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Introduction: Intracerebral hemorrhage (ICH) is a devastating disease with high
rates of mortality and disability. The survival rate and postoperative outcome of
ICH can be greatly improved through prompt diagnosis and treatment. CT andMRI
are now the gold standards for the diagnosis of ICH, but they are not practical for
use in pre-hospital emergencies or at the bedside monitoring.

Methods: Based on the earlier research of ICH detectionwith a single parallel plate
electrode sensor, we developed a 16-electrode Electrical Capacitance
Tomography (ECT) system for two-dimensional tomographic imaging of ICH in
this study. A 5-layer spherical numerical model and an ex vivo porcine physical
model of ICH were created for ECT simulation imaging and actual imaging,
respectively, to assess the feasibility of this ECT for ICH imaging.

Results: The bleeding circles were easily seen in the image reconstruction in
numerical imaging. In ex vivo imaging, the existence of bleeding was also more
clearly shown with the ECT system; however, the position of the bleeding
reconstructed in the image was offset by 3 mm from the real site.

Discussion: The study analyzes the causes of this discrepancy and discusses the
steps that may be taken to rectify it. Overall, the simulation and ex vivo experimental
trials validated the potential of ICH imaging with the ECT method; however, further
work is required to increase the performance of the ECT and a more advanced
imaging reconstruction algorithm is urgently needed for ICH imaging.
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1 Introduction

Spontaneous intracerebral hemorrhage is caused by the rupture of blood vessels in the
brain parenchyma. It is considered the most serious type of acute stroke because of its
emergency, dangerous condition, high morbidity, and mortality. ICH accounts for
2.8 million fatalities annually, with the annual incidence rate of 4.1% [1]. The incidence
rate of hemorrhagic stroke in China was 126.34 per 100,000 person-years [2], as reported in
the 2018 China Stroke Prevention and Treatment Report. The survival rate and
postoperative outcome of ICH may be greatly enhanced with early identification and

OPEN ACCESS

EDITED BY

Guanqiu Qi,
Buffalo State College, United States

REVIEWED BY

Guanghao Zhang,
Institute of Electrical Engineering (CAS),
China
Ruijuan Chen Chen,
Tianjin Polytechnic University, China
Gang Hu,
Buffalo State College, United States

*CORRESPONDENCE

Gui Jin,
tjjingui@126.com

Nan Liu,
natasha0902@sina.com

†These authors have contributed equally
to this work

SPECIALTY SECTION

This article was submitted to Radiation
Detectors and Imaging,
a section of the journal
Frontiers in Physics

RECEIVED 14 February 2023
ACCEPTED 06 March 2023
PUBLISHED 23 March 2023

CITATION

Xu R, Zhuang W, Bai Z, Wang F, Chen M,
Liu N and Jin G (2023), A pilot study on
intracerebral hemorrhage imaging based
on electrical capacitance tomography.
Front. Phys. 11:1165727.
doi: 10.3389/fphy.2023.1165727

COPYRIGHT

© 2023 Xu, Zhuang, Bai, Wang, Chen, Liu
and Jin. 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)
and the copyright owner(s) 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.

Frontiers in Physics frontiersin.org01

TYPE Original Research
PUBLISHED 23 March 2023
DOI 10.3389/fphy.2023.1165727

https://www.frontiersin.org/articles/10.3389/fphy.2023.1165727/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1165727/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1165727/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1165727/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2023.1165727&domain=pdf&date_stamp=2023-03-23
mailto:tjjingui@126.com
mailto:tjjingui@126.com
mailto:natasha0902@sina.com
mailto:natasha0902@sina.com
https://doi.org/10.3389/fphy.2023.1165727
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2023.1165727


treatment [3]. Currently, CT and MRI scans are the most important
methods for detecting ICH; however, a significant amount of time is
lost between transporting the patient to the hospital, performing the
CT examination, and receiving the final result, resulting in a missed
window of opportunity to treat the condition. The second is that an
excessive postoperative bleeding after a hemorrhage often occurs in
clinics [4]. Therefore, a portable, low-cost, and fast technology for
detecting ICH is urgently needed.

Methods such as electrical impedance tomography (EIT) and
magnetic induction tomography (MIT) were developed to detect
ICH by measuring electrical resistivity and conductivity with a
multi-sensor surrounding a head from all directions to reconstruct
the resistivity and conductivity distributions in the brain over the cross
section, as blood has different values for these parameters than the rest
of the brain tissues [5, 6]. EIT and MIT are promising tomography
technologies because of their advantages such as being non-intrusive
and non-invasive. Cerebral stroke imaging with EIT and MIT methods
has been researched more often and has produced some results,
although there are still some issues [7–9]. Due to the relatively high
electrical impedance of the skull, there is a considerable attenuation of
the excitation current in EIT. Second, EIT requires the connection of
electrodes with the scalp, which results in a very large contact
impedance. These problems lead to low sensitivity of EIT to brain
tissue imaging. As for MIT, the induced magnetic field generated in
biological tissues exposed to an excitation field is negligible because of
the poor conductivity of biological tissues (0.1 S/m–2 S/m) [10].
Furthermore, the conductivity of blood is not noticeably different
from those of other brain tissues [11]. Because of these two factors,
MIT has relatively poor sensitivity for visualizing a brain hemorrhage.

Studies of the dielectric properties of brain tissues show that the
permittivity of blood is much higher than that of other tissues. At
1 MHz, the permittivity of blood, gray matter, and cerebrospinal fluid
is 3,000, 990, and 108, respectively [11]. Though the permittivity of all
brain tissues drops with frequency, the permittivity of blood is
uniformly larger. Therefore, in theory, imaging the permittivity
distribution is preferable to imaging the conductivity distribution
of brain tissues for detecting cerebral hemorrhage. We have measured
the change in the permittivity in the process of an ICH with a single-
channel previously. First, we employed a transmitting coil and a
receiving coil, based on the MIT principle, to measure the real part
change in ΔB/B (the induced magnetic field ΔB is relative to the
excitation field B) during ICH in a rabbit’s head, that is, tomeasure the
change in the brain permittivity, as the information of the permittivity
of the measured object is stored in the real part of ΔB/B [12], as
deduced by Griffiths et al [6]. Changes in the real part of ΔB/B were
found to be approximately proportional to the volume of the blood
injected [12]. As the real part ofΔB/B is very small, it is extremely hard
to measure and is constrained by a wide variety of factors. Next, we
used a parallel-plate capacitor to directly measure the capacitance of
the head during hemorrhage, with the resulting changes in
capacitance reflecting the corresponding changes in hemorrhage
volume [13]. The capacitance of the parallel-plate increased with
increasing blood injection volume, as shown in animal experiments
[13]. These two experiments suggest that it is indeed possible to reflect
the amount of hemorrhage by detecting changes in the brain
permittivity. Based on these results, this paper tries to use a multi-
parallel-plate electrode tomeasure the capacitance of the brain in each
projection and attempts to realize two-dimensional tomographic

imaging of cerebral hemorrhage with the capacitance data and a
reconstruction algorithm. This imaging method is known as ECT,
which is based on capacitance measurements from a multi-electrode
sensor surrounding an object (such as a pipeline or a vessel containing
gas, oil, and water in the industry), and has been under development
for more than a decade [14]. ECT has been widely used in multiphase
flow measurements in the oil industry and fluidized bed
measurements in the pharmaceutical industry [15, 16]. Apart from
industrial applications, ECT is used to detect breast cancer and brain
tumors and to image brain activity [17–19]. W.P. Taruno et al. used a
sensor with hemispherical electrode distribution for breast cancer
detection based on the fact that the permittivity of the cancerous
breast cells is higher than that of healthy breast tissue [17]. They
designed an actual phantom in which a paraffin wax (εr = 1) imitates
human breasts and a rubber ball (εr = 80) imitates cancer cells. The
phantom was used for three-dimensional ECT imaging. The results
showed that the malignant cancerous cells were successfully
reconstructed. ECT has also been applied for the detection of
brain tumor where abnormal electrical activity around the tumor
area is detected [18]. Five patients suffering from ependymoma,
oligodendroglioma, craniopharyngioma, germinoma pineal, and
cerebellopontine angle tumors were detected using the three-
dimensional ECT system [19]. The study showed a positive
correlation with MRI and CT results. We measured the change in
capacitance during cerebral hemorrhage in animals using a single
electrode pair and found that the amount of hemorrhage and the
change in capacitance were approximately linearly correlated; this
established a foundation for future studies on 2D ECT imaging of
cerebral hemorrhage. This paper presents the development of a 16-
electrode ECT 2D imaging system. Then, a numerical hemorrhage
model and an isolated porcine brain hemorrhagemodel are developed
to test the performance of the designed ECT system through
simulation imaging and actual measurement imaging and confirm
the feasibility of ECT for ICH imaging.

2 Materials and methods

2.1 Principle of ECT

A typical ECT system comprises three main units: a multi-
electrode sensor, sensing electronics, and a computer for hardware
control and data processing, including image reconstruction. All
electrodes, usually 8 or 12, are mounted around a pipe or vessel, and
the capacitance values between all single electrode combinations are
measured. The sensing electronics are used to switch one electrode
being connected from an excitation signal to a measurement circuit
and convert the capacitance into voltage signals, which are digitized
for data acquisition. The computer controls the system hardware
and implements image reconstruction to show the permittivity
distribution. The ECT procedure involves the forward problem
and the inverse problem [20]. The forward problem is to
calculate or measure the capacitance between all electrode pairs
in the sensor. For a complete measurement process, one of the
electrodes is selected in turn as the excitation electrode and others as
detection electrodes to obtain the capacitance data between all
electrode pairs. With this measurement strategy, the number of
independent capacitance measurements is
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M � K K − 1( )
2

(1)

where K is the number of electrodes. For a 16-electrode sensor,
120 independent capacitance measurements can be measured from
different electrode pairs. Capacitance data are a response to the
presence of permittivity distribution inside the imaging region and is
calculated or measured based on the integration of Poisson’s
equation (20):

C � Q

V
� − 1

V
∫∫

Γ

ε x, y( )∇ϕ x, y( )dΓ (2)

where ε(x, y) is the permittivity distribution in the sensing field, V is
the voltage difference between one electrode pair forming the
capacitance C, ϕ(x, y) is the potential distribution, and Γ is the
electrode surface; ϕ(x, y) also depends on the permittivity
distribution of ε(x, y). Therefore, the capacitance C between one
electrode pair can be considered a function of permittivity
distribution ε; as a result, we get the following equation:

C � ξ ε( ) (3)
Differentiating both sides of Eq. 3, the change in capacitance in

response to a change in permittivity is expressed as follows [21]:

ΔC � dξ

dε
Δε( ) + O Δε( )2 (4)

As the change in permittivity is supposed to be small, Eq. 4 is
often simplified to be a linear system. This relationship can be
represented by

ΔC � sΔε (5)
where S is the sensitivity matrix. Eq 5 has to be discretized to
calculate S and visualize the permittivity distribution. The sensing
area is divided intoN elements or pixels. The discrete form of (5) can
now be expressed as [20]

λ

M × 1
� S

M × N
· g

N × 1
(6)

where λ is the capacitance vector, g is the permittivity vector, that is,
the gray level of pixels, and S is the linearized sensitivity matrix, giving
a sensitivity map for each electrode pair. M indicates the number of
independent capacitance measurements in Eq. 1. The sensitivity map
S is generally computed by finite element simulation. The inverse
problem of ECT is to deduce the permittivity distribution from the
measured capacitance vector C (Eq. 2). In the discrete form, it is to
calculate the unknown g from the known λ using Eq. 6, while S is
treated as a constant precalculated matrix [20]. The solving of the
inverse problem is also the task of image reconstruction. Because the
number of pixels N is usually much larger than the number of
capacitance measurements M, Eq. 6 is underdetermined, and the
solution is not unique, so the reconstruction algorithms are required
to try to find the approximate solution to Eq. 6. In general, the
reconstruction algorithms for ECT can be categorized into two
groups: non-iterative algorithms and iterative algorithms. Linear
back-projection (LBP) is a typical non-iterative algorithm.
Common iterative algorithms include iterative Tikhonov
regularization, Landweber iteration, conjugate gradient method,
and Newton–Raphson method [22].

2.2 ECT sensor and measurement system

Our 16-electrode ECT system (Figure 1A) comprises five main
units: an ECT sensor (1), control electronics (2) and (3), an
impedance analyzer (4), and a computer (5). As shown in
Figure 1B, the ECT sensor consists of 16 square electrodes which
are uniformly spaced on a circular base with a diameter of 60 mm.
One single electrode shown in Figure 1C is made of a square thin
copper film (50 mm * 12 mm) printed on a PCB which includes a
solder pad in the middle for soldering electrode leads. The imaging
area (Figure 1D) is a circle with a diameter of 60mm, centered on the
electrode circle and evenly subdivided into 812-pixel points. The
ECT sensor can provide 16*15/2 = 120 independent capacitance
measurements for the inverse calculation of the permittivity for the
812-pixel points. We employed an impedance analyzer (4294A,
Agilent Technologies) to measure the capacitance of the electrode
pairs. When compared to a conventional capacitance measurement
circuit, an impedance analyzer offers many advantages for
capacitance measurement, including high measurement accuracy,
a shorter development cycle, and the ability to vary themeasurement
frequency at will (thanks to the analyzer’s broad measurement
range, which spans 40 Hz–110 MHz). The main drawback of this
method is that it takes a long time to measure one capacitance when
high precision is needed. One single measurement time of roughly
0.15 s may be achieved when the 4294A impedance analyzer is set to
its greatest measurement precision setting (fifth gear). We
consecutively measured the capacitance of each electrode pair for
three times and then calculated the average values, so the
measurement time of all the electrode pairs was 0.15*3*120 =
54 s. By adding the delay time of electrode switching, the time of
one measurement period was about 1 min. This imaging speed is not
applicable to industrial multi-phase flow measurement but is
acceptable for brain hemorrhage imaging, since the hemorrhage
in the brain is not expected to quickly alter. The computer (5 in
Figure 1A) sends orders to the impedance analyzer through the
USB-GPIB interface to trigger capacitance measurements and data
collection. The control electronics consist of two parts: relay
circuitry and electrode control circuitry (2 and 3 in Figure 1A).
Figure 2 depicts the diagram of the electrical connection of the main
hardware circuit. The three dashed boxes, 1, 2, and 3 shown in
Figure 2, indicate the electrical connections of the three parts, 1, 2,
and 3 shown in Figure 1A, respectively. Sixteen electrodes are
represented by the dashed boxes from E1 to E16 in 1. Each
electrode is wired to the input terminal of two relays connected
in series, as shown in the relay connection diagram in Figure 2. As an
example, E1 may be linked to any of the three nodes (H, L, or GND)
through any of the combinations of logic levels on k1-1 and k1-2
(control terminals of the relay). Omron’s electromagnetic G5V-1
relays are employed in this setup. The H and L nodes are connected
to the excitation signal output and measurement signal input in the
impedance analyzer, respectively. Choosing any one electrode as the
excitation electrode or as the measurement electrode and putting the
other 14 electrodes to the ground is sufficient to manipulate the
control signals of all relays. The H and L nodes are wired to the two
ends of the two-port fixture (16047E, Agilent Technologies), as
illustrated in Figure 1A. The ground of the control electronics is also
wired to the ground of the impedance analyzer. The connection of
electrode-controlled circuitry, shown by the dashed box 3 tbox3 in

Frontiers in Physics frontiersin.org03

Xu et al. 10.3389/fphy.2023.1165727

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1165727


Figure 2, mainly consists of a microcontroller (STM32F103C8T6)
and a programmable logic chip (CPLD). A decoding circuit in CPLD
is used to decode the control signals from MCU and produce the
corresponding control signals of all relays to select the excitation
electrode and the measurement electrode. The MCU communicates
with the PC via a serial interface, receives excitation and
measurement electrode numbers from the PC periodically, and

outputs corresponding control signals to CPLD, which in turn
decodes and produces control signals of all relays to connect the
corresponding electrodes to H and L nodes. A program for data
collection and control was designed based on the LabVIEW
platform in PC. The program first sends the excitation electrode
and measurement electrode numbers to the MCU, then triggers the
impedance analyzer to measure capacitance of the selected electrode

FIGURE 1
Photographs of the ECTmeasurement system and sensor. (A)Measurement system, (B) ECT sensor, (C) electrode, and (D) pixel points of the imaging
area.

FIGURE 2
Schematic diagram of the electrical connection of the measuring system. The dashed box 1: 16 electrodes. The dashed box 2: The electrical
connection of relay circuitry. The dashed box 3: The electrical connection of control circuitry.
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pair, and finally reads the capacitance data from the impedance
analyzer. When a measurement cycle is completed, the program
creates a data file in the Excel format to save the capacitance data of
all electrode pairs. An algorithm inMATLAB calls the measurement
data and the sensitivity matrix data to reconstruct an image.

The use of electromagnetic relays for electrode switching instead
of analog switches is the primary difference between this ECT
measuring system and the standard ECT system. The reason for
this is that it has been found experimentally that the off-capacitance
of the analog switches is very large (several pF–tens of pF) [23], and
for a 16-electrode ECT, at least 16 analog switches are required, and
the total analog switching circuit forms a stray capacitance of
hundreds of pF. When disconnected from the circuit, one
opposite electrode pair of the ECT sensor has a capacitance of
approximately 0.3 pF; however, when connected to the analog
switching circuit, this value would boost to hundreds of pF. The
high stray capacitance greatly reduces the measuring accuracy and
resolution of the capacitance induced by the object under test. When
an electromagnetic relay is in an off condition, the terminals are
disconnected physically, leading to a tiny off-capacitance. The
capacitance of 120 electrode pairs in this ECT system was
measured to be between 8.936 pF and 11.328 pF when the
imaging area is empty. When the impedance analyzer was set to
its greatest accuracy, the ECT system could achieve a precision of
0.0006 pF. The frequency sweep measurement test reveals that the
ECT system has minimal measurement noise between 1 MHz and
10 MHz. The lower the frequency, the greater the noise, and the
higher the frequency, the smaller the noise, but if the frequency is too
high, the more the ECT system is affected by external interference,
considering that the measurement frequency is chosen to be 3 MHz.

2.3 Image reconstruction algorithm

In this paper, we used the traditional conjugate gradient (CG)
method for solving the linear inverse problem. The CG method has
a fast convergence rate but is only applicable to a linear system of
equations with a symmetric positive definite (SPD) coefficient matrix
[24]. However, the sensitivity matrix S for the ECT problem is always
non-symmetric and ill-conditioned. To obtain a stable solution, it is first
necessary to regularize the sensitivity matrix S. Consideringε(x,y) and
S′ � (STS + μI), then Eq. 6 can be expressed as [25]

S′ · g � λ′ (7)
The solution is then solved according to the idea of the CG

method.

3 Experimental arrangements

3.1 Simulation arrangement

To check the imaging performance of the ECT sensor and to
calculate the sensitivity matrix S (provided for the actual imaging later),
simulations were first performed. The simulation was carried out using
COMSOLMultiphysics and MATLAB on a PC equipped with an Intel
Core i7 processor of 3.40 GHz. First, the same sensormodel is created in
COMSOL according to the size of the actual ECT sensor in Figure 1.

The imaging area is set as a circle with a diameter of 60 mm (as shown
in Figure 1D). For the inverse problem, the imaging area is divided into
32 × 32 grids, with the outer part of the circle removed, which results in
812 pixels inside the imaging area. The sensitivity of each of the
812 pixels is then calculated for each electrode pair. The sensitivity
was calculated with the imaging zone under the air domain. The
sensitivity of electrode pairs i–j at pixel point P (x, y) is shown in
Eq. 8, with (Exi, Eyi) being the x-directional electric field component and
the y-directional electric field component at pixel point P when
electrode i is used as the excitation electrode and (Exj, Eyj) are the
x-directional electric field component and the y-directional electric field
component at pixel Pwhen electrode j is used as the excitation electrode.
Each electrode is set in turn as the excitation electrode, andEx and Ey are
calculated for all 812 pixel points. Finally, the sensitivity matrix for all
electrode pairs is calculated according to Eq. 8.

Sij x, y( ) � −Exi × Exj + Eyi × Eyj (8)

This air domain sensitivity matrix is used for both simulation
imaging and later actual imaging. Three simple permittivity
distribution models (Figures 3A–C) and two ICH models
(I1–I2 in Figure 3) are used for numerical simulation. As for
simple models, the background material is air, and the relative
permittivity of test objects is 4. The diameter of all the small circles in
all simple models is 6 mm. The ICH model is based on the actual
brain structure but is simplified by dividing it into five layers from
the outside to the inside, simulating skull (rose red), cerebrospinal
fluid (brown), gray matter (green), white matter (dark blue), and
blood (wine red). The relative permittivity of each part in the ICH
model is calibrated to the measured values of human brain tissue
from the literature (Table 1). The small red circle in the ICHmodel is
used to represent hemorrhage. The coordinate of the center of the
imaging area in I1 or I2 is (0 mm, 0 mm). The small red circle in
I1 and I2 represents hemorrhaging in the left hemisphere and right
hemisphere, respectively. The diameters of the two small red circles
are all 10 mm, and the central coordinates are (−9 mm and 7 mm)
and (9mm and 7 mm), respectively. To image brain hemorrhage, we
first subtract the calculated capacitance data of I1 or I2 from the
reference data, which are the calculated data with no bleeding
present (with the red circles removed and the remainder retained).

To assess the quality of image reconstruction, the relative image
error and the correlation coefficient between the true model and
reconstructed images are used as criteria. The definition of the
relative image error and correlation coefficient is shown in Eqs 9,
10, respectively [21]. The lower the image error and the higher the
correlation coefficientmean, the better the image reconstruction results.

Image error � ĝ − g
���� ����

g
���� ���� × 100% (9)

where

Correlation coefficient �
∑P
i�1

gi − �g( )(ĝi − ĝ)�������������������∑P
i�1

gi − �g( )2∑P
i�1

ĝi − ĝ( )2√ (10)

is the normalized pixel value reconstructed and g is the normalized
permittivity vector of a true distribution in the model. ĝ and ĝ are
the mean values.
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3.2 Actual physical model imaging
experiments

As can be seen in Figure 4, the physical model imaging is divided
into three parts:Ⅰ, Ⅱ, andⅢ. Three models of A1, A2, and A3 in Part Ⅰ
are used to image blood at different locations. In models A1 and A2,
a plastic tube containing anticoagulant fresh sheep blood (inner

diameter 5 mm) is put in the center and 1/2 radius of the imaging
region. In A3, two identical blood-filled plastic tubes are positioned
at a 1/2 radius apart horizontally. B1, B2, and B3 are three models in
Part Ⅱ, in which different solutions are placed in a big cylinder
(56 mm inner diameter) and a miniature tube (with a diameter of
10 mm) which is fixed to the position at 1/2 radius of the big
cylinder. For B1, water is placed in the large cylinder, while vegetable

FIGURE 3
Simulation model and imaging results. The first three rows show the simple simulationmodels (A–C) followed by the corresponding imaging results
and the number of iterations; the last three rows show the two ICH models (I1, I2), the corresponding imaging results, and the number of iterations,
respectively

TABLE 1 Relative permittivity of each part in the ICH model (frequency 1 MHz) [11].

Color Rose red Brown Green Dark blue Wine red

Typical tissues Skull Cerebrospinal fluid (CSF) Gray matter White matter Blood

Relative permittivity 150 108 991 700 3000
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oil is placed in B2 and B3, and blood is placed inside the small tube
for all the three models. First, the big cylinders and small tubes are
measured once when empty; the resultant capacitance is used as a
reference; next, the cylinders and the small tubes are filled with the

appropriate solutions and measured once again; the resulting
capacitance is subtracted from the reference capacitance to create
an image. Thus, for the B1–B3 model imaging, blood is wrapped in
water or vegetable oil. This kind of imaging is a static imaging used

FIGURE 4
Physical experimental models and imaging results.
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mostly to test ECT’s capacity to image targets against complicated
backgrounds. Models in Part Ⅲ are C1 –C3. In these models, a tiny
tube (inner diameter 8 mm, designated by 1, 2, and 3 in sequence) is
positioned within a larger cylinder (inner diameter 56 mm) at 1/
2 radius horizontally and vertically. The big cylinder’s is empty
inside, devoid of any kind of solution. For C1, all three small tubes
are filled with water; for C2, three small tubes 1, 2, and 3 are filled
with vegetable oil, alcohol, and blood, respectively; for C3, three
small tubes 1, 2, and 3 are filled with alcohol, water, and blood,
respectively. With three small tubes filled with air, the subsequent
measurement data are utilized as reference data. Part Ⅲ is designed
to test the ECT’s capacity to image targets with different relative
permittivity. The relative permittivity for all of the solutions
employed in physical experiments is listed in Table 2, with blood
showing the highest value, followed by water, 75% alcohol, and
vegetable oil. Note that the blood used in this work has been diluted
with the anticoagulant sodium heparin and that early studies
showed that the permittivity of this kind of blood is substantially
less than 700 listed in Table 2 but greater than that of water.

For imaging of Part Ⅱ andⅢ, to quantitatively compare the pixel
value levels of the reconstructed image of objects under test, an
average pixel value parameter AVP is defined as follows:

AVP � ∑P
i�1ĝi

P
(11)

For each reconstructed model image, the circular contour of
each part image of the object under test was first manually circled,
and then theAVPwithin that contour was calculated as shown in Eq.
11, with ĝ representing the value of each pixel within the contour
and P representing the number of pixels within the contour. For
B1–B3, the circular contour where the small tube is located is
manually circled on each reconstructed image (the diameter
being the same for B1–B3), and the AVPs of both the small tube
and the remaining part (within the large cylinder) are calculated
separately, expressed as AVPC and AVPR, respectively, and the ratio
of AVPC: AVPR is calculated. For C1–C3, the circular contour (with
the same diameter), where the three small tubes are located on each
reconstructed image, is circled, the AVP of the three small tubes 1, 2,
and 3, denoted byAVP1,AVP2, and AVP3, respectively, is calculated,
and the ratio of AVP1: AVP2: AVP3 is calculated.

3.3 Isolated porcine brain hemorrhage
imaging experiment

To test the feasibility of ECT for imaging actual ICH, we
performed ex vivo imaging experiments before conducting animal
experiments. The market-bought pig brain in vitro, a 3D-printed big
cylinder (56 mm inner diameter) (with a tiny tube of 11 mm inner
diameter printed at its inner 1/2 radius), and a syringe with 10 mL of
sheep blood diluted with sodium heparin were prepared, as depicted
in Figure 5. The pig brain slices were carefully placed into the larger

cylinder, equally piled around the small tube, and firmly yet gently
squeezed until their height matched that of the electrode. First, the
big cylinder containing the pig brain slices was placed in the ECT
sensor co-axially and measured once when the small tube is empty,
and the resultant capacitance was utilized as the reference data.
Then, the blood in the syringe was slowly injected into the small
tube. The new capacitance measurement was taken after the small
tube was filled. The imaging data are the difference between the
reference capacitance and the data with blood injected. The big
cylinder was rotated such that the small tube is located at the left of
and below the imaging area, and the imaging test for the
aforementioned process was carried out at the two positions (as
shown in Figure 5), respectively.

4 Results and discussion

4.1 ECT measurement noise

The measured capacitance data for the 120 individual electrode
pairs with an empty sensor field are shown in Figure 6, with a
capacitance distribution ranging from 8.936 to 11.328 pF. This
empty field capacitance is very small compared to that of the other
ECT system and is entirely due to the use of electromagnetic relays.
Figure 7 shows the measured capacitance of an adjacent electrode pair
over 2min, with 2 min being exactly the imaging time of one frame. The
standard deviation was calculated to be 0.000127 pF.

4.2 Simulation imaging results

Figure 3 displays the simulated imaging results. For simple models
A and B, even though all small red circles in the model are set to the
same relative permittivity, the pixel value level of the small red circle in
the center is substantially lower than that of the small circles positioned
at 1/2 radius; thus, the image of the small circle in the center looks a bit
hazy. The reason is that the center of the imaging zone for ECT has the
lowest sensitivity due to the soft field properties of ECT. Althoughmany
advanced reconstruction algorithms in other papers have been found to
mitigate this effect successfully, the conjugate gradient approach utilized
in this study does not appear to be one of them. The imaging result of
simplemodel C outperformsA and B. Since the radial distance from the
center of each of the three smaller circles to the center of the imaging
zone is the same (1/2 of the larger circle’s radius), the pixel values for
each of the smaller circles are roughly the same. The number of
iterations in the reconstruction of models A, B, and C are 500, 500,
and 50, respectively. For the images ofmodels A and B, the white spot of
noise is considerably more pronounced than in the image of model C
since the sensitivity of the center is the lowest, and a very high number
of iterations are required to show the small circle in the middle. With
model C, a decent reconstructed image can be obtained only after
50 iterations. Table 3 displays the image error (%) and the correlation

TABLE 2 Relative permittivity of the four solutions (frequency 3 MHz).

Solution Blood Water Alcohol (75%) Vegetable oil

Relative permittivity 700 (without anticoagulant) 80 40 2–4
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coefficient of all models’ imaging; the image error (%) of model AB is
higher than that of model C, and the correlation coefficient is lower for
model AB. The imaging of ICH models I1 and I2 is clear, and the
location and size of the hemorrhage aremore accurately reflected due to
the use of time-difference imaging in large part, in which data calculated
with the hemorrhage circle existed is subtracted from data calculated
with the hemorrhage circle removed. Second, the diameter of the small
red circle in the ICH model is larger than that in the simple model. On
the other hand, it shows that ECT can image targets behind multiple
layers of material.

4.3 Physical experimental imaging results

Figure 4 displays the imaging outcomes of the physical experiments.
Models A1–A3 in Part Ⅰ exhibit excellent results. The location of the
blood in the image is spotted with its location in themodel. Nonetheless,
the unequal distribution of sensitivity in the imaging area contributes to
a much smaller diameter of the blood image in A1 compared to A2 and
A3. The imaging of the same object placed in the center has the lowest
sensitivity; thus, its image appears smaller than that of the same object
placed in other positions. In most cases, ECT can image blood.

FIGURE 5
Isolated porcine brain hemorrhage models and imaging results.

FIGURE 6
Capacitance measurements of 120 independent electrode pairs under an empty field.
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The imaging results of models B1–B3 in Part Ⅱ is significantly poor.
The results of B2 and B3 can still reflect the position and size of blood,
but the backdrop appears as huge plaques, mainly because blood is
surrounded by other high permittivity backgrounds (not air); thus, it
belongs to static imaging rather than differential imaging. The
B1 imaging results do not show the presence of the blood portion at
all. This is mainly because blood is surrounded by water, and the
permittivity of this blood dilutedwith sodium heparin is notmuch larger
than that of water, as already described. The diameter of tubular blood is
only 10 mm, which is only 1/6 of the diameter of water, so the change in
capacitance caused by the blood part is very small and submerged in the
capacitance change caused by water. Thus, it is difficult to show the
presence of blood in the reconstructed image. Images of B2 and B3 show
the presence of the blood component, and their location and size are very
close to the real model. In addition, part of the reason is that the
background of blood wrapped in B2 and B3 is replaced by vegetable oil,
and the relative permittivity of vegetable oil is less than 4 (Table 2), which
is much smaller than that of blood. For this reason, the imaging can
emphasize the existence of the blood portion even though the diameter
of tubular blood is much smaller than that of vegetable oil due to the
substantial difference in relative permittivity. However, for imaging of
models B2 and B3, a large area of plaque appeared in the background
outside of the blood image, with areas of lowpixel values appearing in the
middle near the blood and areas of higher pixel values appearing near the
electrode. On the one hand, this is still caused by uneven sensitivity of the
imaging area, and on the other hand, it is because the soft field
characteristic of ECT will cause the sensitivity distribution of the
imaging area to change with the distribution of materials with
multiple different permittivities. Table 4 gives the ratio of the average
pixel values of the blood area and the remaining background in B2 and
B3 images, which is expressed asAVPC:AVPR. The ratio of B2 and B3 is
closer because in B2 andB3 only the position of blood is different and the
rest of the conditions are identical. The average value of B2 and B3 is

51.93:1, which also indirectly reflects that the permittivity of blood is
much higher than that of vegetable oil; however, it will not be equal to the
actual permittivity ratio of blood to vegetable oil because the imaging will
be affected by the volume and position of the objects besides permittivity.
The average pixel value ratio in the image of B1was not determined since
blood could not be imaged. This experiment demonstrates that it is
exceedingly difficult to conduct static imaging on an object with complex
backgrounds with minor changes in permittivity, a recurring bottleneck
in the field of electrical tomography.

The imaging findings of C1–C3 in Part Ⅲ reveal the presence of
three tubes of solution more clearly, although there are numerous high-
pixel-value patches near the electrodes, which is primarily caused by the
noise being increased as a result of the high number of iterations in
image reconstruction. For C1, the three tubes are all filled with water
and positioned at the same distance from the center, so the images of the
three tubes with solution should theoretically be identical. The image of
C1 shows that the three tubes’ pixel values are roughly comparable. The
average pixel value ratio of the three tubes is given in Table 5 as AVP1:
AVP2: AVP3 = 1:0.91:1.24, which are close to each other, and the subtle
differences may be caused by differences in the placement of the large
cylinders. Due to the manual placement of the big cylinder, the center
axis of the large cylinder does not exactly coincide with the center axis of
the imaging area; therefore, there is a distance discrepancy between the
centers of the three tubes and the center of the imaging area. The
imaging of C2 reveals three circular regions ranging in color intensity
from light to dark from left to right. The solutions in 1, 2, and 3 tubes in
C2 are vegetable oil, alcohol, and blood in the order of increasing
permittivity, which correlates to the color depths of the three tubes’
imaging areas. In Table 5, the ratio of the average pixel values for the
three tubes of solutions of C2 is 1:21.82:158.67. Even though the ratio of
the average pixel values of the three tubes does notmatch the ratio of the
permittivity values of the three solutions as shown in Table 2, the size
pattern is consistent. The discrepancies between the color depths of the

FIGURE 7
Measurement data of one adjacent electrode pair within 2 min.

TABLE 3 Image error (%) and correlation coefficient for simulation results.

A B C I1 I2

Image error (%) 21.34 25.65 5.62 9.38 9.41

Correlation coefficient 0.8863 0.8244 0.9628 0.9217 0.9135

TABLE 4 Average pixel value ratio of blood to the background for imaging
results in Part Ⅱ.

Phantom B1 B2 B3

AVPC: AVPR 53.27:1 50.59:1
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three tube locations in the image of C3 are minute. Table 5 provides the
average pixel value ratio of 1:1.18:1.45 for the three tube regions in
C3 imaging, which grows steadily although the difference is similarly
minimal. Also, 1, 2, and 3 tubes in C3 are filled with alcohol, water, and
blood solutions, respectively. The relative permittivity of alcohol and
water is 40 and 80, respectively, and that of blood is somewhat more
than that of water. The ratio of permittivity of the three solutions climbs
progressively from tiny to large, mirroring the ratio of the three tubes’
average pixel values. Nevertheless, the average pixel value ratio of the
three tubes in C3 is significantly lower than that in C2, as evidenced by
the images’ color tones. Because vegetable oil has a permittivity of 2–4,
the contrast between the permittivity of vegetable oil, alcohol, and blood
in C2 is larger than that of alcohol, water, and blood in C3. The three-
part physical experiment demonstrates that our developed ECT system
is capable of imaging blood, with the pixel values reflecting the varied
permittivity distributions.

4.4 Experimental results of brain
hemorrhage imaging on isolated pigs

Figure 5 depicts the results of isolated porcine brain hemorrhage
imaging tests. The red dashed circles in Figure 5 depict the real blood
position. Although the imaging results can approximate the presence of
blood, they deviate from the actual blood position. No matter whether
blood was at 1/2 of the radius at the left or below in the actual situation,
the imaging results deviated by about 3 mm from the center of the
imaging area. In addition to the blood image area, there are other small
regions with high pixel values in the images, notably around the
electrodes. The most probable explanation for this is that the
permittivity of blood is slightly larger than that of the isolated
porcine brain and hence does not crush it. This effect is primarily
attributable to the frozen porcine brain that was thawed and then doped
with melt water, resulting in the porcine brain’s permittivity being
drastically lowered. Thus, the actual difference of permittivity between
pig brain and blood is minimal. Second, the pig brain belongs to the
non-uniform dielectric distribution, which contains gray matter, white
matter, cerebrospinal fluid, and a small amount of residual blood, so it is
in homogeneousmedium, thus leading to a large difference between the
sensitivity distribution of the imaging area full of pig brain and full of
air, and the sensitivity matrices used for imaging in this paper are all
calculated when the imaging zone is full of air, leading to poor imaging
of blood, which may also be the reason why the imaging results deviate
from the actual location. Nevertheless, the imaging results reveal the
presence of blood more distinctly. Since the permittivity of the plastic
cylinder material is very small and the permittivity of the actual skull is
smaller than that of other brain tissues, the large cylinder wall can be
regarded as the skull, so that the ex vivo experimental model can be
approximately equivalent to the structure of an actual human head;
thus, this ex vivo pig brain hemorrhage imaging experiment
demonstrates the feasibility of the technique.

5 Conclusion

Extremely high morbidity and mortality rates are associated
with ICH, and early detection and treatment are the keys to
reducing mortality and enhancing postoperative results. In
addition, currently, there is no portable and diminutive brain
hemorrhage detection gadget. In this study, we constructed a 16-
electrode ECT system based on an impedance analyzer and
proved its viability for imaging brain hemorrhage by means of
numerical simulation and physical measurements. In the
simulation tests, a five-layer spherical brain hemorrhage
model was created, and the imaging results precisely depicted
the location and size of the hemorrhage. In physical studies, an
isolated pig brain hemorrhage model was created and measured
by the developed ECT system for differential imaging; the
imaging findings similarly demonstrated the existence of brain
hemorrhage, although the location of the hemorrhage in the
image was somewhat altered relative to the actual position. In
conclusion, the results of the simulation and the ex vivo imaging
experiments confirmed the feasibility of ECT for brain
hemorrhage imaging; however, the accuracy and resolution of
the imaging were not high enough to be used for actual brain
hemorrhage imaging. Therefore, improvements are required. The
subsequent stage is to initially enhance the ECT system’s
performance. Second, a more advanced imaging algorithm
should be developed to address the issue of imaging bias in ex
vivo research. Additionally, ICH imaging tests in vivo should be
conducted to examine the efficacy of ECT in actual hemorrhage
imaging.
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TABLE 5 Average pixel value ratio of the three tube solutions for imaging
results in Part Ⅲ.

Phantom C1 C2 C3

AVP1: AVP2: AVP3 1:0.91:1.24 1:21.82:158.67 1:1.18:1.45
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