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Abstract

Notwithstanding advances in computational models of neuromodulation, there are mismatches
between simulated and experimental activation thresholds. Transcranial Magnetic Stimulation
(TMS) of the primary motor cortex generates motor evoked potentials (MEPs). At the threshold of
MEP generation, whole-head models predict macroscopic (at millimeter scale) electric fields (50-
70 V/m) which are considerably below conventionally simulated cortical neuron thresholds (200-
300 V/m). We hypothesize that this apparent contradiction is in part a consequence of electrical
field warping by brain microstructure. Classical neuronal models ignore the physical presence of
neighboring neurons and microstructure and assume that the macroscopic field directly acts on the
neurons. In previous work, we performed advanced numerical calculations considering realistic
microscopic compartments (e.g., cells, blood vessels), resulting in locally inhomogeneous
(micrometer scale) electric field and altered neuronal activation thresholds. Here we combine
detailed neural threshold simulations under homogeneous field assumptions with microscopic field
calculations, leveraging a novel statistical approach. We show that, provided brain-region specific
microstructure metrics, a single statistically derived scaling factor between microscopic and
macroscopic electric fields can be applied in predicting neuronal thresholds. For the cortical sample
considered, the statistical methods match TMS experimental thresholds. Our approach can be
broadly applied to neuromodulation models, where fully coupled microstructure scale simulations

may not be practical.
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1. Introduction

Transcranial magnetic stimulation (TMS) of the primary motor cortex (M1) causes peripheral muscle
activation, reflected by motor evoked potentials (MEP) recorded from surface electrodes over
respective muscles. Such experiments are valuable for studying the motor system and its
pathologies (e.g., Di Lazzaro & Ziemann, 2013), and underpin individual dosing of repetitive TMS
(rTMS) therapies, such as for depression (Rossi et al., 2021). The amplitude of the MEP scales with
the TMS device output and, more directly, with the electric field the relevant neurons are exposed
to. Modeling the relation between stimulation intensity and cortical responses underpins explaining
TMS and rTMS outcomes.

Numerical field modeling in conjunction with a non-linear regression approach has enabled
localization of activated neuronal populations and the derivation of input-output (I0) curves that
map TMS induced electric field strengths to the MEP amplitudes (Weise et al., 2020; Numssen et
al., 2021; Weise et al., 2023a). With conventional biphasic pulses these sigmoidal IO dose
responses have a half-maximum (50% of peak MEP response) at ~50-70 V/m (Numssen et al.,
2021). However, explicit simulations of cortical L3/4 neurons predict higher thresholds of ~260 V/m
for the same TMS waveform (Weise et al., 2023b) and 175...350 V/m for monophasic pulses
(Aberra et al., 2020; Weise et al., 2023b). We hypothesize that this mismatch is a consequence of
conventional numerical field models ignoring the presence of microscopic structures (cell
membranes, blood vessels).

In calculation of electric fields produced during neuromodulation (TMS), classical models assume
macroscopically (mm scale) homogenous tissue. At the microscopic (um) scale, however, the
conductivity is highly inhomogeneous given the low conductivity of cell membranes and vasculature.
Recently, this effect has been investigated in detail by Qi et al. (2024) using a high-resolution
boundary elements model of a sub-volume (250%x140x90 um) of the L2/3 P36 mouse primary visual

cortex with detailed segmentation of microscopic compartments, taking into account neuronal and
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glial membranes as well as blood vessels (Turner et al. 2022; MICrONs Consortium 2021), and
comprising ~0.5 billion facets in total.

Adapted from (Qi et al., 2024), Figure 1 shows how low conducting barriers cause charge
accumulation and Fig. 2 demonstrates how this changes the effective electric field at the cell
membranes. This electric field inhomogeneity may explain the apparent discrepancy between the
activation thresholds found in microscopic simulations to those obtained when relating
experimentally observed MEPs to macroscopic electric field simulations of TMS. The goal of this
work is to test this hypothesis.

To this end, we use the electric field simulations performed by Qi et al. (2024) to determine the
microscopic fields at the axons that correspond to a given macroscopic field. As prior simulations
(Aberra et al. (2020); Weise et al. (2023b)) have revealed that the axonal terminals have the lowest
threshold, we consider field differences between both approaches at axon terminals to estimate the
recruitment rate as a function of the macroscopic field. If the microscopic electric fields from Qi et
al. (2024) elicit action potentials at the axon terminals for macroscopic field strengths of 50-70 V/m
(Numssen et al., 2021), then microstructure-dependent electric field warping does indeed account
for the aforementioned activation threshold discrepancy seen in between conventional
(macroscopic) and explicit (microscopic) modeling.

Since realistic microscopic simulations are computationally expensive, it can be impractical to
directly replace the macroscopic field calculation methods with microscopic simulations in routine
analysis. For this reason, the second aim of this study is to provide an easy-to-compute method
that corrects the discrepancy between activation thresholds (or recruitment rates) based on
microscopic and macroscopic fields. Our method offers a principled way to create, for any
neuromodulation technology and any cortical tissue with available microanatomical representation,

a lookup table that maps macroscopic field strength and orientations to recruitment rates.
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2. Materials and Methods

2.1 Threshold computations in morphologically realistic neuron models

In extension of an earlier study by Aberra et al. (2020), Weise et al. (2023b) computed the
thresholds of different neuronal populations with respect to the electric field at the membrane.
Detailed models of a large number of neuronal morphologies, taken from the Blue Brain Project
(Markram et al. 2015), were used to account for the natural variability of neurons of different types.
These types include layer 2 and 3 pyramidal cells (L2/3 PC), layer 4 small, nested, and large basket
cells (L4 S/N/LBC), as well as layer 5 pyramidal cells (L5 PC) from mouse cortex. The neural
morphologies were scaled up to human dimensions. In those simulations, we assumed a
homogeneous or linearly changing field across the neuron, thus neglecting any effects of the
presence of the neurons themselves and other structures. This essentially means treating
microscopic and macroscopic fields (see Introduction) as equal. The firing thresholds were
determined independently for each neuron by applying external electric fields with different angles
with respect to and different gradients along the somato-dendritic axis. Importantly, it turned out
that the initial generation of action potentials (i.e., the excitement of the respective neuron) almost
exclusively occurred at one of the axonal terminals. The excitation then spread over the entire

axonal arbor and activated all other synapses. We utilize these results in the present study.

2.2 Alteration of neuronal recruitment rate due to microscopic field perturbations

To allow drawing general conclusions regarding the relevance of differences between microscopic
and macroscopic electric fields on the apparent excitation threshold of neurons with respect to the

macroscopic field, the problem must be treated statistically. The ratio between microscopic and

Emicro(T)

Emacro

macroscopic electric fields at an arbitrary location r on the (axonal) cell membrane sz (r) =

can be considered a random variable with a probability density p(sg). Estimating this distribution

requires separate electric field simulations of (homogeneous) macroscopic and (inhomogeneous)
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microscopic electric fields in a sample of neural tissue, which are described in the next section. This
provides the essential means to adapt the previously determined thresholds and recruitment rates
of Aberra et al. (2020) and Weise et al. (2023b) with respect to microscopic electric fields. The
corrected recruitment rate rg of a single axon terminal is then given as a function of the external

macroscopic electric field E,,,cr0 bY:

(00 [00)

rs(Emacro) = .f p(Ethresh) I .f p(SE) dsg |dEthresh €Y
0 gthresh

where E;presn and p(Eipresn) are the threshold field strength and its probability density, respectively,
calculated over different samples of neurons (within a particular neuron type) with externally applied

electric fields from, e.g., Weise et al. (2023b). The inner integral fgofhreshp(sE) dsg describes the

Emacro

probability that, at any arbitrary axonal terminal, the (relative) microscopic field s = Enicro/Emacro
is above a given (relative) threshold E;jesn/Emacro- The outer integral then sums that value over
all possible threshold values, weighted by their probabilities, thus yielding the final activation

probability (recruitment rate) of axonal terminals.

The fact that excitation of any axonal terminal of a given neuron eventually excites the entire axonal
arbor with all its terminals (see previous section) leads to a statistical problem that depends on the
average number of terminals N per neuron in the respective cell population. Accordingly, the
recruitment rate of a population of neurons 7, (E;4cr0) €an be determined from the recruitment rate

from a single axon segment r,(E,,,4cr0) from eq. (1) as follows:

rn(Emacro) =1- (1 - rs(Emacro))N )
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2.3 Computing the microscopic extracellular electric field in cortical cube sample
To determine the statistics for the scaling factor between microscopic and macroscopic electric
fields p(sg), we utilized extensive electromagnetic numerical simulations of a neural tissue sample
performed with boundary element fast multipole method (BEM-FMM) (Makarov et al 2018,
Noetscher et al., 2023). The details of this computation are reported elsewhere (Qi et al., 2024). In
short, the simulations were based on a 250x140%x90 um cube of neural tissue from mouse primary
visual cortex, obtained from electron microscopic images with a resolution of 3.6x3.6x40 nm. The
reconstruction comprises triangulated surfaces of various cellular structures, including pyramidal
and non-pyramidal neurons, astrocytes, microglia, oligodendrocytes and precursors, pericytes,
vasculature, nuclei, mitochondria, etc. The surface resolution (or average computational mesh size)
is 100 nm.

The computation of the extracellular electric field is based on the assumption that membranes are
non-conducting at the end of an initial polarization period, allowing to solve the extracellular field
problem using Neumann boundary conditions at the outer surfaces of the membranes (for details,
see Noetscher et al., 2023; Makaroff et al., 2023; Qi et al., 2024). For the numerical treatment of
the problem, the BEM-FMM (Makarov et al. 2018; Makaroff et al., 2023; Noetscher et al., 2023) was
specifically adapted to a large neuron ensemble with several hundreds of closely spaced neurons,
using a nested iterative algorithm (see Qi et al., 2024). While the electromagnetic computational
effort has been quite extensive and took over half a year, its accuracy has been verified by excellent
self-convergence.

Since the threshold computations by Weise et al. (2023b) and Aberra et al. (2020) (see Section 2.1)
are based on one-dimensional cable equations, we need the extracellular potential or the collinear
extracellular electric field at the centerlines of the neuronal processes. In the computations by Qi et
al. (2024), however, neurons are modeled as three-dimensional objects. Therefore, we integrate

the solution over the cross-sections of the processes (dendrites, axons).
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3. Results

3.2 Microscopic electric field variations

Figure 2 illustrates, for an example neuron, the impact of the presence of neurons and other
structures on the local collinear electric field at the membranes. In this particular case, we observe
an elevation of the field maximum by more than a factor of 2. For better visualization, the values
were limited to +200 V/m, as extreme values can be up to a factor of 10. However, due to the
complex morphology and mutual influences, the locations of field increases and attenuations cannot
be assessed deterministically on a larger scale. This motivates a statistical approach to the problem,
as described in Section 2.2, in order to account for the field variability of the microscopic electric
field when calculating the neuronal thresholds and to correct the values determined by Aberra et al.

(2020) and Weise et al. (2023b).

3.2 Influence of microscopic electric field variations on neural excitability
In total, the activation functions of ~1.4 - 10¢ axon segments were extracted from the cube sample.
The histogram and the probability density function are shown in Fig. 3. According to that distribution,

the median of the scaling factor is 1.19 and the probability that the electric field at an axon segment

is higher than macroscopically assumed is p (M > 1) = 66.1%. The distribution also shows that

macro

axon segments can be exposed to field strengths exceeding macroscopic electric field
approximations by a factor of 5 and more. However, also the opposite can be the case, as axon

segments may be exposed to very low field strengths, too.

The probability density function of the electric field scaling factor (Fig. 3), in conjunction with the
results from Weise et al. (2023b), allows for a realistic estimation of the neuronal recruitment rates
with respect to the macroscopic field, using egs. (1) and (2). Fig. 4 shows an example of a corrected
recruitment rate taking into account microscopic electric field variations for the case of L2/3 PC from

Weise et al. (2023b), where it was assumed that the macroscopic electric field is homogeneous and

8
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points along the somato-dendritic axis towards the soma. We assumed an average number of
terminals per neuron of N=35 (STD=13.7), informed by the L2/3 population used by Weise et al.
(2023b). The grey shaded lines are determined after sampling the number N of terminals per neuron
from a normal distribution with the given mean and standard deviation to illustrate the expected
variability of the recruitment curves. A comparison between the old and new recruitment curves
shows a considerable reduction of the activation threshold from about 225 V/m (dashed black line)
to 30-40 V/m half maximum (red line) when considering the effects of microscopic electric fields.
To enable a comparison of the results with experimental data, we also present the 1/O curve of
motor evoked potentials (MEPs) of the first dorsal interosseous (FDI) of a representative subject
from Numssen et al. (2021) as a function of the macroscopic electric field calculated in that study
after successful motor mapping.

A comparison between the recruitment curves shows a clearly improved correspondence to the
field strength values observed in the experiment when considering microscopic electric field effects.
Note that it is straightforward to apply the correction of the recruitment rates to all neuronal
populations, i.e. L2/3 PC, L4 S/N/LBC, and L5 PC presented in Weise et al. (2023b) including
different electric field angles with respect to the cortical normal direction (6 = [0°,180°]) and linear
field gradients along that direction (A|l7:| =[-20,20] %/mm). As an example, Fig. 5 shows the
dependences of the uncorrected and corrected recruitment rates of L5 PC stimulated with
monophasic TMS pulses. The correction was applied to all recruitment rate interpolators from all
neuronal populations considered in Weise et al. (2023b) and can be downloaded from Weise et al.

(2024).

4. Discussion

In recent years, TMS advances have been supported by macroscopic field stimulations tailored to

individual head and brain morphology (e.g., Makarov et al., 2020; Thielscher et al., 2015). These
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models help explain and optimize TMS applications by quantifying cortical stimulation strength in
terms of a physical entity: the induced (macroscopic) electric field strength (Caulfield et al., 2021;
Numssen et al., 2024). However, using the macroscopic (voxel-based) electric field as a proxy for
neural excitation is still a substantial simplification, as neurons respond to the electric field in a non-
linear fashion. Significant efforts to account for this relationship have been made by detailed
mechanistic modeling of neurons at different spatial and temporal scales, from simulated single-cell
responses to single pulses (Aberra et al., 2020; Weise et al., 2023b) to network plasticity after
repetitive TMS (rTMS; Shirinpour et al., 2021). However, these approaches have not converged
on the neuronal activation threshold. Single biphasic pulse TMS of the motor cortex typically yields
MEP thresholds of 60 V/m to 100 V/m (Numssen et al., 2021; Numssen, Kuhnke et al., 2024;
Rosanova et al., 2009; Caulfield et al. 2024), while EEG recordings detect changes in cortical
activity for rTMS at around 35 V/m (Zmeykina et al., 2020). This variability across methods may
reflect different noise levels, which crucially affects detectability. In contrast, single-cell simulations
of macroscopic electric fields have yielded threshold estimates above 200 V/m (Aberra et al., 2020;
Weise et al., 2023b; see also Fig. 5).

In this study, we investigated local electric field perturbations when considering neural structures at
the microscopic level in the electric field simulations. This enabled us to bridge the gap between
activation thresholds observed in experiments with respect to macroscopically computed electric
fields and those predicted by detailed microscopic simulations of neurons. Our approach lowers
this threshold estimate to about 30...40 V/m (Fig. 4), which is in the order of EEG experiments (see
above). Also, the corrected half-maximum values around 50 V/m are much closer to the values
seen for experimental data using recorded MEPs together with macroscopic field calculations (e.g.,
60 V/m in Numssen, Kuhnke et al., 2024). Hence, the recruitment rates computed using the more
realistic (i.e., microscopic) electric fields provide a reasonable proxy for the activation thresholds of
hand muscles (and, thus, MEPs). This was not the case when using the macroscopically estimated
field strength as the field at the neuronal membranes (see Fig. 4).

10
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Note, however, that our model describes the recruitment rate of neurons in the motor cortex, which
is not identical to muscle activation reflected by MEP, which involves further downstream
processing. Thus, including these processes (e.g., cortical dynamics, long range axonal
transmission, spinal dynamics, and muscle fiber activation function) into the modeling chain is
expected to yield estimates that are even more accurate.

One key precondition to our approach is the ability to predict microscopic fields at very fine detail
by means of large-scale numerical computations. To this end, we utilized results from a method
using the BEM-FMM to model perturbations of an impressed electric field within a microscopically
realistic brain tissue sample, with many tightly spaced neuronal cells and other structures (Qi et al.,
2024). The obtained results (Fig. 1 and 2) demonstrate strong local field perturbations due to the
presence of membranes. The derived probability density function of the ratio between microscopic
and macroscopic electric fields allowed us to apply a statistical correction to the previously
determined recruitment rates by Weise et al. (2023b), who assumed equality between the
macroscopic field and the local field at the membranes. Critically, this approach entails that the time
consuming numerical field computations have to be performed only once (for a particular type of
tissue) and are then reused in the form of a statistical distribution to correct recruitment rates derived
from simple macroscopic field estimations.

The simulations by Weise et al. (2023b) provide detailed insight into the statistics of the activation
thresholds for various neuronal populations, and how they depend on parameters of the external
electric field, such as the angle of incidence and field gradient. Already these simulations were
complex and computationally expensive, to a degree that impedes usage in whole-head models.
Here, we characterized the microscopic electric field considering the mutual influence of the
neurons in a realistic cubic sample of mouse visual cortex, based on simulations by Qi et al., 2024,
which were even more time-consuming. Theoretically, all simulations carried out by Weise et al.
(2023b) would also have to consider microscopic field effects. However, this would lead to an
exponential increase in the computing time and is currently far from being feasible. It would also

11
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require a much larger tissue sample, because in the one currently utilized, large portions of the
neuronal arbors were cut out, rendering direct threshold simulations biased (see Qi et al., 2024).
The approach presented here elegantly decouples both problems and considers the determination
of the thresholds in the homogeneous field for different cell types and the deviation of microscopic
from macroscopic fields separately. Both approaches are then combined by statistically
incorporating the electric field deviations together with the recruitment curve in egs. (1) and (2).
Currently, this is the only feasible approach to quantify the impact of microscopic electric field
perturbations on the firing thresholds and recruitment curves caused by TMS. It represents a
significant breakthrough by aligning neural modeling with experimental realities for the first time.
Apart from a better understanding of the TMS effect, this may open the door to more systematic
procedures for the design of effective stimulation protocols (Shaner et al., 2023).

A promising extension to the current approach of estimating the thresholds would be the use of
bidomain models (Czerwonky et al. 2023; Fellner et al. 2022) of the neurons in combination with
the microscopic field simulations, instead of the one-dimensional cable equation in conjunction with
a much larger 1 mm3 MICrONS mouse brain sample (MICrONS Consortium 2021), which includes
considerably better developed axonal arbors and ~75,000 neurite cells. However, the necessary

computing power would be immense and is currently not yet available.
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Data availability statement

The electric field data used in this study is published by Qi et al. (2024) via BossDB

(https://bossdb.org/project/makaroff2024). It includes post-processed cell CAD models,

microcapillary CAD models, post-processed neuron morphologies, extracellular electric fields and
potential distributions. The derived recruitment rate operators are publicly available in a repository

(Weise et al. 2024).
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390 Figures

391
392 Fig. 1: Induced membrane surface charge density for 200 neurons of the sample with the longest neuronal
393 processes (both dendritic and axonal), showing how low conducting barriers (e.g., cell membranes) cause
394  charge accumulation and associated electric-field distortion. (a-c) Three zoom-in panes showing the

395 induced charge densities. (d) surface triangulation matching pane c. Tissue segmentation and charge

396  deposition computations are from Qi et al. (2024).
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398
399 Fig. 2. The influence of the accumulation of charges on the membranes onto the collinear electric field at the

400 centerlines of neuronal processes for an example neuron. Top: A uniform impressed electric field is applied

401  along the x-axis (from dorsal to ventral) with E,Ep) =100 V/m. The influence of the charges is not considered

402 and the impressed field is directly projected to the centerlines. Hence, the maximum achievable collinear field

403 at the neurons E,(,f;x is equal to the impressed field. Bottom: The same uniform impressed field is applied, but

404 realistic neuronal (sub-)compartments are included into the simulation and the impressed field is distorted by
405 the field of the induced charges. In consequence, the maximum achievable collinear field E,(,fix can be larger

406  than E®.
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408 Fig. 3: Histogram and probability density p(s,) of the electric field scaling factor (Se = ?"ﬂ) between

macro

409 microscopic and macroscopic electric fields. The median of the scaling factor is 5, = 1.19 and indicated with

410 a red dashed line.
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Fig. 4: Uncorrected and corrected recruitment rates in comparison to experimental MEPs. Dashed black line:
original recruitment rates from Weise et al. (2023b) of L2/3 PC for 8 = 0° and A|E| = 0 %/mm considering
homogeneous macroscopic electric fields and a biphasic TMS pulse, without taking into account microscopic
electric field effects. Red line: corrected recruitment rates determined from eqs. (1) and (2) using the
probability density p(s,) of the electric field scaling factor between microscopic and macroscopic electric fields
from Fig. 2, together with the recruitment rate determined using macroscopic electric fields from Weise et al.
(2023b) assuming an average number of axon terminals of N=35. Grey lines: Recruitment rate curves after
sampling the number of axon terminals N from a normal distribution with the given mean of N=35 and standard
deviation of 13.7. Colored dots: MEPs as function of the external macroscopic electric field determined

experimentally in Numssen et al. (2021) after motor mapping (different colors represent different subjects).
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Fig. 5: Recruitment rates of L2/3 PC without (a) and with (b) microscopic field corrections stimulated by
biphasic TMS pulses for different electric field angles. No e-field gradient (A|E| = 0 %/mm ) was assumed.
(a) The neuronal recruitment rate from Weise et al. (2023b) did not consider microscopic electric field
variations, yielding e-field thresholds of above 200 V/m. (b) Recruitment rate of a neuronal population taking

electric field variations from Fig. 3 into account yields thresholds of below 50 V/m.
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