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Abstract—This study investigates the stimulation strength 

and focality of electroconvulsive therapy (ECT) with individu-

alized current amplitude in a nonhuman primate (NHP) model. 

We generated an anatomically realistic finite element model of a 

NHP head incorporating tissue heterogeneity and white matter 

conductivity anisotropy based on structural magnetic resonance 

imaging (MRI) and diffusion tensor MRI data. The electric field 

spatial distributions of three conventional ECT electrode 

placements (bilateral, bifrontal, and right unilateral) and an 

experimental frontomedial electrode configuration were simu-

lated. We calibrated the electric field maps relative to an em-

pirical neural activation threshold and evaluated the stimula-

tion strength and focality of the various ECT electrode config-

urations with individualized current amplitudes corresponding 

to the motor threshold and seizure threshold assessed in the 

anesthetized NHP. Understanding the stimulation strength and 

focality of various forms of ECT could provide insight into the 

mechanisms of therapeutic seizure induction, and could provide 

support for the clinical investigation of ECT with individualized 

current amplitude as an intervention with potentially improved 

risk/benefit ratio.  

I. INTRODUCTION 

LECTROCONVULSIVE therapy (ECT) is a therapeutic 

intervention that induces a generalized seizure in anes-

thetized patients by administering electric current to the brain 

via scalp electrodes [1]. While ECT is an effective treatment 

for medication-resistant psychiatric disorders such as major 

depression, its adverse side effects (mostly amnesia [2]) limit 

its use. The antidepressant efficacy and cognitive side effects 

of ECT depend strongly upon the electrode configuration [3] 

and stimulus current characteristics including the degree to 

which the electric stimulus exceeds the threshold for seizure 

induction [4]. The tolerability of ECT can be improved by 

altering the placement or shape of the stimulating electrodes, 

for the purpose of controlling the induced electric field 

(E-field) distribution. For example, high dose right unilateral 
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(RUL) ECT has a comparable efficacy to bilateral 

frontotemporal (BL) ECT with a significant decrease in am-

nesia [5]. Bifrontal (BF) and an investigational frontomedial 

(FM) configuration have been proposed to preferentially 

focus the E-field in prefrontal regions to maximize efficacy 

and limit side effects. We have argued for reduction and 

individualization of the stimulus current amplitude as a po-

tential means of reducing side effects and clinical outcome 

variability [4, 6, 7]. However, the capability of these para-

digms to focus the E-field has not been demonstrated directly. 

Knowledge about the strength and spatial distribution of 

the E-field induced by ECT may help to unravel the mecha-

nisms determining the efficacy and side effects seen with 

various ECT paradigms, and may inform novel techniques for 

improvement of spatial targeting of ECT which could lead to 

improved risk/benefit ratio [8]. However, the E-field alone is 

insufficient to predict the strength of neural stimulation, since 

the neural response is also dependent on other parameters 

such as the pulse shape and width [4, 9]. To overcome this 

limitation, we proposed previously, using a spherical head 

model, an E-field model incorporating a waveform-specific 

neural activation threshold to determine the suprathreshold 

direct stimulation strength and volume (focality) in ECT [9]. 

The spherical model, however, cannot account for detailed 

anatomical tissue features, individually variable head geom-

etries, and anisotropic tissue properties. Furthermore, that 

study used a neural activation threshold estimated from the 

literature. Nonhuman primate (NHP) models of ECT are 

valuable for optimizing ECT technique [10] and can be used 

to empirically estimate the neural activation threshold. 

In this study, we simulate the E-field distribution induced 

by ECT with an anatomically realistic finite element NHP 

head model. We estimate the neural activation threshold from 

the motor threshold (MT) and calibrate the simulated E-field 

maps relative to this threshold. We evaluate the stimulation 

strength and focality relative to the neural activation thresh-

old for various ECT electrode configurations with individu-

alized current amplitudes corresponding to the MT and am-

plitude-titrated seizure threshold (ST). 

II. METHODS 

A. Structural and Diffusion Tensor MRI Acquisition  

All studies were approved by the Duke University Institu-

tional Animal Care and Use Committee. A healthy 11 year 

old male rhesus macaque (Macaca mulatta) underwent 

T1-weighted magnetic resonance imaging (MRI) 
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(0.7×0.7×0.7 mm3 voxel) and diffusion-weighted imaging 

(DWI) (1.4×1.4×1.4 mm3 voxel). The subject was anesthe-

tized with isoflurane during the scanning procedure. The MRI 

and DWI data were acquired on a Siemens 3 T Trio scanner 

using an 8-channel knee coil. The T1-weighted images were 

acquired with a 3D MPRAGE sequence [11]. The DWI 

scanning was performed in 12 non-collinear directions 

(b=1000 s/mm2) with one non-diffusion weighted image 

using a single-shot spin-echo EPI sequence [11]. DWI ac-

quisition was repeated six times and averaged. The DWI 

volumes were eddy-current corrected and diffusion tensors 

were estimated using FSL [12].  

B. Finite Element Model Generation   

The MRI images were upsampled to a resolution of 

0.5×0.5×0.5 mm3 and spatially aligned to the AC-PC coor-

dinate system. The N4ITK algorithm [13] was applied to 

correct the MR image intensities for bias field inhomogene-

ity. Anisotropic diffusion filtering was then applied to reduce 

the image noise while preserving tissue boundaries [14]. We 

automatically extracted gray matter, white matter, and cere-

brospinal fluid in SPM8 [15] based on the 112MR-SL ma-

caque tissue priors [16]. The non-brain tissues were manually 

segmented into 11 subregions, including skin, muscle, com-

pact bone, spongy bone, vertebrae, spinal cord, lens, eyeball, 

sclera, optic nerve, and sinus, using ITK-SNAP [17].  

For finite element mesh generation, we used the restricted 

Delaunay tessellation algorithm [18], resulting in a finite 

element model of the rhesus macaque head and electrodes 

consisting of approximately 1.8 million tetrahedral elements.  

C. Tissue Conductivity 

All tissue compartments were considered electrically iso-

tropic except the white matter tissue. To estimate the white 

matter conductivity anisotropy, we assumed that the conduc-

tivity tensors share eigenvectors with the measured diffusion 

tensors [19]. We then deployed the volume constraint tech-

nique with a fixed anisotropy ratio of 10:1 (paral-

lel:transverse) in each white matter voxel. The tissue electric 

conductivity values are listed in Table I [8, 20, 21].  

D. Electrode Configurations 

We modeled three standard ECT electrode placements 

(BL, BF, and RUL) and an investigational configuration 

(FM). Two round electrodes were modeled for the BL (3.5 cm 

diameter) and BF, RUL, and FM (2.5 cm diameter, respec-

tively) ECT configurations (see Fig. 1). For BL ECT, the two 

electrodes were placed bilaterally at the frontotemporal posi-

tions located at 2 cm above the midpoint of the line con-

necting the external canthus and tragus. For BF ECT, the 

electrodes were positioned bilaterally 2.5 cm above the outer 

angle of the orbit on a line parallel to the sagittal plane. For 

RUL ECT, one electrode was placed in the right 

frontotemporal position and the other electrode was centered 

1.25 cm to the right of vertex. For FM ECT, the two elec-

trodes were placed medially on the forehead and posterior to 

vertex, respectively.    

E. Electric Field Simulation 

The E-field distribution for all ECT electrode configura-

tions was computed using the finite element method software 

ANSYS (ANSYS Inc., Canonsburg, PA, USA). Since the 

frequencies used in ECT are relatively low (< 10 kHz), the 

E-field solution was obtained by solving the quasi-static 

Laplace equation with no internal sources [8]  

  0)(  V                (1)  

where V and  denote the electric potential and the tissue 

electric conductivity tensor, respectively. For each of the 

electrode configurations, the induced E-field distribution 

inside the head was calculated using the preconditioned 

conjugate gradient solver within ANSYS.  

F. In Vivo Motor and Seizure Threshold Titration  

We determined the MT corresponding to the amplitude of a 

single pulse required to elicit a motor response, and the ST 

corresponding to the amplitude for a train of pulses to elicit a 

seizure in the same session for each of the ECT electrode 

configurations [7]. MT and ST were titrated by adjusting 

current amplitude (pulse width = 0.2 ms) in the anesthetized 

NHP. For MT, electromyography was measured from the first 

dorsal interosseous (FDI) muscle in both hands for all ECT 

conditions, but only from the left hand in the RUL ECT 

condition since the stimulation is predominantly unilateral in 

the right hemisphere. The MT was determined for both cur-

rent polarities. The MT was defined as the minimum stimulus 

pulse amplitude needed to achieve a 50 V peak-to-peak 

motor evoked potential for at least five out of ten trials.  

ST was determined by an ascending method-of-limits ti-

tration of the stimulus pulse amplitude. All stimulus param-

eters besides the pulse amplitude were held constant. The 

stimulus train consisted of 500 pulses delivered at 50 pulses 

per second resulting in train duration of 10 s. ST titrations for 

BL and RUL ECT used unidirectional pulse trains (cathode 

on right side) whereas the ST titrations for BF and FM ECT 

used a conventional bidirectional train (alternating pulse 

polarity). Seizures were determined by observing the motor 

seizure manifestations in the left arm and the EEG as a sec-

ondary criterion. 

G. Stimulation Strength and Focality  

We derived an empirical estimate of the neural activation 

threshold from the median E-field in the FDI region of motor 

cortex at stimulation current corresponding to MT for RUL 

which produces E-field most localized to FDI. This estimate 

TABLE I 

TISSUE ELECTRICAL CONDUCTIVITIES 

Tissue 
Conductivity 

(S/m) 

 
Tissue 

Conductivity 

(S/m) 

Skin 0.43  Spinal cord  0.15 

Muscle 0.32  Vertebrae 0.012 

Skull (compact bone) 0.0063  Lens 0.32 

Skull (spongy bone) 0.04  Eyeball 0.5 

Cerebrospinal fluid 1.79  Sclera 0.5 

Gray matter 0.33  Optic nerve 0.14 

White matter (parallel) 0.65  Sinus 0 

White matter (transverse) 0.065  Electrode 9.8×105 
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Fig. 1.  Simulation models of BL, BF, RUL, and FM ECT E-field. Cut-away 3D rendering of the head model (top row), and stimulation strength relative to 

the threshold motor response (EMT, middle row) and the threshold for inducing seizures (EST, bottom row) for BL, BF, RUL, and FM electrode configurations 

(left to right columns, respectively). Eth: threshold E-field strength (0.3 V/cm for a pulse width of 0.2 ms). Region-of-interest (ROI) outlines in white show 

first dorsal interosseous (FDI) motor area. L: left. 

 

 
was compared to an estimate derived from the literature, Eth = 

0.29 V/cm for 0.2 ms pulse width [9]. The stimulation 

strength relative to threshold was then calculated by dividing 

the E-field by the threshold, E/Eth.  

Using the current amplitudes corresponding to MT and ST, 

we computed corresponding E-field magnitude maps EMT and 

EST. The stimulation focality was quantified by the percent-

age of the brain volume that is exposed to E-field strong 

enough to produce suprathreshold depolarization in the ma-

jority of neurons, i.e., the volume where E/Eth ≥ 1 [9].  

III. RESULTS 

Table II gives the empirical average MT for left and right 

hands and average ST values for the various electrode con-

figurations. Average MT values in the left hand were used for 

computing the stimulation strength for each of the ECT 

electrode configurations. Based on the median E-field 

strength in the FDI area for RUL at MT, we estimated the 

neural activation threshold to be Eth = 0.32 V/cm, which is 

within 10% of the literature estimate of 0.29 V/cm.   

Fig. 1 shows the four simulated ECT electrode montages 

(BL, BF, RUL, and FM) and representative E-field maps 

relative to the neural activation threshold at current strengths 

corresponding to MT and ST.  

Fig. 2 (a) shows descriptive statistics on the E-field mag-

nitude relative to neural activation threshold at MT and ST. 

The percentage of brain volume stimulated above threshold 

Eth is shown in Fig. 2 (b). BL and FM ECT produce the 

strongest median E-field at ST (0.33 V/cm). BL ECT stimu-

lates the largest brain volume (61%) at ST, whereas RUL is 

the most focal (30% stimulated volume). FM ECT stimulates 

the largest brain volume at MT (17%) and close to the largest 

volume at ST (59%). 

IV. DISCUSSION AND CONCLUSIONS 

We investigated the E-field stimulation strength and 

focality of various ECT electrode configurations with indi-

vidualized current amplitudes using a realistic NHP head 

model and empirical MT and ST data. The results in Fig. 1 

demonstrate that different ECT configurations result in sub-

stantially different E-field characteristics in the brain even 

when the current strength is at the lowest level required to 

activate the corticospinal tract (MT) or to induce a seizure 

(ST). We also found that the median E-field in FDI motor 

area determined from the most focal stimulation (RUL) with 

current amplitude corresponds to the individual MT, con-

sistent with published estimates of threshold E-field strength, 

indirectly supporting the validity of our model. Thus, our 

study illustrates the utility of the physiologically-calibrated 

computational E-field model to analyze various stimulus 

delivery paradigms, and may inform improved ECT tech-

nique with individually-titrated dosage.  

Our data shows that seizure induction with a combination 

of a relatively focal electrode configuration (RUL) and indi-

vidually titrated current (ST) results in an E-field distribution 

TABLE II 

AVERAGE MOTOR THRESHOLD (MA) FOR LEFT (L) AND RIGHT (R) HANDS 

AND AVERAGE SEIZURE THRESHOLD (MA) FOR FOUR ECT ELECTRODE 

CONFIGURATIONS 

Electrode  

Configuration 

Average MT 
Average ST 

L Hand R Hand 

BL 41 41 111 

BF 43 42 92 

RUL 50 N/A 114 

FM 47 49 89 
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Fig. 2.  (a) Descriptive statistics of E-field magnitude relative to neural 

activation threshold at MT and ST. The E-field strength (y-axis) is shown on 

a logarithmic scale. The boxes indicate the interquartile range (25th to 75th 

percentile) with the median marked by a thick horizontal black line. The 

whiskers delimit the minimum and maximum of the E-field distribution. (b) 

Percentage brain volume stimulated above threshold (E ≥ Eth).  

 with magnitude below the neural activation threshold in 70% 

of the brain. This suggests the regions of the brain that may be 

critical to cognitive side effects such as the left temporal lobe 

may be spared, since the E-field strength there is well below 

the neural activation threshold (see Fig. 1). On the other hand, 

the robust therapeutic effectiveness of BL ECT may stem 

from the relatively even spread of the E-field and associated 

large volume of stimulated brain tissue even at ST. 

The experimental FM configuration stimulated a large 

brain volume at both MT and ST. This may indicate that the 

E-field has to be strong enough to reach the motor strip even 

when the electrodes are focused away from the motor strip.   

These observations may provide rational basis for future 

clinical studies with various electrode placements and indi-

vidualized current amplitude.    
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