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Abstract—We have proposed that the current amplitude in
electroconvulsive therapy (ECT) be lowered to produce stimu-
lation closer to the neural activation threshold and individual-
ized to account for anatomical variability across patients. A
novel approach to individualize the ECT current amplitude
could be via motor threshold (MT) determination with
transcranial electric stimulation (TES) applied through the
ECT electrodes instead of the fixed high current approach. This
study derives an estimate of the electric field (E-field) neural
activation threshold and tests whether individual differences in
TES MT are explained by anatomical variability measurements
and simulations in individual head models. The E-field distri-
bution induced by a right unilateral (RUL) ECT electrode con-
figuration was computed in subject-specific finite element head
models of four nonhuman primates (NHPs) for whom MT was
measured. By combining the measured MTs and the computed
E-field maps, the neural activation threshold is estimated to be
0.45 £ 0.07 V/cm for 0.2 ms stimulus pulse width. The individual
MT was correlated with the electrode-to-cortex distance under
the superior electrode (R’=.96, p=.022) as well as with the sim-
ulated electrode-current/induced-E-field ratio (R’=.95, p=.020),
indicating that both anatomical measurements and computa-
tional models could predict the individual current requirements
for transcranial stimulation. These findings could be used with
realistic human head models and in clinical studies to explore
novel ECT dosing paradigms, and as a new noninvasive means
to determine individual dosage requirement with ECT.

I. INTRODUCTION

LECTROCONVULSIVE therapy (ECT) is a highly ef-

fective treatment for psychiatric disorders such as de-
pression, but some patients experience cognitive side effects
[1]. We have proposed that lowering and individualizing the
stimulus current amplitude could reduce the side effects of
ECT [2]. Lowering of the ECT stimulus current is supported
by observations that conventional current amplitudes result in
very broad brain stimulation with electric field (E-field)
strength that exceeds the neural activation threshold by sev-
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eral fold [3]. Individualizing of the stimulus current is sup-
ported by the significant variability in the E-field character-
istics that is estimated to result from anatomical variability
but has yet to be attempted [4], [5]. These observations are
based, in part, on simplified spherical head models and neural
activation thresholds estimated from studies done under dif-
ferent conditions than ECT procedures [4] or on electrode
configurations that are substantially different from those used
in ECT [5]. In this paper we aim to estimate the neural acti-
vation threshold in conditions matching ECT procedures and
to evaluate how well a simple motor threshold (MT) titration
procedure could be used for individualizing the current am-
plitude by accounting for individual anatomical variability in
a nonhuman primate (NHP) model of ECT. These data could
then be used with realistic human models [6] and in clinical
studies to explore novel ECT dosing paradigms, and as a
novel noninvasive means to determine individual dosage
requirement for ECT.

MT is the threshold pulse amplitude required to elicit a
muscle twitch. It is commonly used in transcranial magnetic
stimulation (TMS) to individualize the amplitude of stimulus
trains in repetitive TMS paradigms and to reduce the risk of
inadvertent seizure [7], since it captures the effect of ana-
tomical variability on the E-field induced in the brain as well
as individual variation in neural excitability. Similarly, MT
can be determined with transcranial electric stimulation
(TES) delivered through the electrodes used for ECT [8].

If the MT data is coupled with a model of the E-field in-
duced in the brain, the threshold E-field strength for neural
activation can be estimated [9]. The E-field strength induced
by TES in the brain can be simulated by computational
models using the finite element method (FEM) [3]-[6]. A
realistic, individual head model captures the effects of the
subject’s anatomy. The current corresponding to individual
MT can be injected into the model, resulting in E-field
strength in the motor cortex controlling the target muscle that
corresponds to the neural activation threshold.

This study is an extension of our previous single-subject
study [9]. We test the hypothesis that individual differences in
TES MT are explained by anatomical variables and can be
predicted by a subject-specific simulation model. We create
realistic finite element models of four NHP heads to simulate
the spatial distribution of the E-field strength generated by a
right unilateral (RUL) ECT electrode configuration. We also
use measured TES MT data for these subjects to estimate the
E-field threshold for neural activation in the motor cortex.
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II. METHODS

A. Structural and Diffusion Tensor MRI Acquisition

All studies were approved by the Institutional Animal Care
and Use Committees of New York State Psychiatric Institute,
Columbia University, and Duke University. T1-weighted
magnetic resonance imaging (MRI) and diffusion-weighted
imaging (DWI) data sets of four healthy male rhesus ma-
caques (Macaca mulatta) (age=12-18 years; weight=8.4—-10.7
kg) were acquired on a Siemens 3T Trio scanner using an
8-channel knee coil. The T1-weighted images were acquired
with a 3D MPRAGE sequence (TR=2300 ms; TE=4.4 ms;
TI=1100 ms; 256 coronal slices; 0.7x0.7x0.7 mm’® voxel;
FA=8°; 2 averages). The DWI data were acquired by em-
ploying a single-shot spin-echo EPI sequence (TR=13000 ms;
TE=81 ms; 128%x128 matrix; 1.4x1.4x1.4 mm’® voxel; ; 6
averages). The diffusion sensitizing gradients with a b-value
of 1000 s/mm” were applied in 12 non-collinear directions.
The DWI data were corrected for the distortions due to eddy
currents and possible motion artifacts. Diffusion tensors were
determined and then coregistered onto the structural images
using FSL [10].

B. TES Finite Element Head Model Generation

The generation of a NHP head model started with prepro-
cessing of the structural T1-weighted MRI images. As a first
step, we extracted the monkey head regions from background
noise and artifacts using a morphological processing tech-
nique including thresholding, opening, and closing of the
head binary masks [6]. The head MRI images were
upsampled (0.5%0.5x0.5 mm® voxel) and were spatially ori-
ented along manually-defined anatomical landmarks, corre-
sponding to anterior commissure, posterior commissure, and
fiducials for inter-hemispheral midline. The MRI image in-
tensities were corrected for bias field inhomogeneity [11]. We
then applied content-preserving anisotropic diffusion filtering
to remove the image noise while preserving content details
and enhancing tissue boundaries [9]. Finally, non-brain re-
gions were removed using the skull-stripping algorithm in
FSL [10]. As a second step, we implemented an automatic
algorithm that adopts the “unified segmentation” approach in
SPMS [12]. The de-skulled MRI images were automatically
segmented into tissue probability images corresponding to
gray matter, white matter, and cerebrospinal fluid (CSF)
based on the macaque tissue priors [13]. The non-brain re-
gions were manually segmented into 11 different tissue
compartments, including skin, muscle, skull spongiosa, skull
compacta, vertebrae, spinal cord, lens, eyeball, sclera, optic
nerve, and sinus, using an in-house segmentation algorithm
and the ITK-SNAP software [14]. As a third step, we mod-
eled the stimulation round electrodes (2.5 cm diameter) for
the RUL electrode placement and properly positioned to the
NHP head models (see Fig. 1) modeling the RUL configura-
tion in clinical ECT [9]. As a last step, we applied adaptive
finite element meshing technique to the individual NHP head
models incorporating the stimulation electrodes. The indi-
vidual-specific TES finite element models of the four heads

TABLE1

TISSUE ELECTRICAL CONDUCTIVITIES (S/M)

Tissue Conductivity Tissue Conductivity
Skin 0.43 Spinal cord 0.15
Muscle 0.32 Vertebrae 0.012
Skull compacta 0.0063 Lens 0.32
Skull spongiosa 0.04 Eyeball 0.5
Cerebrospinal fluid 1.79 Sclera 0.5
Gray matter 0.33 Optic nerve 0.14
White matter (iso.) 0.14 Sinus 0

were created by means of the restricted Delaunay tessellation
algorithm [15].

C. Electric Field Computation

We created volume conductor head models by assigning
anisotropic electrical conductivities to the white matter
compartment, and isotropic conductivities to all other tissue
regions. The isotropic electrical conductivity values are listed
in Table I [6]. The conductivity tensors in the white matter
were computed using the volume normalized approach [16,
17], where the eigenvalues of the conductivity tensor match
the eigenvalues of the diffusion tensor, and the conductivity
tensor is scaled so that its volume equals that of an isotropic
conductivity tensor with conductivity given in Table I (vol-
ume constraint).

To determine the E-field distribution in each head model,
the Laplace equation was solved using the preconditioned
conjugate solver in ANSYS (ANSYS Inc., Canonsburg, PA,
USA) [6].

D. In Vivo Motor Threshold Titration

The MT was defined as the lowest stimulus amplitude of a
single pulse required to elicit a motor response [8]. We de-
termined the individual MTs by adjusting the amplitude of
single stimulus pulses (pulse width = 0.2 ms) delivered
through the RUL ECT electrodes in the four anesthetized
NHP subjects. The MTs were determined by measuring the
motor evoked potentials of the first dorsal interosseous (FDI)
muscle in the left hand, since the RUL electrode configura-
tion predominantly stimulates the right hemisphere [9]. We
determined the MT as the minimum stimulus pulse amplitude
needed to achieve a 50 puV peak-to-peak motor evoked po-
tential for at least five out of ten trials. The MT titration was
repeated three times for each subject and each current direc-
tion, and the six thresholds were averaged per subject.

E. Neural Activation Threshold Estimate

Individual neural activation threshold was estimated as the
median E-field strength in the FDI representation of the motor
cortex at the current strength corresponding to the individual
MT [9]. The individual cortical FDI representations, shown in
Fig. 1, were delineated manually based on a stereotaxic atlas
[18].

F. Anatomical Predictors of Motor Threshold

Since the tissue thickness between the electrode and cortex
is a critical determinant of the amount of stimulus current
reaching the cortex, we examined the relation between the
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Fig. 1. Simulation models of RUL TES (top row) and corresponding E-field magnitude distributions at current strength equal to the individually titrated
motor threshold (MT) of first dorsal interosseous (FDI) (shown below second row) on the cortical surface (second row) and in a coronal slice (bottom row)
for four NHP subjects (left to right columns, respectively). Region-of-interest outlines in white show FDI motor area. R: right.

measured MT and the electrode-to-cortex thickness under the
electrode centers and at vertex.

Based on the FEM model simulations, we also calculated
the ratio of the electrode current to the median FDI E-field
strength, Z.jecroqe/ Erpl, fOr €ach subject. This ratio is expected
to be correlated with the individual MTs since it characterizes
the amount of current that has to be applied so that the FDI
region in motor cortex reaches a fixed neural activation
threshold. The underlying assumption here is that the E-field
neural activation threshold is comparable among the subjects.
The extent to which this is the case will be evaluated as de-
scribed in section II-E.

III. RESULTS

The mean MT is 80.3 mA (range=50—120 mA, coefficient
of variation=0.37). Fig. 1 shows the simulated RUL TES
electrode montages for the four NHP models (top row) and
the spatial E-field magnitude distributions at the individual
MT current on the cortical surface (second row) and in a
representative coronal slice (bottom row).

Fig. 2 shows estimates of the individual E-field neural ac-
tivation threshold for each subject. Subject CH has the high-
est E-field threshold (0.52 V/cm), whereas subject MA has
the lowest E-field threshold (0.35 V/cm). The mean E-field
threshold is 0.45 V/em (range=0.35-0.52 V/cm, standard
deviation=0.07).

Fig. 3 (a) shows the correlation between the measured MT
and the electrode-to-cortex distance in the region underlying
the superior electrode that borders the vertex (R’=.96,
p=-022). We also found a strong correlation between MT and
the distance between the scalp surface at vertex and the cor-
tical surface (R’=.98, p=.0007). However, there was no sig-
nificant correlation between MT and the electrode-to-cortex
distance for the right frontotemporal electrode (R’=.27,

p=.476), which is remote from primary motor cortex.

Fig. 3 (b) shows the correlation between the Iijecpode/ Erpr
ratio computed from the individual FEM models and the
measured MT. This correlation characterizes the ability of the
computational model to predict the individual variability in
MT. The correlation is strong (R°=.95, p=.026), even for this
small sample of subjects.

IV. DISCUSSION AND CONCLUSIONS

Based on the individual MTs of the left FDI muscle and the
E-field models, the neural activation threshold was estimated
to be 0.45 £ 0.07 V/cm for the 0.2 ms rectangular pulses. The
variability in the neural activation threshold estimate could be
due to individual differences in neural excitability or brain
anatomy in the FDI motor area, and/or to modeling errors.
Furthermore, we cannot exclude that neural stimulation may
have occurred along the corticospinal tract away from the
cortical representation of FDI. Nevertheless, the strong cor-
relation between the MT and the E-field in the cortical FDI
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Fig. 2. Estimated E-field neural activation threshold in the motor cortex
representation of FDI for stimulus pulse width of 0.2 ms in four NHP
subjects.
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Fig. 3. Correlation between the measured M T and (a) the electrode-to-cortex
distance under the superior stimulation electrode (R?=.96, p=.022), or (b) the
Licorode/ Erp1 1atio computed from the individual FEM models (R’=.95,
p=.026).

control area as well as the superior-electrode-to-cortex and
vertex-to-cortex distances does support cortical origin of the
motor evoked potentials. Further, the variation in the neural
activation thresholds (16%) was smaller than the variation in
the MTs (37%) indicating that the FEM models indeed ac-
count for interindividual differences in anatomy.

The lack of correlation between MT and the distance be-
tween the frontotemporal electrode and cortex could poten-
tially be explained by the significantly larger elec-
trode-to-cortex distance at that location compared to the vi-
cinity of vertex. This may be due to the large lateral muscles
in the NHP head, which result in less penetration of the elec-
trode current into the intracranial space at lateral compared to
superior locations. This may also relate to the longer distance
between the lateral electrode and the FDI cortical motor area.
The small number of subjects in the study could also affect
the correlation analyses.

Finally, the strong correlation between MT and the simu-
lated Zjeciroqe/ Evpr Tatio suggests that FEM models could pre-
dict variations in the individual current required for neural
stimulation in TMS, ECT and in other transcranial stimula-
tion applications.
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