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Abstract—Electrical impedance tomography (EIT) is 

considered as a potential candidate for brain stroke imaging due 

to its compactness and potential use in bedside and in emergency 

settings. The electrode-skin contact impedance and low 

conductivity of skull pose some major practical challenges in EIT 

head imaging. This work studies the use of capacitively coupled 

electrical impedance tomography (CCEIT), a new contactless EIT 

technique for brain imaging. CCEIT uses voltage excitation 

without direct contact with the skin, as oppose to direct current 

injection in EIT. Because the safety issue of a new technique should 

be strictly treated, simulation work based on a simplified head 

model was carried out to investigate the safety aspects of CCEIT. 

By comparing with standard EIT excited by a typical safe current 

level used in brain imaging, the safe excitation reference of CCEIT 

is obtained. This is done by comparing the maximum level of 

internal electrical fields of EIT and CCEIT and hence internal 

current density. Simulation results provide useful knowledge 

concerning the level of excitation signal in CCEIT and also a 

critical comparison with traditional EIT. Experiments were 

carried out with a twelve-electrode CCEIT phantom to study its 

performance for stroke imaging. Experimental results show the 

feasibility and potential of CCEIT on stroke imaging with an 

anomaly diameter resolution of 10 mm, which is 1/18 of the 

phantom diameter showing small volume stroke could be detected. 

This is achieved by an excitation voltage of 1V, much lower than 

safe level of excitation, with possibility of even better performance 

when higher level of excitation voltages is used. 

 
Index Terms—Capacitively coupled electrical impedance 

tomography (CCEIT), stroke imaging, safety issue, multi-

frequency time-difference imaging  

 

I. INTRODUCTION 

TROCK carries a high morbidity rate and is now the second 

leading cause of death worldwide after heart disease [1-3]. 

Because the type, position and size information of the stroke 

plays a vital role for appropriate treatment, accurate diagnosis 

is of significant importance [2-8]. For hemorrhagic stroke, it 

requires urgent treatment with a consequent need for quick and 

accurate diagnosis [9-10]. When a stroke is occurred, 

treatments should be given to the patients within the first few 

hours after the bleeding position is located and the size 

information of bleeding area can provide important reference 

for doctors during treatment. In current clinical diagnosis of 
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stroke, computed tomography (CT) and magnetic resonance 

imaging (MRI) are two main methods to provide accurate 

results [11-12]. However, the devices of CT and MRI are 

expensive and in large volume, so it is impossible to arrange 

urgent CT or MRI scanning in patients’ home, ambulance or 

primary health care units. Thus there is a clear clinical need for 

new portable devices which can rapidly provide accurate 

imaging results without waiting for hospital admission of a 

CT/MRI scanning. 

Electrical impedance tomography (EIT) has been widely 

studied and applied in medical applications since proposed in 

1980s. Due to various advantages such as safe, fast, cheap and 

portable, it is now a very promising non-invasive technique in 

stroke imaging [2-10]. One of the most important challenges of 

medical EIT is the electrode-skin contact impedance, which is 

usually high and quite variable due to body surface condition 

and body movement. Besides, research results show that this 

contact impedance is sensitive to properties of the contact layer 

[13]. So, the contact impedance is a crucial accuracy-limiting 

factor. In the past decades, many research works have been 

undertaken to overcome the contact impedance [4, 14-16]. 

However, most of them focus on modeling, calculating and 

reducing the contact impedance, not completely eliminating it. 

In 2013, a new kind of EIT technique termed capacitively 

coupled electrical resistance tomography (CCERT) was 

proposed for industrial application to implement contactless 

conductivity imaging [17-18]. Based on the capacitively 

coupled contactless conductivity detection (C4D) technique, 

this capacitively coupled EIT technique (CCEIT) doesn’t 

require electrodes to contact directly with the conductive 

medium, so it can overcome many negative sides of contact 

measurement. 

Current CCEIT-related research works mainly focus on 

industrial applications (parameter measurement of multi-phase 

flow), the work in [19] is the first attempt to introduce CCEIT 

to biomedical and biomaterial applications and it shows the 

potential of this technique in general biomedical application. 

The safety issue and resolution aspects of CCEIT for further 

medical study have not been studied. Besides, specified medical 

applications of this technique, like head imaging and lung 

imaging, still need more targeted research.  

This work for the first time considers the safety issue of 
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CCEIT and studies its resolution specifically on stroke imaging. 

With a simplified head model, simulation work was carried out 

to investigate the electrical field distribution of CCEIT inside 

the sensing area. Meanwhile, the safety issue of CCEIT is 

discussed in terms of the maximum current density when 

compared with traditional EIT. Experiments were carried out to 

obtain resistance measurements over a wide frequency range. 

Multi-frequency time-difference imaging was implemented by 

Gaussian-Newton based Tikhonov regularization algorithm. 

Imaging results show the resolution of this contactless 

technique for stroke imaging. The basic measurement principle 

is described in Section II. Methods of forward modeling and 

image reconstruction are introduced in Section III. Excitation 

voltage of CCEIT within safe level, including the influence of 

frequency and thickness of the insulation layer of CCEIT, is 

presented in Section IV. Experimental setup and experimental 

results are respectively shown in Section V and Section VI. 

II. MEASUREMENT PRINCIPLE 

Fig. 1 shows the measurement principle of a twelve-electrode 

CCEIT phantom for head imaging. In this work, an 

anatomically accurate but simplified head model is adopted [9], 

which includes the outer layer and the brain layer for healthy 

head and an additional stroke layer for stroke patients. Fig. 1(a) 

shows the construction of the CCEIT sensing region, which 

mainly includes four layers, the insulation layer, the outer layer, 

the brain layer and the stroke layer. The twelve electrodes are 

mounted equidistantly outside the insulation layer. For any two 

electrodes, the electrodes, the insulation layer and the 

conductive layers form two coupling capacitances (C1 and C2). 

The three conductive layers of the head can be equivalent to 

impedance Zx. So, the equivalent circuit of any electrode pair 

can be simplified as two coupling capacitances in series with 

the impedance Zx, as shown in Fig. 1(b). It is obvious that the 

insulation layer makes the contactless measurement possible. 

IoElectrodes

Vi

Insulation layer

Brain layer

Stroke layer

Outer layer

 
(a) 

Vi Io

ZxC1 C2

 
(b) 

Fig. 1.  Measurement principle of CCEIT for brain imaging. (a) Construction 
of the sensing area. (b) Equivalent circuit of an electrode pair. 

 

The whole impedance Z of an electrode pair is 

1 1

2
x x

c c

Z Z Z j
j C fC 

     (1) 

where, ω and f are respectively the angular frequency and 

frequency of the excitation signal. Cc is the whole equivalent 

capacitance of the two coupling capacitances C1 and C2.  

When an AC voltage source Vi is applied to the excitation 

electrode, a current Io which reflects the impedance of the 

sensing area between the measurement electrode pair can be 

obtained on the detection electrode. In this work, the resistance 

component of the impedance is used for conductivity imaging. 

During measurement, other electrodes are kept at floating 

potential. For a twelve-electrode setup, 66 independent 

measurements can be obtained in a whole measurement cycle. 

First, electrode 1 and 2 are selected as the measurement 

electrode pair. Then, electrode 1 is still the excitation electrode 

and the detection electrode is changed to electrode 3~12 one by 

one. Next, changing the excitation electrode to electrode 2 and 

the detection electrode to electrode 3~12 by turn. Go on until 

electrode 11 and 12 are selected as the measurement pair. 

III. FORWARD MODELING AND IMAGE RECONSTRUCTION 

There are basically two essential problems to be solved in EIT, 

one is the forward problem and the other is the inverse problem 

[20-21]. Forward problem is to obtain the boundary 

measurements with known conductivity distribution inside the 

sensing area. While inverse problem is reconstructing the 

internal conductivity distribution based on known boundary 

measurements and a pre-calculated sensitivity matrix. This 

section describes the used methods of forward modeling, 

sensitivity matrix calculation and image reconstruction of 

CCEIT. 

A. Forward modeling 

As shown in Fig. 2, there are three subdomains for the healthy 

CCEIT head model, including the insulation layer (conductivity 

σI = 0 S/m, outer diameter (OD) = 184 mm), the outer layer (σO 

= 0.06 S/m, OD = 180 mm) with low conductivity which 

represents the low-conductive layers of human head (i.e. the 

scalp and skull) and the brain layer (σB = 0.15 S/m, OD = 170 

mm) which represents the higher conductive brain layer inside 

the human head. The relative permittivity of the insulation layer 

is set to 3 and those of the other layers are set to 80. 

 
Fig. 2.  Subdomain setup with simplified healthy CCEIT head model. 

 

For general excitation frequency, the wavelength of the 

excitation signal is much larger than the size of the sensing area. 

So, the sensing area of CCEIT can be regarded as a quasi-static 

electric field. Besides, the fringe effect caused by the finite 
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electrode length is neglected to simplify the model. Therefore, 

the model of the CCEIT sensing area can be described by the 

following equation [18, 22] 

(( ( , ) ( , )) ( , )) 0 ( , )x y j x y x y x y        (2) 

where, σ(x, y), ε(x, y) and φ(x, y) are the spatial conductivity, 

permittivity and potential distributions. ω=2πf is the angular 

frequency of the excitation AC voltage source. f is the 

frequency of the AC voltage source. Ω is the sensing area. The 

boundary conditions of the model in (2) are 

( , ) ( , )

( , ) 0 ( , )

( , ) / 0 ( , ) , ( , )

a a

b b

c c

x y V x y

x y x y

x y n x y c a b







   


  

     

$

 (3) 

where, V is the amplitude of the excitation AC voltage source. 

Γ1, Γ2, Γ3, …, Γ12 represent the spatial locations of the 12 

electrodes. n$  denotes the outward unit normal vector. a, b and 

c are the indexes of the excitation electrode, the detection 

electrode and the floating electrodes, respectively. 

B. Sensitivity matrix 

Based on the finite element method (FEM), simulation is 

carried out by software (Comsol Multiphysics and MATLAB) 

and the sensitivity matrix is calculated. Sensitivity matrix 

reveals the relationship between the resistance measurement 

and the internal conductivity distribution. The sensing area is 

meshed into 864 triangle elements, as shown in Fig. 3. Then the 

sensitivity matrix is defined as 

[ ]ijS s  (4) 

0

1 0

j

i i

ij

R RR
s

  


 
 

 (5) 

where, sij is the sensitivity of the jth element under the ith 

electrode pair (i.e. the ith independent measurement), i=1, 2, …, 

66, j=1, 2, …, 864. R is the resistance measurement and 𝜎 is the 

conductivity distribution. Ri
0 represent the ith resistance 

measurement when the region of interest is full of healthy 

tissue/background (𝜎 = 𝜎0) and Ri 
j is the ith resistance 

measurement when the dielectric parameters of the jth element 

changes from healthy tissue to diseased tissue/anomaly (𝜎 = 𝜎1) 

and the remaining elements are still kept at the dielectric 

parameters of the healthy tissue (𝜎 = 𝜎0). 

 

Fig. 3.  Finite element mesh of the simulation model. 

C. Image reconstruction 

Similar with the inverse problem of traditional EIT, image 

reconstruction of CCEIT can be described as solving the 

following equation [23] 

R S     (6) 

where, ΔR is the time-difference resistance projection vector 

and Δ𝜎 is the relative conductivity distribution to be 

reconstructed. 

The inverse problem is badly ill-posed, so the solution can 

not be obtained by directly calculating the inverse of the 

sensitivity matrix [24-25]. In this work, the image 

reconstruction is implemented by the Gaussian-Newton based 

Tikhonov regularization method. First, an initial solution is 

obtained by the one-step Tikhonov method. Then, with the 

initial solution, Gaussian-Newton iteration method is 

introduced to determine the final solution. Tikhonov 

regularization method adds a trade-off between the accurate 

solution to the problem and the norm of the solution [25-27]. It 

is governed by the following objective function 
2 22argmin S R           (7) 

where, λ is the regularization parameter that controls the amount 

of regularization. The corresponding solution is 
T 2 1 T( )nS S I S R       (8) 

where, In is the identity matrix used in the Tikhonov method. 

IV. EXCITATION LEVEL IN CCEIT 

Safety issue is critical in medical applications as it is closely 

related to human lives. Before practical vivo application in 

future, the safety of a new technique should be studied to make 

sure it is safe enough and make the reference level of safe 

excitation signal clear. So, the signal strength inside the sensing 

area of CCEIT is investigated by comparing with that of 

traditional EIT. This will also help to put in prospect the 

expected imaging performance with the same level of electric 

field distribution against standard EIT. 

A. Simulation setup and electric field distribution 

According to previous medical EIT research, the standard 

electrical current injected into the object is typically 1 mA at 50 

kHz, which is safe enough for medical application [6]. So, 

based on this standard excited EIT head model, the safe 

excitation level of CCEIT head model is investigated. In this 

work, the maximum total current density (norm) is introduced 

as a quantitative index to compare the two. The reference of 

safe excitation level for CCEIT is determined when the 

maximum total current density inside the CCEIT head model is 

the same as that inside the EIT head model. The subdomain 

setup of healthy CCEIT head model has been shown in Fig. 2. 

Fig.4 shows the boundary setups of the EIT and the CCEIT 

in simulation. Different colors indicate different boundary 

conditions. Sky blue represents the excitation electrode, pink 

means the detection electrode and green indicates the floating 

electrodes. The colors are indicated by the software after the 
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(a) 

 
(b) 

Fig. 4.  Boundary setup. (a) EIT with adjacent current excitation (electrode 

angle is 8°). (b) CCEIT with one electrode voltage excitation and the adjacent 
electrode detection (electrode angle is 24°). 

 

In EIT setup, the electrodes are distributed equidistantly 

outside the outer layer of the head model, in direct contact with 

the low conductive layer of the head model, as shown in Fig. 

4(a). For traditional EIT, electrodes are usually small to ensure 

better sensitivity distribution in the sensing area, so small EIT 

electrodes are designed with an electrode angle of 8°. Besides, 

the most commonly used adjacent excitation pattern of EIT is 

introduced, which injects a standard AC current (1 mA, 50 kHz) 

into an adjacent electrode pair. In CCEIT setup, electrodes are 

mounted outside the insulation layer, which prevents direct 

contact between the electrodes and the skin, as shown in Fig. 

4(b). According to previous simulation work of CCEIT, larger 

electrode angle contributes to better measurement performance 

[18]. But with larger electrode angle, the gap between 

electrodes will be reduced, which results in higher parasitic 

capacitance between electrodes. So, after trade-off 

consideration, the electrode angle of CCEIT is set to 24°. 

During measurement, an AC voltage source is applied to the 

excitation electrode of CCEIT and measurement is obtained at 

the adjacent detection electrode. 

According to the simulation results of traditional EIT based 

on the above setup, a safe current input of EIT with 1 mA at 50 

kHz can produce an electric field with the maximum total 

current density (norm) of 7.584 A/m2. So, the safe excitation 

voltage of the CCEIT is determined by producing an electric 

field with the same maximum total current density (norm).  

 

 
(a) 

 
(b) 

Fig. 5.  Electric field distribution and total current density distribution of healthy 

head model. (a) EIT. (b) CCEIT. 

 

Fig. 5 shows the electric field distribution and the total 

current density (norm) distribution in the sensing area of the 

simulated EIT and CCEIT head model. It is clear that the 

strength of the electric field mainly concentrated near the 

excitation electrode(s). For the EIT model, the highest total 

current density positioned at the excitation electrodes. While for 

the CCEIT model, the highest total current density positioned 

in the brain layer between the selected electrode pair. 

B. Stroke-introduced CCEIT head model 

In order to investigate the influence of the stroke on the 

electrical field distribution, another head model which 

introduces an additional hemorrhagic stroke layer (σS= 0.6 S/m, 

OD = 40 mm) for stroke patients is established, as shown in Fig. 

6. 
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Fig. 6.  Subdomain setup of stroke-introduced CCEIT head model. 

 

 
(a) 

 
(b) 

Fig. 7.  Electric field distribution and total current density distribution of stroke-

introduced head model. (a) EIT. (b) CCEIT. 

 

Fig. 7 shows the electric field distribution and the total 

current density (norm) distribution in the sensing area of stroke-

introduced EIT and CCEIT head model. Similarly, electric field 

near the excitation electrode(s) area is much stronger than other 

area. However, as the conductivity of the hemorrhagic stroke is 

higher than the brain layer, many electric field lines are 

attracted by the stroke area and the current density in the stroke 

area becomes higher than that in the same area in Fig. 5. With 

the stroke-introduced setup, a safe input of EIT with 1 mA at 50 

kHz can produce a corresponding electric field with the 

maximum total current density (norm) of 7.556 A/m2, which is 

a bit lower than that with healthy head model. 

C. Influence of frequency  

It is obvious from (2) that frequency has a big influence on the 

electric field. So, for either traditional EIT or the new CCEIT, 

when it comes to the safe excitation current/voltage, the 

frequency should be clearly pointed out. Take the electric field 

of traditional EIT excited by the safe current level of 1 mA at 

50 kHz as a standard, the equivalent excitation voltages of 

CCEIT at different frequencies are determined by simulation to 

produce an electric field with the same maximum total current 

density (norm). The setups are shown in Fig. 4. 

Based on previous research results, the working frequency of 

CCEIT should be a bit high (usually 500 kHz or higher) to 

ensure good performance because of the coupling capacitances. 

For the healthy head model, in order to obtain the same 

maximum total current density as EIT with 1 mA current input 

at 50 kHz, the CCEIT allows inputting a voltage of 239.845 V, 

119.986 V, 24.345 V, 12.399 V and 8.408 V at 500 kHz, 1 

MHz, 5 MHz, 10 MHz and 15 MHz, respectively. For the 

stroke-introduced head model, the allowed inputting voltages 

are slightly lower, which are 238.942 V, 119.543 V, 24.278 V, 

12.357 V and 8.375 V at 500 kHz, 1 MHz, 5 MHz, 10 MHz and 

15 MHz, respectively. These are the safe references of 

excitation level for CCEIT equivalent to the safe 1 mA excited 

medical EIT, based on the established head models. To double 

verify the data reliability (especially the allowed high voltage 

value at low frequency), more simulation work was carried out. 

Results show that the values of electric field strength (norm, 

V/m) and electric energy density (time average, J/m3) at the first 

skin layer of the head (i.e. the outer layer) are similar for EIT 

excited by 1 mA at 50 kHz and CCEIT excited by 239.845 V at 

500 kHz. That further verifies the obtained excitation references 

of CCEIT are reliable. 

Fig. 8 shows the safe excitation voltages of CCEIT over a 

wide frequency range from 500 kHz to 15 MHz. As the 

frequency increases, the safe excitation voltage decreases. For 

practical application, the excitation voltage should be 

determined by the maximum frequency. Besides, when the 

voltage provided by the device is not high enough to ensure 

good signal-to-noise (SNR) ratio, increasing the working 

frequency within a totally safe range is also a good choice. 
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Fig. 8.  Safe excitation voltages of CCEIT head imaging over a wide frequency 

range from 500 kHz to 15 MHz. 

 

D. Influence of insulation thickness 

The insulation layer of CCEIT is the key of contactless 

measurement, but it has big influence on signal strength. So, the 

relationship between the safe excitation voltage and the 

thickness of the insulation layer (insulation thickness) is also 

studied, based on the healthy CCEIT head model. Fig. 9 shows 

the safe excitation voltages of CCEIT at 15 MHz with different 

insulation thickness from 1 mm to 20 mm. The voltage shows 

an overall increasing trend when the insulation thickness goes 

up, which means the insulation layer weakens the signal 

strength. From the aspect of signal measurement, thinner 

insulation thickness is preferred. 

 
Fig. 9.  Safe excitation voltages of CCEIT with insulation thickness from 1 mm 

to 20 mm. 

V. EXPERIMENTAL SETUP 

Studies in phantoms represent a bridge between idealized 

computer simulations and clinical measurements where 

instrumentation noise is present but errors in modeling the 

electric fields are minimized [31]. In this work, a twelve-

electrode CCEIT phantom was developed. The insulation pipe 

(wall of the tank), including the bottom of the tank, was 

produced by 3D printing with the material of polylactic acid 

(PLA). The electrodes were made from copper sheet. The 

electrode angle and length of electrodes were 24° and 50 mm. 

The inner and outer diameters of the insulation tank were 180 

mm and 184 mm, respectively. Saline with the conductivity of 

0.143 S/m was used to simulate the brain layer. The 

conductivity was measured by a conductivity meter (Jenway 

4510) at the experimental temperature of 20.5 ℃ and the 

temperature was relatively stable during experiments. Four 

carrot samples with different diameters were used to simulate 

the stroke with different sizes, to show the resolution of the 

contactless CCEIT in stroke imaging. The diameters of the four 

samples were respectively 35 mm, 25 mm, 15 mm and 10 mm. 

In all the setups, the samples were located at the same place 

near the boundary for better comparison between them. The 

measurement system is shown in Fig. 10. An impedance 

analyzer (Keysight E4990A) was used to obtain resistance 

measurement. The sweep frequency and sweep points of the 

impedance analyzer were set to 200 kHz ~ 15 MHz and 201 

points, which means 201 resistance measurements at 201 

frequency points can be obtained for every measurement. The 

excitation voltage of the impedance analyzer was set to 1 V. A 

computer was used for image reconstruction. 

 

 
Fig. 10.  Measurement system. 

VI. RESULTS AND DISCUSSION 

A. Image reconstruction results 

Fig. 11 ~ Fig. 14 show the image reconstruction results of the 

four carrot samples, respectively. Images obtained at 15 

frequency points in a wide frequency range from 200 kHz to 15 

MHz are listed. The accurate size and position of the samples 

are indicated by a circle with solid red line. The selection of λ 

in (8) is the key of Tikhonov regularization method. If λ is too 

large, then the solution is poorly resolved. If λ is too small, then 

the solution is too noisy. Many methods have been proposed to 

determine λ, such as the discrepancy principle, the L-curve 

method and the cross-validation method. The regularization 

parameter λ in this work is pre-determined by the L-curve 

method, which is a log-log plot of the norm of the regularized 

solution versus the norm of the corresponding residual [29-30]. 

According to the L-curve results, the value of λ2 is set to 5e-3. 
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200kHz           500kHz            1MHz              2MHz              3MHz

4MHz              5MHz              6MHz              7MHz              8MHz

9MHz             10MHz            11MHz            13MHz            15MHz

 
Fig. 11.  Image reconstruction results of sample with the diameter of 35 mm. 

 

200kHz           500kHz            1MHz              2MHz              3MHz

4MHz              5MHz              6MHz              7MHz              8MHz

9MHz             10MHz            11MHz            13MHz            15MHz

 
Fig. 12.  Image reconstruction results of sample with the diameter of 25 mm. 

 

200kHz           500kHz            1MHz              2MHz              3MHz

4MHz              5MHz              6MHz              7MHz              8MHz

9MHz             10MHz            11MHz            13MHz            15MHz

 
Fig. 13.  Image reconstruction results of sample with the diameter of 15 mm. 

 

200kHz           500kHz            1MHz              2MHz              3MHz

4MHz              5MHz              6MHz              7MHz              8MHz

9MHz             10MHz            11MHz            13MHz            15MHz

 
Fig. 14.  Image reconstruction results of sample with the diameter of 10 mm. 

 

From Fig. 11 to Fig. 14, we can see that for larger samples 

with the diameters of 35 mm and 25 mm, imaging results at the 

whole listed frequency range can provide good images of the 

samples. Besides, the images of larger samples are less noisy. 

However, for smaller samples with the diameters of 15 mm and 

10 mm, as the change of measurements is smaller, the images 

are more vulnerable to noises. For the sample with diameter of 

15 mm, at most frequencies above 1 MHz, good images can be 

reconstructed. While for the smallest sample with the diameter 

of 10 mm, a high frequency of at least 8 MHz can ensure good 

imaging results.  

B. Discussion 

In this work, effective simulation and experiments were carried 

out to study the safety and resolution of CCEIT for brain 

imaging. For simulation, an anatomically accurate but 

simplified head model is introduced and the simulation setup is 

consistent with the actual head structure. In the simplified head 

model, there are three subdomains, including the insulation 

layer which makes contactless measurement possible (the 

principle of CCEIT), the outer layer with low conductivity 

which represents the low-conductive layers of human head (i.e. 

the scalp and skull) and the brain layer which represents the 

higher conductive brain layer inside the human head. And for 

stroke patients, one more stroke layer is introduced into the 

brain layer. For practical experience, the insulation wall is the 

insulation layer, a very thin layer of glue painted on the internal 

face of the wall can be regarded as the low-conductive layers 

(almost non-conductive, i.e. the scalp and skull) and saline with 

the similar conductivity of brain layer is used to simulate the 

higher conductive brain layer. Besides, biomaterial sample 

(carrot sample) is introduced to simulate the stroke layer. As 

human tissue and carrot are both biomaterial samples, their 

models are similar, so the experiments are valid. 

With the simulation results, it can be seen that for practical 

medical application, the safe excitation voltage of CCEIT 

equivalent to the standard excited EIT depends on many factors, 

such as the frequency and the thickness of the insulation layer. 

When a sensor is designed for practical application, the size of 

the sensing area and the insulation thickness are known, which 

means the allowable excitation voltage mainly depends on the 

highest working frequency.  

In this work, the excitation signal is provided by Impedance 

Analyzer during the experiments. The amplitude of the voltage 

is 1 V. For the frequencies of 500 kHz and 15 MHz, the 

corresponding maximum total current density (norm) in the 

sensing area of 1 V excitation are respectively 0.0316 A/m2 and 

0.902 A/m2, which is equivalent to an excitation current of 

0.004 mA and 0.119 mA at 50 kHz for traditional EIT. That is 

much lower than the standard excitation of 1 mA at 50 kHz for 

traditional EIT, especially at low frequency. This may also be 

the reason of several phenomena observed from Fig. 11 ~ Fig. 

14. First, the images are not very good when the frequency is 

low, and higher frequency can provide clearer images of the 

distribution in the sensing area. Second, for smaller samples, 

higher frequency is needed to obtain acceptable images because 

the signal at low frequency is too weak. In other words, the 

sample information is easier to be submerged by noise. Finally, 

increasing the frequency here is equivalent to enhancing the 
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excitation voltage, with the meaning of strengthening the 

electric field. It is necessary to point out that an excitation signal 

of 1 V at 15 MHz for CCEIT produces the same maximum total 

current density as that an excitation signal of 28.543 V at 500 

kHz. 

Although the resistance measurement has relatively good 

noise immunity, the low excitation voltage of the impedance 

analyzer makes the measurement still vulnerable to noises, 

especially in the central area of the phantom. That’s why the 

samples in all the setups are close to the boundary (located at 

about 30 mm far from the insulation wall of the phantom) in 

this work. With the reference excitation level of this contactless 

CCEIT technique in mind, enhancing the voltage within the 

safety range can ensure better noise-to-signal ratio and can 

produce better images. In practical applications, researchers 

don’t need to go so high in voltage amplitude at lower 

frequency, enough is the best. 

In further vivo test or practical application, helmet sensor 

which embeds the electrodes into the helmet and has fixed 

insulation layer between patients’ head and the electrodes can 

be designed. In our continued study, we will develop a custom 

made CCEIT device for stroke imaging. The level of voltage 

excitation to produce high enough changes in measurement data 

can be further simulated using forward model software.  

This study shows a potential new imaging device for brain 

imaging, in particular for stroke detection and monitoring. 

CCEIT has great advantage of being contactless and 

compliment (as an alternative) to traditional EIT when it comes 

to frequencies higher than 1 MHz. The frequency range that 

CCEIT can operate is generally very challenging for traditional 

EIT, making it a very attractive alternative to cover the range of 

frequencies higher than 1 MHz. However, for very high 

frequency above 10 MHz, a slight position offset of the sample 

can be observed from the images in Fig. 11~14, which may be 

related to the forward modeling and shielding issues, making 

additional requirements on further complex modeling and 

necessary shielding.  

For traditional EIT, similar-size electrodes with CCEIT 

could be problematic because large EIT electrodes will 

encourage currents to stay in the boundary and not go to depth 

of the head. So, usually small electrode size is preferred for EIT. 

As additional research, simulation work of EIT with the same 

electrode angle as CCEIT (24°) has also been undertaken. New 

EIT model was established and new electric field distribution 

can be obtained when excited again by the standard signal of 1 

mA at 50 kHz, as shown in Fig. 15. As can be seen from the 

figure, the maximum total current density of EIT is 3.932 A/m2. 

Similarly, the equivalent excitation levels of CCEIT that can 

produce the same level of maximum total current density can 

be obtained by simulation. The corresponding safe excitation 

references of CCEIT are respectively 124.359 V, 62.211 V, 

12.621 V, 6.428 V and 4.359 V at 500 kHz, 1 MHz, 5 MHz, 10 

MHz and 15 MHz. According to the research results with the 

same electrode sizes in EIT and CCEIT, similar conclusions can 

be made. Amplitude and frequency of the excitation signal are 

two closely related parts. As the frequency goes up, the 

excitation level should be reduced to ensure a safe level of 

electric field. But, by using space-filled electrodes, the 

maximum current density of EIT becomes smaller because the 

electric field is more dispersed. Although the equivalent safe 

reference of excitation level for CCEIT is lower in this case, 

there is still enough space to go for the CCEIT system in 

common frequency range (to select strong enough excitation 

signal for good performance, either by increasing excitation 

frequency or enhancing amplitude). 

 
(a) 

 
(b) 

Fig. 15.  Boundary setup and electric field distribution of EIT (electrode angle 

is 24°). 

 

VII. CONCLUSION 

This work introduces the new contactless CCEIT technique to 

medical imaging field for contactless measurement and studies 

various aspects of this technique for brain imaging. As the most 

critical point in medical application, safety issue of CCEIT in 

stroke imaging is considered and investigated when a 

comparative performance with traditional EIT is obtained. With 

the safe excitation reference of CCEIT in mind, it is easier to 

make a trade-off between safety and imaging quality. 

Experiments were carried out to investigate the resolution of 

this technique. Experimental results show that higher frequency 

is required to obtain good images of smaller sample, if the 

amplitude of the excitation voltage is very low. And although 

with the 1V excitation here, the images reconstructed at high 
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frequency can have a high resolution of 10 mm (the smallest 

detected sample in this work was 1/18 of the phantom size and 

was located at about 30 mm from the boundary). With higher 

allowable excitation level in CCEIT, even better performances 

are expected. The results of this paper offer an exciting new 

imaging technique that could have great implication for 

contactless and safe stroke imaging.  
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