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intro

What are the potential benefits of multimodal 

imaging combined with neuromodulation?



intro

Recording of brain activity simultaneously

- focally and at the network level

- adds to mechanistic understanding

- safety monitoring

- state dependent close-loop applications

Online interference with brain activity

- causal understanding

- network vs. local effects

- state dependent close-loop applications



intro

What are the disadvantages and challenges of 

multimodal imaging combined with neuromodulation?



intro

Challenges

- temporal, spatial resolution 

- safety

- artefacts

- feasibility

- accessibility, clinical translation

- cost



intro



7TMS-fMRI

WHITE: TMS coil (stimulation)

BLUE: MR coils (imaging) 
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8NIBS and Neuroimaging

TMS-EEG TMS-fMRI

TMS-sMRIfUS-TMS/EEG/MRI
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Momi et al. 2023

NIBS and Neuroimaging
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Momi et al. 2023

NIBS and Neuroimaging



12TMS - fMRI



13TMS - fMRI

Enorm

TMS(V1) TMS(MT)



14TMS - fMRI



Visual field defects
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Visuo-attentional training

Barbot et al., 2021, J Neurosc.

Cavaunaugh and Huxlin  et al., 2017, Neurology



The motion processing hierarchy



How to promote inter-areal communication?

Inter-regional Phase-Amplitude Coupling (PAC) 
reflects unidirectional coupling

V1 MT

tACS MT

tACS V1

normE[mV/mm]

0 0.3



Hypothesis

Promoting bottom-up direction of 
information flow should facilitate 
motion detection, and in turn, boost 
visual field recovery



Experimental design



Results
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V1-MT PAC



Does V1 reactivity predict recovery?



Enorm

TMS coil

TMS coil TMS coil

Does V1 reactivity predict recovery?



TMS coil

TMS coil TMS coil

Lesion side

Group results 
(HighTMS>LowTMS)

Does V1 reactivity predict recovery?



Lesion side

Group results 
(HighTMS>LowTMS)

Covariate analysis
(Changes in motion 

discrimination)
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NDR changes after Forward-

tACS

better

Does V1 reactivity predict recovery?

TMS coil

TMS coil TMS coil



▪ The pathway and direction-
dependent tACS protocol improves 
motion processing in the blind 
field 

• Changes in bi-directional cross-
frequency V1-MT interactions

• More efficient pathway-dependent 
processing 

Phase-Amplitude 

Coupling V1-MT



Phase-Amplitude 

Coupling V1-MT

▪ The pathway and direction-
dependent tACS protocol improves 
motion processing in the blind 
field 

• Changes in bi-directional cross-
frequency V1-MT interactions

• More efficient pathway-dependent 
processing 

▪ and enlarges visual field borders



Phase-Amplitude 

Coupling V1-MT

Perilesional V1 

reactivity

▪ The pathway and direction-
dependent tACS protocol improves 
motion processing in the blind 
field 

• Changes in bi-directional cross-
frequency V1-MT interactions

• More efficient pathway-dependent 
processing 

▪ and enlarges visual field borders

▪ was predicted by more perilesional 
V1 activity in response to TMS at 
baseline



TMS-EEG
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34TMS-EEG

EEG

Early local TMS-evoked
reactivity

TMS

Local (M1)

80 ms TMS



TMS-EEG



TMS-EEG



TMS-EEG - Example



F
ri
e

d
h

e
lm

 C
. 
H

u
m

m
e

l

38TMS-EEG – Example of application Stroke

+

- Hyperexcitability

- Decrease of tonic inhibition

-> Beneficial for plasticity

- Tonic Hyperinhibition

- Low excitability

-> Beneficial for 

preventing excitotoxicity

Disinhibition

Cortical GABAergic
system activity

-

Inhibition detrimental

beneficial

beneficial

Carmichael, 2012

Animal Models



TMS-EEG

Harquel et al. 2024 Stroke
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40TMS-EEG

Stroke Patients

Tscherpel et al., 2020

Bai et al., 2023

Bigoni et al., 2023Chronic stroke

Chronic stroke

Acute stroke



TMS-EEG - Stroke



Comparable to animal work

TMS-EEG - Stroke



TMS-EEG



tTIS-fMRI

Wessel, Beanato et al. 2023



tTIS-fMRI

Stimulation effects are specific to the subregion

already involved in the task

HF control

iTBS-tTIS

Wessel, Beanato et al. Nature Neuroscience (2023)



tTIS-fMRI

Beanato, Moon et al. 2024. Science Advances



tTIS-MR Spectroscopy



tTIS-MR Spectroscopy

▪ How does striatal tTIS modulate neuromodulator levels in the putamen?

▪ How does this differ when performing a motor learning task?



tTIS-MR Spectroscopy

▪ Majority of neurons in Putamen are GABAergic

• Medium spiny projection neurons

• GABAergic Interneurons

Putamen

GPe

GPi 



tTIS-MR Spectroscopy

▪ Record functional MR spectroscopy of the Putamen at 7T
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tTIS-MR Spectroscopy



tTIS-MR Spectroscopy

▪ Sequential finger tapping task to motor learning



tTIS-EEG



Transcranial Temporal Interference Stimulation (tTIS)

Electric field modeling with striatal montage
Maximilian J. Wessel, Elena Beanato et al. 2023

Temporal Interference (TI) Stimulation uses two electric fields at 

frequencies f1 and f2 to stimulate the brain at the difference 

frequency (|f1-f2|=∆f), which lies within the range of brain activity, 

non-invasively​.

‘Pulsed Temporal Interference’ uses two electric fields at 

frequencies, f1 and f2, and periodically switch a particular field to 

f2+ ∆f in a timed, pulsed manner (i.e. in bursts)​.

Each electric field is generated by a constant current sources



55Transcranial Temporal Interference Stimulation (tTIS)

What is the current hypothesis of how tTIS modulates brain activity?

Subthreshold stimulation that requires behavioral co-activation of the brain area of focus (rs- fMRI vs. task-based fMRI) 

(Wessel, Beanato et al. 2023, Violante et al. 2023)

Disruptive effect on the underlying network oscillation pattern when applied in a continuous and not in a pulsed-stimulation pattern (it 

is not phase locked to the underlying oscillatory rhythm or the continuous stimulation masks the underlying network activity

(Vassiliadis et al. 2024, Viera et al. 2024, Chenhao Yang et al. 2024)

At a cellular level, neuron can mix the high carrier frequencies and produces non-linear mixed products – new frequencies -

(Mirzakhalili et al. 2020 )

Neuron is mixing exogenous and endogenous subthreshold membrane potential oscillations to create new oscillatory frequencies

(Kinetics of voltage-gated sodium channels are non-linear)

(Luff et al. 2024)



57
tTIS - EEG concurrent recording

Concurrent TI-EEG recording:

Advantages

Continuous EEG recording during and after tTIS:

• ​Mechanistic understudying of tTIS effects on brain circuits with high temporal resolution 

• Reveal sustained effects of tTIS during and after the experiment

Technical challenges

tTIS creates voltage potential that is above the limits of commercially available EEG amplifiers: non-linear system

EEG recording will be distorted by non-linear artefacts, as a result of the tTIS



Intermittent theta burst stimulation pattern
Maximilian J. Wessel, Elena Beanato et al. 2023 Red arrows: Carrier TI frequencies (2kHz, 2.1kHz), TI stimulation artefact at 5Hz (FFT) 

Example of stimulation artefacts 

tTIS - EEG concurrent recording



Lack of Linearity​

Stimulation artefacts can be approximated by Taylor expansion:

Is an infinite sum of terms which represent an approximation of a function around a specific point on the function.

It allows any function (including non-linear ones, as long as it is infinitely differentiable) to be represented as the sum of terms 

scaled by the function’s derivatives at a specific point (with approximation accuracy reducing the further one gets from the 

specified point)

A Maclaurin Series is the same thing as a Taylor Series but with the specified point around which to approximate defined as 

zero:



Example of stimulation artefacts with continuous TI stimulation, beat frequency at 20Hz 

Carrier TI frequencies (2kHz, 2.02kHz) 
Red arrows: TI stimulation artefact  at 20Hz and its harmonics (FFT) 
Green arrows: TI stimulation artefact  at 30Hz (mixing with power line noise) 

TI stimulation, beat frequency 20Hz (enveloppe graphical representation)

tTIS - EEG concurrent recording



TI-EEG set up configuration: 

Passive high-pass filter: allows only the high carrier frequencies to pass, after the TI stimulators

Active low-pass filter: allows only the frequencies below 100Hz to pass, eliminating the carrier frequencies before reaching the EEG amplifier

tTIS - EEG concurrent recording, Hardware filter solution​



Hardware filters, tTIS 2kHz, Beat frequency 20Hz

EEG recording with hardware filters, no artefacts for all the EEG channels

Without hardware filters:

tTIS - EEG concurrent recording, Hardware filter solution​



63

Applications with tTIS-EEG recording and possible technological developments:

Closed-loop application based on neurofeedback and/or behavioral performance:

1. Optimize tTIS (beat frequency, pattern) based on cortical output EEG activity

2. Deliver pulsed-pattern stimulation, locked to endogenous cortical EEG activity

3. Enhance or disturb reinforcement learning, closed-loop with changes in cortical EEG recording

4. Modeling striatal sEEG activity in correlation with EEG cortical activity:                                                                          

adjust online envelope focus, beat frequency to endogenous rhythm, for example in Parkinson s disease

5. Phase-locking tTIS

tTIS - EEG concurrent recording
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Applications with tTIS-EEG recording:

Hippocampus TI stimulation and EEG cortical output:

Alzheimer’s disease (AD):  

• Establish physiological rhythm patterns in DMN and FPN

• Cortical biomarkers of response to TI stimulation

Striatum TI stimulation and EEG cortical output:

Parkinson’s disease (PD):

• Establish physiological rhythm patterns in cortico-basal ganglia loop, targeting pathological beta activity

• PD apathetic patients and targeting altered EEG alpha and theta oscillations 

tTIS - EEG concurrent recording



65Lesion-Network Mapping and Brain Stimulation Therapy

Siddiqi &Fox 2023



66Lesion-Network Mapping and Brain Stimulation Therapy

Hollunder et al. 2024



67Lesion-Network Mapping and Brain Stimulation Therapy

Hollunder et al. 2024



Lesion-Network Mapping and NIBS Therapy

Siddiqi &Fox 2024
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69Take Home Messages

Recording of brain activity simultaneously

- focally and at the network level

- adds to mechanistic understanding

- safety monitoring

- state dependent close-loop applications

Online interference with brain activity

- causal understanding

- network vs. local effects

- state dependent close-loop applications

Challenges

- safety

- artefacts

- feasibility

- accessibility, clinical translation

- cost

Selection of method

- local vs network activity

- oscillatory vs. activation

- artefact profile
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