FROM :

FAR< MO, - Apr. 19 2813 B4:13PM

Bioimpedance Monitoring for physicians:
an overview

Antoni vorra

July, 2002
{tevised and sxpanded July, 2003)

F1



FROM : FAR< MO, - Apr. 19 2813 B4:13PM P2

Bigiinpedange Monitoring fof., L 8n rvigw

Sometimes | have had to explain the basles of electrical Bioimpedance Monitoring (BM) to
physiclans, biolegists or veterinarians, all of them from the biomedical community and
familiarized with the cell biology. In general, these professionals are not skilled In clroult
theory or electromagnetics and | found difficulties t0 explain concepts such as impedance
phase, real part of the impedance, complex numbers... In these cases, | would have liked to
provide them some written material to clarify thuge concepts. Unfortunately, the literature about
bioimpadance is mostly written by physicists for physicists and a hackground in electromagnetic
theory is assumed. On the othar hand, the basie circuit theory texts are too much dense and
remote from the biolmpedance field. Therefore, | thaught that a short paper trying to fill this gap
could be profitable.

| have not ided to write a scientific review about BM. My objective has been to be didactic and |
have specially focussed the slectrical concepts.

0. INTRODUGTION

Elgctrical Bioimpedance Monltoring is an emerging toot for biomedical research and for medical
practice. it constitutes one of the diagnostic methods based on the study of the passive
slectrical properties’ of the biological tissues. These properties have been object of study since
Lulgi Galvani (1737-1789) digcovered that while an assistant was touching the sciatic nerve of a
frog with a metal scalpel, the frog's muscle moved when he draw electric arcs on a nearby
glectrostatic machine, However, it was not until the end of XIX (MeAdama ef Joasinet, 1995)
that these properties started to be measured thanks to the development of new instrumentation
and the set up of the slactromagnetic field theory by James Clerk Maxwell (1831-1879).

The practical use of the slectrical passive properties startad in the middle of the XX century.
Different properties and téchniqueas resultad in a collaction of maethods that are now used for
multiple applications. Usually, these methads have three advantages in common:

= raquire low-cost Instrumentation.
= are easlly applicable in practice.
= enable on-line monitoring.

Excallent reviews about the applications of Biolmpedance (Bl) methods can be found in
(Grimnes et Martinsen, 2000), (Bourne, 1998} and (Scharfetter, 1998). Here some of these
applications are listed in order to show the Bl potentiality.

Cellular Moasurameants

Coulter counter. This method is the best known application of impedance methods
in the cellular field. It is used to count the amount of calls in a suspension. The
maasuring principle is quite simple: calls are forced, or enabled, to pass trough a
capillary (~100 pm) that changes its electrical impedance at each cell passage.
Then, the concentration of cells is estimated from the rate of impedance
fluctuations and, in some cases, it is even possible to extract information about the
eall sizes frarn the impedance peak values at each cell passage.

Measurement_of the hematocrt. The concentration of dielectric particles in a
conductive solution ¢an be estimated if the shape and size of the particles Is
known. This fact has been used in commercial blood analyzers to determine the
hematocrit.

' The passive electrical properties are determined by the observation of the tissue electrical responss to the injection of
axtarnal alectrical anargy. Thal is, the tfiseue is characterized as it was an electrleal cireuit composed by reslsters,
capacitors, inductors. ..

Some biological tissues also show active electrical properties since they are capable of generating currants and
voltages {e.g. the nerves).
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Maoniioring of cell culfures. Bl can be used fo quantify the blomass In Industrial

bioreactors (Bragos et al., 1988) or to study the response of cellular cultures to
extarnal agents {toxins, drugs, high-voltage shocks and electroporation) (Giaever
et Keesa, 18093) (Borkholder, 1998),

Volume Changes

As It will be explained later, the bloimpadance is not only related with the tissue properties but it
also depends on the geometrical dimensions. Therefore, it is possible to measure sizes or
volumes when some data about the tissue electrical conductive properties is Known a priori.
Moreover, Iif tiasue electrical properties remain constant, it is possible to obtain information
about volume or size changes from the detected impedance fluctuations (Geddes et Baker,
19689).

Impedance plethyamography. In this method Bl is used to estimate the blood
volume in the extremities. One of its applications Is the detection of venous
thrombosges and stenoses in the extremities by measuring the blood filling time
when an occlusion of the veins in the limb is removed,

Impedange_cardiggraphy. The stroke volume of the heart can be estimated by
measuring impedance via an invasive mutislectroda catheter or with skin
electrodes (transthoracic impedance cardiography.)

Impadance pneumography. The same principles of the Impedance cardiography
can be also applied for menitoring the respiration air velumes,

Bady composition
As the Bl depends on the tissue properties and its geometry, it is possible to estimate the
relative valumes of differant tissues or fluids in the body,

Fluid sompartments. For the determination of the total body water, the relative
volurmes of extra and intracellular spaces is estimated by measuring Bl. Two
procedures are in use: bicimpadance analysis (BIA) and bioimpedanca
spactroscopy (BIS). BIA measures impadance at a single frequency and agzumes
that the measured value corresponds to the extracellular fluid volume. However,
the broad variety of persons and pathologies causes Important disturbances.
Those disturbances are reduced when BIS (measurement at several frequencies)
is applied.

Fat compartments. With important reatrictions, the same technigues of the
hydration monltoring can be applied to calculate the fat/fat-free mass.

Tlasue classification

Since differant tissue types exhibit different conductivity parameters, it Is easy to conceive that
Bl can be applied to characterize the tissues. Obviously, the most interesting application would
be the cancer detection. Unfortunately, although this idea was born long ago (Fricke and
Morsa, 1828) few significant achievements have heen obtained up to now and the field is il
under research (Walker et al., 2000), (Jossinet et Schmitt, 1999).

Neveriheless, it must be said that one multichannel-BIS davice is now commercially available
for breast cancer screening (TransScan Medical, 2002){(Malich et al., 2003). The probe consists
of an array of slectrodes that is pressed onto the breast, The system displays a map of the
impedance which yields typical pattems for healthy and cancerous breast. Its usefulness has
been positively demanstrated against the competing methods.
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Tissue Monitoring

Cellular edema, interstitial edema and gap |unctions closure are some events that induce
varlations of the Bl parameters. These events are related o the metaboliasm of the tissue celis
and their on-line manitoring could be of great relevance. Nowadays, this field of application is at
ihe research level. However, the results are very promising and a future clinical usage seams
reasonable,

Izchemiz monitoring. In some cardiac surgical procedures the heart Is artificially
arrested. In these cases, the medical team does not have any information about
the myecardium gondition and the unique controllable parameter i3 the ime before
circulation is restored {ischemia pericd). Thus, a system able to indicate the
evolution of the damage caused to the heart by the lschemla s interesting
(Benvenuto et al., 2000). Several papers show that ischemia in the heart, and in
other organs or tissues, imply the alteration of some Bl parameters (Schwartzman
ot al, 1999), (T=ai et al.,, 2002), (Songer, 2001), (Warran, 1099), (Cinea et al,
18997) , (Bragos et al., 1996), (Jenderka et Gerslng, 1996), (Linhart et al., 1995),
(Gersing et al., 1995), (Osypka ot Gersing, 1995), (Fallert et al., 1993), (Kiéber et
al,, 1987), (Ellenby et al., 1987).

Graft viability assessment. Bl manitoring of argans to be transplanted has been
proposed to determine which organs are suitable for transplantation. The idea Is to
guantify the damage caused hy ischemia before, during and after the
transplantation (MicroTrans, 2002), (Sola et al., 2003), (Yamada et al., 2002),
(Haemmaerich et al., 2002), (Raicu et al., 2000), (Gersing, 1888), (Ishikawa et al.,
1996), (Fourcade et al., 1973}, (Harms et al, 2001), (Konishi at al, 188%),
{Gebhard et al., 1887), (Garrido et al., 1883).

Graft_refection monitoring. The rejection proceasses in transplanted organs cause
inflammatory processes that could ba detected hy BRI measurements (Pfitzmann et
al, 2000), {Grauhan et al., 1998). An implanted electrode probe with telemetry has
heen proposed for this application {(Harms et al., 2001). A naninvasive approach
has also been suggested but it implies some important practtcal problams (Qlimar,
1887).

Electrical Impedance Tomography (EIT) expands the usefulness of all thiz methods by adding
spatial resolution. EIT provides a mapping of the impedance distribution in a tizsue layer or
volume. Multiple electrodes are used to inject and record the vollages and currents and
computer reconstruction algorithms process the resulting data to generate an image. The
resolution |z very poor compared to other imaging metheds (echography, X-ray tomography or
Magnetic Nuclear Resonance) but it is sometimes justified in terms of cost, acquisition speed
and information provided by the guantitative results. However, although some clinical studies
have been carriad out, EIT (s not applied now as a standardized method. Fer more information
about EIT read (Bourne et al., 1988)
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1. CIRCUIT THEORY

Impedance is a common word in electronics. it denotes the relation between the voltage and the
current in a component or system. Usually, it is simply described as the opposlitlon to the flow
of an alternating electric current through a conductor, Howevar, impedance is a broader concept
that includes the phase shift between the voltage and the current. We will see it later, but first it
is necessary to review some basic concepts about electricity.

Voltage (or potential) in a point A indicates the energy of an unitary charga located in this point
compared 1o the energy of an unitary charge in a point B. If an electric: path exists, this energy
difference forces the electronic charges to move from the high energy position to the low energy
position. In other words, voltage is the electrical force that causes current to flow in a circult.
Voltage is measures in Volts (V).

Traditionally, an analogy with water pressure has been sef up in order to explain the voltage
concept.

The alectrical current denotes the flow of electrical charge (Q) through a cross-section in a
second. It is measured in Amperes (A) (= Coulombs/s.m?),

Following the same hydraulic analogy, current is viewed as the water flow (amount of
liters/second) through a pipe.

l=n/t

voltage =» pressure
cLlr.rrﬂnt = flow

Charge can exist in nature with either positive or negative polarity. Forees of attraction exist
betwean apposite charges and forces of repulsion exist between like charges.

In the materials that conduct electricity, some particles exist that are able to move, Thesa
particles are called charge carrlers and they are usually electrons or ions. There are many
materials, called insulators or dielectrics, that do not conduct alectricity, All the charges in thase
materials are fixed {fixed charges).

1.1 RESISTIVE NETWORKS

v an element able to conduct electricity, the resistance (R) denotes the relation between the
applied voltage difference and the flowing current. it is measured in Ohms (£2).

The resistance of an ideal conductor (superconductor) is 0 €2 while the resistance of an ideal

dielectric is infinite.

The Ohm's law says that there exist a linaar ralation between voltage and current:

v=i.R

This law is valid for most materiales but there are some exceptions. Far axample, biological
tissues d:o not obey Ohm's law if the current density (current/cross-section area) is beyond a
threshold”.

Resistance implies energy loss. The amount of energy lost by a conductor in a second (Powsr)
Is:

# When a systermn obeys the Ohm's law it is said to be = linear system because all the vettages and currents are ralated
trough linear expresslons.
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P=v.l [W=V.A]
The resistance is compared to the opposition of water flow In a plpe.
i=v/R
Vy n---/_\/\;\—o V.,

V]_ - V2 u"‘

heat

The resistance depends on different parameters and physical facts:

=  Amount of charge carriers in the conductor: the resistance is inversely related to the
coneentration of charge carriers. For example, in an ionic solution the conductance (1/R) is
directly related to the ion concentration®.

=  Mobility of the charge carriers. Charges are freer to move in some circumstances and that
detarmines the resistance. For example, in ionic solution the ‘viscosity' of the solvent
decreases as the temperature rizes, Increasing the ion mobility and, conseguently,
decreasing the resistance. On the contrary, In metals, electronic conductors, the
temperature causes electrons to collide more frequently and that causes a mobility
decrease.

« (Gapmetrical constraints. The resistance is inversely related to the conductor sectian and it
iz directly related to the conductor length. For a given material and temperature, the
rasiativity (p, units [(2.cm] ) is defined as:

R = p x (Length/Section)

In a eireult, the elements able io provide enargy are;
Voltage source, An element that maintains a fixed voltage difference between its two terminals

no matter the current that is flowing through it. This slement would be analogous to a watarfali,
Thea most known examples are batteries.

+ +

Currant source. An alament that maintains a fixed current through tt no matter the voltage
difference between its terminals, This elemant would be analogous to a peariataltic pump.

An electric circuit containing multiple connected resistors® can be modeled as a single
resistance. That is, the circuit behaves as a single resistance. The following examples show
how this simplification is parformed,

* Thig is trua whila the concantration (g not teo much high,
* A vesistor 18 an electric component with a fixed resistance,
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+
3A 10 = v=lxR=3Ax10=3V

1y = {=vR=3V/1ii = 3A

[#=11=12+vR2|
I= it =12 = v/(R1+R2) = v2 = LR2 = 1.5V

Resistors Ih seriea:

VD = VI +V? = |1.R1+ izuRz = |.(R1+R2)
i=V,/(R;+R3)

| |

Ry = Ry+R;

l R + R,

Resistors in parallel;

Ry + Rl +
ir) ill izl ig = i]. +I2 = V/Rf" V/Rz = V.(R1+R2)/(R1.R2)
_ _ v = ip.(Ry.Ra )/ (Ry-+Ry)

3

R R
Ron = 102
& Rl -+ Rz
R, + +
_Ri Ry
! - Sl

Ryl IRz

7
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In a biological tissue, each slab of extra-celiular space can be modeled as a resistance. Thus,
as we have seen, the behavior of the whole extra-cellular space will be equivalent to a single
resistance, Unfortunately, biological tissues are more complex than that, they include dielectrics
and consequently they show time dependant responses.

1.2 TIME AND FREQUENCY RESPONSE IN LINEAR SYSTEMS

Apart from fixed value voltage and current sources, it is also possible to find, or to implement,
sources with a time dependent output. Here, two examples are presented.

Step voltage source:
The output voltage is O V until time equals t,. Then, the voltage 1= A

v = AU(t-ty)

k, Tim s

Slnuscidal voltage source:
The output voltage iz a time dapendent sinugoid, The shapa of the sinusoid is determined by

the frequency (number of cycles/sacond), by the amplitude (maximum voltage value) and by the
angle or phase (expressed In degrees).

+
v = Asin(ot+d,) \/D

\

magnitude (ampllitude) phase

PR

Yau/f

.

T=1/f = 2n/w (pariod = 1 / frequency)
ty = by /00

The phase determines whan the sinusoid starts. It can be understood as a delay (i) and its
value can be either positive or negative,
This signals are also referred as AC signals (AC = alternating current).

As it has been said, the biological tissues include dielectrics. Apart from the fact that the
resistance of these materials is ideally infinite, they imply another electrical phenomenon:
capacitance.

Dielectrics are not capable to conduct charge but they are capabla to store it. The basic charge
aceurnulator 15 the parallel-plate structure, This element consists of two conductive plates
separated by a dielectric. The amount of charge that it is capable to store (Q) is determined by

Fa
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itz dimensions and by a dlelectric parameter: permittivity (¢ = s.5;). The capacitance (C)
relates the voltage with the accumulated charge and it is measured in Farads [F]

+ + Q=CV
+
Q__ dQ _dv
v v o ¢ & Ca
-Q
- A - R« \V)
C:.S'r&'o d I_Cdt

£,=8.9 x 1072 C/V.m

The relative permittivity ( &) depands on the material between the two plates. If this material is
vacuum or air, the permittivity equals g, (g,= 1)

From the equations it can be easily observed that the relation between voltage and current
depends on time. If the capacitance voltage Is kept constant, no current enters or leaves the
capacitance, However, If this voltage changes with time, a certaln guantity of current
{proportional ta the time derivative of the voltage) will enter and leave the capacitance to charge
or to discharge it. That does not mean that charge carriers can physically flow through the
dislactric but, from the voltage gource point of view that is what happens when the voltage is not
constant with time. That is, if a time varying voltage is applied to the capacitance, some current
is able to flow through the source,

The following example shows what happens when a pulse-train voltage sourse is cornected to
a circuit composed by a resistance and a capacitance (RC cireuit).

+ 100 —| —‘ —“

_h.ﬂﬂ;[l_ &) v ve— ¢ i

Timu

C=1F; R=10

At the beginning the capacitance is discharged (Q=0 Coulombs) and, consequently, the valtage
difference batween its terminals is 0 V. The first input voltage pulse (plotted in red) causes
seme currant to flow trough the resistance and starts to charge the capacitance. However, since
the capacitance increases its voliage (plotted in blue), the current decreases and the voltage
evolution is flattaned.

When the voltage scurce comes back to 0 V, the capacitance is charged and it starts to retumn
the accumulated charge through the resistance. The evolution is also flattened because the
capacitance voltage decreases as it losses charge.

As it can be ohsarved, for this kind of input signal, the voltages and currents in the circuit can

show a different shape (input: rectangular pulse train — output; saw shape). However, thera iz a
special Kind of signal that maintains Its shape! the sinusoidzl signal,
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f= w/2n = 1kHz; ¢ =0 ™
Ce=200nF; R=1k0

The voltage at the capacitor is a sinusoidal with the same fraquancy as the voltage source. The
only differences are the amplitude and the phase. The same can be 2aid about all the voltagaes
and currents around the circuit. This is a fundamental property of linear circuits (for inatance,
any combination of resistors, capacitors and inductors):

In a lingar circuit, when the excitatory signal is a sinusoidal current or voltage source, all
voltages and currents are sinusoidal signals with the same fraguancy of the excitatery
signal.

This fact, combined with the fact that any signal can be expressed as a combination of
sinuscids (Fourier Serles) is of great relevance in elactronics and communications. Once that
the circuit has bean characterized for each frequency (two parameters for each frequency:
amplitude and delay) it iz possible to compute the output signal for any kind of input signatl.

The impedance of an element at a certain frequency is deflned as the relation between the
input voltage and the input current for that frequency. Thusg, it should be clear that for a linear
elament two relations will exist between voltage and current: 1-relation of amplitudes (or
modulus or magnitudes) and Z- relation phases (delay’ between current and voltage).

AC signals are usually represented as complex numbers. This special kind of numbers
contains information of the modulus and the phase. Below there are some figures and
equations trying to explain this coneept. However, the oply thing that must be clearly understood
is that complex numbers are a proper way to represent modulus and phage simultansously. The
reason to use this nomenclature la for calcuius,

real part of ¢; Re{c}=a
Complex number: c=a+j.b
‘ ~ imaginary part of ¢: Im{c}=b
Im

w© “module : |c|=J(Refc))’ +(Imfch)’
Refc} )

phase : Ze= arctan (
Complex plane

In electronics, the letter | (V(-1) = (-1)”") is used instead of i to avoid confusions with the current
symbol,

10
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1.3 ELECTRICAL IMPEDANCE

For a given frequency, if V and | are the complex numbers reprasenting the input voltage and
current (magnitude and phase): The electrical impedance, Z, is a complex number with
magnitude equal to the relation of magnitudes and phase equal to the difference of phases.

1Z] = V7N

Z2=V/l =
LE€=7V- 21

The real part of the impedance is called resistance while the imaginary part is called
reactance. The resistive part causes the power loss (the impedance of a resistor is purely
reaistive, without reactance term, Z = Re {Z}) while the reactance causes the delay between
voltage and current (the impedance of a capacitor is purely reactive Z = j.Im {Z} )

Although it is not strietly accurate, the Impedance concept it also applied when voltage and

currents are injected or measured at different points. In those cases it would be more correct to
uge the term transimpedance.

nce of 3 [as o

As it has been shown baefore, a resistance obeys the Ohm's law by definition. Thus, the only
ralation between voltage and current can be a refation of magnitudes.

Z=Re{Z}=R=V/

The same expression is valid for any combination of reslatances that can be grouped as a
single equivalent rasistancs.

Impedan acitance:

For a capacitance, the current is proportional to the time derivative of voltage. This means that
the Ohm's law as we expressed before is no longer valid.

The impedance of a capacitance is™
Z=-.(1H2 nfC))

Thus, the capacitance impedance depends on frequency (f} and is purely reactive {phass = -
a0y,

It is sometimes said that a capacitance behaves s a resistance with value 1/24fC: an open.

cirouit (no_conhductance) for very low frequencies and a short-cirewlt for high frequencies,
Another way to say the same:

In @ capacitance, high frequency currents are free to flow and low frequency currents
are blocked.

This rule is especially useful to understand Intuitively the behavior of simple RC eircuits,

* The ¢emonstration of this axprassion & heyond the scope of this paper,

11
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Extended Ohm's law:

The Ohm's law, and the paraliel and series equivalents, ¢an ba applled to any linear circuif
using the impedance complex values. For instance, the following figure shows how to calculate
tha impedance of a circuit formed by a resistance and a capacitance in series,

_ Re{Z} =R
2R e ™ iy -

nfC
§ : Z\|= R? ey
T 1Z1=, " (@2nfCy

-1 ]
L= arctan[zgc--

For R = 1 k(2 and G = 100 nF (10° F) the following graphs are obtained:

100900.00 4 ‘ ‘ 000 T —
A0.00 T

" ' -
2008 ~
100000 4 - o 30,00

2] . 249,00
Qhms s o .60.00
10C0.00 -h‘_— JB0.00 -
R=1000 70,08
T
140.00 ' ' . | . 00, ad . RN
10 100 1000 100D 100000 100 1000 10000 100000
Frag, (H7) Frae. (Ha}

These graphs ara the Bode plots of the impedance. On the laft, the magnitude, or modulus, of
the impedance is displayed for sach freguency (f). Both axes, horizontal and vertical, are
exprassed In logarithm bhase 10. The graph on the right shows the phase value for @ach
frequency. [n thia case, only the frequency is expressad in the logarithm form.

it is possible to describe intuitively such behavior. At low frequencies, f < 10 Hz, the
capacitance blocks the current and, therefore, the impedance modulus must be very high.
Because of that, the 'most important’ Impedance is the impedance of the capacitance and the
phase is imposed by it. Thus, the impedance phase gets closer to -B0° ag the frequency is
reduced. On the other side, at high frequencies, the current is free to flow trough the
capacitance and the limiting elemeant is the resistance.

in the following example, try to describe the Bode graphs by yourself (C=100nF, Rl=1k
and R2=1ky):

12
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At low frequencies the current is blocked by the capacitance and the current is only capable to
flow trough R1. Therefore, the Impedance is imposed by R1 and that means that the modulus is
[R1)= R1 = 1 k@2 and the phase is #R1 = 0 °. At high frequencies the capacitance behaves as a
shart-circuit and the impedance is R1 in parallel with R2 = R1||R2 = (R1*R2}/(R1+RR2) = 500
£1. In this caze it will be said that a single dispersion exists, that iz, a single trangition from a
constant impedance value (|Z| at low fraquencies) to another constant value (|Z] at high
frequencies) is detected. In general, the number of observable dispersions (or transitions) will
depand on the number of RC branches provided that their valuas are quite dissimilar (different
frequency regiohs).

The same information c¢an be displayed using ancther kind of representation: the Weasel
diagram (also called Cole diagram or Nyquist plot).
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The imaginary part (with negative sign) of the impedance is plotted versus the real part of the
impedance for each frequency. This representation Is particularly used in electrochemistry and
has been adopted by many researchers in the bioimpedance field, Its main advantage is that
sach dispersion is easily identified because it is displayed as an are,

1.4 ELECTRICAL CHARACTERIZATION OF THE MATERIALS

As it has been noted, the impedance values are not only determinad by the slectrical praperties
of the materials (conductivity and permittivity) but also by the geometrical constraints. (n
general, the values of interest will be the electrical properties of the matarials since they will be
not dependent on the geomsetry used in each study. The values displayed by the
instrumentation setup will be expressed as impedance or conductance values but they are
easily transfarmed into material electrical properties by applying a scaling factor that depends
on the gepmatry, the cell conatant. The reference geometry is a cubic slab of the material in
which the impedance is measured trough two ideally conducting plates at opposite sides. In the
hioimpedance fiald, the size of this cube is usually 1 cm =« 1 cm x 1 em.

1cm

Y=G+B=G+joC =Ko +jus) = Ko+ joeeg)
Where:

Y is the admittance (=1/Z, inverse of the impedancea)

G Is the real part of the admittance and it is callad conductance (expressed in Siemens
(8) = 1/ Ohm (1/80)

B is the imaginary part of the admittance and it is called susceptance (expresgsed in
Siemens (5) = 1/ Ohm (1/02))

G is the capacitance (expressed in Farads (F))

K is the scaling factor of the measurement cell = areaflength (expressed in cm*fcmmcm)
o i5 the conductivity of the material {expressed in Sfom)

e is the permittivity of the material {expressed in Flem)

g I8 the relative permittivity of the material and is the permitivity of the
material/permittivity of the vacuum (8.8x10™" Flem)

Unfortunately, there is no general agreement on how to express the dislectric properties of the
materials and different parameters and symbols will be found the Iiterature. The following list
summatrizes the most commonly used parameters and thelr relationships. 1t must be noticed
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that the proper characterization of a dielectric material requires two parameters for each
frequency.

Pararmeter Symbols Units Equations
conductivity o, K Siem ¥Y=G+iB=Ka+os) o=G6G/K
permittivity B Flem Y=G+B=Ka+jus) s=Blak)
relative permittivity £ naunits  g.= efeg
resistivity o 0.em Z=1=(R+jX); _R=(UK}p, p=ilia
Notes:

1. In some studies, specially those working at a single fragquency, the conductivity and resistivity
values are not strictly treatad. In those cases, it is assumed that the imaginary part is not relevant
{(an assumption that is quite well-founded in BM flald) and, consaguantly, the fallowing aquations
are adapted: Y=|Y|=Ko,;, Z=Z={1/K)p; p=1ls

2. tha "complex conductivity”" and "complex parmittivity" parameters have aleo been defined and are
baing used by some authers (see Grimnes and Martinsen, 2000)

As a didactical example now it will ba shown how the conductivity (expressed in
Slamens/centimeter, S/em) and the relative permittivity ( e;=efes, no units) can be obtained from
the measured impedance values:

Imagine that the impedanca valuas of the previous circuit (R1 in parallet with R2 and C in
saries) have been cbtained by measuring the following piece of material,

2 Gm

Since the admittance (Y= G+jB = G+jaC = K(otjoe) = (zectionflength){a+jue)) is diractly related
with the parameters of intarest, the first step is to obtain it by inverting the impedance (Y=1/2).
Then, the real part {G) and the imaginary part {B) of Y can be isolated, The following plet shows
the conductance () and the susceptance (B) expressed in Siemens(S). Observe that this is not
a Bode plot (the Y axis is expressed in fingar units).
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Z.0E-03

1.5E-03
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5OE04 |
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A Wessel diagram can also be plot with the conductance and susceptance values.

4 HE-0 ——————— e - [
1,5808 4 - -

23 1,0E-03
0

fraquanc

6,0E-04 -

100 Hz 10 #Hz

QDE+0Q A= | B ; 1
0.0E+0D 5,0E-04 1.0E-03 1.5E-03 2.0E-02

G (8)

The scaling factor (K) is {m = 1 cm?)/2 em) = 1.57 cm. Then, the conductivity (o = G/K) and the
relative permittivity {g,=efeq, 50 = 8.8x10™ Flem: e = BHaK)= B/(2nfK) ) can be obtained from the
conductanee (G) and susceptance (B) values:

1.E-02 e 1.E+08
| Lo 1, B+08
£1.E-03 J1ETOA @
(5}
X w03
1,E-04 ! P 1.E+02
10 100 1000 10000 100000

Froq (Hz)
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2. ELECTRICAL BICIMPEDANCE

Electrical bicimpedance is defined as the measurement of the electrical impedance of a
bialogical sample. This parameter per ge is of minor importance. However, it can reflect some
interesting physiological conditions and events.

Schawn (Schawn, 1957) defined three frequency regions for the dislectric properties of
biological materials from the observed main dispersions of the conductivity and the permittivity
(see the plot below).

ﬂl’
g {mS/cm)
4
08 103
105 =102
102 f- ~ 10
-] l .
Frequency (Hz)

{rapreducad fram Bourna at al, 1088)

The targe dielectric dispersions appearing between 10 Hz and tans of MiHz (o and p dispersion
ragiong) are generally considered to be associated with the diffusion processes of the lonic
species (¢ dispersion) and the dielectric properties of the cell membranss and their interactions
with the extra and Intra-cellular electrolytes (B dispersion). The dielectric properties at the v
reglon are mostly attributed by the agueous content of the biological specles and the presence
of small molecules (Foster et Schawn, 1880). Some authors also reference a fourth main
dispersion called 8 between the [ and y the disperslons, around 100 MHz, (Pethig, 1984) that
would be caused by the dipolar moments of big molecules such as proteins.

The reader just needs to keep in mind that the purpose of this paper is to describe the tissue
impedance changes observed between 100 Hz and 10MHz and, therefore, we will be dealing
with the aa called f dlapersion.
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2.1 ORIGIN OF THE p DISPERSION

The cell is the basic unit of living tissuas. Its basic structure (a phospholipid bilayer membrane
that separates the intracellular medium from the extracellular medium) detarmines the fissue
alectrical impedance from some Hz to several tens of MHz.

Extracellular medium

From the electrical point of view, the extracellular medium can be considered as a liquid
elecirolyte (ionic solution). By far, the most Important ions are Na® {~ 140 mM ) and CI' (~100
mM}. Thus, the electrical properties depend on all physical or chemical parameters that
gatermine their concentration or mobility.

The temperature plays an important refe in ionic conductance. As it has been said, the
viscosity of the solvent decreases as the temperature rises, increasing the ion maobility and,
consequently, decreasing the resistance. Specifically, there exist a linear relation between
temperature and lonic conductance (1/resistance) that lies around 2%/°C. However, this
temperature coefficient is not fixed and should be determined for sach kind of tissue (Gersing,
1999).

For small ion concentrations ar small concentraticn changes, a linear relationship beiween
conductance and concentration can be assumed. OF course, other ions than Na™ and CI or
charged molecules (proteing) will contribute to the overall conductivity (see the table below).

In most tissues, the pH is in the range 6-8. Hence the concentration of H,O™ long is very low
{~uM) and does not contribute signiflcantly.

Intracellular medium

The ionic concentration of the intracellular medium is similar to the concentration of the
extracellular medium (180 meg/L against 153 meg/l.). In this case, the important charge carriers
are K', protein- and HPQ4 + S0,° + organic acids.

Besides the iong and other charged molecules, inglde the cell it is possible to find numerous
membrane structures with a completely differant electrical response. These membranes are
farmed by dielectric materials and their conductivity is very low. Thus, the impedance of the
intracellular madium must be a mixture of conductive and capacitive properties. However, for
simplification, it Is generally accepted that the intraceliular medium behaves as a pure ionic
conductor.

cations (meq/l.) anions (meq/L)

extraceflular  intracellular extracellular intracellular
Na® 142 10 cr 103 4
K* 4 140 HCOy 24 10
Ca™ 5 10 protein- 16 38
Mg™* 2 a0 HPO,” + S04 10 130
H* 4407 4x10°F + organic acids
Sum 163 180 Sum 153 180

Concantration of electrolytas in body liguids. From (Grimnes et Martinsén, 2000).

Cell mambrane

The cell membrane has a passive role (io separate the extra and the intracellular media) and an
active rale (to control the exchange of different chemical species).

18
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The passive part of the cell membrane is the bilayer lipid membrane (BLM). This film (~7nm
thick) allows lipids and water molecules to pass trough it but, in principle, it is completely closed
for jons. s intrinsic electrical conductance ig very low and it can be considered a dielectric,
Therefore, the structure formed by the extracefular medium, the BLM and the intracellular
madium is a conductor-dielectric-conductor structure and It behaves as a capacitance {(~1
uFlem?).

In parallel with the BLM there are embadded proteins, transport arganelles, lonle channels and
jonic pumps, These structures are tha basic elements of the membrane active role. Of particular
interest to us are the ioni¢ channels and the ioni¢ pumps.

The jonic channels are porous structures that allow some ions to flow fr?m tl':e outside to
inside of the cell or vica versa or to flow from ane cell to another one (gap jupctlons). These
structures are selective to ions and can be opened or closed by some slectrical or ¢chemical
signals.

The ion pumps are energy-consuming atructures that force some ions to flow trough the
membrane, Apart from creating a OC voltage difference acrass the membrane, they are
responsible of maintaining the hydrostatic cellular pressure and their failure vields to cellular
edema,

It is desirable to depict equlvalent circuit models of the tlasue hioimpedance because they are
useful to attribute a physical meaning to the impedance parameters, Now, from what has been
said about the main constituents of the cell, a simple electrical model for the cell can be induced
{see the figure below). The current injected into the extracellular medium can flow trough the
cell across the BLM (Cm) or across the ionic channaels (Rm) or can circulate around the cell
(Re). Onece the current is into the cell it 'fravels' trough the intracellular medium (Ri) and leaves
the cell acrozs the membrana (Rm || Cm)

axtra-callular

2R, C./2

The dircult on the right is equivalent to the left model after performing some aimplifications
(resistances in series and capacitances in parallel). The same simplifications can be applied to
raduce a tissue composed by many cells to a singla cell aquivalent circuit.

Usuaily, the membrane conductance is vary low and Rm is ignored. In this case, the equivalent
circuit is very simple and a single dispersion exists (see the last circuit example). This model
has been adopted by many authors and is used to explain the impedance measuraments from
DG to same tens of MHz. At low frequencies (<1 kHz) most of the current flows around the cell
without being able to penetrate Into the cell. At high frequencies (~ 1 MHz) the membrane
capacitance s no Impediment to the current and it flows Indiscriminately trough the extra and
intracellular media,
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The previous model works reasonably well for dilute cell suspensions. However, tha tissue
bloimpedance tends to be more complex than that and it is nol unusual twa observe two
superimposed digpersions in the frequency band from 10 Hz to some MHz®. A example is the
myocardial muscle (Casas, 1998) (Casas et al., 1999), This fact means that another resistance-
capacitance couple should be added to mimic the bloimpedance results, In the case of the
myocardium, this second dispersion is attributed to the significant presence of gap junctions
(Gersing E., 1898).

Furthermore, it is necessary to substitute the capacitance in the previous dispersion models by
a part called Congtant Phage Eloment (CPE) in order to fit accurately the modeled impadance
values to the actual bisimpedance measurements. The CPE is not physically realizable with
ordinary lumped electric components but it is usually described as a capacitance that Is
frequency dependent. The impedance of the CPE is:

1
Z = e
T 2mf 0

The o parameter usually is between 0.5 and 1. When it is 1 the behavior of the CPE is exactly
the same of an ideal capacitance.

The physical meaning of the CPE is not elearly understood, Some authars suggest that o can
be regarded as a measure of a distribution of resistance.capacitance combinations. That is, the
tissue is not homogeneous and the sizes of the cells are randomly distributed, thus, the
combination of the equivalent circuits can differ from the simpla RC model,

When the CPE is included in the simple bivimpedance equivalent circuit (a resistance-
capacitance series combination in parallel with a resistance), the expression of the impedance
is:

z=R, - 2R
1o (j-2r-1-0)"

This exprassion, called Cole-Cole equation, was found by the Cole brothers in 1941 and is
used by most authors In the bivimpedance field to describe their experimental resulls. Hence
the tissue bioimpedance is characterized with four parameaters: R., AR, o and ¢, The parameter
R., rapresents the impedance at infinita fraguency (only resistive part), Ro (= R,, + AR ) is the
impedance at frequency 0 Hz, © is the time constant (AR.C) and o ig the o parameter of the
CPE.

The resistive values (R.., AR, Ro) are usually scaled to resistivity values by using the by the cell
constant. The o and © are not dependent on the cell dimensions and, thaeraefore, do not need to
be scaled.

In the representation of the Cole-Cole aquation on the Waessel diagram, the are iz no longer a
semicircle centered in the real axis. Instead of that, the semicircle center is above the real axis
and the arc is apparently flattened, That displacement depends on the value of o (a0 =1 =
samicircle centered on the real axis),

The following Wessel diagram shows an actual bicimpedance multi-frequency measurement
(blolmpedance spectrometry) from a rat kidney. Observe that the Cole-Cole model fits the
actual data and that it is equivalent to a semicircle centered below the real axis (take into
account that the imaginary axis has been inverted)

"I this sltuation, two ares will be cbsarved on the Wessel diagram,
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In the case that two or more dispersions are observed (¢.9. In the myocardium), the: abave
equation is expandad to include the moedel of each dispersion.

AR, AR,
A= R-; e < . 4+
ol 2m oY (2 for)®

Hence the characterization parameters are; R, AR, @i, 51, ARz, 00z, 121

It must be said that some authors rengunce to deplet equivalent circults of the bloimpedance
because they consider them a dangerous practice thal can produce erroneous interpretations
{McAdams et al., 1995), The same impedance maasurements can be interpreted as completely
diffarent circuits with differant topologies and values. Thus, these authors chose a mathematical
model (Cole-Cote equation) to describe their results without trying to Interpret them.
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3, BIQIMPEDANCE MONITORING

The electrical impedance of a living tissue can be continuously measured in order to determine
its patho-physiological evolution. Some pathologiss like ischemia, infarct or necrosis imply
cellular alterations that are reflected as impedance changes. As it was deseribed in the
introduction, the bioimpadance monitoring has been proposed for myocardium izchemia
detection, for graft viability assessment and for graft rejection maonitoring. In most of the cases,
the event is detected or monitored because an aiteration of the extra-intracellular volumes
oceurs.

The following figure illustrates how lschemia is monitored by biomedance measurements.
During the normoxic condition, a significant amount of low frequency current is able to flow
trough the extracellular spaces. When ischemia and the following lack of oxygen (hypoxia) is
caused by any means, the cells are not able to generate enough energy to feed the ion pumps
and extracellular water penetrates into the cell, As a consequence, the cells grow and invade
the extracallular space. This causes a reduction of the low frequency current that yields an
Impedance modulus increase at this low frequency. Thus, the bisimpedance measurement at
low frequencies is an indicator of the tissue ischemia.

11

normoxic 1 high frequency (>100 kHzx) ischemic
tissue tissue

This simplistic description of the ischemia-impedance relationship could be not correct for cells
cantaining gap junctions. In those cases (e.g. myocardium) the observed impedance increase at

low frequencies is mostly attributed to the closure of the gap junctions (Gersing, 1998) (Groaot,
2001).

As an example, the following graph shows the evolution of the impedance modulus at 1 kHz for
six impadanca prabas inssrted in a beating pig heart subjected to reglonal jachemia (see the
mathod in Groat, 2001). Three of them are within a narmoxic area and the other three are within
the area influenced by the ischemia.
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