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A B S T R A C T   

Dravet syndrome is a rare form of severe genetic epilepsy characterized by recurrent and long-lasting seizures. It 
appears around the first year of life, with a quick evolution toward an increase in the frequency of the seizures, 
accompanied by a delay in motor and cognitive development, and does not respond well to antiepileptic 
medication. Most patients carry a mutation in the gene SCN1A encoding the α subunit of the voltage-gated 
sodium channel Nav1.1, resulting in hyperexcitability of neural circuits and seizure onset. In this work, we 
applied transcranial static magnetic stimulation (tSMS), a non-invasive, safe, easy-to-use and affordable neu-
romodulatory tool that reduces neural excitability in a mouse model of Dravet syndrome. We demonstrate that 
tSMS dramatically reduced the number of crises. Furthermore, crises recorded in the presence of the tSMS were 
shorter and less intense than in the sham condition. Since tSMS has demonstrated its efficacy at reducing cortical 
excitability in humans without showing unwanted side effects, in an attempt to anticipate a possible use of tSMS 
for Dravet Syndrome patients, we performed a numerical simulation in which the magnetic field generated by the 
magnet was modeled to estimate the magnetic field intensity reached in the cerebral cortex, which could help to 
design stimulation strategies in these patients. Our results provide a proof of concept for nonpharmacological 
treatment of Dravet syndrome, which opens the door to the design of new protocols for treatment.   

1. Introduction 

Dravet Syndrome (DS), also known as Severe Myoclonic Epilepsy of 
Infancy, is an epileptic encephalopathy first described in 1978 by Dr. 
Charlotte Dravet (Dravet, 1978) where seizures are considered to 
contribute to other central nervous system development disorders 
(Engel and International League Against Epilepsy (ILAE), 2001). DS 
evolves with motor and cognitive impairments and an elevated risk for 
sudden unexpected death (Dravet, 2011; Scheffer, 2012). In 2001, DS 
was associated with a mutation in the sodium channel gene SCN1A 
(Claes et al., 2001), which causes a loss of function of the voltage-gated 
sodium channel Nav1.1 in inhibitory interneurons. As a consequence, a 

decrease in inhibitory interneuron function displaces the excitation- 
inhibition balance to the excitatory side, setting neuronal circuitry 
closer to the seizure threshold (Ceulemans et al., 2004; Catterall, 2018; 
Tai et al., 2014). In this condition, different stimuli, from temperature 
elevation to sensory stimulation, could trigger seizures. 

Despite the dramatic consequences for patients and their families, 
there is no effective treatment for the disease. Pharmacological ap-
proaches include cannabinoid agonists (Oakley et al., 2011; Kaplan 
et al., 2017; Koo et al., 2020; Anderson et al., 2021) and the recently 
approved compound fenfluramine, an old molecule used as an anorex-
igenic drug, recovered after being withdrawn from the market because 
of side effects on the cardiac system (Schoonjans and Ceulemans, 2019; 
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Odi et al., 2021). The efficacy of these treatments is limited; hence, the 
search for new therapeutic alternatives continues, and new genetic 
therapies are being tested in different models (Higurashi et al., 2021; 
Isom and Knupp, 2021). In this scenario, and in an effort to expand the 
therapeutic arsenal to fight the disease and control seizures, non- 
invasive brain stimulation (NIBS) techniques have emerged as a new 
set of tools with interesting possibilities. Transcranial magnetic stimu-
lation (TMS) and transcranial direct current stimulation (tDCS) have 
been used to treat epilepsy with mixed results, probably due to the use of 
different stimulation protocols and the different etiologies of the pa-
tients (Cantello et al., 2007; Gschwind and Seeck, 2016). In contrast, 
tSMS has demonstrated its capacity to systematically reduce neuronal 
excitability in different experimental models, including humans (Aguila 
et al., 2016b; Oliviero et al., 2011b; Gonzalez-Rosa et al., 2015; Lozano- 
Soto et al., 2017; Arias et al., 2017). Furthermore, and very importantly, 
tSMS has been shown to reduce epileptic activity in different models, 
including mice, rats, and monkeys (McLean et al., 2003; McLean et al., 
2008; Rivadulla et al., 2018). 

The aim of this work was to test the effect of tSMS on a mouse model 
of DS. tSMS has some advantages when compared to the other NIBS 
techniques; it is cheaper, portable, and easier to use than TMS or tDCS. 
tSMS allows a spatial configuration to optimally influence large areas of 
the brain, which is mandatory for the treatment of nonfocal epilepsy 
such as DS. The data presented in this manuscript show that tSMS 
dramatically reduces the number and intensity of the crisis evoked by a 
thermal increase protocol in a DS model. These novel results demon-
strate that the application of static magnetic fields might be a very 
valuable tool to control seizures in human patients. Remarkably, the fact 
that this technique has already been used in humans without undesir-
able side effects could speed up the initial phases of clinical trials. 

2. Methods 

A total of 23 mice, P45 to P60 at the beginning of the experiments, 
were used in the study. The research was carried out following the rules 
of the Physiological Spanish Society, the International Council for Lab-
oratory Animal Science, the European Union guidelines (No. 2010/63/ 
EU), and Spanish regulations (Law 6/2013, RD 53/2013, and its modi-
fications in RD 118/2021) for the protection of laboratory animals used 
for scientific purposes. The ethics committee for animal research of the 
University Hospital of A Coruña and CABIMER approved the experi-
mental protocols (references P167 and 116/2018, respectively). All ef-
forts were made to minimize animal suffering and the number of animals 
used, and the 3R rule was applied. Four animals died after the first 
experimental session and were not included in the analysis, none of 
them received tSMS. 

2.1. Study design 

The goal of the study was to evaluate the possible effect of tSMS on 
epileptic seizures induced by hyperthermia in a mouse model of Dravet 
syndrome. Heterozygous mice from the B6(Cg)-Scn1atm1.1Dsf/J line 
(JAX Ref. 026133)(Ricobaraza et al., 2019), carrying a floxed A1783 V 
mutation for the Scn1a gene that affects the domain IV S6 trans-
membrane region and causes anomalies in channel activity (Kanai et al., 
2009), were bred with mice from line Tg(CMV-cre)1Cgn/J (JAX 
Ref. 006054), which ubiquitously expresses Cre recombinase(Schwenk 
et al., 1995). The resulting F1 offspring (Scn1a+/A1783V; Cre+/− ) in the 
mixed C57-B6xBalbC background expressed the A1783 V mutation in all 
tissues and exhibited high seizure susceptibility and mortality (50% by 
16 weeks of age), showing hallmark behavioral and cognitive pheno-
types of Dravet syndrome. Experiments were carried out on conditional 
Scn1a+/A1783V; Cre+/− mice (n = 19). 

ECOG was recorded continuously from 19 anesthetized mice through 
two copper wires chronically implanted over the dura, and seizure 
characteristics (intensity, duration, number) were compared between 

Sham and Magnet conditions. In the first set of animals (n = 10), each 
animal was tested with the Sham or Magnet in alternating sessions; 
hence, each animal served as its own control. In the second set of mice 
(n = 9), we made 2 groups, Magnet and Sham, and comparisons were 
made between the groups. In the second set of experiments, the 9 mice 
were randomly divided into two groups. One of them was exclusively 
exposed to the real magnet (n = 4) and the other to the sham magnet (n 
= 5). Each group underwent eight experimental sessions. Experiments 
were always performed during the same time period in order to avoid 
differences due to circadian rhythms. 

2.2. Surgical procedure 

On the day of surgery, the animals were anesthetized (sevofluorane 
3–4%), and two small craniotomies were made over the somatosensory 
cortex (active electrode) and over the visual cortex (reference). A small 
wire with an L shape was introduced through each craniotomy and 
placed on the dura. A drop of fast drying glue was deposited on the 
cranial surface to prevent the wires from moving and covered by dental 
cement, maintaining the end of the wires outside the cement. The pro-
cedure lasted approximately 30 min, after which buprenorphine (0.1 
mg/kg) was subcutaneously administered, and the animals were sent 
back to their cage to recover for a minimum of 48 h. 

2.3. Recording sessions 

Animals were anesthetized (sevofluorane 1.5–2%), and ECoG was 
recorded using an A-M system differential amplifier (Model 1700 A-M 
System, LLC, Calsborg, WA, USA), digitized at 10 kHz (1401 CED A/D 
convertor card; Cambridge Electronic Design, UK) and stored (Spike 2 
software; Cambridge Electronic Design, UK) in a PC for online checking 
and posterior analysis. 

Since temperature was the trigger for seizures, animals were posi-
tioned on a heating pad, with a rectal probe inserted (Thermostatic 
blanket low noise, model RTC-1, Cibertec, Madrid, Spain) to have a 
continuous and accurate record of the temperature. Saline solution (0.5 
ml) was administered subcutaneously at the beginning and end of the 
session to restore liquid lost by high temperatures. We started to record 
ECoG at 37 degrees rectal temperature, and after a period of 5 min 
(baseline) we placed the Magnet or Sham over the cranium. The metal 
was as close as possible to the animal but not touching it in order to 
avoid the wires. We used a cylindrical nickel-plated (Ni–Cu–Ni) NdFeB 
magnet with a 45-mm diameter and a 30-mm height that weighed 360g 
(NEUREK S.L., Toledo Spain). The maximum amount of magnetic en-
ergy stored in this magnet was 45 MGOe, with a nominal strength of 
765N (78kg). Our own measurements showed a magnetic field of 0.5T 
next to the magnet and ~0.3T at 1cm (Rivadulla et al., 2014). A 
nonmagnetic replica of identical appearance and weight (i.e., indistin-
guishable from the magnet) was used for the sham stimulation (NEUREK 
S.L., Toledo Spain). We used a mechanical arm to place the Magnet or 
Sham and two small polystyrene pieces on both sides of the animal for 
support. Thirty minutes after placing the Magnet or the Sham, we started 
the protocol for triggering crisis by increasing the temperature by means 
of an infrared lamp that slowly and progressively approached the mouse. 
Body temperature was continuously increased (0.3 ◦C/min) from 37 to 
42.5 ◦C, where it was maintained for 5 min. After that, the lamp was 
withdrawn, and the mouse was cooled until the core temperature 
returned to 37 ◦C. In the event that we detected paroxysmal activity in 
the ECoG during the process of progressively increasing the tempera-
ture, we stopped the process, and the animal was maintained at that 
level for 5 min. The data presented in the paper always refer to the 
period of 5 min in which the highest temperature that triggered the 
epileptic seizures was reached. Number of seizures and duration were 
quantified and compared using a paired t-test. Once the animal returned 
to its normal temperature, it was maintained in a recovery cage alone 
until behavior returned to normal. Then, the mice were moved to the 
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cage with other mice. This was considered a “recording session” or 
“experimental session”; it lasted for approximately 1 h (the recovery 
time was quite variable, mainly depending on the number and intensity 
of the crisis), and it was repeated every day. 

2.4. Numerical modeling 

In this research, the geometric model corresponds with a real mouse 
brain. It was selected from an open-source online database (Hsu et al., 
2021), where an STL model was created from DICOM 3D images. The 
preparation of the model was carried out using ANSYS SpaceClAim 2020 
R1 © software, a computer-aided design tool specially oriented to the 
repair, simplification and treatment of geometries imported in STL 
format. In this study, a cell size ranging between 0.2 and 1 mm was 
created using the ANSYS® meshing preprocessing module. The mouse 
brain geometry used is shown in Fig. 1-a, the mesh of the simplified 
brain model is shown in Fig. 1-b, and the full simulated domain, with the 
main elements identified is shown in Fig. 1-c. 

The average skewness was 0.17, and 0.78 was the maximum skew-
ness value. These values guarantee the quality of the mesh. The total 
number of computational cells was approximately 3 million. The soft-
ware package ANSYS® v20.2 was used for the simulation. All the walls 
were set as stationary walls under the no-slip boundary condition. For 
the resolution of this case, a least squares cell based on the gradient, a 
first-order spatial discretization setting for magnetic flux density (B) in 
the X, Y and Z directions, and a least squares cell based on the gradient 
were used. The simulations were performed under steady conditions, 
and the magnetization direction was imposed in the normal direction of 
the flat magnet surface without considering any external magnetic 
fields. The magnet properties used in the simulation are shown in 
Table 1. 

The simulation was run until the scaled residual of all the variables 
was below 10− 4, according to the ANSYS® convergence criterion 
recommendation. The simulations were performed on an Intel® Xeon® 
Processor E5–2697 2.6 GHz cluster with 1280 GB of RAM. The contours 
of the magnetic field were obtained and analyzed in the brain surface 
and in the sagittal plane that cuts through the center of the magnet. 

2.5. Statistical analysis 

To identify ripples, we used a method based on the one described by 
Simeone et al. (2021)(Simeone et al., 2021). First, the ECoG signal was 
filtered with an 80–200 Hz zero phase bandpass filter with a stopband 
attenuation of 60 dB. Then, the root mean square (RMS) of the filtered 
signal was calculated using a 3 ms sliding window. Relevant peaks (local 
maxima) in the RMS were detected by comparing them against a 
threshold (mean RMS + 4 standard deviations). Ripples were defined as 

oscillations containing at least three consecutive peaks (peaks were 
considered consecutive if the interval between them was not >30 ms). 
With this method, for each recording, we calculated the ripple frequency 
as the total number of ripples divided by the duration of the recording 
and the ripple duration as the median of the duration of all ripples 
detected. 

To automatically detect and quantify seizures, spikes and other 
abnormal signal events in the ECoG, we used a method based on using 
the line length (LL), or total variation, and wavelet decomposition 
(Bergstrom et al., 2013). For each of the 63 recording sessions, we first 
decomposed the ECoG using the Daubechies db4 wavelet. Then, we used 
the A4 approximation to calculate the LL, defined as the sum of the 
absolute values of the differences between neighboring data points, over 
a sliding window (5 s duration) moving in 0.1 s steps. We then calculated 
the median (LLmed) and standard deviation (LLstdev) of the LL across 
the 1800 s baseline period. A thresholding factor was derived iteratively 
by analyzing the baseline ECoG for each recording. It was initially set to 
1, and the number of windows in which the LL of the individual baseline 
recording varied from the LLmed was calculated (see Bergstrom et al., 
2013 for details of this procedure). If the number of abnormal events 
detected along the baseline period was ≥1, the thresholding factor was 
increased by 0.5, and the process was repeated until the number of 
abnormal events during the baseline was equal. Finally, we compared 
the LLs obtained along each recording against each individual thresh-
olding factor to identify abnormal events. The percentage of windows 
with abnormal events after the baseline period was obtained for all 63 
sessions. Magnet and sham recordings were compared using an unpaired 
t-test with Welch’s correction. 

3. Results 

3.1. tSMS reaches the cerebral cortex with an intensity of 0.2–0.3 Tesla 

To estimate the intensity and extension of the magnetic field that the 
brains of the mice received during the experiments, a numerical simu-
lation was carried out. In this simulation, the magnetic field generated 
by the magnet was modeled, reproducing the same boundary conditions 
that were used in the experiments (see Methods). 

Fig. 1. Modeling domain of the mouse brain. Mesh details: (a) STL geometry of the mouse’s brain. (b) Mesh of the simplified geometry. (c) Modeling domain.  

Table 1 
Neodymium properties.  

Property Value 

Density 7600 kg⋅m− 3 

Isotropic relative permeability μr 1.0997 
Magnetic coercivity 900,000 A⋅m− 1 

Isotropic electrical conductivity, σ 1555.2 S⋅m− 1  
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Fig. 2 shows the contours of the magnetic flux. The intensity of the 
magnetic field decreases in the radial direction, when moving away from 
the axis of the magnet, but decreases much faster when moving away 
from its surface, in the magnet axis direction, as shown in Fig. 2a. This 
rapid decrease in the magnetic field intensity results in a range of values 
inside the brain between 0.2 and 0.4 Tesla, seen in Fig. 2b. The use of 
this modeling tool could be valuable in estimating, prior to clinical trials, 
the penetration of the magnetic field and the distribution on different 
depths of the brain. 

3.2. tSMS reduced the number, intensity, and duration of seizures 

In an initial set of animals, n = 10, tSMS or sham was applied on 
alternating days (in a randomized order), which allowed us to compare 
the effect of tSMS on each individual. During the protocol (see Methods), 
body temperature was increased up to 42.5 degrees or to the level where 
the first seizure was detected in the online electrocorticogram (ECoG) 
and then maintained for 300 s before being decreased. 

Fig. 3 shows the raw EcoG signal recorded from the same mouse 
(identified as number 32) on two consecutive days, corresponding to 
sham (A) or tSMS (B) sessions, and the corresponding spectrograms for 
the same period, showing instant frequencies. Four hundred seconds of 
recordings are shown in each case, including those 5 min where the 
temperature was above 42 ◦C degrees. During the sham condition, the 
recorded EcoG shows clear paroxysmal activity, indicated by blue ar-
rows in the figure, during which several epileptic morphologies could be 
detected, including sharp waves, spike waves or polyspikes, visible on 
the expanded trace below the spectrogram (*). During these seizures, 
instant frequencies up to 500 Hz were usually recorded, and by the end 
of the sessions, a late component (marked by a black arrow in the 
recording and expanded below **) characterized by slow waves with a 
frequency of approximately 0,5 Hz was observed. During the tSMS (B), 
no seizure activity was detected in this session; however, the EcoG was 
not normal, and some epileptic-like activity (*) was detected corre-
sponding to a 0.2 Hz oscillation that could indicate some kind of preictal 
activity that was not able to trigger the seizure. 

There was some variability in the behavior of each individual during 
sham sessions, with some having one or two long duration paroxysmal 
episodes per session and others having up to 10 short episodes. We 
observe a tendency to evolve toward a daily increase in the number and 
intensity of crises, as if the induction of crisis somehow made the brain 
more suitable to trigger seizures, but in any case, the magnet was able to 
reduce those numbers. Fig. 4A represents the number of seizures for 
each animal in both conditions. All mice but one (which did not change) 
showed a reduction in the number of seizures. The case of three animals 
whose seizures disappeared completely in the presence of the magnet is 
noticeable. On average, the number of seizures fell by 60% in the 
presence of the magnet, from 9.82 ± 5.1 (mean ± SD) to 3.9 ± 2.6. P <

0.01 t-test for paired samples. The reduction in the number of seizures 
was accompanied by a reduction in the duration of the seizures from 
28.1 ± 16 s in Sham to 19.66 ± 8 s in the magnet condition, Fig. 4B 
(31% reduction, P < 0.05 t-test). Taken together, the reduction in the 
number of seizures and the decrease in the duration resulted in a 
decrease by 72.2% of the time that the animals spent in seizures (4C). 

3.3. Repeated application of tSMS improved the results 

In a second set of Scn1a+/A1783V mice (n = 9), we divided them into 
two experimental groups: Magnet (n = 4), in which the thermal protocol 
was always applied in the presence of tSMS, and Sham (n = 5), in which 
the same thermal protocol was always applied with the Sham, so the 
animals in the Sham group never received tSMS. Up to 8 recording 
sessions were made for each animal (see methods). All the parameters 
evaluated were clearly better in the Magnet group. The probability of 
having at least one seizure in a given session was 92% in the Sham an-
imals versus 48% in the Magnet group, and the average duration of the 
seizures was shorter in the Magnet animals (12.69 ± 4.5 s) (Fig. 5A) 
versus the sham (25.7 ± 7 s) group. This, together with the decrease in 
the number of seizures, resulted in a reduction of 86% of the total time 
that the animal spent in seizures (Fig. 5B). We analyzed the temperature 
at which the first seizure was detected, but the differences were not 
significant for this parameter: 42.22 ± 0.65 ◦C for the sham versus 42.12 
± 0.42 for the magnet. 

In this set of animals, we ran an automated analysis based on Berg-
strom et al., 2013 (Bergstrom et al., 2013) (see methods for details) that 
was able to detect abnormal events during the recording sessions 
following an individual baseline calibration for each session. On 
average, during the recording sessions in which the tSMS was applied (n 
= 29), the proportion of abnormal events was 0.008 (SD = 0.014), while 
during the sham sessions (n = 34), the average proportion was 0.078 
(SD = 0.072). The probability for abnormal events in the ECoG increased 
by 12.3 times in animals exposed to the sham compared with the magnet 
group. These values are represented in Fig. 5C. 

Mice exposed to real tSMS suffered milder paroxysmal episodes than 
sham mice, which can be observed from the seizures recorded in the 
sham group, as shown in Fig. 6A. High frequencies easily extended up to 
500 Hz on the spectrogram analysis of instantaneous frequencies; these 
values were not reached in the magnet condition (Fig. 6B). Considering 
that the appearance of high frequencies in the ECoG, in the range of 
ripples, are indicators of seizure severity (Schönberger et al., 2019), we 
analyzed the presence of ripples (80 to 200 Hz) in both conditions (see 
methods). Fig. 6C graphically represents those results. The left panel 
shows a segment of the raw ECoG (top) and after the 80–200 filtering 
(bottom) where a ripple can be seen. On average, during the recording 
sessions in which the magnet was applied (n = 29), the ripple frequency 
was 0.25 ripples/s (SD = 0.08), and the ripple duration was 0.025 s (SD 

Fig. 2. Contours of the magnetic field in the mouse brain. (a) General view of the simulated domain. (b) Brain zone detailed view. The distance from the magnet to 
the skin of the animal was approximately 2 mm to avoid contact with the recording wires, which is not represented in the figure. 
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= 0.004). During the sham sessions the average frequency was 0.33 
ripples/s (SD = 0.09), and the average duration was 0.026 s (SD =
0.004) (n = 34). The difference in frequency, represented in Fig. 6C 

center, was statistically significant (t(61) = 3.945, p < 0.0005), while 
the difference in duration, represented in Fig. 6C right, was not signif-
icant (t(59) = 1.12, p = 0.227). 

Fig. 3. Acute application of tSMS during the thermal increase protocol significantly decreased the number of recorded seizures. EcoG records obtained from the same 
mouse (#32) on two consecutive days, reaching exactly the same temperature, 42,3 ◦C. A Sham, B Real magnet. Blue arrows mark paroxysmal activity, only present 
in the sham condition, black arrows indicate periods characterized by slow waves. Sections marked with * or ** in the recordings are expanded. See the text for 
further details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. The number and duration of seizures were reduced in the presence of the magnet. A) Diagram comparing the number of seizures developed for each animal in 
both experimental conditions: Sham and Magnet. The black thick line represents the averaged values, p < 0.01, t-test. B) Duration of seizures in both conditions, each 
dot represents an individual seizure, the horizontal lines indicate the mean, and the error bars indicate the SD, p < 0.01, t-test. C) Diagram comparing the time that 
each animal spent “in seizures” during the Sham and the Magnet sessions, p < 0.01, t-test. 
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4. Discussion 

Our results show that tSMS, a non-invasive neuromodulatory tech-
nique, can reduce the number, duration, and severity of crises in a 
mouse model of DS. We tested the effect of tSMS in 2 groups of animals. 
In the first group, the crisis was induced in the same animals alterna-
tively in the presence of the magnet or the sham, while the second set of 
animals was separated: 5 were always under the sham condition, and 4 
were always under the magnet. In both groups, the results were similar, 
with a dramatic reduction of 72% and 86% of the time than the animals 
were in seizures for the magnet condition compared to the sham. 
Automatic analysis of the ECOG signal reported a 12.3 times higher 
probability of detecting abnormal events in the sham group than in the 
magnet group. 

DS begins with seizures that tend to evolve with age and is associated 
with a myriad of symptoms, including motor and cognitive deficits, 
sleep disturbances, and an increased risk of death in early childhood 
(Cooper et al., 2016; Brunklaus et al., 2012). There is no pharmaco-
logical treatment capable of controlling crises in DS, even though the 
results of new drugs (cannabidiol, fenfluramine or stiripentol) are 
promising, and reductions in the number of crises up to 50% have been 
achieved in a significant number of patients (Wirrell and Nabbout, 
2019). It is important to note that in our experiments, in a murine model, 
the seizure reduction figures were much higher, approximately 86%, 
which makes tSMS a solid alternative for clinical trials. In particular, it 
has been shown that the use of tSMS in healthy humans is free of un-
desirable effects. In the vast majority of DS cases (~80%), the prepon-
derant alteration is a loss of function of the voltage-gated sodium 
channels (Nav1.1). This functional deficit critically affects cortical 
GABAergic interneurons, altering inhibitory control and producing an 
abnormal increase in excitation. It is precisely here that tSMS can play a 
decisive role. We do not know the exact mechanism of tSMS (see below), 
but we have consistent evidence that it reduces cortical excitability: 
tSMS reduces the motor evoked potential in humans(Oliviero et al., 
2011b), reduces performance in a visual detection task in primates and 
humans (Gonzalez-Rosa et al., 2015; Aguila et al., 2016b), and reduces 
photophobia symptoms (Lozano-Soto et al., 2017). Furthermore, in a 
previous study, we demonstrated that tSMS can reduce epileptic activity 
in two different experimental models; a pharmacological model in rats 
and a traumatic model in primates (Rivadulla et al., 2018). The results 
discussed here are compatible with this idea and strongly suggest that 
tSMS would reduce cortical excitability, maintaining cortical circuits far 
away from the threshold level for seizures. Even when the system rea-
ches this threshold, the intensity of the seizures is lower in the presence 
of the magnet, perhaps because the number of neurons involved is 
lower. Experiments were performed in anesthetized animals which 
allow us to have a better control on the temperature, and characterize 

crisis, however it implies a clear limitation of the study since we do not 
observe the effect on spontaneous seizures and we did not observe 
behavioral changes. Experiments addressing those issues are being 
planned. Regarding the use of sevofluorane as anesthetic, it has been 
shown to increase epileptiform activity (Gibert et al., 2012; Iijima et al., 
2000), this would play against our interest since it could be reducing the 
effectiveness of the tSMS, that could be even higher with other anes-
thetics or in awake conditions. 

As we pointed out above, the mechanism through which tSMS pro-
duces its effects has not yet been fully explained. It has been shown that 
magnetic fields in the range we used are able to produce physical 
changes at the cell membrane that can distort imbedded ion channels 
sufficiently to alter their function (Rosen, 2003a). This mechanism 
would be supported by studies demonstrating abnormal functioning of 
voltage-gated ion channels under a static magnetic field (Rosen, 1993, 
2003b). Mechanical stretching of the membrane has also been theoret-
ically proposed (Hernando et al., 2020) as a possible mechanism that 
explains the observed effects. Finally, it has been recently proposed that 
the magnet could act on the Lorentz force of the ions flowing through the 
ion channels; small increases could introduce an additional friction be-
tween ions and channel walls, reducing the conductance (Freire et al., 
2020). 

We used neodymium magnets (45 mm diameter) with a magnetic 
field strength of 0.5 T and a continuous exposure time of approximately 
45 min. This kind of magnet has been previously used for humans, and it 
could be considered too large for mice. However, in the mouse model we 
are trying to modulate activity in the whole cortex, while in previous 
studies in humans, the goal was to modulate a specific area. The nu-
merical model calculates a magnetic field intensity between 0,2 and 0,4 
T at different cortical areas in our experiments in mice. We are using just 
1 magnetic source and the intensity decays with distance being clearly 
higher in the dorsal cortex (next to the magnet) than in the inferior 
temporal lobe for instance. Thinking about a possible translation of the 
therapy to children with DS, it would be necessary to work on the design 
of helmets capable of accommodating several magnets to create homo-
geneous magnetic fields over large cortical areas. For this purpose, nu-
merical models can be a very valuable tool in the configuration of 
magnetic positions. The desired intensity at the cerebral cortex is be-
tween 120 and 200 mT. This has been calculated as the approximate 
intensity that is achieved when this magnet was applied at the human 
scalp, which has previously been demonstrated to be effective and safe 
(Oliviero et al., 2011a; Gonzalez-Rosa et al., 2015; Lozano-Soto et al., 
2017; Oliviero et al., 2015; Aguila et al., 2016a; Rivadulla et al., 2018). 
Regarding safety, the conditions used in this experiment would be far 
from the limits recommended by the World Health Organization (WHO); 
that is, the “time-weighted average of 200 mT during the working day 
for occupational exposure”. Nevertheless, safety is a main issue for a new 

Fig. 5. tSMS reduces seizure duration. A) Average duration of seizures in the sham group and the magnet group, each dot represents the average value for individual 
mouse, p < 0.01, t-test. B) Average time that the animals spent in seizure per session in both experimental conditions, again each dot represents the values for each 
animal, p < 0.01, t-test. C) Proportion of windows with abnormal events detected in the sham and magnet sessions. Each dot represents an individual recording 
session, the horizontal lines indicate the mean, and the error bars indicate the SD, t(36) = 5.505; p < 0.0001. 
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neuromodulatory tool before it is used as a clinical tool; hence, future 
studies are needed to assess the incidence of possible adverse effects 
among a large cohort of subjects who receive specific tSMS protocols. 

Another important issue when planning a translation to humans is to 
find specific guidelines for magnet exposure. We demonstrate here that 
the magnet can reduce crisis intensity in the worst possible scenario 
since we push seizures to appear by increasing the temperature. This 
could be a treatment for children who are going to experience a well- 
known stressful situation with the ability to trigger a crisis, but 
ideally, the magnet should be a chronic treatment used to reduce cortical 
excitability and keep it low, decreasing the probability of reaching the 
threshold for seizures; hence, we consider that reaching intensities up to 

0,4 T as obtained in mice would not be needed, or could be compensated 
with larger exposition times. This is theoretical, hence the difficulty in 
reaching those intensities in the human brain is a potential limitation for 
translating the results to patients. 

5. Conclusions 

Considering the results that we have presented and those obtained by 
other authors, we believe that tSMS is emerging as an affordable, simple, 
safe and promising therapy for Dravet patients, alone or complementing 
the partial effectiveness that has been obtained with other treatments. 

Fig. 6. Acute application of tSMS reduces high-frequency signals in the ECoG. ECoG recordings and spectrograms obtained from two experimental animals from the 
Sham (A) and Magnet (B) groups at similar stages of treatment. C) Ripple analysis, left: ECoG trace before (top) and after bandpass (80–200 Hz) filtering (bottom), 
center: averaged ripple frequency in the different experimental conditions (p < 0.01), right: averaged ripple duration (p > 0.01). 
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