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Abstract

Objective—This work aims at flexible and practical pulse parameter control in transcranial 

magnetic stimulation (TMS), which is currently very limited in commercial devices.

Approach—We present a third generation controllable pulse parameter device (cTMS3) that 

uses a novel circuit topology with two energy-storage capacitors. It incorporates several 

implementation and functionality advantages over conventional TMS devices and other devices 

with advanced pulse shape control. cTMS3 generates lower internal voltage differences and is 

implemented with transistors with lower voltage rating than prior cTMS devices.

Main results—cTMS3 provides more flexible pulse shaping since the circuit topology allows 

four coil-voltage levels during a pulse, including approximately zero voltage. The near-zero coil 

voltage enables snubbing of the ringing at the end of the pulse without the need for a separate 

active snubber circuit. cTMS3 can generate powerful rapid pulse sequences (<10 ms inter pulse 

interval) by increasing the width of each subsequent pulse and utilizing the large capacitor energy 

storage, allowing the implementation of paradigms such as paired-pulse and quadripulse TMS 

with a single pulse generation circuit. cTMS3 can also generate theta (50 Hz) burst stimulation 

with predominantly unidirectional electric field pulses. The cTMS3 device functionality and 

output strength are illustrated with electrical output measurements as well as a study of the effect 

of pulse width and polarity on the active motor threshold in 10 healthy volunteers.

Significance—The cTMS3 features could extend the utility of TMS as a research, diagnostic, 

and therapeutic tool.
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1. Introduction

Transcranial magnetic stimulation (TMS) involves the delivery of brief, high-strength 

magnetic pulses to the brain to induce an electric field that modulates neural activity. TMS 

devices consist of a coil that is placed on the subject’s head and a pulse generator that 

supplies high current pulses to the coil [1]. TMS and repetitive TMS (rTMS) are used as a 

non-invasive tool for studying the brain [2, 3, 4], an approved treatment for depression, and 

an investigational treatment for other psychiatric and neurological disorders [5, 6, 7, 8].

Commercially available TMS devices induce damped cosine electric field pulses, with non-

existent or very limited control over the pulse shape parameters [9, 10, 11]. These 

conventional devices deploy a pulse generator circuit consisting essentially of an energy 

storage capacitor and a thyristor switch that can be triggered to discharge the capacitor into 

the stimulation coil but cannot be controllably turned off to shape the pulse. More flexible 

control of the pulse shape could potentially enable a host of research and clinical 

applications that are not feasible with available TMS devices, including expanded 

characterization of neural properties, more selective targeting of neural populations, 

enhanced neuromodulation effectiveness and reproducibility, reduced energy use and coil 

heating, as well as mitigation of pulse sensation and sound [12, 13, 11, 14, 15, 16] (see also 

Sec. 5).

Addressing this need, we have developed a family of TMS devices with controllable pulse 

parameters (cTMS) including low repetition rate TMS (cTMS1) [13] and high rate rTMS 

(cTMS2) [14]. cTMS1 uses a large energy storage capacitor and a single insulated gate 

bipolar transistor (IGBT) switch to enable pulse width control. cTMS2 deploys two 

capacitors and two IGBTs to extend the controllable coil voltage levels from one to two, and 

to provide efficient high rate rTMS operation; it requires an active snubbing circuit to 

suppress ringing at the end of each pulse. With these devices we demonstrated adjustment of 

the number, polarity, duration, and amplitude of the electric field pulse phases; reduction of 

power consumption and coil heating; and motor cortex stimulation in non-human primates 

and humans [13, 14, 15]. Another device that aims to improve the adjustability of the pulse 

shape, flexTMS, uses four IGBT switches, forming an H-bridge, to connect the coil to a 

single energy storage capacitor [17]. However, the flexTMS device has limitations including 

a single controllable coil voltage level due to the use of only one energy storage capacitor, 

restricted pulse width control due to the relatively small energy storage capacitor (66 µF—

approximately an order of magnitude smaller than the capacitors in the cTMS devices), and 

large ringing artifacts in the pulses. Magnetic stimulation devices that potentially allow even 

greater pulse shaping flexibility have so far been demonstrated only at low pulse energies 

that are well below the range used for TMS [18, 19].

In this paper we present the design of a novel cTMS device (cTMS3) and demonstrate its 

functionality with electrical measurements of its output and with a first-in-human study. 

cTMS3 uses a novel circuit topology that incorporates several implementation and 

functionality advantages over previous cTMS and other TMS devices, including lower 

transistor voltages, more flexible pulse shaping, and intrinsic pulse snubbing capabilities. 
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We demonstrate the capability of the cTMS device to generate powerful, rapid pulse 

sequences such as theta burst stimulation, paired pulses, and quadripulses with 

predominantly unidirectional electric fields that are not possible with conventional TMS 

devices with a single pulse generation circuit. As an illustration of the application of 

cTMS3, we present motor threshold strength–duration curves from 10 human subjects. This 

work was previously presented in part in conference proceedings [20, 21, 22].

2. Device Design

2.1. Circuit Topology

Figure 1 shows a diagram of the key circuit elements of the cTMS3 device. The two 

terminals of the stimulation coil L, Vx1 and Vx2, are driven by two half-bridge circuits 

connected to energy-storage capacitors C11 and C21 that are charged to voltages VC11 and 

VC21, respectively. The half-bridges comprise current-bidirectional switches Q11/D11, Q12/

D12, Q21/D21, and Q22/D22, which are implemented with insulated-gate bipolar transistor 

(IGBT) modules incorporating freewheeling diodes. Resistor R1 sets the dc bias of the coil 

to earth ground for safety.

This topology allows four different voltages, VL = {VC11,−VC21, VC11 − VC21, 0} to be 

imposed on the coil during a pulse. Consequently, the electric field E induced by the coil can 

assume four levels, proportional to VL. Of these, the VL = VC11 and VL = −VC21 levels 

correspond to those available in the cTMS2 device in which the two energy-storage 

capacitors are charged to opposite polarities, one terminal of the stimulation coil is 

grounded, and the other coil terminal is switched between the two capacitors with a single 

half-bridge [14]. The VL = VC11 − VC21 and VL = 0 levels are unique to the novel cTMS3 

topology. The coil voltage also determines the rate of change of the coil current IL. 

Therefore, IL can be ramped up and down with positive and negative VL, respectively, or 

held constant with VL = 0.

The active semiconductor switches are potentially the most expensive individual 

components in the cTMS device. In the proposed topology in figure 1 the off-state voltage in 

each half-bridge corresponds to the voltage of the respective energy-storage capacitor, VC11 

and VC21. Thus, the voltage ratings of the switches are lower than those in the cTMS2 

device where the two switches are exposed to the sum of the two capacitor voltages [14]. Of 

course, for both devices, the switch voltages exceed the respective capacitor voltages during 

switching transients that cause voltage spikes and consequently require snubbers and a 

safety margin in the selection of IGBT module voltage rating (see also Sec. 2.2). For pulsed 

operation as in TMS, the switch current can exceed the dc rating of the IGBT module [13, 

14, 23]. Even though the proposed topology uses four switches whereas cTMS2 uses only 

two switches, the former may be advantageous since the price of semiconductors increases 

rapidly and availability decreases at high voltages where production volumes are lower, 

motivating the use of switches with lower voltage ratings.

2.2. Pulse Snubbing

2.2.1. Passive IGBT Snubbing—Using snubbers to limit potentially damaging voltages 

and currents in semiconductors during switching is critical in pulsed circuits. Two types of 
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IGBT snubbers are incorporated in the design. First, the snubbers consisting of Ci3–Ci6 and 

Ri1–Ri2 serve the dual purpose of taking over a portion of the IGBT current during turn-off 

and suppressing voltage spikes across the IGBT collector–emitter due to parasitic 

inductances [13, 14, 24, 25]. These snubbers are connected to Vxi and consequently 

experience switching between VCi1 and 0 voltage during pulse generation, potentially 

contributing significant CV2 losses. Therefore, capacitances Ci3–Ci6 should be kept at the 

minimum required for the IGBT snubbing. Second, voltage spikes resulting from stray 

inductance in the energy-storage capacitors and their wiring is additionally suppressed by 

the snubbers consisting of Ci2, Ri3, and Di3 [13, 26]. These snubbers are connected between 

VCi1 and VCOMi, and consequently see much less voltage change than the snubbers 

connected to Vxi, resulting in smaller losses.

To reduce switching losses and the energy handled by the snubbers, parasitic inductances 

around the loop formed by the energy-storage capacitor, Ci1, and the two IGBT switches, 

Qi1 and Qi2, within each half-bridge module in figure 1 have to be minimized. In contrast, 

parasitic inductance between the two half-bridges is in series with the coil L which 

dominates the inductance, and thus does not contribute to switching losses and voltage 

spikes. Nevertheless, the inductance between the two half-bridges acts as a voltage divider 

with the coil, and should therefore be kept low for good energy transfer to the coil.

2.2.2. Active Coil Snubbing—At the end of a TMS pulse, the snubber capacitance 

across the IGBT collector–emitter rings with the coil [14]. For example, at the end of a 

positive current pulse, the coil current IL decays to zero, switching node Vx1 is at ground 

potential, and switching node Vx2 is at potential VC21. Thus, there is voltage of VL = −VC21 

across the coil. Consequently, current IL < 0 builds up in the coil. The coil current starts to 

discharge the capacitance at node Vx2 and charge the capacitance at node Vx1. To suppress 

the undesirable electric field oscillation that would result from the exchange of energy 

between the switching nodes’ capacitances and the coil, the coil current has to be forced to 

zero by applying relatively small voltages to the coil. The cTMS3 topology in figure 1 has 

the advantage that it allows VL ≈ 0 to be applied to the coil, in contrast to the cTMS2 device 

where a separate active snubber circuit is required [14].

In the example above, since the current flowing in the coil is negative, diode D22 will turn 

on when node Vx2 reaches ground (more precisely one diode voltage drop below ground). 

By turning on switch Q12 at or before the end of the TMS pulse, node Vx1 will be held at 

ground as well, resulting in VL ≈ 0. Thus, the coil voltage and, hence, electric field ringing 

at the end of the pulse would be suppressed. In that case, the energy stored in the coil will 

gradually dissipate as the coil current flows through the intrinsic resistance of the coil and 

switches Q12 and D22. Since these resistances are very small, as necessary for low 

conduction losses during the main pulse, the decay of the coil current will be relatively slow. 

For example, for typical L = 16 µH and total coil series resistance r = 25 mΩ, the current 

decay time constant is L/r = 640 µs—much longer than a typical TMS pulse. Furthermore, 

since the switch on-resistance is typically an order of magnitude lower than the coil 

resistance, the majority of the residual energy will be dissipated in the coil, which may 

contribute undesirable additional coil heating.
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Therefore, it may be advantageous to allow a higher positive voltage on the coil to speed up 

the decay of the residual coil current. One way to accomplish this is to put switch Q12 in a 

high resistance mode. However, since conventional IGBT gate drivers generate only two 

voltage levels, corresponding to the IGBT being fully on or fully off, the IGBT cannot be 

operated in the high output resistance region corresponding to a gate voltage near threshold 

(~ 6 V). Nevertheless, by switching the gate driver rapidly between the on and off states, the 

IGBT can provide, on average, an output resistance that is controllable by the IGBT 

switching parameters.

For TMS pulses ending with a negative current phase, the same principle can be applied to 

suppress ringing at the pulse end, except that in this case switch Q22 should be pulsed 

instead of switch Q12.

2.3. Device Implementation

We constructed a cTMS3 device based on the circuit in figure 1 with maximum capacitor 

voltages of VC11 = 2.6 kV and VC21 = 1.0 kV, and maximum coil current of |IL| = 6 kA. 

Table 1 gives the key circuit components used in the implementation. Considerations for 

their selection are similar to those for prior cTMS devices [13, 14], with cTMS3 specific 

highlights discussed below.

Due to the lower voltage seen by each switch (see Sec. 2.1), cTMS3 uses 3300 V IGBT 

modules in contrast to prior cTMS devices that used 4500 V IGBT modules [13, 14]. On the 

other hand, the current rating of the cTMS3 IGBT modules is higher (1200 A versus 600 A 

or 900 A) to provide low total on-state voltage drop across the two switches in series with 

the coil. The IGBT gate drivers are based on a commercial module that was configured to 

have on-state voltage of VGE = 20 V to provide low IGBT resistance, and off-state voltage 

of VGE = −10 V to ensure robust IGBT turn-off. The output impedance of the gate driver is 

RG = 11 Ω for relatively slow turn-on transition to limit the current transient associated with 

discharging the snubber capacitors, and RG = 1 Ω for fast turn-off to provide rapid transfer 

of the IGBT current to the snubbers in order to protect the IGBTs from high instantaneous 

power dissipation and current hot spots [24, 25, 26].

Each of the two energy storage capacitors with the corresponding switch half-bridge was 

assembled on a 51 cm × 40 cm × 3.2 mm high-strength aluminum plate that doubles as a 

heat sink for the IGBTs. The components and wiring were laid out so as to minimize the 

parasitic inductance around the loop. Specifically, the IGBT modules and energy-storage 

capacitors were interconnected with three independent, parallel pairs of 10 AWG, 15 kV 

wire (P/N 391045, Manhattan Dearborn). The snubbers were mounted on top of the IGBT 

modules. The two half-bridges were positioned one on top of the other to provide a low 

inductance connection among them and the coil. The energy storage capacitors were charged 

with off-the-self high-voltage power supplies.

The system was controlled with a commercial compact reconfigurable I/O system (cRIO, 

National Instruments, USA). Interface between the cRIO and the power circuits was 

provided by custom electronics. The cRIO was programmed via a personal computer 

running LabVIEW (National Instruments) which also provided graphical user interface. The 
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energy-storage capacitor voltages and the coil current were measured by the controller using 

the power supplies’ voltage sensing outputs and a custom Rogowski coil, respectively [27, 

28]. The controller also monitored the temperature of the stimulation coil, IGBT modules, 

energy-storage capacitors, and capacitor discharge resistors.

3. Experimental Methods

3.1. Electrical Measurements

The electric field, E, was measured with a single-turn search coil fixed in front of the TMS 

coil [14]. The coil current, IL, was measured with an external Rogowski current sensor 

(CWT30B, PEM, UK) that was clipped around the Vx2 terminal of the coil. The Rogowski 

current sensor is insulated, lossless, and high-bandwidth [27, 28]. However, the sensed 

current waveform can be distorted by capacitive coupling to the TMS coil terminals which 

undergo large, rapid voltage swings during switching. Therefore, small deviations in the 

Rogowski current sensor output can occur after switching of the Vx2 node. The E and IL 

measurements were recorded with a digitizing oscilloscope.

3.2. Neural Membrane Voltage Model

To compare the neurostimulation strength of various TMS pulses, the neural membrane 

voltage change resulting from TMS, ΔVm, was estimated by applying a first-order low-pass 

filter to the electric field waveform E [12, 29, 13, 14]. A larger ΔVm magnitude signifies 

stronger neural stimulation. This approach is predicated on modeling the neural membrane 

as a leaky integrator [30]. The filter time constant can be estimated empirically from dose–

response data, such as strength–duration curves for motor cortex activation [12, 13, 15]. We 

used a time constant of 196 µs based on motor threshold data obtained with the cTMS1 

device [15]. The first-order low-pass filter was implemented with the filter function in 

MATLAB (The MathWorks, Inc.).

3.3. In Vivo Measurements

To demonstrate that the cTMS3 device generates electric field pulses that are sufficiently 

strong to produce cortical activation with various pulse parameter values, we determined 

active motor thresholds of the right first dorsal interosseous muscle for three pulse widths 

and two pulse polarities in ten healthy, right-handed volunteers (mean age = 29 ± 5 years, 5 

women). The study was conducted at the Institute of Neurology, University College London 

and was approved by the National Research Ethics Service, UK.

The TMS coil was placed tangentially to the scalp with the short axis of the coil oriented at 

45° from midline, approximately perpendicular to the central sulcus. Motor evoked 

potentials were recorded with electrodes in the belly–tendon montage connected to an 

electromiography amplifier. The coil position corresponding to maximum motor response 

(hot spot) was determined for pulses with posterior–anterior initial induced current direction 

in the brain (coil handle pointing backwards) by moving the coil in 0.5 cm steps around the 

hand motor area. The motor hot spot was checked for initial anterior–posterior current 

direction as well. When the hot spot was identified, the exact position was marked with a red 

pen on an elastic cap placed on the subject’s head. The coil was held by hand in the same 
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position during the motor threshold assessment [31]. Active motor threshold was titrated 

while the subject was maintaining a 10% contraction of the target muscle. The pulse 

amplitudes were progressively reduced in 2% steps until a level was reached below which 

reliable electromyographic responses disappear [31]. The intervals between pulses were 

randomized. The active motor threshold was defined as the lowest pulse amplitude (voltage 

of VC11) that evokes peak-to-peak motor potentials > 200 µV at least 5 out of 10 consecutive 

trials. The active motor threshold was determined with monophasic magnetic pulses for 

three pulse widths (30, 60, 120 µs) and two polarities (posterior–anterior and anterior–

posterior initial induced current) in a pseudorandomized order. The pulse polarity was 

altered by changing the orientation of the TMS coil. These measurements were part of a 

larger study which included more extensive characterization of the TMS-evoked motor 

responses [22].

4. Experimental Results

4.1. Active Snubbing

Figure 2 demonstrates active snubbing of the ringing at the end of a TMS pulse. In this 

example, the pulse has positive monophasic current with peak value of IL = 3 kA. As 

explained in Sec. 2.2, to provide a controllable effective resistance in parallel with the coil, 

Q12 is pulsed with a period of 5 µs and a duty ratio d. The duty ratio controls the effective 

output resistance of the IGBT, with resistance decreasing as d is increased. The dynamic 

response transitions from underdamped to overdamped for d above 0.625 − 0.65. For large 

duty ratios, corresponding to overdamped response, the electric field overshoot is small but 

the coil current has a relatively long decay and the energy is dissipated predominantly in the 

coil, potentially resulting in increased coil heating. On the other hand, for small duty ratios, 

corresponding to underdamped response, the coil current decays faster, but the electric field 

overshoot is larger and the electric field pulse tail exhibits ringing, with more heat dissipated 

in the IGBT modules due to their higher effective resistance. A trade-off between these two 

dynamic behaviors occurs near the critical damping duty ratio, d = 0.625 − 0.65, which is a 

good choice for the system design.

4.2. Motor Threshold vs. Pulse Width and Direction

Figure 3 demonstrates the use of cTMS3 to determine the strength–duration relationship 

between active motor threshold and pulse width in 10 subjects for two induced current 

directions: posterior–anterior and anterior–posterior. Figure 3(a) shows the electric field 

waveforms for the three pulses used in the study. The pulse width of the initial, positive 

electric field phase was set to 30, 60, or 120 µs. The initial amplitude of the subsequent 

negative electric field phase was 20% of the initial amplitude of the positive phase, VC21 = 

0.2VC11. These pulses correspond to monophasic magnetic pulses with positive coil current, 

IL ≥ 0. Figure 3(b) shows the corresponding active motor thresholds. As expected, the motor 

threshold decreases with increasing pulse width and is lower for posterior–anterior than 

anterior–posterior current direction [15, 33]. The range of average threshold values in figure 

3(b) is 572–1552 V, which is commensurate with the average active motor threshold of 

37.3% of the maximum pulse amplitude, corresponding to energy-storage capacitor voltage 

of 1044 V, with a conventional monophasic TMS device (Magstim 200) [32].
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4.3. Advanced Pulse Shape Synthesis

Figure 4 illustrates pulse synthesis with the four coil-voltage levels available in cTMS3. The 

initial energy-storage capacitor voltages are VC11 = 1430 V and VC21 = 0.5VC11. The pulse 

starts with coil voltage steps of −VC21, 0, V11 − VC21, and V11, and then goes through these 

steps is reverse order, forming an ascending and then descending staircase waveform of the 

electric field [figure 4 (b)]. This coil voltage waveform results in an approximately sine-

shaped current pulse [figure 4 (a)]. Note that when VL ≈ 0 is applied across the coil, IL is 

held at an approximately constant value near its peak or trough.

The transitions between the VL = 0 and VL = VC11 − VC21 levels in figure 4 are associated 

with brief (1–3 µs) but relatively high amplitude electric field spikes. These coil voltage 

transitions correspond to simultaneous switching of both coil terminals, Vx1 and Vx2. 

Therefore, sharp spikes in the coil voltage and hence the electric field can result from small 

differences in the switching speed of the two half-bridges. When simultaneous switching 

signals are sent to both half-bridges, differences in the speed of response of the respective 

IGBTs, which are different models with different specifications in the two half-bridges (see 

Table 1), result in slightly different timing of the voltage transitions of the coil terminals Vx1 

and Vx2. The resulting electric field transition spikes are too brief to significantly affect the 

neural membrane potential. Further, these spikes can be reduced or eliminated by optimizing 

the relative timing of the switch control signals, as discussed in the next paragraph and 

illustrated in figure 5.

The four electric field strength levels available within a pulse can be used to optimize 

various TMS performance aspects. For example, the energy efficiency of TMS pulses can be 

increased by introducing a long, shallow electric field phase that precedes the main, 

depolarizing pulse consisting of a positive and a negative rectangular phases of equal 

amplitudes [34]. Figure 5 illustrates how the cTMS3 device can be programmed to 

approximate this optimal pulse shape. The initial capacitor voltages were set to VC11 = 816 

V and VC21 = 906 V. For the first 100 µs, the coil is connected between C21 to C11 resulting 

in initial coil voltage VL = VC11 − VC21 = −90 V. During this initial negative phase, energy 

is transfered from C21 to C11, resulting in approximately equal VC11 and VC21 at the end of 

the interval. The initial phase is followed by a bidirectional, near rectangular pulse; two 

different pulse durations are illustrated in figure 5. In this example, the electric field spike 

that could occur at the transition between the VL = 0 and VL = VC11 − VC21 levels at the 

beginning of the pulse was avoided by delaying the Q21 turn-on signal by 1 µs relative to the 

Q11 turn-on signal.

4.4. Pulse Sequences and Repetitive TMS

The energy recycling, efficient rectangular electric field pulse shape, and pulse parameter 

control features of cTMS enable the generation of rapid pulse sequences that can 

approximate TMS paradigms that conventionally require the outputs of multiple devices to 

be combined. We provide two illustrative examples of paired-pulse [35] and quadripulse 

TMS [36] in figures 6 and 7, respectively. Both examples utilize two key cTMS capabilities: 

(1) generation of efficient biphasic magnetic pulses with different falling and rising slopes 

that induce an electric field with large difference between the amplitude of the positive and 
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negative pulse phases resulting in predominantly unidirectional electric field pulses, and (2) 

control of the effective stimulation strength of each pulse by adjusting the pulse width. The 

predominantly unidirectional electric field pulses approximate those generated by 

conventional monophasic stimulators but are substantially more energy efficient [14]. 

Increasing the pulse width of the second and subsequent pulses in a sequence can counteract 

the reduction of the capacitors’ charge due to energy loss during the pulse, allowing the 

effective stimulation strength to be equal or even higher than that of the first pulse.

4.4.1. Paired-Pulse TMS—The paired-pulse example in figure 6 illustrates how the first 

(conditioning) pulse can be followed by a second (test) pulse of higher stimulation strength 

after only 3 ms. Capacitor voltages VC11 and VC21 were reduced after the first pulse by 2% 

and 17%, respectively. Nevertheless, by making the second pulse 67% longer than the first 

pulse, the effective strength of the second pulse, as quantified by the modeled neural 

membrane depolarization [figure 6(c)], is 45% higher than that of the first pulse.

4.4.2. Quardipulse TMS—Quadripulse rTMS involves bursts of unidirectional electric 

field pulses with interstimulus interval of 1.5–1250 ms that produces long-term-potentiation 

and long-term-depression effects [36]. Conventionally, quadripulse rTMS is generated by 

combining the output of four monophasic TMS devices [36]. Figure 7 demonstrates that a 

single cTMS device can generate a rapid quadripulse burst that uses small increments of the 

pulse width to compensate for the reduction of charge on the capacitors due to energy loss 

and the consequent reduction of pulse amplitude. Specifically, the duration of the second, 

depolarizing electric field phase is increased for each subsequent pulse, having values of 67, 

69, 73, and 78 µs, respectively. Consequently, the estimated neural depolarization varied 

within only 1% across the pulses, whereas the reduction in the electric field amplitude was 

16%. In practice, the adjustment of the pulse widths can also be based on empirical 

strength–duration curves like the ones in figure 3(b).

4.4.3. Theta Burst Stimulation—Another paradigm that requires rapid pulse sequences 

is theta burst stimulation which can induce lasting excitability changes after a relatively brief 

stimulus train [37]. The typical building block of theta burst stimulation is a 50 Hz burst of 3 

pulses. Due to the high pulse rate, conventional theta burst stimulation uses bidirecitonal 

biphasic pulses. cTMS3 allows the generation of theta burst trains with a variety of pulse 

shapes including predominantly unidirectional electric fields. We evaluated the ability of 

cTMS3 to deliver theta bursts (50 Hz, 3 pulses) with predominantly unidirectional biphasic 

pulses similar to those in figures 6 and 7 with VC11 = 1638V, VC21 = 0.2VC11, initial 

negative electric field phase width = 165 µs, and subsequent positive phase width = 45 µs. 

The measured pulse amplitude variability was within only 1.1%, indicating accurate pulse 

generation at 50 Hz. Experimental data from theta burst stimulation with these unidirecitonal 

pulses in humans is reported in [38].

5. Discussion

We demonstrated several implementation and functionality advantages of cTMS3. First, 

cTMS3 generates lower internal voltage differences compared to the cTMS2 device with 

nearly identical output ratings [14]. This contributes to the safety of the device. As well, 
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cTMS3 uses lower voltage IGBT modules that are less expensive and more available than 

the IGBT modules used in prior cTMS devices [13, 14], making this technology more 

practical for commercial implementation.

Second, cTMS3 enables more flexible pulse shaping by allowing two additional coil-voltage 

levels equal to zero or to the difference between the two energy-storage capacitor voltages, 

respectively. These additional voltage levels could be used to optimize the pulse shape for 

energy efficiency, as suggested by our theoretical findings [34]. We have demonstrated 

experimentally reduced energy use and coil heating with cTMS2 [14]—these advantages 

associated with the rectangular pulse shape and energy recycling should apply equally well 

to cTMS3. As well, the flexible pulse shaping could potentially improve the selectivity of 

neural population targeting [39, 40, 10], and mitigate TMS side effects such as the pulse 

sensation and sound [41, 16].

Third, the added zero coil-voltage level can be used to actively snub ringing between the 

capacitance at the switching nodes and the coil. Waveform ringing is a significant issue in 

other devices with enhanced pulse shape control such as flexTMS [17] and cTMS2 [14]. In 

flexTMS no measures were taken to suppress the ringing, whereas in cTMS2 active 

snubbing is handled with a separate circuit. In contrast, implementing the snubbing with the 

main IGBT modules in cTMS3 decreases the complexity and cost of the device, and 

increases reliability. Depending on the duty ratio of the IGBT switching during snubbing, 

various damping behaviors can be achieved, allowing optimization of the artifact 

suppression at the pulse end (see figure 2). IGBT active snubbing resulting in critical 

damping presents a favorable trade-off between suppressing the electric field pulse fast and 

with small overshoot, but having a long decay of the coil current resulting in more heat 

dissipation in coil, versus more overshoot and ringing associated with more heat dissipation 

in the IGBT modules. Importantly, this damping approach can be implemented in other 

topologies that allow a VL ≈ 0 level, such as the H-bridge used in flexTMS.

Fourth, due to its high energy efficiency, large capacitor energy storage, and pulse width and 

directionality control, cTMS3 can produce powerful rapid pulse sequences. Conventional 

TMS devices consisting of a single pulse-generation circuit cannot produce unidirectional 

theta burst stimulation or rapid bursts (< 10 ms inter-pulse interval) with equal or increasing 

strength, since capacitor energy diminishes from pulse to pulse due to circuit losses, and the 

time between the pulses is too short for the capacitor charger to replenish the charge. In 

contrast, cTMS3 enables paradigms including theta burst stimulation with predominantly 

unidirectional electric field pulses [38], as well as paired-pulse and quadripulse TMS with a 

single pulse-generation circuit. The ability to deliver high frequency trains of unidirectional 

pulses may be a particular advantage since it has been demonstrated that different directions 

of stimulation activate different populations of neurons in motor and visual areas of the 

cerebral cortex [42, 43]. Currently available repetitive stimulators only deliver bidirectional 

pulses, which activate mixed populations of neurons. Their effects are highly variable from 

one person to another, probably because of individual differences in the mix of neurons 

activated [44]. The ability to deliver unidirectional stimulation may therefore make the 

effects of stimulation more reproducible across the population.
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Finally, in addition to technical aspects of the cTMS3 design and performance, this paper 

presented illustrative motor threshold strength–duration data from the first-in-human study 

with the device. These data demonstrated that with cTMS3, pulse parameters other than 

amplitude, such as the electric field pulse width and ratio between the positive and negative 

phases, can be controlled to affect the motor cortex response. They further showed that the 

device output is well within the strength required to produce cortical activation and is 

commensurate in strength with conventional devices that have less flexible output control.

6. Conclusion

We presented the design, implementation, and first-in-human experimental data of a novel 

TMS device, cTMS3, that offers implementation advantages and flexibility of pulse shaping 

unparalleled in other available TMS devices. cTMS3 generates smaller internal voltage 

differences and uses IGBTs with lower voltage rating than prior cTMS devices, provides 

additional coil voltage levels that are used to shape the pulse and to snub undesirable pulse 

ringing, and allows the generation of rapid sequences of pulses with various shapes and 

equal or even increasing strength that can implement various established and novel 

stimulation paradigms. These features enhance the potential of TMS as a research, 

diagnostic, and therapeutic tool.
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Figure 1. 
Diagram of key elements of the cTMS3 circuit. (top) Two half-bridges connected to energy 

storage capacitors (i = 1,2) drive differentially the stimulation coil L. (bottom) Each half-

bridge, Qi1/Di1 − Qi2/Di2, is connected to an energy-storage capacitor Ci1 and charge control 

module Ii. Passive snubber circuits are shown in shaded blocks.
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Figure 2. 
Measured active snubbing at the end of a positive monophasic TMS pulse with peak coil 

current of IL = 3 kA. Ideally, IL should decay to zero and remain there. However, ringing 

occurs between the coil and the switch capacitive snubbers. To dampen these oscillations, 

transistor Q12 is switched with a period of 5 µs and various duty ratios d. (a) Coil current IL 

and (b) corresponding induced electric field strength E are shown for a d range of 0.4–0.8 [d 
values printed over the traces in (a)]. For d > 0.625, the response transitions from 

underdamped to overdamped.
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Figure 3. 
Motor threshold measurement in 10 human subjects as a function of pulse width and current 

direction. (a) Measured electric field waveform E of monophasic magnetic pulses with VC21 

= 0.2VC11 and positive phase widths of 30, 60, and 120 µs. (b) Active motor thresholds for 

the three pulse widths with posterior–anterior and anterior–posterior direction of the initial 

phase of the induced current. Bars give mean values and whiskers give standard deviation. 

For comparison, the active motor threshold with a conventional monophasic TMS device 

(Magstim 200) is 1044±252 V [32].
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Figure 4. 
Measured waveforms of (a) coil current IL and (b) electric field E for a synthesized staircase 

pulse illustrating the four E levels that can be achieved within each pulse. Coil voltages 

corresponding to each E level are indicated in (b). Initial energy-storage capacitor voltages 

are VC11 = 1430 V and VC21 = 0.5VC11.
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Figure 5. 
(a) Measured electric field waveform E and (b) estimated neural membrane depolarization 

ΔVm for a pulse approximating minimum energy pulses [34]. The initial capacitor voltages 

are VC11 = 816 V and VC21 = 1.1VC11. The duration of the initial negative E phase is 100 µs 

and the width of the second, positive phase is either 40 µs (blue curves) or 54 µs (red 

curves).
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Figure 6. 
Pair of biphasic pulses delivered with short interstimulus interval (3 ms). The plots show 

measurements of (a) coil current IL and (b) electric field E, as well as (c) modeled neural 

membrane depolarization ΔVm. The parameters of the first pulse are VC11 = 1196 V, VC21 = 

0.22VC11, and positive E phase width of 60 µs. In the second pulse, the positive E phase 

width is increased to 100 µs, resulting in larger membrane depolarization despite the reduced 

E amplitude.
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Figure 7. 
Four pulses separated by inter stimulus interval of 2 ms forming a quadripulse burst [36]. 

The plots show (a) measured electric field waveform E (filtered with 3-point median filter to 

illustrate clearly pulse amplitude by removing switching spikes) and (b) estimated neural 

membrane depolarization ΔVm. The initial capacitor voltages are VC11 = 1230 V and VC21 

=0.22VC11, and the duration of the first, negative phase of the electric field pulses is fixed at 

200 µs. In order to compensate for the reduction of charge on the capacitors due to energy 

loss and the consequent reduction of pulse amplitude, the duration of the second, positive 

electric field phase is increased for each subsequent pulse, having values of 67, 69, 73, and 

78 µs, respectively.
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Table 1

Key cTMS3 Circuit Implementation Components

Component Function Rating Part # Manufacturer

C11 energy storage 430 µF, polypropylene film 700D437930-556a SB Electronics

C21 energy storage 2000 µF, polypropylene film 700D208915-555a SB Electronics

Q11/D11, Q12/D12 coil switch IGBT: 1200 Adc, 3.3 kV 5SNA1200E330100 ABB

Q21/D21, Q22/D22 coil switch IGBT: 1200 Adc, 1.7 kV FZ1200R17HP4 Infineon

Q11, Q12, Q21, Q22

gate drivers
gate drivers VGE = −10 V (off), 20 V (on)

RG = 1 Ω (off), 11 Ω (on)
HV4-30Ia Floeth Electronic

L stimul. coil 16.35 µH P/N 9925-00a Magstim

C12 snubber 2.4 µF, polyester film (3) 45PC804928-117a SB Electronics

R13 snubber 0.66 Ω, non-inductive (3) NHL-20-02Z Vishay Dale

C22 snubber 6 µF, polyester film (3) 45PC205915-116a SB Electronics

R23 snubber 0.33 Ω, non-inductive (3) MRA121R000FE12 Vishay Dale

D13, D23 snubber 1200 V, 60 A, fast recovery (3) 60EPF12 Vishay Semi.

C13, C14, C23, C24 snubber 0.5 µF, polyesther film 45PC113a SB Electronics

C15, C16, C25, C26 snubber 1 µF, polyesther film (2) 45PC113a SB Electronics

R11, R12, R21, R22 snubber 0.5 Ω, non-inductive (4) NHL-25-06Z 2 Ω Vishay Dale

R1 coil grounding 100 kΩ (4) HVR37 100 kΩ Vishay BC Comp.

I1 cap. charger output: 3 kV, 0.67 A, 1 kW 102A-3KV-POS Lambda

I2 cap. charger output: 1.5 kV, 1.33 A, 1 kW 102A-1.5KV-POS Lambda

control digital
controller

digital I/O 0.025 µs resol.
12 bit A/D, 16 bit D/A

cRIO-9014 + modules:
9401, 9403, 9201, 9263

National Instrum.

a
custom manufactured or modified
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