
  

  

Abstract—We present a quantitative comparison of two me-
trics—neural stimulation strength and focality—in electrocon-
vulsive therapy (ECT) and magnetic seizure therapy (MST) 
using finite-element method (FEM) simulation in a spherical 
head model. Five stimulation modalities were modeled, includ-
ing bilateral ECT, unilateral ECT, focal electrically adminis-
tered seizure therapy (FEAST), and MST with circular and 
double-cone coils, with stimulation parameters identical to those 
applied in clinical practice. We further examine the effect on the 
stimulation metrics of individual-, sex- and age-related varia-
bility in tissue layer thickness and conductivity. Neural stimu-
lation by MST is shown to be more focal and superficial than 
ECT. This result suggests that it may be advantageous to reduce 
the current used in ECT. The stimulation strength in MST is 
also less sensitive to variations in head geometry and tissue 
conductivity than in ECT. Individualization of pulse amplitude 
in both ECT and MST could compensate for anatomical varia-
bility, which could lead to more consistent clinical outcomes.    
 Index terms—Magnetic seizure therapy, MST, electrocon-
vulsive therapy, ECT, neural stimulation, electric field, FEM 
model, variability, depolarization, focality 

I. INTRODUCTION 
lectroconvulsive therapy (ECT), in which seizures are 
electrically induced under anesthesia, is the most effec-

tive treatment for severe major depression [1]. However, the 
use of ECT is limited by cognitive side effects such as am-
nesia. Magnetic seizure therapy (MST), in which seizures are 
induced using high dose repetitive transcranial magnetic 
stimulation (rTMS), offers greater control of the seizure in-
itiation site and a superior side effect profile than ECT [2]. 
 Seizure threshold, defined as the minimum electrical dose 
necessary to induce an adequate seizure, is used clinically to 
guide the dosing of ECT [3]. Seizure threshold is determined 
by administration of electrical pulse trains with increasing 
duration, frequency, and/or pulse width until a generalized 
seizure is elicited. Each pulse has fixed current amplitude 
(typically 800 or 900 mA). Across studies, there is a marked 
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variability among patients in seizure threshold, with an inte-
rindividual range of 40-fold [4]. This large variability is ex-
plained only in part by variations in patient characteristics 
such as age, or treatment factors, such as electrode placement. 

It is not known to what extent the age and sex effects on 
seizure threshold are mediated by interindividual variation in 
neural excitability and/or anatomy of the head. The induced 
intracranial electric field, particularly for ECT, is crucially 
affected by the geometry and electrical conductivities of head 
tissues. The objective of this study is to quantify the effect of 
individual-, sex- and age-associated differences in head 
geometry and conductivity on the induced neural stimulation 
strength and focality in ECT and MST using finite-element 
method (FEM) simulation in spherical head models. 
 Despite the growing interest in FEM simulations with 
anatomically-accurate, three-dimensional human head mod-
els based on structural magnetic resonance imaging (MRI) 
and diffusion tensor imaging [5],[6], the spherical head model 
remains widely used in practice. Evidence from physical head 
model experiments suggest that the spherical model yields 
good spatial accuracy in electroencephalographic and mag-
netoencephalographic source localization [7] and has been 
experimentally validated for transcranial electrical stimula-
tion [8]. Furthermore, in studying the effect of tissue-layer 
thickness variability, the spherical-shell head model offers an 
ease of parameterization, which is not straight-forward in a 
realistic head model. Therefore, in this study we employed a 
five-layer sphere to represent the human head. 
 Theoretical and computational comparisons of electric and 
magnetic stimulation have been presented using spherical [9] 
and realistic head models [10]. These studies highlighted 
important differences between electric and magnetic stimu-
lation: the electric field produced by magnetic stimulation is 
more focal, less penetrating, and insensitive to tissue con-
ductivity compared to electrical stimulation. However, ECT 
and MST have different pulse shape and width, which result 
in different levels of neural stimulation for the same electric 
field magnitude. The above studies did not model this 
strength-duration effect. In previous work comparing ECT 
and MST, we accounted for the pulse shape and width, but did 
not model anatomical variability [11]. 

The effect of varying cerebrospinal fluid (CSF) thickness 
and tissue conductivity ratios on the current density distribu-
tion in a three-layer spherical model was explored by Stecker 
[12], who also provided a closed-form, general solution to the 
Laplace equation in the three-shell sphere. However, 
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Stecker’s three-layer spherical model—consisting of skull, 
CSF, and brain—neglected the presence of the scalp which is 
critical in determining the amount of current shunting in 
electrical stimulation. Rath [13] performed parameterizations 
of tissue layer thicknesses by systematically reducing the 
thickness of each tissue layer in a four-layer spherical model. 
This parameterization was only done for the constant-voltage 
bilateral ECT configuration. No study exists where the effect 
of anatomical variability of the head is compared between 
electrical and magnetic stimulation modalities. 
 In this study, we examine the effect on induced neural 
stimulation of the variability in head diameter, scalp and skull 
thicknesses and conductivities, as well as brain volume for 
five ECT and MST configurations. We provide average, 
lower, and upper estimates for the induced peak stimulation 
strength and focality in the adult population. 

II. METHODS 

A. Theory 
1) Electrical Stimulation: 
 Transcranial electrical stimulation produces an electric 
field that can have both non-zero radial and tangential com-
ponents. For instance, the electric field has a predominantly 
radial orientation in the skull due to the significantly lower 
conductivity of bone relative to the surrounding tissues [14]. 
2) Magnetic Stimulation:  

Unlike electrical stimulation, the electric field induced by 
magnetic stimulation in a concentric-shell spherical model 
has no radial component and does not depend on the con-
ductivity of the shells [15],[16]. The tangential component of 
the electric field is a function of the position within the 
sphere, as well as the coil geometry, placement and current. 

B. Simulation 
Since ECT and MST induce electric fields of relatively low 

frequencies, the quasistatic approximation can be deployed in 
electric field models [17]. Under the quasistatic approxima-
tion, the electric field solution is separable, that is, it can be 
expressed as the product of a static electric field amplitude 
distribution in space, 𝐸𝐸(𝒓𝒓), and a time-domain pulse wave-
form with unit amplitude, 𝑢𝑢(𝑡𝑡), 𝐸𝐸(𝒓𝒓, 𝑡𝑡) = 𝐸𝐸(𝒓𝒓) 𝑢𝑢(𝑡𝑡). 
1) Electric Field Distribution: 

The static electric field distribution, 𝐸𝐸(𝒓𝒓), was computed 
for ECT and MST using the 3D Current Flow and Time 

Harmonic solvers of the FEM simulation packages ElecNet 
and MagNet (Infolytica Corp., Montreal, Canada), respec-
tively. The human head was modeled as a five-shell isotropic 
conducting sphere consisting of the scalp, skull, CSF, gray 
matter (GM), and white matter (WM), as shown in Fig. 1(f). 
The nominal values for the tissue layer thicknesses and 
conductivities were derived from published data (see Sec. 
II.D) and are given in Table I. 

Three ECT electrode configurations [bilateral (BL), right 
unilateral (RUL), and focal electrically administered seizure 
therapy (FEAST)] and two MST coil configurations [circular 
(CIRC) and double-cone (DCONE)] were modeled [illu-
strated in Fig. 1(a)-(e)]. The electrode and coil geometry, and 
the stimulation sites and intensities approximated those ap-
plied in current clinical practice.  

For ECT-BL, two round electrodes with 20-cm2 area were 
placed at the frontotemporal position. For ECT-RUL, one 
electrode was in the right frontotemporal position; the second 
electrode was placed to the right of vertex [1]. The 
ECT-FEAST electrode configuration consisted of a large 
rectangular electrode pad (16 cm2 area) over the left motor 
strip and a small circular electrode (3.1 cm2 area) over the left 
eyebrow [18]. The ECT electric field was simulated at a 
current of 800 mA, equal to the output of a MECTA Spectrum 
5000Q device (MECTA Corp., Tualatin, OR).   

The MST circular coil consisted of two parallel layers of 
windings, each with an inner diameter of 44 mm, outer di-
ameter of 120 mm, and 9 turns. The double-cone coil con-
sisted 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. The circular and double-cone coil 
inductances, 𝐿𝐿, are 22.4 µH and 18.41 µH, respectively. The 
coil conductors were placed 7 mm from the surface of the 
head model to accommodate space for coil casing. The in-
duced electric field magnitude 𝐸𝐸𝑜𝑜(𝒓𝒓) was solved using an 
arbitrary coil current 𝐼𝐼𝑜𝑜  and frequency 𝜔𝜔𝑜𝑜 . The peak electric 

 
Fig. 1  Simulation models of ECT electrode and MST coil configu-
rations: (a) bilateral ECT (ECT-BL) (b) right unilateral ECT 
(ECT-RUL), (c) focal electrically administered seizure therapy 
(ECT-FEAST), (d) MST circular coil (MST-CIRC), (e) MST 
double-cone coil (MST-DCONE), and (f) interior of the five-layer 
spherical head model. Tissue layers from outer to inner shell: scalp, 
skull, CSF, gray matter (GM), and white matter (WM). 

TABLE I  PARAMETERS FOR AVERAGE HEAD MODEL 

Anatomical parameter Sex 
M F 

Head diameter [cm] 17.5 17.3 
Scalp thickness [mm] 5.53 5.60 

Skull thickness [mm] 6.50 7.08 
Cerebrospinal fluid (CSF) thickness [mm] 3.00 3.00 

Gray matter (GM) thickness [mm] 3.00 3.00 
White matter (WM) thickness [cm] 6.96 6.78 

Brain volume [cm3] 1601 1488 
Scalp conductivity (σscalp) [S/m] 0.33 
 Skull conductivity (σskull) [S/m] 0.0042 
 CSF conductivity (σCSF) [S/m] 1.79 
 GM conductivity (σGM) [S/m] 0.33 
 WM conductivity (σWM) [S/m] 0.14 
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field was then scaled to match the output of a Magstim Theta 
device (Magstim Corp., Whitland, Dyfed, UK): 𝐸𝐸MST(𝒓𝒓) =
[𝐸𝐸𝑜𝑜(𝒓𝒓)/(𝐼𝐼𝑜𝑜𝜔𝜔𝑜𝑜)](𝑉𝑉𝐶𝐶/𝐿𝐿), where 𝑉𝑉𝐶𝐶  = 1.65 kV is the peak ca-
pacitor voltage. 
2) Pulse Waveform: 

The ECT electric field waveform, 𝑢𝑢ECT(𝑡𝑡), is proportional 
to the electrode current waveform. The ECT waveform was 
recorded from a MECTA Spectrum 5000Q set to pulse width 
of 0.5 ms [see Fig. 2(a)]. The MST electric field waveforms, 
𝑢𝑢MST-CIRC(𝑡𝑡) [see Fig. 2(b)] and 𝑢𝑢MST-DCONE(𝑡𝑡) (not shown), 
were recorded with a search coil from a Magstim Theta with 
circular and double-cone coils, respectively. 

C. Neural Stimulation Metrics 
1) Peak Stimulation Strength 

Electric and magnetic stimulation modeling studies often 
report peak electric field (or current density) to quantify the 
strength of neural stimulation. However, it is well known that 
the neural response depends also on the pulse shape and 
width, due to the neuronal membrane capacitance. Thus, the 
threshold electric field amplitude to induce neural response 
depends on the pulse shape and width; this dependence is 
often expressed as a strength-duration relation [19]. There-
fore, we propose that the more appropriate metric to quantify 
the strength of stimulation is the electric field amplitude, 
𝐸𝐸(𝒓𝒓), relative to the neural response threshold, 𝐸𝐸𝑡𝑡ℎ , for the 
given pulse shape and width, i.e., 𝐸𝐸(𝒓𝒓)/𝐸𝐸𝑡𝑡ℎ . 

The threshold electric field, 𝐸𝐸𝑡𝑡ℎ , is typically derived em-
pirically. For example, the threshold electric field to induce 
motor response (the motor threshold, MT) is approximately 
0.85 V/cm for the Magstim 200 TMS stimulator with a fig-

ure-8 coil (Magstim Corp.) [20]-[22]. Stimulation at 40% 
above MT (1.2 V/cm) produces robust neural activation with 
motor evoked potential amplitude of approximately 90% of 
maximum [23]. These thresholds are specific to the Mags-
tim 200 electric field waveform which has a damped cosine 
shape. 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. 

To first order, the neuronal membrane can be modeled as a 
low-pass filter with time constant 𝜏𝜏𝑚𝑚  [24]. Therefore, the 
change in membrane potential resulting from an electric field 
pulse, 𝐸𝐸(𝒓𝒓, 𝑡𝑡), is 

∆𝑉𝑉𝑚𝑚(𝒓𝒓, 𝑡𝑡) = 𝛾𝛾 𝐸𝐸(𝒓𝒓, 𝑡𝑡) ∗ ℎ(𝑡𝑡)                                      
 = 𝛾𝛾 𝐸𝐸(𝒓𝒓) 𝑢𝑢(𝑡𝑡) ∗ ℎ(𝑡𝑡)                         (1)                  

where ‘∗’ is the convolution operator; ℎ(𝑡𝑡) is the impulse 
response of a low-pass filter with time constant 𝜏𝜏𝑚𝑚 . It is 
thought that the axon is the neural element preferentially 
depolarized by extracellular electric field stimulation, there-
fore it can be assumed that 𝜏𝜏𝑚𝑚  = 150 µs [24],[25]. The con-
stant 𝛾𝛾 characterizes the membrane depolarization sensitivity 
to electric field and is approximately 66 mV per V/cm [26]. 
Thus, 𝑢𝑢(𝑡𝑡) ∗ ℎ(𝑡𝑡)  is proportional to the axonal membrane 
depolarization; it is plotted with dashed line in Fig. 2 together 
with the corresponding 𝑢𝑢(𝑡𝑡) for an ECT and an MST pulse.  

Regardless of the pulse shape, the neuron will fire when 
∆𝑉𝑉𝑚𝑚  reaches an approximately constant threshold level. 
Therefore, by equating ∆𝑉𝑉𝑚𝑚  at threshold for two pulse shapes, 
𝑢𝑢1(𝑡𝑡) and 𝑢𝑢2(𝑡𝑡), we obtain the following relationship be-
tween the corresponding threshold electric field amplitudes  

𝐸𝐸𝑡𝑡ℎ1

𝐸𝐸𝑡𝑡ℎ2
=

max(|𝑢𝑢2(𝑡𝑡) ∗ ℎ(𝑡𝑡)|)
max(|𝑢𝑢1(𝑡𝑡) ∗ ℎ(𝑡𝑡)|)

.                      (2) 

The quantity max(|𝑢𝑢(𝑡𝑡) ∗ ℎ(𝑡𝑡)|) is 0.96, 0.34, and 0.30 for 
ECT, MST-CIRC, and MST-DCONE, respectively. For a 
Magstim 200 with figure-8 coil, max(|𝑢𝑢(𝑡𝑡) ∗ ℎ(𝑡𝑡)|) = 0.25 
and 𝐸𝐸𝑡𝑡ℎ = 1.2 V/cm for robust neural response, as noted 
above. Using these values together with Eq. (2), we can es-
timate the thresholds to be 𝐸𝐸𝑡𝑡ℎ ,ECT= 0.31 V/cm, 𝐸𝐸𝑡𝑡ℎ ,MST-CIRC 
= 0.89 V/cm, and 𝐸𝐸𝑡𝑡ℎ ,MST-DCONE = 1.0 V/cm. These values are 
based on the neural response threshold for motor cortex, since 
there are scarce data for other brain areas. If the threshold and 
membrane time constant for other brain areas are known, they 
can be used in the analysis above. Using these estimated 
thresholds, we can compute the relative stimulation strength 
metric 𝐸𝐸(𝒓𝒓)/𝐸𝐸𝑡𝑡ℎ . 
2) Focality: 

We quantified the stimulation focality by the percentage of 
gray and white matter volume that is exposed to an electric 
field strong enough to produce suprathreshold depolarization 
in the majority of neurons, i.e. the volume where 𝐸𝐸(𝒓𝒓)/𝐸𝐸𝑡𝑡ℎ ≥
100%.  

D. Head Anatomical Parameters 
1) Head Diameter: 

The diameters of the head models were based on the 
weighted average of adult male and female measurements for 
head circumference reported in [27],[28]. The upper and 

 
Fig. 2 Recorded electric field waveforms and estimated axonal 
membrane potentials for (a) ECT and (b) MST with a circular 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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TABLE II  PEAK STIMULATION STRENGTH AND STIMULATED VOLUME FOR AVERAGE HEAD MODELS 

Se
x 

Peak stimulat. strength relative to neural response threshold [%] Volume stimulated above neural response threshold [%] 
ECT MST ECT MST 

BL RUL FEAST CIRC DCONE BL RUL FEAST CIRC DCONE 
GM WM GM WM GM WM GM WM GM WM GM WM GM WM GM WM GM WM GM WM 

M 429 521 474 471 488 541 124 110 230 207 100 100 72 90 73 90 9.4 0.5 18 5.5 
F 413 493 441 439 466 505 120 106 222 199 100 100 69 88 70 89 10 0.7 21 5.9 

 
TABLE III  VARIABILITY OF PEAK STIMULATION STRENGTH AND STIMULATED VOLUME 
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] Peak stimulation strength change [%] Stimulated volume change [%] 
ECT MST ECT MST 

BL RUL FEAST CIRC DCONE BL RUL FEAST CIRC DCONE 
GM WM GM WM GM WM GM WM GM WM GM WM GM WM GM WM GM WM GM WM 
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F +6.4 
-13 
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2.0 
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0.6 
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lower limits corresponded to two standard deviations above 
and below the means in [27] and [28], respectively. 
2) Scalp Thickness: 
 The scalp thicknesses of the head models were a weighted 
average of the measurements reported in [29],[30]. The upper 
and lower limits were taken from [30] and [29], respectively. 
3) Skull Thickness: 
 While some morphometric studies suggest no significant 
sex difference in cranium thickness [31]-[33], a recent study 
by Li et al. based on computed tomography (CT) head scans 
of a large population of living subjects showed women having 
significantly thicker skulls than men [34]. The skull thick-
nesses of our head models were based on averaging the 
frontal, parietal and occipital bone measurements reported in 
[34]. The upper and lower limits of the models corresponded 
to the 10th and 90th percentile measurements. It should be 
noted that Li et al. collected the CT scans from only one city 
in China, the data may not be representative of skull geome-
tric variation for other populations. 
4) Brain Volume: 
 Structural MRI estimates of peripheral CSF and brain 
volume show significantly greater cortical atrophy in elderly 
men compared to women [35]-[37]. The decrease in volume 
at the frontal, temporal and parieto-occipital lobes can be as 
large as 15% in elderly men compared to 4% in women 
[35]-[37]. In this study, we examined the effect of shrinking 
the total brain volume (gray and white matter) by 5% and by 
15% in both the male and female head models. The skull shell 

diameter was kept constant and the CSF volume was in-
creased to fill the vacated space within the cranium. 
5) Skull Conductivity: 
 A gray-matter-to-skull conductivity ratio of 80 is the most 
commonly used in the neural source localization literature 
[38],[39]. Recently, a series of in vivo measurements showed 
that this conductivity ratio should be lower [40]-[42]. There is 
no evidence of sex difference in skull conductivity, although 
the data are too sparse to draw any firm conclusions [40]-[43]. 
Therefore, we varied the skull conductivity only in the male 
model. The upper limit of the GM-to-skull conductivity ratio 
is taken to be 290 [44], and the lower limit is taken to be 18.7 
[41]. More sophisticated skull models have multi-layer 
structure and/or anisotropy [45]. However, boundaries be-
tween the spongiosa and the compacta layers of the skull are 
often difficult to determine on MRI scans [6],[45], therefore, 
in this study we modeled the skull as a single layer. 
6) Scalp Conductivity: 
 The available literature on sex difference in scalp conduc-
tivity is even more limited than that for the cranium. Baysal 
and Haueisen estimated the scalp resistivity in four adult male 
and five adult female subjects [43]; the small sample showed 
no systematic difference between men and women. 
 Scalp conductivity would be expected to depend on the 
composition of its constituent layers. It has been observed 
that the hypodermis, which makes up about 50% of the scalp 
cross section, is thicker in women than in men [29]. Since this 
fat-storing layer has higher impedance than skin and muscle 
[46], it is conceivable that women would have lower overall 
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scalp conductivity compared to men. To examine the effect of 
reduced scalp conductivity on the induced stimulation 
strength, we simulated a 25% and 50% decrease in scalp 
conductivity in the female head model. 

III. RESULTS 
 The simulation results for peak stimulation strength rela-
tive to threshold and focality corresponding to the five sti-
mulation modalities are summarized in Tables II and III. 

A. Average Head Model 
The results for the average head models are given in Table 

II. All forms of ECT induced similar stimulation strength in 
the gray matter (superficial brain) and white matter (deeper 
brain) ranging from 413% to 541% of threshold, whereas 
values for MST-CIRC and MST-DCONE were much lower, 
ranging from 106% to 207% of threshold. With ECT-BL and 
ECT-FEAST, stimulation strength was higher in white matter 
than gray matter, while the reverse pattern was seen in MST.  
 Stimulated volume was much higher with ECT than MST 
(up to 100% for ECT, and up to 21% for MST). Of note, 
ECT-BL stimulated 100% of gray and white matter.  
ECT-RUL and ECT-FEAST stimulated a higher volume of 
white than gray matter, while with MST the reverse pattern 
was seen. The stimulated volume for ECT-RUL and 
ECT-FEAST were similar. 
 Men and women showed a similar pattern of effects in both 
stimulation strength and stimulated volume. 

B. Effect of Anatomical Variation 
The effect of tissue layer thickness and conductivity varia-

tion is summarized in Table III. Head diameter variability has 
the least effect compared to variability in other parameters. 
Variations in scalp and skull thickness, as well as in brain 
volume have larger effects on stimulation strength in ECT (up 
to 82% increase in WM stimulation strength for ECT- 
FEAST) compared to MST (up to 19% increase in GM sti-
mulation strength for MST-CIRC). 

Stimulation strength was slightly less affected by tissue 
dimension and conductivity variations in ECT-BL compared 
to ECT-RUL and ECT-FEAST, which were similar. MST- 
DCONE tended to be less sensitive to anatomical variations 
than MST-CIRC. The volume stimulated by MST-CIRC was 
highly sensitive to the changes in tissue dimensions. 

Finally, variation in skull and scalp conductivity has no 
effect on the stimulation strength or focality for MST. 

IV. DISCUSSION AND CONCLUSIONS 

A. Electrical vs. Magnetic Stimulation 
 Our simulation results indicate that MST provides more 
focal stimulation than ECT, i.e., the stimulated gray matter 
and white matter volumes for MST-CIRC and MST-DCONE 
are less than those in ECT (Table II). This observation is 
consistent with previous findings [9],[11], and was part of the 
original motivation for the development of MST [47]. For 
ECT, large portions of the brain (up to 100% with ECT-BL) 
are being stimulated at high intensities relative to neuronal 
threshold (up to 541% with ECT-FEAST). A more focal and 

less intense form of seizure induction may reduce the side 
effects of ECT, as seen with MST [2]. These observations 
suggest that using lower current amplitudes and/or briefer 
pulses could improve the focality of ECT and provide sti-
mulation closer to the physiological thresholds, which may 
improve safety. 
 MST is more confined to the superficial cortex than ECT, 
consistent with previous simulation studies [11],[12] and with 
in vivo data [48], which may be important for limiting side 
effects. The relative stimulation strength and the stimulated 
volume of gray matter are higher than those in the white 
matter for MST. The opposite pattern was observed for ECT 
due to the relatively lower conductivity of white matter 
compared to gray matter. 
 The ECT-FEAST paradigm was proposed to achieve more 
focal seizure induction [49]. We found no substantial differ-
ence between ECT- FEAST and ECT-RUL in stimulation 
strength or stimulated brain volume. However, ECT-FEAST 
and ECT-RUL also differ in electric field localization and 
orientation, which were not evaluated in this study. 

B. Differential Impact of Anatomical Variation 
 Peak stimulation strength is less sensitive to variability of 
scalp, skull, and brain properties in MST compared to ECT. 
This effect was hypothesized in the original motivation for 
MST development [47]. Here we present the first quantitative 
verification of this hypothesis. 

To understand the insensitivity of MST to anatomical 
variation, we can consider the simplified, lumped-circuit 
models of ECT and MST given in Fig. 3. As discussed in 
Sec. II.A, magnetic stimulation induces a purely tangential 
electric field that is independent of conductivity. As shown in 
Fig. 3 (b), the induced electric field is represented by voltage 
sources that depend on the coil current Icoil and position r. The 
effective resistances connected to the voltage sources 
represent the tissue impedance that is inversely proportional 
to the conductivity. The impedances of CSF, GM and WM 
are lumped into a single parameter Rbrain for simplicity. 
Clearly, in each tissue layer, for a given Icoil and position r, the 
induced voltage (and hence the electric field and stimulation 
strength) does not depend on the local conductivity or the 
properties of the other layers. Varying the thickness of the 
tissue layers in MST amounts to changing the coil-to-cortex 
distance, which, in turn, leads to variation in the induced 

 
Fig. 3 Simplified, lumped-circuit models of the electric field induced 
by (a) ECT, (b) MST. These models provide insight into the relative 
insensitivity to anatomical variations of MST compared to ECT.  
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electric field magnitude. On the other hand, an analogous 
lumped-circuit model for ECT [Fig. 3(a)] reveals that the 
induced voltages depend on the local conductivity and on the 
overall current distribution in the head which is a function of 
the properties of all the layers [4]. 

On the other hand, Table III suggests that the brain volume 
stimulated by MST-CIRC is highly sensitive to the changes in 
tissue dimensions. This is due to the high focality (small 
nominal stimulated volume) of MST-CIRC which leads to 
small absolute changes in stimulated volume resulting in 
large percentage changes. 

The sensitivity of stimulation strength and focality to 
anatomical differences could result in undesirable interindi-
vidual variability in clinical outcomes. The commonly used 
seizure-threshold titration procedure adjusts the duration 
and/or frequency of the stimulus pulse train, but not pulse 
amplitude [3],[4]. While titration in the frequency and dura-
tion domains addresses the time-dependent behavior of the 
brain, it fails to account for the anatomy-dependent variability 
in the strength and spatial extent of direct neural stimulation 
which is driven by pulse amplitude. To control for this va-
riability, pulse amplitude could be individualized, e.g. based 
on a patient-specific electric field simulation, or by setting the 
amplitude relative to the patient’s motor threshold, as is 
conventionally done in clinical rTMS [50]. 

C. Sex-Related Effects 
 While sex is a predictor of seizure threshold in ECT [3], 
sex was not a major determinant of stimulation strength or 
focality in this study. Sackeim et al. attributed the lower 
seizure threshold in women to their thinner skull thickness 
resulting in less current shunting [4]. This argument was 
based on skull thickness measurements in children (age 6 to 
16) [51]. One study in adults has found the skull to be thicker 
in women than in men [34], resulting in lower electric field 
strength in the female brain. When varying the skull thickness 
in our models, we have kept the GM-to-skull conductivity 
ratio constant at 80, an assumption that may not be accurate. 
Tang et al. found a negative correlation between skull resis-
tivity and thickness [52]. This correlation should be included 
in future simulation studies.  
 It has been asserted that the sex difference in scalp com-
position would also contribute to the seizure threshold varia-
tion, though no supporting evidence was cited [4]. It has been 
shown that women have thicker hypodermis than men [29]. 
This could effect lower scalp conductivity in women, result-
ing in less current shunting during ECT, stronger stimulation 
strength and larger stimulated brain volume (see Table III), 
and, consequently, lower seizure threshold.  

D. Age-Related Effects 
 After the age of 18, the cranium does not show significant 
increase in thickness with age [34],[53]. Therefore, we do not 
expect a large age-dependent effect on the induced electric 
field variation from the growth in skull thickness in adults.  
 The hypodermis thickness does not undergo significant 
change with aging in men, whereas changes in hypodermis 
thickness in women covaried with estrogen level during the 

lifetime [54]. In addition to structural changes that accom-
pany hormonal fluctuations, estrogen is also known to in-
crease the number of hippocampal excitatory neuron syn-
apses and increase seizure susceptibility in female epileptic 
patients [55]. 
 Brain atrophy is a large source of variability in stimulation 
focality for ECT. A 15% decrease in brain volume led to a 
55% decrease in stimulated gray matter volume in ECT-RUL. 
This effect is consistent with the repeated observation that 
seizure threshold increases with age [56],[57].  

E. Limitations 
 The spherical model has obvious shortcomings: the head is 
not perfectly spherical; tissue layers have non-uniform 
thickness, and heterogeneous and anisotropic conductivities; 
and the skull has orifices such as the auditory and optic can-
als, representing low-impedance paths for electrical current. 
A refinement of this study could use more anatomically ac-
curate head models. However, any single realistic head model 
cannot be used to reliably capture the anatomical variability 
of the population. Furthermore, varying the thicknesses of 
individual tissue layers is not straightforward with a realistic 
head model. The spherical model is valuable in quantifying 
anatomical variability effects in ECT and MST that could be 
subsequently explored in more realistic models. 
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