
Zhi-De Deng, Ph.D.
Noninvasive Neuromodulation Unit
Experimental Therapeutics & Pathophysiology Branch
National Institute of Mental Health, NIH

Effect of anatomical variability on 
electric field characteristics of tES

A realistic head modeling study
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ECT in a nutshell

pulse generator scalp electrodes

electric field in brain seizure changes in brain 
activity/connectivity

stimulus



Quasistatic approximation

Bossetti et al., J Neurl Eng, 2008; Deng et al., J Neural Eng, 2011

E(r, t) = k(r)|{z} IE(t)| {z }
spatial temporal



Room for improvement: electrode placement

Cerletti 1930s

Modern day bilateral ECT

limited options 
and imprecise



Room for improvement: current amplitude

800 mA or 900 mA

fixed (... and probably

way too high!)



Here’s the problem...
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“For constant-current, brief-pulse stimulation, 
   we suggest that, in general clinical practice, 
   the range of the threshold for seizure elicitation 

   may be as wide as 40-fold.”



“The effects of tDCS are highly variable,     

   as in other plasticity-inducing protocols, with

   around 50% of individuals having poor or absent 

   responses.”
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a b s t r a c t

Background: Responses to a number of different plasticity-inducing brain stimulation protocols are highly
variable. However there is little data available on the variability of response to transcranial direct current
stimulation (TDCS).
Objective: We tested the effects of TDCS over the motor cortex on corticospinal excitability. We also
examined whether an individual’s response could be predicted from measurements of onset latency of
motor evoked potential (MEP) following stimulation with different orientations of monophasic trans-
cranial magnetic stimulation (TMS).
Methods: Fifty-three healthy subjects participated in a crossover-design. Baseline latency measurements
with different coil orientations and MEPs were recorded from the first dorsal interosseous muscle prior
to the application of 10 min of 2 mA TDCS (0.057 mA/cm2). Thirty MEPs were measured every 5 min for
up to half an hour after the intervention to assess after-effects on corticospinal excitability.
Results: Anodal TDCS at 2 mA facilitated MEPs whereas there was no significant effect of 2 mA cathodal
TDCS. A two-step cluster analysis suggested that approximately 50% individuals had only a minor, or no
response to TDCS whereas the remainder had a facilitatory effect to both forms of stimulation. There was
a significant correlation between the latency difference of MEPs (anterioreposterior stimulation minus
latero-medial stimulation) and the response to anodal, but not cathodal TDCS.
Conclusions: The large variability in response to these TDCS protocols is in line with similar studies using
other forms of non-invasive brain stimulation. The effects highlight the need to develop more robust
protocols, and understand the individual factors that determine responsiveness.

� 2014 Published by Elsevier Inc.

Introduction

Transcranial direct current stimulation (TDCS) is a widely-used
tool in which a small constant direct current (usually 1e2 mA)
(0.029e0.057 mA/cm2) is applied through large pad electrodes
placed on the scalp (see overview in Ref. [1]). It is thought that this

changes the excitability of neurons in the brain by hyperpolarizing
or depolarizing their membrane potential [2,3]. Experiments in the
1960’s on cat and rat cortex showed that direct polarization for
periods of several minutes produced long lasting changes in neural
firing rates for several hours afterwards [4e6]. These were thought
to involve synaptic plasticity since the effects were abolished by
inhibitors of protein synthesis.

Similar lasting effects of TDCS in humans have been described in
the motor cortex: Nitsche and Paulus found that anodal TDCS (i.e.
with the anode over motor areas) increased excitability of cortico-
spinal output, as tested using single pulse transcranial magnetic
stimulation (TMS), whereas cathodal stimulation had the opposite
effect [7]. Subsequent studies suggested that the effects depended
on synaptic plasticity since they were abolished by pretreatment
with drugs that interfered with NMDA receptor function [2,3].
However, despite the ever increasing number of studies using TDCS
in fields from cognitive neuroscience to rehabilitation, there are few
studies of the variability of the effects that are produced [8]. The
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Classic spherical head model

Deng et al., J Neural Eng, 2011; J ECT, 2013; IEEE Trans Neural Syst Rehabil Eng 2015

R L

top
scalp

skull

CSF

white matter

gray matterBL ECT RUL ECT FEAST

DENG et al.: EFFECT OF ANATOMICAL VARIABILITY ON ELECTRIC FIELD CHARACTERISTICS 23

account for current shunting in the scalp. Rath performed pa-
rameterizations of tissue layer thicknesses in a four-layer spher-
ical model and arrived at a similar conclusion, namely, the CSF
layer thickness has little impact on the induced field distribu-
tion [10]. This parameterization was only done for the constant-
voltage bilateral ECT configuration, whereas modern ECT uses
constant-current devices and is often administered with uni-
lateral 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 ad-
justment 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 vari-
ability in head diameter, scalp and skull thickness and conduc-
tivity, as well as brain volume. We provide average, lower, and
upper estimates for the induced stimulation strength, depth, fo-
cality, 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 clin-
ical outcomes.

II. 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 advan-
tageous 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 de-

pression, 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 as-
signed nominal isotropic conductivities also given in Table I
[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 dif-
ferences representative of the adult population.

Fig. 1. Simulation models of ECT electrode and MST coil configurations:
(a) bilateral (BL), (b) right unilateral (RUL), and (c) focal electrically admin-
istered seizure therapy (FEAST) ECT; and (d) circular coil (CIRC), (e) cap
coil (CAP), and (f) double cone coil (DCONE) MST. (g) Interior of five-layer
spherical head model. Tissue layers from outer to inner shell: scalp, skull,
cerebrospinal fluid, gray matter, and white matter.

TABLE I
NOMINAL HEAD MODEL PARAMETERS

1) Head Diameter: The diameter of the nominal head model
was based on the weightedmean of adult measurements for head
circumference [14], [15]. The upper and lower limits of the per-
turbation corresponded to two standard deviations above and
below the mean head circumference measurements presented
in Örmeei et al. [14] and Manjunath et al. [15], 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 measure-
ments [16], [17]. The upper and lower limits of the perturba-
tion 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 10th and 90th
percentile measurements in that study.
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most variation in peak electric field (σ = 0.094 V/m). However, spatial
targetingwas controlled across subjects to/within the ring. Conventional
tDCS M1-SO and IFG-SO montages were comparable in intensity with
relatively less variation in peak electric field across subjects (μ = 0.317
and 0.330 V/m; σ = 0.041 and 0.039 V/m); the location of the peak
and indeed overall distribution varied across subjects.

Given the differences across montages, it is notable that ranking
of sensitivity, at least for this sample set, remained fixed across the
montages evaluated. Simultaneously, differences across subjects were
as significant as across montages. Implications of these findings for ra-
tional tDCS design are considered in the discussion.

3.3. Role of head fat and other tissue thickness in current distribution

Table 1 shows individual data for specific tissue thicknesses as well
as total thickness weighed by conductivity. We observed a positive
trend between BMI and head fat thickness (Spearman's rho = 0.8;
p = 0.107), but did not predict a consistent monotonic (linear) associ-
ation between current intensity and subject BMI, or thickness of either
skin, fat, skull, or CSF. For example, though the highest predicted peak
was in the individual with the lowest BMI (S4; 20.9 kg/m2), the subject
with the intermediate BMI in the sample (S3; BMI: 38.3 kg/m2)
corresponded to the lowest overall predicted intensity. Ranking order

Fig. 2. Resulting peak electric fieldmagnitude simulated in threemontages (M1–SO, 4 × 1 HD-tDCS overM1, IFG-SO) across subjects. Variations in intensity occur across individuals, but
these individual variations are consistent in ranking acrossmontages (S3 b S2 b S# b S1 b S4). For each of themodels, scale is adjusted to the current density peak,which is also provided
as value for reference.

762 D.Q. Truong et al. / NeuroImage: Clinical 2 (2013) 759–766
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Gillick et al. Pediatric stroke tDCS modeling

FIGURE 2 | Current flow predictions during tDCS in individual
pediatric model for the M1-SO and Lateralized Temporal montages.
M1-SO- The center of anode (red) was positioned on the motor strip and
the cathode (black) was positioned over the contraletral supraorbital area.
At 0.7 mA applied current, the peak electric field was 0.23 V/m. C3-C4-
The center of anode (red) was positioned over the left temporal lobe and
the cathode (black) was positioned contralateral to the anode (M-O). At

0.7 mA applied current, the peak electric field was 0.29 V/m. EF plots in
the left, right and top views, are shown respectively (A.1a–c, B.1a–c).
Cross-sectional coronal electric field plots were taken from the center of
the anode (A.1.b1, B.1.b1). Directionality plots were also plotted. The red
corresponds to current flowing inwards, the green corresponds to a net
flow of zero, and the blue corresponds to current flowing outwards
(B.1–B.2).

fold) differences in peak electric fields even among adults (Datta
et al., 2012; Edwards et al., 2013). The peak regional and global
electric fields in our subject were comparable to those in previ-
ously modeled children, which are moderately higher than those
in previously modeled adults (though comparable to the most
sensitive adults). As modeled, application of 0.7 mA in our subject
would produce peak electric field comparable to an average adult
receiving 1.0 mA with a comparable distribution of current flow.

SUBJECT-SPECIFIC DOSE DECISION
Intensity and duration
After all prior experience, constraints, and modeling considera-
tions, it was determined that for this single-session intervention
a current intensity of 0.7 mA for 10 consecutive minutes would
be most appropriate to accomplish the primary purpose of the
pilot—establishing tDCS safety and feasibility in children. The
determination of the model for this child was based on the adult
model. Current flow models in the adult present with a wide range
of variability. For example, the potential exists for (1) paradoxical
stimulation under the cathode (Batsikadze et al., 2013); (2) typical
montages stimulating between the electrodes; and (3) access-
ing deeper structures (Dasilva et al., 2012). The low intensity

decided upon was lower than an adult equivalent of approxi-
mately 1.0 mA. The intent was to prevent “direction flipping”
of stimulation while at the same time to rely on available recent
adult safety data with a concomitant assumption of similarities in
electrophysiology in response to stimulation in the brains of both
an adults and children (Brunoni et al., 2011; Marquez et al., 2013).
Considering the child’s diagnosis of perinatal ischemic stroke, a
challenge exists in attempts to incorporate into our calculations
the lesion location and size as well as the variation in conductivity
(cortex, cerebral spinal fluid) (Datta et al., 2009; Bikson et al.,
2012). Incorporating neuromodulatory tools such as TMS as a
locator for motor hotspots may provide additional knowledge
regarding individual cortical excitability (Gillick et al., 2013).

Montage
Specific to the child with focal hemispheric lesion, a translational
goal of the application of tDCS is to improve motor outcomes
(Schlaug et al., 2008). Cathodal tDCS (M1-SO montage) has
shown significant motor improvements in stroke, and specifically
when coupled with rehabilitation (Nair et al., 2011). In children
with language disorders, application of a similar montage-inferior
frontal gyrus/contralateral SO montage was found to be safe and

Frontiers in Human Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 739 | 5

the electrodemontage whichmaximizes themagnitude of current flow
to the individual node (the submatrix At has just 3 rows). We then
examined the optimal montages across all target nodes, as well as the
magnitude of the electric field achieved in each case. The results are
illustrated in Fig. 3.

The scalp maps represent the optimal montage for each subject,
averaged over the set of target nodes: if ŝk� denotes the montage max-
imizing current flow to node k, then the plot depicts 1

K ∑kŝk�, where K
is the number of target nodes (K = 69 averaged across subjects).
Thus, these are not physical montages in the sense that the sum of
currents does not necessarily equal zero. Rather, these topographical
plots depict the amount of variation exhibited by the optimal mon-
tage in response to small variations in the target location. Above
each plot, we quantify the mean electric field magnitude achieved
by the optimal montage at the target node, as well as the correspond-
ing magnitude spread via the standard deviation.

From the figure, it is evident that perturbing the target location has
a marked effect on the the optimal montage, in that the clusters of
optimally selected electrodes encompass several adjacent candidate lo-
cations in the 10/10 space. However, these “movements” of the optimal
montage do not significantly alter the amount of current flow imping-
ing on the target, as the standard deviation of the target field strength
is upper bounded by less than 20% of the mean, and is far smaller for
most subjects. This means that while the corresponding cost functions
exhibit disparate maxima when moving the target node, the values of
these maxima are in fact reliable. For every movement of the target
within the 3 mm neighborhood, the optimization algorithm is able to

Fig. 2. Conventional (1st and 3rd columns) and optimized (2nd and 4th columns) electric fields for all subjects. The direction (size) of the overlaid arrows depicts the direction
(magnitude) of the attained electric field. With the conventional design, the large electrode area and idiosyncratic head anatomy lead to moderate electric field intensities at
the target (open circle). Meanwhile, the optimized design steers the applied current to the target, resulting in a marked increase in the electric field strength at the target.

Table 2
Summary of modeling in preparation for pilot study: target location in the standard-
ized Montreal Neurological Institute (MNI) space (Evans et al., 1993), final electrode
montages, and predicted field intensities of conventional and optimized stimulation.

S1 S2 S3 S4 S5 S6 S7 S8 Mean

Target location −50 −60 −64 −62 −52 −58 −48 −64 –

−52 −26 −28 −12 −42 −36 −42 −32 –

18 −2 6 −4 12 6 −8 −4 –

Anodes PO9 TP7 TP7 TP7 TP9 FC1 P7 TP7 –

P9 T7 P7 P7 P9 F1 P9 P7 –

Cathodes FC1 F3 F1 AF7 C3 TP7 FC1 AF7 –

FC3 F5 F3 F5 CP3 P7 F1 F7 –

Optimized field
intensity (V/m)

0.49 0.72 0.78 0.70 0.67 0.44 0.72 0.72 0.65

Conventional field
intensity (V/m)

0.33 0.48 0.51 0.53 0.39 0.30 0.55 0.26 0.42

Improvement (%) 48 50 53 32 72 47 31 177 64

16 J.P. Dmochowski et al. / NeuroImage 75 (2013) 12–19

Troung et al., 2013
tDCS in obesity

Troung et al., 2013
tDCS in pediatric

Dmochowski et al., 2013
tDCS in stroke

Gillick et al., 2014
tDCS in pediatric stroke
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Electric field and hippocampal plasticity

Deng and Abbott, ACNP, 2016
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Hippocampal plasticity in ECT

hippocampal and amygdala volumes are observable after the
second ECT session (within �72 hours of treatment initiation).
These novel findings thus add to the existing publications
demonstrating that ECT-induced structural plasticity in the
hippocampus both relates to and may predict therapeutic
response to ECT. Although showing the same pattern, varia-
tions in size of the amygdala at baseline did not significantly
relate to overall clinical outcome. Increased variability in this
region due to its smaller size and/or the limited spatial
resolution of structural imaging data may account for our
failure to observe significant relationships. However, it is also
possible that the hippocampus is more central to the mech-
anisms underlying positive treatment response and that
changes in amygdala structure relate more closely to specific
clinical symptoms.

Neuroplasticity, including processes of synaptogenesis,
dendrogenesis, angiogenesis, or neurogenesis or other
changes in the structure of neurons and glial cells and their
processes may contribute to ECT-related changes in hippo-
campal and amygdala volumes (54–56). Neurogenesis, the
process by which neurons are generated from neural progen-
itor cells, is shown to occur in the hippocampal dentate
subgranular zone throughout life (57,58). Preclinical data have
previously demonstrated links among adult neurogenesis,
neurotrophic factors, and depression (55). For example,
observations that electroconvulsive shock (59), the animal
model of ECT, and antidepressants to a lesser extent (60),
increase neurogenesis in the dentate gyrus support the fact
that neurogenesis may be a mechanism contributing to treat-
ment efficacy. Further, stress, regulated via the hypothalamic-
pituitary-adrenal axis, can suppress ongoing neurogenesis
involved in fear-related learning and memory via connections
between the hippocampal dentate gyrus and amygdala

(44,61). Adult neurogenesis as well as the growth of neural
processes may therefore underlie successful treatment
response and contribute to structural plasticity of the hippo-
campus and consequently, to structural changes of the
amygdala and other limbic regions.

Neurotrophic factors (proteins supporting the growth, survival,
and maintenance of neurons), which could precede, follow, or act
independently of neurogenesis, also exhibit convincing links with
MDD pathophysiology and antidepressant response. Brain-
derived neurotrophic factor, for example, is shown to be
decreased in animal models of depression and increases after
electroconvulsive shock and modulates limbic circuits to promote
treatment-related neuroplasticity (62–67). Other neurotrophic fac-
tors implicated in MDD and in antidepressant response include
vascular endothelial growth factor (68–70), fibroblast growth
factor-2 (71,72), and nerve growth factor (73). Because the
hippocampus appears particularly vulnerable to stress, processes
that mediate immune system response (74) may also account for
changes in the structure of the hippocampus and related
antidepressant response.

Although the structure of the hippocampus is uniform along
its extent, afferents, which are transmitted mostly via the
entorhinal cortex, and efferents are organized according to
the cortical and subcortical regions to which they connect in
an anterior-posterior gradient (19,20). Findings from this study
showed anterior aspects of the hippocampus exhibit pro-
nounced volume changes with ECT, particularly in the right
hemisphere. The topographic organization of the entorhinal
cortex hippocampal perforant path leads to a convergence of
exteroceptive sensory information on the posterior hippo-
campal formation; information from subcortical centers,
including the septum, thalamic midline nuclei, and amygdala,
reflecting intrinsic state, transmit more anteriorly. For the
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Figure 5. (A) Treatment effect of ECT on mood scores. Hamilton Depression Rating Scale (HAM-D), F2,29.62 5 35.99, p , .0001; Quick Inventory of
Depressive Symptomatology (QIDS-SR) scores, F2,29.44 5 50.03, p , .0001; and Montgomery-Åsberg Depression Rating Scale (MADRS), F2,29.08 5 47.5,
p , .0001. (B) Significant associations of hippocampal (top) and amygdala (bottom) volumes with improvement in mood scores are shown across all time
points T1, T2, and T3. (C) Association of baseline volumes of the hippocampus and change in clinical response over the course of ECT are shown. The left
hippocampus is significantly correlated with improvement in percentage of changes in HAM-D between T1 and T3.

Hippocampal and Amygdala Plasticity Induced by Electroconvulsive Therapy
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“Current amplitude 	
  individualization     	
  can compensate for inter-individual 

   anatomical variability.”

Controlling Stimulation Strength and Focality
in Electroconvulsive Therapy via Current Amplitude

and Electrode Size and Spacing
Comparison With Magnetic Seizure Therapy

Zhi-De Deng, PhD,*† Sarah H. Lisanby, MD,*‡ and Angel V. Peterchev, PhD*§||

Objectives: Understanding the relationship between the stimulus
parameters of electroconvulsive therapy (ECT) and the electric field
characteristics could guide studies on improving risk/benefit ratio. We
aimed to determine the effect of current amplitude and electrode size
and spacing on the ECTelectric field characteristics, compare ECT focality
with magnetic seizure therapy (MST), and evaluate stimulus individualiza-
tion by current amplitude adjustment.
Methods: Electroconvulsive therapy and double-cone-coil MST elec-
tric field was simulated in a 5-shell spherical human head model. A range
of ECT electrode diameters (2–5 cm), spacing (1–25 cm), and current
amplitudes (0–900 mA) was explored. The head model parameters were
varied to examine the stimulus current adjustment required to compen-
sate for interindividual anatomical differences.
Results: By reducing the electrode size, spacing, and current, the ECT
electric field can be more focal and superficial without increasing scalp
current density. By appropriately adjusting the electrode configuration
and current, the ECTelectric field characteristics can be made to approx-
imate those of MST within 15%. Most electric field characteristics in
ECT are more sensitive to head anatomy variation than in MST, espe-
cially for close electrode spacing. Nevertheless, ECT current amplitude
adjustment of less than 70% can compensate for interindividual ana-
tomical variability.
Conclusions: The strength and focality of ECT can be varied over a
wide range by adjusting the electrode size, spacing, and current. If desir-
able, ECT can be made as focal as MSTwhile using simpler stimulation

equipment. Current amplitude individualization can compensate for inter-
individual anatomical variability.

Key Words: electroconvulsive therapy, magnetic seizure therapy,
electric field, focality, model

(J ECT 2013;29: 325–335)

E lectroconvulsive therapy (ECT) is the most effective treat-
ment for severe depression due to its powerful and rapid ther-

apeutic action in patients who are otherwise treatment resistant.1

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

Among the approaches that make ECT more focal, electrode
placement has been the subject of most intensive investigation.
The shift from bilateral (BL) to right unilateral (RUL) electrode
placement is representative of the move toward more focal elec-
trical stimulus delivery, based on the assumption that by reducing
the spacing between the electrodes and placing them over the right
hemisphere, the direct stimulation and seizure intensity in the left
hemisphere can be reduced, thereby sparing verbal and memory
functions. Indeed, with appropriately dosed electrical stimulus,
RUL ECTan be as effective as BL ECT, while having fewer ad-
verse effects.5 Bifrontal (BF) electrode placement6 is another ap-
proach to more targeted stimulation by focusing the electric field
in the frontal cortex, which has been linked to the pathophysiol-
ogy of depression and the antidepressant response of ECT.7–11

A number of studies have reported equivalent efficacy of BF
ECT compared to BL and RUL ECT, with diminished impact on
memory in some but not all studies.12–18 Both RUL and BF elec-
trode placements have smaller interelectrode spacing compared
to BL electrode placement, which increases the focality of the in-
duced electric field.19

Yet another strategy for eliciting focal seizures in the pre-
frontal cortex is focal electrically administered seizure therapy
(FEAST),4,20,21 which is in an early stage of clinical evaluation
and demonstrated significant antidepressant effects in an open
label trial.22 FEAST uses a small anode (positive electrode) and
a large cathode (negative electrode) with the aim to produce focal
stimulation.4,20 This approach mirrors developments in subcon-
vulsive transcranial electric stimulation where focality can be en-
hanced by using a small electrode over the target site paired with
either a large-area return electrode or multiple return electrodes.23–35

In vivo studies of FEAST showed that this configuration has lower
seizure threshold and induces more lateralized seizures compared
to BL ECT.20,36 Our previous simulation results also demonstrated
that the electric field induced by FEAST is intrinsically more focal
compared to BL, RUL, and BF ECT.19
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Based on the pre-implantation MR images, we reconstructed the cortical surfaces to visualize the experimen-
tal recordings in a 3D model for both monkeys and patients. An overview of the implanted electrodes and the 
covered brain regions for the monkeys and patients can be found in Table 1.

Results

The analysis of the frequency response function indicated that the mean potential magnitude decreases as a 
function of stimulation frequency (Fig. 1), with a maximum decrease of around 10% for the highest stimulation 
frequency tested (150 Hz). While magnitudes were largely stable for slow frequencies up to 15 Hz, there was a con-
tinuous decline from 15 to 150 Hz. Negative correlations of r(19) =  − 0.98, p <  0.001 and r(19) =  − 0.94, p <  0.001 
between frequency and magnitude were found for monkeys 1 and 2, respectively. Compared to the magnitude at 
1 Hz decreases of 0.5% and 5% were found at 10 Hz and 100 Hz respectively based on a linear fit (Supplementary 
Fig. 17) of the measurement data for the first monkey. Decreases of 0.7% and 8% have been found for the second 
monkey. This frequency dependent decrease of magnitude is in line with a frequency dependent increase of con-
ductivities of the head tissue or electrodes, as a smaller voltage is needed to pass the same amount of current in a 
better conducting medium. We observed only very small phase differences, up to a few degrees, between electrodes 
(Fig. 2), indicating that capacitive effects that would produce phase differences are quite small. Results were con-
sistent between monkeys. Between frequency and phase differences positive correlations of r(19) =  0.87, p <  0.001 
and r(19) =  0.98, p <  0.001 were found for monkeys 1 and 2. Phase differences in the patients (not shown) were 
generally in the same small range as in the monkeys. For the scalp electrodes we observed the same mild frequency 
dependence of the FFT magnitude, and again, we observed only small phase shifts from the scalp electrodes to the 

Figure 3. Intracranial potential distribution for monkey 1 (A) and monkey 2 (B). Shown is the measured 
electric potential (in mV scaled for a stimulation intensity of 1 mA, measured at 1 Hz) at different electrode 
contacts implanted in the left hemisphere. Stimulation electrodes were attached over the left occipital cortex and 
middle forehead and their locations are indicated with red and blue arrows for both monkeys. A continuously 
changing posterior - anterior gradient in the electric potential is visible. (C) Stimulation electrodes displayed 
over the cortical surface for Monkey 1 (left) and Monkey 2 (right).

Stream surfaces are defined as surfaces generated by an arbitrary

starting curve that is then advected along the vector field. They

often constitute a significant improvement over individual

streamlines because they provide a better understanding of depth

and spatial relationships in the exploration of three-dimensional

flows.

Results

The goal of this study was to evaluate the influence of

anisotropic conductivity on the simulation of electric and magnetic

fields from dipolar sources in the brain. We present here results

from the 3 dipole source types described above and, for each case,

compare the results with isotropic and anisotropic assumptions for

each of the white matter and the skull. We used a source magnitude

of 100 nAm and, except for the statistical metrics in Fig. 6, we

compared the isotropic case with the 1:10 (volume constraint)

anisotropic case, which is considered closest to realistic white

matter (Nicholson, 1965) and skull anisotropy (Rush and Driscoll,

1968).

Tangentially oriented superficial source

Fig. 6 (top row) shows the resulting topography (left) and

magnification (right) errors for various anisotropy ratios, when

either obeying the volume or Wang’s constraint. In Fig. 7, the

EEG and MEG field distribution, linearly interpolated between

the sensors (top row), and isopotential surfaces within the volume

conductor (bottom row) are shown for the isotropic case (left), for

anisotropy of skull (middle) and white matter compartment

(right). In Fig. 8, we used the stream surface technique to

visualize the effect of skull anisotropy with regard to the return

current flow.

Figs. 7 and especially 8 clearly show that skull anisotropy

smears out and weakens the EEG, resulting in a pattern that looks

more like one of a deeper and weaker dipole. In contrast to the

isotropic model, the isopotential surfaces for �5 AVand 5 AV were

no longer able to break through the skull compartment (Fig. 7). Fig.

8 furthermore shows the effect of the Neumann boundary conditions

(Eq. (5)) on the return currents, namely that the normal component

of the current is zero at the head surface which is expressed by the

wide opening of the stream surfaces at the head boundary. Skull

anisotropy led to a topography error (RDM) of about 10% and a

magnification factor of about 0.5 (Fig. 6, top row, circles). The

volume constraint (in black) produced larger errors in comparison to

the Wang constraint (in red). Skull anisotropy was found to have no

influence (RDM < 1%, MAG � 1) on the MEG topography and

magnitude for both constraints (not shown in Fig. 6).

Including white matter anisotropy (isotropic skull layer)

resulted in low RDM (5%) and magnitude (MAG of about 0.95)

errors.

Including anisotropy of both skull and the white matter layer

led to a topography error of about 13% for EEG for both

constraints (Fig. 6, top row, triangles) which was only marginally

higher than the values for skull anisotropy alone.

Radially oriented superficial source

For the case of a radially oriented dipole, Fig. 6 (middle row)

shows the RDM(left) and MAG (right) errors and Fig. 9 the EEG

and MEG fields (top row) and isopotential surfaces (bottom row)

for the isotropic model (left) and the models with an anisotropic

skull compartment (middle) and an anisotropic white matter layer

(right).

Including anisotropy of the skull (Fig. 6, middle row, circles),

we found an RDM for the EEG of about 11% and a MAG of close

to 0.5. Again, the volume constraint (in black) produced slightly

bigger errors than Wang’s constraint (in red). As Fig. 9 shows,

skull anisotropy again smeared out and weakened the EEG, the

pattern looking like one of a deeper and weaker dipole. In contrast

to the isotropic model, the isopotential surfaces for �1 AV and 7

AV were no longer able to break through the skull compartment.

As with the tangential superficial source, we found no influence of

skull anisotropy on the MEG field distribution.

Including white matter anisotropy had a slightly weaker

influence on the topography of the EEG (less than 5% for both

constraints) compared to the tangential dipole case but a larger

effect (MAG = 0.85) on the magnitude error (Fig. 6, middle row,

squares). For the MEG, we note that both RDM and MAG errors

are nearly twice as large when compared with the tangential case

(Fig. 6, middle row, in blue).

If both compartments were simultaneously anisotropic (Fig. 6,

middle row, triangles), the errors for the EEG were very similar to

Fig. 7. Linearly interpolated EEG isopotential lines (in a blue–white– red scale) and MEG isofield lines (in a rainbow scale) (top row) and isopotential surfaces

for �5 AV (blue), 0 AV (white), and 5 AV (red) (bottom row) for a mainly tangentially oriented source in somatosensory cortex: isotropic model (Left), 1:10

anisotropic skull using the volume constraint (middle) and 1:10 anisotropic white matter using the volume constraint (right).
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Model validation and parameter estimation



Take home

§§ A major source of variability in clinical/behavioral outcome is 
inter-individual differences in head anatomy and tissue electric 
properties

§§ Some of this anatomical variability can be compensated with 
proper individualized dosing strategies

§§ Despite uncertainties in parameters, computational models are  
improving and becoming more ubiquitous



“Essentially, all models are wrong, 
but some are useful.”

~George E. P. Box


