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A framework for understanding neuromodulation

1. Stimulating the brain non-invasively
2. The terminations and bends of axons are thought to be the 

elements stimulated by TMS
3. Cortical layer specificity: D and I-waves
4. Receptor-level specificity: TMS paired pulses
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A framework for understanding TMS

Magnetic Field

Rogasch et al., 2014

Electric Field
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TMS Paired Pulse Paradigm

How is the magnetic field generated?

Magnetic Field

http://www.bic.mni.mcgill.ca/~llim/fig8top.gif

1.5 to 2T
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TMS Paired Pulse Paradigm

How is the magnetic field generated?

Magnetic Field

Current in 
the coil

Magnetic 
Field

Electric Field 
in the Brain
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TMS Paired Pulse Paradigm

How is the magnetic field generated?
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TMS Paired Pulse Paradigm

tDCS applies current directly to the scalp
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What is an electric field?
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v=ir
voltage = current * resistance
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What is an electric field?
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What is an electric field?

V
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What is an electric field?

V

Electric Field = Volts per meter (1st spatial derivative of V)

+

-



All Rights Reserved, Duke Medicine 2007

A framework for understanding TMS

1. Stimulating the brain non-invasively
2. The terminations and bends of axons are thought to be the 

elements stimulated by TMS
3. Cortical layer specificity: D and I-waves
4. Receptor-level specificity: TMS paired pulses
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What matters is the 2nd spatial derivative – 
Introducing the activating function

Hallett 2007

Electric Field = 1st spatial derivative of Voltage
                         in units of V/m

Activating Function = 2nd spatial derivative of Voltage
                                   1st spatial derivative of Electric Field
 in units of V/m2
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What matters is the 2nd spatial derivative – 
Introducing the activating function
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What matters is the 2nd spatial derivative – 
Introducing the activating function

+

-

+

-



All Rights Reserved, Duke Medicine 2007

30

20

10

voltage

10

10

d2v

0

Axon

What matters is the 2nd spatial derivative – 
Introducing the activating function
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Kirchoff’s Current Law
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Bending Axon

What matters is the 2nd spatial derivative – 
Introducing the activating function
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Bending Axon

What matters is the 2nd spatial derivative – 
Introducing the activating function

+

-

10
11

30

20

voltage
e-field

dv

10

9

d2v

1

30

20

10

voltage
30

20

11



All Rights Reserved, Duke Medicine 2007

What matters is the 2nd spatial derivative – 
Introducing the activating function
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What matters is the 2nd spatial derivative – 
Introducing the activating function

Nummenmaa et al., 2014

So….coil orientation matters
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Termination / Synapse

What matters is the 2nd spatial derivative – 
Introducing the activating function
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What matters is the 2nd spatial derivative – 
Introducing the activating function
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A framework for understanding TMS

1. Stimulating the brain non-invasively
2. The terminations and bends of axons are thought to be the 

elements stimulated by TMS
3. Cortical layer specificity: D and I-waves
4. Receptor-level specificity: TMS paired pulses
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TMS Paired Pulse Paradigm

Increasing stimulator output increases 
magnetic field depth and breadth



All Rights Reserved, Duke Medicine 2007

TMS Paired Pulse Paradigm

Direct (D) and Indirect (I) waves with MC TMS

To corticospinal tract

Low Intensity TMS
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TMS Paired Pulse Paradigm

Direct (D) and Indirect (I) waves with MC TMS

To corticospinal tract

Low Intensity TMS
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TMS Paired Pulse Paradigm

Direct (D) and Indirect (I) waves with MC TMS

To corticospinal tract

High Intensity TMS
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TMS Paired Pulse Paradigm

Direct (D) and Indirect (I) waves with MC TMS

To corticospinal tract

High Intensity TMSD-wave
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TMS Input-Output Recruitment Curves

M
EP

motor threshold
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A framework for understanding TMS

1. Stimulating the brain non-invasively
2. The terminations and bends of axons are thought to be the 

elements stimulated by TMS
3. Cortical layer specificity: D and I-waves
4. Receptor-level specificity: TMS paired pulses
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Paired pulses: Receptor-level specificity

Glu/NMDA

 

GABAB
GABAA 
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Paired pulses: Receptor-level specificity
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Short-interval cortical inhibition (SICI) deficits 
in treatment-resistant depression

Levinson et al., 2010

GABAA 
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Lopantsev et al., 1999

GABAA 

IPSP to PPP

Translating Intracellular Recordings to TMS

ms
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Lopantsev et al., 1999

ms
GABAA GABAB 

IPSP to PPP

Translating Intracellular Recordings to TMS
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Paired pulses: Receptor-level specificity

GABAB 
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Paired pulses: Receptor-level specificity

GABAB 

GABAA 

Glu/NMDA

 

GABAB

Khedr et al, 2004
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A framework for understanding TMS

1. Stimulating the brain non-invasively
2. The terminations and bends of axons are thought to be the 

elements stimulated by TMS
3. Cortical layer specificity: D and I-waves
4. Receptor-level specificity: TMS paired pulses
5. 1 more slide: repetitive TMS
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Repetitive TMS is FDA cleared for depression

High Frequency
Repetitive 

TMS

Baseline
Post
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Electric field induced 
polarization

Some contributions of in vitro / 
modelling studies towards 
understanding of electric fieldsElelctric fields induce hyperpolarization closest to the anode, and depolarization closest 

to the cathode  
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Electric field induced 
polarization

Some contributions of in vitro / 
modelling studies towards 
understanding of electric fieldsElelctric fields induce polarization at neuronal branch bends, terminations, and points of 

intracellular impedance change.  

Degree of bending governs induced polarization, and space 
constant (λ = a > b > c) governs intracellular distribution of 

polarization

so
m
at
ic
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Bends create a point of changing electric field along the 
membrane, resulting in a high activating function and induced 

polarization.

Electric field induced 
polarization

Some contributions of in vitro / 
modelling studies towards 
understanding of electric fieldsThe derivative of the electric field, or 2nd derivative of induced 

voltage, dictates points of greatest excitation (activating function)
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Some contributions of in vitro / 
modelling studies towards 
understanding of electric fieldsSpace Constant (λ) proposed in a model to govern maximal 

polarization of a simple cable segment termination

Electric field induced 
polarization

Some contributions of in vitro / 
modelling studies towards 
understanding of electric fieldsElelctric fields induce polarization at neuronal branch bends, terminations, and points of 

intracellular impedance change.  

HRP Staining of individually recorded Purkinje and stellate cells 
during electric field stimulation show the effects of neuronal 

morphology on induced polarization
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Electric field induced 
polarization

Some contributions of in vitro / 
modelling studies towards 
understanding of electric fields
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λp  = .49                      λp  = .05                                                  λp  = .14 
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Some contributions of in vitro / 
modelling studies towards 
understanding of electric fieldsElectric fields shift the timing and amplitude of population spikes in 

a (quasi) linear manner

Effects of 
Small/Endogenous 

Electric Fields
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Some contributions of in vitro / 
modelling studies towards 
understanding of electric fieldsA low amplitude oscillating electric field has been shown to 

entrain ongoing oscillations.

Effects of 
Small/Endogenous 

Electric Fields


