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ABSTRACT 3-D brain electrical impedance tomography (EIT) holds great promise for real-time
noninvasive imaging of various brain injuries. However, a reference method for selecting high-performance
electrode configurations has not been proposed. In this article, the optimization of electrode layout,
stimulation and measurement protocols, and the number of electrodes are sequentially performed. The
signal quality and image reconstruction performance of simulated perturbations in four cortical regions
are evaluated with various levels of noise taken into consideration. The results showed that, considering
cost and convenience, the best number of electrodes is 20, which should be placed in the suboccipital
and central vertex regions as needed. Electrodes with large spacing at different heights are mainly the
driving electrodes, and the potential is collected in the appropriate adjacent channels. These principles
are expected to provide general guidance for the electrode configuration methods of 3-D brain EIT in
clinical applications.

INDEX TERMS 3-D, brain electrical impedance tomography (EIT), electrode configurations, optimization.

I. INTRODUCTION

ELECTRICAL impedance tomography (EIT) is an imag-
ing technique for estimating the distribution of electrical

conductivity changes inside the body. It involves injecting
safe currents through paired electrodes with specific patterns
and measuring boundary voltages with other electrodes,
followed by using algorithms to reconstruct EIT images [1].
EIT has advantages, such as high temporal resolution, low
cost, real-time imaging, ease of operation, and completely
noninvasive, making it a valuable complement to modern
medical imaging technology [2], [3], [4]. It has shown
promising applications in the diagnosis or monitoring of
brain diseases, including stroke, cerebral edema, aortic arch
replacement surgery, and epilepsy [5], [6], [7], [8], [9],
[10]. The human brain is a volumetric conductor with
a 3-D structure, and the injected current flows in all
directions simultaneously. However, 2-D brain EIT has lost
the conduction information outside the measurement plane.

Some authors have already considered research on 3-D
brain EIT to compensate for the shortcomings of 2-D
imaging in locating the depth of lesions, thus extending the
application scope of brain EIT [11], [12], [13], [14].
The key to the development of 3-D brain EIT lies in deter-

mining suitable electrode configurations, including the number
of electrodes, driving protocols, measurement strategies,
distribution positions, etc., which is of significant importance
in guiding hardware system design, improving measurement
accuracy, and enhancing the quality of reconstructed images
[15], [16], [17], [18]. The UCH Mk2.5 system developed
by the Holder team is based on the international EEG 10-
20 system, consisting of approximately three rings with 31
electrodes. Current is injected at 180◦ to increase current
density in the center of the brain. Voltage measurements are
performed along the three lines connecting the electrodes
used for current injection. A total of 21 current injection pairs
were used, yielding 258 measurements [19]. Subsequently,
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Fabrizi tested ten current protocols on the 16-channel half-
parallel system KHU Mk1, and the spiral (suboccipital)
pattern achieved the best results. This protocol utilized 34
current injection pairs, including 180◦, 120◦, and 60◦ [20].
Compared to the EEG31 protocol, it demonstrated similar
localization capability, suggesting its prioritized use in clinical
practice. The fEITER system developed by the McCann team
consisted of 32 electrodes and a total of 20 near-diametric
current stimulations were designed, selecting 509 adjacent
measurement values for image reconstruction [21]. Then, the
number of electrodes was reduced to 16, with 45 stimulations,
obtaining 540 interval measurement voltage values [22].
The specific electrode configurations used in the 3-D

EIT data acquisition systems of various research teams
are different. However, there is currently no research that
provides relatively clear selection principles for electrode
configurations for 3-D brain EIT. The following issues
need to be addressed: 1) How to arrange the electrodes to
improve brain EIT signal sensitivity and image quality? 2)
Which is the most effective stimulation and measurement
mode? and 3) What is the minimum number of electrodes
required to reconstruct a reasonable EIT image that meets
clinical application requirements? This article represents our
contribution to these issues.

II. METHODOLOGY
The entire simulation study unfolds in three steps. Four
electrode layouts and driving methods are proposed for
the 32-electrode configuration initially. And the impact of
measurement modes is further studied based on the compar-
ative results. Subsequently, attempts are made to reduce the
number of electrodes without significantly damaging the EIT
signal and imaging quality. All simulations are conducted on
a finite element human head model with a realistic structure,
using a computer with 3.30-GHz CPU and 16G RAM.

A. ELECTRODE CONFIGURATION DESIGN
1) ELECTRODE LAYOUT AND STIMULATION PROTOCOL

The 3-D brain EIT systems of the McCann and Holder teams
have played a significant role in multiple studies [23], [24],
[25], [26]. Therefore, based on their electrode configurations,
four combinations of improved layouts and stimulation
methods of 32 electrode configurations are designed (Fig. 1).
A current of 1 mA is injected through 20 groups of electrodes
that are either nearly diametric or far apart to mitigate the
scalp shunting effect. In the voltage measurements, data from
electrodes that are not spatially adjacent or used for driving
are rejected in the image reconstruction.

2) MEASUREMENT METHOD

The distance between measuring electrodes impacts the
magnitude of the collected voltage as larger voltage values
can be measured more accurately, which may be helpful in
practical applications [20]. Four measurement data frames
are obtained using different methods: Adjacent(AD,1-2, 2-
3· · · ), SKIP1 (1-3, 2-4· · · ), SKIP2 (1-4, 2-5· · · ), and SKIP3
(1-5, 2-6· · · ) for image reconstruction.

FIGURE 1. Electrode layout and stimulation schemes. (a) “Suboccipital + central
vertex” layout. (b) “Triple Ring” layout. (a1) and (b1) Dominant current injection
occurs between electrodes at similar heights. (a2) and (b2) Dominant current injection
occurs between electrodes at different heights.

3) NUMBER OF ELECTRODES

According to the optimal arrangement, excitation, and
measurement principles obtained in 2.1.1 and 2.1.2, the
number of electrodes is reduced to 16 and compared with
the 16-electrode configuration of the fEITER system. Based
on the results, the number is then increased to 20 and 24
(Fig. 2).

B. IMAGE RECONSTRUCTION
The linear EIT image reconstruction can be represented by
computing the reconstruction matrix R, which corresponds
to the measurement y, in order to produce the reconstructed
image x, as shown in [27]

x =Ry. (1)
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FIGURE 2. Layouts of different number of electrodes. (a) 16-I. (b) 16-II. (c) 20. (d) 24.

We use the 3-D GREIT method to calculate R, which is
the best over a “training” set of measurements and images.
R thus minimizes

∑

k

wk||tk−Ryk||2 (2)

where tk is the “desired image” corresponding to the training
measurement frame yk, and wk is a weighting representing
the “importance” of i in the calculation of R. Solving (2)
yields

R =
(

∑

k

wktkykT
)(

∑

k

wkykykT+γ 2
∑

n

)
−1 (3)

where �n is the covariance of system noise, the hyper-
parameter γ determines the noise performance of the
reconstruction, and its value is obtained through a bisection
search until the desired noise figure is achieved [28], [29].

C. SIMULATION MODEL
The forward model consists of approximately 250K ele-
ments, including scalp (0.44 S/m), skull (0.013 S/m),
cerebrospinal fluid (1.78 S/m), and brain tissue (0.25
S/m) [30], [31]. The electrode diameter is 10 mm, with
a contact impedance of 1 k�, and the grid parameteriza-
tion density in the vicinity of the electrodes is enhanced
[32]. Disturbance targets (1.25 S/m,10 ml) are set in
the parietal, temporal, frontal, and occipital lobes, which
dominate all processes of body movement and sensation.
These regions should be of particular interest (Fig. 3) [33],

FIGURE 3. Digital models of human head and positions of cortical disturbances.
(a) Finite element model with 32-electrode layout (illustrated with “ Suboccipital +
central vertex”). (b) Targets in the parietal lobe, frontal lobe, temporal lobe, and
occipital lobe.

[34], [35], [36]. The inverse model design is simplified,
and modeling is conducted through fine-to-coarse mapping
between different forward and inverse parameterizations. The
reconstructed image consists of approximately 4K cubic
voxel units, with each volume measuring approximately
10 * 10 * 10 mm3.

D. EVALUATION METRICS
To assess the quality of measurement signals and recon-
structed images, four figures of merit are calculated.

1) SNR = 20 log10([mean(vi−vh)]/[stdDev(vi−vh)]).
2) Distinguishability = ([||vi−vh||]/[||I||])

where vh and vi are the measured voltages with and
without targets in the field, and I is the amplitude
of the stimulating current. A larger SNR indicates a
stronger robustness of the system against noise [37]. At
the same time, we aim to improve distinguishability,
which makes the system more sensitive to changes in
the field medium.
The reconstructed disturbance (RP) is defined as
the voxel element in the reconstructed image with
conductivity changes exceeding 50% of the peak
value [38].

3) Location Error (LE): This quantitative parameter rep-
resents the displacement of the centroid of the RP
from its true target position. Ideally, it should be zero,
providing accurate information about the location of
the target.

4) Volume Error (VE): It reflects the difference between
the volume of the RP and the true target. It should be
small and uniform.

For the targets in the four positions, boundary voltage
datasets are calculated under a noise-free condition and
used for image reconstruction. Subsequently, three types of
Gaussian random noise were added (with variances of 10%,
50%, and 100% of the differential signal power, denoted as
N1, N2, and N3, respectively), and each subjected to five
repeated simulated measurements. Under noisy conditions,
the LE and VE are combined into a single general error
index (GE) to evaluate the imaging quality. This index is
obtained by summing the weighted contributions of the LE
(weight 0.75) and the VE (weight 0.25).
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FIGURE 4. Quantitative and qualitative evaluations of different electrode layouts
and driving protocols. (a) and (b) Reconstruction images and figures of merit
(expressed as averages) for the five schemes without noise. (c) and (d)
Reconstruction images and GE for the a2 and fEITER modes at various noise levels.
(Images are presented as a 3-D model with RP. AU: Arbitrary unit.)

III. RESULTS
A. 32-ELECTRODE LAYOUT AND STIMULATION
METHODS
Under the condition of no noise, the five schemes produce
similar good images, with the disturbance target being
positioned basically at the correct location, and no artifacts
appearing elsewhere. Even for these high-quality images, all
RPs are larger than the real target. The disturbances in the
frontal lobe area are reconstructed more accurately. When
using the a2 mode, the reconstructed targets appear more
uniform overall, corresponding to the results of the quanti-
tative assessment: the a2 mode exhibits the lowest imaging
error. It also has the highest SNR and Distinguishability
[Fig. 4(a) and (b)]. Under N1 noise conditions, both the

fEITER mode and the a2 mode can reconstruct targets close
to the correct positions. With further increase in noise,
the fEITER mode fails to generate useful images, and the
targets are severely distorted and obscured by noise. The
imaging error of the a2 mode increases slowly, demonstrating
robustness to noise, and its image quality is significantly
better than that of the fEITER mode at three noise levels
[Fig. 4(c) and (d)]. The a2 mode is considered an effective
improvement, representing a layout and excitation strategy
with superior performance.

B. MEASUREMENT METHODS
Voltage measurements are taken at different intervals in the
a2 mode. Despite the presence of noise, all methods produce
satisfactory images. It is evident that the SKIP modes
enhance the signal’s SNR and Distinguishability, albeit at the
expense of a slight degradation in image quality [Fig. 5(a)
and (b)]. The imaging results from the four modes under
N1 and N2 noise conditions are acceptable. Conversely, in
the presence of N3 noise, the RPs exhibit a high degree
of inconsistency with the actual targets. Notably, there is
no significant disparity in imaging performance between
different measurement modes [Fig. 5(c) and (d)]. Moderately
increasing the voltage measurement interval is allowed and
feasible, as it takes into account the requirements of both
the signal and imaging.

C. NUMBER OF ELECTRODES
Based on the layouts, excitation, and measurement principles
in Sections III-A and III-B, 16-electrode configuration is
designed. In the absence of noise, the fEITER mode with
45 stimulations achieves better imaging performance at all
target positions, exhibiting more uniform convergence of
RP, which is consistent with quantitative evaluation results.
The Distinguishability also far exceeds the two types of
improved modes with 20 stimulations [Fig. 6(a) and (b)].
This is expected, as the measurement data of the latter is
almost halved. It can be noted that the improved modes
have higher SNR, which was verified in the noise-adding
experiment. Their reconstruction errors increase slowly,
indicating lower sensitivity to noise compared to the fEITER
mode. The imaging performance of 16-I under various
noise levels is not significantly different from that of the
fEITER mode. However, the images of the three schemes
are severely affected by noise, and the targets cannot be
effectively identified [Fig. 6(c) and (d)]. Therefore, further
designs are made on 16-I to include 20 and 24 electrode
configurations, with the stimulation counts increased to 26
and 32, respectively. Comparing the performance of different
electrode configurations, it is found that, regardless of being
affected by noise, the signal quality and imaging accuracy
of the 32-electrode configuration are superior. Moreover, as
the number of electrodes decreases, the reconstructed targets
gradually expand. The overall performance of the 24 and
20 electrode configurations is essentially the same, with no
significant increase in imaging error compared to the 32
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FIGURE 5. Quantitative and qualitative evaluations of four measurement modes. (a)
and (b) Reconstruction images and figures of merit (expressed as averages) without
noise. (c) and (d) Reconstruction images and GE at various noise levels. (Images are
presented as a 3-D model with RP. AU: Arbitrary unit.)

configuration. Additionally, compared to the 16-electrode
configuration, there is a noticeable improvement in imaging
quality (Fig. 7).

IV. DISCUSSION
The primary objective of this study is to investigate electrode
configurations that are appropriate for 3-D brain EIT and
to identify fundamental principles that can serve as a guide
for future research. Subsequently, we aim to address three
pivotal questions that we consider essential.

A. 32-ELECTRODE LAYOUT AND DRIVE PROTOCOL
Four types of electrode layouts and driving protocols are
designed for two purposes. First, electrodes located at
the top of the head should be given attention, as the

FIGURE 6. Quantitative and qualitative evaluations of three 16-electrode
configurations. 16-I and 16-II mainly inject current through 20 groups of nearly
diameter electrodes at different heights and obtain measurements in adjacent
channels. (a) and (b) Reconstruction images and figures of merit (expressed as
averages) without noise. (c) and (d) Reconstruction images and GE at various noise
levels. (Images are presented as a 3-D model with RP. AU: Arbitrary unit.)

stimulation paths dominated by them may provide more
information in the vertical direction in the 3-D field. Second,
to ensure comprehensive sensitivity coverage across the
entire brain region, the electrodes should be uniformly
distributed on the scalp surface. These considerations effec-
tively compensate for the shortcomings of the fEITER
system [21]. In Section III-A, the a2 mode demonstrated
the best performance evaluation and proved to be a valuable
supplement and improvement to the fEITER mode (Fig. 4).
This is likely due to the variation in the injection angle of
the current, which enables it to effectively reach different
areas of the brain. Additionally, the use of electrodes in
the suboccipital and central vertex regions could enhance

VOLUME 3, 2024 45001
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FIGURE 7. Quantitative and qualitative evaluations of different numbers of electrode
configurations. The layout and driving strategy of the 32 electrodes configuration is
a2 mode, with the measurement method being SKIP2. The 24 and 20 configurations
predominantly inject current through nearly diameter electrodes at different heights,
with measurement methods as SKIP1+AD and AD, respectively. 16 configuration is
adopted by the fEITER system. (a) and (b) Reconstruction images and figures of merit
(expressed as averages) without noise. (c) and (d) Reconstruction images and GE at
various noise levels. (Images are presented as a 3-D model with RP. AU:
Arbitrary unit.)

vertical resolution, providing potential clinical applications
that can be enough sensitive to conductivity changes in the
visual or somatosensory cortex. Therefore, we recommend
the placement of electrodes in the suboccipital and central
vertex regions for 3-D brain EIT, and the current should be
injected through electrodes of varying heights as much as
possible.

B. MEASUREMENT METHODS
Increasing the spacing between measurement channels will
lead to an increase in the collected boundary voltage, which
is desirable because the brain EIT signal becomes weak

and limited due to the obstruction of the skull [39]. The
exceptionally small potential changes are susceptible to
external interference, rendering the measurement process
more challenging and necessitating strict hardware parameter
requirements. The simulation results reveal that SKIP modes
can optimize signal evaluation metrics, albeit with a minor
reduction in imaging quality, which is deemed acceptable in
practical applications. Nonetheless, a more comprehensive
quantitative comparison is needed to strike a balance between
reconstruction error and signal quality for maximizing the
benefits. This line of investigation falls outside the scope of
the current study and warrants future exploration.

C. NUMBER OF ELECTRODES
The number of electrodes used in brain EIT should be
given emphasis, given that this new imaging technology is
primarily employed in acute brain injury monitoring and
early warning in bedside or ambulance settings, with the
advantage of being more convenient and cost-effective than
CT and MRI scans [40]. Increasing the number of electrodes
can significantly increase the number of independent mea-
surements and obtain more impedance information, but it
also entails higher costs and more time-consuming and labor-
intensive operations. Moreover, in long-term monitoring, the
occurrence rate of electrode detachment and displacement
due to patient movements or fluid secretion is relatively
high, resulting in measurement errors [41], [42]. Meanwhile,
special populations, such as children, have limited surface
area on their heads and cannot accommodate many electrodes
[43]. However, insufficient electrodes can make it difficult to
accurately obtain position or volume information of targets
in the field, thereby reducing imaging accuracy. Therefore, it
is necessary to select a reasonable number of electrodes that
balance all factors. The 20-electrode configuration seems to
be satisfactory, outperforming the 16-electrode configuration
by far [Fig. 7(c) and (d)]. Although there is still a gap
compared to the 32-electrode configuration, we believe that
it already satisfies practical application requirements and
should be tried first. However, if significant artifacts occur
in the reconstruction that impairs the image’s interpretation,
more electrodes can be added.

D. LIMITATIONS AND PROSPECTS
In principle, the ideal research design for electrode con-
figuration is to explore all possible scenarios and then use
numerous simulation objectives and quantitative evaluation
parameters for comparison and optimization. However, it is
apparent that the potential number of arrangements in this
work is vast, and the calculations are extremely complex,
making it impractical. Therefore, we have adopted a specific
approach, which summarizes the issues to be addressed in
the electrode configuration into three categories, with each
subsequent study building on the optimal solution of the
previous one. While a perfect electrode configuration for 3-
D brain EIT cannot be determined, it is encouraging that our
study provides a valuable point of reference. Future methods,
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which are more comprehensive, are likely to yield better
results. Currently, we are considering conducting further
physical model experiments.

V. CONCLUSION
Optimizing the layout and quantity of electrodes, driving pro-
tocols, and measurement modes is of practical significance
for advancing the development of 3-D brain EIT.
Based on the findings of the simulation study in this

article, further consideration of physical model experiments
and human experiments is necessary to enhance our under-
standing of the optimal electrodes configuration, all of
which will be conducted on a high-precision brain EIT
data acquisition system [44]. Another promising avenue for
exploration involves the arrangement of electrodes along
high-conductivity skull suture structures, potentially enhanc-
ing current density within the brain tissue and consequently
improving imaging accuracy [45].
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