eng Comput 50 (7), 671–

681.

Gomez, L.J., Dannhauer, M., Koponen, L.M., & Peterchev, A V. (2020). Conditions for numerically accurate TMS electric field 

simulation. Brain Stim, 13(1), 157-166. https://doi.org/10.1016/j.brs.2019.09.015

Kamon, M., Tsuk, M.J., White, J.K. (1994).  FASTHENRY: A multipole-accelerated 3-D inductance extraction program. IEEE 

Trans Microw Theory Tech 42 (9), 1750-1758

Koponen, L.M., Goetz, S., & Peterchev, A.V. (2020). Double-containment coil with enhanced winding mounting for transcranial 

magnetic stimulation with reduced acoustic noise. IEEE Trans Biomed Eng. https://doi.org/10.1109/TBME.2020.3048321

Makarov, S., Noetscher, G., Raij, T., Nummenmaa, A., 2018. A quasi-static boundary element approach with fast multipole 

acceleration for high-resolution bioelectromagnetic models. IEEE Trans Biomed Eng 65 (12), 2675–2683.

Nummenmaa, A., Stenroos, M., Ilmoniemi, R.J., Okada, Y.C., Hamalainen, M.S., Raij, T., 2013. Comparison of spherical and 

realistically shaped boundary element head models for transcranial magnetic stimulation navigation. Clin Neurophysiol 124 (10),

1995–2007.

Saturnino, G., Thielscher, A., Madsen, K., Knosche, T., Weise, K., 2019. A principled approach to conductivity uncertainty 

analysis in electric field calculations. Neuroimage 188, 821–834.

Stenroos, M., Sarvas, J., 2012. Bioelectromagnetic forward problem: isolated source approach revis(it). Phys Med Biol 57 (11), 
3517–3535.

Stenroos, M., Nummenmaa, A., 2016. Incorporating and compensating cerebrospinal fluid in surface-based forward models of 

magneto- and electroencephalography. PLoS One 11 (7), e0159595.

Stenroos, M., Sarvas, J., 2012. Bioelectromagnetic forward problem: isolated source approach revis(it). Phys Med Biol 57 (11), 

3517–3535.

Thielscher, A., Kammer, T., 2002. Linking physics with physiology in TMS: a sphere field model to determine the cortical 

stimulation site in TMS. NeuroImage 17 (3), 1117–1130.

Thielscher, A., Opitz, A., Windhoff, M., 2011. Impact of the gyral geometry on the electric field induced by transcranial 
magnetic stimulation. NeuroImage 54 (1), 234–243.

Windhoff, M., Opitz, A., Thielscher, A., 2013. Electric field calculations in brain stimulation based on finite elements: an 

optimized processing pipeline for the generation and usage of accurate individual head models. Hum Brain Mapp 34 (4), 923–

935.

5


