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The object of this chapter is to describe the development and use of a custom
developed software package to simulate the electrical impedance of living tissues at the
o and B dispersion regions. 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. Some examples are provided to demonstrate its
feasibility.

A significant achievement of Bioimpedance Simulator is that it is able to obtain Cole
compatible behaviours from models based on simple resistances and capacitances.
That is, it shows that the Cole behaviour of living tissues can be related to its structure
at cell level and that it is not necessary to consider special electrical properties of cell
membranes.

This work is presented in part in:

Ivorra, A., Gémez, R., and Aguil6, J. A SPICE netlist generator to simulate living tissue
electrical impedance. 317-320. 2004. Gdansk, Poland. Proceedings of XII International
Conference on Electrical Biolmpedance (ICEBI). 20-6-2004.
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4. Computer modeling of bioimpedance

A drawback of electrical bioimpedance measurements is their lack of specificity, that is,
different physiological causes can induce the same impedance response and vice versa.
Because of that, some authors, including some of the most experienced researchers, just
describe the empirical results with some mathematical formulae and do not try to
provide any physical interpretation [1]. On the other hand, there are those who prefer
to translate the data into equivalent circuit models in order to attribute a physical
meaning to the results. Of course, this approach sounds more interesting because it
permits a certain correlation between the impedance measurements and some
physiological events and, in turn, helps to introduce the bioimpedance methods into
the biomedical environments. However, in order to provide any physical interpretation
it is first necessary to develop reasonable models able to reproduce the bioimpedance
results.

The passive electric properties of biological beings are not constant over the whole
frequency spectrum. Some transition regions, known as dispersion regions, can be
observed. Schawn [2] defined three frequency regions for the dielectric properties of
biological materials: o,  and y. The large dielectric dispersions appearing between 10
Hz and tens of MHz (o and B dispersion regions) are generally considered to be
associated with the diffusion processes of the ionic species (o dispersion) and the
dielectric properties of the cell membranes and their interactions with the extra and
intracellular electrolytes (B dispersion). The dielectric properties at the y region (> 100
MHz) are mostly attributed to the aqueous content of the biological species and the
presence of small molecules [3]. Additionally, some authors also cite a fourth main
dispersion called & between the B and y the dispersions, around 100 MHz, [4] that
would be caused by the dipolar moments of large molecules such as proteins.

The o and B dispersions are related to the tissular and cellular structures and that
makes them specially attractive to detect tissue pathologies such as ischemic injury or
tumors.

There exist some attempts to relate the tissue structures with the bioimpedance
measurements in the o and B dispersion regions by using analytical models linked
with some physical properties of cells and tissues [5]. 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 is advisable to use computer models and simulations if it is not possible to simplify
the geometry of the case.

Although not many, there are some examples of computer simulations of electrical
bioimpedance at cellular level [6;7]. Most of those simulations are based on Finite
Element Analysis (FEA) [8] and that implies the use of software tools that require a
high degree of expertise because of its complexity.

Here it is presented the development and 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
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4. Computer modeling of bioimpedance

simulating the electrical passive properties of living tissues (see Figure 4.1). 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 [9]. Now, its
successors can be based on different routines but they have inherited the syntax to
describe the electronic circuits. The Bioimpedance Simulator describes the modeled
circuits using that syntax and specifically adjusts it for SPICE OPUS 2.03
(http:/ /fides.fe.uni-lj.si/spice/). Compared with FEA tools the Bioimpedance Simulator
not only offers simplicity but also provides the SPICE analysis power.

The use of SPICE to simulate the electrical impedance or other electromagnetic
properties of living tissues is not a novelty [10;11] but, as far as we know, it has never
been used to simulate the impedance of cells or groups of cells with arbitrary shapes .
Moreover, up to now, there not exist any publicly available electrical bioimpedance
simulator based on this approach.

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 freely available at http:/ /www.cnm.es/~mtrans/BioZsim/
The software package has been tested on Windows 98 and Windows XP platforms.

structure definition

results

Bioimpedance Simulator
(create netlist)

SPICE

Figure 4.1. Flow diagram representing the use of Bioimpedance Simulator to model the electrical
bioimpedance of living tissues.

77


http://fides.fe.uni-lj.si/spice/

4. Computer modeling of bioimpedance

4.1. Simulator implementation

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. Table 4.1. summarizes those
elements and their modeling. Figure 4.2 depicts a map example including all the
elements that can be modeled. Note that the Bioimpedance Simulator generates a netlist
to simulate two-electrode impedance measurements, however, it is possible to edit
those netlist files to create the analysis for other kinds of measurement (e.g. four-
electrode measurements).

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 [12], 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 (Rgap).

extra-cellular medium gap junctions

\ intra-cellular medium
|

I+ terminal I- terminal

electrodes

Figure 4.2. All the elements that can be simulated by the Bioimpedance Simulator are depicted in
this figure. Two cells inter-connected through gap junctions are measured by means of two
electrodes. The generated netlist specifies that the impedance is measured between the central
nodes of two pixels (I+ terminal and I- terminal).
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Table 4.1. Bioimpedance Simulator elements and their equivalent circuits.

Element Equivalent circuit Equations Notes
Re p e = electrode
electrode Re T Re material resistivity
R. = Pe / 2
Re E™ T
T=slab thickness
Re
2
plasm Re T Re Rp =7 PT/ pp=plasm
resistivity
2
cytoplasm Re = % p ¢ = cytoplasm
resistivity
C M = unitary
membrane
Coy=Cy-PS-T capacitance
cell
r m = unitary
membrane membrane
Ry == istance
M= pg.T resis
PS = pixel size
r
R.,,=—S&
P UPS.T
I ¢ = unitary
et R, _Pe (JW/2)  junction resistance
gap junctions L= g T
JW =junction
_re(PS2)  width
TToUweT

4.2, Results

The Bioimpedance Simulator was satisfactorily tested by simulating well known
structures such as tracks, corners, parallel plates and strip lines. In this section, the
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simulations of other structures related with the bioimpedance field are presented as
examples to show the applicability of the simulator.

4.2.1. Cell suspension conductivity

From the electrical point of view, one of the simplest physical models for biological
samples is a suspension of spherical particles in an electrolytic solution. Such a model
is not suitable for most living tissues but it has proven to be effective in the case of
dilute blood or cell suspensions. Some expressions have been analytically derived
according to this model. The Maxwell-Fricke equation (equation 4.1) is one of these
analytical solutions [12].

By using the Bioimpedance Simulator, the low frequency conductivity of a cell
suspension was simulated and compared to that expected from the Maxwell-Fricke
equation:

(O'_Uu) _ (‘71‘ _O'u)
(c+70,) " (o, +70,) (4.1)

where o is the conductivity of the total suspension, o; is the plasm conductivity, o: is
the cytoplasm conductivity (since cells are completely isolated at low frequencies o; = 0
Q/cm), p is the cells volume fraction and y 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.

Figure 4.3 shows the results from that comparison in the case that cylindrical cells with
radius equal to 4.5 squares are studied in a 40x40 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.

0.9 o Bioimpedance Simulator

— Maxwell-Fricke equation
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p

Figure 4.3. Low frequency (<10 Hz) conductivity against cells volume fraction obtained with the
Bioimpedance Simulator and the analytical model (Maxwell-Fricke equation) (map size= 40x40
squares, cell radius= 4.5 squares, slice thickness=100 pum, pixel size = 10 um, membrane
capacitance = 1 uF/cm?, plasm resistivity = cytoplasm resistivity= 100 Q.cm)
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4.2.2. Gap junctions

As it has been mentioned in section 1.3, the gap junctions are intercellular pores that
allow ions and small molecules to flow from the cytoplasm of one cell to the cytoplasm
of the adjacent cell. Of course, they are relevant from the electrical bioimpedance point
of view and for that reason its behavior can be also modeled by the Bioimpedance
Simulator.

There are strong evidences that the closure of gap junctions plays an important role in
the evolution of impedance during the ischemia events [13-16]. In addition, it has been
suggested that the gap junctions are the cause of the low frequency dispersions
observed in some normoxic tissues such as the myocardium. The simulation shown in
Figure 4.4 reinforces that hypothesis. The structure vaguely resembling the myocardial
tissue produces two dispersions: a high frequency dispersion (central frequency ~ 40
kHz) related with the cells and a low frequency dispersion (central frequency ~ 1 kHz)
related with the cells grouping caused by the gap junctions. That is, the gap junctions
group the cells into larger structures that induce relaxation processes at lower
frequencies than the single cells.
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Figure 4.4. (left) Simulated structure resembling a piece of myocardium. The myocardial cells
(myocytes) are interconnected through gap junctions. (60 x 60 squares, slice thickness = 25 um,
pixel size = 6 pm, membrane capacitance = 1 uF/cm?, plasm resistivity = cytoplasm resistivity =
100 Q.cm, electrode resistivity = 0.001 Q.cm, gap junction resistance = 5 Q.cm?, junction width
=1 mm). (right) The Nyquist plot shows two dispersions.

4.2.3. Cell with organelles
The presence of organelles inside the cells has been noted as the cause of the observed

secondary dispersions at higher frequencies than the main f dispersion [3]. Aside from
the nucleus, the mitochondria could play a significant role in this sense [5;17].
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The example shown in Figure 4.5 shows that the presence of organelles can indeed
produce such high frequency dispersions (Figure 4.6). Observe that those organelles
have been modeled as plasm vesicles inside the cell and that theirs dimensions are
comparable to the mitochondria sizes.

Figure 4.5. Simulated cell containing organelles (100 x 100 squares, slice thickness =1 um, pixel

size = 0.3 pm, membrane capacitance = 1 pF/cm? plasm resistivity = cytoplasm resistivity =
internal organelle resistivity =100 Q.cm, electrode resistivity = 0.001 Q.cm).
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the organelles are removed.

Figure 4.6. (left) Impedance magnitude Bode plot and (right) impedance locus. Both plots show
the presence of a dispersion between 1 MHz and 10 MHz that does not appear in the case that
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4.2.4. Tissue ischemia

One of the most accepted explanations to the fact that tissue bioimpedance magnitude
at low frequencies increases during ischemia is the fact that the cell edema, induced by
the lack of oxygen, constrains the extracellular space and, consequently, narrows the
low frequency current path (see section 1.1.).

The maps depicted in Figure 4.7 were drawn by Luis G. Vazquez de Lara (Benemérita
Universidad Auténoma de Puebla) and Luis H. Medina (Universidad Popular
Auténoma de Puebla, Puebla, México) to simulate the effect of brain tissue edema
caused by ischemia on bioimpedance [18-20].

Figure 4.7. (left) Simulated normoxic brain tissue slice and (right) simulated ischemic brain
tissue slice (100 x 100 squares, slice thickness = 50 um, pixel size = 5 pm, membrane capacitance
=1 pF/cm? plasm resistivity = cytoplasm resistivity = internal organelle resistivity = 100 Q.cm,
electrode resistivity = 0.001 Q.cm).

The simulations results (Figure 4.8) show a significant impedance magnitude increase
at low frequencies and a significant phase decrease at low and intermediate
frequencies (from 100 Hz to 100 kHz).
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Figure 4.8. Impedance magnitude and phase angle Bode plots obtained from the simulations
depicted in Figure 4.7.
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4.2.5. Cole bioimpedance model

In 1940 Keneth S.Cole [21] introduced the first mathematical expression able to
describe the ‘depressed semicircles? found experimentally when measuring living
tissues electrical impedance. It is known as the Cole equation (here expressed as in
[12]):

Z-R, + R AR-R,-R, (4.2)

1+ (jor)*

where Z is the impedance value at frequency o, j is the complex number (-1)1/2, R, is
the impedance at infinite frequency, Ry is the impedance at zero frequency, t is the
characteristic time constant and o is a dimensionless parameter with a value between 0
and 1. The o parameter is generally around 0.8 for the case of living tissues and it
denotes the divergence from the Debye type relaxation? (o = 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 [3].
However, 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. On the
other hand, realistic structures such as that shown in Figure 4.9 produced Cole
compatible responses. From that kind of simulations it was concluded that the
extracellular space morphology is a key factor concerning the a value: the more
tortuous it is, the lower a value is obtained.

80000 e  Simulation
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Figure 4.9. (left) Simulated structure resembling an actual tissue cut. It represents three cell
clusters separated by large extracellular spaces (vessels). (100x100 squares, slice thickness=50
um, pixel size = 2 pm, membrane capacitance = 1 pF/cm? plasm resistivity = cytoplasm
resistivity = 100 Q.cm, electrode resistivity = 0.001 Q.cm). (right) The results not only differ
from the capacitive behavior (Debye type relaxation) but also match the Cole response. By
using a commercial software (ZView, Scribner Associates, Inc) the following values are
obtained for the Cole equation (4.2): R =18.7 kQ, AR =127.6 kQ), o. = 0.835 and 1 = 2.88 ps.

1 Cole model and other electrical bioimpedance models are explained in more detail in chapter 5.
2 The Debye type elaxation corresponds to the simple resistance-capacitance pair.

84



4. Computer modeling of bioimpedance

4.2.6. Solid electrode-electrolyte interface impedance

As it has been mentioned in chapter 2, at the interface between a blocking electrode
and an electrolyte, the charge distribution creates what is usually referred as the
electrical 'double layer' [22]. 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 [23]. 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) whose impedance is:

Z=K(jw)™” (4-2)
b=—B(x/2) (43)

The impedance locus (Nyquist plot) of a CPE is a straight line at an angle of ¢ to the
real axis which differs from the capacitance model (¢ =-7/2)

Since there exist many empirical and analytical evidences that the CPE behavior is
related with the electrode surface roughness [24] and even with its fractal dimensions
[25;26], this phenomenon can be employed to construct an example in order to
demonstrate the extended applicability of the Bioimpedance Simulator.

Figure 4.10 shows the simulated structure that represents a rough electrode-electrolyte
interface with some degree of fractal features. Note that the electrode-electrolyte
double layer capacitance was modeled by the cell membrane capacitance (plasm-
cytoplasm interface)3.

As it can be observed, the Bioimpedance Simulator results indeed show the CPE behavior
(¢ =-7/4) at high frequencies (>100 Hz).

3 The current version of Bioimpedance Simulator does not model at all the electrode-electrolyte interface
impedance. That is, the interface between the electrode pixels and the other pixels is modeled as a
resistance. Thus, in order to model the actual electrode-electrolyte interface impedance, the electrode was
drawn as it was the cytoplasm medium with high conductivity.
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Figure 4.10. (left) Structure to simulate the behaviour of a rough solid electrode-electrolyte
interface (slice thickness=100 pm, pixel size = 10 pm, membrane capacitance = 100 uF/cm?,
plasm resistivity = 100 Q.cm, cytoplasm resistivity = electrode resistivity = 0.001 Q.cm). (right)
Nyquist plot of the simulated electrode-electrolyte impedance.
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