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ABSTRACT

The electrical bioimpedance spectroscopy
is used as powerful technique for characterizing
biological materials and detecting tissue anomalies.
Commercial impedance analyzers can make
impedance measurements of biological materials in
a wide frequency range. However, they are
expensive and have not been manufactured for
measuring in vivo biological materials due to
safety concerns. This work presents the
performance of first bioimpedance system of the
State University of Santa Catarina (BIATRON I).
It is based on a FPGA which generates the signals
and processes the data to be visualized in the
computer via an USB interface. It contains an
isolated front-end measuring system, guard
electrodes for compensating cable capacitances
and an impedance probe which can be fully
sterilized in autoclaves. Measurements were taken
from five saline solutions in order to perform the
system frequency response. Data were converted
into impedance by using a novel PSO algorithm.
Results have shown that the developed system is
reliable for measuring impedance spectra of saline
solutions. Future measurements from biological
tissues are going to be done for a fully
characterization.
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Electrodes, PSO Algorithm, Tissue Impedance

. INTRODUCTION

Over a decade the electrical bioimpedance is
being investigated as a potential technique for
detecting cancerous tissues [1,2,3,4], tumors [5],
meningitis [6] and brain cellular oedema [7], for
analyzing body composition [8] and bovine milk
quality [9,10,11,12]. The EIS is considered a fast,
inexpensive, practical and efficient technique [13],
which also can be found available for emerging
wearable applications [14] and for on-chip systems
such as the AD5933 [15]. Commercial impedance
analyzers from Agilent Technologies [16], Solartron
Analytical [17] or Zurich Instruments [18] can make
impedance measurements of biological materials in a
wide frequency range. However, they are expensive
and have not been manufactured for measuring in
vivo biological materials due to safety concerns but
they intend to be used as a benchtop instrument.
Furthermore, they need extra fixtures for measuring

organic samples and also either a lock-in amplifier or
front-end system.

This technology is relatively simple, quick
and noninvasive way for obtaining the impedance
spectrum of the material under study. The impedance
is then related to an equivalent electrical model of the
material in order to fit to the measured data [19]. The
first impedance fitting process was done by Cole
[20], so called Cole-Cole function. Artificial Neural
Networks [9] and Particle Swam Optimization [21]
and other techniques [22] have been used for
extracting the electrical properties from the measured
impedance spectra.

As multi-frequency excitation signal is
required, multiple Direct Digital Synthesizer (DDS)
can be used to produce discrete frequencies in the
time domain, and then sine waves are obtained by
filtering the high-frequency harmonics [23]. Digital
Signal Processing (DSP) integrated circuits (IC) are
also widely used for this purpose, but they suffer
from speed, power consumption and limiting number
of storage points [24]. Multi-frequency systems use
multiple Digital Direct Synthetizer (DDS) but the
synchronization is also difficult [24]. Field-
Programmable Gate Array (FPGA) has been
proposed as a hardware technology for DSP systems
in order to generate multi-frequency sine waves at
high speed and accuracy.

The main objective of this work is to present
the development and the performance of the first
Bioimpedance system of the State University of
Santa Catarina for the analysis of biological
materials, such as bovine milk. It also presents the
fitting processing for converting the measurements
either into conductivity or impedance spectra.

1. METHODOLOGY
The prototype of the electrical bioimpedance
system is shown in Fig. 1. This is the mark 1 in the
State of Santa Catarina (Brazil), which is called
BIATRON 1.0. It consists of a signal generator, an
injecting current circuit, a measuring system and a
PC graphical interface.
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Figurel. Schematic diagram of the bioimpedance
system, where VCCS is a voltage controlled current
source and R is a shunt resistor.

T

2.1 HARDWARE DESCRIPTION

The sine wave generator is based on FPGA
Spartan 3 from Xilinx (model XC3S200), which
contains a DDS module with a phase generator and a
sine/cosine lookup table [25]. The frequency is
controlled by software using phase increments. The
data was converted to digital by a DAC (Digital to
Analog Converter) of 8 bits at a sampling rate of 667
kHz. 25 discrete frequencies were generated over a
frequency range from 0.1 to 500 kHz. More details
about the generating process can be seen in Veiga et
al [26].

The voltage signal is converted into a
current by a modified Howland bipolar current source
[27], which converts an input voltage of 1 Vpp (peak-
to-peak) to an output current of 1mApp over the
frequency range. Both load voltage an injecting
current are simultaneously measured. The system
uses double shield coaxial cables for better
performance at higher frequencies. The outers shield
of the measuring cables are buffered by each
respective input voltage.

The current is injected by two electrodes of
the probe, which was designed for this study and it is
shown in Fig. 2. It can be seen that it contains a tip
with 4 gold electrodes equally separated by 2.4 mm
and the electrode diameters are 1.5 mm. The
developed impedance probe can be sterilized in
autoclaves.

‘ Figure 2. Developed impedance probe for the
BIATRON 1.0 system.

The final prototype version 1.0 for the
bioimpedance system is shown in Fig. 3.

Figure 3. Inside view of the BIATRON 1.0 system.

Both impedance modulus and phase are processed
and sent to a computer via an USB connection. Also,
the hardware is controlled by the user by using a
graphical interface which was developed in C++. The
screen of the graphical interface is shown in figure 4.
This shows a measurement cross a resistive load of
100 Q at 100 Hz. It can be seen that either single or
sweep frequency can be selected. Also, both graphics
and all data points can be saved for post-processing.

Analysis Tools
Selected frequency: 100 Hz
Impedance @) Modulo: 997.83 Ohm - Fase(rad): 0.00 v
Current (A 0,001869 =
Voltage Ch1 (Vims): 0,066
Voltage Ch2 (Vims): 0,263

Signal Gen

i

Calibration

0 002 004 006 008 01 012 014 016 018 02 02
Time [s]

(o] O]

Redo Meas Close

e : 0]

FFT Save Points Save Grap Delete Meas

Figure 4. Screen shot showing the graphical interface
of the BIATRON 1.0 system.

2.2 PROBE CALIBRATION

In order to calibrate de impedance probe,
five different saline solutions were measured by
using the prototype BIATRON 1.0 over the
frequency range from 0.1 to 500 kHz. The dc
conductivity of each saline solution was measured by
a conductivity meter (model CD4303) from Digital
Instruments. Table 1 shows the conductivity meter
readings at dc frequency. The equivalent measured
impedance of the solutions can be calculated in (1)
[28], where p is inversely proportional to the
conductivity oand & is the probe factor. By assuming
point electrodes, the probe factor can be calculated in
(2), where A and B are the injecting electrodes, C and
D are the measuring electrodes, Rac, Rap, Rep and
Rgc are the distance between electrodes centers.
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Table 1. Conductivity meter results of 5 saline
solutions.
Solution | Conductivity

[mS/cm]
5.88
4.08
2.20
1.46
0.84

m|g|O|m|>

anlc = ﬁ ’ 5 (1)
2z

1 1 1 1
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By the fact that the bioimpedance system
imposes a phase shift error when measuring the
equivalent impedance of the saline solutions, an
impedance model was used in order to fit the
measured data into the modeled one. Figure 5 shows
the impedance model used in this work, where Cs
and Rs represent the series impedance of the
bioimpedance system and Rc represents the
equivalent resistance of the saline solution under
study.

O]

Cs | AAN

Rc

Rs
Figure 5. Fitting impedance model used in the
calibration process.

The expected impedance from model
showed in Fig. 4 can be calculated in (3). The fitting
process was performed by using the Particle Swarm
Optimization (PSO) algorithm, which is be fully in
[21].

Rs - ®-Cs-(Rs)’

—
1+(a)-RS-CS) 1+(a).Rs.Cs)

=Rc+

total

1. RESULTS

Figure 6 shows the spectra of
conductivity measured by the BIATRON
developed system and taking into account the
equation 1. It can be seen in Figure XX that the
conductivity increases as increasing frequency, which
might be caused by strays capacitance from the
electronic system. The maximum mean error for all
solutions was found to be approximately 20.3% at
higher frequencies.
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Figure 6. Conductivity frequency response of the
saline solution measured by the BIATRON 1.0
system.

Figure 7 shows the measured and fitted
impedance modulus of the saline solution A (see table
1) measured by the BIARON 1.0 system. The
measured data was then calculated according to (1)
and the fitted data as obtained by the PSO algorithm.
It can be seen that the data can be fitted by the
algorithm with a maximum error of 0.08 Q at low

frequency.
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Figure 7. Impedance spectra of the saline solution A.

The fitting mean errors for all the solution is
show in table 2. It can be seen that the mean error
increases as increasing the resistivity of the solution.
This might be explained by the fitting process error at
low frequency as the error is at its maximum.

Table 2. Mean errors of the measured equivalent
impedance of the solutions.

Solution | Error [mQ]
A 80
B 100
C 180
D 260
E 420
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It is shown in table 3 the comparison
between the measured and calculated data according
to (1). It can be seen that the highest error occurred
for the lowest resistive solution, which might be
explained by the fact that the equation 1 does not take
into account the finite size of the electrodes and then
the probe factor might be different.

Table 3. Comparison between measured and
calculated impedance at 1 kHz.

Solution Zmeasured anlculated Error
[Q] [Q] [%]
A 10.5 11.3 7.4
B 15.6 16.3 4.3
C 29.5 30.1 1.9
D 43.8 45.3 3.4
E 74.5 78.3 4.7

V. CONCLUSION

The preliminary results from the first
Bioimpedance system of the State University of
Santa Catarina (BIATRON 1) showed that the device
is reliable for measuring saline solution impedance
over the frequency range 0.1 to 500 kHz. Further
measurements from biological tissues are going to be
taken and a complete characterization be performed.
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