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Abstract. Experimental data have indicated that transcranial magnetic stimulation (TMS) has high
spatial specificity. For instance, even a millimeter-scale movement of the TMS coil above the motor
cortex can change the recorded response in peripheral muscles drastically. However, such a small coil
displacement induces a cortical electric field that overlaps considerably with the original electric field.
Here, we describe how the basic electrophysiological properties of neurons can explain the apparent
high spatial resolution of TMS. We show with simulations that a TMS intensity close to the neuronal
threshold yields the highest spatial resolution, albeit with a possible tradeoff with the signal-to-noise
ratio. The simulations suggest that with such a TMS intensity, the activated cortical area is significantly
smaller than the area in which the electric field exceeds its half-maximum strength.
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1. Introduction

Experimental evidence from the mapping of the motor areas suggests that transcranial
magnetic stimulation (TMS) can activate the cortex with high focality, producing
specificity comparable to invasive methods (Picht et al., 2011). However, electric
field (E-field) computations, performed in simplified spherical (Ravazzani et al.,
1996) or anatomically realistic geometries (Thielscher et al., 2015), as well as direct
measurements (Nieminen et al., 2015) have shown that the TMS-induced E-field is, in
fact, relatively smeared. For a modern figure-of-eight coil, the area in which the E-
field exceeds its half-maximum strength is approximately 40 mm wide and 80 mm
long (Nieminen et al., 2015). Superficially, there seems to be a discrepancy between
the spread of the TMS-induced E-field and the effective focality of brain activation;
e.g., for the abductor pollicis brevis (APB) muscle, at 110% of the resting-motor-
threshold intensity, an effective stimulation region of only ~15 mm wide has been
measured (Koponen et al., 2018). Here, we describe how the basic physiological
properties of neurons lead to a non-linear response behaviour that can explain the high
effective resolution of TMS. We tested our hypothesis in an open-source realistic
multi-scale brain-stimulation model (Aberra et al., 2020). We list some testable
predictions this electrophysiological hypothesis makes and go through some
implications for experimental work. Recently, relatively high stimulus intensities have
been promoted for improving the signal-to-noise ratio (SNR) of genuine cortical



TMS-evoked electroencephalography (EEG) potentials (TEPs) (Belardinelli et al.,
2019). We comment on this approach in light of the simulation results.

2. Theory

TMS induces in the cortex a strong E-field (Etms), which depends on the geometry
and placement of the stimulation coil, the stimulus intensity, and the conductivity
profile of the head. If the E-field strength at a neuron is sufficient, the cell fires an
action potential. The activation curve of a single neuron is a step function (Fig. 1 A),
whose threshold depends on the E-field waveform, as well as the fine geometrical and
electrophysiological properties, the excitability state!, and the orientation of the cell
w.r.t. Etvs (Aberra et al., 2020). Because there is variability in the neuron-specific E-
field thresholds, the net activation of a small cortical patch exhibits an S-like
behaviour as a function of the E-field strength (Fig. 1 B). If the TMS intensity is close
to the excitation thresholds, only very few neurons are activated at the tails of Etwms.
On the other hand, when operating above the saturation level, the number of activated
neurons decreases first very slowly when moving away from the maximum location
of Etwms, resulting in low effective focality.
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slightly different excitation thresholds to TMS. Thus, the response curve of the whole cell population is a smooth
sigmoidal curve.

3. Methods

Using SIMNIBS software, we modelled Etms in realistic and spherical geometries
(Thielscher et al., 2015). A spherical head was included to visualize the E-field and
neuronal activation without the distortions due to the cortical folding to highlight the
direct effects of the non-linear responsiveness of neurons. In the realistic and
spherical geometries, the cortical surfaces were represented by 277,742 and 20,738
triangle elements, respectively. The modelled TMS coil was the Magstim 70-mm
figure-of-eight coil (P/N 9790). The neuronal excitations due to Etms were modelled
in layer-5 pyramidal cells (Aberra et al., 2020). In the realistic cortex mesh, each
triangle element contained 500 neurons of five different morphologies derived from
the Blue Brain Project (Ramaswamy et al., 2015). The main axes of the dendritic trees
were set perpendicular to the triangle, and each of the 100 copies of a single cell
morphology was rotated evenly around the triangle-element normal. Etvs was
assumed to be uniform across the whole cell, and the cellular activation due to Erms
was modelled using the extracellular potential mechanism implemented in NEURON
(Hines and Carnevale, 2003; Aberra et al., 2020). In the 80-mm-radius spherical
cortex, each triangle contained 6,500 neurons (from five different morphologies)
pointing to all possible directions with even distribution.

In the realistic model, the coil was placed on the scalp with its centre over the
hand knob of the left primary motor cortex, and the orientation was set approximately
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perpendicular to the central sulcus. The coil was modelled to move in ~3-mm steps
along the scalp from —30 to 30 mm relative to the original spot, along the axis of the
wings of the modelled figure-of-eight coil. In the spherical model, the coil was placed
tangential to the 95-mm-radius scalp surface. The TMS pulse was monophasic (100-
us-long half cycle) with maximum dI/dt ranging from 0 to 300 MA/s (producing
maximum Erws strengths of 0400 V/m).

In the realistic cortex, the mean focality for each stimulation intensity, across all
coil locations, was estimated both in terms of Etms and the neuronal activation level.
The focality was defined as the cortical area showing 50% or more of the maximum
Erwms strength/activation level. In the spherical cortex, Etms and the activation level
were computed along the axis of the coil wings.

4. Results

The simulations supported the hypothesis; at intensities below ~200 MA/s, the
effective focality was better than the focality of the E-field (Fig. 2 A). Above ~230
MA/s, however, the saturation of the cortical populations led to poorer focality than
suggested by the shape of Etms. The same was true in the spherical cortical model
(Fig. 2 B); comparatively low stimulation intensity (200 MA/s) led to a narrower
activation profile compared to the E-field profile, whereas at 300 MA/s, the activation
profile in the region where the E-field exceeded its half-maximum value, almost
matched the E-field profile. This improved focality at a low TMS intensity came,
however, at the expense of reduced overall activation level. Representative E-field-
strength and activation distributions in the realistic cortex are shown in Fig. 3.
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To understand and model the focality of TMS accurately, one must also model the
non-linear, electrophysiological properties of the neurons. The presented simulations
revealed that the TMS intensity is a vital parameter to adjust both the level of total
cortical activation and the focality of TMS.



The suggested high stimulation intensity (Belardinelli et al., 2019) is likely to
increase the TEP amplitudes but with the potential risk of compromising focality. An
alternative approach, supported by the present simulations, would be to use a
relatively low TMS intensity but increase the number of TMS-EEG trials (from
which TEPs are computed by averaging). This latter strategy allows one to measure
focal cortical TMS responses with good SNR.

Cortical TMS responses depend on the stimulation orientation. The sigmoidal
responsiveness of neurons predicts that stimulating closer to the neuronal thresholds
results in stronger orientation dependency. Similarly, different motor representation
areas should appear more distinct in motor mapping with lower stimulus intensities.
However, as motor evoked potentials have relatively high variability (Kiers et al.,
1993), a higher number of trials might be required to ensure sufficient reliability.

In the applied model, there were no inter-neuronal connections, and only one
neuron type was represented. Furthermore, direct axonal activation in the white matter
due to TMS was ignored (Aberra et al., 2020). These simplifications might explain the
high threshold intensities compared to the experimental results. However, for the
purposes of this work, the qualitative behaviour of the neuronal excitation at different
Erwms strengths is more important than the estimated absolute thresholds.

6. Conclusions

The non-linear, electrophysiological response behaviour of neurons to Etms possibly
explains why the effective focality of TMS can be higher than indicated by the Erwms
distribution. This implies to favour stimulation intensities close to the neuronal
thresholds to maximize the spatial resolution of TMS, and correspondingly to increase
the number of stimulus repetitions to maintain a sufficient SNR in TEPs.
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