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Abstract

:

Background: The electrical properties of cells and tissues in relation to energy exposure have been investigated, presenting their resistance and capacitance characteristics. The dielectric response to radiofrequency fields exhibits polarization heterogeneity under pathological conditions. The aim of the study was to analyze the differences in changes in resistance and capacitance measurements in the range from 1 kHz to 1 MHz, combined with an assessment of the correlation between the results of electrical impedance spectroscopy (EIS) and inflammatory activation. Methods: In the prospective study, EIS was performed on the non-dominant arm in 29 male patients (median (Q1–Q3) age of 69 (65–72)) with complex coronary artery disease and 10 male patients (median (Q1–Q3) age of 66 (62–69)) of the control group. Blood samples were collected for inflammatory index analysis. Results: The logistic regression analysis revealed a negative correlation with inflammatory indexes, including neutrophil to lymphocyte ratio (NLR) in the CAD group in the frequency of 30 kHz (p = 0.038, r = −0.317) regarding EIS resistance measurements and a positive correlation in CAD group in the frequency of 10 kHz (p = 0.029, r = −0.354) regarding EIS capacitance. Conclusions: The bioelectric characteristics of peripheral tissues measured by resistance and capacitance in EIS differ in patients with coronary artery disease and in the control group. Electrical impedance spectroscopy reveals a statistically significant correlation with inflammatory markers in patients with CAD.
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1. Introduction


The electrical properties of cells and tissues in relation to energy exposure have been investigated, presenting their permittivity and conductivity [1,2]. Cells and tissues possess resistive and capacitive properties that may be interfered with in pathological conditions [3,4]. Measurements of dielectric polarization of the tissues using a weak electric field application may help in the noninvasive assessment of cell and tissue viability [5]. Volume status can be measured by bioelectrical impedance analysis and helps to estimate body composition as an affordable and accessible method [6]. The bioimpedance method has been used to evaluate hydration status in cardio-renal syndrome [7]. Electric impedance changes may measure not only hydration but also fibrosis [8]. Changes in resistive and capacitive properties of cells and tissues can be estimated by the dielectric spectroscopy method [9]. The dielectric response of cells and tissues to radiofrequency fields has been reported, demonstrating the polarization heterogeneity of vivid structures [10]. The permittivity plays a role in the polarization of the tissue. The external medium or cytoplasm differs in conductivity compared to cell membranes, additionally is involved in the interfacial polarization of the tissue [9] and influences the conductivity of the external medium or cytoplasm in the polarization mechanisms.



The significance of electrical impedance measurements of tissue and cell changes secondary to various pathological stimuli or diseases has been investigated [11]. Microcirculation disturbances secondary to glucose metabolism impairment were suggested by Sieg et al. [12] and in oncology by Das et al. [13]. In a previous analysis, a direct association between pathological stimuli and cellular or tissue response by bioelectric properties was found. The two main measurements obtained in electrical impedance spectroscopy refer to resistance and capacitance. Resistance describes the opposition to the electric flow current of the cells/tissues, and the capacitance presents transmission capability to transfer electric waves [14]. Changes in intercellular resistance to cell migration were reported by Hagiwara et al. [15].



The inflammatory background of coronary artery disease (CAD) may interfere with the electrical characteristics of tissues and cells [16]. Inflammatory activation may be monitored by simple inflammatory markers obtained from whole blood count analysis [17,18]. Although the predictive role of inflammatory markers in advanced coronary artery disease has been proven [19,20], the pathophysiological basis of the relationship between inflammatory activation and coronary atherosclerosis has not been investigated. Brzezinski et al. suggested physicochemical changes measured by dielectric spectroscopy in collagen in comparison to elastin related to peripheral artery disease [21].



The aim of the study was to analyze differences in changes in resistance and capacitance measurements in the frequency range from 1 kHz to 1 MHz between patients with coronary artery disease and healthy subjects. Moreover, the correlation between the results of electrical impedance spectroscopy (EIS) and inflammatory activation assumed on the basis of blood morphology analysis was investigated. The results were verified in the control group to confirm their objectivity.




2. Materials and Methods


The prospective study included 29 male patients with median (Q1–Q3) age of 69 (65–72) years with complex coronary artery disease referred for surgical revascularization (CAD group) and 10 male patients with median age of 66 (62–69) representing the healthy control group. The demographical and clinical data are presented in Table 1. The control group consisted of patients with angiographically non-obstructive coronary arteries.



The electrical impedance spectroscopy and whole blood count were performed on admission in CAD patients and the control group. The spectroscopy results were compared and related to the laboratory findings. Thereafter, the results obtained preoperatively and postoperatively (7 days after the operation) were compared.



2.1. Whole Blood Count Analysis


Whole blood count analysis included compounds such as white blood counts, neutrophils, monocytes, lymphocytes, platelets measurements, hemoglobin concentration, and hematocrit (Table 2). The inflammatory indexes, including neutrophil to lymphocyte ratio (NLR), monocyte to lymphocyte ratio (MLR), platelet to lymphocyte ratio (PLR), systemic inflammatory response index (SIRI), systemic inflammatory index (SII) and aggregate systemic inflammatory systemic index (AISI) were calculated.




2.2. Electrical Impedance Spectroscopy (EIS)


Measurements were performed on the non-dominant forearm. Two electrodes (Ag/AgCl) were placed 10 cm above each other, 5 and 15 cm from the wrist, after skin disinfection, on a dry surface. The analysis was performed on the inner side of the forearm. Only male patients were enrolled in the study to enable the measurements’ reproducibility, as the uncertainty in the electrical measurement of forearm related to gender may relate to natural physiological differences between men and women.



Results for each electrical frequency were obtained after 15 s of application. Resistance (Rp) and capacitance (Cp) measurements were performed using the two-electrode method with an impedance analyzer (HIOKI 3532-50 LCR HiTester (Hioki, Japan)). Measurements in all patients were performed with the alternating voltage of 60 mV (RMS) with the frequency f from 1 kHz to 1 MHz and temperature of 20–25 °C. In order to obtain high-accuracy measurements of the electrical stability of the forearm, the calibration contained in the HIOKI 3532-50 manual was used.



So far, several equivalent circuits describing the measured impedance Z related to the electrical properties of biological materials and the mechanism of electrode polarization (EP) have been proposed [22,23,24,25]. In our study, we consider the equivalent parallel combination of the resistance Rp and the capacitance Cp of the whole system, which is represented by the series connection of the parallel resistance and capacitance of the forearm with the constant phase element (CPE) related to EP. Hence the measured impedance Z of this circuit is given by:


  Z =   1     1     R   p     + j ω   C   p     =   d     j ω     ε   *   ε   o   S       



(1)




where S = 0.78 cm2 and d = 10 cm are the Ag/AgCl electrode area and the distance between the electrodes, respectively, εo is the vacuum permittivity (εo = 8.854 pF/m), and ω is the angular frequency (ω = 2πf).



The complex permittivity of the entire system is defined as ε* = ε − jσ/ωεo, where ε is the relative permittivity of ε and σ is the conductivity (including both DC and AC conductivity). These parameters are the intrinsic electrical properties of the forearm, expressed as intensive quantities, which are independent of the physical size (S and d) of the area of the arm being measured. To interpret the experimental data in Table 3, we transformed the extensive parameters Cp and Rp in Equation (1) into the equivalent intrinsic parameters ε and σ as follows:


  ε =     C   p   d       ε   o   S        a n d   σ =   d       R   p   S       



(2)







To explain the frequency dependence of the electrical properties of the forearm for the control and CAD groups in the range from 1 kHz to 1 MHz of the electric field, taking into account the EP effect, we used the Cole-Cole model, expressed by the formula:


    ε   *   =   ε   h   +   Δ ε   1 +   ( j f /   f   c   )   1 - α     +     σ   l       j 2 π f   ε   o        + A   f   - m    



(3)







σl is the low-frequency of conductivity for the bulk forearm at a frequency that is also the cut-off frequency below which EP occurs, and Af−m is the EP term of the constants A and m, also known as CPE. The bulk electrical properties of the forearm are represented by: εh is the high-frequency of relative permittivity, Δε is permittivity decrement characterizing the magnitude of dielectric dispersion, fc is the characteristic frequency, and α denotes the degree of broadening of the dispersion spectra.



According to Table 3, the experimental results of Rp and Cp and the parameters calculated on the basis of Equations (1)–(3) for the control and CAD groups are presented in the figures as average values.




2.3. Exclusion Criteria


Patients requiring combined procedures, including valvular pathology or aortic aneurysm surgery, were excluded from the analysis. Patients with co-existing peripheral artery disease, chronic inflammatory disease, rheumatic disease, and hematological or oncological history were excluded from the study. The electrodes for EIS measurements were placed within 10 cm distance on the forearm. Therefore, females were excluded, and the study group consisted of males only in order to obtain the most accurate results, undisturbed by the anatomical features of the patients.




2.4. Statistical Analysis


Analyzed data did not follow normal distribution (Shapiro–Wilk test). The parameters were presented as medians and interquartile ranges (Q1–Q3). The comparison of numerical parameters between CAD before surgery vs. CAD after surgery was performed by Wilcoxon test. For the comparison of CAD groups vs. Control, a Mann–Whitney test was used. The relationship between analyzed parameters was assessed by Spearman’s rank correlation coefficient. The percentages were compared by test for proportions. Statistical analysis was performed with the use of statistical package STATA 17 (StataCorp. 2021. Stata Statistical Software: Release 17. College Station, TX: StataCorp LLC.). All tests were considered significant at p < 0.05.





3. Results


3.1. Laboratory Results


The laboratory tests, including whole blood count analysis, lipid panel, and kidney and liver function tests, were performed on each patient, as presented in Table 2.




3.2. EIS Parameters


The results of the EIS between CAD and control groups are presented in Table 3.



The obtained results revealed significant differences between the CAD and control groups regarding electrical resistance and capacitance in the frequency range of 200–500 kHz. The presented results indicate statistically significant differences related to the electrical flow reduction and ions transfer. A graphical comparison of resistance and capacitance between the CAD and control group is presented in Figure 1 and Figure 2.



These spectra show a decrease in the value of both parameters with increasing frequency. However, the spectral shapes of Rp above 50 kHz show less variation with frequency compared to the behavior of Cp. The results in Figure 1 and Figure 2 also show the difference between the control and CAD groups in the values of both of these parameters above 50 kHz. In the 50 kHz–1 MHz range, the control Rp values show a slight increase compared to the CAD values. In contrast, in the same frequency range, the Cp plot for the control lies below the plot for the CAD.



Figure 3 and Figure 4 present the frequency relationship of the relative permittivity ε and the conductivity σ in the full range of electric field frequencies from 1 kHz to 1 MHz for control and CAD groups. These results for both groups show that as the frequency increases, the ε values decrease and the σ values increase. From the log ε versus log f plots, we estimated the cut-off frequency fl = 50 kHz, below which the EP occurs at a slope m of the straight lines of about 0.8. The range from 50 kHz to 1 MHz is only associated with bulk forearms of the control and CAD groups. For these frequencies, the values of ε and σ for CAD are greater than for controls. This indicates that ion transport (reflected by σ) in the extracellular electrolyte and intracellular cytosol and the ability to accumulate charge (reflected by ε) on the surface of the membranes are more intense in the CAD group.



Figure 5 shows the spectra above 50 kHz for the control and CAD groups, which were obtained using the Cole–Cole model (i.e., Equation (1)) without the term EP. In the presented graphs, the Δε″ (imaginary parts ε*) is defined as (σ − σl)/ωε0, taking into account the low conductivity σl at 50 kHz and the high relative permittivity εh at 800 kHz. Differences in dielectric behavior between the two groups showed higher CAD spectra compared to the control. This suggests that the number of relaxation active sites and free ions in the CAD is greater than in the control group while maintaining a similar fc between 100 and 200 kHz.




3.3. Correlations with Inflammatory Indexes


Comparison of the CAD and Control Groups


Logistic regression analysis (Table 4) revealed a negative correlation with inflammatory indexes, including NLR in the CAD group in the frequency of 30 kHz (p = 0.038, r = −0.317) regarding EIS resistance measurements, and a positive correlation in the CAD group in the frequency of 10 kHz (p = 0.029, r = −0.354) regarding EIS capacitance. The same correlations were not observed in the control group.






4. Discussion


Our study revealed two essential observations. First, EIS measurements in patients with complex coronary artery disease revealed significant differences in resistance and capacitance compared to the control group among electrical wave frequencies. The second is the existing correlation between inflammatory markers and EIS results. This is the first study, to our best knowledge, presenting the peripheral tissues’ bioelectrical characteristics related to ischemic heart disease.



Our results provide a new perspective on the pathophysiology of the disease. The bioimpedance properties of peripheral tissues may be influenced by atherosclerotic heart disease. Surgical revascularization may affect the resistance and capacitance of peripheral tissues, as demonstrated in our study. According to our assumptions, coronary artery disease is not the issue of the coronary arteries and muscle by themselves but should be considered as an important factor for peripheral inter- and intracellular bioelectrical properties. Our results suggest some significant differences in peripheral cell resistance secondary to ischemic heart disease. The results may be related to local inflammation, which can easily be assessed by simple hematological indexes.



The cellular components of the tissue determine their electrical properties. Resistance and capacitance are complex variables that depend on the applied electric frequency. Correlation with inflammatory markers in the coronary artery disease group was noticed in the electrical frequency range of 1 kHz to 1 MHz.



The results present the statistically significant correlation between EIS resistance and capacitance at 30 kHz and 10 kHz related to inflammatory activation in patients with complex coronary artery disease. Although the correlation was found in patients with complex coronary disease, it was not more pronounced after surgical revascularization nor in the control group, suggesting the impact of ischemic heart disease on peripheral tissue resistance and capacitance. Therefore, we suggest that the inflammatory milieu related to ischemic conditions strongly influences bioelectrical features. Similarly, differences between healthy and injured tissues were reported in animal experiments. Studies conducted on animals’ lungs by Dean et al., comparing native and damaged tissues, presented similar results [26]. On the other hand, several publications indicate a clear relationship between changes in electrical bioimpedance (EBI) in the wound healing process and inflammation.



Although the EIS results presented a moderate correlation with inflammation, the effect was not found in the control group. These statistically significant results point out a possible reversible relationship between microcirculatory disturbances and coronary artery disease as measured by tissue electrical resistance. The presented relation between inflammatory activation and coronary disease and EIS results was not noticed postoperatively in patients with coronary artery disease. No correlation was observed either in patients without coronary artery atherosclerosis or in patients after surgical revascularization. Thus, we assume that in the conditions of normal cardiac blood supply, bioelectrical activity is not significantly impaired.



This pilot study provides a new perspective on microcirculatory disturbances or the electrical physiology of tissues and cells.



The role of microcirculation dysfunction is strongly associated with the severity of organ dysfunction and mortality [27,28]. The nature and degree of microcirculatory dysfunction are pronounced in patients with inflammatory activation [29]. Electrical frequencies in the 20–30 kHz range related to the microcirculatory environment are characterized by tissue proprieties, including intercellular hydration and protein cumulation. Electrical resistance at relatively low frequencies has been postulated to be related to tissue properties, as reported in E. Marzec et al.’s study [30]. The results of our study indicate the reversibility of microcirculatory disturbances secondary to heart revascularization.



High frequencies of electric stimuli describe the intracellular resistance and capacitance [31,32,33]. The response of peripheral transcriptomic cells to atherosclerotic coronary artery disease is a well-recognized phenomenon [34]. Currently, increasing evidence indicates that such a response has a significant clinical utility in determining CAD-associated events.



The presented results indicate interference between inflammatory markers, including NLR and 500 kHz electric resistance. The obtained results are statistically significant and show possible interaction between inflammatory activation related to atherosclerotic coronary disease and peripheral disturbances of intracellular physiology.



The main limitation of our study is the inability to perform direct EIS measurements performed on heart tissue. However, even if this could be achieved in patients undergoing cardiac surgical revascularization, it would be impossible in the healthy control group. The main strength of our study is the bench-to-bedside analysis.



Since the properties of the cellular structures of biological objects are mainly manifested in the β-dispersion region, our further measurements of the forearm will cover a wide frequency range of up to 10 MHz. In future studies of the electrical properties of the forearms, we will use the four-electrode method to correct the EP effect. The aim of this method will be to shift this polarization towards low frequencies compared to the frequency range below 50 kHz for the EP obtained by the two-electrode method in this study. Due to the masking of α-dispersion by the EP effect, we could not analyze the mechanism of ion conduction and interfacial polarization in the heterogeneous structure of arms made of tissues such as muscle, bone, or fat. Therefore, we expect that the applied four-electrode correction procedure will clearly show the α-dispersion of the electric field during human arm measurements.




5. Conclusions


The bioelectric characteristics of peripheral tissues measured by resistance and capacitance in EIS differ in patients with coronary artery disease and the control group. Electrical impedance spectroscopy reveals a statically significant correlation with inflammatory markers in patients with complex coronary artery disease.







Author Contributions


Conceptualization, T.U.; methodology, T.U., A.K., E.M., A.O.-W. and M.M.; software, M.M.; validation, T.U., A.K., E.M., M.R. and A.W.; formal analysis, T.U., M.M. and E.M.; investigation, T.U., A.K., A.O.-W. and E.M.; resources, M.R. and A.W.; data curation, M.M.; writing—original draft preparation, T.U.; writing—review and editing, T.U., E.M., A.K., A.O.-W., A.T., K.J.F. and M.J.; visualization, T.U.; supervision, M.J. and A.T.; project administration, T.U.; funding acquisition, A.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Poznan University of Medical Sciences Poland (protocol code 198/21 from 11 March 2021).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent has been obtained from the patients to publish this paper.




Data Availability Statement


Data will be available for 3 years following publication via contacting the corresponding author (tomasz.urbanowicz@skpp.edu.pl) after reasonable requirements.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Stoneman, M.; Raicu, V. Dielectric Spectroscopy Based Detection of Specific and Nonspecific Cellular Mechanisms. Sensors 2021, 21, 3177. [Google Scholar] [CrossRef] [PubMed]

	



Bakhtiari, S.; Manshadi, M.K.D.; Mansoorifar, A.; Beskok, A. A Microfluidic Dielectric Spectroscopy System for Characterization of Biological Cells in Physiological Media. Sensors 2022, 22, 463. [Google Scholar] [CrossRef] [PubMed]

	



Bedard, C.; Piette, C.; Venance, L.; Destexhe, A. Extracellular and intracellular components of the impedance of neural tissue. Biophys. J. 2022, 121, 869–885. [Google Scholar] [CrossRef] [PubMed]

	



Mitchell, M.R.; Powell, T.; Sturridge, M.F.; Terrar, D.A.; Twist, V.W. Electrical properties and response to noradrenaline of individual heart cells isolated from human ventricular tissue. Cardiovasc. Res. 1986, 20, 869–876. [Google Scholar] [CrossRef]

	



Schaefer, M.; Gross, W.; Ackemann, J.; Gebhard, M. The complex dielectric spectrum of heart tissue during ischemia. Bioelectrochemistry 2002, 58, 171–180. [Google Scholar] [CrossRef]

	



van der Sande, F.M.; van de Wal-Visscher, E.R.; Stuard, S.; Moissl, U.; Kooman, J.P. Using Bioimpedance Spectroscopy to Assess Volume Status in Dialysis Patients. Blood Purif. 2020, 49, 178–184. [Google Scholar] [CrossRef]

	



Aspromonte, N.; Cruz, D.N.; Ronco, C.; Valle, R. Role of Bioimpedance Vectorial Analysis in Cardio-Renal Syndromes. Semin. Nephrol. 2012, 32, 93–99. [Google Scholar] [CrossRef]

	



Wang, H.; He, Y.; Yang, M.; Yan, Q.; You, F.; Fu, F.; Wang, T.; Huo, X.; Dong, X.; Shi, X. Dielectric properties of human liver from 10 Hz to 100 MHz: Normal liver, hepatocellular carcinoma, hepatic fibrosis and liver hemangioma. Biomed. Mater. Eng. 2014, 24, 2725–2732. [Google Scholar]

	



Heileman, K.; Daoud, J.; Tabrizian, M. Dielectric spectroscopy as a viable biosensing tool for cell and tissue characterization and analysis. Biosens. Bioelectron. 2013, 49, 348–359. [Google Scholar] [CrossRef]

	



Sekine, K.; Torii, N.; Kuroda, C.; Asami, K. Calculation of dielectric spectra of suspensions of rod-shaped cells using boundary element method. Bioelectrochemistry 2002, 57, 83–87. [Google Scholar] [CrossRef]

	



Hernández-Bule, M.L.; Medel, E.; Colastra, C.; Roldán, R.; Úbeda, A. Response of neuroblastoma cells to RF currents as a function of the signal frequency. BMC Cancer 2019, 19, 889–903. [Google Scholar] [CrossRef] [PubMed]

	



Sieg, A.; Guy, R.; Delgado-Charro, M.B. Noninvasive and Minimally Invasive Methods for Transdermal Glucose Monitoring. Diabetes Technol. Ther. 2005, 7, 174–197. [Google Scholar] [CrossRef]

	



Das, N.; Alexandrov, S.; Gilligan, K.E.; Dwyer, R.M.; Saager, R.B.; Ghosh, N.; Leahy, M. Characterization of nanosensitive multifractality in submicron scale tissue morphology and its alteration in tumor progression. J. Biomed. Opt. 2021, 26, 016003–016014. [Google Scholar] [PubMed]

	



Markx, G.H.; Davey, C.L. The dielectric properties of biological cells at radiofrequencies: Applications in biotechnology. Enzym. Microb. Technol. 1999, 25, 161–171. [Google Scholar] [CrossRef]

	



Hagiwara, M.; Maruyama, H.; Akiyama, M.; Koh, I.; Arai, F. Weakening of resistance force by cell–ECM interactions regulate cell migration directionality and pattern formation. Commun. Biol. 2021, 4, 808–821. [Google Scholar] [CrossRef] [PubMed]

	



Severino, P.; D’Amato, A.; Pucci, M.; Infusino, F.; Birtolo, L.I.; Mariani, M.V.; LaValle, C.; Maestrini, V.; Mancone, M.; Fedele, F. Ischemic Heart Disease and Heart Failure: Role of Coronary Ion Channels. Int. J. Mol. Sci. 2020, 21, 3167. [Google Scholar] [CrossRef] [PubMed]

	



Christodoulidis, G.; Vittorio, T.J.; Fudim, M.; Lerakis, S.; Kosmas, C.E. Inflammation in Coronary Artery Disease. Cardiol. Rev. 2014, 22, 279–288. [Google Scholar] [CrossRef]

	



Freitas, I.A.; Lima, N.A.; Silva, G.B.D., Jr.; Castro, R.L., Jr.; Patel, P.; Lima, C.C.V.; Lino, D.O.D.C. Novel biomarkers in the prognosis of patients with atherosclerotic coronary artery disease. Rev. Port. Cardiol. (Engl. Ed.) 2020, 39, 667–672. [Google Scholar] [CrossRef]

	



Ikonomidis, I.; Michalakeas, C.; Parissis, J.; Paraskevaidis, I.; Ntai, K.; Papadakis, I.; Anastasiou-Nana, M.; Lekakis, J. Inflammatory markers in coronary artery disease. Biofactors 2012, 38, 320–328. [Google Scholar] [CrossRef]

	



Urbanowicz, T.; Michalak, M.; Olasińska-Wiśniewska, A.; Rodzki, M.; Witkowska, A.; Gąsecka, A.; Buczkowski, P.; Perek, B.; Jemielity, M. Neutrophil Counts, Neutrophil-to-Lymphocyte Ratio, and Systemic Inflammatory Response Index (SIRI) Predict Mortality after Off-Pump Coronary Artery Bypass Surgery. Cells 2022, 11, 1124. [Google Scholar] [CrossRef]

	



Brzeziński, J.; Oszkinis, G.; Marzec, E. Dielectric relaxation of a protein–water system in atherosclerotic artery wall. Med. Biol. Eng. Comput. 2007, 45, 525–529. [Google Scholar] [CrossRef] [PubMed]

	



Magar, H.S.; Hassan, R.Y.A.; Mulchandani, A. Electrochemical Impedance Spectroscopy (EIS): Principles, Construction, and Biosensing Applications. Sensors 2021, 21, 6578. [Google Scholar] [CrossRef] [PubMed]

	



Brunauer, G.C.; Meindl, A.; Rotter, B.; Gruber, A.; Slouka, C.; Schnabel, T.; Petutschnigg, A. Electrochemical Impedance Spectroscopy for Microbiological Pro-Cesses: On the Way to a Monitoring Tool for the Determination of Biomass. Biomed. J. Sci. Tech. Res. 2021, 35, 27548–27557. [Google Scholar] [CrossRef]

	



Slouka, C.; Wurm, D.J.; Brunauer, G.; Welzl-Wachter, A.; Spadiut, O.; Fleig, J.; Christoph Herwig, C. A Novel Application for Low Frequency Electrochemical Impedance Spectroscopy as an Online Process Monitoring Tool for Viable Cell Concentrations. Sensors 2016, 16, 1900. [Google Scholar] [CrossRef]

	



Raicu, V.Y.; Feldman, Y. Dielectric Relaxation in Biological Systems, Physical Principles, Methods, and Applications; Oxford University Press: Oxford, UK, 2015. [Google Scholar]

	



Dean, D.; Ramanathan, T.; Machado-Aranda, D.; Sundararajan, R. Electrical impedance spectroscopy study of biological tissues. J. Electrost. 2008, 66, 165–177. [Google Scholar] [CrossRef]

	



Noitz, M.; Steinkellner, C.; Willingshofer, M.P.; Szasz, J.; Dünser, M. Die Rolle der Mikrozirkulation in der Entstehung des Or-ganversagens [The role of the microcirculation in the pathogenesis of organ dysfunction]. Dtsch. Med. Wochenschr. 2022, 147, 17–25. [Google Scholar]

	



Ince, C.; De Backer, D.; Mayeux, P.R. Microvascular Dysfunction in the Critically III. Crit. Care Clin. 2020, 36, 323–331. [Google Scholar] [CrossRef]

	



Ansari, J.; Gavins, F.N.E. The impact of thrombo-inflammation on the cerebral microcirculation. Microcirculation 2021, 28, e12689. [Google Scholar] [CrossRef]

	



Marzec, E.; Olszewski, J. Dielectric response to thermal denaturation of lenses in healthy and diabetic rabbits. Bioelectrochemistry 2021, 142, 107923–107930. [Google Scholar] [CrossRef]

	



Yamada, Y.; Hirata, K.; Iida, N.; Kanda, A.; Shoji, M.; Yoshida, T.; Myachi, M.; Akagi, R. Membrane capacitance and characteristic frequency are associated with contractile properties of skeletal muscle. Med. Eng. Phys. 2022, 106, 103832–103838. [Google Scholar] [CrossRef]

	



Zhong, Y.; Zhang, X.; Beckel, J.; de Groat, W.C.; Tai, C. Intracellular sodium concentration and membrane potential oscillation in axonal conduction block induced by high-frequency biphasic stimulation. J. Neural Eng. 2022, 19, 046024. [Google Scholar] [CrossRef] [PubMed]

	



Tang, T.; Liu, X.; Yuan, Y.; Zhang, T.; Kiya, R.; Yang, Y.; Suzuki, K.; Tanaka, Y.; Li, M.; Hosokawa, Y.; et al. Assessment of the electrical penetration of cell membranes using four-frequency impedance cytometry. Microsyst. Nanoeng. 2022, 8, 68–80. [Google Scholar] [CrossRef] [PubMed]

	



Lin, M.; Zhang, Y.; Niu, Z.; Chi, Y.; Huang, Q. Transcriptomic responses of peripheral blood cells to coronary artery disease. Biosci. Trends 2018, 12, 354–359. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 20 02745 g001 550] 





Figure 1. Logarithmic comparison of EIS resistance between CAD and control group within the range from 1 kHz to 1 MHz. 
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Figure 2. Logarithmic comparison of EIS capacitance between CAD and control group within the range from 1 kHz to 1 MHz. 
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Figure 3. Frequency dependence of the relative permittivity (●—CAD; ◊—control). Solid and dashed lines indicate slope m for CAD and controls. 
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Figure 4. Frequency dependence of the electrical conductivity (●—CAD; ◊—control). 
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Figure 5. Cole–Cole plots of the experimental data (●—CAD; ◊—control). 
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Table 1. Demographical and clinical characteristics.
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	Parameter
	CAD Patients

n = 29
	Control Group

n = 10
	p





	Age (years) (median (Q1–Q3))
	69 (65–72)
	66 (62–69)
	0.786



	Sex (male/female) (n,%)
	29/0
	10/0
	--



	NYHA class (median (Q1–Q3)
	2 (1–2)
	2 (1–2)
	--



	Height (cm) (median (Q1–Q3))
	175 (170–175)
	176 (168–180)
	0.698



	Weight (kg) (median (Q1–Q3))
	86 (79–83)
	98 (90–112)
	0.134



	Co-morbidities:
	
	
	



	Arterial Hypertension (n,%)
	26 (89%)
	10 (100%)
	0.567



	Diabetes Mellitus (n,%)
	8 (28%)
	5 (50%)
	0.356



	COPD (n,%)
	3 (10%)
	1 (10%)
	0.976



	PAD (n,%)
	0 (0%)
	0 (0%)
	--



	Hypercholesterolemia (n,%)
	19 (66%)
	9 (90%)
	0.456



	Kidney Failure (n,%)
	2 (7%)
	0
	0.187



	Atrial Fibrillation (n,%)
	4 (13%)
	0
	0.061



	Stroke in Medical History (n,%)
	1 (3%)
	0
	0.094



	Echocardiography
	
	
	



	LV (mm) (median (Q1–Q3))
	45 (43–49)
	50 (47–52)
	0.126



	RV (mm) (median (Q1–Q3))
	30 (26–33)
	32 (31–33)
	0.436



	LA (mm) (median (Q1–Q3))
	37 (33–40)
	40 (38–45)
	0.438



	LVEF (%) (median (Q1–Q3))
	60 (60–60)
	60 (60–60)
	0.976







Abbreviations: CAD—coronary artery disease, COPD—chronic obstructive pulmonary disease, LA—left atrium diameter, LVEF—left ventricle ejection fraction, LV—left ventricle diameter, NYHA—New York Heart Association, PAD—peripheral artery disease, RV—right ventricle diameter.













[image: Table] 





Table 2. Laboratory test results.






Table 2. Laboratory test results.














	Parameter
	CAD before Surgery

(A1)
	CAD after Surgery (A2)
	Control Group

(B)
	p

A1 vs. A2
	p

A1 vs. B
	p

A2 vs. B





	Laboratory
	
	
	
	
	
	



	WBC (K/uL) (median (Q1–Q3))
	7.7 (6.3–9.1)
	7.4 (6.1–8.6)
	7.7 (6.3–1.1)
	0.229
	0.035 *
	0.098



	N (K/uL) (median (Q1–Q3))
	5.1 (4.1–6.7)
	4.5 (3.9–5.4)
	4.3 (3.1–5.2)
	0.025 *
	0.022 *
	0.403



	L (K/uL) (median (Q1–Q3))
	1.6 (1.2–1.7)
	1.7 (1.3–2.0)
	1.4 (1.1–1.8)
	0.166
	0.412
	0.139



	NLR (median (Q1–Q3))
	3.6 (3–4.7)
	2.8 (2.4–3.1)
	2.9 (2.5–3.5)
	0.002 *
	0.079
	0.541



	M (K/uL) (median (Q1–Q3))
	0.5 (0.4–0.6)
	0.6 (0.5–0.8)
	0.4 (0.4–0.5)
	0.020 *
	0.152
	0.004 *



	MLR (median (Q1–Q3))
	0.4 (0.3–0.4)
	0.4 (0.3–0.4)
	0.3 (0.3–0.4)
	<0.001 *
	0.327
	0.062



	SIRI (median (Q1–Q3))
	1.9 (1.4–2.4)
	1.8 (1.4–2.1)
	1.4 (1.0–1.7)
	0.179
	0.056
	0.094



	Eo (K/uL) (median (Q1–Q3))
	0.17 (0.08–0.16)
	0.35 (0.19–0.35)
	0.3 (0.1–0.4)
	<0.001 *
	0.017 *
	0.618



	LUC (K/uL) (median (Q1–Q3))
	0.12 (0.1–0.18)
	0.18 (0.13–0.24)
	0.13 (0.12–0.15)
	0.003 *
	0.923
	0.059



	Hb (mmol/L) (median (Q1–Q3))
	9.2 (8–9.5)
	6.9 (6.4–7.2)
	9.1 (8.3–9.6)
	<0.001 *
	0.664
	<0.001 *



	MCV (fl) (median (Q1–Q3))
	92 (90–97)
	94 (91–97)
	93 (91–96)
	0.281
	0.746
	<0.001 *



	RBc (M/uL) (median (Q1–Q3))
	4.5 (4.3–4.8)
	3.52 (3.31–3.86)
	4.7 (4.6–4.9)
	<0.001 *
	0.234
	<0.001 *



	Hct (%) (median (Q1–Q3))
	43 (40–44)
	33 (30–35)
	45 (41–47)
	<0.001 *
	0.061
	<0.001 *



	MCHC (mmol/L) (median (Q1–Q3))
	21.1 (20.4–21.6)
	21 (30–35)
	20.3 (19.8–20.9)
	0.006 *
	0.009 *
	0.131



	RDW (%) (median (Q1–Q3))
	13.7 (13.1–14.1)
	14 (13.5–19.9)
	14 (13.6–14.5)
	0.001 *
	0.129
	0.910



	Plt (K/uL) (median (Q1–Q3))
	231 (192–279)
	221 (214–306)
	197 (186–261)
	0.006 *
	0.499
	0.130



	SII (median (Q1–Q3))
	800 (621–1098)
	653 (608–803)
	645 (505–849)
	0.018 *
	0.119
	0.585



	AISI (median (Q1–Q3))
	465 (258–571)
	433 (311–544)
	287 (261–328)
	0.503
	0.104
	0.031 *



	MPV (fl) (median (Q1–Q3))
	9 (8.4–9.7)
	8.5 (8.1–8.9)
	9.1 (8.8–9.9)
	0.039 *
	0.310
	0.016 *



	Lipid profile
	
	
	
	
	
	



	Total cholesterol (mmol/L) (median (Q1–Q3))
	3.45 (314–3.95)
	-
	5.1 (4.1–5.7)
	-
	0.049 *
	-



	LDL fraction (mmol/L) (median (Q1–Q3))
	1.85 (1.49–2.35)
	-
	2.95 (1.6–3.41)
	-
	0.274
	-



	HDL fraction (mmol/L) (median (Q1–Q3))
	0.88 (0.84–1.28)
	-
	1.1 (1.0–1.3)
	-
	0.378
	-



	Triglycerides (mmol/L) (median (Q1–Q3))
	1.2 (0.82–1.69)
	-
	1.4 (1.1–1.6)
	-
	0.421
	-



	Liver function:
	
	
	
	
	
	



	ALT (U/L) (median (Q1–Q3))
	29 (23–35)
	31 (20–44)
	31 (21–44)
	0.768
	0.835
	0.913



	Kidney function:
	
	
	
	
	
	



	Creatinine (umol/L) (median (Q1–Q3))
	88 (72–103)
	76 (71–82)
	55 (79–87)
	0.028 *
	0.949
	0.111



	Myocardial markers:
	
	MAX
	
	
	
	



	Troponin -I (ng/mL) (median (Q1–Q3))
	0.012 (0.005–0.02)
	1.99 (1.389–2.378)
	0.014 (0.006–0.03)
	<0.001
	0.867
	<0.001







Abbreviations: AISI—aggregate index of systemic inflammation, ALT—alanine aminotransferase, CK-MB—creatine kinase myocardial band, Eo—eosinophil count, Hb—hemoglobin, Hct—hematocrit, HDL—high density lipoprotein, L-lymphocytes, LDL—low density lipoprotein, LUC—large unstained cells, M—monocyte count, MCHC—mean corpuscular hemoglobin concentration, MCV—mean corpuscular volume, MLR—monocyte to lymphocyte ratio, MPV—mean platelet volume, N—neutrophil count, NLR—neutrophil to lymphocyte ratio, Plt—platelets, PLR—platelets to lymphocyte ratio, RBC—red blood cells, RDW—red blood cells distribution width, SII—systemic inflammatory index, SIRI—systemic inflammatory response index, WBC—white blood cells. * Significant p value.
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Table 3. EIS measurements comparison between CAD (A1) and control (B) group.
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Frequency

f

	
CAD Group (A1)

	
Control Group (B)

	
p




	
Rp

(kΩ)

	
Cp

(nF)

	
Rp

(kΩ)

	
Cp

(nF)

	
p Rp

	
p Cp






	
1 kHz

	
45.3 (35.7–52.7)

	
7.7 (5.9–8.5)

	
43.5 (41–49)

	
8 (6.0–9.1)

	
0.772

	
0.515




	
5 kHz

	
7.8 (6.13–10.45)

	
8.3 (7.1–9.9)

	
7.22 (5.7–8.4)

	
8.2 (7.6–8.2)

	
0.106

	
0.502




	
10 kHz

	
3.5 (2.9–3.8)

	
6.3 (5.8–7)

	
3.6 (2.7–4.1)

	
6.6 (6–6.9)

	
0.306

	
0.193




	
15 kHz

	
2.5 (2.1–2.8)

	
4.9 (4.5–5.3)

	
2.5 (1.9–2.7)

	
4.8 (4.4–4.8)

	
0.032 *

	
0.974




	
20 kHz

	
2 (1.7–2.4)

	
3.9 (3.7–4.1)

	
2.1 (1.6–2.2)

	
3.8 (3.5–4.1)

	
0.079

	
0.987




	
30 kHz

	
1.5 (1.3–1.6)

	
2.8 (2.6–3.0)

	
1.4 (1.3–1.6)

	
2.6 (2.4–2.7)

	
0.880

	
0.129




	
50 kHz

	
1.2 (1–1.3)

	
1.7 (1.6–1.9)

	
1.2 (1–1.2)

	
1.6 (1.3–1.7)

	
0.065

	
0.879




	
70 kHz

	
1 (0.9–1.1)

	
1.3 (1.2–1.4)

	
1.1 (1–1.2)

	
1 (0.1–1.1)

	
0.943

	
0.678




	
100 kHz

	
0.9 (0.8–1.0)

	
0.9 (0.9–1.0)

	
0.9 (0.9–1.0)

	
0.9 (0.9–1.1)

	
0.066

	
0.508




	
200 kHz

	
0.7 (0.6–0.7)

	
0.5 (0.4–0.5)

	
0.8 (0.8–0.9)

	
0.4 (0.2–0.7)

	
0.035 *

	
0.001 *




	
300 kHz

	
0.6 (0.6–0.7)

	
0.3 (0.3–0.3)

	
0.7 (0.7–0.7)

	
0.2 (0.2–0.2)

	
0.045 *

	
0.008 *




	
500 kHz

	
0.5 (0.4–0.6)

	
0.1 (0.05–0.2)

	
0.6 (0.5–0.6)

	
0.06 (0.06–0.07)

	
0.047 *

	
0.003 *




	
800 kHZ

	
0.51 (0.48–0.53)

	
0.06 (0.05–0.08)

	
0.55 (0.41–0.63)

	
0.03 (0.02–0.04)

	
0.224

	
0.004 *




	
1 MHZ

	
0.49 (0.45–0.52)

	
0.04 (0.03–0.05)

	
0.51 (0.48–0.52)

	
0.01 (0.01–0.01)

	
0.628

	
0.001 *








Abbreviations: Rp—resistance, Cp—capacitance, kΩ—kiloohms, nf—nanofarads. * Significant p value.
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Table 4. Correlation between EIS measurements and inflammatory markers.






Table 4. Correlation between EIS measurements and inflammatory markers.





	
Frequency

f

	
Inflammatory Index

	
Rp/Cp

	
CAD Group (A1)

	
Control Group (B)




	

	

	

	
Spearman’s Rho

	
p

	
Spearman’s Rho

	
p






	
1 kHz

	
NLR

	
Rp

	
0.045

	
0.815

	
−0.571

	
0.084




	
5 kHz

	
NLR

	
Rp

	
−0.254

	
0.749

	
−0.628

	
0.052




	
10 kHz

	
NLR

	
Rp

	
−0.405

	
0.101

	
−0.246

	
0.493




	
15 kHz

	
NLR

	
Rp

	
−0.329

	
0.059

	
−0.238

	
0.724




	
20 kHz

	
NLR

	
Rp

	
0.049

	
0.587

	
−0.337

	
0.136




	
30 kHz

	
NLR

	
Rp

	
−0.317

	
0.038 *

	
−0.628

	
0.052




	
50 kHz

	
NLR

	
Rp

	
−0.252

	
0.069

	
−0.261

	
0.466




	
70 kHz

	
NLR

	
Rp

	
−0.235

	
0.529

	
−0.409

	
0.241




	
100 kHz

	
NLR

	
Rp

	
−0.368

	
0.060

	
−0.523

	
0.121




	
200 kHz

	
NLR

	
Rp

	
0.007

	
0.465

	
−0.415

	
0.233




	
300 kHz

	
NLR

	
Rp

	
0.009

	
0.538

	
−0.175

	
0.629




	
500 kHz

	
NLR

	
Rp

	
−0.161

	
0.047 *

	
−0.525

	
0.119




	
800 kHz

	
NLR

	
Rp

	
0.270

	
0.611

	
−0.174

	
0.631




	
1 MHz

	
NLR

	
Rp

	
0.028

	
0.067

	
−0.174

	
0.630




	
1 kHz

	
NLR

	
Cp

	
−0.126

	
0.514

	
−0.281

	
0.433




	
5 kHz

	
NLR

	
Cp

	
0.311

	
0.343

	
−0.246

	
0.493




	
10 kHz

	
NLR

	
Cp

	
0.354

	
0.029 *

	
−0.534

	
0.802




	
15 kHz

	
NLR

	
Cp

	
0.147

	
0.082

	
−0.238

	
0.724




	
20 kHz

	
NLR

	
Cp

	
0.388

	
0.856

	
−0.506

	
0.136




	
30 kHz

	
NLR

	
Cp

	
−0.317

	
0.094

	
−0.628

	
0.052




	
50 kHz

	
NLR

	
Cp

	
0.167

	
0.187

	
−0.261

	
0.466




	
70 kHz

	
NLR

	
Cp

	
0.381

	
0.354

	
−0.409

	
0.241




	
100 kHz

	
NLR

	
Cp

	
0.197

	
0.049 *

	
−0.523

	
0.121




	
200 kHz

	
NLR

	
Cp

	
0.166

	
0.978

	
0.233

	
0.031




	
300 kHz

	
NLR

	
Cp

	
0.09

	
0.972

	
−0.175

	
0.629




	
500 kHz

	
NLR

	
Cp

	
−0.162

	
0.402

	
−0.525

	
0.119




	
800 kHz

	
NLR

	
Cp

	
0.345

	
0.312

	
0.323

	
0.631




	
1 MHz

	
NLR

	
Cp

	
−0.166

	
0.883

	
−0.640

	
0.631








Abbreviations: CAD—coronary artery disease, Cp—capacitance, NLR—neutrophils to lymphocyte ratio, Rp—resistance. * Significant p value.
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