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Transcranial electrical stimulation (tES) can be an effective non-invasive neuromodulation 
procedure. Unfortunately, the considerable variation in reported treatment outcomes, 
both within and between studies, has made the procedure unreliable for many appli-
cations. To determine if individual differences in cranium morphology and tissue con-
ductivity can account for some of this variation, the electrical density at two cortical 
locations (temporal and frontal) directly under scalp electrodes was modeled using a 
validated MRI modeling procedure in 23 subjects (12 males and 11 females). Three 
different electrode configurations (non-cephalic, bi-cranial, and ring) commonly used in 
tES were modeled at three current intensities (0.5, 1.0, and 2.0 mA). The aims were to 
assess the effects of configuration and current intensity on relative current received at a 
cortical brain target directly under the stimulating electrode and to characterize individual 
variation. The different electrode configurations resulted in up to a ninefold difference in 
mean current densities delivered to the brains. The ring configuration delivered the least 
current and the non-cephalic the most. Female subjects showed much less current to 
the brain than male subjects. Individual differences in the current received and differences 
in electrode configurations may account for significant variability in current delivered and, 
thus, potentially a significant portion of reported variation in clinical outcomes at two 
commonly targeted regions of the brain.

Keywords: transcranial electrical stimulation, high density stimulation, direct current stimulation, alternating 
current stimulation, Mri modeling, electrical targeting, 10–20 system

inTrODUcTiOn

Transcranial electrical stimulation (tES) is among the oldest procedures in neurology, with the 
earliest reports going back to the treatment of headaches and melancholia with electric fish in the 
first century CE (Common Era) (1). Since modern electronics have replaced electric fish as a mean 
of stimulation, transcranial stimulation has been widely applied to test experimental and clinical 
conditions of motor (2–5), psychiatric (6–8), and cognitive (9–12) processes. Stimulation with 
relatively high current levels designed to initiate motor-evoked potentials and induce seizures has 
proven to be a reliable technique (13–17).

Low intensity alternating current (AC) and direct current (DC) stimulations have become 
the focus of non-invasive interventions and neuromodulation in many laboratories and several 
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FigUre 1 | The top row shows the electrode configurations on the top of the head for non-cephalic, bi-cranial, and ring. The green circle in the coronal MRIs shows 
an image of the current sampling area (green dot) under the C3 and F3 electrodes where the current calculations were made for each configuration. Red electrodes 
are positive, and blue electrodes are negative. The top row is the C3 electrode locations, and the bottom is the F3 locations.
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commercial companies. Their work has raised interest in more 
effective targeting of specific brain regions to potentially improve 
these techniques to maximize effectiveness and minimize risks and 
side effects to the patients.

In spite of a 2,000-year-old history of electrical stimulation 
of the brain, it has not been possible to accurately determine 
how much current reaches the brain given different stimulation 
parameters. Estimates of current delivered to the brain have been 
roughly based on the intensity of the stimulation at the electrodes. 
Knowledge of the dosage of current that a subject receives is a 
critical factor for both research and clinical practice. Recent meta-
analyses have shown that there is a great deal of variation in the 
effects of electrical stimulation on outcome measures in research 
studies, but these analyses have not accounted for the differences 
in electrode configurations and current dosage applied to the 
subjects (2, 11, 18–22).

The recognition that there are individual differences in the 
current received by a particular subject or patient has been 
the focus of multiple laboratories (23–26). The inconsistencies 
between individuals are due in part to the variation in the 
specific electrical resistance of tissues such as skin, muscle, 
bone, gray matter, white matter, and cerebral spinal fluid and 
the differences in the morphometry of individual heads. One 
type of individualized MRI modeling divides the MRI image 
of the cranium into different regions (bone, spinal fluid, white 
matter, etc.) and assigns normative values to each segment based 
on values taken from the literature in order to create a realistic 
looking composite model. This segmented approach has been 
used by many laboratories—including this one (27). However, 
segmentation has some limitations. For example, segmentation 
assumes that there is only one type of tissue within a segment, 
ignores the range of resistivity that may exist within a tissue 
type, and overlooks individual differences in tissue resistivity. 
We have recently adopted an alternate MRI assessment method 

that avoids these segmentation issues and calculates conductiv-
ity by determining the amount of conductive salt water within 
each voxel of an imaged tissue (28). This modeling method has 
been shown to correlate very strongly with the current measured 
at the scalp (r = 0.93) and demonstrated important individual 
differences in the amount of current received by the brain when 
the traditional 10–20 system was used to determine electrode 
placement (28). Individual skull differences are particularly 
important because of the high variability in skull density across 
individuals and the substantial changes in skull density over the 
lifespan (29, 30).

Three different types of electrode configurations make up 
the bulk of both research and clinical treatments. Bi-cranial sti-
mulation is the most common configuration for cortical activa-
tion. It has become the standard of care for several procedures 
including intraoperative monitoring (14, 15, 31), and it is used 
extensively for low intensity DC and AC stimulations in research 
and clinical treatment. In this configuration, electrodes are placed 
on opposite sides of the scalp. The ring configuration (sometimes 
called high density) is a relatively new technique (32) and was 
introduced as an alternate to the large sponge electrodes still in use 
by some laboratories. In the ring configuration, 1 cm electrodes 
are placed in a circle around a central electrode of the opposite 
polarity (Figure  1), with the idea that the currents will not be 
spread across the scalp and will therefore stimulate the underlying 
cortex in a smaller area (32). The ring configuration has become 
common for low current DC (33–42) and AC (33) stimulations. 
Non-cephalic stimulation is the least common configuration, but 
has been used effectively (43). In this configuration, one electrode 
is placed on the skull and the second electrode of opposite polar-
ity is placed on the torso or shoulders. The questions posed in  
the present study are how effective these three electrode place-
ments are in delivering electrical current to the brain and how 
individual variability between subjects influences current delivery.
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MaTerials anD MeThODs

subjects
This study protocol was approved by the Sutter Institute for 
Medical Research Institutional Review Board, and participating 
individuals gave both written consent and verbal informed con-
sent. Consent was assured and recorded by having each subject 
sign an informed consent form after the protocol was discussed 
and each subject’s questions were fully answered. Twelve males 
and eleven females were enlisted in the study. The age ranges of 
male and female patients were 28–68 and 21–62 years, respec-
tively, and none had known anatomical anomalies. They were 
recruited from the patients and staff of the Sutter Center for 
Psychiatry.

Mri Procedures
After receiving each subject’s approval, MRIs were collected 
according to the Aaken Insite Protocol (44). Briefly, a combina-
tion of MRIs [T1, T2, and proton density (PD)] was recorded.  
T1, T2, and PD imaging each capture different aspects of the 
water (hydrogen) present in tissues, but each alone fails to provide 
a precise measure of brain conductivity. Consequently, for each 
subject, the data from the three types of MRI were combined 
to model conductivity. Diffusion weighted recordings were not 
used in this instance because they are considered to be unreli-
able for the cerebral cortex (45). The recordings were obtained 
on a 3 T General Electric MRI (Discovery M750) machine with 
1 mm × 1 mm × 1 mm slice spacing.

Virtual electrodes
After the head models were formed from the combined MRIs, 
virtual stimulating electrodes were placed on each modeled 
scalp to represent ring (high density), bi-cranial, and non-
cephalic referencing based on the 10–20 electrode configuration 
system. The exact electrode placements were determined by a 
computer algorithm. The target current densities were meas-
ured at a 10 mm diameter sphere directly under the C3 and F3 
locations and were in identical locations for each of the three 
stimulation electrode configurations. For the C3 non-cephalic 
electrode configuration, the positive electrode was balanced by 
an electrode of equal negativity placed below the neck. For the 
bi-cranial electrode configuration, the positive C3 had a negative 
C4 electrode of equal current on the opposite side of the head. 
For the C3-ring electrode configuration, the positive C3 had 
four surrounding negative electrodes at one quarter the value of 
the C3 electrode and 3 cm distant (see Figure 1).

A second scalp location used the frontal lobe-positive electrode 
location of F3 to non-cephalic below the neck negative reference. 
For the bi-cranial condition, the negative virtual elec trode was 
placed at F4. For the ring condition, four negative electrodes at 
one quarter the value of the F3 were placed on the scalp 3 cm 
distant to the positive electrode.

The current density was calculated within a 1  cm sphere of 
brain tissue directly under the anodal (+) C3 and F3 electrodes, 
respectively, at the exact same scalp locations for each subject and 
condition.

Modeling Procedures
The modeling procedures were based on a previously pub-
lished protocol (28). This procedure mapped the conductivity 
of cranial tissue, a three-dimensional (3D) measurement of 
the hydrogen distribution in head and brain is needed rather 
than the typical individual slice MRI record. To achieve this, 
data from the T1, T2, and PD MRIs were combined into a 
single 3D representation of the amount of water within a 
tissue and a conversion equation was applied to achieve an 
index of resistivity, yielding the individual subject’s resistivity 
model. The resistivity to the MRI intensity is expressed by the 
formula:

 R v K v DE( ) ( )= − +1  (1)

where v  ∈  [0,1] is the normalized intensity of the combined 
image at the given voxel; R is the resistivity; and K  =  16,000, 
E = 4, and D = 65 are the adjustable parameters.

Finite element analysis
Finite element and boundary conditions are given in detail at 
Russell et  al. (28). Briefly, the subject’s resistivity distribution 
was translated to a rectangular prismatic linear finite element 
model. The model matrix equation and boundary conditions 
were formulated from the Galerkin equations (46). Solutions to 
the system matrix equations were obtained by using the conju-
gate gradient method (47). The finite element models solved the 
Laplace equation, and current densities within the models were 
determined from the finite element model solution by calculating 
current densities for each voxel.

Modeling current Density
Current density estimates were achieved by placing virtual 
electrodes (red [+] and blue [−] in Figure 1) according to the 
10–20 system for electrode placement, and current intensities 
were applied at 0.5, 1.0, or 2.0 mA. The sampling area for current 
density was a 10 mm diameter virtual sphere within the brain 
(green circle in Figure 1 coronal view) directly under either the 
C3 electrode or the F3 electrode. The sphere defined the voxels 
in the cortical region assessed for the analysis. The outcome vari-
able was the mean current level for the 1 mm voxels within the 
10 mm diameter sphere (~526 mm).

Three different stimulated current intensities (0.5, 1.0, and 
2.0 mA) were used to determine the current density at the target 
electrode locations. To ensure consistency, the positive C3 or 
F3 electrode was not moved, but the negative references were 
adjusted for each configuration.

Data analysis
The data were analyzed using R (version 3.2.2). Current was  
measured at two locations, three configurations, and three inten-
sities, thus producing 18 measurements per subject. Quantile–
quantile (Q–Q) plots of current density showed non-normality of 
the residuals. We examined both log and square root transforma-
tions and found that a log transformation was most effective in 
correcting the upper tail non-normality, although it introduced 
a smaller amount of lower tail non-normality. We report the 
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FigUre 2 | Modeled current density in a 10 mm diameter sphere within the brain parenchyma directly under the stimulating scalp electrode at sites C3 and F3. Each 
bar is the resulting average current density of three stimulation current values (0.5, 1.0, and 2.0 mA). There were significant effects of electrode configuration and sex. 
The values between stimulation sites C3 and F3 were not significantly different. The bars represent mean current density and the whiskers represent the SDs.

TaBle 1 | Current density (μA/cm2) was modeled in a 10 mm diameter sphere within the brain parenchyma directly under the stimulating scalp electrode at sites C3 
and F3.

c3 non-cephalic c3 bi-cranial c3-ring

Stimulation (mA) 0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0

Female mean (SD) 7.94 (2.80) 16.71 (4.65) 34.79 (9.51) 1.42 (1.03) 3.02 (1.90) 5.9 (3.95) 0.83 (0.63) 1.66 (1.27) 2.9 (2.25)

Male mean (SD) 13.36 (4.59) 25.2 (8.78) 50.3 (17.55) 3.43 (1.40) 6.87 (2.80) 13.17 (5.98) 1.94 (0.91) 3.83 (1.78) 7.66 (3.60)

Overall mean (SD) 10.77 (4.66) 21.11 (8.18) 42.88 (16.06) 2.47 (1.58) 5.03 (3.07) 9.69 (6.22) 1.41 (0.96) 2.79 (1.88) 5.38 (3.83)

F3-non-cephalic F3 bi-cranial F3-ring

Stimulation (mA) 0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0

Female mean (SD) 8.42 (4.23) 16.83 (8.44) 33.75 (17.01) 3.43 (1.29) 6.87 (2.58) 14.51 (5.14) 1.14 (1.39) 2.26 (2.79) 4.54 (5.57)

Male mean (SD) 12.60 (5.23) 25.12 (10.65) 50.07 (21.27) 4.59 (1.14) 9.11 (2.18) 18.52 (4.71) 2.03 (1.56) 3.96 (3.07) 7.89 (5.92)

Overall mean (SD) 10.60 (5.14) 21.16 (10.34) 42.26 (20.67) 4.03 (1.33) 8.04 (2.59) 16.60 (5.23) 1.60 (1.52) 3.15 (3.00) 6.29 (5.88)

C3 is above the temporal portion of the parietal bone, and F3 is above the frontal bone. The values in the table are mean values for modeled current density at stimulation site 
targets (C3 or F3) with stimulation currents of 0.5, 1.0, and 2.0 mA, separately for males and females and overall.
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log-transformed results as our primary outcome evaluation since 
this avoided excess influence of higher values.

We performed a repeated measures analysis of variance 
(ANOVA) mixed effects analysis with random effect of subject. We 
tested whether the log-transformed current density (microampere 
per centimeter square) (the dependent variable) was affected by 
the four independent variables: electrode configuration (non-
cephalic, bi-cranial, or ring), stimulation intensity (0.5, 1.0, or 
2.0 mA), subject’s sex (male or female), or stimulation site (C3 or 
F3). Next, we added two-way interactions to determine whether 
the effects of configuration were modified by intensity, location, 
or sex; whether effects of intensity were modified by location or 
sex; and whether effects of location were different for males and 
females. We chose as reference values for comparison the ring 
configuration, 0.5 mA intensity, temporal location, and female sex.

resUlTs

Table 1 shows means and SDs (prior to log transformation) for 
current densities (microampere per centimeter square) for each 

of the 18 combinations of configuration, location, and current 
intensity, overall and separately for males and females. The 
increase in measured density with current intensity is readily 
apparent across all conditions (see Figure 2), but patterns of het-
erogeneity of variances and long tails of the distributions within 
cells necessitated log transformation before further analysis.

Analysis of variance of log-transformed data, examining the 
overall effects of configuration, sex, location measured, and 
intensity of current, showed substantial differences in mean 
current density between males and females, across all experi-
mental conditions (Table  2). On average, males had nearly 
double the current intensity reported compared to females 
(95% CI 1.36- to 2.72-fold, p < 0.01). The ring configuration 
had the lowest density regardless of sex of participant, location 
measured, or current intensity, with the bi-cranial configura-
tion yielding 2.8-fold higher current density and non-cephalic 
9.7-fold higher (both p < 0.01). The F3 location had 17% greater 
current density measured. As expected, for every doubling 
of current intensity, the measured current density doubled 
(p < 0.01).
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TaBle 2 | Analysis of variance results: main effects of fixed factors 
(configuration, sex, location, and intensity of current) on log (current density).

effect coefficient 95% ci p-Value exp(coef)

(Intercept) −0.44
Configuration Ring 0a

Bi-cranial 1.03 (0.90, 1.16) <0.01 2.807
Non-
cephalic

2.27 (2.14, 2.40) <0.01 9.700

Sex Female 0a

Male 0.66 (0.31, 1.00) <0.01 1.928
Location C3 0a

F3 0.16 (0.05, 0.27) <0.01 1.173
Intensity 0.5 mA 0a

1 mA 0.70 (0.57, 0.83) <0.01 2.012
2 mA 1.39 (1.25, 1.52) <0.01 3.995

aReference group.

TaBle 3 | Analysis of variance results: interaction effects of fixed factors (main 
effects plus interaction of configuration and location, configuration and sex, 
location and sex) on log(current density).

effect coefficient 95% ci p-Value exp(coef)

(Intercept) −0.5
Configuration Ring 0a

Bi-cranial 0.79 (0.58, 1.00) <0.01 2.20
Non-cephalic 2.49 (2.28, 2.70) <0.01 12.06

Sex Female 0a

Male 1.05 (0.66, 1.44) <0.01 2.86
Location C3 0a

F3 −0.004 (−0.20, 0.19) 0.97 1.00
Intensity 0.5 mA 0a

1 mA 0.70 (0.58, 0.82) <0.01 2.01
2 mA 1.39 (1.27, 1.50) <0.01 4.00

interactions
Configuration  
× loc

Bi-cranial  
× F3

0.81 (0.57, 1.05) <0.01 2.25

Non-ceph  
× F3

0.07 (−0.17, 0.31) 0.57 1.07

Configuration  
× sex

Bi-cranial  
× male

−0.32 (−0.56, −0.08) 0.01 0.73

Non-
ceph × male

−0.49 (−0.73, −0.25) <0.01 0.61

Location × sex F3 × male −0.25 (−0.44, −0.05) 0.02 0.78

aReference group.
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Table  3 shows the ANOVA results adding additional tests 
for possible effect modification (interactions), which found 
that significant two-way interactions related to configuration, 
location, and sex males had nearly a threefold greater current 
density than females in the reference condition of ring configu-
ration and location C3 (male coefficient in Table 3). The effect 
of sex was significantly lower, however, in other settings (27% 
lower in the bi-cranial than in ring, 39% lower in non-cephalic 
than in ring, and 22% lower in F3 than in C3, from interaction 
terms.) Thus, males had greater current density than females 
regardless of configuration or location of measurement, but the 
difference was greatest for the ring configuration and C3 location. 
Table 3 expands on the summary of Table 2, which shows only 
the estimated average effect across all combinations of settings. 
Location, interestingly, demonstrated no effect for either sex in 

the reference condition of ring configuration (main effect for F3, 
p = 0.97) and the non-cephalic configuration did not differ from 
the ring configuration in this regard (p = 0.57), but there was a 
significant 2.25-fold increase in current density for F3 compared 
to C3, which was found only in the bi-cranial configuration. 
Current density continued to show a straightforward twofold 
increase for each doubling of current intensity, regardless of other 
factors, and current intensity did not otherwise modify the effects 
of configuration, location, or sex (results not shown). There were 
no significant three-way interactions.

A second finding of note was that there was a large variability 
of current densities across subjects tested in each configuration. 
For example, with the 2.0  mA stimulation, the current density 
ranged between 10 and 89 µA/cm2 (an 8.9-fold difference) in the 
non-cephalic configuration, 1.02 and 14.37  µA/cm2 (a 14-fold 
difference) in the ring configuration, and 1.48 and 23.77 µA/cm2 
(a 16-fold difference) in the bi-cranial configuration. The 1 and 
0.5  mA stimulations had similar degrees of variation between 
same-sex subjects.

Given this individual variability, we also sought to determine 
if individual subjects showed similar current densities across  
different electrode conditions, for example, if they had a par-
ticular skull or scalp morphology that was consistent across 
the cranium. If this were the case, then one would expect a 
strong correlation between the current densities measured at 
the C3 and F3 electrodes within individuals. The scatter plots 
in Figure 3 address this issue and show very weak correlations 
(R range: 0.1–0.3), indicating high variability across scalp loca-
tions even within a single subject. Thus, measurements at one 
location in the brain are minimally correlated with that of a 
different location when using the same electrode configuration 
and stimulus intensity. Figure 4 is a visual representation of the 
log-transformed current density illustrating the male and female 
differences and the range current densities in µA/cm2.

DiscUssiOn

This report used MRI-based tissue resistivity modeling to com-
pare three typically used tES electrode configurations in male 
and female subjects at two scalp locations on current density 
delivered to the brain. We found that there is a large effect of 
electrode configuration and sex on the current densities mod-
eled under the electrode, as well as a great deal of individual 
variability that was not consistent across the different electrode 
configurations. These results indicate that very different stimula-
tion protocols could be necessary between different individuals 
in order to effectively stimulate the brain in a consistent manner.

electrode configuration
There were large differences in the currents received at the target 
depending on both the simulated current intensity (0.5, 1.0, or 
2.0 mA) and the electrode configuration. Of the three electrode 
configurations tested, the ring configuration showed the lowest 
current density at both the C3 and F3 electrode sites compared 
to the other two configurations. This is surprising since the 
ring configuration was previously reasoned to better focus the 
electrical currents to the desired location (32, 48). At the lowest 
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FigUre 4 | Box plots of log-transformed current density (microampere per centimeter square) by configuration and current intensity, showing males and females, 
separately for F3 and C3 locations. Box denotes middle 50% of people, bar across box denotes median, whiskers indicate range of observations within 1.5 
box-lengths of upper and lower ends of box, and circles denote outliers beyond 1.5 box-lengths.

FigUre 3 | The scatter plots above show wide range of values within each configuration for the 2 mA stimulation. In the ring condition, some values were less than 
1 µA/cm2. Note that the vertical and horizontal axes are different for each of the configurations. The red symbols are females, and the blue symbols are males.
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stimulation intensities, some subjects received less than 1.0 µA 
of current. The non-cephalic electrode configuration, which is 
least often used, showed the highest current density under both 
the C3 and F3 electrodes at all three intensities tested. The non-
cephalic configuration delivered 6–9 times the current density 
compared to the ring configuration and 2.5–4.4 times the current 
density compared to the bi-cranial configuration. Thus, the non-
cephalic condition was the most efficient at delivering current to 
the defined target area of brain with the least amount of current 
passing through the scalp tissues where somatosensory and pain 
receptors are predominant. The 0.5 mA stimulation level with the 
non-cephalic condition delivered a higher mean level of current 

to the brain than the 2  mA stimulation level in the ring con-
figuration. This suggests that at least some of the variability seen 
in published reports can be attributed to the type of electrode 
configuration used.

Some of the effects observed in published reports with bi-
cranial and ring configurations may be due to stimulation of 
the cranial nerves rather than stimulation of the cerebral cortex. 
Trigeminal stimulation has been reported to effectively treat 
psychiatric conditions and depression (49). Because more cur-
rent goes through the sensory receptors within the scalp for both 
the ring and bi-cephalic conditions, there is a higher likelihood 
that a portion of the reported effects seen in published reports 
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may be due to placebo effects resulting from more intense scalp 
sensations. At the lowest levels of stimulation, the ring configura-
tion is likely to be the least effective for applications requiring a 
minimum of brain stimulation. If very low current levels to the 
brain are needed, it may be more desirable to use a lower level of 
non-cephalic stimulation and have less current passing laterally 
across the surface of the scalp. Of note from the data shown in 
Figures 2 and 3 is the large variability in the current densities 
modeled across individuals. This is consistent with the notion that 
individual variability in cranial morphology could be a primary 
determinant of the amount of current penetrates neural tissue 
and may underlie much of the wide variability in the results both 
within and between clinical and research studies.

sex Differences
Across different electrode configurations and stimulus intensi-
ties, female subjects received less current to the brain compared 
to males, with the difference most prominent in the bi-cranial 
and ring conditions and at the C3 temporal location compared 
to the F3 or frontal location. Women also received more current 
across the scalp and likely experience a higher level of discomfort 
proportional to the amount of current passing across the scalp 
sensory receptors. The sex difference is consistent with a previous 
report that showed no difference in cranial thickness or distance 
from the stimulating electrode but identified differences due to 
an increase in cranial density among females and more porous 
cancellous bone in males (26).

The sex differences are greater in the C3 temporal location than 
in the F3 frontal location and appear to reflect the higher density 
of the frontal bone. The sex differences observed at C3 would not 
be evidenced if a simple segmentation method of modeling was 
applied that assumed all bone to be of the same density or con-
figuration in all locations. Furthermore, the sex differences noted 
here would likely change over additional regions of the skull, 
where sex-based differences in bone density are larger or smaller 
than under the C3 location. Indeed, bone density also varies with 
age, race, and medical history and these factors may also influence 
the current received when the brain is stimulated transcranially. 
These differences should also be considered as additional sources 
of variability seen across subjects and studies using tES.

Targeting and dosing of tES has shown little more than incre-
mental improvements since the adoption of the 10–20 system (that 
was originally designed for recording electroencephalograms) in 
1958 (50). MRI modeling may provide an opportunity to signifi-
cantly reduce one source of variance and improve the technique.

limitations
This study shows the relative current received under different 
electrode configurations, but does little to determine the optimal 
amount of current needed to achieve stimulation at a particular 
current intensity. Presumably, there is an ideal current dosage 
that is necessary to achieve effective neuromodulation.

This study modeled the mean amount of current within all 
of the voxels within the target sphere but ignored the variance 
between voxels within the sphere. Differences in conductivity 
relating to blood vessels, connective tissue, cerebral spinal fluid, 
etc., could influence the modeled results. This is a concern as the 

target sphere was uniformly placed in each subject by the 10–20 
system and not by the individual’s topography. Each subject 
would not have equivalent amounts or types of tissue within 
the target sphere; position and topography of the various struc-
tures is different for each individual. However, this study was 
designed to determine how much variability does exist when 
using the standard 10–20 system and these results underscore 
the value in individualizing electrode placements to effectively 
target electrical current to specific brain regions. The study 
models assumed a perfect connection between each electrode 
and the skin surface and did not attempt to account for imper-
fect connections due to variations in skin, hair, electrode paste, 
electrode material, electrode shape, and other factors that would 
likely further increase variability. Also individual differences in 
current distributions within a single electrode configuration are 
not addressed in this study but are shown to vary greatly in an 
earlier publication (28).

Additional metrics could be added to the model to improve 
accuracy. For example, the range of distributions and current 
directions that occur when individual gyri and sulci are repre-
sented for each subject would be different and would influence 
the response of neural tissue to stimulation. In addition to cur-
rent density, it would be important to know the differences in 
the tangential and radial components of the electric field, but 
since this geometry is different for each individual brain and 
poorly delineated at the cortex with MRI tractography, we have 
not attempted to define directional components of the current 
field in this study.

One electrode type was modeled, but many other electrode 
types are in use including sponges, needles, and concentric, 
where each has different properties that affect current flow and 
distribution. Thus, similar modeling of those electrode configura-
tions will likely produce results with a great deal of individual 
variability and difficulty in predicting the amount of current 
under a given electrode in the absence of such modeling.

Finally, this study only examined two locations as an illustra-
tion of the broader problem of individual variation in electrode 
configurations. The skull is a high resistance and anatomically 
complex structure with multiple bone thicknesses and densi-
ties that impact current flow at different regions of the head. 
Similarly, the scalp includes multiple tissues and thicknesses in 
different regions. An analysis of other regions over the frontal 
and parietal regions of the skull would likely produce different 
results.

cOnclUsiOn

Current dosage and targeting are determinate issues in tES. 
Electrode configuration is an important factor along with 
stimulus intensity in defining the amount of current received by 
the brain. This study compared three electrode configurations. 
The data indicated that the ring configuration closely followed 
by bi-cranial stimulation delivered the least current to the brain, 
while the non-cephalic configuration delivered the most cur-
rent. The female subjects received significantly less current to 
the brain than the male subjects. Skull and tissue differences 
are inherent in the subjects and are not readily changed, but the 
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configurations of the electrodes are easily modified and should 
be considered in light of these findings.

eThics sTaTeMenT

This study protocol was approved by the Sutter Institute for 
Medical Research Institutional Review Board, and participating 
individuals gave both written consent and verbal informed con-
sent. Consent was assured and recorded by having each subject 
sign an informed consent form after the protocol was discussed 
and each subject’s questions were fully answered in accordance 
with the Declaration of Helsinki.

aUThOr cOnTriBUTiOns

MR did the experimental design. TG did the design and fund-
ing, JV was the text editor and helped with the concept. LB did 

the data analysis and interpretation, NS did data investigation 
and editing, BL helped with the study design and data analysis, 
GR was the senior researcher and did data interpretation.

acKnOWleDgMenTs

The authors thank the Sutter Institute for Medical Research 
for their financial support, Radiological Associates of 
Sacramento and particularly Dr. David Seidenwurm and 
Shane Shepherd for their help and support in recording MRIs, 
Ken Van for his help with the figures, and the subjects who 
volunteered their time and efforts to this research. Support 
for data collection was received from the Sutter Institute 
for Medical Research. Statistical support was provided by 
the Data Management and Statistics Core of the UC Davis 
Alzheimer’s Disease Center (National Institute on Aging 
grant P30AG010129).

reFerences

1. Tsoucalas G, Karamanou M, Lymperi M, Gennimata V, Androutsos G.  
The “torpedo” effect in medicine. Int Marit Health (2014) 65(2):65–7. 
doi:10.5603/IMH.2014.0015 

2. Kang N, Summers JJ, Cauraugh JH. Transcranial direct current stim-
ulation facilitates motor learning post-stroke: a systematic review and 
meta-analysis. J Neurol Neurosurg Psychiatry (2016) 87:345–55. doi:10.1136/
jnnp-2015-311242 

3. Otal B, Dutta A, Foerster Á, Ripolles O, Kuceyeski A, Miranda PC, et  al. 
Opportunities for guided multichannel non-invasive transcranial cur-
rent stimulation in poststroke rehabilitation. Front Neurol (2016) 7:21. 
doi:10.3389/fneur.2016.00021 

4. Savic B, Meier B. How transcranial direct current stimulation can modulate 
implicit motor sequence learning and consolidation: a brief review. Front  
Hum Neurosci (2016) 10:26. doi:10.3389/fnhum.2016.00026 

5. Summers JJ, Kang N, Cauraugh JH. Does transcranial direct current 
stimulation enhance cognitive and motor functions in the ageing brain? 
A systematic review and meta-analysis. Ageing Res Rev (2016) 25:42–54. 
doi:10.1016/j.arr.2015.11.004 

6. Kekic M, Boysen E, Campbell IC, Schmidt U. A systematic review of the 
clinical efficacy of transcranial direct current stimulation (tDCS) in psychi-
atric disorders. J Psychiatr Res (2016) 74:70–86. doi:10.1016/j.jpsychires.2015. 
12.018 

7. Palm U, Hasan A, Strube W, Padberg F. tDCS for the treatment of depression: 
a comprehensive review. Eur Arch Psychiatry Clin Neurosci (2016) 266:681–94. 
doi:10.1007/s00406-016-0674-9 

8. Rubio B, Boes AD, Laganiere S, Rotenberg A, Jeurissen D, Pascual-Leone A.  
Non-invasive brain stimulation in pediatric attention-deficit hyperactivity 
disorder (ADHD): a review. J Child Neurol (2016) 31:784–96. doi:10.1177/ 
0883073815615672 

9. Barham MP, Enticott PG, Conduit R, Lum JA. Transcranial electrical 
stimulation during sleep enhances declarative (but not procedural) memory 
consolidation: evidence from a meta-analysis. Neurosci Biobehav Rev (2016) 
63:65–77. doi:10.1016/j.neubiorev.2016.01.009 

10. Elmasry J, Loo C, Martin D. A systematic review of transcranial electrical 
stimulation combined with cognitive training. Restor Neurol Neurosci (2015) 
33(3):263–78. doi:10.3233/RNN-140473 

11. Meron D, Hedger N, Garner M, Baldwin DS. Transcranial direct current 
stimulation (tDCS) in the treatment of depression: systematic review and 
meta-analysis of efficacy and tolerability. Neurosci Biobehav Rev (2015) 
57:46–62. doi:10.1016/j.neubiorev.2015.07.012 

12. Sarkar A, Cohen Kadosh R. Transcranial electrical stimulation and numerical 
cognition. Can J Exp Psychol (2016) 70(1):41–58. doi:10.1037/cep0000064 

13. Jellinek D, Jewkes D, Symon L. Non-invasive intraoperative monitoring of 
motor evoked potentials under propofol anesthesia: effects of spinal surgery 
on the amplitude and latency of motor evoked potentials. Neurosurgery (1991) 
29(4):551–7. doi:10.1227/00006123-199110000-00011 

14. Morota N, Deletis V, Constantini S, Kofler M, Cohen H, Epstein FJ.  
The role of motor evoked potentials during surgery for intramedullary 
spinal cord tumors. Neurosurgery (1997) 41(6):1327–36. doi:10.1097/ 
00006123-199712000-00017 

15. Zentner J. Motor evoked potential monitoring during neurosurgical  
operations on the spinal cord. Neurosurg Rev (1991) 14(1):29–36. 

16. Lee WH, Deng ZD, Kim TS, Laine AF, Lisanby SH, Peterchev AV. Regional 
electric field induced by electroconvulsive therapy: a finite element simulation 
study. Conf Proc IEEE Eng Med Biol Soc (2010) 2010:2045–8. doi:10.1109/
IEMBS.2010.5626553 

17. Lee WH, Deng ZD, Laine AF, Lisanby SH, Peterchev AV. Influence of white 
matter conductivity anisotropy on electric field strength induced by electro-
convulsive therapy. Conf Proc IEEE Eng Med Biol Soc (2011) 2011:5473–6. 
doi:10.1109/IEMBS.2011.6091396 

18. Chhatbar PY, Ramakrishnan V, Kautz S, George MS, Adams RJ,  
Feng W. Transcranial direct current stimulation post-stroke upper extremity 
motor recovery studies exhibit a dose-response relationship. Brain Stimul 
(2016) 9(1):16–26. doi:10.1016/j.brs.2015.09.002 

19. Elsner B, Kugler J, Pohl M, Mehrholz J. Transcranial direct current stimulation 
(tDCS) for improving aphasia in patients with aphasia after stroke. Cochrane 
Database Syst Rev (2015) 5:CD009760. doi:10.1002/14651858.CD009760.pub3 

20. Hashemirad F, Zoghi M, Fitzgerald PB, Jaberzadeh S. The effect of anodal 
transcranial direct current stimulation on motor sequence learning in healthy 
individuals: a systematic review and meta-analysis. Brain Cogn (2016) 
102:1–12. doi:10.1016/j.bandc.2015.11.005 

21. Mehta S, McIntyre A, Guy S, Teasell RW, Loh E. Effectiveness of transcranial 
direct current stimulation for the management of neuropathic pain after spinal 
cord injury: a meta-analysis. Spinal Cord (2015) 53(11):780–5. doi:10.1038/
sc.2015.118 

22. Horvath JC, Forte JD, Carter O. Evidence that transcranial direct current 
stimulation (tDCS) generates little-to-no reliable neurophysiologic effect 
beyond MEP amplitude modulation in healthy human subjects: a systematic 
review. Neuropsychologia (2015) 66:213–36. doi:10.1016/j.neuropsychologia. 
2014.11.021 

23. Horvath JC, Carter O, Forte JD. Transcranial direct current stimulation:  
five important issues we aren’t discussing (but probably should be). Front  
Syst Neurosci (2014) 8:2. doi:10.3389/fnsys.2014.00002 

24. Krause B, Cohen Kadosh R. Not all brains are created equal: the relevance  
of individual differences in responsiveness to transcranial electrical stimula-
tion. Front Syst Neurosci (2014) 8:25. doi:10.3389/fnsys.2014.00025 

http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.5603/IMH.2014.0015
https://doi.org/10.1136/jnnp-2015-311242
https://doi.org/10.1136/jnnp-2015-311242
https://doi.org/10.3389/fneur.2016.00021
https://doi.org/10.3389/fnhum.2016.00026
https://doi.org/10.1016/j.arr.2015.11.004
https://doi.org/10.1016/j.jpsychires.2015.
12.018
https://doi.org/10.1016/j.jpsychires.2015.
12.018
https://doi.org/10.1007/s00406-016-0674-9
https://doi.org/10.1177/
0883073815615672
https://doi.org/10.1177/
0883073815615672
https://doi.org/10.1016/j.neubiorev.2016.01.009
https://doi.org/10.3233/RNN-140473
https://doi.org/10.1016/j.neubiorev.2015.07.012
https://doi.org/10.1037/cep0000064
https://doi.org/10.1227/00006123-199110000-00011
https://doi.org/10.1097/
00006123-199712000-00017
https://doi.org/10.1097/
00006123-199712000-00017
https://doi.org/10.1109/IEMBS.2010.5626553
https://doi.org/10.1109/IEMBS.2010.5626553
https://doi.org/10.1109/IEMBS.2011.6091396
https://doi.org/10.1016/j.brs.2015.09.002
https://doi.org/10.1002/14651858.CD009760.pub3
https://doi.org/10.1016/j.bandc.2015.11.005
https://doi.org/10.1038/sc.2015.118
https://doi.org/10.1038/sc.2015.118
https://doi.org/10.1016/j.neuropsychologia.
2014.11.021
https://doi.org/10.1016/j.neuropsychologia.
2014.11.021
https://doi.org/10.3389/fnsys.2014.00002
https://doi.org/10.3389/fnsys.2014.00025


9

Russell et al. Sex Configuration and Stimulation

Frontiers in Psychiatry | www.frontiersin.org August 2017 | Volume 8 | Article 147

25. Laakso I, Tanaka S, Koyama S, De Santis V, Hirata A. Inter-subject variability 
in electric fields of motor cortical tDCS. Brain Stimul (2015) 8(5):906–13. 
doi:10.1016/j.brs.2015.05.002 

26. Russell M, Goodman T, Wang Q, Groshong B, Lyeth BG. Gender differences 
in current received during transcranial electrical stimulation. Front Psychiatry 
(2014) 5:104. doi:10.3389/fpsyt.2014.00104 

27. Holdefer RN, Sadleir R, Russell MJ. Predicted current densities in the 
brain during transcranial electrical stimulation. Clin Neurophysiol (2006) 
117(6):1388–97. doi:10.1016/j.clinph.2006.02.020 

28. Russell MJ, Goodman T, Pierson R, Shepherd S, Wang Q, Groshong B,  
et  al. Individual differences in transcranial electrical stimulation current 
density. J Biomed Res (2013) 27(6):495–508. doi:10.7555/JBR.27.20130074 

29. Boyde A, Kingsmill VJ. Age changes in bone. Gerodontology (1998) 15(1): 
25–34. doi:10.1111/j.1741-2358.1998.00025.x 

30. Sysak NS. The age morphology of the human cranium. Anat Anz (1960) 
108:1–19. 

31. Maruta Y, Fujii M, Imoto H, Nomura S, Tanaka N, Inamura A, et al. Strategies 
and pitfalls of motor-evoked potential monitoring during supratentorial aneu-
rysm surgery. J Stroke Cerebrovasc Dis (2016) 25(2):484–95. doi:10.1016/j.
jstrokecerebrovasdis.2015.10.025 

32. Datta A, Bansal V, Diaz J, Patel J, Reato D, Bikson M. Gyri-precise head model 
of transcranial direct current stimulation: improved spatial focality using 
a ring electrode versus conventional rectangular pad. Brain Stimul (2009) 
2(4):201–7, 207.e1. doi:10.1016/j.brs.2009.03.005 

33. Helfrich RF, Knepper H, Nolte G, Strüber D, Rach S, Herrmann CS, et  al. 
Selective modulation of interhemispheric functional connectivity by 
HD-tACS shapes perception. PLoS Biol (2014) 12(12):e1002031. doi:10.1371/
journal.pbio.1002031 

34. Castillo-Saavedra L, Gebodh N, Bikson M, Diaz-Cruz C, Brandao R,  
Coutinho L, et  al. Clinically effective treatment of fibromyalgia pain with 
high-definition transcranial direct current stimulation: phase II open-label 
dose optimization. J Pain (2016) 17(1):14–26. doi:10.1016/j.jpain.2015.09.009 

35. Hussey EK, Ward N, Christianson K, Kramer AF. Language and memory 
improvements following tDCS of left lateral prefrontal cortex. PLoS One 
(2015) 10(11):e0141417. doi:10.1371/journal.pone.0141417 

36. Minhas P, Bansal V, Patel J, Ho JS, Diaz J, Datta A, et  al. Electrodes for 
high-definition transcutaneous DC stimulation for applications in drug 
delivery and electrotherapy, including tDCS. J Neurosci Methods (2010) 
190(2):188–97. doi:10.1016/j.jneumeth.2010.05.007 

37. Muthalib M, Besson P, Rothwell J, Ward T, Perrey S. Effects of anodal high- 
definition transcranial direct current stimulation on bilateral sensorimotor 
cortex activation during sequential finger movements: an fNIRS study.  
Adv Exp Med Biol (2016) 876:351–9. doi:10.1007/978-1-4939-3023-4_44 

38. Nikolin S, Loo CK, Bai S, Dokos S, Martin DM. Focalised stimulation using 
high definition transcranial direct current stimulation (HD-tDCS) to investi-
gate declarative verbal learning and memory functioning. Neuroimage (2015) 
117:11–9. doi:10.1016/j.neuroimage.2015.05.019 

39. Shekhawat GS, Sundram F, Bikson M, Truong D, De Ridder D,  
Stinear CM, et  al. Intensity, duration, and location of high-definition 

transcranial direct current stimulation for tinnitus relief. Neurorehabil Neural 
Repair (2016) 30:349–59. doi:10.1177/1545968315595286 

40. Tremblay S, Lepage JF, Latulipe-Loiselle A, Fregni F, Pascual-Leone A, 
Théoret H. The uncertain outcome of prefrontal tDCS. Brain Stimul (2014) 
7(6):773–83. doi:10.1016/j.brs.2014.10.003 

41. Villamar MF, Wivatvongvana P, Patumanond J, Bikson M, Truong DQ,  
Datta A, et al. Focal modulation of the primary motor cortex in fibromyalgia 
using 4  ×  1-ring high-definition transcranial direct current stimulation 
(HD-tDCS): immediate and delayed analgesic effects of cathodal and anodal 
stimulation. J Pain (2013) 14(4):371–83. doi:10.1016/j.jpain.2012.12.007 

42. Zito GA, Senti T, Cazzoli D, Müri RM, Mosimann UP, Nyffeler T,  
et  al. Cathodal HD-tDCS on the right V5 improves motion perception in 
humans. Front Behav Neurosci (2015) 9:257. doi:10.3389/fnbeh.2015.00257 

43. Hecht D. Transcranial direct current stimulation in the treatment of anorexia. 
Med Hypotheses (2010) 74(6):1044–7. doi:10.1016/j.mehy.2009.12.032 

44. Russell MJ. Guided Electrical Transcranial Stimulation (GETS) Technique. 
Google Patents US 9 307,925 82. (2006).

45. Pierpaoli C. Artifacts in diffusion MRI. 1st ed. Bhattacharya PD, editor. 
Diffusion MRI Theory Methods and Applications. Oxford, NY: Oxford 
University Press (2010). 767 p.

46. Davies AJ. The finite element method: a first approach. In: Davies AJ, editor. 
Oxford Applied Mathematics and Computing Science Series. Oxford: Clarendon 
Press (1980). 287 p.

47. Press WH. Numerical Recipes in Pascal: the Art of Scientific Computing. 1st ed. 
New York, NY: Cambridge University Press (1989).

48. Kuo HI, Bikson M, Datta A, Minhas P, Paulus W, Kuo MF, et al. Comparing 
cortical plasticity induced by conventional and high-definition 4 × 1 ring tDCS: 
a neurophysiological study. Brain Stimul (2013) 6(4):644–8. doi:10.1016/j.
brs.2012.09.010 

49. Shiozawa P, Silva ME, Carvalho TC, Cordeiro Q, Brunoni AR,  
Fregni F. Transcutaneous vagus and trigeminal nerve stimulation for 
neuropsychiatric disorders: a systematic review. Arq Neuropsiquiatr (2014) 
72(7):542–7. doi:10.1590/0004-282X20140061 

50. Jasper HH. Report of the committee on methods of clinical examination in 
electroencephalography: 1957. Electroencephalogr Clin Neurophysiol (1958) 
10(2):370–5. 

Conflict of Interest Statement: Aaken Laboratories is a holding company that 
maintains the intellectual property rights for the software used in this study. MR, 
TG, and JV each have shares in Aaken Insite, a service company that uses MRI 
modeling described in this study. This does not alter our adherence to policies on 
sharing data and materials. BL, GR, LB, and NS have no conflicts.

Copyright © 2017 Russell, Goodman, Visse, Beckett, Saito, Lyeth and Recanzone. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original author(s) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1016/j.brs.2015.05.002
https://doi.org/10.3389/fpsyt.2014.00104
https://doi.org/10.1016/j.clinph.2006.02.020
https://doi.org/10.7555/JBR.27.20130074
https://doi.org/10.1111/j.1741-2358.1998.00025.x
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.10.025
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.10.025
https://doi.org/10.1016/j.brs.2009.03.005
https://doi.org/10.1371/journal.pbio.1002031
https://doi.org/10.1371/journal.pbio.1002031
https://doi.org/10.1016/j.jpain.2015.09.009
https://doi.org/10.1371/journal.pone.0141417
https://doi.org/10.1016/j.jneumeth.2010.05.007
https://doi.org/10.1007/978-1-4939-3023-4_44
https://doi.org/10.1016/j.neuroimage.2015.05.019
https://doi.org/10.1177/1545968315595286
https://doi.org/10.1016/j.brs.2014.10.003
https://doi.org/10.1016/j.jpain.2012.
12.007
https://doi.org/10.3389/fnbeh.2015.00257
https://doi.org/10.1016/j.mehy.2009.12.032
https://doi.org/10.1016/j.brs.2012.09.010
https://doi.org/10.1016/j.brs.2012.09.010
https://doi.org/10.1590/0004-282X20140061
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Sex and Electrode Configuration in Transcranial Electrical Stimulation
	Introduction
	Materials and Methods
	Subjects
	MRI Procedures
	Virtual Electrodes
	Modeling Procedures
	Finite Element Analysis
	Modeling Current Density
	Data Analysis

	Results
	Discussion
	Electrode Configuration
	Sex Differences
	Limitations

	Conclusion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


