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Abstract

Background—This study examines the strength and spatial distribution of the electric field
induced in the brain by electroconvulsive therapy (ECT) and magnetic seizure therapy (MST).

Methods—The electric field induced by standard (bilateral, right unilateral, and bifrontal) and
experimental (focal electrically administered seizure therapy and frontomedial) ECT electrode
configurations as well as a circular MST coil configuration was simulated in an anatomically
realistic finite element model of the human head. Maps of the electric field strength relative to an
estimated neural activation threshold were used to evaluate the stimulation strength and focality in
specific brain regions of interest for these ECT and MST paradigms and various stimulus current
amplitudes.

Results—The standard ECT configurations and current amplitude of 800-900 mA produced the
strongest overall stimulation with median of 1.8-2.9 times neural activation threshold and more
than 94% of the brain volume stimulated at suprathreshold level. All standard ECT electrode
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placements exposed the hippocampi to suprathreshold electric field, although there were
differences across modalities with bilateral and right unilateral producing respectively the
strongest and weakest hippocampal stimulation. MST stimulation is up to 9 times weaker
compared to conventional ECT, resulting in direct activation of only 21% of the brain. Reducing
the stimulus current amplitude can make ECT as focal as MST.

Conclusions—The relative differences in electric field strength may be a contributing factor for
the cognitive sparing observed with right unilateral compared to bilateral ECT, and MST
compared to right unilateral ECT. These simulations could help understand the mechanisms of
seizure therapies and develop interventions with superior risk/benefit ratio.

Unipolar depression; Mania and bipolar disorder; MRI; ECT; Transcranial magnetic stimulation

1. Introduction

Electroconvulsive therapy (ECT) is a highly effective treatment that induces a generalized
seizure in anesthetized patients by administering electric current to the brain via scalp
electrodes. ECT has unparalleled antidepressant efficacy in the treatment of severe major
depression [1]. However, its clinical use is limited by cognitive side effects such as
retrograde amnesia [2—4]. Advances in ECT technique have reduced the side effects of ECT.
These include the shift from long sinewave pulses to brief rectangular pulses [5, 6] and
subsequently to ultrabrief pulses [7-10] which reduced the strength of neural stimulation in
the brain and improved tolerability (see review in [4]). As well, changes in electrode
placement can reduce cognitive side effects. High-dose right unilateral (RUL) ECT has a
comparable efficacy to bilateral (BL) ECT with a significant decrease in amnesia [11],
potentially due to the increased focality of the RUL stimulus [12]. Other electrode
configurations that increase focality and target frontal brain regions include bifrontal (BF)
ECT [13] and experimental paradigms such as focal electrically administered seizure
therapy (FEAST) [14, 15] and frontomedial (FM) ECT [16]. However, even with relatively
focal electrode placements, conventional ECT current amplitudes of 800-900 mA generate
an electric field (E-field) strength that is substantially above the threshold for neural firing of
most of the brain, and hence produce stimulation that is both non-focal and more intense
than necessary for seizure induction [17]. Reducing the stimulus current amplitude can
therefore make the ECT E-field more focal and closer to the neural firing threshold [12, 18],
while still being able to elicit generalized seizures, although the efficacy and side effects of
such paradigms have been explored to a very limited extent in early studies [19] as well as
recent small studies and case reports [14, 16, 20-22]. Such E-field characteristics are also
achieved in magnetic seizure therapy (MST) which uses high-dose repetitive transcranial
magnetic stimulation to induce a seizure, is associated with fewer cognitive side effects than
conventional ECT, and has shown therapeutic efficacy in several studies [23-27]. For these
conventional and experimental interventions, there is insufficient knowledge of the
characteristics of the E-field induced in the brain by the various electrode and coil
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configurations as well as current amplitudes, which limits our ability to understand the
mechanisms of these interventions and to rationally optimize their dosing.

Previously, using a spherical head model, we examined the stimulation strength and directly
stimulated subvolume of the brain (focality) of various ECT electrode and MST coil
configurations [17], showing that the E-field strength relative to threshold for MST is 3-6
times weaker and 10-60 times more focal compared with conventional ECT with 800 mA,
0.3 ms pulses. Spherical head models, however, are limited by the substantial simplification
of the head anatomy, tissue heterogeneity, and anisotropic tissue properties. In another study
using a realistic human head model, we investigated the induced E-field strength in various
brain regions of interest (ROIs) by the BL, BF, RUL, and FEAST ECT electrode
configurations [28]. However, that study used a truncated head model above the level of the
auditory canal, and FM ECT and MST were not modeled. To date, the E-field generated by
MST has not been studied in a realistic head model. Moreover, our prior study [28] and
other ECT simulations in realistic head models [29, 30] did not explore the E-field
characteristics relative to neural activation threshold or the effect of current amplitude
adjustment.

Addressing these questions, in this paper we extend our previous work to investigate the
characteristics of the E-field induced in the brain by ECT and MST. We create an
anatomically realistic finite element model of the whole head to simulate the E-field
distribution induced by various ECT electrode configurations and an MST coil
configuration. We evaluate and compare the stimulation strength and focality relative to an
estimated neural activation threshold in the whole brain as well as in specific ROIs thought
to be associated with therapeutic action and/or adverse side effects of ECT and MST.
Finally, we consider the effect of the stimulus current amplitude on stimulation strength and
focality. These simulations could help the interpretation of clinical studies and may guide
the improvement of ECT and MST dosing paradigms.

Preliminary results from this study were previously presented in part in conference
proceedings [31].

2. Materials and methods

2.1. Data acquisition and image preprocessing

The head model was derived from magnetic resonance imaging (MRI) data of one healthy
human subject (male, right handed, age = 34 years). Written informed consent approved by
the Institutional Review Board of Columbia University was obtained from the subject before
the experiments. T1-weighted structural MRI and diffusion tensor imaging (DTI) datasets of
this subject, including the skull base and a portion of the neck underneath, were acquired on
a 3 T Philips Achieva scanner (Philips Medical Systems, Best, Netherlands) using an 8-
channel head coil. A three-plane localizer and sagittal scout image were acquired to
determine the location of the anterior commissure (AC) and posterior commissure (PC). The
T1-weighted MRI images were obtained with a 3D spoiled gradient recalled echo (SPGR)
(TR =6.5ms; TE = 3.0 ms; 256 coronal slices; 1x1x1 mm3 voxel; FA = 8°; 2 averages). We
corrected the structural MRI image intensities for bias field inhomogeneity [32]. We then
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applied content-preserving anisotropic diffusion filtering to remove the image noise or
artifacts while preserving content details and improving tissue boundaries [33, 34].

The DTI data were acquired by employing a single-shot spin-echo echo-planar imaging
(EPI) sequence (TR = 13510 ms; TE = 70 ms; 112x112 acquisition matrix; FA = 90°; 2x2x2
mm3 voxel). The diffusion sensitizing gradients with a b-value of 1000 s/mm? were applied
in 32 non-collinear directions. We corrected the DTI data for distortions due to eddy currents
and subject motion artifacts. The diffusion tensor volumes were then co-registered to the T1-
weighted MRI volume while the orientation of each diffusion tensor was preserved using the
FSL’s diffusion toolbox (FDT) from the FMRIB Software Library (FMRIB Analysis Group,
University of Oxford, UK).

2.2. Tissue segmentation

To create a realistic volume conductor model of the whole head, the structural MRI images
were segmented into several tissue regions (see Table 1). We first removed non-brain regions
using the skull-stripping algorithm of the BET tool in FSL [35]. This initial segmentation
was further corrected for accurate brain extraction using manual editing tools in the ITK-
SNAP software [36]. The de-skulled MRI images were automatically segmented into
subvolumes corresponding to gray matter, white matter, and cerebrospinal fluid (CSF) using
the automated segmentation tool FAST in FSL [37]. The non-brain regions were manually
segmented into 11 different tissue regions, including skin, muscle, skull compacta, skull
spongiosa, vertebrae, spinal cord, lens, eyeball, sclera, optic nerve, and sinus, using a
combination of segmentation editing tools of ITK-SNAP [36] and an in-house segmentation
algorithm based on thresholding and mathematical morphological operations [28, 33, 34].
The complete head model and its constituent tissues are displayed in Figure 1.

2.3. ECT electrode and MST coil configurations

For ECT, three conventional ECT electrode configurations (BL, BF, and RUL) [13] and two
experimental configurations (FEAST and FM) [14, 16] were modeled (see Figure 2). For BL
ECT, the two electrodes were placed bilaterally at the frontotemporal positions located 2.5
cm above the midpoint of the line connecting the external canthus and tragus. For BF ECT,
the electrodes were positioned bilaterally 5 cm above the outer angle of the orbit on a line
parallel to the sagittal plane. For RUL ECT, one electrode was placed 2.5 cm to the right of
vertex and the second electrode were placed in the right frontotemporal position. For
FEAST, a wide rectangular electrode (2.5 cm x 6.3 cm) was placed over the right motor strip
and a small circular electrode (2 cm diameter) was placed over the right eyebrow [14]. For
FM ECT, one electrode was placed medially on the forehead and the second electrode was
placed in front of vertex [16].

For MST, we modeled a circular coil placed on vertex (CIRC, S/N MP39, Magstim Co,
Whiteland, Wales, UK) using manufacturer’s data and inductance measurements [17, 38].
The CIRC coil consists of two parallel layers of windings connected electrically in series,
each with an inner diameter of 44 mm, outer diameter of 120 mm, and 9 turns (see Figure 2).
The coil conductors were centered above the vertex of the head model. Even though frontal
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placement of this coil has been studied as well, vertex stimulation appeared to be more
effective in inducing seizure activity [38].

2.4. Tissue electrical conductivity

All tissue regions were considered electrically isotropic except the white matter. The
electrical conductivity values for the isotropic tissue compartments are given in Table | [28,
34, 39-42]. These values correspond to the relatively low frequencies (1-3 kHz) that
dominate both the ECT and MST pulse spectra. To estimate the white matter conductivity
tensors o with variable anisotropy ratios, we deployed the volume normalized technique
using the measured diffusion tensors D and the isotropic white matter conductivity oy, [43—
46]. The diffusion tensor in each voxel is linearly scaled so that the volume of the
conductivity tensor equals that of an isotropic conductivity sphere with radius oy,

Oiso

—F—D
Vdy - dy - ds (1)

o=

where djare the diffusion tensor eigenvalues. This approach preserves variable anisotropy
ratios (eigenvalue ratios) over the white matter regions and the orientation (eigenvectors) of
diffusion tensors.

2.5. Electric field computation

To obtain the E-field distribution induced in the brain by the various ECT electrode and
MST coil configurations, the complete 3-D head models incorporating ECT electrodes or
MST coil were adaptively tessellated to construct realistic finite element models using the
restricted Delaunay triangulation algorithm [28, 34, 47].

The methodologies to simulate the E-field strength induced by ECT and MST are described
in detail in our previous studies [17, 28] and are summarized here. Since the current
waveform frequencies in ECT and MST are relatively low (<10 kHz), the E-field solutions
were obtained by deploying the quasi-static approximation using the finite element analysis
software ANSYS (ANSYS Inc., Canonsburg, PA, USA). For ECT, the spatial distribution of
the E-field induced by each of the five ECT electrode configurations was computed using
the preconditioned conjugate gradient (PCG) solver. We simulated the E-field strength for
current amplitude of 800 mA for BL, BF, and RUL ECT (conventional in clinical practice);
612 mA for FEAST (average current amplitude in [14]); and 500 mA for FM ECT (as used
in [16]). For MST, a time-harmonic simulation at 5 kHz using the PCG solver was first
carried out to compute the spatial E-field distribution generated by CIRC MST, yielding a
distribution with unadjusted amplitude. The E-field was then scaled to match the output at
maximum amplitude (MA) of the pulses generated by a Magstim Theta device [17].

2.6. Stimulation strength and focality analysis

We analyzed the E-field characteristics in the whole brain (gray and white matter) and in
various brain ROIs that have putative role in the mechanisms of action of ECT and MST
[28]. The E-field was determined in specific brain ROIs thought to be associated with
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therapeutic effects of ECT and MST, including frontal pole, orbitofrontal cortex (OFC),
dorsolateral prefrontal cortex (DLPFC), thalamus, hypothalamus, and subcallosal cingulate
cortex (SCC) [48-54], or with adverse side effects, including hippocampus and insula [7, 13,
55, 56]. We also sampled the E-field in the first dorsal interosseous (FDI) motor area in
motor cortex and in brainstem, which are considered important in seizure initiation and
motor manifestations of the seizure, respectively [57, 58]. These ten anatomically defined
ROIs were semi-automatically segmented using manual editing tools in ITK-SNAP [36]
based on human brain atlases [59], and were verified with BrainParser [60] and the FIRST
tool in FSL [61].

We calculated the stimulation strength relative to a neural activation threshold by dividing
the E-field magnitude by an E-field threshold, £/&. We used published estimates of the E-
field thresholds for ECT and MST derived in our previous study [17]. In brief, E-field
thresholds specific to the pulse widths and shapes of the respective stimulation devices were
estimated based on recorded E-field waveforms in combination with neuronal time constant
and E-field activation threshold data extracted from TMS studies. This approach effectively
creates a “strength—duration” curve that adjusts the E-field threshold for specific pulse shape
and width. The estimated E-field thresholds are 0.25 V/cm for ultrabrief pulse ECT
(rectangular pulse width = 0.3 ms) and 0.64 V/cm for CIRC MST (cosine pulse duration =
0.4 ms), respectively [17]. For other pulse widths, A can be scaled with the methods by
Deng et al. [17]. For example, for brief pulse (1 ms) ECT, & = 0.21 V/cm. Therefore, the
reported stimulation strength results can be adjusted for brief pulse ECT by multiplying
them by 1.17. As an alternative threshold associated with more robust neural activation, we
used 1.4x 5 [17, 62], which approaches the average threshold values we estimated in a
nonhuman primate study [63]. We further compared the ratio of the right-to-left hemispheric
E-field stimulation strength among the various ECT electrode and MST coil configurations.
Finally, we quantified the focality of stimulation by the percentage of the brain volume
exposed to E-field magnitude stronger than the neural activation threshold and the robust
neural activation threshold, i.e., the subvolume where £/E;, = 1 and EA1.4xEp) 2 1,
respectively. To evaluate the effect on the stimulated brain subvolume of altering the pulse
amplitude, the E-field simulations for all ECT and MST modalities were scaled linearly to
span the range of 0-900 mA and 0-100% MA, respectively, and the subvolume where £/Fh
= 1 was computed for these ranges.

3.1. Stimulation strength and focality for fixed current amplitude

Figure 2 shows the simulated BL, BF, RUL, FEAST, and FM ECT electrode configurations
as well as the CIRC MST coil configuration. The corresponding spatial distributions of the
stimulation strength (E-field magnitude relative to the neural activation threshold &;,) at
nominal current amplitude are shown in representative plots for each modality. Consistent
with prior studies in realistic high-resolution head models [28, 64], the E-field distributions
vary widely across stimulation configurations and appear to be strongly affected by the
anatomy of the head and the conductivity of the various tissues.
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Figure 3 shows descriptive statistics of the stimulation strength in various brain ROIs for the
ECT and MST modalities. The median stimulation strength relative to threshold is 1.8-2.9
for the conventional ECT paradigms (BL, BF, and RUL at 800 mA), 0.9-1.2 for the
experimental ECT paradigms (FM at 500 mA and FEAST at 612 mA), and only 0.3 for
CIRC MST [Figure 3(A)]. The maximum stimulation strength of ECT is up to 15 times
higher than that for MST. The conventional forms of ECT produce stronger median
stimulation than MST in all evaluated ROIs. This is also true for the comparison of MST
with the experimental FEAST and FM ECT paradigms, except in the FDI motor area where
MST is 10%—-70% stronger [Figure 3(J)]. As well, the differences between conventional
ECT and MST are smallest in the FDI motor area, with conventional ECT stimulating only
40%-70% stronger than MST. In prefrontal and frontal areas including frontal pole, OFC,
and DLFPC [Figures 3(B)—(D)] the median ECT stimulation strength ranges from 2.0 to 5.8
times threshold corresponding to FM and BF ECT, respectively, whereas the values for
CIRC MST are much lower, ranging from 0.3 to 0.8 times threshold. In subcortical
structures including thalamus and hypothalamus [Figures 3(E)—(F)] the median stimulation
strength of ECT ranges from 0.9 to 3.3 times threshold, corresponding to FM and RUL ECT,
respectively, while only 0.1-0.3 times threshold for CIRC MST. In SCC [Figure 3(G)] the
median stimulation strength of ECT is 9.5-19 times higher than that for MST, with most
intense stimulation delivered by BL ECT (2.9 times threshold). BL ECT has the highest
median stimulation strength in the hippocampi [Figure 3(H)] and insular cortices [Figure
3(1)], respectively 1.4-20 and 1.4-14 times stronger than the other electrode and coil
configurations. FM ECT has the weakest stimulation strength there compared to the other
ECT configurations (0.9 times threshold), likely due to the lower-than-standard current
amplitude of 500 mA as well as the focal electrode configuration. For CIRC MST, the
stimulation strength is even lower—a0.2 times threshold in both hippocampi and insular
cortices. In brainstem, the median stimulation strength of ECT is 0.7-2.5 times threshold
[Figure 3(K)]. This is much higher than the median stimulation of only 9.4% of threshold
induced there by CIRC MST, which is the lowest intensity of any ROI for MST.

To quantify the lateralization of stimulation, the ratio of the right to left hemisphere median
E-field strength for the various ECT electrode and MST coil configurations is shown in
Figure 4. As expected, the ratio for the lateralized electrode configurations (RUL and
FEAST) is on average 1.7 times higher compared to the other electrode and coil
configurations, demonstrating the stronger stimulation in the right hemisphere, as illustrated
in Figure 2.

To quantify the overall focality of stimulation, the percentage of brain volume stimulated
above the neural activation threshold (£= £y) and the robust neural activation threshold (£
> 1.4x Ey,) is shown in Figure 5. Among the ECT paradigms, BL at 800 mA stimulates the
largest brain subvolume (99%), while FM at 500 mA produces the most focal brain
stimulation (47%). CIRC MST produces more focal stimulation (21%) than all of the ECT
modalities. Thus, the stimulation by MST is 3-9 times weaker [Figure 3(A)] and 2-5 times
more focal than the ECT paradigms with nominal current amplitude. When applying the E-
field threshold for robust neural activation to the E-field distribution (£= 1.4% &), the
percentage of brain volume that is directly stimulated decreases by 3-42% for ECT and by
40% for MST.
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3.2. Effect of current amplitude on stimulation strength and focality

Figure 6 shows representative E-field stimulation strength plots for ECT and MST current
amplitudes in the range of 200-900 mA and 20-100% MA, respectively. As expected,
lowering the current amplitude brings the stimulation closer to the neural activation
threshold. Whereas the E-field strength scales linearly with the amplitude of the ECT-
electrode or MST-coil current, the relationship between the current amplitude and the
percentage of brain volume above the E-field threshold for neural activation (E= £y) is
nonlinear [12], as shown in Figure 7. At the conventional ECT current amplitudes of 800
mA and 900 mA, almost the entire brain is exposed to suprathreshold E-field strength in BL
and RUL ECT. Figure 7 demonstrates that lowering the current amplitude reduces the
directly stimulated brain subvolume. The slope of the curves in Figure 7 indicates that the
ability to control the focality of stimulation is more prominent with ECT configurations with
closer electrode spacing (RUL, BF, FM, FEAST) as compared to widely spaced electrodes
(BL), which is expected since closer electrode spacing is intrinsically more focal [12].

For the ranges of currents used in the clinical FEAST study (400-800 mA) [14], the median
stimulation strength of FEAST in the brain ranges from 0.8 to 1.6 times threshold,
corresponding to stimulation of 44% to 89% of the brain, respectively. Of note, this estimate
of the focality range is confounded by the fact that in the clinical FEAST study the current
was set at the individual amplitude-titrated seizure threshold, which can reduce the E-field
variability in the brain resulting from individual differences. Experimentally, RUL ECT has
been applied with 500 mA current [20-22]. For this configuration, the median stimulation
strength in the brain is 1.2 times neural activation threshold, corresponding to stimulation of
81% of the brain volume. Based on the simulation results for the various ECT electrode
configurations, current amplitudes below 217-561 mA, corresponding to BL and FM
respectively, were estimated to produce subthreshold median field strength in hippocampus.
Finally, ECT current amplitudes of 192-311 mA, corresponding to BL and FM respectively,
resulted in approximately matched focality with MST at 100% MA.

4. Discussion

This work contributes a quantitative comparison of the stimulation characteristics of
standard and experimental ECT configurations as well as MST using a high resolution,
anatomically accurate, finite element human head model combined with estimated,
modality-specific neural activation thresholds. These interventions have been shown
experimentally to induce generalized seizures, while having different therapeutic efficacy
and side effect profiles. The substantial differences in the E-field characteristics across
interventions revealed in our simulations highlight the importance of understanding the
relationship between stimulation parameters and clinical outcome, as well as optimization of
the parameters for robust efficacy and reduced side effects.

4.1. Standard ECT configurations

The standard ECT configurations (BL, RUL, BF) produced the strongest overall stimulation
with median strength over 1.8 times threshold and suprathreshold strength in 94% of the
brain volume for conventional current amplitude of 800-900 mA and ultrabrief pulse width
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(0.3 ms). For brief pulse width (1 ms), the median strength is 17% higher, corresponding to
even larger stimulated brain subvolume. Of note, this scaling factor is based on the
assumption of dominant axonal stimulation effects, whereas for high E-field strengths more
prominent differences in effect on other neural elements (soma and dendrites) between
ultrabrief and brief pulses may be relevant as well [18]. In any case, for both ultrabrief and
brief pulses the median E-field strength is above the neural activation threshold for all
analyzed ROls.

The widespread suprathreshold stimulation of the brain with BL, BF, and RUL ECT at 800
mA, even more prominent for brief than ultrabrief pulses, is much higher than necessary for
seizure induction [20-22, 65] and may contribute to the adverse side effects of ECT.
Moreover, it could explain why some studies found few differences in the cognitive side
effects of these paradigms [13, 66]. While frontal brain areas are a rational therapeutic target
for ECT [54], their stimulation could potentially contribute to cognitive deficits, specifically
executive dysfunction, as well. We found that stimulation is strong or stronger in frontal
regions (OFC, DLPFC, frontal pole) with BF ECT compared to BL ECT, which could
explain the lack of cognitive advantages of the former reported in some studies [4, 13]. RUL
ECT generates weaker hippocampal E-field than BL ECT, consistent with fewer memory
deficits resulting from RUL ECT [7, 11, 13]. Furthermore, RUL ECT produces 50% weaker
stimulation in the left hippocampus than in the right hippocampus, which potentially
contributes to cognitive sparing as well.

In contrast to the standard ECT paradigms (BL, RUL, and BF configurations at 800-900
mA), the median stimulation strength of MST is lower than the neural activation threshold is
all analyzed ROIs except for the FDI motor area. Consequently, CIRC MST stimulates only
21% of the brain volume. Thus, MST produces relatively focal stimulation, but is
nevertheless capable of inducing generalized seizures and has antidepressant effect. Notably,
the stimulation in the hippocampi by MST is 11-20 times weaker than the ECT paradigms,
which could explain the fewer memory side effects of MST. Furthermore, the reduced
stimulation strength in frontal regions (OFC, DLPFC, frontal pole) with MST relative to
ECT could protect executive function.

On the other hand, modulation of frontal areas as well as deeper structures such as thalamus,
hypothalamus, SCC, and hippocampus is hypothesized to be associated with the
antidepressant effects of ECT [49-54, 67, 68]. In these areas, MST generates stimulation
that is 3—29 times weaker than standard ECT (by > 3 times for frontal areas and > 6 times
for the deeper areas). The fact that MST had an antidepressant effect with suprathreshold
stimulation of a limited extent of superficial cortex suggests that direct suprathreshold
stimulation of deeper targets may not be necessary or indirect transsynaptic stimulation may
suffice for therapeutic effect.

4.3. ECT technique modifications

Experimental interventions such as MST, FEAST [14], and low-amplitude ECT [16, 20-22,
65] are predicated on reducing the electricity exposure in the brain by making the E-field
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weaker and more focal to diminish the side effects of ECT. Consistent with the demonstrated
ability of these interventions to induce seizures, our results show that their E-field is
suprathreshold in a significant portion of the brain. Enabling further exploration of dosing
approaches, we quantified how lowering the stimulus current amplitude reduces the
stimulation strength in the brain and increases the focality of stimulation. By lowering the
current amplitude in ECT, its focality can match that of MST. The control over focality using
the current amplitude is most effective with intrinsically more focal ECT electrode
placements like RUL, BF, FM, and FEAST as opposed to BL. For example, the combination
of focal ECT electrode placements and reducing the stimulus current amplitude 2—4 fold
could be used to avoid direct stimulation of the hippocampi, which could spare memory
circuits, while still strong enough to induce a seizure.

These observations support the potential of low-current-amplitude ECT as an alternative
means to reduce side effects. They are consistent with the results from our spherical head
models where we demonstrated that ECT with adjusted electrode size and spacing and
current of 300 mA can match the stimulation strength, focality, and depth of MST with a
double cone coil [12]. ECT has technological advantages over MST since, compared to
transcranial magnetic stimulation, transcranial electric stimulation expends 1074 times less
energy to deliver the same amount of energy to the brain [69]. Consequently, an ECT device
is simpler, cheaper, and unconstrained by coil heating and insulation issues. Maximum
focality, however, will require an extended range of low current amplitudes below the 500
mA limit available in commercial ECT devices, as well as potentially reduced electrode size
and spacing [12, 14].

The reduced stimulation intensity at lower currents may decrease the side effects of
convulsive therapies, but may also impact therapeutic efficacy [4]. Even the same E-field
strength and distribution can have widely varying efficacy and side effects depending on
other stimulus parameters such as the number of pulses relative to the seizure threshold [11].
There may be complex contributions and interactions of the spatial and temporal aspects of
ECT and MST dose and the resultant seizures that affect the efficacy and side effects of
novel stimulus configurations. Therefore the outcomes of low-current-amplitude ECT
paradigms have to be examined ultimately in clinical trials, with proper consideration given
to the other current parameters as well.

Finally, our simulations are directly applicable to the revived interest in treatment with
intense but subconvulsive stimulation trains [70, 71], where the characteristics of the E-field
may be even more important than in conventional ECT as no generalized seizure is induced
and, hence, the effects are limited to those of the E-field. Regenold et al. delivered
subconvulsive stimulation with standard BF ECT electrode placement and 900 mA, 0.5 ms
pulses [70]. This paradigm appears to stimulate most of the brain volume, as indicated in
Figures 6 and 7, especially considering that the pulse width was longer than in the
simulations (0.3 ms). Thus, it could be speculated that this intervention has spatially
extended, synchronous stimulatory effects that parallel those of a generalized seizure, but
over a much shorter duration equal to the length of the electrical stimulus.
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4.4, Limitations

This type of modeling has general limitations that were discussed in our prior studies [12,
17, 28, 63]. The effects of ECT and MST are understood to result from two principal
processes: (1) the activation of neurons with E-field pulse trains and (2) the resultant seizure
initiation and propagation. Of these, our models capture only the approximate strength of
neuron activation by each pulse within the stimulus train. The models do not account for
either the cumulative effect of the multiple pulses or for the subsequent seizure initiation and
generalization. Nevertheless, if the E-field is subthreshold in a particular region, it is
unlikely that a seizure initiation or other strong neuromodulatory effects can occur there. On
the other hand, the presence of a suprathreshold E-field does not directly indicate that a
seizure would be initiated in this region or what the seizure initiation threshold in terms of
number of pulses is. Modeling these processes for the whole brain is not feasible at present.

The present study does not account for anatomical variability of the ECT and MST clinical
populations. Since we used a head model of a single individual, we did not explore to what
extent the current amplitude should be individualized to compensate for individual
anatomical variability. Our prior computational modeling and preclinical studies suggest that
current amplitude individualization is indeed appropriate in order to normalize the E-field
exposure across individuals [12, 63, 65, 72, 73]. The methodologies presented in this paper
are general and can be applied to any number of individuals in future studies.

Only one MST coil configuration [38] was modeled, whereas other clinical MST sudies
have used different coil configurations [27]. In our prior spherical head model studies we did
simulate several additional MST coil configurations [12, 17, 72], which, combined with the
results for this study can provide an estimate of how the stimulation characteristics change.
Generally, our prior modeling suggests that the superficiality and weaker stimulation
strength is shared among various MST coil configurations as compared to conventional ECT,
although the double-cone and cap coils induce stronger and less focal stimulation than the
double-layer circular coil [17, 72]. Finally, other MST coil configurations and stimulation
devices can be simulated using the described methods.

5. Conclusions

This paper quantified the effect of electrode/coil configuration and current amplitude on the
stimulation induced in the brain by both conventional and experimental ECT paradigms as
well as by MST. It confirms and extends previous findings that (1) conventional ECT
stimulates directly a large proportion of the brain volume at strengths exceeding markedly
the neural activation threshold; (2) RUL electrode placement produces weaker overall
stimulation of the hippocampi compared to BL ECT, potentially explaining cognitive
sparing with RUL ECT; (3) MST induces more focal and weaker stimulation compared to
both conventional as well as several experimental ECT paradigms, which could contribute to
the reduction of cognitive side effects in MST compared to ECT; and (4) lowering the ECT
current amplitude enables stimulation that is more focal and closer to the neural activation
threshold, and can approximate MST. This work could help understand the mechanisms of
conventional ECT as well as the development of alternative approaches with superior risk/
benefit ratio.
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Figurel.
An individual model of the whole head including various tissue conductivity compartments

representing (A) skin, (B) skull compacta, (C) muscle, (D) sclera, (E) vertebrae, (F) gray
matter, (G) lens, (H) eyeball, (1) optic nerve, (J) white matter, and (K) spinal cord.
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Figure2.
Simulation models of BL, BF, RUL, FEAST, and FM ECT as well as CIRC MST (top row).

Stimulation strength (E-field magnitude relative to neural activation threshold, £/&y,) on the
cortical surface at current of 800 mA for BL, BF, and RUL ECT, 612 mA for FEAST, 500
mA for FM ECT, and 100% of maximum amplitude (MA) for Magstim Theta with CIRC
MST coil configuration (second row), as well as in representative coronal and axial slices
(third and bottom rows, respectively). The threshold Ay is 0.25 VV/ecm for ECT (ultrabrief 0.3
ms pulse width) and 0.64 V/cm for MST. For ECT with brief pulse width (1 ms), stimulation
strength should be multiplied by 1.17 [17]. The color map is clamped at an upper limit of 3
for good visibility of the spatial distribution. R: right.
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Figure 3.

Descriptive statistics of stimulation strength (£/&y) in specific brain ROIs for the
configurations depicted in Figure 2. Boxes indicate the interquartile range (25t to 75t
percentile) with the median marked by a horizontal black line. Whiskers delimit
approximately the 99.3 percentile of the E-field distribution. Outliers beyond this range are
plotted in green. Horizontal gray dotted lines demarcate the boundary between subthreshold
and suprathreshold stimulation strength. The ECT results are for ultrabrief pulse width (0.3
ms); for brief pulse width (1 ms), the stimulation strength should be multiplied by 1.17 [17].
OFC: orbitofrontal cortex, DLPFC: dorsolateral prefrontal cortex, SCC: subcallosal
cingulate cortex, FDI: first dorsal interosseous.
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Ratio of median E-field strength in right relative to left hemisphere for the configurations

depicted in Figure 2.
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BlE:E,
Blc = 1.4E,

BL BF RUL FEAST FM CIRC

Percentage of the brain volume stimulated above neural activation threshold (£= &) and
above robust neural activation threshold (£= 1.4x A&y,) for the configurations depicted in

Figure 2.
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Figure6.
Stimulation strength (£/&y,) of the ECT electrode configurations (first to fifth columns,

respectively) and MST coil configuration (sixth column) depicted in Figure 2 for current
amplitudes ranging from 200 mA to 900 mA for ECT (ultrabrief 0.3 ms pulse width) and
20% to 100% MA for MST (Magstim Theta device). Color scale is identical to Figure 2.
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Figure7.
Percentage of the brain volume stimulated above neural activation threshold (£= £y) as a

function of current amplitude for the configurations depicted in Figures 2 and 6. The ECT
results (BL, BF, RUL, FEAST, FM) are for ultrabrief pulse width (0.3 ms). The MST results
(CIRC) are for the Magstim Theta device.
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Table 1

Tissue electrical conductivities (S/m) used in the model

Tissue | Conductivity | Tissue | Conductivity

Skin 0.43 Lens 0.32

Muscle 0.32 Eyeball 0.5

Skull compacta 0.0063 Sclera 0.5
Skull spongiosa 0.04 Spinal cord 0.15
Cerebrospinal fluid (CSF) 1.79 Vertebrae 0.012
Gray matter 0.33 Optic nerve 0.14

White matter (iso.) 0.14 Sinus 0
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