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Abstract

Electroconvulsive therapy (ECT) and magnetic seizure therapy (MST) are conventionally applied
with a fixed stimulus current amplitude, which may result in differences in the neural stimulation
strength and focality across patients due to interindividual anatomical variability. The objective of
this study is to quantify the effect of head anatomical variability associated with age, sex, and
individual differences on the induced electric field characteristics in ECT and MST. Six
stimulation modalities were modeled including bilateral and right unilateral ECT, focal electrically
administered seizure therapy (FEAST), and MST with circular, cap, and double-cone coils. The
electric field was computed using the finite element method in a parameterized spherical head
model representing the variability in the general population. Head tissue layer thicknesses and
conductivities were varied to examine the impact of interindividual anatomical differences on the
stimulation strength, depth, and focality. Skull conductivity most strongly affects the ECT electric
field, whereas the MST electric field is independent of tissue conductivity variation in this model
but is markedly affected by differences in head diameter. Focal ECT electrode configurations such
as FEAST is more sensitive to anatomical variability than that of less focal paradigms such as BL
ECT. In MST, anatomical variability has stronger influence on the electric field of the cap and
circular coils compared to the double-cone coil, possibly due to the more superficial field of the
former. The variability of the ECT and MST electric field due to anatomical differences should be
considered in the interpretation of existing studies and in efforts to improve dosing approaches for
better control of stimulation strength and focality across patients, such as individualization of the
current amplitude. The conventional approach to individualizing dosage by titrating the number of
pulses cannot compensate for differences in the spatial extent of stimulation that result from
anatomical variability.
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[. Introduction

Electroconvulsive therapy (ECT), in which seizures are electrically induced under
anesthesia, is the most effective treatment for severe major depression [1]. Seizure threshold,
defined as the minimum electrical dose necessary to induce an adequate seizure, is used
clinically to guide the dosing of ECT. Across ECT studies, there is a marked variability
among patients in seizure threshold, with a range of 40-fold in terms of stimulus charge [2].
Factors contributing to this large variability include variations in patient demographics such
as sex and age, as well as treatment factors, such as electrode placement, anesthesia type,
threshold titration methods, and stimulus parameters including current waveform, pulse
width, and frequency [3], [4]. Seizure threshold is conventionally determined by
incrementally increasing the duration and/or frequency of the pulse train. During seizure
threshold titration as well as during the administration of the treatments, the stimulus pulse
trains are administered at a fixed current amplitude (typically 800 or 900 mA). Thus,
interindividual anatomical differences in head geometry can lead to different induced
electric field distributions in the brain for the same applied pulse amplitude. This could, in
turn, result in variations in clinical outcome across patients, even if the stimulus train
duration and/or frequency are individualized.

Magnetic seizure therapy (MST), in which seizures are induced using high dose repetitive
transcranial magnetic stimulation, offers greater control of the seizure initiation site and a
superior side effect profile compared to conventional ECT [5]-[7]. Previously, we showed
that the MST electric field is up to 6 times weaker, and up to 60 times more focal compared
to conventional ECT [8]. While the stimulus strength in MST is weaker than in ECT, like
ECT, the MST stimulus pulse trains are administered with a fixed current amplitude, which
could result in variations of the induced electric field strength and focality across patients as
a results of anatomical differences.

Some aspects of the effect of anatomical variability on the electric field or seizure threshold
have been explored; however a systematic study and comparison of clinically salient ECT
and MST paradigms is lacking. The effect of varying cerebrospinal fluid (CSF) thickness
and tissue conductivity ratios on the current density distribution in a three-layer spherical
model was explored by Stecker, who also provided a closed-form, general solution to the
Laplace equation in the three-shell sphere [9]. Stecker concluded that the induced field
distribution was only slightly dependent on the conductivity and thickness of the CSF. Yet,
Stecker’s spherical model was limited to three-layers: the skull, CSF, and brain. Without a
scalp layer the model did not account for current shunting in the scalp. Rath performed
parameterizations of tissue layer thicknesses in a four-layer spherical model and arrived at a
similar conclusion, namely, the CSF layer thickness has little impact on the induced field
distribution [10]. This parameterization was only done for the constant-voltage bilateral
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ECT configuration, whereas modern ECT uses constant-current devices and is often
administered with unilateral or bifrontal electrode configurations. Indeed, a imaging study
showed that higher CSF volume predicts higher seizure threshold in both BL and RUL ECT
[11]. However, since the seizure threshold was titrated with constant stimulus amplitude, it
is unclear to what extent the electric field varied among the patients. Finally, we studied how
stimulus current amplitude adjustment can be used to compensate for anatomical variability
in BL ECT, RUL ECT, double cone coil MST, and an MST-matched ECT configuration
[12]. However, that study did not report electric field variation for conventional stimulation
with fixed current amplitude, and did not explore other forms of ECT and MST.

Addressing these questions, in this study we examine how the electric field induced by ECT
and MST is affected by variability in head diameter, scalp and skull thickness and
conductivity, as well as brain volume. We provide average, lower, and upper estimates for
the induced stimulation strength, depth, focality, and scalp shunting in the adult population.
These results can help explain seizure threshold variation across convulsive therapy studies,
and can also help guide the development of dosing paradigms that are less sensitive to
anatomical variation or that compensate for it via individualization procedures with the
ultimate goal of leading to better and more consistent clinical outcomes.

[l. 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), as described in detail in our previous work [8].

A. Parametric Head Model

The human head was modeled as a sphere consisting of five concentric shells: scalp, skull,
CSF, gray matter, and white matter (Fig. 1(g)). The spherical model is particularly
advantageous for parameterization and perturbation of anatomical features to represent
variability in a large population that is difficult to capture in a limited collection of realistic
models.

Since about 70% of ECT patients are women [13], and depression, the leading reason for
referral to ECT, is twice as common in women than men, we used the average adult female
head parameters listed in Table I for the nominal head model. The range of head diameter,
scalp and skull thickness are based on morphometric studies [14]-[18]. The tissue layers
were assigned nominal isotropic conductivities also given in Table | [19]-[24]. From the
nominal female head model, we perturbed each tissue layer’s thickness and conductivity to
explore how the electric field characteristics are affected by anatomical differences
representative of the adult population.

1) Head diameter—The diameter of the nominal head model was based on the weighted
mean of adult measurements for head circumference [14], [15]. The upper and lower limits
of the perturbation corresponded to two standard deviations above and below the mean head
circumference measurements presented in Ormeei et al. [14] and Manjunath et al. [15],
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respectively. As the head diameter was varied, the white matter diameter was adjusted
accordingly, while the thicknesses of all other tissue layers were held constant.

2) Scalp thickness—The scalp thicknesses of the nominal head model was based on the
weighted mean of adult measurements [16], [17]. The upper and lower limits of the
perturbation were taken from the maximum measurement in Lupin and Gardiner [17] and
minimum measurement in Hori et al. [16], respectively.

3) Skull thickness—While some morphometric studies suggest no significant sex
difference in cranium thickness [25]-[27], a study by Li et al. based on computed
tomography head scans of a large population of living subjects showed women having
significantly thicker skulls than men [18]. The skull thicknesses of our nominal head model
was based on averaging the frontal, parietal and occipital bone thickness measurements
reported in Li et al. [18]. The upper and lower limits of the perturbed model corresponded to
the 10t and 90t percentile measurements in that study.

4) Brain volume—Structural MRI estimates of peripheral CSF and brain volume show
significantly greater cortical atrophy in elderly men compared to women [28]. 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 [28]. In this study, we examined the effect of
shrinking the total brain volume by 5% and by 15%. The skull shell diameter was kept
constant and the CSF volume was increased to fill the vacated space between the cranium
and the brain.

5) Skull conductivity—The most commonly used gray-matter-to-skull conductivity ratio
in the neural source localization literature is 80 [19]. A series of in vivo measurements
suggested that this conductivity ratio should be lower [29], [30]. There is no evidence of sex
difference in skull conductivity, although the data are too sparse to draw any firm
conclusions [29], [31], [32]. In this study, gray-matter-to-skull conductivity ratio of 40 is
used for the nominal model [33]. The upper limit of the conductivity ratio is taken to be 80
[19], and the lower limit is taken to be 18.7 [30].

6) Scalp conductivity—The available literature on sex difference in scalp conductivity 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 [32]; 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. The hypodermis, which makes up about
50% of the scalp cross section, is thicker in women than in men [16]. Since this fat-storing
layer has higher impedance than skin and muscle [34], it is conceivable that women may
have lower overall scalp conductivity compared to men. To examine the effect of potentially
lower scalp conductivity, we simulated a 25% and 50% decrease in scalp conductivity.

B. ECT Electrode and MST Coil Configurations

We simulated three ECT electrode configurations: bilateral (BL), right unilateral (RUL), and
focal electrically administered seizure therapy (FEAST); and three MST coil configurations:
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circular (CIRC), cap (CAP), and double-cone (DCONE). These are illustrated in Fig. 1(a)-
(). BL and RUL ECT are standard electrode placements; FEAST is an investigational
electrode configuration designed to initiate focal prefrontal seizures prior to secondary
generalization [35]. In our previous study, we showed that in the spherical model the
bifrontal electrode placement resulted in similar electric field characteristics as RUL ECT
[8]; therefore, the bifrontal configuration is not included in this study. The three MST coil
configurations have been used in prior MST studies [5], [36]. Details of electrode and coil
geometry, placement, and intensities are presented in our previous study [8].

C. Electric Field Characterization

We quantified electric field penetration by the half-strength depth, dy/», 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, Enax [37]. To account for different brain
radii, Ryyain, the half-strength depth is expressed as a fraction of the brain radius, dy/2/Ryrain-
Analogously, we quantified the intrinsic focality of each electrode or coil configuration by
the half-strength volume, Vy,, 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 [8],
[37]. To account for different brain volumes, Vp,in, the half-strength volume is expressed as
a fraction of the total volume, V12/Vprain. We also characterized the ratio of current induced
in the brain to current induced in the scalp, I prain/lscaip- The di/2/Rorains V1/2/Vprain, and
Ibrain/lscalp Metrics are independent of the stimulus current parameters (pulse amplitude,
shape, and width) and characterize solely the spatial targeting properties of the electrode or
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 [38]. To assess the degree of direct neural stimulation, the
electric field strength could be compared to an approximate neural activation threshold, Eg,
which was estimated to be 0.35 V cm™1 for ECT (0.3 ms pulse width), and 0.88 V cm™,
0.90 Vem™1, and 1.0 V ecm™1 for CIRC, CAP, and DCONE MST, respectively, using
methods described in our previous study [8]. We characterized the maximum induced
electric field in the brain relative to neural activation threshold, Eqnax/Eih. We also quantified
the radial distance from the cortical surface to the deepest point where the electric field
strength is still above the neural activation threshold, da. It is expressed as a fraction of the
brain radius, da/Ryrain- Finally, we quantified the portion of the brain directly activated by
ECT and MST by the brain volume that is exposed to suprathreshold electric field, Va [8]. It
is expressed as a percentage of the total brain volume, Va/Vprain-

lll. Results

A. Nominal Head Model

Fig. 2 characterizes the electric field induced by ECT and MST in the nominal female head
model. Fig. 2(a) shows the intrinsic focality assessed by the half-strength volume, Vq,/
Vprain: as a function of the half-strength depth, d1/o/Rurain, for the six stimulation
configurations. For the MST configurations, di/o/Ryrain ranges from 25% to 29%
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corresponding to more superficial electric field compared to ECT, in which dy/2/Rpyain
ranges from 45% to 100%. Of all configurations, BL ECT has the strongest electric field in
depth relative to the brain surface. Among the six stimulation modalities, DCONE MST has
the most focal electric field (lowest V1/2/Virain), Whereas BL ECT is the least focal.

Fig. 2(b) shows the percentage of brain volume stimulated above threshold, Va/Vprain, @S a
function of the stimulation depth, da/Rprain. At maximum stimulator output, MST stimulates
at depths of 11% to 34% of the brain radius, whereas at 800 mA of electrode current, ECT
stimulates at depths reaching the center of the brain (da/Rurain = 100%) for all electrode
placements. Va/Vprain is also much higher with ECT than with MST (up to 100% for ECT,
and up to only 8.2% for MST). BL ECT produces suprathreshold electric field in 100% of
the brain; RUL and FEAST ECT produce suprathreshold electric field in over 90% of the
brain.

As illustrated in Fig. 2(c), all forms of ECT induced similar stimulation strength in the brain
ranging from 620% to 720% of threshold, whereas the values for MST are much lower,
ranging from 133% to 232% of threshold. Finally, the ratio of current induced in the brain to
current induced in the scalp, Iprain/lscalp, 1S between 23% and 35% for ECT and between
55% and 134% for MST (Fig 2(d)), confirming that magnetic stimulation induces current in
the brain with less scalp stimulation compared to electric stimulation. Finally, results for the
nominal male head model are very similar to those for the female, and are shown in Fig. 5 in
the Appendix.

B. Effect of Anatomical Variation

Fig. 3 and 4 show the sensitivity of the electric field characteristics to variations in head
tissue layer thickness and conductivity in ECT and MST, respectively.

There are two ways an electric field metric can be insensitive to anatomical variability in our
model. In the case of MST, the electric field is independent of the tissue conductivity values
in the spherical head model since the electric field is directly induced by the changing
magnetic flux and since the electric field is tangentially oriented everywhere and does not
cross boundaries between regions with different conductivity. This explains the flat MST
sensitivity curves in the last two columns in Fig. 4. In the case of ECT, an electric field
metric can be saturated at its maximum value in the nominal model, and the metric remains
saturated upon perturbation. For example, dy/2/Ryrain and Va/Vprain are 100% for BL ECT in
the nominal model. Similarly, da/Ryrain = 100% for all ECT configurations. Therefore, these
metrics are insensitive to anatomical variability by virtue of a ceiling effect. However, the
Emax/Eth metric has no saturation and reflects the variation of the peak electric field strength
with changing anatomy even when the focality and depth metrics saturate. Thus,
collectively, the metrics we present capture various aspects of the effect of anatomical
differences.

We compare the sensitivity to anatomical variability of ECT and MST configurations by
counting the number of panels in Fig. 3 and 4 where the configuration shows the greatest
change. Discounting the insensitive cases, FEAST is the ECT configuration most sensitive
to variability in all anatomical parameters except head diameter. BL ECT is generally less
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sensitive to anatomical variability than RUL ECT, except for the V1/o/Vprain Metric in
response to changes in head diameter as well as scalp and skull conductivity. The anatomical
parameter that contributes the most variability to ECT is skull conductivity, although the
percentage directly activated brain volume and the brain to scalp current ratio are most
influenced by variation in brain volume. The anatomical parameter that contributes the most
variability to MST is head diameter. Finally, the electric field induced in the brain by CAP
and CIRC MST is more sensitive to anatomical variability than that of DCONE MST, with
the exception of the effect of head diameter on the maximum electric field.

V. Discussion

A. Comparison of Nominal Field Characteristics

The results for the nominal model are consistent with our previous study [8]; here we
highlight the most important findings and discuss new results. MST provides weaker (lower
Emnax/Etn), more superficial (lower da/Ryrain), and more focal stimulation (lower Va/Virain)
than all forms of ECT. DCONE MST has the best intrinsic focality (Fig. 2(a)) and CIRC
MST has the smallest stimulated brain volume (Fig. 2(b)). These characteristics of MST
may be important for limiting side effects, and are consistent with in vivo data [39]. For all
forms of ECT at 800 mA (the clinically used dosage), large portions of the brain (Va/Vprain
= 90%-100%) are stimulated at suprathreshold levels, and the maximum stimulation
intensity is exceedingly high relative to neuronal threshold (Eqax/Eth Up to 720% for FEAST
ECT). Importantly, the nonfocality and high intensity of the electric field generated by ECT
are largely determined by the high conventional current amplitude and longer effective pulse
width (0.3 ms rectangular ECT pulse compared to the cosine MST pulse with briefer
stimulating phases). For example, the intrinsic focality of FEAST ECT is comparable to that
of MST (see Fig. 2(a)), suggesting that focal ECT electrode configurations at lower
electrode currents could provide stimulation focality similar to that of MST, consistent with
our previous findings [12]. These observations suggest that using lower current amplitudes
and/or briefer pulses would provide stimulation closer to the neural activation threshold,
which would improve the focality of ECT and may reduce its side effects [12], [35], [40],
[41].

The ECT electrode size and inter-electrode spacing can be manipulated to produce more
focal stimulation [12]. However, decreasing the inter-electrode spacing results in more
current shunting in the scalp, which could result in scalp burns if the electrode current is not
low enough. For instance, Fig. 2(d) shows that the fractional ECT current entering the brain,
Ibrain/lscalp, 1S smaller for RUL and FEAST compared to BL ECT. Compared to ECT, the
use of magnetic induction in MST reduces the relative strength of scalp currents, and
therefore could be an advantage for high intensity, focal stimulation.

Finally, ECT can potentially stimulate deeper brain structures than MST, while remaining
relatively focal. For example, Fig. 2(a) shows that FEAST ECT has similar intrinsic focality
compared with CIRC and CAP MST configurations, while having nearly double the half-
strength depth d1/2/Rprain-
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B. Impact of Anatomical Variation

Skull conductivity most strongly affects the ECT electric field characteristics in the brain.
Our results for the ECT electric field sensitivity to skull conductivity and thickness are
consistent with the numerical simulation of transcranial electric stimulation by Grandori and
Rossini who found that the current density changes by 0.3% at the center of the brain and by
1% under the electrode per unit change in skull conductivity [42]. Similarly, our results
show that the electric field strength at the brain surface changes by 0.68% per unit change in
skull conductivity.

The original motivation for MST development hypothesized that magnetic induction is less
sensitive to head tissue inhomogeneities, particularly to skull impedance [43]. Our results
confirm that MST is independent of the tissue conductivity values in the spherical head
model (see two rightmost columns in Fig. 4). Head diameter is the parameter that
contributes most electric field variability in MST. Tissue thickness variation in MST
amounts to changing the coil-to-cortex distance, which, in turn, leads to variation in the
induced electric field magnitude. Head size variation significantly affects the coupling
between the head and the stimulation coil, subsequently affecting the electric field
distribution [44]. The high focality (small directly activated brain volume) in the MST
nominal model also contributes to high sensitivity, since a small change in the absolute Va/
Vhrain OF da/Ryrain results in a large percentage relative change.

In ECT, there appears to be a relationship between the focality of the electrode configuration
and the sensitivity to anatomical variation. The configurations that are more focal—RUL
and FEAST—are also more sensitive to anatomical differences than the less focal BL
electrode placement, with FEAST having both the highest intrinsic focality and the most
electric field variation. On the other hand, for MST there may be a relationship between the
depth of penetration of the electric field and the anatomical sensitivity. The DCONE coil
induces the most penetrating electric field (largest dy/2/Rprain and da/Ryrain) and is least
sensitive to anatomical variation. This is consistent with the understanding that anatomical
variation in MST amounts chiefly to changing the effective coil-to-cortex distance. Hence,
coils with deeper electric field penetration, like DCONE, would be less sensitive to coil-to
cortex distance variations compared to more superficial coils like CAP and CIRC.

The sensitivities of the ECT and MST electric field characteristics were expressed as percent
deviations from the nominal model. The clinical significance of these deviations would
depend, in part, on the nominal field values. Since the ECT nominal field strength and
stimulated brain volume and depth are drastically greater than those of MST, sensitivities of
their electric field characteristics cannot be directly compared. However, we have previously
shown that when the focality of ECT is matched to that of MST by altering the electrode
size, spacing, and current amplitude, ECT becomes more sensitive to variations of most
anatomical except for head size [12].

C. Sex-Related Effects

Sex is a predictor of seizure threshold in ECT [45]. Sackeim et al. attributed the lower
seizure threshold in women to their thinner skull thickness resulting in less current shunting
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[2]. This argument was based on skull thickness measurements in children (age 6 to 16)
[46]. One study in adults has found the skull to be thicker in women than in men [18],
resulting in lower electric field strength in the female brain.

It has been asserted that the sex difference in scalp composition could also contribute to the
seizure threshold variation, though no supporting evidence was cited [2]. Women have
thicker hypodermis than men [16], resulting in potentially lower scalp conductivity in
women. This would lead to less current shunting during ECT, stronger stimulation strength
and larger stimulated brain volume, and, consequently, lower seizure threshold. Our
simulation data support the significance of the contribution of scalp conductivity: a 25% and
50% decrease in the scalp conductivity results respectively in 20% and 50% increase in
maximum electric field strength in RUL ECT. The effect of scalp conductivity on the
relative stimulated brain volume is curbed since this metric is at or close to 100%.

D. Age-Related Effects

After the age of 18, the cranium does not show significant increase in thickness with age
[18], [47]. Therefore, we do not expect a large age-dependent effect on the induced electric
field from the growth in skull thickness in adults. The hypodermis thickness does not
undergo significant change with aging in men, whereas hypodermis thickness in women
correlates positively with estrogen level during the lifetime [16], [48]. In addition to
structural changes that accompany hormonal fluctuations, estrogen is also known to increase
the number of hippocampal excitatory neuron synapses and increase seizure susceptibility in
female epileptic patients—factors that could also affect seizure threshold [49].

Brain atrophy is a large source of variability in ECT focality. A 5% and 15% decrease in
brain volume led to a 7% and 26% decrease in the stimulated brain volume and a 16% and
37% decrease in the maximum electric field in RUL ECT, respectively. This effect is
consistent with the repeated observation that seizure threshold increases with age [3], [4],
[50]. Atrophy affects MST as well. A 5% and 15% decrease in brain volume led to a 20%
and 60% decrease in the stimulated brain volume and a 5% and 12% decrease in the
maximum electric field, respectively. This is consistent with the observed increase in TMS
motor threshold with age [51], although neural excitability could also be a contributing
factor.

E. Implications for ECT and MST Technique

The sensitivity of the electric field characteristics to anatomical differences could result in
undesirable interindividual variability in clinical outcomes. Van Waarde et al. demonstrated
that CSF volume strongly predicted initial seizure threshold in both RUL and BL ECT [11].
However, since in conventional ECT and MST seizure threshold titration the current
amplitude and pulse width are fixed for all patients, individuals with thicker CSF layer
would have weaker and more focal electric field in the brain. That will remain the case even
as the other pulse train parameters are titrated up. While titration in the train frequency and
duration domains addresses the dynamic response of the brain, it fails to account for the
anatomydependent spatial extent of stimulation which is driven by pulse amplitude and
width. Thus, with the conventional dose titration, the variability of the electric field
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distribution due to anatomical variations is not compensated directly, but rather indirectly by
adjusting the number of times the same spatial electric field is pulsed. This indirect
compensation relies on the existence of a “strength-duration” relationship between current
amplitude and train duration for seizure induction [52]. Therefore, in patients with less
current reaching the brain, the number of pulses (and hence the seizure threshold in units of
charge) is increased, because a weaker and more focal electric field requires more repetition
to trigger a seizure.

To compensate directly for the variability in the electric field, pulse amplitude could be
individualized [12], [53], for example by current amplitude titration of the seizure threshold
[35], [40], [52], by patient-specific electric field simulation [54], or by setting the amplitude
relative to the patient’s motor threshold [40] as is routinely done in clinical rTMS. The
stimulus pulse parameters affect da/Ryrain: Va/Vorain: and Emax/Etn Which could be
normalized across patients by stimulus current adjustment [12]. On the other hand, dy/»/
Rorain: V1/2/Viorain, and Iprain/lscap depend only on the head anatomy and the ECT electrode
or MST coil configuration, and are independent of the pulse waveform parameters. These
metrics cannot be compensated by pulse amplitude titration.

While the exact relationship between the induced electric field and the pattern of seizure
initiation and propagation has not been determined, there are some evidence that focal
stimulation can trigger focal onsets of seizure activity. A study using single photon emission
computed tomography (SPECT) in a depressed patient undergoing FEAST showed early
ictal increases in regional cerebral blood flow confined to the right prefrontal cortex [55].
Since the site and focality of stimulation are related to those of seizure initiation, we
conjecture that the variation in the induced electric field characteristics will likely contribute
to variability in imaging results among individuals.

F. Limitations

Future work on the effect of anatomical variability could use more anatomically accurate
head models and could analyze the electric field in specific brain regions, as we have
demonstrated in an ECT modeling study [54]. However, this approach will require a large
number of individual models to capture the anatomical variability of the ECT and MST
clinical populations. 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.

The skull has a multi-layer structure; however, boundaries between the spongiosa and the
compacta layers of the skull are often difficult to determine on MRI scans [23], [56].

Further, in a spherical head model, an isotropic single-layer skull adequately approximates
the multi-layer skull [57]. Therefore, we did not model the skull layers. The skull thickness
variation in this study is based on the CT scan data by Li et al. [18] collected is a single city
in China that may not be representative of skull geometric variation for other populations.
Further, when varying the skull thickness in our models, we kept the gray matter-to-skull
conductivity ratio constant at 40, an assumption that may not be accurate. Tang et al. found a
negative correlation between skull resistivity and thickness [58]. This correlation may be
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included in future simulation studies. Finally, the head diameter estimates were also
obtained from non-caucasian populations, although average interracial differences in head
geometry should be covered by the range of perturbation in our model.

Finally, this model focuses exclusively on biophysical properties of the head and how their
variation affects the induced electric field. Not modeled here, but important for
physiological response, is neuronal excitability which is also influenced by drivers of
anatomical variation such as age and sex. Nevertheless, we showed in this study that the
sensitivity of the electric field characteristics to head anatomical differences is already
relatively large.

V. Conclusions

Consistent with our previous findings, at conventional stimulus current strengths, ECT
produces peak electric field far in excess of neural activation threshold, and exposes nearly
100% of the brain volume to suprathreshold field strengths. In comparison, MST induces
much weaker, more superficial, and more focal electric field. For ECT, the degree to which
neural activation threshold is exceeded is most sensitive to variation in skull conductivity.
MST is unaffected by tissue conductivity; rather, the head diameter is the greatest
contributor of variability. Focal ECT configurations such as FEAST are more sensitive to
anatomical variability compared to unfocal configurations such as BL ECT. In MST, the
CAP and CIRC coil configurations are more sensitive to anatomical variability than the
DCONE configuration, possibly due to the more superficial electric field of the former.
Higher sensitivity of the electric field characteristics to anatomical differences could
potentially effect wider variation in clinical outcomes. The sensitivity to anatomical
variability is significant not only for interindividual differences, but also for within-subject
differences in the tissue layer thickness 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 are useful in interpreting differences in seizure threshold across
patients and stimulation modalities. The sensitivity of the electric field characteristics to
anatomical variation in both ECT and MST motivate the development of improved methods
for dose individualization, such as current amplitude individualization, with the ultimate
goal of better and consistent clinical outcomes. Finally, the analysis frame-work and the
anatomical parameter ranges provided in this paper could be useful for anatomical
variability analysis of other transcranial electric and magnetic stimulation modalities as well
as of electroencephalography.

Acknowledgments

This work was supported in part by NIH grants 5TL1RR024158-03, RO1MH60884, and R0O1IMH091083. Dr. Deng
is inventor on patent applications on TMS/MST technology assigned to Columbia and Duke. Dr. Lisanby has
served as Principal Investigator on industry-sponsored research grants to Columbia/RFMH or Duke (Neuronetics
(past), Brainsway, ANS/St. Jude Medical, Cyberonics (past), NeoSync); equipment loans to Columbia or Duke
(Magstim, MagVenture); is co-inventor on a patent application on TMS/MST technology; is supported by grants
from NIH (R01MH091083-01, 5U01MH084241-02, 5R01MH060884-09), Stanley Medical Research Institute,
Brain and Behavior Research Foundation, and the Wallace H. Coulter Foundation; and has no consultancies,
speakers bureau memberships, board affiliations, or equity holdings in related device industries. Dr. Peterchev is
inventor on patents and patent applications on TMS technology assigned to Columbia and Duke, including
technology licensed to Rogue Research; was Principal Investigator on a research grant to Duke from Rogue

IEEE Trans Neural Syst Rehabil Eng. Author manuscript; available in PMC 2015 January 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Deng et al. Page 12

Research and equipment donations to Columbia and Duke by Magstim and MagVenture; and has received patent
royalties and travel support from Rogue Research through Columbia and Duke for TMS technology.

Appendix

Electric field characteristics of ECT and MST in the male nominal head model are plotted in
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Fig. 1.

Si?nulation models of ECT electrode and MST coil configurations: (a) bilateral (BL), (b)
right unilateral (RUL), and (c) focal electrically administered seizure therapy (FEAST)
ECT,; and (d) circular coil (CIRC), (e) cap coil (CAP), and (f) double cone coil (DCONE)
MST. (9) Interior of five-layer spherical head model. Tissue layers from outer to inner shell:
scalp, skull, cerebrospinal fluid, gray matter, and white matter.
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Electric field characteristics of ECT (empty red markers) and MST (filled blue markers) in
the nominal head model: (a) electric field half-strength volume, V1/2/Vprain, as a function of
half-strength depth, dy/2/Rurain; (b) directly activated brain volume, Va/Vprain, as a function
of depth of activation, da/Ryrain; (C) maximum electric field relative to neural activation
threshold, Emax/En; (d) ratio of current induced in the brain to current induced in the scalp,
Ibrain/lscalp- The ECT electrode current is 800 mA and the peak MST coil voltage is 1.65 kV.
The assumed Eg, is 0.35 V cm™1 (0.3 ms pulse width) for ECT and 0.88 V cm™1, 0.90 V
cm™1, and 1.0 V cm™1 for CIRC, CAP, and DCONE MST, respectively.
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Fig. 3.

Segnsitivity of the ECT electric field characteristics to head tissue thickness and conductivity
variations: (1)—(6) change in electric field half-strength depth relative to brain radius,
A(d1/2/Ryrain); (7)—(12) change in half-strength volume relative to total brain volume,
ANV12/Vprain); (13)-(18) change in direct activation depth relative to brain radius, A(da/
Rorain); (19)—(24) change in directly activated brain volume relative to total brain volume,
ANVaVprain); (25)-(30) change in maximum electric field relative to neural activation
threshold, A(Emax/Etn); (31)—(36) change in current induced in brain relative to current
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induced in scalp, A(lprain/lprain)- The horizontal and vertical axes are both expressed as
percentage change from the nominal model. In the nominal model, the ECT electrode
current is fixed at 800 mA. For BL ECT, dy2/Ryrain = 100% and Va/Vprain = 100% for all
anatomical parameters.
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Fig. 4.

Sensitivity of the MST electric field characteristics to head tissue thickness and conductivity

variations: (1)—(6) change in electric field half-strength depth relative to brain radius,
A(d1/2/Ryrain); (7)-(12) change in half-strength volume relative to total brain volume,

ANV12/Vprain); (13)-(18) change in direct activation depth relative to brain radius, A(da/
Rorain); (19)—(24) change in directly activated brain volume relative to total brain volume,

ANVaANprain); (25)-(30) change in maximum electric field relative to neural activation
threshold, A(Emax/Ein); (31)—(36) change in current induced in brain relative to current
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induced in scalp, A(lprain/lprain)- The horizontal and vertical axes are both expressed as
percentage change from the nominal model. In the nominal model, the MST coil current is
set to the maximum for a Magstim Theta MST device (1.65 kV initial coil voltage).
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Electric field characteristics of ECT and MST in the male nominal head model: (a) electric
field half-strength volume, Vy/2/Vprin, as a function of half-strength depth, dy/2/Ryrain; (0)
directly activated brain volume, Va/Virain, as a function of depth of activation, da/Rurain; (C)
maximum electric field relative to neural activation threshold, Eqax/Ein; (d) ratio of current
induced in the brain to current induced in the scalp, Iprain/lscalp-

IEEE Trans Neural Syst Rehabil Eng. Author manuscript; available in PMC 2015 January 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Deng et al.

Nominal head model parameters

Anatomical parameter Human
Female Male
Head diameter (cm) 17.3 175
Scalp thickness (mm) 5.60 5.53
Skull thickness (mm) 7.08 6.50
CSF thickness (mm) 3.00 3.00
Gray matter thickness ( mm) 3.00 3.00
White matter thickness (mm) 67.8 69.6
Brain volume (cm?3) 1486.6  1602.9
Scalp conductivity (S m1) 0.33 0.33
Skull conductivity (S m™) 0.0083  0.0083
CSF conductivity (S m™) 1.79 1.79
Gray matter conductivity (S m™) 0.33 0.33
White matter conductivity (S m™1) 0.14 0.14
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