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Abstract
Objectives—Understanding the relationship between the stimulus parameters of
electroconvulsive therapy (ECT) and the electric field characteristics could guide studies on
improving risk/benefit ratio. We aim to determine the effect of current amplitude and electrode
size and spacing on the ECT electric field characteristics, compare ECT focality with magnetic
seizure therapy (MST), and evaluate stimulus individualization by current amplitude adjustment.

Methods—ECT and double-cone-coil MST electric field was simulated in a 5-shell spherical
human head model. A range of ECT electrode diameters (2–5 cm), spacing (1–25 cm), and current
amplitudes (0–900 mA) were explored. The head model parameters were varied to examine the
stimulus current adjustment required to compensate for interindividual anatomical differences.

Results—By reducing the electrode size, spacing, and current, the ECT electric field can be more
focal and superficial without increasing scalp current density. By appropriately adjusting the
electrode configuration and current, the ECT electric field characteristics can be made to
approximate those of MST within 15%. Most electric field characteristics in ECT are more
sensitive to head anatomy variation than in MST, especially for close electrode spacing.
Nevertheless, ECT current amplitude adjustment of less than 70% can compensate for
interindividual anatomical variability.

Conclusions—The strength and focality of ECT can be varied over a wide range by adjusting
the electrode size, spacing, and current. If desirable, ECT can be made as focal as MST while
using simpler stimulation equipment. Current amplitude individualization can compensate for
interindividual anatomical variability.
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Introduction
Electroconvulsive therapy (ECT) is the most effective treatment for severe depression due to
its powerful and rapid therapeutic action in patients who are otherwise treatment resistant.1

However, ECT can cause amnesia and other side effects, which impedes its broader
application.2,3 Various alterations of ECT technique have been introduced to achieve more
focal stimulation, based on the theory that increased focality of the electrical stimulus and
the resultant seizure may be a means of reducing adverse effects.4

Among the approaches that make ECT more focal, electrode placement has been the subject
of most intensive investigation. The shift from bilateral (BL) to right unilateral (RUL)
electrode placement is representative of the move toward more focal electrical stimulus
delivery, based on the assumption that by reducing the spacing between the electrodes and
placing them over the right hemisphere, the direct stimulation and seizure intensity in the
left hemisphere can be reduced, thereby sparing verbal and memory functions. Indeed, with
appropriately dosed electrical stimulus, RUL ECT can be as effective as BL ECT, while
having fewer side effects.5 Bifrontal (BF) electrode placement6 is another approach to more
targeted stimulation by focusing the electric field in the frontal cortex, which has been
linked to the pathophysiology of depression and the antidepressant response of ECT.7–11 A
number of studies have reported equivalent efficacy of BF ECT compared to BL and RUL
ECT, with diminished impact on memory in some but not all studies.12–18 Both RUL and
BF electrode placements have smaller inter-electrode spacing compared to BL electrode
placement, which increases the focality of the induced electric field.19

Yet another strategy for eliciting focal seizures in the prefrontal cortex is focal electrically
administered seizure therapy (FEAST),4,20,21 which is in an early stage of clinical evaluation
and demonstrated significant antidepressant effects in an open label trial.22 FEAST uses a
small anode (positive electrode) and a large cathode (negative electrode) with the aim to
produce focal stimulation.4,20 This approach mirrors developments in subconvulsive
transcranial electric stimulation where focality can be enhanced by using a small electrode
over the target site paired with either a large-area return electrode or multiple return
electrodes.23–35 In vivo studies of FEAST showed that this configuration has lower seizure
threshold and induces more lateralized seizures compared to BL ECT.20,36 Our previous
simulation results also demonstrated that the electric field induced by FEAST is intrinsically
more focal compared to BL, RUL, and BF ECT.19

In addition to reducing the electrode spacing and size, decreasing the stimulus pulse width
also increases the focality of stimulation by lowering the degree of neural membrane
depolarization produced by each pulse.19 Consequently, shorter pulses can reduce the
cognitive side effects of ECT while maintaining high therapeutic efficacy.4,37

Focal stimulation for deliberate seizure induction can also be achieved with high-dose
repetitive transcranial magnetic stimulation (rTMS).38 It was thought that the intracerebral
electric field induced by ECT is unfocal and variable due to the high electrical impedance of
the skull, current shunting in the scalp, and variation of the head tissue anatomy within and
between individuals.39 Magnetic seizure therapy (MST), in which seizures are induced using
high-dose rTMS, was conceived as a means of increasing the focality and reducing the
variability of the intracerebral electric field, since the scalp and skull do not distort the
magnetic field.38,40,41 Indeed, we have shown that the MST electric field is 3–6 times
weaker, 2–4 times more superficial, 10–60 times more focal, and less sensitive to anatomical
variability compared to conventional ECT.19,42 A number of reports indicate that MST has
antidepressant efficacy and has more benign cognitive side effects compared to conventional
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ECT.38,41,43–47 The only published head-to-head comparison between MST and ECT found
comparable, significant antidepressant efficacy and no significant cognitive side effects in
either treatment group.48 The ultimate efficacy of MST will need to be determined in a large
trial with an adequately dosed form of ECT.

A disadvantage of MST is the relatively complex technology it requires compared to ECT.
To induce suprathreshold electric fields in the brain, MST requires thousands of amperes of
current delivered to the stimulation coil. The generation of such large currents with high
pulse repetition rates necessitates stimulation devices that require high-power electric supply
(e.g., 3-phase mains) and coil cooling equipment, are larger and more expensive than ECT
devices, and have limited range of adjustment of the stimulus parameters (pulse amplitude,
width, directionality, and train frequency and duration).4,49–52 The limited output range of
MST technology poses a challenge to adequate dosing of focal seizure induction paradigms.
Electric stimulation devices, on the other hand, are low power, compact, and flexible with
practically no output limitations. Therefore, it is important to develop a better understanding
of the ECT electric field characteristics, the capability to control their focality, their
sensitivity to anatomical variation among patients, and how these compare to MST. Such
insight could inform studies with either modality.

Despite mostly empirical developments toward making convulsive therapies more focal, the
relations between ECT electrode geometry, size, positioning, and current amplitude and the
induced electric field spatial distribution and strength have not been adequately
characterized.53 The pulsed electric field and associated current density generated by ECT
rhythmically depolarize neurons leading to hypersynchronized discharges of large neural
groups that can result in a seizure.39,54 Since the electric field parameters affect the seizure
expression55–58 and generalized seizures can be therapeutically effective or ineffective
depending on the electric field parameters,5,37,59,60 understanding of the electric field
characteristics associated with various ECT paradigms is important for studying the
mechanisms of ECT and for optimizing its action.

A number of modeling studies have addressed the dependence of the induced electric field
and current density on the electrode characteristics in various forms of transcranial electric
stimulation. For fixed stimulus current, smaller electrodes produce a stronger and more focal
electric field on the brain surface under the electrode.61,62 Increasing the inter-electrode
distance reduces shunting of the current through the scalp and the cerebrospinal fluid.31,62

However, the effect of the stimulus current amplitude as well as a specific neural response
threshold, which are key determinants of the focality of neural stimulation, was not
examined in these studies. Furthermore, parameter ranges and quantification metrics
relevant to ECT were not fully covered. Thus, adequate and practical characterization of the
ECT electric field as a function of electrode configuration and current amplitude is lacking.

The effect of the stimulus current amplitude has also been overlooked in modern ECT and in
MST studies, even though other techniques such as TMS and deep brain stimulation
routinely incorporate stimulus amplitude adjustment as a means of controlling the stimulated
brain volume.54 Conventional ECT uses a fixed current amplitude of 800 or 900 mA for all
patients.54 Our previous simulation study suggests that at these current levels, the electric
field strength in most of the brain exceeds significantly the threshold for robust neural
activation.19 This observation is consistent with a case series of five patients in whom we
successfully induced generalized seizures with 500 mA stimulus current,63 as well as with a
review of older ECT studies that used low current amplitudes.54 Therefore, the electric field
strength in conventional ECT may be higher than necessary for adequate seizure induction,
potentially contributing to adverse side effects.
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The induced electric field can be affected by interindividual variability in head anatomy,
which could contribute to variability in clinical outcome among patients. The commonly
used seizure threshold titration procedure for individualizing ECT dosage adjusts the
duration and/or frequency of the stimulus pulse train, but not the pulse amplitude and rarely
the pulse width.39,64 Thus, conventional titration procedures do not compensate for the
anatomy-dependent variability in the strength and spatial extent of direct neural stimulation
which is determined by the pulse amplitude and width. While the pulse width affects neural
membrane depolarization in a non-linear fashion that may vary among different parts of the
neuron, the pulse amplitude drives the membrane potential proportionally.54 Therefore,
individualization of the ECT current amplitude could be a means of reducing clinical
outcome variability.21,54,65,66 However, the degree of current amplitude adjustment required
to compensate for interindividual anatomical variation has not been determined for either
ECT or MST.

In this paper, we use a computational spherical head model to examine how ECT electrode
shape, size, spacing, and current amplitude affect the electric field strength, focality, and
depth. We indicate where conventional (BL, RUL, and BF) and experimental (FEAST) ECT
paradigms fit on the continuum of stimulation parameters. A modality-specific neural
activation threshold is incorporated into our model to determine the strength and focality of
direct neural stimulation. We compare these results to a simulation of the electric field
induced by MST and demonstrate that, if desirable, key characteristics of the electrically
induced field can be matched to the magnetically induced field. Finally, we explore how the
stimulus current amplitude should be adjusted to compensate for individual anatomical
variability. This work was previously presented in part in a conference abstract.67

Materials and Methods
We simulated the electric field induced by ECT and MST in a spherical head model using
the finite element method packages ElecNet and MagNet 7 (Infolytica Corp., Montreal,
Canada), respectively. The modeling methods are described in detail by Deng et al.19,42 and
are summarized below.

Head model
The human head was modeled as a three-dimensional sphere consisting of five shells: scalp,
skull, cerebrospinal fluid, gray matter, and white matter, as shown in Figure 1(a). Despite
the development of more anatomically accurate head models that reveal local detail of the
electric field and current density distributions,68–70 the spherical model is a useful reduction
for parametric studies of global electric field characteristics.19,31,34,71 The results obtained
with the spherical model are not limited to a particular subject’s head anatomy, but rather
are informative of the general effect of electrode size, spacing, and current.

Since about 70% of ECT patients are women72 and since the results from spherical models
with male and female parameters are comparable,42 in our nominal head model we used the
average adult female head diameter, and scalp and skull thicknesses reported in
morphometric studies and shown in Table 1.73–77 The tissue layers were assigned isotropic
conductivities also given in Table 1.78–83 To represent the head anatomical variability, we
perturbed the nominal model shells’ thickness and conductivity by introducing small
changes to the nominal tissue parameters one at a time while holding the others parameters
constant. We used the perturbed head models to explore how adjustment of the stimulus
current amplitude can compensate for variations of the electric field strength and focality
due to anatomical differences representative of the adult population.42
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ECT electrode and MST coil configurations
For ECT, we simulated symmetric and asymmetric two-electrode configurations. The
symmetric configurations consisted of two disc electrodes each with diameter ϕ and edge-to-
edge inter-electrode spacing s [Figure 1(b)]. The electrode diameter ϕ was assigned values
of 2, 3, or 5 cm, and s was assigned values ranging from 1 to 25 cm. The asymmetric
electrode configuration models FEAST and consisted of a 2 cm diameter disc electrode and
an arc-shaped electrode with 3 cm width, 10.5 cm mid-arc length, and area 10 times that of
the smaller electrode [Figure 1(c)]. The edge-to-edge spacing between the large and small
electrodes ranged from 1 to 24 cm. The electrodes were modeled as isopotential surfaces and
the potential difference between the electrodes was adjusted to produce the desirable total
electrode current. In clinical practice, electrolytic gel is applied to the ECT electrode surface
to stabilize the electrode–scalp interface impedance. Since the electrolyte layer is very thin
when the electrodes are pressed to the head, and since impedances in the FEM model are
intrinsically stable, we did not model the gel layer.

For MST, double-cone (DCONE) coil (S/N MP40, Magstim Co., Whitland, Wales, UK) was
modeled using manufacturer’s data and inductance measurements. The DCONE coil
consisted of two adjacent windings fixed at a relative angle of 100°, each with an inner
diameter of 9.6 cm, outer diameter of 12.5 cm, and 7 turns [Figure 1(d)]. The coil windings
were modeled as solid copper wire with cross section of 6 mm × 1.75 mm. The coil
conductors were placed at a minimum of 5 mm from the surface of the head model to
account for the thickness of the insulating coil casing. The DCONE coil was used in our
controlled trial of MST44,84 and has electric field characteristics similar to the MagVenture
twin coil which was used in the MST study by Kayser et al.48

Electric field characterization
We quantified electric field penetration by the half-value depth, d1/2, defined as the radial
distance from the cortical surface to the deepest point where the electric field strength E is
half of its maximum value on the cortical surface, Emax.85 We quantified the intrinsic
focality of each electrode or coil configuration by the half-value volume, V1/2, defined as the
volume of the brain sphere (gray and white matter) that is exposed to electric field stronger
than half of the maximum electric field.19,85 It is then expressed relative to the total brain
volume, V1/2 / Vbrain. We also characterized the maximum electric field in the brain per unit
of electrode current, Emax / Ielectrode. The above metrics depend only on the head anatomical
parameters and the ECT electrode geometry and inter-electrode spacing or the MST coil
geometry, and are independent of the pulse waveform parameters. Thus, these quanitites
reflect purely the spatial targeting properties of the electrode/coil configuration.

For a fixed electrode or coil configuration, the stimulation strength and the directly
stimulated brain volume are determined by the pulse waveform characteristics, such as pulse
amplitude, shape, and width.86 The effect of pulse shape and width on the induced electric
field has been discussed in previous modeling studies.19,54 In this study, we focused on the
effect of current amplitude on the electric field strength and directly activated brain volume.
The electric field strength is directly proportional to the ECT electrode current or the MST
coil current.86 To assess the degree of direct neural stimulation, the electric field strength
has to be compared to a neural activation threshold, Eth, that accounts for the pulse shape
and width.19 The estimated electric field thresholds for robust neural activation are 0.35 V/
cm for ultra-brief (0.3 ms pulse width) ECT and 1.0 V/cm for DCONE MST with 0.4 ms
cosine pulses.19 We quantified the portion of the brain directly activated by ECT and MST
by calculating the brain volume exposed to an electric field stronger than the neural
activation threshold, VA, and expressing it relative to the total brain volume, VA / Vbrain.19
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Finally, we evaluated the degree to which ECT and MST current amplitude adjustment
compensates for head anatomical variability. The objective of amplitude adjustment would
be to obtain comparable electric field characteristics in the brain for various subjects. The
current can be individualized via current amplitude titration of seizure threshold54 or
potentially via a motor threshold titration.65 The average size of the motor response to
electric and magnetic stimulation is a monotonically increasing function of the induced
electric field strength.87 Thus, the maximum electric field strength in the brain relative to
threshold, Emax / Eth, would be comparable in different subjects if the stimulus current
amplitude is individualized via motor threshold titration. Therefore, we modeled the effect
of current individualization relative to motor threshold by adjusting the current in the
anatomically perturbed head models to match Emax / Eth to that of the nominal model. The
required current adjustment for this approach is denoted ΔIadj1. On the other hand, seizure
initiation may require the recruitment of a neural population of a certain size.88,89

Consequently, current amplitude individualization by seizure threshold titration may yield
comparable percent stimulated volume VA / Vbrain among different individuals. Therefore,
we modeled the effect of current individualization relative to amplitude-titrated seizure
threshold by adjusting the current in the anatomically perturbed head models so that VA /
Vbrain matches that of the nominal model. The required current adjustment for this approach
is denoted ΔIadj2.

Results
Figure 2 displays cross-sectional maps of the electric field strength relative to neural
activation threshold for the symmetric and asymmetric electrode configurations at 2 cm and
15 cm inter-electrode spacing, as well as for DCONE MST. The simulation results for d1/2,
V1/2 / Vbrain, and Emax / Ielectrode as a function of inter-electrode spacing are shown in Figure
3(a)–(c), respectively. Figure 3(d) shows the effect of current amplitude on the percent brain
volume with electric field strength above the neural activation threshold, VA / Vbrain. Figure
4 plots the required stimulus current adjustment to compensate for head tissue thickness and
conductivity variation for conventional BL and RUL ECT, for DCONE MST, and for a
focal, MST-matched ECT configuration (ϕ = 3 cm, s = 2.2 cm).

Effect of inter-electrode spacing
As shown in Figure 2 and 3(a), widening the inter-electrode spacing increases the depth of
stimulation for all electrode shapes and sizes. DCONE MST has half-value depth of
approximately 2 cm from the cortical surface. Figure 3(a) indicates that d1/2 of DCONE
MST can be matched by the 2 cm, 3 cm, and asymmetric electrode configurations at an
inter-electrode spacing of 1.5–2.5 cm, but cannot be matched by the conventional 5 cm ECT
electrodes. Conventional BL ECT (5 cm electrode diameter and inter-electrode spacing of
approximately 13 cm) has d1/2 equal to the radius of the brain (~ 7 cm). This means that for
the BL electrode placement, the whole brain is exposed to electric field strength higher than
the half-maximum.

Increasing the inter-electrode spacing also increases the brain volume with electric field
above half-maximum, V1/2 / Vbrain, i.e., it reduces focality [Figure 3(b)]. DCONE MST has
V1/2 / Vbrain = 4.5%, which can be matched by the 2 cm, 3 cm, and asymmetric electrode
configurations at an inter-electrode spacing of 2–3 cm.

Finally, as the inter-electrode spacing increases, the induced maximum electric field per unit
of electrode current, Emax / Ielectrode, increases for all electrode configurations [Figure 3(c)].
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Effect of electrode geometry and size
For any fixed inter-electrode spacing, the values of both d1/2 and V1/2 / Vbrain increase with
larger electrode diameter [Figure 3(a) and (b)]. On the other hand, Emax / Ielectrode decreases
with larger electrode diameter [Figure 3(c)]. In the special case of the asymmetric electrode
configuration, representative of FEAST, the values for both d1/2 and V1/2 / Vbrain are
generally lower compared to the symmetric configurations, indicating a more superficial and
focal electric field.

Effect of current amplitude
The induced electric field strength varies linearly with current amplitude. Thus, the current
amplitude controls the electric field strength relative to the neural activation threshold and
the directly stimulated brain volume. Consequently, the directly stimulated brain volume,
VA / Vbrain, increases with higher current amplitude [Figure 3(d)]. At the conventional
current of 800 mA, RUL/BF ECT and BL ECT stimulate 94% and 100% of the brain
volume above threshold, respectively. Figure 3(d) also includes data for a configuration with
electrode diamater ϕ = 3 cm and spacing s = 2.2 cm. This electrode configuration is of
interest since it has electric field focality parameters similar to those of DCONE MST.
Specifically, at current amplitude of 300 mA, this configuration has V1/2 / Vbrain, Emax / Eth,
and VA / Vbrain that match those for DCONE MST within 5%, and d1/2 that matches that for
MST within 15%. This similarity of the electric field focality is evident when comparing the
ϕ = 3 cm, s = 2 cm, Ielectrode = 300 mA ECT electrode configuration with DCONE MST in
Figure 2. Finally, the maximum scalp current density for the MST-matched ECT
configuration (ϕ = 3 cm, s = 2.2 cm, Ielectrode = 300 mA) is 20% lower compared to that for
conventional RUL ECT at 800 mA, indicating that despite the close electrode spacing
needed to achieve focality similar to that of MST, the current shunting in the scalp is within
safe levels.

Effect of amplitude individualization
Figure 4 shows two current amplitude adjustment paradigms for compensation of tissue
layer thickness and conductivity variations. Variable ΔIadj1 is the change in the ECT
electrode or MST coil current amplitude required to match Emax / Eth to that of the nominal
model [see Figure 4 (a)–(f)]. Variable ΔIadj2 is the change in the current amplitude required
to match VA / Vbrain to that of the nominal model [see Figure 4 (g)–(l)]. The horizontal axes
give the percentage change of head diameter, scalp thickness, skull thickness, brain volume,
scalp conductivity, and skull conductivity relative to the nominal model.

Compared to MST, the ECT electric field is more sensitive to head anatomical variability.
This is illustrated by the greater change in the current amplitude, ΔIadj1 and ΔIadj2, required
to compensate for variations in tissue layer thickness and conductivity (up to 68% for ECT
and less than 12% for MST). The sole exception is the sensitivity of ΔIadj1 to head diameter
changes which is greater for MST than for ECT [see Figure 4(a)]. The contribution of the
head diameter variation to electric field variability, however, is relatively minor compared to
that of the other anatomical parameters.

Within ECT, the MST-matched configuration requires the largest current amplitude
adjustment to compensate for anatomical variations, as demonstrated by its steeper ΔIadj1
and ΔIadj2 slopes compared to BL and RUL ECT in Figure 4. The brain volume stimuated at
suprathreshold level in BL ECT remains saturated at VA / Vbrain = 100% regardless of the
anatomical variations. Therefore, ΔIadj2 for BL ECT cannot be calculated meaningfully and
is not plotted in Figure 4.
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Discussion
Role of electrode size, geometry, and inter-electrode spacing

Electrode size, geometry, and spacing have significant effect on the electric field distribution
induced with ECT. As the inter-electrode spacing increases, the electric field becomes
intrinsically more deeply penetrating and less focal [Figure 3(a),(b)], and its strength
increases [Figure 3(c)] since less current is shunted in the scalp and more current enters the
brain. These observations are consistent with previous simulation studies on transcranial
electric stimulation.31,62

Smaller electrodes produce electric fields that are more superficial, more focal, and stronger
per unit stimulation current than electrodes of larger diameter [Figure 3(a)–(c)]. This is
consistent with the simulation results by Stecker and Faria et al. who showed that smaller
electrodes produce more highly peaked distributions of current over a narrower angular
area.61,62

The asymmetric electrode configuration is intrinsically more superficial and more focal than
the symmetric configurations. However, this effect diminishes as the inter-electrode spacing
is reduced since the current density around the larger electrode becomes more concentrated
on the edge facing the smaller electrode, thus decreasing the effective size of the larger
electrode. As the inter-electrode spacing increases, the smaller electrode in the asymmetric
configuration dictates the maximum induced electric field strength. This can be seen in
Figure 3(c), where Emax / Ielectrode for the asymmetric configuration approaches that for the
ϕ = 2 cm configuration as s increases.

As evidenced by the slopes of the plots in Figure 3(a)–(c), compared to larger electrodes the
electric field generated by smaller electrodes has intrinsic depth and focality, d1/2 and V1/2 /
Vbrain, that are less sensitive to the inter-electrode spacing, but has strength, Emax / Ielectrode,
that is more sensitive to the inter-electrode spacing. For all electrode sizes, the sensitivity of
the electric field strength to the inter-electrode spacing is higher at smaller inter-electrode
distances (e.g., compare the slopes of the curves in Figure 3(c) for s < 5 cm versus s > 5 cm).
Lower sensitivity to inter-electrode spacing in advantageous since the electric field
characteristics are less affected by variability in electrode placement. However, variations in
the electric field strength due to errors in the electrode placement could be compensated
partially by adjusting the electrode current via motor threshold or seizure threshold titration
in the current amplitude domain (see also Role of current amplitude individualization
section below).

Role of current amplitude
Current amplitude has a profound impact on focality. The linearity of the electric field
solution with respect to the current amplitude implies that various stimulation strengths can
be extrapolated from the simulation results. In present clinical ECT practice, a fixed pulse
amplitude of 800 or 900 mA is delivered to all patients. At these current amplitudes, the
majority of the neurons in the brain are stimulated above threshold for BL, RUL, and BF
ECT [Figure 3(d)]. The maximum electric field in the brain exceeds the threshold for robust
neural activation by more than six fold, potentially much higher than necessary for seizure
induction.19 Substantially lower current amplitudes (233–650 mA) have been reported to
trigger therapeutic seizures with low side effect profile.66,90–94 Our results are consistent
with these studies, as Figure 3(d) indicates that the conventional electrode configurations
with current greater than 233 mA stimulate larger portions of the brain compared to MST.
MST can elicit generalized seizures84 despite producing stimulation strength 3–6 times
weaker and focality 10–60 times higher than conventional ECT with 800 mA, 0.3 ms
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pulses.19 Altogether, these studies support the view that lowering the ECT pulse amplitude
may still induce therapeutic seizures while potentially reducing cognitive disruptions.

Alternatively, the pulse width could be reduced further, below the currently used levels of
0.25–0.3 ms for ultrabrief ECT. Pulse width reduction will increase the threshold amplitude
for neural activation. At present the difference in the effect of pulse width versus amplitude
adjustment is not fully understood in the context of ECT, but it is known that both affect the
degree of induced membrane depolarization.65

To preserve therapeutic efficacy, reduction of the current amplitude or pulse width may have
to be accompanied by adjustment of other stimulus parameters such as the number and
frequency of stimulus pulses.54 This hypothesis should be evaluated in clinical trials.

Role of current amplitude individualization
Our results support the use of current amplitude individualization as a means of
compensating for interindividual variability in head anatomy. Figure 4 shows that it is
always possible to adjust the current amplitude such that Emax / Eth and VA / Vbrain match
those of the nominal model. The metrics Emax / Eth and VA / Vbrain are assumed to be related
to the motor threshold and amplitude-titrated seizure threshold, respectively. In general, the
percentage change in the current amplitude required to match Emax / Eth or VA / Vbrain to
those of the nominal model is higher for ECT than for MST. These observations are
consistent with our preliminary data on amplitude-titrated seizure threshold in nonhuman
primates which showed a coefficient of variation of 0.37 in ECT but only 0.11 in MST.65

The sensitivity to anatomical variability is significant not only for inter-individual
differences, but also for within-subject differences in the tissue layer tickness and
conductivity in various parts of the head, as well as differences due to time-variant state of
the tissues, such as the presence of perspiration in the scalp.

These results could be useful for determining whether current amplitude individualization is
relevant to ECT and/or MST. For example, the largest current adjustment we computed was
~ 68% for ECT. Therefore, it is reasonable to expect that in reality individual variability
would require more than ~ 10% current adjustment (making current individualization
relevant) and less than ~ 100% (making current individualization practical). Thus, we can
conclude that current amplitude individualization is relevant for ECT. On the other hand,
MST requires less than 12% current adjustment, making current individualization in MST
potentially less relevant.

Individualization of the current amplitude, which is not presently done in ECT or MST,
could be a means of reducing clinical outcome variability. Individualization of stimulus
dosage could be accomplished by titrating seizure threshold in the current amplitude
domain, or by titrating motor threshold since amplitude-titrated seizure threshold and motor
threshold are strongly correlated for both ECT and MST.65 Finally, setting the stimulus
current amplitude relative to the motor threshold or seizure threshold could also compensate
partially for small errors in the electrode or coil placement.

Range of ECT focality
We demonstrated the flexible range of control of the ECT electric field characteristics that is
possible by manipulation of the electrode size, shape, spacing, and current amplitude. As a
basis of comparison, we showed that ECT can achieve focality approaching that of MST,
which is presently the most focal form of seizure induction. For example, using 3 cm
diameter electrodes positioned 2.2 cm apart and current amplitude of 300 mA, the electric
field distribution is similar to that of DCONE MST, as shown in Figure 2 and 3. Because of
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the lower current amplitude, the closer electrode spacing in this approach does not increase
the scalp current density relative to conventional ECT. The ECT electric field is more
sensitive to anatomical variations compared to MST (Figure 4), but this sensitivity can be
compensated by individualization of the electrode current, as discussed above.

While the clinical value of ECT with a focal electric field such as the MST-matched ECT
configuration is unknown, these results are methodologically important as they show that
seizure induction with a focal electric field appears feasible with electric stimulation which
requires simpler equipment than magnetic stimulation. Furthermore, our study establishes a
technical comparison point between ECT and MST so that data from MST studies could
inform ECT studies, and vice versa.

Limitations
As with any modeling study, the simulation data in this paper is subject to model limitations
and should be used cautiously as an aid to interpret and inform experimental studies, and as
a starting point for more detailed simulation studies. The spherical model significantly
simplifies the head anatomy, thus the electric field solution is approximate.19 Nevertheless,
the spherical model is useful for the purpose of identifying relationships among the stimulus
parameters and the electric field characteristics that can subsequently be evaluated in more
detail in realistic head models69,70 and in preclinical and clinical studies. We expect the
general relationships between inter-electrode spacing, current amplitude, and electric field
depth and focality to hold up in a realistic head model. Incorporating realistic cortical
folding35,69,95 and white matter anisotropy70,96 in the model can increase the maximum
local electric field strength up to 40–50%.35,69,70,95,96 The increased complexity and
anatomical variability, and potentially increased electric field strength in realistic heads
amplify our argument that lowering and individualizing the current strength in ECT could be
beneficial. Furthermore, since the higher electric field strength in realistic head models is
seen for both electric and magnetic stimulation,69,97–101 it is not expected to affect
significantly the comparison between ECT and MST. Future work could use more
anatomically accurate head models that include tissue anisotropy and could analyze the
electric field in specific brain regions, as we have demonstrated in an ECT modeling
study.70 Potential limitations of both spherical and anatomically realistic models include
uncertainty about the various tissue conductivity values as well as errors in the tissue
segmentation in realistic models or uncertainty in the assumptions of the shells’ thickness in
the spherical model.

Near-threshold transcranial electric and magnetic stimulation are known to affect different
neuronal populations in the cortex due to differences in electric field orientation.87,102,103

However, as the inter-electrode spacing decreases, the ECT induced electric field becomes
more tangential,33,62 which gives a better approximation of the DCONE MST field
distribution. In particular, for the MST-matched ECT configuration, the maximum electric
field occurs midway between the electrodes (see Figure 2), where the field is completely
tangential. Therefore, even though we did not compare explicitly the electric field direction
between focal ECT and MST, presumably it can be matched approximately as well.

The electric field strength may not have a simple and direct relationship to the seizure
initiation site, since various brain regions have different seizure thresholds.104,105

Furthermore, our model does not account for seizure propagation which is strongly affected
by the anatomical and functional connectivity of the brain.106–109 Nevertheless, the local
electric field strength is an important determinant of the likelihood of seizure initiation at
that location as demonstrated by focal seizure induction with spatially targeted electric
field.4,7,20,41 Furthermore, the electric field strength by itself may contribute to
neuromodulatory effects that influence both therapeutic and side effects of ECT.54
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Therefore, analyzing and controlling the induced electric field characteristics is an important
step toward the refinement of convulsive therapies.

Conclusions
This simulation study addressed several issues of theoretical and practical importance for
ECT technique. We systematically characterized the dependence of the electric field
penetration, focality, and strength on various stimulus parameters such as electrode size,
shape, spacing, and current amplitude. The maximum electric field strength increases if
either the electrode size is decreased or the electrode spacing is increased. By reducing the
electrode size or inter-electrode spacing, the ECT electric field becomes intrinsically more
focal and superficial. Asymmetric electrode configurations can be explored as a means of
further enhancing the focality of ECT. Lowering the current amplitude reduces the electric
field strength and the directly activated brain volume. The latter relationship is described by
a sigmoid curve with characteristics dependent on the electrode configuration parameters.
Our simulation results are consistent with experimental findings that generalized seizures
can be induced with currents significantly lower than the conventionally used 800 or 900
mA. For example, for ECT using 3 cm diameter electrodes positioned 2.2 cm apart and
current amplitude of 300 mA, the depth and focality of stimulation and the electrical field
strength relative to threshold are similar to those for DCONE MST. The electric field in
ECT, however, is more sensitive to head anatomical variability than in MST. Nevertheless,
current amplitude individualization can compensate for interindividual anatomical
variability. Thus, transcranial stimulation for seizure induction with a wide range of
intensity and focality appears feasible with electric stimulation which uses simpler
equipment than magnetic stimulation. These findings may inform the redesign of ECT
devices to provide a wider current amplitude range. While these simulation results cannot
establish how the ECT stimulus parameters affect clinical outcome, they could inform
experimental studies to optimize the stimulus to reduce side effects while retaining efficacy.
Parameter optimization to improve seizure induction efficiency could also help address the
clinical problem of patients with exceptionally high seizure threshold who cannot be
adequately treated with existing devices.
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Figure 1.
Simulation models of ECT electrode and MST coil configurations: (a) Interior of five-layer
spherical head model. Tissue layers from outer to inner shell: scalp, skull, cerebrospinal
fluid, gray matter, and white matter. (b) Symmetric disc electrode configuration with a range
of edge-to-edge inter-electrode spacing (s = 1–25 cm) and electrode diameter (ϕ = 2, 3, and
5 cm). (c) Asymmetric electrode configuration consisting of a 2 cm diameter disc electrode
and an arc-shaped electrode with 3 cm width, and 10.5 cm mid-arc length. (d) DCONE MST
coil consisting of two adjacent concave windings fixed at a relative angle of 100°, each with
an inner diameter of 9.6 cm, outer diameter of 12.5 cm, and 7 turns.
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Figure 2.
Cross-sectional profiles of the electric field strength (E) induced in the brain relative to
neural activation threshold (Eth) for the symmetric and asymmetric ECT electrode
configurations at 2 cm and 15 cm inter-electrode spacing (s), as well as for DCONE MST.
The cross section is cut in the plane formed by the electrode and sphere centers or in the
plane between the two windings of the DCONE coil. The total ECT current injected in the
scalp is Ielectrode = 300 mA and the MST coil current Icoil corresponds to the maximum of a
Magstim Theta MST device. The E / Eth color map is clamped at an upper limit of 2 for
good visibility of the distribution of near-threshold electric field strengths.
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Figure 3.
Effect of electrode configuration (symmetric or assymetric) and size (ϕ, for symmetric
electrodes), inter-electrode spacing (s), and current amplitude on the electric field
characteristics: (a) electric field half-value depth, d1/2, (b) percentage of brain volume that is
exposed to electric field larger than half-maximum, V1/2 /Vbrain, and (c) maximum electric
field induced per unit of electrode current, Emax / Ielectrode, as a function of inter-electrode
spacing and (d) perecentage directly activated brain volume, VA / Vbrain, as a function of
current amplitude for BL, RUL, and BF ECT, and MST-matched ECT (ϕ = 3 cm, s = 2.2
cm) configurations. For comparison, the values of d1/2, V1/2 / Vbrain, and VA / Vbrain for
DCONE MST are indicated with a horizontal dotted line in (a), (b), and (d), respectively.
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Figure 4.
ECT and MST current amplitude adjustment to compensate for head tissue layer thickness
and conductivity variations: (a)–(f) ΔIadj1 is the percentage change in the electrode or coil
current amplitude required to match the maximum electric field in the brain to that of the
nominal head model. (g)–(l) ΔIadj2 is the percentage change in the current amplitude
required to match the directly activated brain volume, VA / Vbrain, to that of the nominal
model. The horizontal axes reflect percentage change relative to the nominal model of head
diameter, scalp thickness, skull thickness, brain volume, scalp conductivity, and skull
conductivity. In the nominal model, the electrode current is 800 mA for BL and RUL ECT,
and 300 mA for the MST-matched ECT (ϕ = 3 cm, s = 2.2 cm). The coil current is set to the
maximum for the Magstim Theta MST device. (*) BL ECT at 800 mA yields VA / Vbrain =
100% for all anatomical parameters. Therefore, ΔIadj2 for BL ECT cannot be calculated
meaningfully and is not plotted.
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Table 1

Nominal head model parameters

Tissue Thickness
[mm]

Conductivity
[S−1]

Scalp 5.60 0.3

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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