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Abstract

Objective—Sham TMS coils isolate the ancillary effects of their active counterparts, but 

typically induce low-strength electric fields (E-fields) in the brain, which could be biologically 

active. We measured the E-fields induced by two pairs of commonly-used commercial active/sham 

coils.

Approach—E-field distributions of the active and sham configurations of the Magstim 70 mm 

AFC and MagVenture Cool-B65 A/P coils were measured over a 7-cm-radius, hemispherical grid 

approximating the cortical surface. Peak E-field strength was recorded over a range of pulse 

amplitudes.

Main results—The Magstim and MagVenture shams induce peak E-fields corresponding to 

25.3% and 7.72% of their respective active values. The MagVenture sham has an E-field 

distribution shaped like its active counterpart. The Magstim sham induces nearly zero E-field 

under the coil’s center, and its peak E-field forms a diffuse oval 3–7 cm from the center. Electrical 

scalp stimulation paired with the MagVenture sham is estimated to increase the sham E-field in the 

brain up to 10%.

Significance—Different commercial shams induce different E-field strengths and distributions 

in the brain, which should be considered in interpreting outcomes of sham stimulation.
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Introduction

In transcranial magnetic stimulation (TMS) studies, sham coils are used to isolate the impact 

of ancillary effects including scalp stimulation, auditory activation, and placebo response 

[1]. An ideal TMS sham would replicate these effects, without directly stimulating the brain. 

Reproducing scalp stimulation while reducing or eliminating the concomitant electric field 

(E-field) from the brain is the most challenging aspect of designing a sham [2–5]. 

Consequently, sham coils that induce some scalp stimulation typically also induce a residual 

E-field in the brain. Generally, this E-field is significantly weaker than in the active 

condition and may have a different spatial distribution. However, there is accumulating 

evidence that brain function may be affected by markedly subthreshold E-fields of less than 

10% of the threshold to evoke action potentials [6–12]. Therefore, to inform investigations 

of the possibility that sham TMS contributes to subthreshold E-field effects, we measured 

the E-field distributions of two popular figure-8 coils and their complementary shams.

Methods

The coils characterized here include the Magstim 70 mm Double Air Film Coil (AFC; P/N: 

3910-00; Magstim Co.), its complement sham (P/N: 3950-00), and the MagVenture Cool-

B65 Active/Placebo (A/P) coil (P/N: 9016E0501; MagVenture A/S), which can be 

configured in active or sham mode by flipping the coil over. The Magstim coils were 

powered by a Magstim Rapid2, and the MagVenture coil was powered by a MagPro X100. 

In either case, the driving waveform was biphasic, and the inter-pulse frequency was 1 Hz.

E-field distributions were captured over a 1000-point, hemispherical grid using a robotic 

measurement tool with a probe comprised of two orthogonal wire loops forming isosceles 

triangles each with a 5.0 ± 0.1 mm base and 7 cm height [13, 14]. The resultant 

measurement surface approximates the superficial cortex. Each TMS coil was positioned 

and leveled 8.5 cm above the probe’s pivot point (its origin), a distance roughly equal to that 

between the center of the head and the scalp [15], with side loops bisected symmetrically by 

the probe’s y–z reference plane. This setup results in measurements that illustrate the shape 

and intensity of the E-field as if the coil were fixed at the vertex of the head. The distribution 

of E-field strength, quantified by the amplitude of the second phase of the cosine pulse 

waveform, was recorded at 50% of the maximum stimulator amplitude (MSA) for each coil. 

The probe was then positioned at the E-field spatial maximum, and E-field strength was 

recorded from 10% to 100% of MSA in 10% steps. In each measurement, the 6 degrees of 

freedom in relative position between the coil and probe assembly were constrained using 

laser-guided sight lines and levels.

Results

The measured E-field distributions are shown in figure 1A–D (the raw data are provided as 

supplementary material). The maximum E-field strength in active stimulation differs 

between the Magstim (133 V/m) and MagVenture (185 V/m) systems by 39.6%. This is 

expected, since the maximum energy-storage capacitor voltages and coil designs differ. 

Importantly, there are also significant differences in the E-field strength and distribution 
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between the two shams. The Magstim sham induces a peak E-field of 34 V/m at 100% 

MSA, corresponding to 25.3% of the active maximum, whereas these respective values are 

only 14 V/m and 7.72% for the MagVenture system. The MagVenture sham has a figure-8 

E-field distribution similar to its active counterpart, albeit with wider spacing between the 

zeros and less focality. In contrast, the Magstim sham induces an E-field that is nearly zero 

under the coil’s center, and its peak E-field forms a diffuse oval circulation pattern 3–7 cm 

from the coil’s center (supplementary figure S1 provides a clearer illustration of the E-field 

direction by normalizing the E-field magnitude for each coil configuration by its own 

maximum).

Figure 1E shows the E-field strength of each coil configuration over a range of stimulator 

output relative to 100% MSA of the corresponding active configuration. As expected, E-field 

strength is highly linear with respect to the device pulse amplitude setting (Pearson’s 

correlation coefficient > 0.95); therefore, the sham-to-active ratio is maintained across the 

output range.

The E-field pulse waveforms for each coil configuration are shown in figure 2. The active 

pulses for both the Magstim and MagVenture devices have an underdamped cosine shape, as 

expected. The sham waveforms have similar shape, albeit with some distortions. The 

Magstim sham pulse is 3.5% shorter in duration than its active counterpart, whereas the 

MagVenture waveforms have equal duration in the two modes. In all, the differences in 

waveform are small and unlikely to change substantially the E-field thresholds for neural 

activation between active and sham modes, supporting the validity of the relative E-field 

strength comparison in figure 1E.

Discussion

The Magstim sham coil effectively eliminates stimulation immediately under the coil’s 

center, where the active coil induces its peak E-field, a design that seems to maximize the 

contrast between the active and sham conditions. However, the E-field under the periphery 

of the Magstim coil is significantly stronger than the peak E-field of the MagVenture sham 

configuration, which is located under the coil’s center. Thus, the Magstim sham may 

produce more low-field effects in brain regions surrounding the target. Additionally, the 

direction of the E-field for the Magstim sham generally differs from the MagVenture sham, 

which may affect neuromodulation further [16]. While not directly measured, the E-field in 

the scalp would have spatial distribution similar to that in the underlying cortex, so these 

conclusions apply qualitatively to the magnetically-induced stimulation of the scalp as well.

The MagVenture Cool-B65 A/P coil can mimic scalp sensation by delivering electrical 

stimulation via a pair of surface electrodes, mounted under the center of the TMS coil [3, 4, 

17]. Notably, this electrical stimulation also produces some E-field in the brain via current 

injection across the scalp, skull, and cerebrospinal fluid. In our lab, we use a pair of adhesive 

electrodes with 1.3-cm-diameter conductive area, separated by about 3.6 cm, and electrical 

stimulation settings that deliver 2–3 mA at typical TMS intensities of 40%–60% MSA [17]. 

Based on our prior simulations of the relationship between scalp electrode parameters and 

the resultant E-field [18], this electrical stimulation can produce 0.6–0.9 V/m (0.3 V/m/mA) 
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in the brain, an increase of about 10% of the sham E-field or less than 1% of the active E-

field at these intensities. It should be noted that the waveforms and spatial distributions of 

the magnetically and electrically induced pulses are different: The magnetically induced 

pulse has dampened cosine shape with a duration of 280 μs, whereas the electrical stimulus 

is a monophasic triangle with rise and fall times of 200 μs and 2000 μs, respectively [17]. 

Further, the spatial distribution of the electrical stimulation may add to or subtract from the 

magnetically induced E-field depending on the placement of the electrodes. Regardless, 

because of the relatively low amplitude of the electrically injected E-field, it is unlikely to 

substantially alter our conclusions about brain stimulation by sham TMS. At the same time, 

electrical stimulation substantially increases the scalp sensation to approximately match 

active TMS, which is the objective of this sham procedure.

Since the amplitudes of active and sham pulses are usually matched, TMS paradigms that 

use higher active intensities will also result in proportionally higher sham E-field strengths, 

making any unintended neural effects from sham stimulation more likely. Further, since 

sham conditions do produce E-field in the brain (as well as scalp and auditory stimulation), 

it may be more appropriate to refer to sham as a distinct stimulation condition when 

informing research subjects, institutional review boards, and scientific audiences.

Conclusions

The strength and distribution of the E-field induced by different commercial TMS shams in 

a subject’s head can vary. These differences may impact not only the reproduction of scalp 

sensation, but also potential neuromodulatory effects of the residual E-fields in the brain 

during sham. Completely blocking magnetic field delivery to the brain while reproducing the 

sensation of TMS with electrical scalp stimulation may be advantageous for minimizing the 

effects of E-field induced in the brain during sham.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A–D: Measured E-field distributions for the active and sham coil configurations. For each 

coil type, the distributions are normalized by the maximum E-field strength of the active 

configuration (supplementary figure S1 shows all distributions normalized by their own 

maximum). The location of each maximum is denoted by a square, and the absolute E-field 

strength at this point for 100% maximum stimulator amplitude (MSA) is noted in the lower 

right corner of the plots. E: Measured peak E-field strength as a function of stimulator 

amplitude setting. Normalization is the same as in A–D. A dashed line is drawn from the 

origin to the normalized value at 100% MSA for each coil.
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Figure 2. 
A–B: Measured E-field pulse waveforms for the two active and sham coil configurations. 

Each waveform is normalized by the peak value of the reverse phase.
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