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ARTICLE INFO ABSTRACT

Keywords: Introduction: Medication-refractory focal epilepsy creates a significant clinical challenge, with approximately 30
Temfforau_y imerferin_g Ele“‘ric fields % of patients deemed ineligible for surgery due to involvement of eloquent cortical regions within the epilep-
Non-invasive brain stimulation togenic network. For these patients, electrical neuromodulation represents a promising alternative therapy. We
Neuromodulation . . . . . . . . L . ; .
Enilentic biomarkers investigated the potential of non-invasive temporal interference (TI) electrical stimulation in reducing epileptic
s}gEGp biomarkers in patients with mesiotemporal epilepsy (MTLE)

Amplitude modulation Material and method: Thirteen patients implanted with stereoelectroencephalography (sEEG) depth electrodes

Conduction block received TI stimulation with an amplitude modulation (AM) frequency of 130 Hz (Af), delivered through either
low-frequency (1 kHz + 1.13 kHz) or high-frequency (9 kHz + 9.13 kHz) carrier waves, specifically targeting the
hippocampus—a common epileptic focus in MTLE. Intracerebral recordings before, during, and after TI stimu-
lation were compared to recordings during sham stimulation at varying high-frequency (HF) carrier frequencies
(1, 2, 5, and 9 kHz).
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Resuits: TI stimulation resulted in a statistically significant decrease in interictal epileptiform discharges (IEDs)
and pathological high-frequency oscillations (HFOs), particularly fast-ripples (FR), with prominent suppression
observed in the hippocampal focus and reduced propagation brain-wide. In contrast, HF sham stimulation at 1
kHz frequency partially reduced cortical IED rates without effectively reaching the hippocampal focus. This
cortical impact diminished progressively at higher sham frequencies (2, 5, and 9 kHz), exhibiting depth-
dependent attenuation—a phenomenon not observed with TI stimulation, irrespective of carrier frequency.
Additionally, TI stimulation demonstrated a significant carry-over effect, suppressing epileptic biomarkers
beyond the stimulation period, which was not evident following kHz sham stimulation.

Conclusion: Our findings underscore the therapeutic potential of TI as a non-invasive brain stimulation modality
for epilepsy, offering significant suppression of epileptic biomarkers through subthreshold modulation of the
epileptogenic zone. Furthermore, this study highlights distinct biophysical differences between kilohertz-
frequency stimulation and focal amplitude-modulated stimulation, supporting TI's unique utility in neuro-

modulation research.

1. Introduction

Epilepsy presents a significant neurological challenge, as the origins
of seizure generation in the brain are highly patient-specific, limiting
initial treatment options to generalized medications which lack targeted
precision [1]. Additionally, one-third of patients with seizures are
drug-resistant, leaving resective surgery as the primary treatment option
[2]. However, approximately 30 % of drug-resistant patients are not
suitable candidates for resective surgery due to the high functional
importance of areas necessitating resection [2]. In such cases, invasive
brain stimulation - specifically deep brain stimulation (DBS) or
responsive neurostimulation (RNS) - is typically the remaining thera-
peutic option [3]. Alternative neuromodulation treatments, such as
Vagus Nerve Stimulation (VNS), are available for drug-resistant epi-
lepsies but generally do not achieve complete seizure freedom [4-7].

Both DBS and RNS are challenging, as there are numerous potential
targets (e.g., anterior nucleus of the thalamus - ANT, centromedian
nucleus of the thalamus - CMT, pulvinar, hippocampus, and neocortex)
[8-12], and only a small number of targets (notably the ANT, CMT and
hippocampus) have been thoroughly evaluated in double-blinded
studies. DBS stimulation at 130-145Hz of either the hippocampus or
ANT resulted in a reduction of seizure frequency [10-14], along with a
decrease in interictal epileptiform discharges (IEDs) in temporal lobe
epilepsy patients [15-18]. A motivation for our study is that a subset of
patients do not respond favorably to DBS or RNS and can suffer cognitive
side effects, which are difficult to predict ahead of implantation
[19-21].

Non-invasive brain stimulation techniques targeting these regions
identified as suitable DBS or RNS locations, could support the prediction
of post-implant side effects prior to invasive implantation. The most
common non-invasive techniques include transcranial alternating cur-
rent stimulation (tACS), transcranial direct current stimulation (tDCS),
and transcranial magnetic stimulation (TMS) - techniques with appli-
cations in both research and clinical practice [22]. The methods
modulate brain activity via electric currents delivered through the scalp
and skull, or induced magnetically, and influence neuronal excitability,
connectivity, and plasticity, ultimately leading to changes in brain
function [23]. However, efficacy of traditional non-invasive methods in
the treatment of epilepsy is limited, and the methods are typically
considered applicable only to shallower cortical targets and not to the
deep structures associated with therapeutic invasive DBS [24].

Temporal Interference (TI) stimulation is an emerging non-invasive
electrical stimulation technique which allows electrical modulation of
deep brain structures. Unlike traditional methods, TI applies high fre-
quency currents (>1 kHz) using a minimum of two independent pairs of
transcutaneous stimulation electrodes. The employed frequencies differ
slightly, resulting in an amplitude-modulated field because of alter-
nating phases of constructive and destructive interference. The kHz
current pathways are optimized to maximally and selectively amplitude-
modulate the field at a specific deep brain target where the fields overlap

[25]. The amplitude modulation (AM) frequency is equal to the fre-
quency difference (Af = |f1 - £2|). When Af is in the physiological range,
there is evidence that neural activity is modulated. Notably, the fre-
quency of the AM in previous experiments has been selected to match
conventionally applied DBS frequencies to produce similar effects [26].
TI has been tested in rodent [27-32] and non-human primate [33]
models, and more recently, in healthy human subjects [34].

We have previously employed TI stimulation using a 130 Hz enve-
lope frequency, a frequency often used for invasive DBS in epilepsy
patients and in epileptic animal models, and known to suppress epileptic
biomarkers [27].

In this work, we analyzed the impact of TI with a 130Hz AM signal in
patients with epilepsy. Patients implanted with stereo-
electroencephalography (sEEG) depth electrodes were hospitalized for
2-3 weeks to assess potential resective surgery targets. SEEG electrodes
are implanted to record intracranial electrophysiological signals and
stimulate precise deep brain areas in order to assist in the delineation of
the epileptogenic zone (EZ) and its relation with eloquent cortices.
Utilizing recordings from the sEEG electrodes during TI, we were able to
investigate alterations in epileptic biomarkers as a function of TI stim-
ulation (Af = 130Hz frequency modulation) and to map the applied AM
signal in order to ascertain its hippocampal focality. The study has taken
place at three research centers, Emory University (USA), St. Anne's
University Hospital (Czech Republic), and Semmelweis University
(Hungary).

Our results demonstrate that TI stimulation significantly decreases
interictal epileptiform discharges (IEDs) and pathological high-
frequency oscillations (HFOs) — specifically fast-ripples (FR) — within
the hippocampal focus and reduces propagation across the brain. In
contrast, sham stimulation at lower kilohertz (kHz) frequencies
impacted cortical but not hippocampal IEDs, with diminishing effec-
tiveness at increasing kHz frequency. Furthermore, a therapeutic short
term carry-over effect — the suppression of epileptic biomarkers for a
period of time after the end of stimulation — was only observed for AM
and not for unmodulated kHz. The results suggest distinct differences in
biophysical mechanisms and associated response characteristics from
kHz compared to focal AM.

2. Methods

The study is registered as a clinical trial with clinicaltrials.gov
(NCT06716866).

Patients: 13 patients with drug-resistant focal epilepsy and a clinical
diagnosis of medial temporal epilepsy participated in the study after
providing informed consent (see Table 1). All procedures involving
human participants were conducted following the ethical standards of
the institutional and/or national research committee (IRB0O0099109
Emory University, IIT/2023/25 Saint-Anne University Hospital - SAUH,
OGYEI/56526-2/2023 Institute of Neurosurgery and Neuro-
intervention, Semmelweis University - INN-SU) and in accordance with
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the 1964 Helsinki Declaration and its later amendments or comparable
ethical standards. All participants underwent video-EEG characteriza-
tion of seizures and either 1.5 or 3 T MRI, and PET scans in some pa-
tients. Presurgical non-invasive examinations, including high-resolution
MRI scans, were performed to assess patient eligibility. Intracerebral
multi-contact electrodes (Alcis® - INN-SU, Hungarian center; Dixi® -
Emory University, USA center and SAUH, Czech center; 10-18 contacts)
were surgically implanted for SEEG exploration. Postoperative
computed tomography (CT) scans and/or MRI scans were conducted to
verify the absence of complications and ensure accurate electrode
placement using the GUI-based open-source application GARDEL [35].
Across all centers, patients underwent the stimulation protocols 6-10
days post-implantation. Patients were randomly assigned to either
TI-Sham or Sham-TI sequencies for SAUH. Both patients and the analyst
of the data were blinded of the stimulation group; however, due to skin
sensation, two patients from EMORY university got unblinded without
effect on the data which remain consistent with the group.

Power analysis: Based on sample size calculate and a priori — based on
literature [64,65] — expectation of a large effect of our intervention
(Cohen's d ~0.7), 13 patients provide 80 % power to detect a 25 %
change in epileptic discharge rate between TI and baseline or
post-stimulation.

Modeling and simulations: Finite element simulations were executed
utilizing both Sim4Life and the Sim4Life TI Planning Tool software
developed by Zurich MedTech AG to estimate temporal interference
stimulation. The simulations solved the ohmic-current-dominated elec-
tro-quasistatic equation V(cV¢) = 0. Here, ¢ denotes the local electrical
conductivity, ¢ the electric potential, and the E-field is obtained as E =
—V¢. The ohmic-current-dominated electro-quasistatic approximation
of Maxwell's equations is suitable because 6>>we (®: angular frequency,
€: permittivity, i.e., ohmic currents dominate over displacement cur-
rents) and the wavelength is much larger than the domain size.

The human model utilized in the Sim4Life simulations was derived
from patient-specific MRI scans (co-registered T1 and CT). The head
model for each patient included the associated implanted SEEG elec-
trodes. All patients had the sEEG locations included in the model for
postprocessing. However, only the patients from the FNUSA center had
the sEEG electrodes properly modeled with recording contacts as Perfect
Electrical Conductors (PEC) and inter-contacts as insulators. Tissue and
electrode conductivities were automatically allocated to the model
based on the ITI’S Foundation tissue properties database [36] (low--
frequency conductivities section). Stimulation electrodes mirrored the
shape of the gel-based electrodes used in human experiments. Simula-
tion results were normalized to total current, after applying Dirichlet
boundary conditions at active electrodes. Equation (1) from Grossman
et al.,, 2017 [25], was used to calculate the maximum modulation
amplitude:

Table 1
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Equation 1. Maximum amplitude modulation formula.

Recordings: All studies were conducted with participants in the
waking state. SEEG signals were recorded digitally (1024 or 2048 Hz,
Natus Medical Incorporated®, Emory), or with a BioSDA09 (25 kHz,
M&I, spol. s r.0.®, INN-SU and SAUH). The latter has an input signal
voltage of + 25 mV, with an optional hardware filter of 0.01 Hz-10
kHz), which allows to monitor stimulation voltages (SEEG artifact)
during TI or sham stimulation.

Stimulation (TI/sham): Stimulation was applied to target the mesial
temporal lobe with the target centered on the head of the hippocampus
given that most IEDs originated from the hippocampus and the hippo-
campal formation was part of the epileptogenic network from which
seizures originated.

TI stimulation was performed using two DS5 devices (Digitimer®,
UK) driven by a function generator (Keysight®). Scalp electrodes (cir-
cular-shaped gel-assisted ECG electrodes, Ag/AgCl, 0.8 cm diameter,
Ambu® or FIAB®) were used for TI stimulation. They were placed ac-
cording to Violante et al. [34] to target the hippocampus and in accord
with Sim4Life modeling. Frequencies of TI stimulation varied among
centers: Emory used 1300 and 1430 Hz, and the Czech and Hungarian
centers 9000 and 9130 Hz, applying +2 mA per pair (4 mA
peak-to-peak). There were two protocols: In the first (SAUH and
INN-SU), 20 min of baseline recording, followed by either sham stimu-
lation (day one at SAUH and INN-SU), or active TI (day two), followed
by 20 min of recording after the cessation of TI (see Fig. 2A). At Emory
University, all participants underwent 20 min of baseline, 20 min of
sham/active TI and 20 min of post-TI recording (day one and two), with
an additional recording of 20 min on day three. In the sham condition,
the same carrier frequency was applied to both channels (Af = OHz,
same current magnitudes as applied in the TI session), such that no
amplitude modulation resulted. In the active TI condition, there was an
offset frequency of 130 Hz - a typical frequency used for neuro-
modulation in epilepsy.

AM Analysis: Gardel was used to accurately localize sEEG electrode
contacts. Briefly, the T1 MRI was co-registered with the post-
implantation CT and electrodes were labeled. For the analysis of TI
waveforms, the recorded signal underwent bandpass filtering (1 kHz-10
kHz). The AM magnitude was computed using the Hilbert trans-
formation of the filtered signal. A sliding window of 230 ms was
employed to determine the peak-to-peak amplitude of the AM in mV by
subtracting the minimum from the maximum AM values. The median

Participant characteristics. Ages are displayed in ranges of 5 years to ensure anonymization of the patients. All patients enrolled in the present study showed a
temporal lobe epilepsy without clear seizure onset zone delineated at the time of the enrollment. None of the demographic factors were considered cofounding for this

study.

Patient Age Sex Center Head @ N° of electrodes SOZ Day PI Target hippocampus
P1 35-39 F SAUH 59 8 Right temporal lobe 6 Right
P2 40-44 M SAUH 61 13 Left Insular lobe 6 Left
P3 35-39 M SAUH 60 11 Left temporal lobe 6 Left
P4 45-49 F SAUH 60 8 Bi-temporal lobes 6 Left
P5 40-44 M SAUH 61 8 Left temporal lobe 6 Left
P6 35-39 M EMORY 54 10 Bi temporal lobe 7 Left
P7 25-29 M EMORY 60 13 Left parietal lobe 7 Left
P8 35-39 M EMORY 58 18 Left temporal lobe 7 Left
P9 30-34 F INN-SU 58 8 Left temporal lobe 8 Left
P10 40-44 M INN-SU 61 6 Left temporal lobe 7 Left
P11 45-49 F INN-SU 60 7 Right temporal lobe 6 Right
P12 25-29 M SAUH 61 12 Right temporal lobe 6 Right
P13 30-34 F SAUH 60 14 Left temporal lobe 6 Left
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value across all windows was utilized as the amplitude value for each After down-sampling to 2500 Hz, semi-automatic detection of IEDs and
contact. This process was conducted for each contact, providing HFOs (ripples and fast ripples) was performed using the AnyWave's
amplitude values per contact (the reference was set as the averaged validated Delphos detector [37] — a well-established IED and HFO de-
signal from all the electrodes in the brain). Finally, the amplitude values tector, regularly used in clinical epilepsy research [38]. Events markers
were projected onto the electrodes within the anatomical mesh of the (IEDs, HFOs) were extracted to determine their rates per minute. Sub-
patient to visually assess which brain regions received stimulation sequently, detected events were manually validated using AnyWave, a
(Fig. 1Q). visualization software for electrophysiological data [37].

Biomarkers Detection: For the detection of biomarkers, electro- Statistics: The results of the detection process were imported into
physiological signals were filtered (lowpass filtering [<1000Hz], per- MATLAB (MathWorks), to facilitate comprehensive analysis and statis-
formed using Matlab - MathWorks) to remove the stimulation artifacts. tical assessment, and organized into distinct matrices based on patient
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Fig. 1. Temporal interference protocol in sEEG-implanted patients with epilepsy. (A) Scalp electrodes were positioned to deliver TI stimulation, consisting of
two high-frequency currents which produce an AM field targeting the hippocampus in the temporal lobe. sEEG electrodes simultaneously record the electrophys-
iological signal and the modulated TI stimulation signal. Timeline of the experiments performed at the three centers: Admission Day 0, Stimulation Days 8-9. Each
center applied TI with an AM frequency Af = 130Hz, during a 20-min stimulation session and recorded the brain signal response before, during, and after stimulation.
(B) The effect of TI stimulation does not seem to depend on carrier frequency with TI delivered by low and high carriers suppressing activity. However, sham
stimulation effect is highly dependent on frequency — with 1 kHz applied on the scalp having some inhibitory effect only on cortical regions and 9 kHz having no
effect overall; see Figs. 2 and 3. (C) Patient-specific head model and AM signal from TI stimulation. MRIs of patients were used to create patient-specific head
models using Sim4Life. (Top panel) the example simulation shows the placement of stimulation electrodes (red/blue) to target the ipsilateral hippocampus. The green
border depicts an isocontour of the AM electric field, indicating the highest region of modulation centered on the hippocampus. (Bottom panel) simulations compare
well to intracranial data, which similarly shows maximum AM in the temporal lobe (electrodes A, B, C, and Supplemental Fig. S6), specifically in the hippocampus.
Example recordings from the middle contacts of electrode C are shown. The raw signal (with using the average of all intracranial signals as reference) during TI
stimulation allows visualization of the amplitude of the AM signal. When zooming in, the stimulation artifact revealed a well-defined AM in the deepest contacts, with
diminishing magnitude approaching the cortex. The exact same recordings during TI stimulation are shown filtered with a bandpass filter ([1-1000] Hz) to extract
electrophysiological signals. All oscillations below 500Hz were recovered, and reduced interictal spiking activity was observed for the TI condition.
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Fig. 2. Epileptic biomarkers are suppressed during TI stimulation, and a post-stimulation carry-over effect is observed. (A) The stimulation protocol was the
same across the different centers (USA, Czech Republic, Hungary). Center-to-center differences are shown in Supplemental Fig. S1. The protocol includes baseline
recording (20 min), TI stimulation protocol (20 min; 30-s ramp-up and 30-s ramp-down included), post-stimulation recording (20 min), and — only in Czech Republic
— post-24-h recording (20 min). (B) Analysis of IEDs rates by brain region. All regions show a decrease in IED rate during TI stimulation. Analysis comparing all
biomarker rates across all centers from the mesial temporal focus (n.s: p-value >0.05; *: p-value <0.05; **: p-value <0.01; ***: p-value <0.001). (C, D, and E)
Looking at the epileptic focus in detail: TI stimulation significantly decreases IEDs, ripples, and FRs, in a way similar to responses in DBS studies [40,41]. A feature of
the TI biomarker suppression is that, in addition to the suppression during stimulation, the biomarkers do not return to their pre-stimulation values in the 20-min
period after stimulation — the suppression has a strong carry-over effect, consistent with other TI studies. The 24-h recordings indicate that the suppression is not
permanent, seeing that biomarkers have returned to their pre-stimulation values. Brain-wide suppression of IEDs is a good indication that the focus of the epilepsy
(the location of spike generation; in these patients the mesial temporal region, specifically the hippocampus) has been suppressed. (F) As the focus was suppressed
(where the AM electric field was the more dominant), we expected and observe limited generation and therefore limited propagation of IEDs and HFOs. For full size
image of the AM potential/EF, see Fig. S6. (G) The simultaneous suppression of HFOs and IEDs is understood via co-occurrence: it is well-known that HFOs strongly

co-occur within IEDs [43,44]. This co-occurrence also appears in our data.

identifiers, treatment centers (EMORY, INN-SU, or SAUH), and protocol
conditions (baseline, stimulation, sham, post, and post 24H). From these
matrices, initial visualizations were generated for each patient before
aggregation for inter/intra-patient and inter/intra-center statistical as-
sessments. IED, ripple ([80 250]Hz), and FRs ([250 500]Hz) rates were
computed and juxtaposed across different stimulation protocols, as
illustrated in Fig. 2, employing multivariate analysis of variance
(ANOVA or Friedman test) and paired T or Mann-Whitney-Wilcoxon
tests to discern significant variations. The aggregated dataset under-
went further comparison via Friedman ANOVA and paired Wilcoxon
tests to identify potential differences across all experimental conditions.
All p-values presented in this manuscript are FDR corrected to minimize
type I errors.

Single neuron modeling: To study the interaction between a hippo-
campal CA1 pyramidal neuron and electrical fields we used a previously
published model [39,40], available online on the ModelDB database (a.
n. 151731 and 190559, respectively). A detailed morphological and
biophysical reconstruction of a CA1 pyramidal neuron [41] (cellc62564
from Migliore et al. (2008), ModelDB a.n. 87535) was used for all sim-
ulations. A first set of simulations was performed in current clamp mode,
injecting one or two currents for 1 s and implemented as Equation (2) at
different amplitudes Iy.

Iy =1y sin sin [2zf (t — to)] or Iiyj =1, sin sin [2zf(t —ty)]
+1I, sin sin [27r<f +f0ff) (t—to)+ qa] )

Equation 2. Injected current formula.

All simulations were performed using v.8.2.2 of the NEURON
simulation environment (Hines and Carnevale, 1997) [42].

3. Results
3.1. Temporal interference protocol in sEEG-implanted epilepsy patients

TI stimulation was performed in patients with drug-resistant mesial
temporal lobe epilepsy implanted with sEEG electrodes (Fig. 1A). Epi-
lepsy patients with implanted sEEG electrodes offer a unique opportu-
nity to precisely delineate the stimulated zone and assess the impact of
TI exposure on brain activity. sEEG electrodes recorded the electro-
physiological signal changes evoked by TI and mapped the AM exposure
from the TI stimulation. The setup involved the placement of four scalp
electrodes (2 pairs of 2 electrodes) to deliver TI stimulation, which
consisted of two high-frequency signals unilaterally targeting the hip-
pocampus (the side of the epileptogenic network) (Fig. 1A and C). An
overview of results is seen in Fig. 1B, (left panels) TI delivered through
low-frequency (1 kHz + 1.13 kHz) or high-frequency (9 kHz + 9.13 kHz)
carrier waves, creating Af = 130 kHz in the hippocampus, suppressed
pathological activity in the hippocampal focus and subsequent propa-
gation to the cortex. As further seen in Fig. 1B, (right panels) sham
stimulation delivered through low-frequency (1 kHz + 1 kHz) or high-
frequency (9 kHz + 9 kHz) carrier waves, creating no offset with Af
= 0 kHz, created significantly different results. Only low-frequency kHz
sham reduced pathological activity, limited only to cortex and with not
as pronounced a reduction as the TI. High-frequency kilohertz did not
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reduce any pathological activity.

3.2. Simulation and visualization of stimulation Site

As seen in Fig. 1C (top left panel), an MRI image of a patient with
stimulation electrodes specifically targeting the ipsilateral hippocampus
is seen. The associated patient-specific simulation of the TI exposure
(top right panels) targeting the hippocampus is visualized using Sim4life
software. The simulation estimates the electrode position for a correct
stimulation of the hippocampus and delineates the region of strong AM
modulation (green border) within the temporal region - with the
maximum modulation located in the patient's hippocampus.

3.3. Recordings of AM potential

An example sEEG recording of the AM potential during TI stimula-
tion can be seen in Fig. 1C (bottom panels). The amplitude of the AM was
extracted and is depicted on the contacts of each sEEG electrode in the
figure. The highest AM was observed on the electrodes within the
temporal lobe, specifically in the hippocampus, and showed good
agreement with the patient-specific Sim4Life simulations. The AM
magnitude progressively diminishes towards more superficial cortical
regions, while the magnitude of the carrier increases. An analysis of the
filtered signal (1-1000 Hz) demonstrated the ability to extract electro-
physiological signals (IEDs/HFOs), as TI stimulation artifacts are
generally several thousand Hz higher than the electrophysiological
signal of interest. No IEDs are visible in the example recording.

3.4. Epileptic biomarker suppression with TI

All patients underwent baseline, stimulation, and post-stimulation
recordings (see Fig. 2A) consisting of 20 min blocks: baseline
recording, TI stimulation, post-stimulation recording (in the 20 min
after the stimulation), and (at FNUSA only) an additional post-
stimulation recording 24 h after the stimulation session. During TI
stimulation, patients did not report any symptoms, such as sensations
associated with TI stimulation on the scalp, or other subjective symp-
toms with frequencies centered at 9 kHz; 2 patients out of 3 receiving TI
at 1/1.13 kHz felt tingling on the scalp without any adverse events.
There were no adverse events.

We compared the distribution of IEDs detected by sEEG in various
brain regions (see Fig. 2B): the whole brain (all SEEG contacts), the
temporal lobe (electrodes A,B,C, and P from the most impaired side), the
temporo-mesial area (deep contacts — 1 to 7 — from electrodes A,B,C, and
P from the most impaired side)(the hippocampal focus), and the tem-
poral cortex (shallow contacts — 8 to 15 — from electrodes A,B,C, and P
from the most impaired side). All analyses were realized with the ‘global
group’ encompassing all patients from the three centers. In baseline
recordings, all patients showed signs of temporal lobe epilepsy, with a
mesial focus. TI stimulation produced a statistically significant decrease
in IEDs rate across all brain regions, which suggests that the focus was
suppressed (IEDs originating from an unsuppressed additional focus
would be visible). Post-stimulation data shows a strong carry-over effect
with IEDs not returning immediately to baseline values. The post-
stimulation recording 24 h later shows that the IED rate returned to
the baseline level, the carry-over effect is not permanent.

Specific analysis of TI's impact on the epileptic biomarkers (IEDs,
ripples, and FRs), specifically in the temporo-mesial region with the
hippocampal focus, is presented in Fig. 2C, D, and E. All epileptic bio-
markers were statistically decreased during TI stimulation in the focus
compared to the baseline recordings (Friedman ANOVA, p-value
<0.0001, W = 0.66). In all three centers, TI stimulation of the mesial
temporal lobe was correlated with a decrease in IEDs (data for each
participating center in supplemental figures). The relative decrease
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ranged up to 86.3 % (58.5 + 27.8 %, IC95 %) depending on the patient
(Friedman ANOVA, p-valuery stimulation vs. baseline < 0.0001, W = 0.66).

For HFOs, it is well established that excessive pathological ripples
[43] and pathological fast ripples [44] co-occur within IEDs (see
Fig. 2G). Our data shows a reduction of IEDs with a corresponding
reduction of co-occurring HFOs [45,46].

For all three centers, the stimulation effect was sustained, as evi-
denced by a significant decrease in IEDs and HFOs 20 min after stimu-
lation (Wilcoxon tests, p-valuepost.stimulation 20 min vs. baseline < 0.0001, r =
0.75). TI stimulation (Fig. 2F; purple) targeting the pathological mesial
focus (orange) shows a strong suppression of epileptic biomarkers, and a
suppression of the propagation of biomarkers, with a short lasting sus-
tained post-stimulation carry-over effect.

3.5. Epileptic biomarkers suppression with kHz (sham) stimulation

As TI is delivered via a combination of kHz frequencies, we investi-
gated the effect of sham stimulation, where both pairs of electrodes
provide the same frequency, and no offset is present between f1 and 2
(Fig. 3A).

As seen in Fig. 3A, all sham patients underwent the same protocol in
blocks of 20 min: a baseline recording, kHz sham stimulation (two pairs
of electrodes with no offset frequency — applying the same currents as for
TI stimulation), and a post-stimulation recording (for 20 min after
stimulation). The electrode locations were also identical to the TI
stimulation electrode locations. Patient-specific Sim4Life simulations
were performed to determine the carrier field magnitude distribution.
The illustrative visualization in Fig. 3B delineates the region of
maximum kHz exposure (top panel), situated in the temporal region,
and the expected absence of AM (middle panel). SEEG electrodes were
used to record the electrophysiological signal changes evoked by sham
and to map the sham exposure potential (bottom panel). The example
recording features IEDs in the mesial focus (highlighted by red arrow),
but not in the cortex where there is a higher kHz field magnitude.

The effects of kHz sham on biomarker rates are shown in Fig. 3C, D,
and E, as a function of depth along the sEEG electrode into the ipsilateral
hippocampal focus. IEDs, ripples, and FRs rate changes are pictured in C,
D, and E respectively. Fluctuations outside of the +20 % range are
considered a clear indication of kHz suppression of a biomarker, rather
than physiological variations between the two 20-min sessions of
baseline and sham [47]. Vertical dotted lines represent the depth at
which the sham stimulation starts to decrease the biomarkers. For the
considered electrodes, contacts #15 — #10 are located in lateral cortices
and contacts #9 - #1 are in the medial cortices (including
hippocampus).

Higher frequencies (i.e. 7 and 9 kHz) show less biomarker reduction
compared to lower carrier frequencies (i.e. 1 and 2 kHz) in the super-
ficial cortices. Lower frequencies are, furthermore, associated with
deeper penetration of rate changes. 9 kHz sham minimally impacts these
biomarkers.

As shown in detail for 1 kHz and 9 kHz in Fig. 3 F, G, and H, a
common trend is visible across all biomarkers: sham-stimulation
induced decreases in IEDs and HFOs (ripples and fast ripples) at lower
kHz frequencies in the lateral, but not deeper medial cortices/hippo-
campus, and had no significant decrease at 9 kHz. Additionally, for low-
frequency kHz biomarker suppression, there is no measurable carry-over
effect. When comparing these SHAM results with the TI results shown
above, using a multivariate ANOVA (rate ~ stimulation protocol * fre-
quency * time), we see a global effect of stimulation protocol * frequency
* time (p-value <0.05), more precisely, the value of the carrier fre-
quency plays a role only for SHAM stimulation and the effect of the
stimulation is higher during the stimulation rather than after the stim-
ulation (for SHAM stimulation, rates before and after the stimulation are
not significant (for 1 kHz). Moreover, when considering the anatomical
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Fig. 3. Sham stimulation and IED/HFO suppression. Sham stimulation consisted of applying the same frequency (f; = f5) to both pairs of electrodes. The protocol
is 20 min baseline recording, 20 min sham stimulation and recording, and 20 min post-stimulation recording. A 30-s ramp-up and a 30-s ramp-down is included to
avoid unwanted transients. The stimulation amplitude is +2 mA (4 mA peak-to-peak) (A). Similar to the TI stimulation condition, a patient-specific simulation is
performed to estimate the kHz field strength and illustrate the absence of AM. The sham voltage recorded by sEEG in a patient is visualized. After filtering, example
IEDs (red arrows) are apparent in the hippocampus recordings, but not in the cortical recordings (B). The changes in biomarker rate between baseline and sham
stimulation are plotted as a function of location along the ipsilateral sEEG electrode entering the pathological hippocampus. The zero line (dashed line) and grey
region denote the absence of a significant rate difference between baseline and sham. sEEG contact locations in the epileptic focus are highlighted in purple. A
biomarker rate reduction of over 20 % is considered a clear indication of sham suppression. As can be seen, suppression penetrates the deepest at 1 kHz, but not to the
hippocampus. At 9 kHz change remains below +20 % throughout for all biomarkers (C, D, E). Biomarkers are plotted for the three parts of the sham protocol using
the lateral cortical contacts — SEEG contacts 15 to 8 (F, G, H). 1 kHz caused a significant suppression during stimulation in the cortex, potentially due to a type of
subthreshold conduction block. 9 kHz did not cause significant suppression. In each case, there was no visible carry-over effect, unlike in the TI conditions.

region on the rate decrease over the different protocols (TI vs. SHAM),
using a multivariate ANOVA (rate ~ stimulation protocol * frequency *
region), we could highlight a region specificity of the stimulation (p-
value <0.05 for the interaction). The SHAM stimulation with low-
frequency carriers at 1 kHz shows a significant decrease in biomarkers
only in the cortical regions when the SHAM 9 kHz does not show any
decrease and when the TI (either 1 or 9 kHz) shows an overall decrease
in the whole brain.

Previous studies using simulations of injected charge with a Hodg-
kin-Huxley (HH) axon model have suggested kHz conduction block as a
possible side-effect of TI deep brain modulation [48]. Specifically,
models predict that a deep brain region may respond to the AM signal,
but shallower brain regions will be subjected to stronger kHz fields
which may lead to conduction block. Although perhaps not “conduction
block” in the traditional sense of suprathreshold stimulation of periph-
eral nerves, we believe that we have observed a similar phenomenon
when using lower frequency kHz carriers for TI, and as predicted by the
models, the phenomenon diminishes as the kHz frequencies increase
further - as neural activation thresholds increase with kHz frequency
(Fig. 4B). To avoid the phenomenon, one can use a higher carrier fre-
quency. However, some models predict that shifting the carrier fre-
quency up (while maintaining Af constant) to reduce conduction block,
will simultaneously reduce the modulatory effectiveness of AM. We do
not observe this experimentally. More precisely (deep contacts—1to 7 —
from electrodes A, B, C, and P from the most impaired side), we did not
see any reduction in the effectiveness of epileptic biomarker suppression

by using higher carrier frequencies when comparing the biomarker rates
during TI stimulation (Wilcoxon tests, p-valuerm ooonz vs Ti9000Hz > 0.05,
r = 0.69). Moreover, we compared TI and Sham protocols, along with
timings (baseline/stimulation/post-stimulation) using a two-way
repeated- ART ANOVA to assess the within protocols and identifying
time-dependent effects per conditions. All TI protocols and Sham stim-
ulation with 1 kHz significantly reduce all biomarkers rates (p-value
<0.05, 12 = 0.63); however TI protocols seem to be more efficient than
1 kHz Sham overall — refer back to Fig. 1B. In contrast, Sham 9 kHz does
not induce any modulation in IED, ripples, or fast ripples rates, within
the protocol or compared to TI protocols and Sham 1 kHz (p-value <0.05
when comparing Sham 9 kHz with all other protocols).

Across all analyses, effect sizes were large (0.63-0.75), consistent
with our a priori power assumptions.

Overall, these results suggest that TI stimulation can reduce HFOs
and IEDs, when targeting the hippocampus with a modulation at a
traditionally inhibitory frequency (130 Hz). For sham, mid/low-carrier
frequencies (<5 kHz) also decrease the number of epileptic bio-
markers, but only in superficial cortices. With a 130 Hz AM, the highest
carrier frequency we tested (9 kHz) caused a significant decrease in all
epileptogenic biomarkers, while the corresponding sham condition, did
not change ripple and fast ripple rates, and had the least effect on IEDs.
The carrier frequency selection seems to play an important role for the
use of TI as a focal, non-invasive form of deep brain modulation, i.e. 9
kHz induces less off-target neuromodulation than 1 kHz, due to the
absence of kHz carrier field effects.
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Fig. 4. Biophysics Insights. A) Previous work simulating exposure-induced suprathreshold neuromodulation of a Hodgkin-Huxley-like (HH) axon model has
highlighted the potential for conduction block in TI stimulation [48]. Our sham stimulation results are consistent with some of the concerns raised by those authors.
B) Conductivities and permittivities implemented in the simulations are based on Gabriel et al., 2009 [49]; values can be revised if new conductance measures
become available. The carrier frequency dependence of sham effects cannot be explained by field magnitude differences, as electrical conductivity hardly depends on
frequency below 10 kHz, such that for identical channel current magnitudes the quasistatic solutions to Maxwell equations are very similar — only at much higher
frequencies does the frequency dependence of conductivity and its impact on displacement currents become relevant. Also head and contact impedance changes as a
function of frequency are fully compensated for by the current control of the sources (see Supplemental Fig. S5). C) Experimental work by Bernard Katz [50] and
simulations with an HH-like neuron model, showed that the threshold for propagation blocking by unmodulated exposure (red shading) increases with frequency (the
threshold obviously depends on diameter, fiber type, etc). This is in accordance with the kHz suppression (where we use the word suppression and not block, as we
apply subthreshold electric fields) of IED propagation from the mesial focus observed in this study for low kHz sham frequencies and the experimentally demon-
strated decrease in the suppression depth with increasing carrier frequency (fading red). However, the HH model fails to replicate the experimentally observed
absence of a strong carrier frequency impact on AM effectivity. Moving to a higher carrier frequency eliminated sham effects - however, the AM signal created with
the same higher carrier frequency suppressed the epileptic focus without apparent reduction in efficacy (purple region). (D-E). Support for assuming that two
different mechanisms are at work could be derived from the lack of a carry-over effect from sham stimulation (turning off the high frequency allowed activity to
propagate normally again), while AM exposure produced a strong carry-over effect, where suppression of the hippocampal focus resulted in a continued reduction of
epileptic biomarkers post-stimulation.

4. Discussion

Here we show for the first time that a non-invasive deep brain
modulation method, Temporal Interference, can selectively target the
epileptic focus and reduce epileptiform activity in epilepsy patients, as
verified by intracerebral EEG recordings. We show that TI can create an
AM signal at depth in the human mesial temporal lobe and that TI
stimulation at Af = 130Hz can significantly reduce IEDs, ripples, and
FRs during stimulation.

Furthermore, we show that the choice of carrier frequencies matters
for neuromodulation with TI. As simulated in Fig. 4A and C, our results
are partly consistent with previous simulated work using the HH model
to suggest that unmodulated kHz carrier signals could modulate brain
activity, experimentally verified by us via the presence of biomarker
suppression, primarily in superficial cortical structures at low kHz fre-
quencies (red region). However, suppression mechanisms explained by
high-frequency conduction block, as well as simple HH models of neural
dynamics, fail to explain the observed carry-over effects produced by
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AM signals and fail to explain how TI with higher kHz carriers produces
targeted, non-invasive, deep brain modulation, with no penalty in terms
of effectiveness compared to TI with lower kHz carriers — something
which previous studies had ruled out based on theoretical and compu-
tational considerations [51]. As predicted by Hodgkin-Huxley (HH)
models— AM and kHz fields are strongly attenuated requiring signifi-
cantly higher currents (e.g., X mA more at 9 kHz versus 2 kHz) to elicit
comparable modulation effects — however we did not experimentally
observe this (purple region). AM with 9 kHz carriers modulated patho-
logical brain activity equally well as AM with 1 kHz carriers, however 9
kHz had significantly reduced sham effects. This highlights the impor-
tance of clarifying the mechanisms underlying TI neuromodulation.

Clearly electrical brain modulation is not governed only by the
amplitude of an applied electrical signal, as the performance of kHz and
AM is dramatically different in the suppression of pathological brain
activity. The human brain is a complex interconnected network of cells:
astrocytes, oligodendrocytes, microglia, ependymal cells, endothelial
cells/pericytes, and finally neurons which are further subdivided into
excitatory vs inhibitory cells. These interconnected networks form large
circuits and subcircuits, which naturally generate their own inherent
electrical brain rhythms. It is entirely reasonable to assume, and as we
have experimentally demonstrated, that such a system could be more
sensitive to some electrical waveforms and more invariant to other
externally applied electrical waveforms.

Finally, and often an important point overlooked in simplified in
vitro and modelling studies, TI modulation of the human brain applies
subthreshold electric fields, with the AM electric field typically no more
than a few V/m. This subthreshold AM electric field has a spatial extent
across a volume of width equal to many SEEG contacts (Fig. 1C; Fig. S6),
where the AM signal volume is superimposed over the underlying brain
network of similar volume and tissue inhomogeneity, interacting with
the various cell types in the region, the specific interconnected net-
works, and the natural rhythms entering, exiting, and generated by the
target region. We therefore find it unsurprising that AM delivered via TI
and unmodulated kHz signals yield different results.

In terms of future utilization in epilepsy, the application of TI stim-
ulation represents a significant advancement in the pursuit of non-
invasive diagnosis and therapy for epilepsy, particularly for patients
who are not suitable candidates for resective surgery. Unlike conven-
tional transcranial electrical stimulation techniques, such as tDCS and
tACS, which are limited by the dominance of superficial cortical effects,
TI stimulation allows for the modulation of neural activity in deeper
brain structures without invasive procedures. This is particularly rele-
vant for targeting epileptogenic zones located in areas of the brain which
are not easily accessible by traditional stimulation methods or only by
electrical stimulation via depth probes [52,53]. While our
patient-specific modeling and sEEG-recorded AM amplitudes demon-
strate focality centered on the hippocampus (Fig. 6) — as focal as possible
with only two pairs of stimulation electrodes, it is acknowledged that
adjacent mesial temporal structures may experience co-stimulation due
to the spatial spread of the electric fields. We recently adapted standard
TI protocols to increase their spatial focality by integrating more pairs of
stimulation electrodes which could better delineate the stimulation
minimize off-target impacts while maximizing therapeutic specificity
[33]. This type of more complex stimulation protocol could be easily
used in subsequent studies to assess the level of necessary focality to get
a therapeutical effect of TI stimulation in patients with epilepsy.

In previous work, TI stimulation in the peripheral [29] and central
nervous systems modulates population-wide neural activity [54] as well
as individual neuronal activity [55], when employing Af frequencies
similar to those found to be effective when applied directly (i.e. Af =
1Hz modulating activity at a rate of 1 Hz — as is expected if 1Hz is
directly applied). Indeed the DARPA project in the United States
investigating TI has recently shown sleep enhancement using a 1 Hz
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envelope frequency to increase slow-wave sleep (a brain state associated
with approximately 1 Hz natural brain rhythms), with high-frequency
carriers of 15 kHz, and with no sham effects when testing the unmod-
ulated kHz alone [66]. Our findings here are similarly in line with
previous research, namely studies conducted in the hippocampus of
mice in an epilepsy model [27] as well as with various clinical studies
which have used DBS stimulation (130-145Hz) in the hippocampus of
patients to manage their seizures and decrease epileptogenic biomarkers
[3,10,13,14,56-58].

The choice of 130 Hz as the amplitude modulation frequency in this
study was informed by its widespread use in invasive neuromodulation
for epilepsy, including responsive neurostimulation devices like Neu-
roPace (typically 100-200 Hz, most commonly 130 Hz), which reduce
cortical excitability and seizure frequency. These parameters were
originally adapted from DBS for movement disorders, and while ideal
settings for epilepsy remain an active research area, we prioritized those
with the strongest evidentiary support for efficacy. Personalizing the
frequency based on individual patient biomarkers, such as IED patterns
or seizure dynamics, could optimize outcomes and merits exploration in
future trials. Furthermore, theoretical modeling using finite element
simulations indicated electric field enhancements around the implanted
SEEG electrodes, attributable to their high conductivity relative to sur-
rounding brain tissues (Fig. S7). Even if present in the simulations, this
field enhancement is negligeable as the size of the relevant enhancement
remains extremely small compared to the tissue damages induced by the
electrode implantation. Additionally, Lamos and colleagues [59] further
show no physical measurements of such field enhancement around
implanted electrodes although present in the simulations.

While the cohort of 13 patients across three centers provides pre-
liminary evidence of TI's effects on epileptic biomarkers, this sample size
is relatively small for drawing robust statistical conclusions, particularly
when subdivided by carrier frequency groups (low vs. high kHz). These
differences could introduce confounding factors; however, aggregated
data analyses revealed consistent biomarker suppression patterns across
centers (Figs. S1-S3), bolstered by large effect sizes (Cohen's d = 0.7).
Moreover, although the observed suppression of IEDs and HFOs in this
study is interpreted as indicative of therapeutic potential, supported by
correlations in DBS literature where such biomarker reductions are
associated with improved seizure control, we recognize that no direct
data on seizure frequency or clinical outcomes were collected during
these acute sessions. This constitutes a limitation of the current work, as
biomarker changes alone do not conclusively demonstrate anti-seizure
efficacy. To address these limitations of the study, an ongoing long-
term study is ongoing to investigate the effects of repeated TI stimula-
tion over a large group of patients and with different stimulation ses-
sions to evaluate impacts on seizure burden and patient-reported
outcomes.

5. Conclusion

The application of TI stimulation in patients with epilepsy represents
a novel and promising approach in the non-invasive treatment of epi-
lepsy. TI stimulation at Af = 130 Hz non-invasively suppresses hippo-
campal epileptic biomarkers in patients with mesial temporal lobe
epilepsy, with short-term carry-over after stimulation and reduced su-
perficial off-target effects when using higher carrier frequencies without
reduction of modulatory effect. The utilization of 130 Hz aligns with
previous invasive neuromodulation literature and preclinical TI studies
while indicating mechanistic differences between unmodulated kHz
carriers and amplitude-modulated fields.

As a final thought, additional future work could leverage TI for
cognition in epilepsy, specifically the ability of TI to reduce IEDs non-
invasively and in a targeted manner, as there is growing awareness
that IEDs transiently disrupt focal and global cognitive processes and
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anti-seizure medications are currently not deliverable in a focal manner
[60-63]. In that sense, TI could be a valuable tool in neurological
investigation of cognitive task performance with epilepsy patients.
Indeed, even for conduction block, as we observed for lower kHz fre-
quencies, it is possible that this mechanism could be used beneficially in
the context of epilepsy in future work.

While our preliminary findings are encouraging, further research is
essential to elucidate the potential of TI stimulation to manage other
focal epilepsies, not exclusively MTLE, and perhaps as a tool to assess
neurostimulation responses prior to DBS or RNS implantation. Future
research will need to expand the number and diversity of studied pa-
tients undergoing TI stimulation across different types of epilepsies and
perhaps assess the long-term impact of stimulation — for example
possible strategies to extend the length of the observed carry-over effect
to increase the period of time with suppressed epileptic activity. Indeed,
increasing the number of available options for therapy can only benefit
patients suffering from drug-resistant epilepsy.
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