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Abstract
We present the first computational study comparing the electric field induced by various
electroconvulsive therapy (ECT) and magnetic seizure therapy (MST) paradigms. Four ECT
electrode configurations (bilateral, bifrontal, right unilateral, and focal electrically administered
seizure therapy) and three MST coil configurations (circular, cap, and double cone) were modeled.
The model incorporated a modality-specific neural activation threshold. ECT (0.3 ms pulse width)
and MST induced maximum electric field in the brain of 2.1–2.5 V/cm and 1.1–2.2 V/cm,
corresponding to 6.2–7.2 times and 1.2–2.3 times the neural activation threshold, respectively. The
MST electric field is more confined to the superficial cortex compared to ECT. The brain volume
stimulated was much higher with ECT (up to 100%) than MST (up to 8.2%). MST with the double
cone coil was the most focal and bilateral ECT was the least focal. Our results suggest a possible
biophysical explanation of the reduced side effects of MST compared to ECT. Our results also
indicate that the conventional ECT pulse amplitude (800–900 mA) is much higher than necessary
for seizure induction. Reducing the ECT pulse amplitude should be explored as a potential means
of diminishing side effects.

1. Introduction
Electroconvulsive therapy (ECT) remains a widely used treatment for severe depression
because its antidepressant efficacy and speed of response are unsurpassed by other
interventions. However, ECT carries a risk of significant cognitive side effects [1] and
cardiac complications [2]. Over the last few decades, the tolerability of ECT has been
improved by altering the electrode placement and the pulse train parameters, as exemplified
by the transition from bilateral (BL) to right unilateral (RUL) electrode placement [3] and
the transition from sinusoidal to brief [4, 5] and, more recently, to ultra-brief pulses [6]. In
addition, alternative electrode configurations that are intended to target prefrontal structures,
such as bifrontal (BF) [7] and focal electrically administered seizure therapy (FEAST) [8],
are being evaluated. Finally, magnetic seizure therapy (MST), in which seizures are induced
using repetitive transcranial magnetic stimulation (rTMS), has been introduced in an effort
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to improve the risk/benefit ratio of convulsive therapy, as it offers greater control of the
seizure initiation site and a superior side effect profile than conventional ECT [9].

Despite the evidence that the stimulation parameters have an impact on efficacy and side
effects, unanswered questions remain regarding the mechanisms by which variations in
treatment technique lead to differences in clinical outcome [10, 11]. The strength and spatial
distribution of the electric field induced by ECT and MST determines the extent to which
various brain regions are directly affected by the stimulation. Knowledge of this distribution
may help to explain differences in efficacy and side effects seen with existing paradigms and
may inform novel methods to improve spatial targeting of seizure therapies as well as
subconvulsive electrical and magnetic stimulation. However, since there are no established
non-invasive methods for measuring the electric field induced in the human head by ECT,
there are scare experimental data and they are limited to cadaver preparations. Smitt and
Wegener measured the intracerebral voltage distribution in human cadavers during ECT
using probes progressively passing through the brain from the occipital protuberance to the
supraorbital ridge [12]. Lorimer et al. carried out intracerebral voltage measurements in
human cadavers with bifrontotemporal and vertex– parietal electrode placements [13]. Rush
and Driscoll measured the voltage distribution in an electrolytic tank containing a human
half skull and found that the estimated current density agrees well with a computational
model consisting of three concentric spherical shells representing the scalp, skull, and brain
[14]. There is one study to date reporting on the direct intracranial measurements of TMS-
induced electric field in the human cortex—using a figure-8 coil, Wagner et al. recorded the
TMS-induced voltages between 5 mm-spaced contacts on an implanted electrode within the
right cingulate [15]. Finally, intracerebral induced voltages have been recorded with
implanted electrodes in spider monkeys for ECT [16] and in rhesus monkeys for ECT and
MST [17]; however, the difference in head size and structure limits the generalizability to
human subjects [18, 19]. Although these ex vivo and in vivo measurements in human and
non-human primate heads provide insights and are important for validating computational
models, they provide estimates of the electric field at sparse locations in the brain and are
not available for the full range of electrode and coil configurations used clinically.
Therefore, computational models are necessary for the detailed study of the intracerebral
electric field induced by ECT and MST.

A number of theoretical and computational analyses of the electric field induced by ECT
have been presented for spherical [20-23] and anatomically realistic head models [24-29].
These studies, however, have various limitations, including representing the electrodes as
point sources, truncated or 2D head models, and models limited to the BL and RUL
electrode placements. Except for a recent study by our group [29], none of these works has
modeled the BF and FEAST electrode configurations. Further, even though a significant
number of papers on TMS electric field modeling have been published [24-26, 30-36], none
of them analyzes MST-specific devices and coils.

The published studies have one more common limitation: Knowing the electric field
distribution alone is not sufficient to predict the strength of neural stimulation, since neural
response depends also on the pulse shape and width. The dependence on pulse width is often
expressed as a strength-duration relation [37]. Therefore, in addition to characterizing the
maximum induced electric field, we propose that the more appropriate metric to quantify the
strength of stimulation is the electric field amplitude relative to the threshold electric field
for neural activation. The electric field threshold accounts for pulse characteristics such as
pulse shape and width, and can be obtained empirically. Existing simulation studies
comparing ECT and TMS do not incorporate these aspects of the neural response to the
induced electric field. Thus, those studies cannot reveal the spatial extent of direct brain
activation and do not allow appropriate comparison between stimulation with different pulse
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characteristics, such as between the rectangular pulse waveforms of ECT and the sinusoidal
waveforms of MST.

This is the first computational study to compare the electric field strength and focality of
ECT and MST configurations. In addition, we derive a method for estimating the electric
field threshold for neural activation for various stimulation pulse shapes and widths based on
data from the literature. The estimated neuronal activation threshold is incorporated into our
models to determine the strength and focality of direct neural stimulation by ECT and MST.
The comparison of the stimulation strength and focality of various existing forms of ECT
and MST may inform the interpretation of clinical data on the differences between these
modalities, and could be useful in guiding improvements in ECT and MST dosing. This
work was previously presented in part in conference publications [19, 38].

2. Materials and methods
2.1. Electric field simulation

We simulated the electric field induced by commercial ECT and MST devices: MECTA
Spectrum 5000Q (MECTA Corp., Tualatin, OR) and Magstim Theta (Magstim Co.,
Whitland, Wales, UK), respectively. The spatial distribution of the electric field induced in a
spherical head model for various ECT electrode and MST coil configurations was simulated
using the finite element method (FEM) with the software packages ElecNet 7 and MagNet 7
(Infolytica Corp., Montreal, Canada), respectively. In FEM, the head and the ECT electrodes
and MST coils are represented as 3D objects meshed into small contiguous tetrahedrons
(finite elements) that are assigned dielectric properties corresponding to the respective
tissues and materials. The electric field temporal waveforms were directly measured from
the output of the ECT and MST devices. The electric field modeling approach is detailed
below.

2.1.1. Head model and anatomical parameters—The human head was modeled as a
five-shell conducting sphere consisting of scalp, skull, cerebrospinal fluid, gray matter, and
white matter, as shown in figure 1(h). Even though the spherical model substantially
simplifies the head geometry, it has been validated with in vivo voltage measurements
during electrical stimulation [12-14] and provides a reasonable approximation to
anatomically realistic models of TMS [36]. Thus, the spherical model provides a useful
platform for studying transcranial bran stimulation. Since about 70% of ECT patients are
women [39], we used the weighted average of adult female head diameter [40, 41], and
scalp thickness [42, 43] reported in morphometric studies. The skull thickness of the head
model was based on averaging the frontal, parietal and occipital bone measurements
reported by Li et al. [44]. The tissue layer thicknesses used in the model are summarized in
table 1. The edges of each tetrahedron in the finite element mesh were constrained to be less
than 2.5 mm; the complete mesh consisted of approximately 1.8 million finite elements.

The tissue layers were assigned the isotropic conductivities given in table 1 [14, 34, 45-48].
We used tissue conductivities that are independent of frequency; this assumption is
justifiable at the relatively low frequencies comprising ECT and MST pulses (< 10 kHz) [34,
36, 45-47, 49, 50]. Traditionally, a brain-to-skull conductivity ratio of 80 has been most
commonly used in modeling studies [51, 52]. However, more recent in vivo measurements
have indicated that this ratio is in the range of 15–40 [53-56]. Some sophisticated skull
models have incorporated multi-layer structure and/or anisotropy [57]; however, boundaries
between the spongiosa and the compacta layers of the skull are often difficult to determine
on MRI scans [48, 57]. Therefore, in this study we modeled the skull as a single layer, with
a gray-matter-to-skull conductivity ratio of 40 [53].

Deng et al. Page 3

J Neural Eng. Author manuscript; available in PMC 2014 January 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.1.2. ECT electrode and MST coil configurations—Four ECT electrode
configurations (BL, BF, RUL, and FEAST) and three MST coil configurations [circular
(CIRC), cap (CAP), and double cone (DCONE)] were modeled after existing hardware. The
electrode and coil placements approximated those used in clinical practice (or in clinical
trials, in the case of FEAST and MST) mapped onto the surface of the spherical model.
Standard round, 5 cm diameter electrodes were modeled in the BL, BF, and RUL
configurations. For BL ECT [figure 1(a)] the two electrodes were placed in the
frontotemporal position— the bottom of the electrodes tangential to the midpoint of the line
connecting the auditory meatus and the external canthus of the eye [58]. For BF ECT [figure
1(b)] each electrode was centered 5 cm above the outer angle of the orbit on a line parallel to
the sagittal plane [7]. For RUL ECT [figure 1(c)] one electrode was placed in the right
frontotemporal position and the second electrode was placed 2.5 cm to the right of vertex
[58]. The FEAST [figure 1(d)] electrode configuration consisted of a large rectangular
electrode pad (2.5 cm × 6.3 cm) over the right motor strip and a small circular electrode (2
cm diameter) over the right eyebrow [8]. Since the sphere is rotationally invariant, the ECT
electrode placements in the model were determined by approximating the edge-to-edge
inter-electrode spacing for each configuration: BL, 13 cm; RUL and BF, 4 cm; and FEAST,
9 cm. For the same reason, the position and orientation of the MST coils did not matter for
the metrics we computed.

The MST coils were modeled after commercial coils from Magstim Co. using
manufacturer's data, X-rays, and inductance measurements to reproduce their structure and
electrical characteristics. The CIRC coil (S/N MP39) consisted of two parallel layers of
windings connected in series, each with an inner diameter of 44 mm, outer diameter of 120
mm, and 9 turns [figure 1(e)]. The CAP coil (P/N 8985) consisted of a single-layer, concave
circular winding with inner diameter of 68 mm, outer diameter of 130 mm, and 15 turns
[figure 1(f)]. The DCONE coil (S/N MP40) consisted of two adjacent windings fixed at a
relative angle of 120°, each with an inner diameter of 96 mm, outer diameter of 125 mm,
and 7 turns [figure 1(g)]. The coil windings were modeled as solid copper wires with cross-
sectional dimensions of 6 mm × 1.75 mm. The coil conductors were placed 7 mm from the
surface of the head model to account for the thickness of the insulating coil casing.

2.1.3. Electric field solution—Since ECT and MST induce electric fields of relatively
low frequencies (< 10 kHz), the quasistatic approximation can be deployed in electric field
models [36, 50, 59-61]. Under the quasistatic approximation, the electric field solution can
be expressed as the product of a spatial factor, k(r), and a time-domain pulse waveform for
the ECT electrode current IE (t) or the MST coil voltage VM(t)

(1)

where r is the spatial coordinate vector, t is time, I E0 and VM0 are the peak ECT electrode
current and MST coil voltage, and wE (t) and wM (t) are the ECT and MST unit-amplitude
pulse waveforms (see figure 2), respectively. The static electric field amplitude distribution
in space, E(r), is directly proportional to the peak ECT electrode current IE0 or MST coil
voltage VM0, and to the geometric factor k(r) which depends on the electrode or coil
geometry and placement as well as on the head geometry and dielectric properties. The ECT
electric field spatial distribution, EE (r), was computed for a direct current of 800 mA
(corresponding to the conventional MECTA output setting) using the ElectNet 3D Current
Flow solver. ElecNet and MagNet solve for the magnetic field via the edge-element version
of the T-Ω method [62] and then compute the electric field from the magnetic field [63]. The
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ECT waveform was recorded from a MECTA Spectrum 5000Q set to current amplitude of
800 mA and pulse widths of 0.3 ms and 1 ms, with the electrodes connected to a 300 Ω
resistive load. The normalized waveform, wE (t), was obtained by dividing the electrode
current by its peak value [see figure 2(a) for a representative waveform]. Whereas ultra-brief
pulses (0.3 ms) are now common in RUL ECT, brief pulses (1 ms) are still standard in BL
ECT due to inefficacy of ultra-brief pulse BL ECT with conventional dosing [6].

The MST spatial electric field distribution was first computed for an arbitrary coil current
IM0 = 1 A and frequency ω0 = 2π×5 kHz using the MagNet Time Harmonic solver, yielding

a distribution with unadjusted amplitude, . The electric field was then scaled to match
the output of a Magstim Theta device

(2)

where VC = 1.65 kV is the nominal energy-storage capacitor voltage at maximum pulse
amplitude of the Magstim Theta and L is the coil inductance. The MST electric field
waveform, wM(t), was recorded with a search coil from the Magstim Theta stimulator with
each of the three modeled MST coils and then normalized to unit amplitude [see figure 2(b)
for a representative waveform]. The simulation results were validated by measurement of
the electric field induced by DCONE MST in a spherical head phantom (see Supplementary
data).

2.2. Electric field characterization
The interaction of electric fields and cerebral neurons has not been fully characterized. For
long, straight nerves, the spatial gradient of the electric field along the axon has been
proposed to determine the degree of induced neuronal depolarization [64, 65]. However,
theoretical analysis and in vitro experiments have shown that even in a uniform electric
field, a large effective electric field gradient can occur at the terminations, bends, branches,
or other nonuniformities in the axon [66-69]. Furthermore, induced electric field transverse
to the axon can also cause neuronal depolarization [70]. Therefore, since the cerebral axons
are short and/or bent, and since the transcranially induced electric field has a relatively small
spatial gradient, strongest depolarization is likely to occur at the site of maximum electric
field magnitude [71, 72]. This view is supported by comparisons of TMS activation maps
with neuroimaging and direct cortical stimulation results [73-75]. Therefore, in this study we
characterize the induced electric field strength as a predictor of direct neural activation.

2.2.1. Stimulation strength—To assess the degree of direct neural stimulation, the
electric field strength has to be compared to a neural activation threshold. This threshold
electric field can be estimated empirically. For example, the average threshold electric field
in motor cortex to induce muscle response (the motor threshold) is 0.85 V/cm (range 0.3–1.3
V/cm) for the Magstim 200 TMS stimulator with a 70 mm figure-8 coil [76-79]. Since it can
be easily quantified by electromyography, the motor threshold is used extensively in TMS as
a probe of neural excitability. The TMS motor threshold data are in substantial agreement
with measurements in anesthetized humans receiving transcranial electric stimulation where
motor thresholds of 170–420 mA (correspond to electric field strengths of 0.45–1.12 V/cm)
for 0.05 ms pulse width were reported [80]. Stimulation at 40% above the motor threshold
produces robust neural activation with motor evoked potential amplitude of approximately
90% of maximum [81], indicating recruitment of the majority of the local neuronal
population. Therefore, we will use the electric field corresponding to 1.4 × motor threshold
as an approximate threshold for robust neural activation, Eth.
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The empirically derived thresholds are specific to the pulse shapes and widths of the
respective stimulation device. To estimate the corresponding electric field thresholds for
other pulse shapes and widths, we have to consider a model of the neuronal membrane
response to stimulation. For modeling of the neural firing threshold in transcranial
stimulation, the neuronal membrane can be approximated as a low-pass filter with time
constant τm [82-84]. Therefore, the change in membrane potential resulting from an electric
field pulse, E(r,t) = E(r)w(t), is approximately

(3)

where ‘*’ is the convolution operator and h(t) is the impulse response of a low-pass filter
with time constant τm

(4)

where u(t) is the Heaviside step function. It is thought that the axon is the neural element
preferentially depolarized by extracellular electric field stimulation, corresponding to a
membrane time constant of approximately τm = 150 μs [82, 85, 86]. Thus, (w * h)(t) is
proportional to the axonal membrane depolarization; it is plotted with dashed line in figure 2
together with the corresponding w(t) for an ECT and an MST pulse.

The constant γ characterizes the membrane depolarization sensitivity to the electric field.
The depolarization sensitivity may vary depending on the neuronal type and relative
orientation to the electric field [87]. However, it is reasonable to expect that pyramidal
neurons and interneurons that are depolarized by electric field of magnitude Eth in the motor
cortex will have similar response to electric field in other brain areas. For example, TMS
evoked electroencephalographic responses in motor and prefrontal cortices have been found
to correlate [88, 89]. There is a 35% intrainidividual variation in motor threshold depending
on coil orientation [90], which is comparable to interindividual threshold variability [81] and
which may average out among the spread of neuronal orientations in a brain region (see also
discussion in section 4.3).

Regardless of the pulse shape, the neuron will fire when ΔVm reaches an approximately
constant threshold level. Therefore, by equating ΔVm at threshold for two pulse shapes, w1(t)
and w2(t), we obtain the following relationship between the corresponding threshold electric
field amplitudes

(5)

Note that this result is independent of γ and the neural membrane firing threshold. From (5)
and known electric field thresholds such as those reported for the figure-8 coil and the
Magstim 200 stimulator, we can estimate the electric field thresholds for other ECT and
MST pulse waveforms.

In the above analysis, we modeled the neural membrane response for single pulses, whereas
ECT and MST are administered at pulse train frequencies of 20–240 pulses per second and
50–100 pulses per second, respectively. Modeling the neural membrane response to each
stimulus train pulse as a single pulse response is justified as follows. Each MST pulse is
charge balanced, so there is no significant membrane charge accumulation between pulses.
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Individual ECT pulses are unidirectional but they alternate in polarity [11, 91]; thus, each
ECT pulse pair is charge balanced and there is no cumulative charge injection. Furthermore,
even for stimulus trains with unbalanced charge (e.g., a unidirectional pulse train [92]), the
axonal membrane time constant (∼ 150 μs) is short compared to the interpulse interval (> 3
ms), and, thus, the axonal membrane charge accumulation is negligible.

2.2.2. Stimulation focality—To characterize the superficiality of stimulation, we
computed the maximum electric field strength as a function of depth from the brain surface.
We quantified the volume of the brain directly activated by ECT and MST by the percentage
of brain (gray and white matter) volume that is exposed to an electric field strong enough to
produce suprathreshold depolarization in the majority of neurons, Vol (E ≥ Eth). Further, we
quantified the intrinsic focality of each electrode or coil configuration by the percentage of
brain volume that is exposed to an electric field larger than the half-maximum electric field,
Vol(E ≥ Emax/2) [72]. Unlike the directly activated brain volume, which changes with
stimulus pulse shape, width, and amplitude, the intrinsic focality depends only on the
electrode and coil geometry and placement, and is independent of the pulse waveform
parameters.

3. Results
3.1. Electric field characterization

The electric field thresholds for robust neural activation for the various stimulation
modalities were estimated using (5) and data linking motor threshold to the induced electric
field [76-78]. Table 2 summarizes the data for the estimated neural membrane depolarization
factor, max(|(w * h)(t)|), and neural activation threshold, Eth. Notably, Eth is approximately
three times higher for MST than for ECT due to the brief pulse width and polyphasic cosine
shape of MST pulses (see figure 2). Coronal views of the electric field relative to threshold
for the seven stimulation modalities are shown in figure 3. The simulation results for
maximum electric field (absolute and relative to neural activation threshold), superficiality,
and brain volume with electric field above threshold and above half-maximum are
summarized in figure 4.

3.1.1. Stimulation strength—Figure 4(a) shows the maximum electric field in the brain
induced by ECT and MST. All ECT configurations induce similar maximum electric field
strength in the brain, ranging from 2.14 V/cm to 2.51 V/cm, for RUL and FEAST,
respectively. DCONE MST induces similar maximum electric field strength (2.23 V/cm)
compared with ECT. CIRC MST produces the lowest electric field strength among all
configurations.

As illustrated in figure 3 and figure 4(b), even though ECT and MST produce similar
maximum electric field, the stimulation strengths of MST relative to the neural activation
threshold is significantly lower than that of ECT due to the higher Eth for MST. The
maximum ECT induced electric field strength ranges from 6.2 to 7.2 times threshold, for
RUL and FEAST, respectively, whereas the values for MST are much lower, ranging from
1.2 to 2.3 times threshold, for CIRC and DCONE, respectively. If ECT is administered with
a pulse width of 1 ms instead of 0.3 ms, the electric field strength relative to threshold would
increase by 14%.

3.1.2. Stimulation focality—Figure 4(c) shows the maximum electric field as a function
of depth in the brain. The MST electric field attenuates more rapidly in depth than the ECT
electric field, reaching zero at the center of the brain. The maximum electric field strength is
higher in the superficial gray matter than in the white matter for all modalities except for BL
and FEAST ECT. Unlike BL and FEAST, the BF and RUL electric field discontinuity at the
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gray matter–white matter interface is negligible since the electric field there is mostly
tangential. Similarly, the MST electric field magnitude is continuous across the gray matter–
white matter interface since the electric field is tangential anywhere in the sphere. Of all
configurations, BL ECT produces the strongest electric field in depth relative to the surface
of the brain.

Figure 4(d) shows the percentage of brain volume stimulated above threshold, Vol(E ≥ Eth),
which is much higher with ECT than with MST (up to 100% for ECT, and up to 8.17% for
MST). Of note, BL ECT produces suprathreshold electric field in 100% of the brain volume,
and BF, RUL, and FEAST ECT produce suprathreshold electric field in over 90% of the
brain volume. Figure 4(d) also shows the intrinsic focality assessed by the brain volume
stimulated above the half-maximum electric field, Vol(E ≥ Emax/2). Among the seven
stimulation modalities, DCONE MST has the best intrinsic focality, whereas BL ECT is the
most nonfocal. The intrinsic focalities of BF and RUL ECT, and CIRC and CAP MST are
similar. Notably, FEAST is not only the most focal among ECT configurations, but is also
intrinsically more focal than two of the MST configurations (CIRC and CAP).

4. Discussion
4.1. ECT vs. MST induced electric field

Our simulation results indicate that MST provides less intense and more focal stimulation
than ECT, as seen in figures 3 and 4. These results support the original motivation for the
development of MST as a more targeted form of seizure induction, proposed as a means to
reduce the side effects of ECT [9, 93]. In contrast, in ECT large portions of the brain (up to
100%) are stimulated at high intensities relative to neuronal threshold (up to 7.2 times
threshold). MST is more confined to the superficial cortex than ECT [figure 3 and 4(c)],
consistent with our in vivo induced voltage data [94]. Therefore, MST may reduce the
cognitive side effects of convulsive therapy, as there is limited direct stimulation of medial–
temporal brain structures, such as the hippocampus.

In present clinical ECT practice, a fixed pulse amplitude of 800 or 900 mA is delivered to all
patients. Our results indicate that at this pulse amplitude the electric field in the brain
exceeds the threshold for robust neural activation by more than 6 fold, much higher than
necessary for seizure induction and possibly contributing to the adverse side effects of ECT.
There is substantial evidence in the literature that pulse amplitudes lower than 800 mA can
successfully trigger seizures, and can have therapeutic effect with potentially reduced side
effects (for review see [11]). Furthermore, MST can elicit therapeutic seizures [95, 96]
despite producing, according to our results, stimulation strength 3–6 times weaker and
focality 10–60 times higher than conventional ECT with 800 mA, 0.3 ms pulses.
Remarkably, BF, RUL, and FEAST ECT have similar intrinsic focality to CIRC and CAP
MST, as shown in figure 4(d). This implies that by lowering the current amplitude, the
stimulation focality of ECT with particular electrode configurations can be made similar to
that of MST. As per (5), reducing the pulse width can also decrease the strength of
stimulation by increasing Eth. Thus, ECT with lower than conventional pulse amplitude and/
or pulse width may still be able to induce therapeutic seizures while reducing cognitive side
effects. The utility of this approach awaits evaluation in clinical trials.

4.2. Comparison of ECT electrode and MST coil configurations
4.2.1. ECT—Among the ECT electrode configurations, BL directly activated the largest
brain volume(100%) and was the least focal, having Vol(E ≥ Emax/2) of over 4 times those
of BF, RUL, and FEAST. BL ECT also has the slowest electric field attenuation in depth,
providing the strongest deep brain stimulation among electrode configurations. BF and RUL
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ECT showed nearly identical electric field characteristics since the electrode separations for
the two configurations are nearly equal. In a realistic head, both electrode separation and
placement affect the induced electric field distribution (the limitations of the spherical head
model are discussed further in section 4.3). The FEAST paradigm was proposed to achieve
more focal seizure induction [8, 92]. We found that FEAST has the highest intrinsic focality
[lowest Vol(E ≥ Emax/2)] among ECT configurations and is in fact more focal than CIRC
and CAP MST. However, at current of 800 mA we found no substantial difference in
directly activated brain volume, Vol(E ≥ Eth), between FEAST and BF and RUL ECT.
Therefore, to utilize the superior intrinsic focality of the FEAST configuration, it should be
used with lower current amplitudes. Lowering current amplitude would also improve the
focality of the conventional ECT electrode placements, as discussed in the previous section.

Our results on ECT electric field strength (2.1–2.5 V/cm maximum) correspond well with
published intracranial induced voltage data. Measurements in cadaver heads yield electric
field strength estimates of 0.7–1.8 V/cm for BL electrode placement with 800 mA current
[12, 13]. Measurements of a half-skull immersed in a head-shaped electrolytic tank with
frontal–occipital electrodes give electric field ranging from 1.5 V/cm near the brain center to
2.5 V/cm near the brain–skull interface for 800 mA current [14]. These ex vivo electric field
estimates match our ECT models within 10–20%. Our simulated values for the maximum
ECT electric field strength fall in the middle of the range reported in previous theoretical
and simulation studies (0.9–5 V/cm for 800 mA current) [14, 25-27].

4.2.2. MST—Among the MST coil configurations, DCONE induced the strongest and
slightly deeperelectric field, consistent with the notion that coils with larger dimensions
induce electric fields withslower attenuation in depth [97]. DCONE MST is also the most
focal, having Vol(E ≥ Emax/2) more than 2 times less than those of CIRC and CAP MST.
CIRC MST induced the weakest, most superficial electric field and the smallest activated
brain volume (1.6%). CAP MST activated the largest brain volume (8.2%) and had the worst
intrinsic focality among coil configurations. These coil configurations differ in their seizure
inducing capabilities: DCONE is most efficient, CAP—second most efficient, and CIRC—
least efficient [95, 96], correlating with the maximum induced electric field strength relative
to threshold shown in figure 4(b). However, the impact on clinical outcomes of these
differences is not clear. In fact, we found no difference in efficacy or side effects between
DCONE and CAP MST coils [95, 96], potentially due to the fact that they are both very
focal.

A key clinical question is whether the reduced stimulation strength and increased focality of
MST preferentially reduces side effects while preserving efficacy. In the first controlled trial
of MST, the treatments were shown to have significant antidepressant benefit and an
excellent safety profile in a group of severely depressed patients referred for ECT [96]. MST
had less neurocognitive side effects compared to published reports of ECT. The observed
remission rate with MST was lower than that reported with the most robust forms of ECT,
such as standard pulse width (1 ms) BL ECT. However, MST had higher antidepressant
efficacy than rTMS [98], which is approved for the treatment of depression by the U.S. Food
and Drug Administration. Finally, it should be noted that in that study, the MST stimulus
was limited in duration due to device output limitations. Thus, the study might have
underestimated the potential antidepressant efficacy of MST.

The MST electric field strengths in our study (1.1–2.2 V/cm maximum) are in the midrange
of previous simulation results which report values of 0.16–5 V/cm for figure-8 and circular
coils which are similar to the MST coils presented in this work in terms of product of coil
current and number of turns of approximately 80 kA-turn [25, 26, 30-35, 99]. Finally, our
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simulated DCONE MST electric field matches saline phantom measurements of the actual
coil within 15% (see Supplementary Material).

4.3. Limitations and future work
4.3.1. Head mode—The spherical head model presented in this study has limitations. In
reality, tissue layers have complex geometry, non-uniform thickness, and heterogeneous and
anisotropic conductivity, and the skull has orifices such as the eye sockets and the auditory
canals, representing potential low-impedance paths for electrical current. There is evidence
that including realistic cortical folding in the model can increase the simulated maximum
electric field strength by 50–70% compared to a spherical model [36, 100]. Thus, the
spherical model may be underestimating the strength of neural stimulation for both electric
and magnetic stimulation [36, 100-105]. In addition, lack of representation for subcortical
structures, such as ventricles, obscures their contribution to the induced electric field
distribution. As with cortical folding, the presence of ventricles filled with high-conductivity
cerebrospinal fluid will likely increase the deep-brain electric field strength in the
surrounding brain tissue. Since the ECT electric field decays slower in depth than the MST
field [figure 4(c)], the presence of ventricles will likely amplify the stimulation strength in
depth preferentially for ECT (especially for BL ECT). Therefore, the stimulation of deep-
brain structures such as the hippocampus could be even stronger with ECT relative to MST
than predicted by our spherical model. Taken together, the effects of cortical folding and
subcortical ventricles both amplify our argument that the ECT current amplitude used in
clinical practice may be much higher than necessary for seizure induction. Future work
could use more anatomically accurate head models that also include tissue anisotropy and
could analyze the electric field in specific brain regions thought to be associated with
therapeutic benefits (e.g., medial prefrontal cortex, thalamus) or side effects (e.g.,
hippocampus, insula), as we have demonstrated with preliminary ECT modeling results
[29].

We reported data for only the adult female head spherical model. We have previously
reported preliminary data for men and women [38] which showed that, within the
assumptions of the spherical model, the results for the two models are quantitatively and
qualitatively similar. Therefore, in this paper we focused on one of the sexes. A large
percentage of ECT patients are elderly. While head diameter and skull and scalp thicknesses
are not expected to change during adulthood, elderly patients are likely to experience
cerebral atrophy. The effect of decrease in brain volume on the electric field was explored in
our anatomical variability study [38].

4.3.2. Neural activation threshold—We acknowledge that it is a substantial
simplification to use a single electric field threshold for neural activation throughout the
brain. The electric field threshold and neural time constant values used in section 2.2.1 to
estimate the modality-specific thresholds were derived in the literature from empirically
determined motor thresholds coupled with spherical computational models or phantom
measurements of the electric field [76-79]. Thus, the cited electric field thresholds are
subject to accuracy limitations similar to those of our spherical model. Furthermore, data
linking neural response threshold and transcranially induced electric field strength have been
published only for the motor cortex. As more accurate threshold data for motor cortex and
other brain regions become available, it could be integrated in our model. For example, the
thresholds for non-motor brain regions could be derived from data on after discharge and
electroencephalographic evoked responses (see, e.g., [106, 107]).

Another limitation is that we use neural activation thresholds that are independent of the
electric field direction, whereas the electric field direction relative to the stimulated neural
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populations is known to affect the neural activation threshold. For example, the TMS motor
threshold varies as a function of the induced current direction up to 35% [90, 108, 109].
Cathodal and anodal transcranial electrical stimulation, associated with opposite current
flow, preferentially activate different neural elements [110-113]; nevertheless, the motor
thresholds are similar for the two polarities [111, 114-116]. Variation in the electric field
threshold would inverse-proportionally scale our stimulation strength estimate and would
nonlinearly affect the directly activated brain volume. For example, a 35% increase in the
electric field threshold would reduce the directly activated brain volume by approximately
25% for 0.3 ms pulse width RUL ECT. Besides direction, the spatial gradient of the electric
field may also affect the threshold, especially for long, relatively straight white matter fibers,
as discussed in section 2.2. Indeed, because of the different spatial characteristics of the
electric field, transcranial electric and magnetic stimulation applied at threshold strength are
known to affect different neuronal populations [108, 117]. Nevertheless, as discussed in
section 2.2.1, the TMS electric field thresholds are comparable to those estimated for
transcranial electrical stimulation with similar effective pulse width. Furthermore, compared
to near-threshold transcranial electric and magnetic stimulation, MST and especially ECT
stimulate wide regions of the brain which could contribute to partial averaging out of the
effects of threshold variability among neural populations and electric field directions.

Finally, the membrane time constant of white matter fibers is not necessarily the same as
that for gray matter, although the distributions of membrane time constants obtained from
gray matter and white matter stimulation overlap considerably [118]. Indeed, the membrane
time constant used in our study (τm = 150 μs) falls in the range of values estimated from
clinical deep brain stimulation of white matter fibers associated with the thalamus (τm = 48–
866 μs) [119-121], globus pallidus internus (τm = 53–1440 μs) [119, 122, 123], and
subthalamic nucleus (τm = 72–173 μs) [124, 125]. Thus, our estimated neural membrane
depolarization factors, max(|(w ∗ h)(t)|) in table 2, are likely to be representative of white
matter structures as well. Furthermore, besides the elicitation of action potentials in axons,
which is thought to be the dominant mechanism of extracellular neural stimulation [85, 126],
the induced electric field may have additional polarization effects on the soma and dendrites
which have larger membrane time constants (∼ 10 ms) than axons [85, 110]. Therefore,
dendrite and soma polarization may influence the behavior of neurons and neural circuits,
especially in ECT paradigms with long pulse width (∼ 1 ms) and high electric field strength
[11, 110, 127]. However, such putative second-order mechanisms have not been explored in
detail, and, therefore, cannot be prudently integrated in our model.

At present it is challenging to incorporate detailed threshold characterization within a whole-
head electric field model due to the diversity of neural populations and the lack of data on all
relevant neural parameters [36, 110]. Nevertheless, despite the limitations of our model, our
results suggest that ECT electric fields exceed the neural activation threshold by over 500%;
therefore, some uncertainty in the threshold value is unlikely to change our qualitative
conclusions.

4.3.3. Seizure therapy mechanisms—Finally, the simulations address only the electric
field and not the seizure itself, the topography of which is also thought to be a major
contributor to clinical outcome. Nevertheless, the induced electric field distribution relative
to neural activation threshold indicates potential sites of seizure initiation. Seizure initiation
and propagation likely depend on both the direct neural stimulation and the intrinsic
excitability and connectivity of neural circuits. In this study, we have shown that all ECT
configurations induce suprathreshold electric fields in nearly the whole brain, although the
degree to which the threshold is exceeded in various brain regions differs widely among
electrode configurations. While several studies showed that virtually all neurons in the brain
are involved in generalized tonic-clonic seizures [128-130], other suggest that selective
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frontal, parietal, and temporal networks are preferentially involved in generalized seizures
[131-133]. Correlation of electric field maps with neuroimaging data on the initiation and
spread of seizures could provide further insight into the mechanisms of convulsive therapy.

5. Conclusions
This is the first study to systematically compare the electric field induced in the brain by
existing forms of ECT and MST. The simulated electric field strengths are consistent with
published in vivo, ex vivo, theoretical, and simulation results, as well as with our MST
phantom measurements. We also introduced a method of incorporating a modality-specific
neural activation threshold in the electric field models that can inform dosage requirements
for ECT and MST.

Contrasting ECT and MST configurations that differ markedly in efficacy, side effects, and
seizure induction efficiency could advance our understanding of the principles linking
treatment parameters and therapeutic outcome and could provide a means of testing
hypotheses of the mechanisms of convulsive therapies. We found notable differences
between ECT and MST: the electric field relative to threshold for MST is 3–6 times weaker,
more superficial, and 10–60 times more focal compared with conventional ECT with 800
mA, 0.3 ms pulses. Our results suggest that at a pulse amplitude of 800 mA, the electric field
induced by ECT exceeds the threshold for robust neural activation by more than 6 times,
much higher than necessary for seizure induction. Reducing the ECT pulse amplitude would
bring the electric field strength down closer to threshold and would increase the focality of
ECT. Given that more focal stimulation with weaker electric field in MST already shows
significantly fewer side effects than ECT, the impact of ECT pulse amplitude reduction on
adverse side effects bears further examination.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Simulation models of ECT electrode and MST coil configurations: (a) bilateral (BL) ECT,
(b) bifrontal (BF) ECT, (c) right unilateral (RUL) ECT, (d) focal electrically administered
seizure therapy (FEAST), (e) circular coil (CIRC) MST, (f) cap coil (CAP) MST, (g)
double-cone coil (DCONE) MST, and (h) interior of the five-layer spherical head model.
Tissue layers from outer to inner shell: scalp, skull, cerebrospinal fluid, gray matter, and
white matter.
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Figure 2.
Recorded electric field waveforms and estimated axonal membrane potentials for (a) ECT
(0.3 ms pulse width) and (b) MST (CIRC coil). The peaks of the pulse waveforms were
normalized to unity. The circles mark the peak change in axonal membrane potential.
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Figure 3.
Electric field strength relative to neural activation threshold for (a) BL ECT, (b) BF ECT, (c)
RUL ECT, (d) FEAST, (e) CIRC MST, (f) CAP MST, and (g) DCONE MST. Coronal view
from location immediately posterior to the bifrontotemporal electrodes in BL ECT. The
outlines in (a)–(d) show the projected locations of the electrodes. ECT pulse width is 0.3 ms.
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Figure 4.
Electric field characteristics: (a) maximum electric field, Emax, (b) maximum electric field
relative to neural activation threshold, Emax/Eth, (c) electric field as a function of depth in
the brain from the gray matter surface (the electric field magnitude is normalized to unity at
the gray matter-white matter interface), and (d) directly activated brain volume, Vol(E ≥
Eth), and percentage of brain volume that is exposed to electric field larger than half-
maximum, Vol(E ≥ Emax/2). ECT Eth is for pulse width of 0.3 ms.
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Table 1

Head model parameters.

Tissue Thickness
(mm)

Conductivity
(S/m)

Scalp 5.60 0.33

Skull 7.08 0.0083

Cerebrospinal fluid 3.00 1.79

Gray matter 3.00 0.33

White matter 67.8 0.14
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Table 2

Estimated neural membrane depolarization factor, max(|(w ∗ h)(t)|), and neural activation threshold, Eth.

Configurations max(|(w ∗h)(t)|)
Eth

(V/cm)

TMS, Figure 8 coil 0.25 1.19*

ECT, 1 ms pulse width 0.99 0.30

ECT, 0.3 ms pulse width 0.86 0.35

CIRC MST 0.34 0.89

CAP MST 0.30 0.99

DCONE MST 0.30 1.00

*
Empirically determined 1.4 × average threshold in motor cortex.
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