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Kellaway, The Part Played by Electric Fish in the Early History of 
Bioelectricity and Electrotherapy, 1946
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1938 Cerletti and Bini developed ECT

Modern day ECT

1985 Barker et al.



∇×E = −
∂B

∂t

Poyser, Magnetism and Electricity, 1892



Typical TMS parameters
   capacitor voltage: 2 kV
   coil current: 7 kA
   magnetic field: 2 T
   electric field: 1 V/cm

DextersLab2013



Roberts, Anatomy of the Ship: The Battleship Dreadnought, 1992
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Conventional TMS



−50 0 50 100 150

0

0.5

1

Time (µs)

E
le

ct
ric

 F
ie

ld

0 500 1000 1500 2000 2500 3000 3500 4000

−1

−0.5

0

0.5

1

Time (µs)

E
le

ct
ric

 F
ie

ld

0 500 1000 1500 2000 2500 3000 3500 4000

−1

−0.5

0

0.5

1

Time (µs)

E
le

ct
ric

 F
ie

ld

L

C1

Q1

Q2
C2

Q3

Q4

Charger/
Discharger

Charger/
DischargerVS ~ ~ VS

Mi

CCss

αα

δδββ

γγ

AA BB
CCss

αα

δδββ

γγ

AA BB

CCss

αα

δδββ

γγ

AA BB
CCss

αα

δδββ

γγ

AA BB

CCss

αα

δδββ

γγ

AA BB
CCss

αα

δδββ

γγ

AA BB

CCss

αα

δδββ

γγ

AA BB
CCss

αα

δδββ

γγ

AA BB

CCss

αα

δδββ

γγ

AA BB
CCss

αα

δδββ

γγ

AA BB

CCss

αα

δδββ

γγ

AA BB
CCss

αα

δδββ

γγ

AA BB

CCss

αα

δδββ

γγ

AA BB
CCss

αα

δδββ

γγ

AA BB

CCss

αα

δδββ

γγ

AA BB
CCss

αα

δδββ

γγ

AA BB

L

VS ~

QS1 QS2

M1

M2

Mi–3

Mi–2

Mi–1

Mn–1

Mn

Ci

Qi,1 Qi,3

Qi,2 Qi,4 Qi,6 Qi,8

Qi,5 Qi,7

0 100 200 300 400 500

−1

−0.5

0

0.5

1

Time (µs)

E
le

ct
ric

 F
ie

ld

0 100 200 300 400 500

−1

−0.5

0

0.5

1

Time (µs)

E
le

ct
ric

 F
ie

ld

C D

R

Q

LCharger/
DischargerVS ~

C

Q1

L
D/Q2Charger/

DischargerVS ~

0 100 200 300 400 500

−1

−0.5

0

0.5

1

Time (µs)

E
le

ct
ric

 F
ie

ld

0 100 200 300 400 500

−1

−0.5

0

0.5

1

Time (µs)

E
le

ct
ric

 F
ie

ld

0 100 200 300 400 500

−1

−0.5

0

0.5

1

Time (µs)

E
le

ct
ric

 F
ie

ld

A

B

C

D

Time (µs)

El
ec

tr
ic

 F
ie

ld

Time (µs)

El
ec

tr
ic

 F
ie

ld

Time (µs)

El
ec

tr
ic

 F
ie

ld

Time (µs)

El
ec

tr
ic

 F
ie

ld

Time (µs)

El
ec

tr
ic

 F
ie

ld

Time (µs)

El
ec

tr
ic

 F
ie

ld
Goetz & Deng, Int Rev Pscyhiatry, 2017

Controllable pulse-width TMS
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no 3D focusing in depth

conventional coils have low 
electric field penetration ~2–3 cm 
from head surface



Deng et al., Brain Stimul, 2013
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Brain Products

RESULTS
Effects of magnetic field on photo multipliers
Figure 1 (bottom, A–C) shows 16 peaks corresponding to the 4 � 4
crystal array in the detector block. Despite the fact that the duty cycle
of the magnetic field was only 0.2%, this field caused a serious

distortion in the crystal identification matrix. The extent of the
distortion indicated that the field-related effects went beyond the 200
�sec pulse. These distortions can be prevented, however, by placing
three well grounded sheets of metal with high magnetic-shielding
properties between the coil and the detector (see Fig. 1, bottom, C).

Figure 1. The top of the figure shows a coronal (left) and a sagittal (right) section through a transmission scan obtained in one subject, superimposed on
an MR image of the same subject. The TMS coil can be seen in the inset. Note the figure-eight shape of the coil. The bottom of the figure contains
three-dimensional plots of the crystal identification matrix obtained in the absence of magnetic field (A), during magnetic stimulation (B), and during the
same magnetic stimulation but with metal shields placed between the coil and the photo multipliers (C). Note a serious distortion of the matrix during
unshielded exposure to the pulse magnetic field (B).

3180 J. Neurosci., May 1, 1997, 17(9):3178–3184 Paus et al. • Transcranial Magnetic Stimulation during PET

Paus et al., J Neurosci, 1997

TechEn Navarro de Lara et al., Magn Reson Med, 2015



Brain Products

RESULTS
Effects of magnetic field on photo multipliers
Figure 1 (bottom, A–C) shows 16 peaks corresponding to the 4 � 4
crystal array in the detector block. Despite the fact that the duty cycle
of the magnetic field was only 0.2%, this field caused a serious

distortion in the crystal identification matrix. The extent of the
distortion indicated that the field-related effects went beyond the 200
�sec pulse. These distortions can be prevented, however, by placing
three well grounded sheets of metal with high magnetic-shielding
properties between the coil and the detector (see Fig. 1, bottom, C).

Figure 1. The top of the figure shows a coronal (left) and a sagittal (right) section through a transmission scan obtained in one subject, superimposed on
an MR image of the same subject. The TMS coil can be seen in the inset. Note the figure-eight shape of the coil. The bottom of the figure contains
three-dimensional plots of the crystal identification matrix obtained in the absence of magnetic field (A), during magnetic stimulation (B), and during the
same magnetic stimulation but with metal shields placed between the coil and the photo multipliers (C). Note a serious distortion of the matrix during
unshielded exposure to the pulse magnetic field (B).

3180 J. Neurosci., May 1, 1997, 17(9):3178–3184 Paus et al. • Transcranial Magnetic Stimulation during PET

Paus et al., J Neurosci, 1997

TechEn Navarro de Lara et al., Magn Reson Med, 2015



Brain Products

RESULTS
Effects of magnetic field on photo multipliers
Figure 1 (bottom, A–C) shows 16 peaks corresponding to the 4 � 4
crystal array in the detector block. Despite the fact that the duty cycle
of the magnetic field was only 0.2%, this field caused a serious

distortion in the crystal identification matrix. The extent of the
distortion indicated that the field-related effects went beyond the 200
�sec pulse. These distortions can be prevented, however, by placing
three well grounded sheets of metal with high magnetic-shielding
properties between the coil and the detector (see Fig. 1, bottom, C).

Figure 1. The top of the figure shows a coronal (left) and a sagittal (right) section through a transmission scan obtained in one subject, superimposed on
an MR image of the same subject. The TMS coil can be seen in the inset. Note the figure-eight shape of the coil. The bottom of the figure contains
three-dimensional plots of the crystal identification matrix obtained in the absence of magnetic field (A), during magnetic stimulation (B), and during the
same magnetic stimulation but with metal shields placed between the coil and the photo multipliers (C). Note a serious distortion of the matrix during
unshielded exposure to the pulse magnetic field (B).

3180 J. Neurosci., May 1, 1997, 17(9):3178–3184 Paus et al. • Transcranial Magnetic Stimulation during PET

Paus et al., J Neurosci, 1997

TechEn Navarro de Lara et al., Magn Reson Med, 2015



Brain Products

RESULTS
Effects of magnetic field on photo multipliers
Figure 1 (bottom, A–C) shows 16 peaks corresponding to the 4 � 4
crystal array in the detector block. Despite the fact that the duty cycle
of the magnetic field was only 0.2%, this field caused a serious

distortion in the crystal identification matrix. The extent of the
distortion indicated that the field-related effects went beyond the 200
�sec pulse. These distortions can be prevented, however, by placing
three well grounded sheets of metal with high magnetic-shielding
properties between the coil and the detector (see Fig. 1, bottom, C).

Figure 1. The top of the figure shows a coronal (left) and a sagittal (right) section through a transmission scan obtained in one subject, superimposed on
an MR image of the same subject. The TMS coil can be seen in the inset. Note the figure-eight shape of the coil. The bottom of the figure contains
three-dimensional plots of the crystal identification matrix obtained in the absence of magnetic field (A), during magnetic stimulation (B), and during the
same magnetic stimulation but with metal shields placed between the coil and the photo multipliers (C). Note a serious distortion of the matrix during
unshielded exposure to the pulse magnetic field (B).

3180 J. Neurosci., May 1, 1997, 17(9):3178–3184 Paus et al. • Transcranial Magnetic Stimulation during PET

Paus et al., J Neurosci, 1997

TechEn Navarro de Lara et al., Magn Reson Med, 2015



Mueller et al., Nature Neurosci, 2014

TMS neural recording

1134	 VOLUME 17 | NUMBER 8 | AUGUST 2014 nature neurOSCIenCe

t e C h n I C a l  r e p O r t S

it helps to have a TMS coil in surgery to verify that the result will allow 
close proximity between the coil and the skull with minimal inter-
vening acrylic. In addition, the coil requires space vertically along 
the recording chamber, necessitating our use of a chamber extension 
(built in-house of CILUX, similar to 6-YNP-J3, Crist) to allow the 
micro-drive to be mounted above the stimulation coil.

A second concern is the loud clicking produced by the mechanical 
deformation of the stimulation coil during TMS. The high-intensity  
click can cause permanent hearing damage in experimental  
animals, which can be avoided with the use of protective earplugs24. 
The peak sound pressure from our final custom TMS coil was  
135 dB 10 cm from the coil, within the damage risk range of 110–140 
dB24. Depending on the orientation of the TMS coil to the recording 
chamber, one wing of the coil may be located directly over the ear of 
the macaque, resulting in even greater sound pressure levels at the 
eardrum. In addition to hearing damage, the animal may exhibit a 
startle reflex that is probably related to the perception of the click 
even when protective earplugs are used. Also, there is the possibility 
of muscle activation in the remaining scalp musculature around the 
cranial implant. Monkeys must be given time to acclimate to such 
disturbances; we found that typically 1–2 weeks of exposure to the 
procedure is needed before the animal is used to the sounds and sen-
sations and exhibits little or no reaction to them.

The use of a sham control in studies using TMS ensures that obser-
vations made during experimentation are not solely the results of the 
auditory stimulus or scalp sensation. Comparing sham to test TMS 
allows one to isolate effects that only result from the TMS-induced 
intracranial electric field. To create a sham TMS condition, we devel-
oped, implemented and validated a switching scheme to reverse the 
current direction in one wing of our butterfly-shaped coil25. Thus, the 
electric fields induced by each half of the coil were opposite in sign 
and canceled each other under the center of the coil. As a result of 
minimized interruption and absence of a change in coil placement, 
this approach was superior to the alternative of physically replacing 
the stimulation coil with a second, sham coil during the course of an 
experiment (Fig. 1).

Simultaneous magnetic stimulation and neuronal recording
Our techniques allowed reliable measurement of single-neuron 
responses over long recording sessions (90 min or longer) with 

high-intensity TMS, enabling the investigation of single pulse TMS 
effects on neuronal activity (Fig. 4a). TMS pulses were spaced 12 s 
apart (0.083 Hz) to mitigate possible lasting (repetitive TMS) effects 
between pulses26. TMS pulses elicited the activation of a variety of 
neuronal elements including putative axons, inhibitory neurons and 
excitatory (pyramidal) neurons (Fig. 4a). Note that action potentials 
were resolved within 1 ms of TMS pulse onset (which is at time zero 
on all plots). Matched sham TMS pulses elicited similar artifacts, but 
no activation (Fig. 4a). For each cortical site tested with TMS, we 
used cluster cutting (PCA) techniques to identify action potential 
waveforms produced by individual neuronal elements and plotted 
rasters of their spiking times. In an example neuron (Fig. 4b), sponta-
neous activity was appreciable, and low-frequency spiking was evident 
throughout the recordings in both active and sham conditions (12 trials  
each). The average activity was 5.0 spikes per s before active TMS 
(time < 0), 7.8 spikes per s before sham TMS (time < 0) and 4.4 spikes 
per s after sham TMS (time > 0). After active TMS, however (time > 0), 
the activity increased significantly to 25.0 spikes per s (Kruskal-Wallis 
test on trial-by-trial firing rates across the four conditions, before and 
after active and sham TMS: P = 0.0004, H = 18.48, df = 3). The firing 
rate after active TMS exceeded the firing rates in all of the other three 
conditions (Mann-Whitney U tests corrected for the three compari-
sons, two-sided P < 0.0167 criteria: P = 0.0003 versus before active 
TMS, UA = 9, z = 3.61; P = 0.0027 versus before sham TMS, UA = 19.5,  
z = 3; P = 0.0002 versus after sham TMS, UA = 8, z = 3.67). From neuron 
to neuron, diverse activation patterns were seen, such as short-latency 
activation followed by a ‘rebound’ burst (Fig. 4c), moderate- 
latency activation (Fig. 4d) and transient inhibition (Fig. 4e).

Averaged across neurons, the population response to active TMS 
was an increase in activity that lasted ~100 ms or longer, as illustrated 
for a site in the frontal eye field that we tested repeatedly over 5 d  
(Fig. 5a). Effects of TMS were measured at this site as a function of 
both intensity and active or sham configuration. We analyzed changes 
in firing rate after TMS by calculating the average baseline firing rate 
(over the 500-ms period before each TMS pulse) and subtracting that 
value from the spike density functions of raw firing rates27. The data 
were then averaged across neurons. We found that the population 
response to active TMS reached nearly 20 spikes per s above baseline  
for high-intensity stimulation (90% level), but stayed near base-
line for low-intensity stimulation (10 or 50% levels). Analyzed over 

Figure 4 Recordings of neuronal spikes 
activated by single pulse TMS. (a) Example 
raw data from 20 sequential applications of 
70% active TMS (top) and sham TMS (bottom) 
at the same site in one animal. These data 
were selected for illustration because the TMS 
elicited activation of diverse neuronal elements. 
As shown in the extracted segments (upper 
right), example action potentials included those 
from a putative axon (very narrow), an inhibitory 
interneuron (broader) and an excitatory neuron 
(very broad)31. (b) For quantification, rasters 
of action potential times relative to active (top) 
and sham (bottom) TMS pulses at time zero 
(red lines) are plotted for an example neuron 
(its waveform average and ± s.e.m. are shown 
at right in the sham graph). The neuron was 
activated significantly by active TMS (*P < 0.01).  
(c–e) Examples of TMS-induced activity in three  
other neurons. The neuron in c showed short-latency activation (magnified at right for clarity), followed by apparent inhibition and then a burst.  
The neuron in d showed no short-latency activation, but had a surge of activity around 20–40-ms latency. The neuron in e showed clear suppression 
in activity (shaded) for about 20 ms after TMS. In general, we found that single pulse TMS caused patterns of responses that were reliable for each 
neuron, but diverse between neurons.
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