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This chapter briefly introduces the available bioimpedance measurement methods
based on contact electrodes: the two-electrode method, the three-electrode method and
the four-electrode method.

The four-electrode method is the best choice for soft tissues but it is not error free. It
can be found that the error sources limit the useful bandwidth of the measurement
probe. In the case of the MicroCard probe such a useful band goes from 100 Hz to 100
kHz.

Here it is also justified the injected current level for the measurement. It is not only
limited for safety reasons but also to avoid nonlinear phenomena of living tissues.

A novel measurement method based on five electrodes is presented and analyzed. It is
intended to minimize errors at low frequencies caused by the high electrode-electrolyte
interface impedances. Unfortunately, although this five-electrode method works, some
limitations have been found that made almost impossible its implementation for living
tissue measurements.
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3. Measurement methods

3.1. Two-electrode method

The most evident way to perform electrical impedance measurements by using
electrodes is to apply the two-electrode method, also referred as the bipolar method.
That is, to inject a known current into the device under test (DUT)! through two
electrical contacts and to measure the resulting voltage drop between these two
contacts (see Figure 3.1).

This method only works properly if the impedance of the electrical contacts (Zc+ and
Zc) is much lower than the impedance of the DUT (Zpur) since the measured
impedance (Z’) is the sum of Zpur, Zc+ and Zc. . As it has been seen in the previous
chapter, the electrode-electrolyte interface impedances can be higher than the
impedance under test, especially at low frequencies, and are too instable and
unpredictable to think of a mathematical correction of the measurement. Therefore, the
repeatability and the reproducibility of the measurements will be seriously
compromised.
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Figure 3.1. Schematic representation of the two-electrode method.

The input impedance of the meter and the parasitic capacitances also degrade the
performance of the measurement system, particularly at high frequencies. However, in
some cases, if the behavior of these parasitic elements can be modeled with a resistance
or a capacitance and some a priori information exists about the material under test (e.g.
that it is pure resistive), then, it is possible to mathematically compensate the
measurement. That is an interesting option since at high frequencies the electrode-
electrolyte interface impedances will be low and will not distort the measurement.

Although the use of the two-electrode method can be justified in some applications
such as skin [1;2] or dental [3] studies in which the sample impedance is much higher
than the electrode impedance at the working frequencies, its use in soft tissues is
nowadays very rare [4] and questionable.

1 This term has been borrowed from electronics. Probably it would be more convenient to use Sample
Under Test (SUT).
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3. Measurement methods

3.2 Four-electrode method 2

The four-electrode method, also referred as tetrapolar or Kelvin method, has been used
to measure the resistivity of materials since the late 1800’s [5]. It uses a pair of
electrodes to inject the current into the sample and another pair of electrodes to
measure the resulting voltage drop (Figure 3.2). In principle, because no current flows
through the voltage meter (Zvmeter = ), the injected current completely flows through
the sample and the voltage drop at the sample is the same that the meter ‘sees’. Thus,
in principle, the electrode-electrolyte interface impedance has no influence on the

measurement.
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Figure 3.2. Schematic representation of the four-electrode measurement method.

However, the true fact is that the electrode-electrolyte interface impedance has
influence on the measurements, particularly at low frequencies where its magnitude
can be very large. The reason for this is that the electrode impedances cause common
voltages that cannot be completely rejected by the differential amplifier of the voltage
meter. For instance, consider that the ground of the electronic circuitry in Figure 3.2 is
connected to the current collecting electrode (e4), then, the impedance of this electrode
causes a voltage drop (~ I.Z.s) that appears as a common voltage to be rejected at the
inputs of the voltage meter. Unfortunately, the situation is even worse than that since
the inner electrode impedances and the input parasitic impedances of the voltage
meter cause a decrease of the effective Common Mode Rejection Ratio (CMRR). Part of
the common voltage at the sample is transformed into differential voltage at the
differential amplifier inputs (Figure 3.3). This phenomenon has been analyzed by

2 When applying the four-electrode method it would be more precise to talk of trans-impedance than to use
the term impedance since a two-port system is involved and a transfer parameter is computed (current is
injected in one port and voltage is recorded in the other port). However, for the sake of simplicity here it
will be used the word impedance as most authors do.
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3. Measurement methods

Pallds-Areny and Webster [6] and it can be concluded that it is desirable to make input
impedances as large and balanced as possible.

Figure 3.3. The effective CMRR

CMRRI

is reduced because of the electrode interface impedances and

the common and differential input impedances of the differential amplifier.

At high frequencies, the influence of parasitic capacitances is manifested (Figure 3.4).
Several errors are caused by those parasitic impedances: the current flowing through

the sample is reduced (shunting caused by Zu), the differential gain is reduced (
shunting caused by Z), part of the current is directly injected at the differential
amplifier input ( through Z1» and Zi3)... Those parasitic capacitances® mainly consist of

stray capacitances between the electrode leads and the input capacitances of the

instrumentation.

1
7. . 7 13
T A
@ 7
o0 2] F—5
Z o4 Z 34 Z 24
|

L

Figure 3.4. Possible parasitic impedances.

3 Annex C provides some advices and methods to reduce their influence.
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All these error sources can be analytically studied but the resulting expressions are too
cumbersome for practical purposes. It is more convenient to make use of computer
simulations. By using electrical circuit simulators, such as SPICE, it is possible to
introduce all these elements and to obtain results close to the actual measurements or,
what is more interesting, to estimate the error margins in the case of living tissue
measurements.

The results shown in Figure 3.5 correspond to the simulation of the silicon
bioimpedance probe when measuring a saline solution (NaCl 0.9%). The parameters
used for the simulation are similar to the actual ones and, as it can be observed, the
results from the simulation are also quite similar to the actual measurements (see
Annex D). Some degree of unbalance (30%) between the inner electrodes has been
introduced in order to manifest the error at lower frequencies, otherwise no error
would be obtained at those frequencies.
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Figure 3.5. Simulated four-electrode measurement (impedance magnitude and phase) in the
case of a MicroCard probe immersed in saline solution. (Zx= 200 Q; Ze1=Ze3=Zes= 1500 Q + 800
I‘IF; Zez =1000 Q + 600 nF; Z12= Z13 = Z14 = 223 = 224 = Z34= 10 pF,‘ Zin+ =8 pF // 50 MQ ; Zin. =8
pF // 50 MQ).

The simulation results shown in Figure 3.6 would correspond to the measurement of
an hypothetic living tissue (purely resistive tissue, p = 700 Q.cm). The errors at high
frequencies are larger than in the previous case since the sample impedance is higher
and, therefore, more current tends to flow through the parasitic capacitances.
Nevertheless, it is even more significant the distortion at low frequencies. The cause of
this is that the simulated electrode interface impedances are much larger and much
more unbalanced than in the saline solution case#. This imitates what happens in actual
measurements due to the heterogeneity of the living tissues. Therefore, it must be
taken into account that the low frequency errors in the case of living tissue
measurements are much larger than those obtained when measuring saline solutions.

4 Those simulated electrode impedance values are in agreement with the experimental results described in
chapter 2.
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Figure 3.6. Simulated four-electrode measurement (impedance magnitude and phase) in the
case of a MicroCard probe inserted into a tissue. (Zx= 2000 Q; Ze1=Ze3=Ze4= 1000 Q + 80 nF; Zer =
1500 Q + 30 nF; Z12= 213 = Z14 = Zza = Zz4 = Z34= 10 pF; Zin+ =8 pF // 50 MQ ; Zin. =8 pF // 50
MQ).

It must be noted that in the above simulations the electrode-electrolyte interface
impedance has been modeled as capacitance. That oversimplification lessens the actual
distortion at low frequencies. Since a CPE decays more slowly in the frequency domain
than a capacitance, the influence of the electrode-electrolyte interface impedance is
extended over a broader frequency range than what is obtained in the simulations.
Nevertheless, for the sake of simplicity5, it is reasonable to employ capacitances to
model the interface impedance.

3.3. Three-electrode method

As it has been shown by some authors [8;9], if the area of electrode 4 (Figure 3.2) is
made sufficiently large (e.g. by using a large metal plate or foil), its interface
impedance can be reduced in order to make unnecessary the electrode 3 (the voltage
meter is connected to electrode 2 and electrode 4) and to simplify the measurement set-

up.

This must not be confused with the three-electrode potentiostat used in
electrochemistry [10]. In that case the objective is to study the electrical properties of an
electrode-electrolyte interface.

5 In some SPICE software, such as Hspice (Sun/Unix platforms), it is possible to introduce elements whose
impedance depends on frequency. In such cases it is straightforward to model the CPE. Otherwise,
smarter solutions are required. For instance, it is possible to roughly model the CPE with a set of
distributed resistance and capacitance pairs [7].
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3.4. Injected current intensity for bioimpedance measurements

It is clear that large currents are interesting to enlarge the voltage drop and,
consequently, to maximize the signal-to-noise ratio. However, two facts limit the
allowable current intensity:

* Nonlinear behavior of the living tissues. As most physical phenomena, electrical
bioimpedance reaches the nonlinear regime if the stimuli surpasses a certain value.

» GSafety. The injected electrical energy can cause different sorts of damage to the
living tissues.

In living tissues, the voltage/current relation is linear while the applied electrical fields
do not reach the nonlinear threshold [11]. The closing or opening of ionic channels [12]
on the cell membrane are usually pointed out as the responsible of such a nonlinear
behavior: in the rest state, the cell membranes are polarized at about 10 kV/mm
(voltage differences between the intra and extracellular media around tens of mV), if
an electric field is superimposed, the protein structures on the cellular membrane that
are responsible for the transport of specific ions can change their conformation and
alter the conductivity of the membrane or, in a more extreme case, induce an ionic
redistribution that reverses the membrane polarization (i.e. action potential).

Since local electric field is proportional to current density (E=Jp), the nonlinear
threshold for a given tissue is usually expressed as a current density threshold. A rare
and extreme case is that of human skin which can shown nonlinear behavior at current
densities as low as 100 pA/cm? at 100 Hz 6.

The nonlinear impedance response of living tissues must not be confused with the
nonlinear impedance response of the electrode-tissue interface, or electrode-electrolyte
interface. This phenomenon has been studied experimentally [14;15] and theoretically
[16]. Its influence in the case of four-electrode measurements is not significant if the
demodulation is able to reject the generated harmonics.

Living tissues can be damaged by electrical energy through three mechanisms [17]:
thermal injury, electroporation and fibrillation. In the framework of this thesis work,
the myocardium fibrillation is the only issue that must be addressed. Thermal injury
and electroporation become irrelevant since their respective current and voltage
thresholds are much larger.

No previous work has been found that clearly justifies the current amplitude for the
electrical bioimpedance measurement of the heart by using the four-electrode method.
In general, it seems that the criterion to select the current amplitude has been to use a

6 Probably this is caused because the current flow is constrained through special zones of high
conductance [13].
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current below 10 pArvs since this is the maximum allowable leakage current by the
safety standards in the low-frequency range [18]. However, studies with larger
currents have also been carried out [19] because low frequencies were not applied.

Therefore, the objective of this section is to determine and justify a current threshold
for the heart case. The fibrillation threshold is determined for safety reasons and the
cardiac excitation threshold (i.e. stimulation) is considered to be close to the nonlinear
threshold.

The following discussion is completely based on the data extracted from [20]. That
book chapter is basically a review of experimental studies in animals and humans
relating to the effects of electrical current on cardiac tissues (stimulation, fibrillation,
burns...). The original purpose of those experimental data was the therapeutic use of
cardiac stimulation for cardiac pacing or defibrillation. However, that knowledge can
also be applied to electrical safety concerns assuming some limitations.

The sensitivity of the heart to externally applied electrical currents depends critically
on the timing of the stimulus with respect to the cardiac cycle. Thus, it is quite
reasonable to think that the stimulation of a limited group of myocytes (cardiac cells)
also depends on this timing. However, since the bioimpedance application will not be
aware of this cycle (current pulses are randomly injected or permanent AC current is
injected with a random start time), the worst case for excitation (just after the T ECG
interval) must be considered.

Ventricular fibrillation (VF)

When an AC current of limited duration is injected, there exists a dependence of the
current density VF threshold on electrode size. In the case of MicroCard electrodes
(area ~ 900x10¢ cm?) this threshold would be approximately 400 A/m?2 at 60 Hz.
However, if this value is reduced in accordance with the electrode location sensitivity,
the VF threshold would be 180 A/m2. Thus , the maximum allowed current to avoid
VF using MicroCard probes at frequencies” below 100Hz would be 16 pArws. If it is
assumed that the thresholds given by the previous studies represent the 50%
possibility of VF then, the limit should be scaled down by a 2.5 factor to make
insignificant the possibility of VF. In this case, the safe value to avoid VF is 6.4 pArws
which is below the 10 pArwms threshold from safety standards. This somewhat
surprising result is caused by the singular dimensions of the MicroCard electrodes.

Cardiac excitation (Ex)

Since the electric cardiac excitation is a manifestation of a nonlinear behavior of the cell
membrane (initiation of action potentials) due to the electric local field, it is reasonable
to think that the Ex current density threshold is constant for different electrodes sizes.
The experimental data agree with this hypothesis for a wide range of electrode areas

7 The frequency band from 10Hz to 100 Hz is the most dangerous band for VF.
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(e.g. from 0.1 to 1 cm? the current density threshold is about 3 mA /cm?) but in the case
of very small electrodes (<0.005 cm?) the current density threshold is significant higher
(14 mA/cm? for 2 ms DC pulses). Thus, if the threshold current density is extrapolated
to the MicroCard case at 50 Hz, the current threshold for stimulation is 12 pArms which
is larger than the VF limit (it must be taken into account that a very high safety factor
has been introduced to calculate the VF current limit).

Taking the above into consideration, a 5 pAgrwvs threshold has been chosen for
myocardium impedance measurements by using the MicroCard probe at 1 kHz.

3.5. Five electrode method 8

As it has been pointed out, high common voltage and limited CMRR can compromise
the performance of the four-electrode method, particularly at low frequencies. It is
always advisable to reduce the electrodes impedance (common voltage reduction) and
to increase and to match the input impedances at the differential amplifier inputs as
much as possible (effective CMRR enhancement). Apart from that, there are some
circuitry strategies that can be applied to reduce the common voltage. These strategies
are based on feeding back the common voltage measured at the differential amplifier
to the current source (by driving its floating ground) or to the sample (by driving the
current collecting electrode or by driving a fifth electrode connected to the sample)
[21,22]. However, the requirement of floating parts or the precautions that must be
taken into account to avoid instability could limit their application in some cases.

Here it is presented a new method that minimizes the error caused by the common
voltage and that overcomes some of the drawbacks of the previous strategies by using
a five-electrode probe. Briefly, two four-electrode impedance measurements are
performed sequentially using two different electrodes to inject the current and a
corrected impedance value is computed. Up to a point, this method could be
understood as an in situ or in line calibration procedure

Figure 3.7 shows the arrangement of the electrodes and the switch that is needed to use
the proposed method. At time t; the switch selects electrode 1 as the injection electrode.
This implies that the current applied by the four-electrode Impedance Analysis System
(IAS) flows through the sample from electrode 1 to electrode 4. Zn is the result
obtained from this measure and Zn> is the measure obtained when the switch selects
electrode 5 and the currents flows from this electrode to electrode 4.

If the electrical properties of the sample are homogenous and isotropic, there is a
constant scalar relation between the applied current (I), the complex conductivity (c")

8 The contents of this section were partially presented in:

Ivorra, A. and Aguilé, J. New five-electrode method for impedance measurement. 263-266. 17-
6-2001. Oslo, Norway. XI International Conference on Electrical Bio-Impedance (ICEBI). 17-6-
2001.
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and the resulting voltage drop between the measuring points (V). The constant that
relates all these parameters is called cell factor (k) and only depends on the geometry
of the impedance probe:

%

k-o (3.1
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The value of k can be obtained mathematically for some electrode configurations® but,
in most cases, it will be preferable to obtain it by measuring the impedance value (Z) in
a medium with known conductivity.

In the present case, there are two different cells and, therefore, two cell constants can
be defined: k; for the cell constituted by the electrodes 1,2,3 and 4 and k for the cell
constituted by electrodes 5,2,3 and 4. The relation between these two values is:
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where Z; and Z; are the voltage-current ratios for each cell. This relation only depends
on the probe geometrical configuration. Therefore, it is possible to obtain it under
minim error conditions, for example, in a saline solution at a high enough frequency.

When a four-electrode measurement is being performed and the common voltage
caused by Zg, is considered as the unique error source, the measured impedance value
(Zm) is:

1 Zgy
;g - CMRR., V  Zg _,. Zp (3.3)
" I I CMRR; CMRR |

where CMRRy is the effective common mode rejection ratio as defined by Pallas-Areny
and Webster [6]. Then, if two cells that share a common current collecting electrode
(Zg4) are used to measure the same sample (same conductivity) it follows:

7 _A
Z ™ CMRR Z  —A-Z
o B ¢ T = CMRR} ="m = “m ALy (3.4)
Z, 7 Zy, Zy-(1-4)
™ CMRR,
Zl — Zm] _A — Zm] _Zm_—%. ZE4 = Z1 — L.(Zm1 _Zmz) (35)
CMRR Zo, - (1-2) A-1

9 See chapter 2 and annex B.
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Thus, in principle it is possible to compensate the influence of the common voltage
caused by Zgs. The requirement is to guarantee that in both impedance measurements
the CMRRt and Zg4 keep their values constant.
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Figure 3.7. Schematic representation of the elements and the configuration that are needed to
use the five-electrode method.

In order to demonstrate the feasibility of the proposed method, a prof-of-concept test
was carried out. The configuration is the same that it is shown in Figure 3.7. The IAS is
a Sorlartron 1260 Impedance Analyzer which is controlled through GPIB by a
LabVIEW 5.1 program. This software also drives the relay that switches the injected
current through electrode 1 or through electrode 5. For each analyzed frequency, two
impedance measurements are sequentially performed and a compensated value is
computed.

The five-electrode impedance probe was made using 0.5 mm length stainless steel
needles (J 0.7 mm) separated 2.5 mm on a plastic substrate. When this probe is
immersed in NaCl 0.9% (9g/1000ml) solution the inter-electrode impedance is about
15kQ £ -70° at 10Hz and 77Q £-32° at 10kHz. The A value at 1 kHz is 5.05.

The results shown in Figure 3.8 correspond to a test performed in NaCl 0.9% solution
which has a resistivity about 70 Q-cm and do not has any appreciable reactive behavior
up to some tens of MHz. As it can be observed, the five-electrode method significantly
improves the performance of the IAS, particularly for the impedance phase values.
However, it does not totally cancel the errors at very low frequencies.
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Figure 3.8. Impedance magnitude (| Z|) and phase (<Z) measured with Solartron 1260 and the
compensated values obtained using the five-electrode method

After verifying that the inability of method to compensate the errors at very low
frequencies was not caused by saturation, resolution or accuracy issues related with the
IAS, it was determined that the method requisites (i.e. CMRRr and Zgs keep their
values constant) were not met.

There is no reason to think that the effective CMRR is significantly modified between
both measurements if they are performed quickly. On the other hand, it is known that
the electrode impedance depends on many factors and one them is the injected current.
That is, since the electrode impedance can be nonlinear [14;15] it seems reasonable to
think that the current density differences between both measurements can cause Zg4
differences 10.

In the case that Zg4 is not the same at both measurements (Zg4_1, Zg4 2):

z L = cf&{
“L=2= B (3.6)
Zz Z _ ZE472
™ CMRR,
AZ -7
CMRR; = me ol (3.7)
A ZE472 - ZE471

10 T must thank Prof. Javier Rosell (UPC) for having pointed out this hypothesis.
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Zl - 1. Zml .ZE472 _ZmZ 'ZE471 (3.8)
/1'ZE472 _ZE471

which is equivalent to equation 3.5 in the case that Zgs 1 = Zgs 2 = Zpa4.

The additive error (¢) of the five-electrode method caused by those differences can be
analyzed by assuming that both E4 impedance values are related by a scalar!!:

A
ZE472 :ﬂ'ZE471 (39)

Loy PZpy —Zyy Z Z.,-B-Z
Z, 1. 1 E4_1 2 " “E4 1 _ ) fm B m2 (3.10)
ﬂ“'ﬂ'ZE471_ZE471 ﬂﬂ_l

mt ~ L) TE (3.11)

A
Zl :ZC1+8:ﬁ'(Z

Z . -B-Z Z -7
&= /1 ml ﬂ m2 ml m2 (312)
A —1 A-1
_ /I(ﬁ_l)(ﬂ‘sz _Zml)
&= (3.13)
(1-1)-(28-1)
if it is assumed that the error of the four-electrode method is
Zy,
g r-electroae R 3'14
four-electrod CMRRT ( )
then the error of the five electrode method is:
A
&= ﬁ (ﬂ - 1) ’ gfour—electrode (315)

That indicates that impedance of electrode 4 must be constant ($~1) and A must be as
large as possible. Otherwise, larger errors than in the simple four-electrode
measurement will be obtained. Unfortunately, those are almost opposite requirements;
large A values imply large current distribution differences and that leads to larger S
values.

11 The analysis can be also performed assuming that both values are related by a complex number, that
would be the actual case. However, for the sake of simplicity, it is assumed that only the impedance
magnitude is modified, not the phase.
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The following experiment and its results support the hypothesis that the electrode
impedance change is the major cause of the inability of the five-electrode method to
compensate the errors at low frequencies:

A silicon probe with five electrodes (Figure 3.9) was employed to perform the
measurement of a saline solution (NaCl 0.9%) by using the five-electrode method as in
the previous experiment. The first electrode of current injection was I+; and the second
one was L. This configuration leads to 4 ~ 1.5

bonding pads I V. Vi Ia 1w
] mamns nE EEE
3960n 600p 2500p 600u 6000
electrodes

Figure 3.9. Five electrode probe. Its implementation is identical to that of MicroCard probe but
for the experiment the electrodes were not platinized (see annex D).

As in the previous experiment, the results (Figure 3.10) showed that the five-electrode
method reduced the error at low frequencies but was not capable to suppress it.
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Figure 3.10. Results obtained with the five electrode silicon probe.

Then, the measurement set up was modified!? to measure the electrode 4 impedance
(current collector electrode, 1) depending on the injection electrode (I+1 or I+2). Those
impedances are not the same than those during both four-measurements but their
differences should be in the same order of magnitude and that is enough to estimate
the magnitude of the error.

12 The Vo terminal of SI 1260 was tied to the current input and the Vi terminal was connected the V-
electrode. In this way, although Zg, is not exactly measured, the accuracy is enough for the purpose of the

experiment.
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Figure 3.11. Impedance magnitude of electrode 4 (1) depending on the injection electrode (I+1 or
I+2).

Although the difference between both measurements is small (Figure 3.11), the
multiplicative factor for the error (equation 3.15) can have values up to 0.1 and that
implies that the error at low frequencies will be significant. As it can be observed in
Figure 3.12, the absolute values of the error estimated in this way are quite similar to
the actual error values. Therefore, this experiment confirms that the electrode
impedance modification could be the cause of the inability of the five-electrode method
to suppress the errors at low frequencies
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Figure 3.12. Actual five-electrode impedance magnitude error and its estimation according to
the modification of electrode 4 (1) impedance.

It must be noted that in the above experiments the source of SI 1260 has been
configured as a current source. That is, the same current was flowing through the
electrodes in both measurements. Otherwise, in the case that the current is not
controlled, since the electrode impedance is not linear, the electrode impedance
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differences will be larger and the five-electrode error will be more severe. That has
been experimentally verified.

In principle, by using equation 3.8, it could be possible to obtain error free five-
electrode measurements if the impedance of electrode 4 is measured at the same time
that the four-electrode measurements are performed. This was experimentally tried
and, although it indeed improved the compensation, the overall performance was
poorer since the set-up to measure Zgs made worse the CMRR. Moreover, the
complexity of the method was too high for practical purposes.

Another drawback of the five-electrode method it is found when analyzing the effect of
random additive errors, such as noise, between both measurements:

V4
7 =7 B +¢ 3.16
1 ml CMRRT 1 ( )
V4
Z,=7Z ,—— 2 +¢g 17
2 m2 CMRRT 2 (3 )
A
Zl :ZC1+g:ﬂ'(Zml_zm2)+g (318)
U
A
E= H'(igl igz) (319)

That is, the effect of noise on the five-electrode method will be severe if A value is not
quite larger then the unity.

In conclusion, although the five-electrode method works and it could be useful in some
applications such as those based on the measurement of low conductance
homogeneous materials, its use is not advisable in the case of living tissues since the
heterogeneity will cause larger Zgs differences than those observed in the case of a
saline solution and the overall performance will be similar to the four-electrode
performance if not worse. As a consequence, the five-electrode method has not been
used in the framework of this thesis work for living tissue impedance measurements.
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