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A SPICE NETLIST GENERATOR TO SIMULATE LIVING TISSUE ELECTRICAL IMPEDANCE. Antoni Ivorra1, Rodrigo Gómez, Jordi Aguiló Centre Nacional de Microelectrònica , Campus UAB, Bellaterra, Barcelona, Spain ABSTRACT: The measurement of the electrical impedance is becoming an emerging clinical tool to monitor the condition of living tissues for applications such as ischemia injury quantification or malignant tissue detection. Nowadays, the obtained experimental results are not completely explained by analytical models. However, computing models could give some insight into the interpretation of the results. The object of this paper is to describe the development and use of a freely available software package to simulate the electrical impedance of living tissues at the α and β dispersion regions (http://www.cnm.es/~mtrans/BioZsim/). It is based on the generation of a SPICE netlist from the specification of some numerical parameters concerning the tissue and a bi-dimensional map representing a slice of tissue. Three examples are provided to demonstrate its feasibility: the low frequency conductivity of a cell suspension, the impedance of a rough electrode-electrolyte interface and the impedance spectrogram of a structure resembling an actual tissue cut. Keywords: bioimpedance, tissue, SPICE, netlist, modelling, simulator



1. INTRODUCTION There exist some attempts to relate the tissue structures with the bioimpedance measurements by using analytical models linked with some physical properties of cells and tissues [1]. These analytical models can work properly in some cases such as cell suspensions, however, their applicability is limited when complex structures, such as living tissues, are considered. In those cases, it may be advisable to use computer models and simulations. It is possible to find some examples of computer simulations of electrical bioimpedance at cellular level [2;3]. Most of those simulations are based on Finite Element Analysis and that implies the use of software tools that require a high degree of expertise because of its complexity. As a result, most researchers in the bioimpedace field do not perform any simulation at all. Here it is presented the development and the use of an alternative method to simulate the electrical impedance of living tissues: the Bioimpedance Simulator software package. The Bioimpedance Simulator generates SPICE input files, also referred as SPICE netlists, for simulating the electrical passive properties of living tissues. SPICE stands for "Simulation Program with Integrated Circuit Emphasis" and it was originally conceived more than thirty years ago at the University of California at Berkeley to simulate and predict the behavior of electronic circuits [4]. The Bioimpedance Simulator specifically adjusts the syntax for SPICE OPUS 2.03 (http://fides.fe.uni-lj.si/spice/). The Bioimpedance Simulator is mainly intended for didactic purposes but it can be also applied to validate some hypothesis concerning the interpretation of the experimental impedance measurements. However, it must be always taken into account that it is a bi-dimensional tool and not all the results can be extrapolated to the three-dimensional problems. The Bioimpedance Simulator including its help documentation and its Visual Basic source files are available at http://www.cnm.es/~mtrans/BioZsim/ The software package has been tested on Windows 98 and Windows XP platforms. 2. METHODS The Bioimpedance Simulator generates a netlist that represents a flat section, or more precisely a slice, of living tissue. Basically, it consists of a bi-dimensional mesh of passive electric components that depend on some numerical parameters, such as the plasm and cytoplasm resistivities, and a bi-dimensional map drawn by the user. Each square pixel of the map is transformed into a set of passive circuit components (resistances and capacitances) interconnected between them and the components of the adjacent pixels. The type of components, their interconnections, and their values depend on the elements (colors) drawn by the user. 1
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The electrode, plasm (extra-cellular medium) and cytoplasm elements are modeled as pure resistive media. At any plasm-cytoplasm interface the presence of the cell membrane is assumed and it is modeled as a capacitance in parallel with a resistance. The resistive behavior of plasm and cytoplasm and the dielectric behavior of cell membrane is a commonly accepted simplification by most researchers [5], at least up to some MHz. At the tight inter-cell spaces it is possible to find special structures (gap junctions) that allow ions to flow from the cytoplasm of one cell to the cytoplasm of the adjacent cell. These behavior is modeled by the Bioimpedance Simulator as shunting resistances.



3. RESULTS AND DISCUSSION 3.1. Cell suspension conductivity The low frequency conductivity of a cell suspension was obtained and compared to that expected from the Maxwell-Fricke equation [5]: (σ − σ a ) (σ − σ a ) =p i (1) (σ + γσ a ) (σ i + γσ a ) where σ is the conductivity of the total suspension, σa is the plasm conductivity, σi is the cytoplasm conductivity (since cells are completely isolated at low frequencies σi = 0 Ω/cm), p is the cells volume fraction and γ is a shape factor that is equal to 1 for cylinders normal to the electrical field as it is the case for the Bioimpedance Simulator.



σ /σ a



Fig. 1. shows the results from that comparison in the case that cylindrical cells with radius equal to 4.5 squares are studied in a 40×40 square map. Note that, although the resolution is too low to properly draw the circumferences, the Bioimpedance Simulator results are quite similar to those predicted by the analytical model. 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
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3.2. Solid electrode-electrolyte interface impedance It is interesting to test the capability of the simulator to reproduce impedance behaviors that can be qualified as 'abnormal' since they cannot be modeled by simple equivalent circuits with physical realizable elements such as resistances and capacitances. One of these abnormal impedance behaviours is not from the bioimpedance field but will sound familiar to anyone working on it: the solid electrode-electrolyte interface impedance. At the interface between a blocking electrode and an electrolyte, the charge distribution creates what is usually referred as the electrical 'double layer' [6]. The impedance of this double layer is usually represented by a capacitance and, indeed, this ideal behaviour has been observed with liquid mercury electrode systems, which have perfectly smooth surfaces [7]. However, in the case of solid metal electrodes, it has been observed that the impedance of that interface over a wide range of frequencies is more properly modelled by a 'constant phase element', CPE. The impedance locus (Nyquist
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plot) of a CPE is a straight line at an angle of φ to the real axis which differs from the capacitance model (φ =-π/2) Since there exist many empirical and analytical evidences that the CPE behavior is related with the electrode surface roughness [8] and even with its fractal dimensions [9;10], it was decided that this fact could be the basis for a proper test for the Bioimpedance Simulator. The objective was to test whether or not the Bioimpedance Simulator produced a CPE behavior for rough electrode surfaces when the electrode-electrolyte interface was modeled by an ideal capacitance. Fig. 2a shows the simulated structure that represents a rough electrode-electrolyte interface with some degree of fractal features. The electrodeelectrolyte double layer capacitance was modeled by the cell membrane capacitance (plasm-cytoplasm interface) because the Bioimpedance Simulator does not model at all the electrode-electrolyte interface impedance. As it can be observed in Fig. 2b, the Bioimpedance Simulator results indeed show the CPE behavior (φ =-π/4) at high frequencies (>100 Hz).



a



b



Fig. 2. (a) Structure to simulate the behaviour of a rough solid electrode-electrolyte interface (slice thickness=100 µm, pixel size = 10 µm, membrane capacitance = 100 µF/cm2, plasm resistivity = 100 Ω.cm, cytoplasm resistivity = electrode resistivity = 0.001 Ω.cm). (b) Nyquist plot of the simulated electrode-electrolyte impedance.



3.3. Cole bioimpedance model When actual impedance measurements of living tissues are performed, it is observed that the dispersions cannot be appropriately modeled by Debye type relaxations (resistance-capacitance couples). In those cases, the CPE is also used. The Cole brothers introduced these elements to model the dielectric behavior of a large amount of materials and processes and implemented a model for the electrical impedance of living tissues that nowadays is almost accepted as an standard to characterize the bioimpedance results [5]: ∆R Z=R+ (2) 1 + ( jωτ )α The α parameter is generally around 0.8 for the case of living tissues and it denotes the divergence from the Debye type relaxation (α = 1). Its physical meaning is not clearly understood. Some researchers suggest that it is caused by a random distribution of relaxation times due to the heterogeneity of cell sizes and shapes [11]. However, as it will be seen below, the presence of tortuous structures can justify by itself the Cole response. Moreover, several tries were performed with the Bioimpedance Simulator to produce the Cole responses by randomizing cells sizes and shapes and, the only successful results were obtained when unrealistic large differences in cell sizes were introduced. The electrical bioimpedance of a structure resembling an actual tissue cut (Fig. 3a) was obtained by the Bioimpedance Simulator. It represented three cell clusters separated by large extracellular spaces (vessels). The results (Fig. 3b) not only differed from the capacitive behavior (Debye type relaxation) but also matched the Cole response found in actual experiments. By using a commercial software (ZView, Scribner Associates, Inc) the following values were obtained for the Cole equation (2): R = 18.7 kΩ, ∆R = 127.6 kΩ, α = 0.835 and τ = 2.88 µs
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Fig. 3. (a) Simulated structure resembling an actual tissue cut (100×100 squares, slice thickness=50 µm, pixel size = 2 µm, membrane capacitance = 1 µF/cm2, plasm resistivity = cytoplasm resistivity = 100 Ω.cm, electrode resistivity = 0.001 Ω.cm). (b) Nyquist plot of the simulated tissue impedance.
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