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ABSTRACT Multiple imaging techniques are used for the diagnosis of lung diseases. The choice of a 

technique depends on the suspected diagnosis. Computed tomography (CT) of the thorax and positron 

emission tomography (PET) are imaging techniques used for the detection, characterization, staging and 

follow-up of lung cancer, and these techniques use ionizing radiation and are radiologist-dependent. Electrical 

impedance spectroscopy (EIS) performed through a bronchoscopic process could serve as a minimally 

invasive non-ionizing method complementary to CT and PET to characterize lung tissue. The aim of this 

study was to analyse the feasibility and ability of minimally invasive EIS bioimpedance measures to 

differentiate among healthy lung, bronchial and neoplastic lung tissues through bronchoscopy using the 3- 

and 4-electrode methods. Tissue differentiation was performed in 13 patients using the 4-electrode method 

(13 healthy lung, 12 bronchial and 3 neoplastic lung tissues) and the 3-electrode method (9 healthy lung, 10 

bronchial and 2 neoplastic lung tissues). One-way analysis of variance (ANOVA) showed a statistically 

significant difference (P  0.001) between bronchial and healthy lung tissues for both the 3- and 4-electrode 

methods. The 3-electrode method seemed to differentiate cancer types through changes in the cellular 

structures of the tissues by both the reactance (Xc) and the resistance (R). Minimally invasive measurements 

obtained using the 3-electrode method seem to be most suitable for differentiating between healthy and 

bronchial lung tissues. In the future, EIS using the 3-electrode method could be a method complementary to 

PET/CT and biopsy in lung pathology diagnosis. 

INDEX TERMS bronchi, bronchoscopy, electrical impedance spectroscopy (EIS), electrode methods, lung 

I.  INTRODUCTION 
 

Respiratory diseases are among the most prevalent 

illnesses worldwide, along with heart complications. 

Moreover, each year, an estimated 3 million people die 

due to respiratory disease complications, making 

respiratory diseases the third leading cause of death 

worldwide [1]. Lung cancer is the leading cause of 

cancer-related death in men and the second-leading 

cause in women [2]. However, diagnosis in early-stage 

disease is associated with substantially improved overall 

survival.  

There are different ways to proceed to diagnoses of lung 

diseases. Computed tomography (CT) allows the 

detailed representation of interstitial, pleural, 

mediastinal and vascular structures [4]. Positron 

emission tomography (PET) provides information about 

cellular metabolism. Integrated CT with PET (PET/CT) 

[5] combines the anatomical information from CT with 

the metabolic information from PET, which makes it 

possible to obtain a more accurate diagnosis.  

Flexible bronchoscopy, the least invasive bronchoscopic 

procedure, is of limited value for obtaining tissue from 

lesions in the peripheral segments of the lung. 
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The selection of the biopsy site is relatively simple when 

the patient has endobronchial involvement. However, in 

peripheral tumours without endobronchial involvement, 

additional techniques are necessary to help to confirm 

that the location of the biopsy is correct. The increasing 

need to efficiently and safely sample lung lesions has led 

to the development of virtual bronchoscopy (VB), radial 

endobronchial ultrasound (r-EBUS), electromagnetic 

navigation (EMN) and ultrathin bronchoscopes. The 

diagnostic yield using these bronchoscopic techniques 

remains suboptimal [6], [7], and their high economic cost 

makes them unavailable in most centres. To complement 

the current methods of diagnosing lung diseases, we aim 

to use electrical impedance spectroscopy (EIS). EIS 

could allow the differentiation of healthy tissue from 

tumour tissue and help in the choice of the specific 

sampling location. 

Impedance analysis techniques (such as EIS) consist of 

the application of electrical current to biological tissues 

to observe changes in their passive electrical properties 

[8]. Impedance is the general term used to define the 

opposition of a conductor to a current flow [9]. When a 

current is injected into biological tissue, the opposition 

that biological tissues produce to the current is called 

bioimpedance. Bioimpedance is composed of two 

components, resistance (R) and reactance (Xc). On the 

one hand, the opposition that the physiological fluid, 

both intracellular and extracellular, presents to a given 

current flow produces the resistive component. On the 

other hand, reactance is given by the polarization of the 

cellular membranes and the tissue interfaces, producing 

a delay between the current flow and the voltage. This 

delay defines the parameter called the phase angle (PA) 

[10], [11]. Both components of bioimpedance (R and Xc) 

are positively correlated. The current flow applied to the 

tissues can be either direct current or alternating current. 

When direct current is applied, the reactive effect 

disappears, making the bioimpedance completely 

resistive. This means that when direct current is applied, 

the current flow circulates only through the 

physiological fluid. However, when alternating current 

is applied to tissues, the current is able to flow for both 

physiological fluid and capacitive elements. This 

phenomenon makes bioimpedance a frequency-

dependent measure [10]. At low frequencies, the current 

is not able to penetrate the cellular membranes, so there 

is no conduction within the cells, which is due to the high 

impedance of the cellular membranes and the tissue 

interfaces. Therefore, we define the bioimpedance (Z) as 

a vector as a function of R and Xc [9] and the PA as the 

arctangent of the ratio between Xc and R. 

The impedance modulus (|Z|) is highly correlated with 

the resistive component, with |Z| being slightly higher 

than R because of the reactive component [10]. 

Bioimpedance measures can be obtained using single or 

multiple frequencies. When the measures are obtained 

using a single frequency, the most common frequency is 

50 kHz due to its high signal-to-noise ratio [10]. 

Regarding non-invasive single frequency (50 kHz), Toso 

et al. [11] observed a decrease in the Xc parameter and, 

as a consequence, a decrease in the PA, preserving the R 

component in patients with lung neoplasms. 

Different studies can be found regarding the applicability 

of EIS for tissue differentiation and characterization 

[12]–[21]. Dean et al. [12] and Héroux and Bordages 

[13] studied the properties of the electrical impedance of 

biological tissue. They observed changes in impedance 

as a function of frequency, arriving at the conclusion that 

the data obtained and the changes in impedance were 

consistent according to the basic principles of the 

bioimpedance already introduced. Other studies, such as 

da Silva et al. [14] and Yoon et al. [15], investigated the 

possible use of the technique for the distinction of 

different types of tissue. The first study was focused on 

breast tissue and the differentiation between cancerous 

and healthy tissue. The second study focused on the 

evaluation of the frequency response of bioimpedance 

measures in rabbits’ tendons through two different types 

of measures, one longitudinal and other transverse in 

relation to the tendon fibbers to detect pathological 

changes in tendons to find the exact location of a 

tendinitis lesion. Skourou et al. [16] and Desai et al. [17] 

evaluated the ability of impedance spectroscopy to detect 

tumours in their initial stages. The first concluded that 

the technique allowed the detection of tumours that were 

not possible to detect with other conventional 

techniques, such as CT, due to their reduced size. Hillary 

et al. [18] analysed the spectrum of the impedance values 

obtained for different soft tissues located in the neck, 

including adipose, parathyroid, thyroid, and muscle 

tissues. The purpose of the study was to correctly 

identify the parathyroid tissue to preserve it to facilitate 

surgery on the parathyroid glands and reduce the 

occurrence of post-surgery hypoparathyroidism. A 

bioimpedance method to detect cancer, using a custom-

designed catheter with 4-electrodes placed on the front 

face of a catheter, was tested for Barret’s Esophagus [19] 

and for cervical neoplasia [20].  

Regarding the use of EIS to measure lung bioimpedance, 

Gabriel et al. [21] proposed a model to predict dielectric 

data based on the data present in the literature for 

different tissues, among which they analysed the inflated 

lung. Desai et al. [17] studied the ability of the technique 

to differentiate between carcinogenic and healthy cells 

by extracting different cancer cell types and through 

pattern recognition techniques evaluating the ability to 

differentiate between the two types of cells. They studied 

multiple cancer types, including lung cancer. 

Sanchez et al. [22], in a previous report, validated the use 

of minimally invasive EIS with the 4-electrode method 

for lung bioimpedance measures through a 

bronchoscopic process. Later, Riu et al. [23] published a 

preliminary report using a single frequency response 

with a 4-electrode method to differentiate among healthy 
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lung tissue, bronchi and multiple parenchymal 

pathologies. They found a statistically significant 

difference with respect to the PA at 33 kHz between 

healthy lung tissue and bronchial tissue and between 

bronchial tissue and multiple parenchymal pathologies. 

Later more references will be added in the discussion 

section, to highlight their relationship with our findings.  

The use of 4 electrodes in the tip of the catheter produces 

a local estimation of the tissues in contact with the 

electrodes and reduces the contribution of electrode-

tissue impedances to the measurements; however, we 

hypothesize that the use of 4 electrodes is more prone to 

artefacts due to the difficulties in obtaining good contact 

between all four electrodes and the surrounding tissue. 

Using the 3-electrode method, only one contact must be 

established between the catheter and the surrounding 

tissues. Additionally, the catheter could be simpler, 

reducing its cost and size. However, there are no 

previous studies regarding the use of EIS for minimally 

invasive lung measures for tissue differentiation using 

the 3- and 4-electrode methods. 

The aim of this study was to analyse the capability of 

minimally invasive EIS, using 3 and 4-electrode 

methods, to differentiate healthy lung tissue and 

bronchial and neoplasm lung tissue. 

 
II. MATERIALS AND METHODS 
 
A. PARTICIPANTS 

Minimally invasive EIS was performed in 13 patients (69 

± 12 yr; 70.1 ± 15.1 kg; 25.7 ± 4.7 kgm-2) for whom 

bronchoscopy was indicated during July 2020 at the 

“Hospital de la Santa Creu i Sant Pau”. The bioimpedance 

measures were obtained via the 4-electrode method (13 

healthy lung, 12 bronchial and 3 neoplastic lung tissues) 

and 3-electrode method (9 healthy lung, 10 bronchial and 

2 neoplastic lung tissues). 

Ethics approval was obtained from the Hospital de la 

Santa Creu i Sant Pau (CEIC-73/2010) according to 

principles of the Declaration of Helsinki for experiments 

with human beings. All patients provided signed informed 

consent. 

B. MEASUREMENT SYSTEM 

To acquire the bioimpedance measures, a tetrapolar 

catheter, 115 cm long with a diameter of 1.65 mm (5 F), 

was used (Medtronic 5F RF Marinr steerable catheter with 

electrode separation 2/5/2 mm) (Fig. 2). To convert the 4-

electrode measurement system of the catheter to the 3-

electrode system, a switch was introduced so that the same 

catheter could be used for the measures obtained with both 

three and four electrode methods (Fig. 1). Moreover, for 

the measures obtained with 3 electrodes, two skin 

electrodes placed on the right side of the patients at the 

level of the ribs were used (Fig. 2).  

The measurement system consists of 3 devices (Fig. 1): an 

insulated front end, which is an optically insulated battery-

powered patient interface, including the impedance front 

end; a rugged PC platform based on a PXI system from 

National Instruments; and an analog–optical interface 

front end to connect the PXI with the insulated front end. 

The system includes an arbitrary waveform generator that 

generates a multisine excitation signal, which is a 

broadband signal composed of 26 frequencies between 1 

kHz and 1 MHz. The front-end includes an AC-coupled 

current source which ensures a current lower than the 

maximum allowable patient auxiliary current stablished in 

the IEC 60601-1:2005 (<1 mA rms measured with the 

circuit proposed in the IEC 60601-1:2005). The voltage 

(V(t)) and current (I(t)) are simultaneously acquired. The 

excitation is converted into an optical signal with the 

optical–analog interface connected to the PXI. This 

optical signal is then reconverted into an electrical signal 

inside the front end. The voltage and current signals, 

which are optically transmitted from the front end to the 

optical–electrical interface, are filtered (cut-off frequency 

10 MHz) and acquired with the digitizer card. A schematic 

representation of the bioimpedance acquisition system is 

shown in Fig. 1. 

Bioimpedance measures were obtained using the 4-

electrode method and the 3-electrode method through 

bronchoscopy.  With the 4-electrodes method, the 4 

electrodes located in the distal part of the catheter were 

placed in the desired area. The external electrodes injected 

electrical current (high current (HC) and low current 

(LC)), while the internal electrodes measured the voltage 

differences generated (high potential (HP) and low 

potential (LP)). When measuring with three electrodes, 

the electrode placed at the tip of the catheter was used to 

inject the current (HC) and to detect the potential (HP), 

and the LC and LP electrodes were the two skin electrodes 

placed on the right side of the patient at rib level. A 

schematic representation of both methods is shown in Fig. 

2. 

 
C. MEASUREMENT PROTOCOL 

To obtain the bioimpedance measures, bronchoscopy, a 

medical procedure used to inspect the airways, was 

performed. Prior to bronchoscopy, a radiological imaging 

technique (CT or PET/CT) was performed as part of the 

diagnostic process. In addition, the catheter was inserted 

through a port of the bronchoscope. 

During the process, patients were placed in a supine 

position. The upper airway was anaesthetized with 

topical 2% lidocaine; intravenous sedation was provided 

throughout the procedure with midazolam, fentanyl and 

propofol. All samples were harvested through a flexible 

bronchoscope during procedures that included 

endoscopic exploration and other diagnostic tests as 

required. 

Once at the region of interest, measures were taken first 

with 4 electrodes and then with 3 electrodes after closing 

the switch (Fig. 1). The process was always the same. 

First, bronchial measures were taken, followed by healthy 

lung tissue measures and then pathological lung tissue (if 

any) measures. Once the bronchoscope arrived at the 
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region of interest, we had to ensure that the patient was not 

moving during the 15 seconds of recording for each 

location. 

 
D. EIS MEASUREMENTS 

Bioimpedance measurements were obtained at the same 

location with both 4 and 3 electrodes, with approximately 

15 seconds of difference between the measurements. EIS 

consisted on the application of a multisine current signal 

(26 frequencies from 1 kHz to 1 MHz) and the acquisition 

of the voltage and current signals. The fast Fourier 

transform (FFT) was calculated for both the acquired 

voltage and current signals. The bioimpedance was 

calculated by obtaining the ratio between the voltage and 

current coefficients of the FFT corresponding to each 

injected frequency. 50 spectra per second were acquired 

along 15 s for each measurement and were averaged to 

reduce the effect of the modulation induced by ventilation 

and perfusion. 

The 4 electrode configuration measurements were 

calibrated with 3 saline solutions which covered the 

measurement impedance range and following the method 

described in [24]. In the configuration with 3 electrodes, 

and being two of them in the body surface, this set-up 

could not be used and was substituted by a measurement 

over a known resistor (100 Ohms) connected to the 

catheter tip and to the external electrode connectors. 

E. DATA ANALYSIS 
In this study, the averaged spectra of the bioimpedance 

measurements, obtained using the 3 and 4-electrode 

methods, throughout the acquisition time were used for 

the tissue differentiation analysis among healthy lung, 

bronchial and neoplastic lung tissues. The frequency range 

chosen to visualize the data was 5 kHz – 209 kHz. The 

values from the frequencies higher and lower than this 

range were discarded due to electrode and capacitive 

errors. The interval of 11 kHz – 95 kHz showed a better 

discriminatory response for tissue differentiation. 

For mono-frequency analysis, a central frequency of 33 

kHz was chosen (as done in Riu et al. [23]) to develop the 

statistical analysis of |Z|, PA, R and Xc for tissue 

differentiation between healthy lung tissue and bronchial 

tissue. 

The normality of the distribution of the variables was 

determined by the Shapiro-Wilk test. Normally distributed 

variables are shown as the mean ± standard error of the 

mean (SEM) and 95% confidence interval for the mean 

(lower limit and upper limit). One-way analysis of 

variance (ANOVA) was used to determine statistically 

significant differences in the |Z|, PA, R and Xc values 

between healthy lung tissue and bronchial tissue for both 

the 3- and 4-electrode methods. 

In the case of the measurements in neoplasic lung tissue, 

due to the small sample size, the descriptive analysis (for 

both the 3- and 4-electrode methods) was performed using 

the mean impedance spectra. 

The statistical software IBM® SPSS® version 26.0 (IBM 

Corp, Armonk, NY, United States) was used for data 

analysis. The level of statistical significance was set at 

P<0.05. 

 

III. RESULTS 

 
A. MULTI-FREQUENCY RESPONSE FOR 
MINIMALLY INVASIVE LUNG EIS MEASURES 

Fig. 3 and Fig. 4 show the mean (continuous line) and SD 

(dashed line) values of |Z|, PA, R and Xc plotted along the 

frequency range (5 kHz - 209 kHz) used for the measures 

obtained with 4 and 3-electrode method, respectively. The 

green line represents healthy lung tissue, the blue line 

represents bronchial tissue, and the red line represent 

tissues from three different types of lung neoplasms. The 

vertical dashed black lines represent the frequency (33 

kHz) at which the data were analysed for tissue 

differentiation. 

Table I and Table II show the values of |Z|, PA, R and Xc 

at a frequency of 33 kHz according to measurement 

location (healthy lung tissue and bronchial tissue) 

obtained with 4 and 3 electrodes, respectively, in the 

sample of patients. 

 
B. TISSUE DIFFERENTIATION 

Table III lists the descriptive parameters, specified as the 

mean ± SEM, 95% confidence interval for the mean 

(lower limit and upper limit), of |Z|, PA, R and Xc and the 

results of the one-way ANOVA including the Fisher 

coefficient (F) for the 4-electrode method (healthy tissues: 

n=13; bronchial tissues: n=12) and the 3-electrode method 

(healthy tissues: n= 9; bronchial tissues: n=10). 

With the use of four electrodes, a statistically significant 

difference (P < 0.001) between healthy tissue and 

bronchial tissue was observed, with higher Fisher 

coefficient in Xc (F=52.103; P < 0.001), |Z| (F=50.719; P 

< 0.001) and R (F=48.648; P < 0.001) and lower Fisher 

coefficient in PA (F=30.471; P < 0.001). With the use of 

3 electrodes, a statistically significant difference (P < 

0.001) between healthy tissue and bronchial tissue was 

also observed, with higher F in |Z| (F=46.417; P < 0.001), 

R (F=46.002; P < 0.001) and PA (F=43.796; P < 0.001) 

and lower in Xc (F=36.784; P < 0.001). 

 
C. LUNG NEOPLASM MEASURES 

Fig. 5 and Fig. 6 show the mean impedance spectra of the 

values of |Z|, PA, R and Xc plotted along the frequency 

range (5 kHz - 209 kHz) for the measures obtained from 

lung neoplasms with 4 and 3 electrodes, respectively; 

these values could be used to differentiate the different 

neoplasm types evaluated. The vertical dashed black lines 

represent the frequency (33 kHz) at which the data were 

analysed. Each of the colours of the graphs represents a 

different neoplasm sample. Histologically, lung squamous 

carcinoma (infiltrating: black and non-infiltrating: red) 

and lung adenocarcinoma (cyan) were identified. In Fig. 
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6, the values obtained from the lung adenocarcinoma 

(cyan) were discarded due to poor electrode contact 

because patient coughed. 

Table IV shows the values of |Z|, PA, R and Xc obtained 

at a frequency of 33 kHz from lung neoplasms with both 

the 4- and 3-electrode methods. In addition, the type of 

cancer is specified in Table IV. 

The different cancer types could also be distinguished 

using only bioimpedance measures, as the measures 

obtained from different neoplasm types were different 

from each other, as shown in Fig. 5 and Fig. 6. 

Fig. 7 shows the PET/CT images and CT images of each 

of the lung neoplasm types according to the histological 

diagnosis. 

 

 
IV. DISCUSSION 

 

This project, developed by the Universitat Politècnica de 

Catalunya (UPC) Biomedical Engineering 

Instrumentation Group and the Interventional 

Pulmonology Unit of the Respiratory Medicine 

Department of the Hospital de la Santa Creu i Sant Pau, 

evaluates the ability of EIS to differentiate lung tissue 

according to disease state and anatomical location using 3 

and 4 electrodes to obtain the measures. The lungs are the 

organs of the respiratory system, whose most basic 

function is to facilitate gas exchange [25]. Other structures 

of the respiratory system are trachea, bronchi, bronchioles. 

Each of these structures has anatomical and histological 

characteristics. Therefore, differences in bioimpedance 

measurement can be expected based on the type of tissue 

and its state. 

This work reports the use of minimally invasive EIS in 

lungs through a bronchoscopic process using the 4- and 

3-electrode methods to differentiate among healthy lung 

tissue, bronchi and lung neoplasms. A previous study 

regarding the validation of minimally invasive EIS for 

lung bioimpedance measures through a bronchoscopic 

process [22] obtained the measures using the 4-electrode 

configuration, while the 3-electrode strategy has been 

used in heart applications [26]. 

The measured bioimpedance used in this work is 

proportional to the intrinsic properties of the tissues 

(conductivity and permittivity) multiplied by a factor, the 

so called “cell constant” that depends on geometric 

factors of electrode arrangement and tissue distribution. 

In order to know the feasibility to differentiate different 

tissues we used the measured impedance because the 

application of a cell constant will not modify the 

comparative results, and also because the cell constant 

will be unknown for in vivo measurements. 

Measures obtained with 4 electrodes reduce the effect of 

the impedance of the electrode-tissue interfaces. The 

electrodes are all placed in the distal part of a catheter 

and are sensitive to the region in contact with the 

electrodes. In the 3-electrode method, only one electrode 

is used in the distal tip of the catheter, while the other 

two electrodes are placed on the skin surface of the 

thorax [26]. There is an effect on the measured 

impedance related to the effective area of contact of the 

electrodes in the catheter against the lung tissue to be 

investigated. Reducing the contact area will increase the 

measured impedance due to the increase of current 

density in the tissue. In the tubular structure of the 

bronchi and bronchioles the measured impedance will 

increase if the diameter of the catheter and the diameter 

of the tubular structure are similar but will decrease as 

the diameter of the bronchi is bigger and the electrode is 

losing contact with the tissue surface. Another factor that 

will modify the measured impedance is the mucosa 

content (or other liquids for example in the case of 

carcinoma) in the bronchi or bronchiole. This effect will 

be higher for healthy tissue because the impedance of the 

liquid is lower than the impedance of healthy tissue. 

The simplest method, the two-electrode method using 

the tip of the catheter and an external skin electrode, was 

discarded because the impedance of the skin electrode is 

also measured and it has high interpatient variability 

(that is not related to the characteristics of the lung 

tissue) and depends on skin hydration and sweat 

regulation. 

Other authors [19] [20] have proposed electrode 

arrangements based on 4 electrodes on the front face of 

a catheter, either intended to be introduced through an 

endoscope [19] or to be used  as a pencil-like probe [20]. 

However, these implementations are very thick (3.2 mm 

and 5.5 mm in diameter) for many in-vivo applications. 

[27] acknowledged these limitations and developed a 

probe which is 2 mm in diameter. One of the main 

problems with all these probes is the very small electrode 

area (0.5 mm2, 0.8 mm2 and 0.2 mm2 respectively) which 

increases electrode impedance at low frequencies, up to 

a point where it is not possible to make measurements 

due to instrumentation limitations. These limitations are 

clearly shown in in-vivo measurements [28], where 

usable data is only at frequencies over 500 kHz, much 

above the frequency range where we found significant 

differences in lung tissues. In addition, these probes need 

to make a perpendicular contact with the tissue, which is 

not granted in lung tissue at the level of bronchioles. 

In contrast, our catheter has only a diameter of 1.67 mm  

(5F) while keeping electrode areas of about 10 mm2. 

Contact can be difficult in the bronchi, but it is granted 

at the alveolar level. At that level, it would be impossible 

to make contact with a frontal electrode arrangement 

without risking breaking the walls of the alveoli. 

Other authors, like [29], have proposed more 

sophisticated arrangements to make measurements in 

lung tissue in-vivo. However, there are no experimental 

results with this proposed probe, and to our knowledge, 

it can also risk damaging the tissue. 

Following this description, and due to the trabecular 

structure of the lung, the placement of the electrodes with 
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the 3-electrode method is easier to perform than with the 

4-electrode method (Fig. 1 and Fig. 2) since the 4 

electrodes are internal and need to be in contact with the 

lung tissue. During the bronchoscopy process (used to 

obtain the bioimpedance measurements of the lungs), 

patients may cough, despite sedation, and contact 

between the electrode and the tissue of interest may be 

lost, resulting in a loss of data. 

In this preliminary study the same patient was measured 

first with 4 electrodes and then with 3 electrodes, 

increasing the measurements time. Despite sedation, 

some of them did not tolerate long time without 

coughing. For this reason, some measurements made 

with the 3-electrode method had to be removed. 

Another aspect taken into account was the possible loss 

of contact in the two skin surface electrodes in the case 

of the 3-electrode method (Fig. 2). However, this 

problem did not occur.  

In addition, ensuring the contact of the four electrodes in 

a 4-electrode lateral configuration is not easy and the loss 

of contact of one of the electrodes may be difficult to 

detect. Using the described 3-electrode configuration, 

the loss of contact of one of the electrodes is clearly 

detected. 

The multi-frequency range from 11 kHz to 95 kHz shows 

a better discriminatory response for tissue differentiation. 

Healthy lung tissue is clearly differentiable from bronchial 

and neoplastic lung tissues in both the 4- and 3-electrode 

methods, while bronchial and neoplastic lung tissues show 

a similar frequency response. 

|Z| and R were higher in healthy lung tissue than in 

bronchi, while PA and Xc were lower in these locations. 

Additionally, |Z| and R values obtained with 3 electrodes 

were higher than those obtained with 4 electrodes. A 

decrease in the mean PA and Xc values obtained using the 

3-electrode method compared with the 4-electrode 

method was observed. This could be explained because 

with the 4-electrode method, the voltage drop is sensed at 

the probe where the current is injected, meaning there are 

no surrounding tissues that could influence the measure. 

In contrast, with the 3-electrode method, the voltage drop 

includes the tissue-electrode impedance of the HC 

electrode (the distal electrode of the catheter) and the 

tissues between the catheter and the skin electrodes placed 

on the right side of the patient (LP) at the level of the ribs, 

producing an increase in the values of |Z| and R. The main 

contribution to this increment of impedance is due to the 

tissue-electrode interface because the 3-electrode method 

shows more sensitivity at the catheter tip due to the decay 

of sensitivity with the distance to the current injection 

point [30].  

 As expected, the |Z| and R values obtained are similar, 

showing a higher influence of R than Xc on |Z|. 

Emphasizing the importance of the analysis of R and Xc 

according to the theory of Lukaski, Foster and Piccoli 

[9], [10], [31], [32], we selected the frequency (33 kHz) 

that allowed us to differentiate among tissues with the 3-

electrode method as well as the 4-electrode method, 

following the preliminary report of Riu et al. [23]. 

According to the results obtained (Fig. 3 and Fig. 4), the 

optimal frequency could be different from the one 

analyzed in this work (33 kHz). In the bioimpedance 

equation (𝒁 = 𝑹 + 𝒋𝑿𝒄), the variable R describes the 

behaviour of the medium through which the injected 

current flows, while 𝑿𝒄 = −
𝟏

𝒘𝑪
 describes the capacitive 

component of the cellular membranes [9][10]. The 

values of modulus Z and PA (|𝒁| = √(𝑹𝟐 + 𝑿𝒄𝟐) and 

 = 𝐭𝐚𝐧−𝟏 (
𝑿𝒄

𝑹
), respectively) are dependent on the 

values of R and Xc. Regarding tissue differentiation at 

33 kHz, in both the 4- and the 3-electrode methods, one-

way ANOVA reported significant results (P < 0.001) for 

all variables (|Z|, PA, R and Xc). The Fisher coefficient 

represents the relationship between the inter-group 

variance and the intra-group variance. Therefore, a higher 

F coefficient indicates a greater inter-group variance than 

intra-group variance [33]. For the 4-electrode method, the 

Fisher coefficient (F) is higher for Xc, while for the 3-

electrode method, F is higher for R. 

The small number of cancer sample allows only an 

observational analysis of the medical images obtained by 

PET/CT, for which the strongest point of CT is the 

detailed representation of interstitial structures [6]; the 

confirmation of biopsy sample findings; and the mean 

impedance spectra of Z|, PA, R and Xc. 

The types of cancer analysed (lung squamous carcinoma 

and lung adenocarcinoma) are included among the non-

small-cell lung cancers [34]. 

The sample sizes of the different cancer types analysed did 

not allow us to perform a comparative analysis of the 

cancer histological observations; and the bioimpedance 

values (|Z|, PA, R and Xc) obtained. Moreover, the small 

sample size did not allow us to perform a statistical 

analysis of the measurements obtained with a single 

frequency at 33 kHz. However, all results seem to indicate 

that the 3-electrode method seems to differentiate the 

cancer types in terms of changes in the cellular structures 

of the tissue (by Xc) as well as in terms of changes in the 

extracellular fluid-related parameters (R), whereas with 

the 4-electrode method, only R is able to differentiate 

between the cancer types. To be able to differentiate using 

both parameters (R and Xc) with the 4-electrode method, 

we should increase the frequency at which the 

bioimpedance samples are analysed; this frequency 

should be between 70 kHz and 80 kHz. 

The mean impedance spectra of the bioimpedance data of 

the measures obtained with the 4-electrode method and the 

3-electrode method show a higher differentiation between 

cancer samples (black: lung infiltrating squamous 

carcinoma and red: lung non-infiltrating squamous 

carcinoma) in the 3-electrode method (|Z| ~ 114.16 Ω, PA 

~ -3.91º, R ~ 112.83 Ω and Xc ~ -20.48 Ω) than in the 4-
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electrode method (|Z| ~ 20.38 Ω, PA ~ 1.01º, R ~ 20.37 Ω 

and Xc ~ -1.17 Ω), which also seems to indicate that the 

3-electrode method is a suitable method to differentiate 

among cancer types. Although the number of samples in 

this study is very small, these preliminary observations in 

neoplastic lung tissue are encouraging for the design of 

future studies to evaluate the ability of EIS to aid in the 

selection of biopsy location and thereby the histological 

characterization of lung diseases. 

 
V. CONCLUSION 
 

In conclusion, the 3- and 4-electrode methods showed a 

statistically significant difference (P  0.001) to 

differentiate between bronchial and healthy lung tissues. 

However. minimally invasive EIS with the 3-electrode 

method could be more suitable than that with the 4-

electrode method  because: 1) the 3-electrode method is 

easier for clinicians to perform because the positioning of 

the catheter against the tissue is easier; 2) there are fewer 

motion artefacts in the 3-electrode method; 3) the catheter 

design could be simpler (only at the distal electrode); and 

4) the use of a single electrode in the catheter allows the 

use of catheters with smaller diameters and increases the 

extension of the bronchial tree that could be explored.   

Regarding to neoplastic tissue, minimally invasive 

bioimpedance might be able to give information on 

neoplastic types. These preliminary observations in 

neoplastic lung tissue are encouraging for the design of 

future studies to evaluate the ability of EIS to aid in the 

selection of biopsy location and thereby the histological 

characterization of lung diseases. 
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FIGURE 1. Schematic representation of the bioimpedance acquisition system. For better understanding of the electrodes’ connection in each case, 
please also see Figure 2.

 

 

 
 

FIGURE 2. Schematic representation of the 4- (left image) and 3- (right image) electrode methods. Blue lines represent the current lines, and orange 
lines represent the voltage lines. In 4-electrode method, the four electrode are inside the lung, while 3-electrode method, LC and LP are on the skin using 
skin surface electrode. In the central figure, the dimensions of the electrodes are represented. 
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(a) (b) 

 

 

 
(c) (d) 

FIGURE 3. The mean (continuous line) and SD (dashed line) values from the bioimpedance signal along the different frequencies analysed obtained 
with 4-electrode method. The (a) modulus, (b) phase angle, (c) resistance and (d) capacitive reactance. Green: healthy lung tissues; blue: bronchial 
tissues; red: neoplastic lung tissues. 
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(c) (d) 

FIGURE 4. The mean (continuous line) and SD (dashed line) values from the bioimpedance signal along the different frequencies analysed obtained 
with 3-electrode method. The (a) modulus, (b) phase angle, (c) resistance and (d) capacitive reactance. Green: healthy lung tissues; blue: bronchial 
tissues; red: neoplastic lung tissues. 
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TABLE I 

INDIVIDUAL VALUES OF |Z|, PA, R AND XC AT 33 KHZ EXTRACTED FROM THE BIOIMPEDANCE MEASUREMENTS OBTAINED WITH 4 ELECTRODES  

 Healthy lung tissues  Bronchial tissues 

ID-H |Z| (Ω) PA (°) R (Ω) Xc (Ω) ID-B |Z| (Ω) PA (°) R (Ω) Xc (Ω) 

1H-4 215.42 -4.70 214.70 -17.63 1B-4 133.77 -3.78 133.48 -8.80 

2H-4 257.72 -7.73 255.37 -34.65 2B-4 65.92 -4.73 65.70 -5.44 

3H-4 359.49 -5.81 357.63 -36.44 3B-4 48.61 -2.41 48.57 -2.04 

4H-4 249.47 -16.80 238.82 -72.11 4B-4 75.03 -2.27 74.97 -2.98 

5H-4 421.58 -5.35 419.75 -39.24 6B-4 130.09 -7.05 129.11 -15.97 

6H-4 507.17 -11.02 497.81 -97.00 7B-4 85.32 -5.12 84.98 -7.61 

7H-4 135.70 -10.79 133.30 -25.39 8B-4 72.06 -4.68 71.82 -5.88 

8H-4 258.49 -14.80 249.91 -66.05 9B-4 106.02 -3.44 105.83 -6.37 

9H-4 344.34 -11.06 337.91 -66.12 10B-4 134.78 -5.61 134.13 -13.18 

10H-4 283.05 -11.12 277.72 -54.63 11B-4 102.12 -3.02 101.98 -5.38 

11H-4 380.71 -10.33 374.50 -68.05 12B-4 84.69 -3.01 84.57 -4.45 

12H-4 250.91 -15.96 241.24 -68.93 13B-4 129.74 -2.90 129.58 -6.56 

13H-4 301.37 -13.60 292.92 -70.84      

 

 

TABLE II 

INDIVIDUAL VALUES OF |Z|. PA. R AND XC AT 33 KHZ EXTRACTED FROM THE BIOIMPEDANCE MEASUREMENTS OBTAINED WITH 3 ELECTRODES  

 Healthy lung tissues  Bronchial tissues 

ID-H |Z| (Ω) PA (°) R (Ω) Xc (Ω) ID-B |Z| (Ω) PA (°) R (Ω) Xc (Ω) 

1H-3 429.83 -5.86 427.58 -43.86 1B-3 217.89 -4.34 217.26 -16.44 

2H-3 607.15 -10.92 596.14 -115.07 3B-3 132.55 -3.52 132.29 -8.15 

3H-3 585.55 -13.99 568.18 -141.53 4B-3 159.61 -3.26 159.35 -9.06 

7H-3 372.84 -14.15 361.52 -91.18 7B-3 323.93 -7.72 320.99 -43.54 

8H-3 634.40 -16.78 607.39 -183.13 8B-3 173.34 -3.94 172.93 -11.91 

9H-3 668.97 -18.96 632.65 -217.41 9B-3 218.43 -4.56 217.73 -17.32 

10H-3 629.11 -14.15 610.00 -153.83 10B-3 392.00 -7.85 388.32 -53.55 

12H-3 400.23 -11.30 392.47 -78.41 11B-3 198.67 -4.40 198.09 -15.23 

13H-3 443.99 -16.15 426.45 -123.53 12B-3 196.00 -3.97 195.53 -13.57 

     13B-3 226.28 -4.26 225.66 -16.82 

 

 

 

 

 

 

 

 

 

 



This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3139223, IEEE Access

                                            Company-Se: Minimally invasive lung tissue differentiation using electrical impedance spectroscopy: a 
comparison of the 3- and 4-electrode methods (July 2021) 

14 
 

 

TABLE III 

DESCRIPTIVE PARAMETERS OF |Z|, PA, R AND XC EXTRACTED FROM THE BIOIMPEDANCE MEASUREMENTS OBTAINED WITH 4 AND 3 ELECTRODES AND ONE-

WAY ANOVA TEST RESULTS. 

4 Electrodes 

 

Mean ± SEM 

95% CI 

(lower limit – upper limit) 

 

Healthy tissues 

(n=13) 

Bronchial tissues 

(n=12) 
F P 

|Z| (Ω) 305.34 ± 29.17 

(241.14 - 369.53) 

97.35 ± 8.60 

(78.43 - 116.26) 
50.719 0.000 

PA (°) -10.46 ± 1.16 

(-13.02 – (-7.89)) 

-4.00 ± 0.42 

(-4.92 – (-3.08)) 
30.471 0.000 

R (Ω) 299.89 ± 29.00 

(236.05 - 363.72) 

97.06 ± 8.55 

(78.24 - 115.88) 
48.648 0.000 

Xc (Ω) -53.85 ± 6.70 

(-68.61 – (-39.10)) 

-7.06 ± 1.16 

(-9.60 – (-4.51)) 
52.103 0.000 

3 Electrodes 

 

Mean ± SEM 

95% CI 

(lower limit – upper limit) 

 

Healthy tissues 

(n=9) 

Bronchial tissues 

(n=10) 
F P 

|Z| (Ω) 530.23 ± 38.74 

(440.90 - 619.56) 

223.60 ± 27.58 

(160.00 - 287.21) 
46.417 0.000 

PA (°) -13.58 ± 1.28 

(-16.54 – (-10.63)) 

-4.84 ± 0.57 

(-6.16 – (-3.52)) 
43.796 0.000 

R (Ω) 513.60 ± 36.30 

(429.90 - 597.30) 

222.50 ± 27.17 

(159.84 - 285.15) 
46.002 0.000 

Xc (Ω) -127.55 ± 17.86 

(-168.73 – (-86.37)) 

-20.97 ± 5.38 

(-33.37 – (-8.58)) 
36.784 0.000 
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(a) (b) 

 

 

 
(c) (d) 

FIGURE 5. Results of the parameters extracted from the bioimpedance signal along the different frequencies analysed obtained with 4 electrodes from 
lung neoplasms. The a) modulus, b) phase angle, c) resistance and d) reactance of the bioimpedance of all the different measures obtained. Black: 
lung squamous carcinoma (infiltrating); red: lung squamous carcinoma (non-infiltrating); and cyan: lung adenocarcinoma. 
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(a) (b) 

 

 

 
(c) (d) 

FIGURE 6. Results of the parameters extracted from the bioimpedance signal along the different frequencies analysed obtained with 3 electrodes from 
lung neoplasms. The a) modulus, b) phase angle, c) resistance and d) reactance of the bioimpedance of all the different measures obtained. Black: 
lung squamous carcinoma (infiltrating) and red: lung squamous carcinoma (non-infiltrating). 
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TABLE IV 

INDIVIDUAL VALUES OF LUNG NEOPLASM MEASUREMENTS OF |Z|, PA, R AND XC EXTRACTED FROM THE BIOIMPEDANCE MEASUREMENTS OBTAINED WITH 4 

AND 3 ELECTRODES AND THE CORRESPONDING LUNG NEOPLASM TYPE 

Lung neoplasm 

4 Electrodes 3 Electrodes 

Cancer type 

ID-NL |Z| (Ω) PA (°) R (Ω) Xc (Ω) ID-NL |Z| (Ω) PA (°) R (Ω) Xc (Ω) 

1NL-4 45.00 -6.57 44.70 -5.16 1NL-3 112.55 -2.54 112.44 -5.00 
Lung squamous carcinoma 

(infiltrating) 

4NL-4 65.38 -5.56 65.07 -6.33 4NL-3 226.71 -6.45 225.27 -25.48 
Lung squamous carcinoma 

(non-infiltrating) 

5NL-4 55.60 -6.74 55.22 -6.52      Lung adenocarcinoma 

       

 

 

   

 

(a) (b) (c) 

FIGURE 7. PET/TC and CT images of the lung neoplasms. The histological diagnoses were a) lung squamous carcinoma (infiltrating), b) lung 
squamous carcinoma (non-infiltrating) and c) lung adenocarcinoma. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


