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Abstract
Objective. Recent studies have indicated that repetitive transcranial magnetic stimulation (rTMS)
could enhance cognition in Alzheimer’s Disease (AD) patients, but to now the molecular-level
interaction mechanisms driving this effect remain poorly understood. While cognitive scores have
been the primary measure of rTMS effectiveness, employing molecular-based approaches could
offer more precise treatment predictions and prognoses. To reach this goal, it is fundamental to
assess the electric field (E-field) and the induced current densities (J) within the stimulated brain
areas and to translate these values to in vitro systems specifically devoted in investigating
molecular-based interactions of this stimulation. Approach. This paper offers a methodological
procedure to guide dosimetric assessment to translate the E-field induced in humans (in a specific
pilot study) into in vitro settings. Electromagnetic simulations on patients’ head models and
cellular holders were conducted to characterize exposure conditions and determine necessary
adjustments for in vitro replication of the same dose delivered in humans using the same
stimulating coil.Main results. Our study highlighted the levels of E-field and J induced in the target
brain region and showed that the computed E-field and J were different among patients that
underwent the treatment, so to replicate the exposure to the in vitro system, we have to consider a
range of electric quantities as reference. To match the E-field to the levels calculated in patients’
brains, an increase of at least the 25% in the coil feeding current is necessary when in vitro
stimulations are performed. Conversely, to equalize current densities, modifications in the cells
culture medium conductivity have to be implemented reducing it to one fifth of its value.
Significance. This dosimetric assessment and subsequent experimental adjustments are essential to
achieve controlled in vitro experiments to better understand rTMS effects on AD cognition.
Dosimetry is a fundamental step for comparing the cognitive effects with those obtained by
stimulating a cellular model at an equal dose rigorously evaluated.

1. Background

Transcranial magnetic stimulation (TMS) is a noninvasive technique used to modulate brain cortical activity
and to study functional connectivity (Barker et al 1985). It applies local electromagnetic (EM) fields to those
areas of the brain that are related to specific functions or pathological alterations to promote the
modification of the neuronal connections (Barker et al 1985, Rossini et al 2015, Valero-Cabré et al 2017).
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TMS is based on Faraday’s law, where a rapidly changing electric current in a coil generates a magnetic
(H) field that induces an electric (E) field in nearby conductive tissues, altering the electrical behavior of the
neuronal cells composing the brain (Barker et al 1985).

TMS devices generate short (200–500 µs) but intense (1–2 T) pulses of H-field (Rossini et al 2015, Turi
et al 2021, Drakaki et al 2022). Single pulse stimulation produces a short time response, whereas repetitive
magnetic pulses stimulation, known as repetitive transcranial magnetic stimulation (rTMS), has more
prolonged and complex effects on brain activity (Lefaucheur et al 2014, Huang et al 2017). Different or
opposite effects can be obtained by changing stimulation properties such as the number of pulses, the rate of
application, and the intensity of each rTMS stimulus (Chen et al 1997, Maeda et al 2000, Huang et al 2005,
Rossini et al 2015).

However, the main differences in rTMS application for the treatment of neurological disorders lie in the
diversity of stimulation target, for example: the primary motor cortex (M1) for the treatments of motor
functions (Young et al 2014, Zhang et al 2022b), the dorsolateral prefrontal cortex for the treatment of
depression (O’Reardon et al 2007, Levkovitz et al 2015) or for the modulation of cognitive functions
(Lefaucheur et al 2014, Fisicaro et al 2019), the language areas in applications associated to language
processing (Arheix-Parras et al 2021).

Notably, recent works showed that rTMS can be used to treat Alzheimer’s Disease (AD) improving
patients’ cognition (Weiler et al 2020, Menardi et al 2022). In particular, in a clinical pilot study, Koch and
co-authors demonstrated that long-term memory was significantly improved in mild AD patients stimulated
with high frequency rTMS in the Precuneus area (PC) (Koch et al 2018, 2022). Each patient received the
same stimulation pattern in terms of the number of pulses and repetition frequency; however, the intensity
of the stimulation is patient-specific, and it corresponds to the resting motor threshold (RMT). Among
different assessment strategies (Borckardt et al 2006, Tranulis et al 2006), this threshold has been defined as
the lowest intensity producing motor-evoked potentials (MEPs) of>50 µV in at least five out of ten trials in
the relaxed first dorsal intereosseous (FDI) muscle of the right hand (Rossini et al 2015).

Even if this clinical trial has shown therapeutic efficacy, very little is known about the biological
mechanisms that occur at the cellular level in the exposed area bringing to such important clinical outcomes.
Therefore, a deeper knowledge of these biological mechanisms would lead to more effective development of a
new biomedical application of rTMS, as well as to the concrete possibility of controlling its efficacy in time.

To date, one research strategy to increase the knowledge of rTMS effects on brain activity down to the
molecular level consists of performing experimental observations and specific molecular analysis in in vitro
cellular models under controlled EM exposures (Post et al 1999, Rotem and Moses 2008, Grehl et al 2016,
Tang et al 2016, Lenz et al 2016). To correlate clinical outcomes with in vitro exposure results, it is mandatory
to deliver to the cells the same EM dose induced in humans. However, the delivery of defined rTMS
conditions to the culture dishes resembling as much as possible the E-field strength in human brains is
challenging. To achieve this goal, different choices were carried out involving both the design of mini
figure-of-eight or mini coil specifically optimized to be adapted to culture conditions (Tang et al 2016, Grehl
et al 2016). Another approach is to stimulate the cultured cells using clinical coils adopted for humans (Post
et al 1999, Lenz et al 2016), which is the approach we decided to use in our investigation. In these previous
studies, the selection of stimulation parameters used in vitro does not entail a direct translation to human
exposure conditions. This limitation reduces the relevance of the results obtained.

Therefore, this paper aims to provide a methodological procedure to offer guidance for a dosimetric
assessment when conducting in vitro experiments using the same stimulation coils of clinical TMS
applications using specific protocols and stimulating targets.

In this context, E-field simulations play an essential role in linking in vitro, in vivo and clinical studies,
with computational modeling increasingly employed to integrate experimental practices for assessing the
efficacy of administered rTMS protocols (Gomez-Tames et al 2020, Shirinpour et al 2021). For this reason,
non-specific voxel- and surface-based body models have been proposed in the literature (Gjonaj et al 2002,
Makris et al 2008, Christ et al 2009, Findlay 2014, Iacono et al 2015, Noetscher et al 2021). However,
employing a patient-specific head model rather than a generalized one to simulate the E-fields is the primary
approach to achieve a quantitative measure of the stimulated EM dose for its translation in vitro.

To date, most of the EM simulations in biological tissues are done using a finite-element method (FEM)
(Hiptmair 2002), that is implemented in many open-source environments that are compatible with patients’
magnetic resonance images (MRI).

Numerical dosimetry for rTMS in human brain models is well investigated (Gomez-Tames et al 2020),
especially for the cortical areas mentioned above. In our study, specific attention was given to the exposure
conditions experienced by patients (Koch et al 2018, 2022), for which a dosimetric evaluation has not been
performed so far.
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We used dosimetric simulations using patients’ specific head models MRI-derived to obtain the E-field
and J values induced in the brain at these exposure conditions (Koch et al 2018, 2022). This step helps to
determine the level of stimulation needed in in vitro system to obtain dosimetric values like those
experienced by patients. Consequently, we obtained practical guidelines for optimizing the exposure design
for future in vitro experiments that will be performed by our research group to clarify the molecular
mechanisms underlying the cognitive enhancement observed in AD patients after rTMS treatment.

2. Materials andmethods

2.1. The proposed methodological approach
Figure 1 presents a schematic representation of the methodological approach proposed in this paper for
future controlled settings of in vitro experiments. Even if our attention has been focused on the pilot study
previously published (Koch et al 2018, 2022), this proposed procedure is general and can be used in any
other study when human stimulating coils are used for in vitro experiments.

To perform all the steps reported in figure 1, we (1) simulated nine patients’ head models (Target A: head
brain, figure 1) and an in vitromulti-well system (Target B: cells cultures, figure 1) to compute the E-field
and J induced in the two targets, respectively Dose A and Dose B1 (figure 1). (2) We assessed the adjustments
needed in the stimulation parameters to generate in the Target B an equivalent dose (Dose B2= Dose A).
These steps are preparatory for (3) comparing the effects induced by the exposure at an equivalent dose in
the two systems. This final step will be addressed in future investigations by our group.

2.2. Numerical modeling of patients and the in vitro system
The medical device used to deliver rTMS consists in a generator of a pulsed current signal (DuoMAG XT,
Deymed) that supplies an external figure-of-8 coil (Deymed 70BF). The signal used in the daily clinical
stimulation is a short pulses sequence (Koch et al 2018). This sequence is composed of 40 trains of 40 pulses;
each train lasts 2 s and between a train and another there are 28 s without signal, so the entire sequence lasts
20 min. The pulses in one train are bi-phasic and are delivered at a repetition frequency of 20 Hz, and the
single pulse waveform is approximable to a sinusoid of 3200 Hz (R-square: 0.9976, figure 2). The intensity of
the stimulation is patient-specific, and it corresponds to the 100% of the RMT defined as the lowest intensity
producing MEPs of>50 µV in at least five out of ten trials in the relaxed FDI muscle of the right hand
(Rossini et al 2015). Normally, for rTMS applications, the stimulation intensity is not given in terms of the
coil’s feeding current amplitude, but in terms of the percentage of the maximum stimulator output (MSO),
and typical values for this application lie in the range between 50%–70% of MSO (Koch et al 2011). During
the treatment, the coil is positioned over the PC with an orientation parallel to the midline with the handle
pointing downward as illustrated in figure 1.

To evaluate the E-field induced in cerebral structures by rTMS, nine head models were developed using
T1 and (when available) T2 MRI from the patients who underwent the treatment, whose stimulation
intensity was known.

The MRI images have a spatial resolutionof 1 mm× 1 mm× 1 mm and they were segmented using the
charm tool of SimNIBS v.4.0.0 (Thielscher et al 2015, Saturnino et al 2019, Puonti et al 2020), which,
accounting for the heterogeneity of the head, grouped all tissues in nine anatomies: white matter (WM), grey
matter (GM), cerebrospinal fluid (CSF), compact bone, spongy bone, scalp, eyeballs, blood and muscle
(Wagner et al 2004, Gabriel et al 2009, Opitz et al 2015). SimNIBS is used in our computation being an
open-source simulation package that integrates the MRI segmentation with mesh generation and quasi-static
FEM E-field computation. We set the default vertex density of 0.5 nodes per mm2. Some features of the
resulting mesh for all head models are given in table 1.

The head meshes contained an average of 6.6± 0.4× 105 nodes, 1.1± 0.1× 106 triangles,
3.9± 0.2× 106 tetrahedra.

During head meshing, SimNIBS calculated transformations that were used to translate simulation results
from patient’s coordinates to standard spaces, such as the Montreal Neurological Institute space or
FreeSurfer’s FsAverage (https://surfer.nmr.mgh.harvard.edu). These coordinates refer to normalized spaces
that are very useful when it is necessary to compare the anatomy of multiple human brains or compute
group statistics (as we did to obtain analyses of figures 6 and 7).

Since the single pulse waveform is approximable by a sinusoid at 3200 Hz, that is in the low-frequency
range, thus the quasi-static approximation holds. Under this approximation, the conduction currents are at
least one order of magnitude higher than the displacement currents for most of the tissues (Barchanski et al
2005, De Santis et al 2012), and therefore the tissue conductivities were considered constant. We used the
standard values from SimNIBS, i.e.: σ(WM)= 0.126 S m−1, σ(GM)= 0.275 S m−1, σ(CSF)= 1.654 S m−1,
σ (scalp)= 0.465 S m−1, σ(compact bone)= 0.008 S m−1, σ(spongy bone)= 0.025 S m−1,
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Figure 1. Schematic representation of the proposed methodological approach: (1) we utilize numerical simulations to calculate
the electromagnetic (EM) dose induced by employing an identical stimulation protocol in two distinct scenarios: the clinical
setting (Target A) and the in vitro experimental setup (Target B); (2) we assess the adjustments needed in the stimulation
parameters to generate an equivalent dose in both systems; (3) the goal is to compare the effects of exposure at an equivalent dose
in the two systems (this point is beyond the scope of this paper and it will be addressed in a future work).

Figure 2. Pulses in the rTMS protocol. Left panel: one of the 40 trains that constitute the daily clinical stimulation (sampling rate:
10 us). Right panel: one of the 40 magnetic pulses contained in a train (sampling rate: 8 ns); the pulse is perfectly approximable by
a sinusoidal signal of 3200 Hz. Measured signal was acquired using ELT-B-Field-Probe of 3 cm2 (Narda, Savona, Italy) connected
to an ELT-400 Exposure Level Tester (Narda, Savona, Italy).

Table 1.Mesh metrix for head models from nine patients.

Patient id # nodes # tetrahedra # triangles Mean tet. volume (mm3) Mean tet. edge (mm)

1 6.5× 105 3.8× 106 1.1× 106 1.1± 4.5 1.9± 1.0
2 6.5× 105 3.8× 106 1.1× 106 0.9± 4.0 1.7± 1.0
3 6.7× 105 3.9× 106 1.2× 106 0.9± 4.2 1.8± 1.0
4 6.9× 105 4.0× 106 1.2× 106 0.9± 3.8 1.8± 1.0
5 6.8× 105 4.0× 106 1.2× 106 1.0± 4.7 1.8± 1.0
6 6.8× 105 4.0× 106 1.2× 106 1.1± 4.9 1.9± 1.0
7 7.1× 105 4.2× 106 1.2× 106 0.9± 3.7 1.8± 1.0
8 6.2× 105 3.7× 106 1.1× 106 0.9± 4.2 1.8± 1.0
9 5.9× 105 3.5× 106 1.0× 106 1.1± 4.6 2.0± 1.0

σ(eyeball)= 0.500 S m−1, σ(blood)= 0.600 S m−1, σ(muscle)= 0.160 S m−1 (Wagner et al 2004, Gabriel
et al 2009, Opitz et al 2015). As already explained, at this frequency, the permittivity (εrε0) for all tissues is
about 10−6 F m−1 or less, so, in this condition, displacement current can be neglected (Barchanski et al 2005,
Gabriel et al 2009, De Santis et al 2012).

To position the figure-of-8 coil in the model as in the real clinical configuration, individual
electroencephalography (EEG) coordinates were automatically calculated by SimNIBS software for all
patients based on four fiducials points (inion Iz, nasion Nz, left preauricular point LPA, right preauricular
point RPA), to obtain the 10–10 EEG positions (Jurcak et al 2007). After tuning the current intensity for
human simulations, the coil was properly positioned in the Pz position (10–10 EEG standard) (Jurcak et al
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Figure 3. Representation of the cellular holder. (A) Picture of six multi-well for in vitro stimulations and (B) the multi-well EM
model.

2007), which is the one that can be projected on the PC. The coil has been positioned 4 mm away from the
scalp and tangentially oriented to it.

The built-in SimNIBS model of the Deymed 70BF figure-of-8 coil was chosen as the TMS coil for the
simulations. For all the built-in coils models in SimNIBS, the stimulation intensity is given in terms of dI/dt,
that is the rate of change of the coil current. From the paper (Drakaki et al 2022) we obtained the
relationship between the stimulation intensity expressed in %MSO (Koch et al 2018, 2022) and the input for
SimNIBS in dI/dt. Values for each analyzed patient are here reported in table 2.

Finally, the cellular holder was modeled. This is a six-multi-well plate (Corning, Somerville, MA, USA)
typically used in biological studies, that is a rectangular polystyrene (σ = 6.7× 10−14 S m−1) support
measuring 7.4 cm× 11.4 cm, which contains six cylindrical wells, each 1.7 cm in height and with a radius of
1.6 cm, with walls approximately 2 mm thick (figure 3). Since for future in vitro study we chose the cellular
model for AD described in de Medeiros et al (2019), dealing with a 2D cell culture, each cylinder was filled
with a culture medium with a conductivity of σ = 1.5 S m−1, which represents the conductivity of the
medium experimentally used to maintain cells in culture i.e. the Dulbecco’s Modified Eagle’s Medium
/Nutrient Mixture F-12 (DMEM/F-12, Thermo Fisher Scientific, Waltham, MA, USA). The volume of 10 ml
of cells culture medium was chosen with preliminary simulations to maximize energy transfer and obtain a
higher E-field on the floor of the wells (see figures S1–S4 in supplementary material). This cell holder was
designed using Matlab R2019b by creating a 3D grid of 300× 300× 300 mm3 with a resolution of 1 mm3.
Each point in this grid was assigned a numerical label depending on whether the point was occupied by air,
polystyrene, or fluid. This labeled volume was imported as a nii.gz file into SimNIBS and meshed with the
meshmesh tool that is built in the software. The final mesh was composed by 2.57× 104 nodes and 1.33× 105

tetrahedrons with a mean edge size of about 2 mm.
We simulated four different relative positions between the multi-well and the stimulation coil (figure 4)

to find the best experimental setup among the different possibilities of orientation. It is possible to choose
the coil orientation and position adapting its affine transformation matrix with respect the geometrical
model imported. We used two different positions in which the coil plane was parallel to the floor of the wells
(Position B and C), and other two different positions in which the coil axis was parallel to the floor of the
wells (Position A and D). The chosen stimulation intensity was set to 60%MSO, which was an average value
of the ones delivered to patients. For all positions, the coil was placed adjacent (distance from the
holder= 0 mm) to the cell holder to ensure that this experimental setup was reproducible and repeatable
under actual exposure conditions.

3. Results

3.1. Numerical dosimetry of patients’ head
Multiple E-field features were evaluated for all simulated head models. In table 2, we reported the E-field and
volumetric features in the brain structures (GM and WM respectively). First, for each model, the maximum
value of the E-field both in the GM (EmaxGM) and in the WM (EmaxWM) was obtained by taking the 99.9th
percentile of the distribution in each anatomical regions (GM and WM), to avoid numerical artifacts
(Gubernati et al 2022, Camera et al 2024). This first analysis permitted to identify the brain region in which
the induced E-field reaches the maximum (for details on the maximum values in each material, refer to table
S1 in supplementary material). The rationale behind this choice is related to the biological reasons, as the
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Figure 4. Representation of different simulated relative positions between the coil and the multi-well. Four different positions
were tested: two with the coil plane parallel to the well floor (Position B and C) and two with the coil axis parallel to the well floor
(Position A and B).

in vitromodel (monolayer of neuronal cell lines) cannot fully replicate the characteristics of either GM or
WM. Then, the global maximum E-field (Emax) was set equal to the maximum between the two values.
Finally, all the E-field values higher than Emax were considered equal to it. Since many authors
(Gomez-Tames et al 2020, Drakaki et al 2022) take the brain volume exposed to an E-field equal to or greater
than 50% of Emax to quantify focality, we considered this Vol50 (expressed in cm3) as the stimulated volume.
For our purposes, defining a stimulated volume is essential to identify an average electric quantity for
comparing with the in vitro dosimetry results.

In that volume, we also calculated the averaged E-field (Emean) and the averaged J (Jmean) weighted with
the tetrahedrons volume, with the respective standard deviations (std) and coefficient of variation
(CV= std/mean). We also indicated the percentage of GM and WM of the Vol50.

Emax reached in the brain models ranges from 48.3 V m−1 to 74.7 V m−1, while the Emean is from
32.4 V m−1 to 49.0 V m−1. In figure 5 we reported Emax (panel A) and Emean (panel B) values as functions of
the % MSO. It is possible to notice that the results’ variability depends on the intensity of the coil’s feeding
current that ranges from 47% to 65%MSO, but it is also evident that the induced E-field and J depend also
on individual patient anatomy, as different values are achieved for different patients’ head models using the
same %MSO. This highlights the need for personalized dosimetry for optimized rTMS treatments.

Table 2 also shows that about 35%–50% of the stimulated volume is composed of WM (see column 6),
while, as a consequence, complementary percentage values of the stimulated volume are composed of GM
(see column 5). Due to the different conductivities of WM and GM, the J (calculated as J = σE) has
consequently a greater variability than the E-field in the same volume. This is confirmed by the fact that the
CV for E-field is lower than the CV for J.

To deepen the J variability, we reported in table 3 some further results obtained considering the two
different brain regions, i.e. WM and GM.

In table 3 we can see that J ranges from 3.0 A m−2 (Jmin in WM, column 6, patients 4) to 15.7 A m−2

(Jmax in WM, column 7, patient 5) in WM and from 6.6 A m−2 (Jmin in GM, column 3, patient 4) to
20.5 A m−2 (Jmax in GM, column 4, patient 2) in GM. The averaged values in the two brain regions (Jmean)
are also shown (columns 2 and 5). Results show that the variability for this quantity is quite high.

Finally, we analyzed simulations results also in the common FreeSurfer’s FsAverage space. This space is a
normalized one and it is composed of a surface located in the middle of the GM layer, on which SimNIBS
remaps the E-field simulation results. Moreover, SimNIBS can assign labels to this FsAverage brain template
referring to a specific atlas (Destrieux et al 2010). This gives us a rough estimation of the E-field induced by
stimulation on the PC and the other brain areas that are reached by stimulation.
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Figure 5. Relationship between the stimulation intensity and electric field. (A) Emax and (B) Emean in the stimulated volume.

Table 2. EM and volumetric features obtained from simulations of the nine patients’ head models. Simulations of the nine patients’
heads, whose stimulation intensities (% MSO), on the basis of the pilot study in Koch et al (2018), (2022), are here reported for each
analyzed patient, were converted in dI/dt and used to calculate the maximum E-field (Emax), the volume exposed to E-field equal to or
greater than 50% of Emax (Vol50), the percentage of the grey matter (GM) and the white matter (WM) in Vol50, the E-field (Emean) and
the current densities (Jmean) averaged in Vol50 with standard deviations and coefficients of variation (CV).

Patient
id %MSO

dI/dt
(A us−1)

Emax

(V m−1)
Vol50
(cm3)

% of
GM in
Vol50

% of
WM in
Vol50

Emean

(V m−1) CVE

Jmean

(A m−2) CVJ

1 48% 48.5 59.1 27.1 60% 40% 38.9± 8.3 0.2 8.4± 3.5 0.4
2 65% 65.7 74.7 33.5 60% 40% 49.0± 9.6 0.2 10.7± 4.4 0.4
3 60% 60.7 69.8 33.2 61% 39% 46.8± 9.4 0.2 10.2± 4.1 0.4
4 47% 47.5 48.3 45.7 50% 50% 32.4± 6.3 0.2 6.6± 2.9 0.4
5 56% 56.6 57.1 40.5 62% 38% 37.6± 7.6 0.2 8.3± 3.4 0.4
6 60% 60.7 72.2 34.7 64% 36% 48.2± 9.9 0.2 10.7± 4.2 0.4
7 60% 60.7 72.5 40.0 61% 39% 48.4± 9.5 0.2 10.6± 4.4 0.4
8 60% 60.7 63.9 37.6 61% 39% 42.4± 8.5 0.2 9.2± 3.8 0.4
9 47% 47.5 51.8 25.8 52% 48% 33.6± 6.8 0.2 6.8± 2.8 0.4

Table 3. Current densities for all patients’ head models in Vol50.

Patient id
Jmean

(A m−2)
Jmin in GM
(A m−2)

Jmax in GM
(A m−2)

Jmean in GM
(A m−2)

Jmin in WM
(A m−2)

Jmax in WM
(A m−2)

Jmean in WM
(A m−2)

1 8.4± 3.5 8.1 16.2 10.8± 2.2 3.7 12.1 4.9± 1.3
2 10.7± 4.4 10.3 20.5 13.7± 2.7 4.7 12.1 6.0± 1.2
3 10.2± 4.1 9.6 19.2 13.0± 2.6 4.4 10.3 5.8± 1.2
4 6.6± 2.9 6.6 13.3 9.1± 1.8 3.0 7.1 4.0± 0.7
5 8.3± 3.4 7.8 15.7 10.5± 2.1 3.6 15.7 4.7± 1.0
6 10.7± 4.2 9.9 19.8 13.3± 2.7 4.5 10.8 6.0± 1.3
7 10.6± 4.4 10.0 19.9 13.6± 2.7 4.6 13.6 5.9± 1.1
8 9.2± 3.8 8.8 17.6 11.8± 2.4 4.0 11.8 5.2± 1.1
9 6.8± 2.8 7.1 12.9 9.2± 1.7 3.3 10.9 4.3± 1.0

In figure 6 we showed the E-field distribution on the left hemisphere PC (results obtained on the right
hemisphere are comparable). This distribution was obtained by averaging results over the nine patients’
simulations normalized to the maximum induced E-field. Although the E-field normalization can make
quantitative considerations more difficult, it allows us to estimate which brain areas are involved and to what
extent by the described rTMS protocol.

Figure 7 shows the brain areas that are exposed to the normalized E-field equal to or greater than 50% of
Emax averaging the results among all the patients. The region of PC receives an intense E-field values (see
figure 6), but other areas nearby are also reached by the stimulation.
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Figure 6. Averaged normalized E-field among nine patients’ head models on left PC area.

Figure 7. Brain areas reached by rTMS stimulation. Areas reached by stimulation (averaged among nine patients) referring to the
specific atlas by Destrieux et al (2010) using the protocol detailed in the section Methods ‘Numerical modeling of patients and in
vitro system’.

3.2. Numerical dosimetry of the in vitro system
During our in vitro experiments, cells will be preliminarily plated to attach as monolayer to the floor of the
wells. So, only simulation results on this plane are here considered.

As for the brain, we considered as stimulated area the one in which the E-field is equal to or higher than
the half of the maximum obtained for all the exposure conditions.

In figure 8(A), we reported the Emean values (obtained by averaging the E-field induced in the stimulated
area) and in figure 8(B) the vectorial normalized to maximum E-field distribution obtained on the floor of
all the six wells for all the four simulated positions at 60%MSO (see table 4 for the maximum values). Since
the DMEM was homogeneous with a conductivity σ = 1.5 S m−1, the induced J was simply obtained as the
product of σ and E-field.

Induced J can reach averaged values in the more exposed wells that range from 45 (in position A) to
63 A m−2 (in position B), higher than the ones obtained in patients’ brain of the order of 10 and 5 for
averaged values for WM and GM respectively; as a general consideration, J in wells is comparable with J in
brains only when the E-field is very low, even an order of magnitude less than the one induced in the
stimulated volume of the brain. In table 4 the averaged E-field (Emean) and J (Jmean) in these stimulated areas
are summarized.
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Figure 8. E-field intensity and distribution. (A) Averaged E-field (Emean) calculated in the stimulated area of each well of the plate
in the four different relative positions between coil and multi-well (see figure 4) at 60%MSO and (B) normalized E-field
distributions obtained on the floor of all the six wells for all the four simulated positions at 60%MSO. The black lines indicate the
direction of the electric field vector at each point, while the white arrows denote its orientation.

Table 4. Averaged E-field (Emean) and J (Jmean) calculated in the stimulated area of the wells, for all the different exposure conditions.

Position Well with max E-field Emean (V m−1) Emax (V m−1) Jmean (A m−2)

A 1,2 29.8± 5.5 44.3 44.7± 8.2
B 3,4 42.0± 7.1 63.8 63.0± 10.7
C 1,2,5,6 39.8± 7.0 58.6 59.8± 10.5
D 1,5 37.5± 5.8 56.9 56.2± 8.7

We can see that the Emean in the stimulated area (column 3, table 4) is comparable with the one induced
in patients’ brains (that ranges from 32.4 to 49.0 V m−1, see table 2), the only position in which it is slightly
lower is the positions A. On the contrary, the J values in the wells are significantly higher than the
corresponding brain values, both in terms of maximum and average values (see table 3). It is, therefore,
necessary to adjust certain experimental parameters to produce equivalent electric signals (E-field and J) in
cell models corresponding to human brain stimulations.

Parallel coil plane positions (positions B and C, figures 4 and 8) maximize the induced E-field but the
E-field distribution is predominantly concentrated along the edges of the well. While in the other positions
(parallel to the coil axis, positions A and D, figures 4 and 8) the E-field homogeneity is higher.

In figure 9 the E-field distribution on the floor of two wells is depicted, showcasing the maximum E-field
reached for two different relative positions between the coil and the multi-well (position A and B, see
figures 4 and 8). In position A (blue data), where the floor of the well aligns parallel to the coil axis, the
distribution appears more concentrated, signifying a more uniform spread of E-field values in contrast to the
other position. In the other position, the distribution appears broader, leading to a higher inhomogeneity of
the induced E-field values.

Overall, these findings indicate that coil position has to be chosen in agreement with the specific focus of
the in vitro experiments at maximizing the homogeneity or the amplitude of the E-field and J.

4. Discussion

With the goal of deepening the changes induced by magnetic stimulation at the cellular level to better
comprehend the molecular mechanisms activated by rTMS, we aimed to translate clinical rTMS treatment
into an in vitro AD cellular model. To achieve this and to gain insights into the effects observed in clinical
practice, it is crucial to administer the same EM dose to the investigated cell model.

Therefore, quantifying the dose induced in both systems (clinical and in vitro) is mandatory to select the
most appropriate stimulation protocol for the AD cellular model, considering the possibility of optimizing
the stimulation intensity and the relative coil position to the wells hosting the cells.
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Figure 9. E-field distribution on the floor of two wells in which the maximum E-field is reached for two different relative
positions between coil and multi-well. In the position A (blu data), in which the floor of the well is parallel to the coil axis, the
distribution is more concentrated, indicating that the E-field values are more uniform compared to the other position, where the
distribution is broader, resulting in a greater inhomogeneity of the E-field values.

In the last years, many numerical dosimetric studies have been already conducted employing realistically
segmented human head models derived fromMRI data (Gomez-Tames et al 2020, Tzirini et al 2022). The
primary objective of these investigations has been to explore the variability of the induced E-field due to the
inter-subject anatomical variations or to the targeted stimulated brain region, or to know the best simulation
settings for numerically accurate E-field calculation (Gomez et al 2020, Zhang et al 2022a). Only few previous
studies have combined the individualized E-field modeling with experimental TMS to ensure uniform
dosing across participants in a clinical trial (Beynel et al 2020), to optimize TMS coil placement (Deng et al
2023) or to investigate the relationships between the calculated E-field and measured motor thresholds
(Laakso et al 2018). To our knowledge, no one has related patients’ and treatment specific dosimetry to study
the best conditions to replicate the patients’ dose in vitro. We would like to point out that to maximally
improve the accuracy of the dosimetric results it would be preferable to use both T1 and T2 images for
segmentation and it is important to carefully inspecting head meshes when using FEMs for dosimetry.

Our results confirm that differences in anatomical head morphology influence the induced E-field. This
is evident among patients who underwent the same stimulation intensity (patients 3, 6, 7, and 8) but received
varying doses. Emax reached in the brain models ranges from 48.3 V m−1 to 74.7 V m−1, while the Emean from
32.4 V m−1 to 49.0 V m−1, depending on the patient and on the intensity of the coil’s feeding current.
Instead, J ranges from 3.0 A m−2 to 15.7 A m−2 in WM and from 6.6 A m−2 to 20.5 A m−2 in GM.
Furthermore, the physiological response, from which the treatment intensity is selected (Koch et al 2018,
2022) varies significantly among all patients. This variability can be due to many factors, such as age, sex,
disease severity, other comorbidities, and synaptic plasticity impairment (Francesco and Di Lorenzo F and
Koch G 2021). Consequently, for this clinical application, there is no single value for the E-field and J that
can be representative of the treatment. This suggests that patient-tailoired dosimetry is increasingly desirable
to understand TMS mechanisms and enhance treatment efficacy. On the other hand, it indicates that, when
designing in vitro experiments, there is a range of values that need to be considered to make comparisons.
The choice of the Vol50 including both GM and WM is specific for the application of this dosimetry, which is
the definition of comparable parameters for 2D cells culture. So, considering GM and WM separately can be
somewhat limiting, given that in vitro cells are all of the same type, and they do not represent neither the GM
nor the WM in a specific way. However, the 2D model chosen for our future experiments is a well-accepted
model for AD (de Medeiros et al 2019) able to reproduce the impairment of the pathology and to show the
improvements obtained after the TMS treatments.

Our dosimetry on patients’ PC indicates that, even though this small area receives an intense E-field, the
brain areas engaged by the stimulation extends beyond the PC, however confined into the surrounding areas
which are part of the parietal cortex known to be involved in the neurodegenerative process of AD since the
earliest phases.

Dosimetry on multi-well, performed in this work, reveals that the E-field levels induced on the floor of
the wells, where the cells are plated, are comparable to the averaged E-field values obtained in the human
head model. In the in vitro system, once maximized the cell culture medium volume, these averaged
quantities range from 30 to 42 V m−1 for E-field and from 45 to 63 A m−2 for J, depending on the coil’s
relative position to the six-well plate. The results of dosimetry, as it is well known, are strongly dependent on
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the geometry and electrical characteristics of the systems described, so stimulating the in vitro system with
the same coil at the same distance of the GM is not a suitable criterium to guarantee comparable exposure.
Therefore, after selecting a reproducible setup, we assured that, at the chosen distance, cells can reach the
same exposure to E and J as in the clinical stimulations. Conductivity variability is another issue to be taken
into account in future studies to better evaluate E-field distribution in a statistical way. However, the
procedure described in figure 1 and that we suggest to follow for tuning in vitro experiments, remains still
valid.

In this paper, we analyzed some possible positions (the more practical for experimental purposes and the
one that maximize the tangential E-field at the floor of the wells) of the coil with respect to the multi-well
plate, achieving better homogeneity of the field distributions in positions A and D (figure 4) for the same
exposure system (coil) used in the clinical pilot study. This choice of using patients’ stimulating coil is
extremely convenient from an experimental point of view. However, in a future study following the
procedure described here, it would be possible to design a specific coil for the in vitro system to further
improve field homogeneity and levels, even if only in a limited number of wells in a multi-well plate.

In fact, achieving comparable E-field homogeneity among the different wells of a multi-well plate when
using a single focal coil is very challenging. To reach this goal, multiple coils would be needed, which would
significantly complicate the generation chain for the in vitro experiments.

Notably, positions maximizing the induced E-field level in the six-well plate determine an E-field
distribution with lower values into the well center, where cells maximally grow. Hence, a position ensuring
E-field uniformity in the center, as in A and D in figure 8 might be preferable, even if the induced E-field is
slightly lower. We focalized our attention in maximizing the tangential E-field at the floor of the wells, as we
deal with a 2D in vitromodel, however different field orientation can be foreseen, especially in those
application where 3D models are considered and where neuronal network activation become a relevant
endpoint.

4.1. Practical guidelines for tuning in vitro experiments
On the bases of our results, to achieve a suitable trade-off between patients’ exposure and in vitro exposure
the stimulation intensities need to be tuned, opting for higher values of the % MSO in in vitro experiments
compared to the clinical ones.

On the other hand, the conductivity of the typical medium used to maintain cells in vitro is higher than
that of brain tissues. This leads to simulating higher J in the in vitromodel than those induced in the human
brain model. If tuning the E-field, as described previously, involves increasing the stimulation intensities, the
current densities would largely surpass those of the human brain. Therefore, these authors suggest to
modifying the buffer for cell stimulation to decrease its conductivity while maintaining an osmolarity
compatible with cell survival and an equal E-field.

Lastly, it is crucial to highlight that our procedure is entirely general and applicable to different types of
in vitro systems, such as multi-well plates with a higher number of wells, as well as single petri dishes of
various dimensions. A similar approach can even be applied to mouse models to investigate molecular
pathways modulated following rTMS. These types of studies and dosimetric assessments represent the next
steps in our research effort.

5. Conclusions

Numerical models derived from patients’ MRI brain scans have been developed and utilized to simulate PC
stimulation using a commercial coil employed in rTMS. Additionally, a dosimetric model of an in vitro
system was developed, employing the same coil used in clinical treatments positioned in various
arrangements relative to a typical six-well plate.

Our results emphasize variability in the averaged values of the E-field reached in human brain models,
primarily influenced by different patient-dependent stimulation intensities.

Our simulations of the in vitro system also shown that specific coil positions maximize the induced
E-field, but the distribution highlights that the minimum E-field is reached in the center of the well, where
cells typically grow, significantly reducing exposure homogeneity—a fundamental requirement for in vitro
exposure.

Our findings suggest that adjustments are needed for the in vitro system to be exposed to a dose
comparable to that experienced by brain cells in the PC and neighboring regions. If the E-field has to remain
consistent with all the induced levels, the coil feeding current must be slightly increased and using coil
positioning to the six-well plate enabling the maximization of the induced E-field and its homogeneity
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(i.e. position A or D). Conversely, to equalize current densities, modifications in buffer conductivity should
be considered to decrease currents inside the wells. This information is crucial for establishing an appropriate
in vitro stimulation protocol to elicit comparable exposure to that in patients’ brains and investigate potential
molecular mechanisms underlying the observed cognitive improvements in rTMS-treated AD patients.
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