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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.”
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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 transcranial 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
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“The effects of tDCS are highly variable,

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 corticospinal 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

around 50% of individuals having poor or absent

”

responses.

layer thickness has little impact on the induced ﬁeld distribution [10]. This parameterization was only done for the constantvoltage bilateral ECT conﬁguration, whereas modern ECT uses
constant-current devices and is often administered with unilateral or bifrontal electrode conﬁgurations. Indeed, a imaging
top
study showed that higher CSF volume predicts higher seizure
threshold in both BL and RUL ECT [11]. However, since the
L was titrated with constant stimulus amplitude,
seizure threshold
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
BLinECT
RUL
ECTcone coil MST,
FEAST
BL ECT, RUL ECT,
double
and an MSTmatched 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.

Classic spherical head model

R

II. METHODS
We simulated the electric ﬁeld induced by ECT and MST in a

scalp
skull
Fig. 1. Simulation models CSF
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
gray
coil (CAP), and (f) double cone
coil matter
(DCONE) MST. (g) Interior of ﬁve-layer
spherical head model. Tissue layers from outer to inner shell: scalp, skull,
matter
cerebrospinal ﬂuid, graywhite
matter, and
white matter.
TABLE I
NOMINAL HEAD MODEL PARAMETERS

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

1) Head Diameter: The diameter of the nominal head model
was based on the weighted mean of adult measurements for head
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Fig. 2. Resulting peak electric ﬁeld magnitude simulated in three montages (M1–SO, 4 × 1 HD-tDCS over M1, IFG-SO) across subjects. Variations in intensity occur across individuals, but
tDCS in stroke
these individual variations are consistent in ranking across montages (S3 b S2 b S# b S1 b S4). For each of the models, scale is adjusted to the current density peak, which is also provided
as value for reference.

most variation in peak electric ﬁeld (σ = 0.094 V/m). However, spatial
targeting was 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

FIGURE 2 | Current flow predictions during tDCS in individual
Gillick
et al., 2014
pediatric model for the M1-SO and Lateralized Temporal montages.
M1-SO- The center of anode (red) was positioned on the motor strip and
tDCS
in pediatric
stroke
the
cathode (black) was
overdistribution
the contraletral supraorbital area.
3.3. Role of head fat and other tissue
thickness
in positioned
current
At 0.7 mA applied current, the peak electric field was 0.23 V/m. C3-C4The center of anode (red) was positioned over the left temporal lobe and
the cathode (black) was positioned contralateral to the anode (M-O). At

Table 1 shows individual data for speciﬁc tissue thicknesses as well
as total thickness weighed by conductivity. We observed a positive
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ORIGINAL STUDY

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 ECT electric ﬁeld characteristics, compare ECT focality
with magnetic seizure therapy (MST), and evaluate stimulus individualization by current amplitude adjustment.
Methods: Electroconvulsive therapy and double-cone-coil MST electric ﬁeld was simulated in a 5-shell spherical human head model. A range
of ECT electrode diameters (2–5 cm), spacing (1–25 cm), and current
amplitudes (0–900 mA) was explored. The head model parameters were
varied to examine the stimulus current adjustment required to compensate for interindividual anatomical differences.
Results: By reducing the electrode size, spacing, and current, the ECT
electric ﬁeld can be more focal and superﬁcial without increasing scalp
current density. By appropriately adjusting the electrode conﬁguration
and current, the ECT electric ﬁeld characteristics can be made to approximate those of MST within 15%. Most electric ﬁeld characteristics in
ECT are more sensitive to head anatomy variation than in MST, especially for close electrode spacing. Nevertheless, ECT current amplitude
adjustment of less than 70% can compensate for interindividual anatomical variability.
Conclusions: The strength and focality of ECT can be varied over a
wide range by adjusting the electrode size, spacing, and current. If desirable, ECT can be made as focal as MST while using simpler stimulation
From the *Department of Psychiatry and Behavioral Sciences, Duke University, Durham, NC; †Department of Electrical Engineering, Columbia University, New York, NY; ‡Departments of Psychology and Neuroscience,
§Biomedical Engineering; and ║Electrical and Computer Engineering, Duke
University, Durham, NC.
Received for publication March 5, 2013; accepted July 11, 2013.
Reprints: Angel V. Peterchev, PhD, Department of Psychiatry and Behavioral
Sciences, Duke University, Box 3950 DUMC, Durham, NC 27710
(e-mail: angel.peterchev@duke.edu).
Dr Deng is an inventor on patent applications on TMS/MST technology
assigned to Columbia. Dr Lisanby has served as a principal investigator
on industry-sponsored research grants to Columbia/RFMH or Duke
(Neuronetics [past], Brainsway, ANS/St Jude Medical, Cyberonics
[past], and NeoSync); equipment loans to Columbia or Duke (Magstim
and MagVenture); is a co-inventor on a patent application on TMS/MST
technology; is supported by grants from National Institutes of Health
(NIH; R01MH091083-01, 5U01MH084241-02, and
5R01MH060884-09), Stanley Medical Research Institute, and Brain &
Behavior Research Foundation/NARSAD; and has no consultancies,
speakers bureau memberships, board afﬁliations, or equity holdings in

equipment. Current amplitude individualization can compensate for interindividual 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 treatment for severe depression due to its powerful and rapid therapeutic action in patients who are otherwise treatment resistant.1
However, ECT can cause amnesia and other adverse effects, which
impedes its broader application.2,3 Various alterations of ECT
technique have been introduced to achieve more focal stimulation, based on the theory that increased focality of the electrical
stimulus and the resultant seizure may be a means of reducing
adverse effects.4
Among the approaches that make ECT more focal, electrode
placement has been the subject of most intensive investigation.
The shift from bilateral (BL) to right unilateral (RUL) electrode
placement is representative of the move toward more focal electrical stimulus delivery, based on the assumption that by reducing
the spacing between the electrodes and placing them over the right
hemisphere, the direct stimulation and seizure intensity in the left
hemisphere can be reduced, thereby sparing verbal and memory
functions. Indeed, with appropriately dosed electrical stimulus,
RUL ECT an be as effective as BL ECT, while having fewer adverse effects.5 Bifrontal (BF) electrode placement6 is another approach to more targeted stimulation by focusing the electric ﬁeld
in the frontal cortex, which has been linked to the pathophysiology of depression and the antidepressant response of ECT.7–11
A number of studies have reported equivalent efﬁcacy of BF
ECT compared to BL and RUL ECT, with diminished impact on
memory in some but not all studies.12–18 Both RUL and BF electrode placements have smaller interelectrode spacing compared
to BL electrode placement, which increases the focality of the induced electric ﬁeld.19
Yet another strategy for eliciting focal seizures in the prefrontal cortex is focal electrically administered seizure therapy
(FEAST),4,20,21 which is in an early stage of clinical evaluation
and demonstrated signiﬁcant antidepressant effects in an open
label trial.22 FEAST uses a small anode (positive electrode) and
a large cathode (negative electrode) with the aim to produce focal

“Current amplitude
individualization

can compensate for inter-individual
anatomical variability.

”

�

�
Application of current amplitude individualization

�

�

�������
�������
��������
��
������

����

���� ����
��
��
���� ��
��
����
EC
���� ��
��
���
���
���� ��
�
��
�
���
���
Co
���� ��
���
�
���
���
���� ���
�
��
���
��
���
��
���� ���
�
��
���������������������������������������������������������������������������������������������������������������������������������������������������������
�����������E�����������������������������������������������������������������������������������������������������������������������������������������������
��
���
�������������������������������������������������������������������
��
�
���������
��
����
����������� ���� �������� ������ ������� ���–����� ��� ����
�
�
�����������������������������������������������������������
�
����
��
���������� ��� ���� ������ ������ ���� ��������� ���� ����� ������
�����������������������������������������������������������������������������
������������������������������������������������������
�
��
���
������������
���–����� ��� ���� ��������� ������� �������� ���
���������������������������������������������������R2������p������������������� �
���������������������
�����������������������
��������
�����������������������������������������������������������������E�≥
E
�����
2
��
���
�����������������������������������������������������������
����
��� 2015
���
����
��� I����������E���� ������ ��������� ����� ���� ����������� ���� ������� �R ������
Lee et al., Conf Proc IEEE Eng Med Biol Soc, 2013; Peterchev et al., Neuropsychopharmacology,
�����������
���
����
�����
���������
����
�����
����������
���������������
����
����
���
���
���
����
���
����
��� p������������
���� ��������� ���� ������������ ��� ���������� ��� ���� �����������
������������
���
����������
���
����
�����������
������
�������
�������
���������
����
���
����
����
����
����
����
���� �
�������������������������������������������������������������
���
���
����
����
����
���� ��������
�������������������
������
���������
����
������������������
����
����
���������
����� ��� ����� ��� ���� ����������������������������� ����
��
������ ��������� ��� ������� ���������� �������� ����������� �����
���

���

����

����

����

���

Zhi, what about uncertainties in tissue conductivity?

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).

Model validation and parameter estimation

Tangentially oriented superficial source

www.nature.com/scientificreports/

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 AV and 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

Radially oriented superficial source

For the case of a radially oriented dipole, Fig. 6 (midd
shows the RDM(left) and MAG (right) errors and Fig. 9 th
and MEG fields (top row) and isopotential surfaces (bottom
for the isotropic model (left) and the models with an anis
skull compartment (middle) and an anisotropic white matte
(right).
Including anisotropy of the skull (Fig. 6, middle row, c
we found an RDM for the EEG of about 11% and a MAG o
to 0.5. Again, the volume constraint (in black) produced s
bigger errors than Wang’s constraint (in red). As Fig. 9
skull anisotropy again smeared out and weakened the EE
pattern looking like one of a deeper and weaker dipole. In c
to the isotropic model, the isopotential surfaces for 1 AV
AV were no longer able to break through the skull compa
As with the tangential superficial source, we found no influ
skull anisotropy on the MEG field distribution.
Including white matter anisotropy had a slightly
influence on the topography of the EEG (less than 5% fo
constraints) compared to the tangential dipole case but a
effect (MAG = 0.85) on the magnitude error (Fig. 6, midd
squares). For the MEG, we note that both RDM and MAG
are nearly twice as large when compared with the tangenti
(Fig. 6, middle row, in blue).
If both compartments were simultaneously anisotropic (
middle row, triangles), the errors for the EEG were very sim

Vöröslakos et al., 2014
Measure E field in cadaver

Opitz et al., 2016
Measure induced voltage in NHP
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

for 5
AV (blue),
AV monkey
(white),2 and
5 AV (red)
(bottom row) for a mainly tangentially oriented source in somatosensory cortex: isotropic model (Le
Figure 3. Intracranial potential distribution
for monkey
1 (A)0 and
(B). Shown
is the measured
electric potential (in mV scaled for a stimulation
intensity
1 mA, the
measured
at 1constraint
Hz) at different
electrode
anisotropic
skullofusing
volume
(middle)
and 1:10 anisotropic white matter using the volume constraint (right).
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).

Wolters et al., 2006
Tissue conductivity & anisotropy
effects on EEG

Based on the pre-implantation MR images, we reconstructed the cortical surfaces to visualize the experimental 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.

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

