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BG/Striatum alterations :

Hippocampus alterations :

Ø Parkinson’s, Huntington’s disease

Ø Addiction

Ø Schizophrenia

Ø Stroke recovery

Ø….

Epilepsy

Traumatic Brain Injury (TBI)

Alzheimer’s disease

….

Impact
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For review see e.g., Ziemann 2017; Hummel & Cohen 2006; Wessel et al. 2015; Saturnino et al. 2017)

transcranial
Direct Current
Stimulation
(tDCS)

transcranial
Alternating
Stimulation
(tACS)

transcranial
Magnetic
Stimulation
(TMS)

Neuromodulation byNIBS
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For review see e.g., Hummel & Cohen 2006,; Wessel et al. 2015; Saturnino et al. 2017)

transcranial
Direct Current
Stimulation
(tDCS)

transcranial
Alternating
Stimulation
(tACS)

transcranial
Magnetic
Stimulation
(TMS)

Conventional tES TMS

Depth-focality trade-off

Neuromodulation byNIBS
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Striatum

DeepBrain Stimulation (DBS)

…only invasive…!

DBS 1.0

lesioning neuromodulation

DBS 2.0
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For review e.g., Yüksel et al. (2024) IEEE EMBS
Wessel et al. (2023) Nature Neuroscience
Violante et al. (2023) Nature Neuroscience

Non-invasiveDeepBrain Stimulation (DBS)?

transcranial focusedultrasound
(tUS)

transcranial temporal interferencestimulation
(tTIS)

DeepTMS

Zibma et al., 2021, Pell et al., 2023



deep TMS
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NX-436Neuromodulation of deep brain structures

Deep brain regions are altered in many neuro-psychiatric disorders:

e.g., striatum, hippocampus, thalamus, DLPFC
- Stroke
- Apathy
- Parkinsons’ disease
- Epilepsy
- Dementia…

Motor control

Reward processing

Decision-making

Emotions

Memory etc
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Deep brain regions are altered in many neuro-psychiatric disorders:

e.g., striatum, hippocampus, thalamus, DLPFC
- Stroke
- Apathy
- Parkinsons’ disease
- Epilepsy
- Dementia…

Motor control

Reward processing

Decision-making

Emotions

Memory etc

Challenge: focal, non-invasive deep brain stimulation is not possible with conventional approaches
due to steep depth-focality trade-off
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Challenge: focal, non-invasive deep brain stimulation is not possible with conventional approaches

TMSConventional tES Deep brain stimulation
is so far limited to
invasive methods

Deep brain regions are altered in many neuro-psychiatric disorders:

e.g., striatum, hippocampus, thalamus, DLPFC
- Stroke
- Apathy
- Parkinsons’ disease
- Epiepsy
- Dementia…

Motor control

Reward processing

Decision-making

Emotions

Memory etc
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Zibma et al., 2021, Pell et al., 2023,
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Zibma et al., 2021, Pell et al., 2023, https://www.brainsway.com



NX-436Deep TMS

Zibma et al., 2021, Pell et al., 2023



NX-436Deep TMS

Zibma et al., 2021, Pell et al., 2023, https://www.brainsway.com
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Deep TMS has been CE-marked to treat:

Patients diagnosed with major depressive disorder.
Patients diagnosed with obsessive-compulsive disorder.
Patients diagnosed with smoking addiction.
Patients diagnosed with Alzheimer’s disease.
Patients diagnosed with autism.
Patients diagnosed with bipolar disorder.
Patients diagnosed with chronic pain.
Patients diagnosed with multiple sclerosis (MS).
Patients diagnosed with Parkinson’s disease.
Patients diagnosed with post-stroke rehabilitation.
Patients diagnosed with post-traumatic stress disorder (PTSD).
Patients diagnosed with negative symptoms of schizophrenia

o Deep TMS by means of H-Coils allows to reach deeper (cortical) structure
o Lower focality then classical Figure of 8 coils
o Based on special coil architecture
o Improves treatment effects

o However, still limited to the Cortex!



tTIS
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NX-436Transcranial temporal interference electrical stimulation (tTIS)

Wessel*, Beanato* et al., 2023, Nature Neuroscience; Vassiliadis et al., accepted Nature Human Behaviour (and bioRxiv);
Violante et al. 2023 Nature Neuroscience; Grossman et al. 2017 Cell
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Grossman et al., Cell 2017

High frequency
outside neural
operation

Frequency
recruiting
neurons

Transcranial Temporal Interference Stimulation (tTIS)
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Grossman et al., Cell 2017; Dmochowsk et al. 2017 Cell

High frequency
outside neural
operation

Frequency
recruiting
neurons

Transcranial Temporal Interference Stimulation (tTIS)
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Grossman et al., Cell 2017; Dmochowsk et al. 2017 Cell

Transcranial Temporal Interference Stimulation (tTIS)
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Grossman et al., Cell 2017 Violante et al., Nat Neurosci 2023

Rodents Human cadaver

tTIS – animal /cadaverwork
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Questions to solve

tTIS – in humans

Localization
Stimulation parameters

Focality of stimulation effects
Validation of stimulation effects
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Iacono MI et al. (2015).: PLoS one 10(4): e0124126
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Iacono MI et al. (2015).: PLoS one 10(4): e0124126

Simulations – anatomicalmodelx
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Iacono MI et al. (2015).: PLoS one 10(4): e0124126

Further informing the model

Diffusion tensor imaging (DTI) to obtain information on
tissue anisotropy and fiber orientation

Simulations – anatomicalmodelx
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Courtesy E. Neufeld

Hippocampus simulations (MIDA model)

Labels DTI Directions TI stimulationContours

Simulations – anatomicalmodelx
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Courtesy E. Neufeld

High resolution head model (MIDA, SIM-4-Life) in
cooperation with E. Neufeld (IT’IS, ETH Zürich)

Whole brain simulations (MIDA model)

Simulations – anatomicalmodelx
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Courtesy M. Wessel

High resolution head model
(MIDA, SIM-4-Life; IT’IS, ETH Zürich)

TIP Planning Tool (o2s2PARC platform, IT’IS, CH) Bilateral striatum

Globus pallidus Globus pallidus (optimized)

Striatum (optimized)

Planning electrode placement

See also Lee et al. 2020; 2022
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Grossman et al., Cell 2017

2 kHz 10 Hz

10 Hz

Good spatial resolution

Able to reach deep brain structures

Simulations crucially important for targeting

tTIS – human translation?

Feasible, effective in humans?

Cassara et al. 2022 bioRxiv

2.005 kHz
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Blinding,, perceived sensations, safety



NX-436Blinding,, perceived sensations, safety

Vassiliadis et al. (2024) J Neural Eng

Deep tTIS
n=119 subjects, n=257 sessions

Piao et al. (2022) Brain Sciences

Cortical tTIS
n=38 subjects
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Neuroplasticity Neuronal entrainment Interference

Wessel, Beanato et al. (2023) Nature Neuroscience
Popa, Beanato et al. (2023) bioRxiv
Beanato, Moon et al. (under review)

Vassiliadis et al. (accepted) Nature Human BehaviorViolante et al. (2023) Nature Neuroscience

https://integratedlistening.com
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Alekseichuk, 2022

Subthreshold stimulation requires co-activation (Fritsch et al. 2010)
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Alekseichuk, 2022

Subthreshold stimulation requires co-activation (Fritsch et al. 2010)

Co-activation steers the stimulation effects

Sub-threshold stimulation

Neuron1

Neuron2

Neuron3

Neuron4

Neuron5

Neuron6
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Alekseichuk, 2022

Subthreshold stimulation requires co-activation (Fritsch et al. 2010)

Co-activation steers the stimulation effects

Sub-threshold stimulation

Neuron1

Neuron2

Neuron3

Neuron4

Neuron5

Neuron6



NX-436transcranial Temporal Interference Stimulation (tTIS)

Simulations on high
resolution head model
(collab. Prof Neufeld)

Grossman et al., 2017, Cell

Animal model validation (Grossman et al., 2017)

Application on cortical structures in humans (Ma et al., 2021)

Cadaver work (Violante et al., 2023)

First application of
deep tTIS in humans
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Plasticity enhancing-Theta burst stimulation

Hippocampal field CA1

Larson& Munkasy 2015
Andersen 1991

Huang et al.2005

- iTBS-TI: 2 tACS channels @ 2kHz and 2.1kHz creating an interference wave with an envelope
mimicking a theta-burst, with trains of 3 peaks @100Hz repeated every 200 ms applied for 2sec
and followed by 8 sec of HF-control

- HF-control: 2 tACS channels @ 2kHz without shift in frequencies
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- iTBS-TI: 2 tACS channels @ 2kHz and 2.1kHz creating an interference wave with an envelope
mimicking a theta-burst, with trains of 3 peaks @100Hz repeated every 200 ms applied for 2sec
and followed by 8 sec of HF-control

- HF-control: 2 tACS channels @ 2kHz without shift in frequencies

Hippocampal field CA1

Larson& Munkasy 2015
Andersen 1991

Huang et al.2005

+

Zimerman et al.2013, 2014; Draaisma et al. 2022,
Maceida et al. 2022; Wessel et al. 2022

Plasticity enhancing-Theta burst stimulation
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Wessel*, Beanato* et al., 2023, Nature Neuroscience

Striatal tTIS can modulate striatal activity and improve motor sequence learning

iTBS > HF control
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• Grid cells in Entorhinal cortex (EC)

• allocentric spatial representation in the brain

• Spatial navigation
• Memory

• Alzheimer's disease (AD) /MCI

Hippocampus (HC)
Entorhinal Cortex (EC)

Vann et al., 2009; Moser et al. 2008; Byrne et al. 2007; Kunz et al., 2015

Plasticity-inducing tTIS during spatial memory
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• N = 30 young healthy subjects
• Age 23.6 ± 4.07
• Randomized, double-blind

design
• 6 blocks of ~ 9,5 min each
• A-B-C-C-B-A design
• Stimulation: iTBS-TI vs. cTBS-TI

vs. control during encoding and
retrieval phase

• Target: right hippocampus
• Instruction: “perform as

accurate as possible”

Beanato, Yoon et al. (in prep)

Plasticity-inducing tTIS during spatial memory
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Beanato, Yoon et al. (in prep)

*

Distance error Time to Target

R=-0.55
p=0.01

The bigger the hippocampal activity during iTBS vs
cTBS the faster subjects retrieve the information
about where to go

*

Plasticity-inducing tTIS during spatial memory
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• Non-invasive focal deep brain stimulation in humans is
possible (Wessel, Beanato et al. 2023 Nature Neuroscience; Violante et
al. 2023 Nature Neuroscience; Vassiliadis et al. acc Nature Hum Beh)

• Good safety profile (Vassiliadis et al. JNE 2024)

• Huge potential for clinical applications, as deep brain
structures like the striatum (e.g., stroke recovery, addiction, apathy,
movement disorders) or the hippocampus (e.g., dementia, epilepsy) play
a key role in the pathophysiology of the disorder

• Allows to extend orchestrated neuromodulation to
subcortical-cortical interactions
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§ Temporal Interference stimulation (tTIS) provides a promising, disruptive opportunity to
neuromodulate non-invasively deep brain structures like the
§ striatum (e.g., Wessel, Beanato et al. 2023 Nature Neuroscience; Kwak et al. 2023 Brain Stimulation)

§ hippocampus (e.g., Violante et al. 2023 Nature Neuroscience; Grossman et al. 2017 Cell)
with good focality-depth trade off in first proof-of-concepts

§ Detailed simulations crucial for topographic specific application

§ tTIS well perceived, good blinding, safe (Vassiliadis et al. submitted; Piao et al. 2022 Brain Sci)

§ Open new opportunities to study causal relationships between deep brain structures and function in
vivo in humans and to develop novel non-invasive interventional strategies for neurological and
psychiatric disorders targeting deep brain structures causally involved in the pathophysiology

§ Open questions, challenges
§ Personalized application
§ Higher topographic resolution
§ Understanding of underlying mechanisms
§ Closed-loop stimulation
§ Home-based self-application
§ Proof-of-concept in clinical populations

Summary
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Questions?


