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Electro-Magnetic InductionElectro-Magnetic Induction

““I think I got hold of a good thingI think I got hold of a good thing””

M. FaradayM. Faraday
29 August 183129 August 1831



““Modern EraModern Era””

Anthony BarkerAnthony Barker
12 February 198512 February 1985



House, MD [2006 season; Fox Television]House, MD [2006 season; Fox Television]



Noninvasive Targeting of Specific CorticalNoninvasive Targeting of Specific Cortical
Regions: Frameless Regions: Frameless StereotaxyStereotaxy



TMS TerminologyTMS Terminology
•• Single pulse TMSSingle pulse TMS

•• single stimulus every 5-10 secsingle stimulus every 5-10 sec
•• Paired pulse TMSPaired pulse TMS

•• subthreshold stimsubthreshold stim. then. then suprathreshold stim suprathreshold stim..
•• stimuli separated by 1-20stimuli separated by 1-20 msec msec

•• Repetitive TMS (rTMS)Repetitive TMS (rTMS)
•• trains of stimuli to one brain areatrains of stimuli to one brain area
•• slow = low frequencyslow = low frequency
•• fast (high freq) > 1 Hzfast (high freq) > 1 Hz

•• Asynchronous Repetitive TMSAsynchronous Repetitive TMS
•• Intermittent or continuous Theta BurstIntermittent or continuous Theta Burst



A Clinical TestA Clinical Test
Motor Central Conduction TimeMotor Central Conduction Time



A Clinical TestA Clinical Test
Motor Central Conduction TimeMotor Central Conduction Time



Another Clinical Test:Another Clinical Test:
Paired-pulse studiesPaired-pulse studies



Induction of speech arrestInduction of speech arrest



Induction of Induction of paraphasic paraphasic errorserrors



Transcranial Transcranial Magnetic Stimulation (TMS)Magnetic Stimulation (TMS)



Topographic PrecisionTopographic Precision

Scalp markersScalp markers

Gugino Gugino et al. et al. Clin NeurophysiolClin Neurophysiol  20002000

StereotaxyStereotaxy



Topographic resolutionTopographic resolution



Mechanism of actionMechanism of action



Mechanisms of action:Mechanisms of action:
Interaction between induced current and axonsInteraction between induced current and axons



Mechanism of action:Mechanism of action:
Interindividual Interindividual variabilityvariability



DSI-Guided TMS ?DSI-Guided TMS ?

Computed TMS
interaction with cerebral
white matter

- circular 10 cm TMS coil over
vertex
- DTI of cerebral white matter
orientation, coronal slab
- induced axonal EMF’s
computed with “antenna”
model: d<E,s>/ds
red +, blue -

Van Van Wedeen Wedeen et al.et al.



Magnitude of Induced CurrentMagnitude of Induced Current

Wagner et al., Wagner et al., Neurosci LettNeurosci Lett  20032003

Humans:Humans: measured 12µA/cmmeasured 12µA/cm22

1 cm from coil1 cm from coil
7% of max. output intensity7% of max. output intensity



Wagner et al.Wagner et al. IEEE  IEEE 2005;2005;  Neuroimage Neuroimage 20062006

Modeling allows to understand the influence ofModeling allows to understand the influence of
tissue characteristics on current distributiontissue characteristics on current distribution

Magnetic field penetrates skin, scalp and skull practically without attenuationMagnetic field penetrates skin, scalp and skull practically without attenuation
The induced electric field exerts the effects (The induced electric field exerts the effects (electrodeless-electric electrodeless-electric stimulation)stimulation)



The relationship between theThe relationship between the
current density inside and outsidecurrent density inside and outside
the brain depends on individualthe brain depends on individual

tissue properties.tissue properties.



Current density varies throughout theCurrent density varies throughout the
brain due to differences inbrain due to differences in  impedanceimpedance

and tissueand tissue  geometrygeometry

Skull

CSF

Brain

 … every brain is different!
Wagner et al.Wagner et al.  



Current densities in the healthy andCurrent densities in the healthy and
pathological brain are not equivalentpathological brain are not equivalent

Relevant for safety, accuracy,
and efficacy

Skull

CSF

Brain

CSF

Brain

Pathology

… and every pathology is different!

Gray MatterCSF
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Wagner et al.Wagner et al.  



Current densities in the brain are what matterCurrent densities in the brain are what matter

Current densities in the brain affect neural function
in a complex and state dependent manner

•• At least report sufficient data to be able to allow offlineAt least report sufficient data to be able to allow offline
  For TMSFor TMS
–– coil positioncoil position
–– coil orientationcoil orientation
–– coil geometry and materialcoil geometry and material
–– current over timecurrent over time
–– available subject dataavailable subject data

•• Computational tools can be used to determine the relative Computational tools can be used to determine the relative focalityfocality, orientation,, orientation,
penetration, and intensity of current densities across subjects/studies.penetration, and intensity of current densities across subjects/studies.

•• Knowing current density distribution is a necessary, but notKnowing current density distribution is a necessary, but not
sufficient to determine biological, behavioral, and safety effectssufficient to determine biological, behavioral, and safety effects



EFFECTS OF TMS ARISE FROM THEEFFECTS OF TMS ARISE FROM THE
INTERACTION OF THE STIMULUSINTERACTION OF THE STIMULUS

WITH THE TISSUE - CONSIDERWITH THE TISSUE - CONSIDER
TISSUE CHARACTERISTICSTISSUE CHARACTERISTICS

BRAIN STRUCTURES MAY SERVE ASBRAIN STRUCTURES MAY SERVE AS
ANTENNAS (PICK-UP COILS) OF THEANTENNAS (PICK-UP COILS) OF THE
MAGNETIC FIELD - ORIENTATION !MAGNETIC FIELD - ORIENTATION !



Johansson 1973Johansson 1973

THE EFFECTS OFTHE EFFECTS OF  TMS DEPEND ON THETMS DEPEND ON THE
STATE OF BRAIN ACTIVITYSTATE OF BRAIN ACTIVITY



Grossman & Blake, Grossman & Blake, NeuronNeuron 2002 2002

Neural correlates of biological motion perceptionNeural correlates of biological motion perception



Grossman, Grossman, BatelliBatelli, Pascual-Leone , Pascual-Leone Vision Vision ResRes  0606

Neural correlates of biological motion perceptionNeural correlates of biological motion perception



SilvantoSilvanto, , BatelliBatelli, Pascual-Leone , Pascual-Leone J J NeurophysiolNeurophysiol  0808

Effects of cortical stimulation depend onEffects of cortical stimulation depend on
functional state of targeted cortexfunctional state of targeted cortex

Does suppression of V5/MT by Does suppression of V5/MT by rTMS rTMS change the impact of Online TMS?change the impact of Online TMS?
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Consequence of
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State Dependency For Specific Neural PopulationsState Dependency For Specific Neural Populations
TMS-adaptation paradigm and motion directionTMS-adaptation paradigm and motion direction

discrimination in visual area V5/MTdiscrimination in visual area V5/MT

Cattaneo Cattaneo & & Silvanto Silvanto Neurosci LettNeurosci Lett  0808



State Dependency For Specific Neural PopulationsState Dependency For Specific Neural Populations
TMS-adaptation paradigm and motion directionTMS-adaptation paradigm and motion direction

discrimination in visual area V5/MTdiscrimination in visual area V5/MT

Cattaneo Cattaneo & & Silvanto Silvanto Neurosci LettNeurosci Lett  0808

TMS disrupts non-adapted
but improves adapted
direction discrimination



Interaction with tissue depends onInteraction with tissue depends on
TMS parameters &TMS parameters &

level of activity of targeted cortexlevel of activity of targeted cortex

Moliadze Moliadze et al. et al. J. J. PhysiolPhysiol.. 2003 2003



TMS alone

Visual + TMS
(late)

Visual + TMS
(early)

Effect of TMS on neuronal activityEffect of TMS on neuronal activity
modulated by visual stimulimodulated by visual stimuli

Moliadze Moliadze et al. et al. J. J. PhysiolPhysiol.. 2003 2003



Why is state-dependency useful?Why is state-dependency useful?

Silvanto Silvanto & Pascual-Leone & Pascual-Leone Brain Brain TopogrTopogr  0808

•• The behavioral impact of TMS depends onThe behavioral impact of TMS depends on
the initial activation statethe initial activation state
–– TMS behaviorally facilitates the attributesTMS behaviorally facilitates the attributes

encoded by the adapted neural populationsencoded by the adapted neural populations
relative to attributes encoded by other neuronsrelative to attributes encoded by other neurons

•• Enables differential stimulation of distinctEnables differential stimulation of distinct
neural populations in the targeted regionneural populations in the targeted region

•• Can enhance functional resolution of TMSCan enhance functional resolution of TMS
–– From causality to neural selectivityFrom causality to neural selectivity



THE EFFECTS OF TMS DEPENDTHE EFFECTS OF TMS DEPEND
ON THE ONGOING BRAINON THE ONGOING BRAIN
ACTIVITY ACTIVITY (BRAIN STATE) -(BRAIN STATE) -

CONTROL BRAIN STATE !CONTROL BRAIN STATE !



U.S. Patent No. 09/067,111U.S. Patent No. 09/067,111
Foreign Patent License BO662/7012Foreign Patent License BO662/7012

EEG Gated TMSEEG Gated TMS



BIOLOGICAL EFFECTS EXTENDBIOLOGICAL EFFECTS EXTEND
ALONG SPECIFIC NEURALALONG SPECIFIC NEURAL
NETWORKS DEFINED BYNETWORKS DEFINED BY

ANATOMICAL CONNECTIVITYANATOMICAL CONNECTIVITY



SVA = Splenial visual area • Cg = Cingulate

Valero-CabrValero-Cabré é et alet al  Exp Brain Exp Brain ResRes  0505

1 Hz rTMS



Splenial visual area

Area 19Area 17
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PUL LPl
LPi

LGN

MGN MGN

LGN

Superior
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Lateral Post.
Complex

Valero-CabrValero-Cabré é et alet al  Exp Brain Exp Brain ResRes  05; 0605; 06



Valero-CabrValero-Cabré é et alet al  Exp Brain Exp Brain ResRes  0505



U.S. Patent No. U.S. Patent No. 09/096,72509/096,725
Foreign Patent License Foreign Patent License BO662/7013BO662/7013

Real-Time Real-Time TMS-fMRITMS-fMRI
In-Vivo Studies of ConnectivityIn-Vivo Studies of Connectivity

Behavioral IndependenceBehavioral Independence



TMS TO MEASURE PLASTICITYTMS TO MEASURE PLASTICITY



Measuring LTP/LTD in Humans
Theta Burst Stimulation (TBS)

Huang et al. 2005

Test

cTBS

iTBS
2 s

8 s

Burst of 3 pulses
at 50 Hz

200 ms

Intervention: cTBS or iTBS

Test



Hyperplasticity Hyperplasticity in Autismin Autism
Spectrum DisordersSpectrum Disorders

cTBS

iTBS

Time after TBS [min]
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Before After

Intermittent TBS (iTBS)

Esser et al. 2006



LOCAL BIOLOGICAL EFFECTSLOCAL BIOLOGICAL EFFECTS
DO NOT ACCOUNT FOR THEDO NOT ACCOUNT FOR THE

BEHAVIORAL IMPACTBEHAVIORAL IMPACT



Off-line Off-line rTMSrTMS: Differential local impact: Differential local impact
depending on stimulation frequencydepending on stimulation frequency

ShamSham
TMSTMS

1 Hz1 Hz
TMSTMS

20 Hz20 Hz
TMSTMS

Valero-CabrValero-Cabré é et alet al  Exp Brain Exp Brain ResRes  0707



Same behavioral consequences despiteSame behavioral consequences despite
opposite local impactopposite local impact

Valero-CabrValero-Cabréé,,
Rushmore, et alRushmore, et al HF=High frequency rTMS 1&2

LF=Low Frequency rTMS 1&2
SH=Sham rTMS 1&2

Boston University Laboratory for Cerebral Dynamics, Plasticity & RehabilitationBoston University Laboratory for Cerebral Dynamics, Plasticity & Rehabilitation



BEHAVIORAL EFFECTS OF TMS
REFLECT THE CAPACITY OF
THE REST OF THE BRAIN TO

ADAPT TO THE FOCAL
DISRUPTION



BeforeBefore

rTMS rTMS to M1; to M1; subthreshold subthreshold intensity; 1600 stimuliintensity; 1600 stimuli

AfterAfter

ShamSham
rTMSrTMS

1 Hz1 Hz
rTMSrTMS

10 Hz10 Hz
rTMSrTMS



Li et al. Li et al. J J NeurosciNeurosci  

Maintained Behavior Despite Disruption ByMaintained Behavior Despite Disruption By
Rapid Shifts in ConnectivityRapid Shifts in Connectivity



BRAIN STIMULATIONBRAIN STIMULATION
PROVIDES INSIGHTS THATPROVIDES INSIGHTS THAT

CANNOT BECANNOT BE  OBTAINED WITHOBTAINED WITH
OTHER TECHNIQUESOTHER TECHNIQUES



TMS: Interfering with Brain FunctionTMS: Interfering with Brain Function

•• Brain Imaging Brain Imaging ‘‘helpinghelping’’ TMS TMS
–– LocalizationLocalization

–– TimingTiming

•• Multimodal Integration ofMultimodal Integration of
TMSTMS
–– CausalityCausality

–– ChronometryChronometry

–– ““Behavioral-independentBehavioral-independent””
ConnectivityConnectivity

–– AdaptationAdaptation



Activation of the Striate Cortex in theActivation of the Striate Cortex in the
Congenitally BlindCongenitally Blind

Sadato Sadato et al. et al. NatureNature 1996 1996



•• 63 y/o woman63 y/o woman
•• Blind Blind ““since birthsince birth””
•• Braille since age 7Braille since age 7
•• Braille 4-6 h/dBraille 4-6 h/d
•• Unable to readUnable to read

Braille after transientBraille after transient
comacoma

•• Normal neurologicalNormal neurological
examexam

Hamilton et al. Hamilton et al. NeuroreportNeuroreport  20012001

Activation of the Striate CortexActivation of the Striate Cortex
is is NecessaryNecessary

for Braille Reading in the Blind:for Braille Reading in the Blind:
Serendipity of NatureSerendipity of Nature



Cohen et al. Cohen et al. NatureNature 1997 1997

Activation of the Striate CortexActivation of the Striate Cortex
is is NecessaryNecessary

for Braille Reading in the Blind:for Braille Reading in the Blind:
Virtual Lesion (Virtual Lesion (rTMSrTMS) Experiment) Experiment



Detection and Identification of BrailleDetection and Identification of Braille
Symbols in Congenitally BlindSymbols in Congenitally Blind

Hamilton et al.Hamilton et al.
TICSTICS 1998 1998



• Electromagnetic Induction
• Effects of TMS arise from the interaction with the tissue

– Dose according to current density
• Effects depend on the state of brain activity

– Opportunity for selectivity of effect
• Biological effects extend along specific neural networks defined

by anatomical connectivity
– Diagnostic Utility
– Inform study designs and interpretations

• Local biological effects do not account for behavioral impact
• TMS can provide insights that cannot be obtained with other

methods

Transcranial Magnetic Stimulation


