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Lecture objectives

• Introduction to brain stimulation techniques 

• Understand the basics of Non-invasive brain 
stimulation using TMS

• Understand advantages and disadvantages 
and potential uses of these techniques



NIBS offers a variety of approaches to study 
and modulate brain function

electrophysiological techniques, either consecutively or concurrently
(section “Combining NTBS with neuroimaging and electrophysiology”).
The benefit for NTBS is twofold. Firstly, neuroimaging and electrophys-
iology can inform subsequent NTBS (section “Neuroimaging and
electrophysiological approaches to inform NTBS”), providing informa-
tion about where (section “Where to stimulate?”), when (section
“When to stimulate”), and how (section “How to stimulate?”) the
brain should be stimulated. Secondly, neuroimaging and electrophysiol-
ogy can provide readouts (i.e. indices ormeasurements) of neuronal ac-
tivity, which allow to assess the changes caused by NTBS (section
“Neuroimaging and electrophysiology as readout for NTBS effects”).
“Online” brain mapping offers an immediate readout of acute NTBS ef-
fects that arise during or seconds after the application of NTBS (section
“Concurrent application to read out immediate effects of online NTBS”).
“Offline” brain mapping is performed after a plasticity-inducing NTBS
protocol to capture neuromodulatory after-effects that outlast NTBS
for minutes to hours (section “Consecutive application to read out
after-effects induced by offline NTBS”). Both strategies can be combined
to close the loop between measuring and modulating brain activity by
means of closed-loop brain state-dependent brain stimulation (section
“Closing the loop with brain-state dependent NTBS”). Here we present
a conceptual framework for combining NTBS with neuroimaging and
electrophysiology, emphasizing principal strategies and highlighting
promising future directions. Importantly, TCS and TMS are not discussed

in isolation, but rather contrasted and compared in each of the sections.
Due to space restrictions, we do not provide an exhaustive technical re-
view of the state-of-the-art for combining NTBS and neuroimaging/
electrophysiology (Siebner et al., 2009a).

A primer on non-invasive transcranial brain stimulation (NTBS)

NTBS can be given “offline” or “online”with respect to a task or brain
mapping (Fig. 1): (1) The “Offline” approach applies conditioning NTBS
protocols that can induce long-term potentiation (LTP)-like or long-
term depression (LTD)-like plasticity and hereby facilitate or inhibit a
certain brain region before a task or brain mapping. Task performance
and brain activity measurements after NTBS are used as readouts to un-
cover the consequences of NTBS-induced plasticity on human brain
function (Siebner et al., 2009a). (2) The “Online” approach applies
NTBS during a task or neuroimaging to measure its immediate impact
on brain function or activity. Depending on the applied NTBS technique
and the very stimulation parameters chosen, online NTBS can be used
(a) to quantify local network properties by applying stimuli that are
strong enough to evoke direct neural output (i.e., synaptic activity),
(b) to interfere with ongoing spontaneous neural activity or task-
related neuronal processing, or (c) to modulate the level or timing of
spontaneous or task-related neuronal activity.

Fig. 1. Principal experimental approaches using NTBS. The “Online” NTBS approach applies NTBS during a task or neuroimaging to measure its immediate consequences for behavior,
perception, or brain activity. Depending on the applied NTBS technique and the very stimulation parameters chosen, online NTBS can be used (a) to quantify local network properties
by applying stimuli that are strong enough to evoke direct neural output (i.e., synaptic activity), (b) to interfere with ongoing spontaneous neural activity or task-related neuronal pro-
cessing, or (c) to modulate the level or timing of spontaneous or task-related neuronal activity (see section “A primer on non-invasive transcranial brain stimulation (NTBS)” for details).
The “Offline”NTBS approach applies conditioningprotocols that can induce long-termpotentiation (LTP)-like or long-termdepression (LTD)-like plasticity andhereby facilitate or inhibit a
certain brain region before a task or brain mapping (e.g. fMRI). Task performance and brain activity measurements are used as readouts to uncover the consequences of NTBS-induced
plasticity on human brain function.
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NIBS approaches

Bergmann et al., NeuroImage, 2016 



TMS

• Relatively recent technique that induces 
current in the brain by using a magnetic field 
outside the skull



Mechanism of TMS action 
Rapid-onset brief electrical 
current generated in the coil

Produces rapid-onset brief 
magnetic field pulse (up to 
2 Tesla)

Induces rapid-onset brief 
electrical field

Induces rapid-onset brief 
electrical current in the brain 
(mostly cortex)

Which has an effect on some task

Walsh V & Cowey, 2000. 



Electromagnetic induction 



Basics of TMS
• Induces electric current in 

brain

• Non-invasive

• Painless

• Not deep stimulation 

• Can be used repeatedly in 
humans



Using TMS to quantify brain function
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Measuring motor evoked potential (MEP)



Types of TMS – Single TMS pulse

Single pulse TMS can be used to elicit motor-evoked potentials

A non-invasive method for assessing the integrity of the central  
motor pathway function and detecting abnormalities in                  
corticospinal pathways in various diseases



Motor evoked potentials

TMS to motor cortex induces motor evoked potentials (MEP’s) in muscle

MEPs are the most common measure of changes in cortical excitability

A variety of MEP parameters can be studied:
- Latency
- Amplitude
- Duration
- Area
-Silent period

Three basic physiological mechanisms may influence the size of the MEP:
- The number of motor neurones recruited in the spinal cord
- The number of motor neurones discharging more than once to the stimulus
- The synchronisation of the TMS-induced motor neuron discharges



The Motor-evoked potential – Stimulation Intensity

The threshold of stimulation can be an      
indicator of abnormality in certain            
disorders

Threshold is defined as the power level at 
which a response can be detected in 50% 
of the trials

Thresholds can be measured at rest and   
when muscles are actively contracted

Pascual Leone et al., 1998



Klein-Flugge & Bestmann, J Neurosci 2012

Using single pulse TMS to investigate changes 
in motor excitability during action selection

At level of M1/PMd, multiple options are initially specified in parallel but are 
then gradually eliminated through competitive process

Offer

Respond (RT)

Outcome

Single pulse TMS applied at different times during 
motor preparation period



Gradual competition between action representations

Excitability distinguishes between chosen vs. not-chosen actions early on 
(~200ms) in preparation/decision process

Klein-Flugge & Bestmann, J Neurosci 2012



25% 50% 75%

R = -0.75, p < 0.01 

Cortical excitability in M1    
preceding volitional 

movements in Tourette 
syndrome

Draper et al., J. Neuropsychology, 2014



TMS recruitment curves for TS group and matched controls

Draper et al., Current Biology, 2014

Differences in IO curves may signal important changes in 
cortical excitability



Types of TMS – Paired pulse techniques

Paired pulse TMS can be used to examine 
modulation of motor cortex excitability by 
local circuits or afferent input from other        
brain areas

Dual (paired)-pulse TMS: stimulation with 
two distinct stimuli through the same coil at a 
range of different intervals. The intensities      
can be varied independently

Double TMS: stimulation with two separate  
stimulation coils applied to different cerebral 
loci; the timing and stimulus intensity are        
adjusted separately



The Motor-evoked potential – Paired pulse

Short ISI’s cause an inhibition of 
excitability - seen through a          
reduction in MEP amplitude

Long ISI’s have an facilitatory
effect - causing an increase in     
MEP amplitude

Pascual Leone et al., 1998

Dual (paired)-pulse TMS



Drug effects on TMS measures

Ulf Zieman, 2013



Altered cortical GABA function in Tourette syndrome
TMS studies using paired-pulse protocols indicate impaired GABAA dependent 
cortical inhibition.

Orth et al., Brain, 2005

Subthreshold

SICI

Conditioning
pulse

Test
pulse

Adapted from Di Pino et al., Nat. Rev. Neurol. , 2014

TMS
artefact

Test pulse
MEP



Combining techniques: Investigating white matter pathways          

mediating functional connectivity

Double coil TMS (Pmc – M1)

Boorman, O’Shea, Sebastian et al., Current Biology, 2007



Combining techniques: Investigating white matter pathways          
mediating functional connectivity

Functional connectivity
measure

Structural connectivity
measure

correlate

Fiber tracking from    
found clusters

Double coil TMS (Pmc – M1)

Diffusion-weighted imaging

Boorman, O’Shea, Sebastian et al., Current Biology, 2007



Massimini et al. Science, 2005

• Example application: altered brain 
connectivity during sleep

• Single-pulse TMS applied to Premotor
cortex.

• TMS effects propagate to remote sites 
during wakefulness but NOT during 
NREM sleep

Advantages of combining TMS and 
EEG recording. 

TMS

TMS



Cortical mapping 

• TMS studies can address specifically the issue of 
cortical reorganization by mapping procedures



Cortical mapping – post stroke

Hamdy et al 1996



Mapping muscle representations in motor cortex in 
Tourette syndrome using neuro-navigated TMS

Sigurdsson et al., Cortex, 2020

A. B.



Using TMS to interfere with brain function; ‘virtual 
lesion’ approaches



Studying brain-behaviour relationships in humans  

• Lesion Studies

– Single or few case studies

– Cognitive abilities may be globally impaired

– Comparisons must be made to healthy controls

• Neuroimaging (Brain Mapping) Techniques

– Non-invasive identification of brain injury correlated with a given behaviour

– Association of brain activity with behaviour

– Cannot demonstrate the necessity of a given region to a function

• Direct cortical Stimulation

– Invasive
– Time constraints limit the experimental paradigms
– Retesting is not possible



Advantages of using TMS in the study of brain-
behaviour relationships

• Study of normal subjects eliminates the potential confounds of 
additional brain lesions and pathological brain substrates

• Acute studies minimize the possibility of plastic reorganization 
of brain function

• Repeated studies in the same subject

• Study multiple subjects with the same experimental paradigm

• Study internal network interactions by targeting different brain
structures during a single task and disrupting the same 
cortical regions during different related tasks



Important issues in TMS experimental design for behavioural
studies

• Confounding effects

– Loud “click” during each pulse (attention)

– Tactile sensation at site of stimulation

– Blink reflex and sometimes scalp twitching

>> Need to control for these reactions 



• Control conditions for TMS experiment
– To ensure changes in performance be ascribed to TMS effects upon a 

specific brain area

– Generally, need a combination of control conditions

Control 
conditions

Sham 
stimulation

Vertex 
stimulation

Control 
sites

Control task/
conditions within 

tasks

Important issues in TMS experimental design for behavioural 
studies

An illustrative example





Hamilton et al. TICS, 2001

Role of “visual” cortex in tactile information 
processing in early blind subjects



Hamilton et al. TICS, 2001



Using TMS to modulate with brain function



Neuronal oscillations, cortical excitability, balanced excitation and inhibition

Uhlhaas & Singer (2010). Nature Reviews Neuroscience



Brain oscillations reflect synchronized firing of neural populations

Alpha oscillations (8-13Hz) in LGN and over occipital 
areas are in synchrony (Crunelli et al., 2011)

Occipito-parietal EEG 

LGN (Thalamus)

Occ-EEG (8-13Hz)

LGN (8-13Hz)

Occ-EEG

LGN

EEG x LGN

Izhikevich&Edelman, PNAS 2008



time

Stimulus

Percept

noyes

yes

MEG/
EEG

Pre-stimulus oscillations

Occipito-parietal oscillatory signatures in the alpha-
band  (8-14Hz) prior to a stimulus predicts the        
perceptual fate of the stimulus

Pre-stimulus
α-difference map

(yes vs. no percept)

Pre-stimulus: -1000 to 0ms

Percept-yes
Percept-no

α

Pre-stimulus 
power spectrum

(yes vs. no percept)

VanDijk et al. J Neurosci, 2008

Pre-stimulus cortical oscillations predicts perception

Report



percept No percept

discrete sensory sampling 
theory 

A.  

percept

No percept

alpha-power linked to perception and 
modulated by attention

B. 

Electrophysiology

Behavioural performance is predicted by brain oscillations

Visual perception

Phase (degrees)

A. neural excitability 
cycles with phase

Po
w

er

B. Alpha-power 
inhibition model

Hypothesis: Visual perception is influenced by oscillatory power and phase



Rhythmic pre-stimulus TMS to entrain oscillations and
bias perception

time
Visual Stim

rhythmic
TMS

• Synchronization of more and more neurons to     
the TMS train

• >1 TMS pulse that are in phase

Hypothesis:
Entrainment conceivable!

Can rhythmic TMS be used to entrain brain oscillations and    
alter behavior? 



rTMS1
5 pulses

rTMS2
5 pulses

rTMSn
5 pulses

Pre-TMS MEG-session
• Identification of individual alpha-generators 
(through spatial attention task)

TMS-EEG session

MEG source TMS-site

• short TMS bursts (n=5 pulses)
• TMS over right alpha generator
• TMS at individual alpha frequency 
• several TMS controls 

(including arhythmic TMS and sham TMS)

TMS-induced entrainment

TMS-EEG

Alpha-TMS
at IAF: 11Hz

CP4

CP4

CP4

• alpha-TMS creates a local        
alpha- signature

Thut et al. Current Biology, 2011



occipitocentral a-maps (initial Map 190!&270!) vanished after
pulses 1–2 [Figure 3A, fitting results, gray lines, simple effect
of TMS pulses: F(4,28) = 5.93, p = 0.0014]. In contrast, the right
parietal a-maps (end Map 590!&270!) progressively appeared
over the successive pulses of the train [Figure 3A, fitting
results, red lines, simple effect of TMS pulses: F(4,28) = 3.12,
p = 0.03; polynomial linear contrast: 7.44, p = 0.029].

Comparing all conditions in terms of waves and topogra-
phies evoked by the end of the train (last pulse: Tms5, end

Map 590!&270!) (Figure 3B, upper panel) revealed that only
a-TMS evoked a clear a-wave (left box, red line) and a right
parietal a-map (right maps, compare a-TMS with a-TMS90,
ar-TMS, and a-TMSsham; see Figure S2 for information across
all pulses). Map fitting to individual data (fitting results de-
picted in Figure 3B, lower panel) statistically confirmed condi-
tion specificity. The right parietal (entrainment) maps (Map
590!&270! to a-TMS) showed a progressive time course during
a-TMS, which was absent in all other conditions (Figure 3B,

Figure 2. Grand-Averaged Time-Frequency Plots and Topographical Analysis

Comparison of a-TMS bursts (active a-TMS perpendicular to target gyrus) with all three control conditions, i.e., a-TMS90 (active a-TMS parallel to target
gyrus), ar-TMS (active rapid-rate TMS in an arrhythmic regime perpendicular to target gyrus), and a-TMSsham (inactive a-TMS).
(A) Time-frequency plots for electrode CP4 (closest to TMS hot spot) for all conditions (left panels) and subtractions (a-TMSminus control, right panels). w1
and w2 indicate windows of distinct early and late effects (the windows cover the entire train, which lasted 400 ms).
(B) Topographies of the TMS-evoked responses for a-layer activity in the early window (w1).
(C) Topographies of the TMS-evoked responses for a-layer activity in the late window (w2). The columns represent grand-averagemaps (left column), differ-
ence maps (a-TMS minus controls; middle columns), and corresponding t statistics (right columns). Xs indicate electrodes with statistically significant
voltage differences in a-TMS relative to the corresponding control.
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Thut et al. Current Biology, 2011



TMS induced phase-locking

Thut et al. Current Biology, 2011



Motor cortical entrainment through median nerve stimulation

Morera et al., Current Biology, 2020



Motor cortical entrainment (inter-trial coherence)

Morera et al., Current Biology, 2020



Using TMS to induce ‘offline’ effects



Types of TMS – Repetitive rTMS 

Single pulse TMS shows surprisingly few  
effects on cognitive processes

Repetitive (r)TMS may induce effects         
that outlast the stimulation period

rTMS developed in part to probe higher   
order cortical function

rTMS effects have been used as a tool to  
disrupt temporarily activity in local or        
remote cortical areas



Effects on motor-evoked potentials – Low frequency rTMS

Muellbacher et al., 2000Touge et al., 2001

Low frequency (slow) TMS  (<1Hz)
• Suppresses cortical excitability
• Raises motor threshold



The Motor-evoked potential – high frequency rTMS

Gorsler et al., 2003

Effects of 0.5Hz and 5Hz rTMS to M1 for 
FDI MEP amplitude

Pascual Leone et al., 1998

High frequency (rapid-rate) TMS  (>1Hz)
• Enhances (facilitates) cortical excitability
• Lowers motor threshold

rTMS 20Hz, 120% RMT
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Repetitive TMS protocols may modulate cortical excitability
A

B

TBS

Huang et al., 2005

The Motor-evoked potential – Theta-burst
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Effects of rTMS on cortical excitability are highly variable across individuals

0

0.5
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3

B T0 T5 T10 T15 T20 T25 T30

cTBS, N=52

Hamada et al., 2012
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Variability of response to rTMS



John Rothwell IoN

Intermittent theta burst 

(iTBS) induced MEP 

plasticity is highly variable 

between subjects

115 healthy volunteers 

aged mainly 18-22 years

Black: median

Green: mean

Rodil Midpoint Quality Analysis -

Cheeran, Fernandez Del Olmo, Mir 

et al."
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Personalising non-invasive brain stimulation in psychiatry 

New units of analysis in the framework of precision psychiatry.

Padberg et al. Experimental Neurology, 2021



Zrenner et al., Brain Stimulation, 2018

Does it matter when stimulation is delivered?





Rodent study of closed-loop phase-dependent stimulation



Arruda et al., J. NeuroEngineering and Rehab., 2021 

A. B. C. 

Phase-dependent median nerve stimulation used to modulate 
tremor in Parkinson’s disease



Inducing neural variability (‘noise’) using rTMS

In a recent pre-clinical study 10HZ 
(excitatory) rTMS was applied to the visual 
cortex.

Surface map of V1: colours indicate the 
preference for lines of a particular 
orientation.

After rTMS the map has been altered. The 
orientation preferences are not as 
reproducible as prior to rTMS and are less 
specific to orientation (they are “noisier”)

Kozyrev et al., PNAS, 2018

Does rTMS enhance learning through inducing variability?



Destablisation of visual maps makes the 
visual circuits more sensitive (‘plastic’) to new 
learning

• 30 mins of 10Hz rTMS or sham rTMS delived

• 30 minutes presentation of stimuli at 0o

(RED) or 90o (BLUE/GREEN) orientation

• After training orientation preference for -

45o, 0o, 45o, 90o stimuli measured

Results

• rTMS significantly enhanced learning of 

trained orientations relative to sham-TMS

• No difference between rTMS and sham-TMS 

for non-trained orientations

Does rTMS enhance learning through inducing variability?

Kozyrev et al., PNAS, 2018



devices, the TMS coil or the TCS electrode montage needs to be deter-
mined to apply a current of optimal intensity and orientation to the tar-
get site.

Consecutive application to derive spatial information
The target site and optimal position of the NTBS device are relatively

stable entities. Therefore, neuroimaging or electrophysiological map-
ping can be performed before starting an NTBS experiment to derive
the necessary spatial information. The choice to target a certain region
is primarily motivated by the research question and commonly based
on the existing literature. Yet the precise location of the target site in
an individual brain still remains to be determined due to substantial
inter-subject anatomical variability. Several approaches are listed here
in the order of increasing precision and experimental power (Sack
et al., 2009; Sparing et al., 2008).

(1) Skull anatomy-based site selection relies on skull anatomy alone
and does not require any information from neuroimaging but is
also relatively inaccurate. This approach uses cranial landmarks
to determine the approximate location of a brain region, e.g. a
certain distance lateral and anterior of the vertex or inion for
the primary motor hand area (M1HAND) and the early visual cor-
tex, respectively; often also positions of the 10–20 EEG system
are used, such as C3/C4 for M1HAND, O1/O2 for visual cortex, or
F3/F4 for the dorsolateral prefrontal cortex (DLPFC).

(2) Brain anatomy-based site selection relies on neuroanatomical
landmarks and is based on information derived from (e.g. T1-
weighted) structuralMRI. Some brain regions can be roughly de-
termined based on the spatial pattern of cortical gyri and sulci
and their respective location or shape. For instance, the M1HAND
can be identified as omega-/epsilon-shaped “hand-knob” in the
central sulcus (Boroojerdi et al., 1999; Yousry et al., 1997), and
the frontal eye field (FEF) is often assumed anterolateral to the
intersection of superior frontal sulcus and precentral sulcus
(but see Vernet et al., 2014).

(3) Functionally defined site selection relies on the functional in-
volvement of a specific brain region and requires structural
(MRI) as well as functional imaging data (e.g. fMRI or MEG/
EEG) to derive the coordinates for which neuronal activity is
maximally associated with a certain task condition or experi-
mental contrast. Either (a) the coordinates are identified in pre-
vious group studies and denormalized to estimate the location
in the specific subject's brain, for instance for the left posterior in-
ferior frontal gyrus (Hartwigsen et al., 2013), or (b) individual
functional localizers (independent functional imaging experi-
ments) are conducted to identify the coordinates for each sub-
ject. This kind of spatial information can be derived from fMRI,
for instance to localize the FEF (Marshall et al., 2015b)), but
also high-densityMEG or EEG can be used for this purpose, espe-
cially if one is interested in the spatial localization of a certain

Fig. 2. Neuroimaging and electrophysiological measures may inform NTBS about where, when, and how to stimulate. This information can be exploited to improve the precision and
efficacy of NTBS protocols and to enable the investigation of NTBS effects in a brain state-dependent manner by relating the NTBS effects to the spontaneous or task-related neuronal
activity at the time of stimulation.

7T.O. Bergmann et al. / NeuroImage 140 (2016) 4–19

Bergmann et al., NeuroImage, 2016 

Considerations for studies using NiBS


