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Electrical characterization of biological tissues offers a promising non-invasive
approach to understanding tissue properties. This research rigorously examines how bio-
impedance values are influenced by the frequency of the input signal and the strategic
placement of electrodes. Utilizing the capabilities of the AD5933 evaluation board by Analog
Devices, the study spanned a frequency range from 1KHz to 200 KHz. The results highlighted
a significant decrease in impedance with increasing frequency, a trend attributed to the
capacitive characteristics of cell membranes. Moreover, the specific distance between electrodes
was identified as a crucial factor affecting measurement accuracy. Given these findings, the
adaptation of this technique in healthcare settings, particularly in diagnostics, could offer
enhanced precision, underscoring its potential relevance in clinical practice.

Keywords: Bio-Impedance; Electrode Positioning; Electrical Properties; Input Signal Frequency;
Pathological Conditions; Tetra Polar Electrode.

Bio-impedance spectroscopy has emerged
as a powerful non-invasive technique for assessing
the electrical properties of biological tissues
and their physiological conditions. This method
utilizes the variation in impedance, which includes
resistance and reactance, in response to alternating
current signals across a range of frequencies. The
electrical properties of tissues are influenced by
factors such as cell composition, fluid distribution,
and cellular membrane characteristics. Therefore,
bio-impedance spectroscopy has found applications

in fields ranging from medical diagnosis to
monitoring changes in body composition'.
Recent advances in biomedical engineering have
emphasized the significance of electrode designs
and their impact on capturing bioelectrical signals.
A comb-shaped surface electrode for measuring
signals from tissues cultured with electric
stimulation, underscoring the need for innovative
designs in achieving precise measurements.
Similarly, the relevance of design configurations
in recording bioelectric signals, particularly in
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the assessment of ultraviolet radiation effects on
tissues®.

Implantable electrodes and their
biocompatibility are also of paramount importance.
The investigation on tissue reactions to a polyimide
cuff electrode implanted around the sciatic nerves
of rats, emphasizing the challenges associated
with foreign body responses and the importance
of selecting appropriate insulating materials?.
Further delving into the technical aspects, Finite
element model was utilized to simulate surface
EMG signals. They focused on the role of
dielectric properties and electrode configurations in
influencing the myoelectric activity detected at the
surface, highlighting the critical interplay between
electrode design and tissue properties®.

Moreover, the integration of optical
measurements with bioelectrical readings has
garnered attention. A novel photometric patch
electrode capable of simultaneous neural electrical
activity and optical signal measurements in
brain tissues, underscoring the potential of such
integrative approaches in advancing diagnostic
and investigative capabilities’. The field of bio-
impedance is witnessing a shift towards Multi-
frequency Bio-impedance Analysis (MF-BIA),
allowing simultaneous measurements across
various frequencies for comprehensive tissue
assessment. Coupled with this, advancements in
wearable bio-impedance devices enable continuous
monitoring, blending diagnostic precision with user
convenience, aligning seamlessly with tele-health
and real-time health monitoring trends.

Bio-impedance approaches are fully
reliant on the use of a high-frequency low-
intensity input signal. The key determinants of
bio-impedance diagnosis depend on the frequency®
at which the measurement is carried out, the type
of electrode, electrode location and the separation
between the electrodes. The error generated during
the measurement depends on the frequency’ at
which the measurement is performed as well
as on the intensity of the applied current. As a
result, choosing the right amplitude of current and
frequency utilized for measurement is crucial. The
flow of current through a biological tissue relies
completely on the electrical characteristics of the
tissue® and also on the electrical characteristics of
the applied signal. The intracellular fluid behaves
as a good conductor of electricity and therefore

develops a resistance for any applied alternating
current. The presence of ionic components in
the extracellular fluid develops resistance’ to any
flow of current in the extracellular region. The
internal and external cellular fluids, separated
by the cell membrane which act as capacitance
storing the charges at either side of the membrane
when excited by an external applied current. The
capacitance developed by the cell membrane
induces capacitive reactance which depends on the
structural composition of the membrane as well as
on the applied signal frequency'. The frequency
of the excited signal has an inverse relationship
with the capacitive reactance(Xc = 1/28fC).
Thus, an electrical bio-impedance is generated
by the resistance offered by the intracellular and
extracellular fluid' and also by the capacitance that
has developed across the cell membrane.

The generalized electrical circuit
representation of cell and its associated impedance
is shown in figurel.The bio-impedance generated
varies according to the input excitation current and
its frequency. To perform any measurement using
bio-impedance technique it is crucial to identify
the variation in the peak bio-impedance value with
respect to the frequency. For this purpose AD5933
evaluation board by Analog Devices were chosen.
It is an impedance generating system with great
precision'? that estimates the peak magnitude and
corresponding phase of the impedance at regular
frequency points. Experiment was conducted by
applying a low magnitude current using two of
electrodes. These electrodes are positioned at the
lower part of the neck exactly at the latero-cervical
region. Other set of two electrodes are positioned
at the mid axillaries line at the upper abdominal
region'.

The induced electric current takes its
path through the aorta and the venae cavae of
thoracic region. This flow of current depends on
blood volume'" of the underlying tissue and
therefore produces trans-thoracic impedance that
changes according to the blood flow. Using a
constant current source of 10mA, measurement
of impedance was performed by varying the
frequency from 1KiloHertz to 100 KHz. Generated
bio-impedance signal is influenced by blood flow
and blood volume, distribution of current!® and
variations in the blood flow resistance in the place
where electrodes are positioned. A sine wave with
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voltage of 2V(P-P) was selected from the current
source. To obtain an undistorted impedance wave,
the feedback resistor connected between the
voltage pins V, and V, was adjusted to ensure
correct calibration.. After the initial configuration,
set values were loaded into the register of the
program device and the set up were completed to
determine the factor of gain. The frequency was
varied to excite tissue with various predefined
range of frequency. Impedance values were
tabulated and graph was plotted against the signal
frequency and the mean impedance value as shown
in figure 1.

The study of bio-impedance spectroscopy
has garnered significant attention due to its
potential in providing insights into various
physiological and pathological conditions'’. They
emphasized that the selection of appropriate
frequency and current amplitude is crucial for
accurate measurements. Measurement error varies
with frequency and current intensity, underlining
the need for careful consideration in experimental
design were highlighted'®. Researchers have
investigated the role of electrode positioning
in bio-impedance measurements®. The type of
electrode used and its distance from the tissue
surface can introduce variations in the obtained
impedance values. Different types of electrodes,
such as disposable foam pad electrodes, metallic
disc electrodes, metallic plate electrodes, and
suction cup electrodes, have been explored for their
suitability in bio-impedance measurements.

In this study, we delve into the nuanced
dynamics of bio-impedance signals, focusing
on two central variables: input signal frequency
and electrode positioning. Initially, we use the
AD5933 evaluation board to examine how
varying frequencies influence bio-impedance.
Subsequently, we pivot to assess the role of
electrode placement, experimenting with different
types, including foam pad and metallic disc
electrodes. By systematically altering electrode
positions and distances, and measuring impedance
across varied frequencies, we aim to discern the
optimal conditions for precise bio-impedance
readings.

MATERIALS AND METHODOLOGY

Electrodes can be constructed from a

wide range of materials. Silver, titanium, copper,
platinum are the most common materials utilized.
Electrodes made of silver-silver chloride are
commonly utilized for measurement of bio-
impedance. The electrodes?'?* are generally
categorized as gel type, capacitive type, active
and passive type. For bio potential measuring
system, electrodes are categorized as metal
surface electrodes that are non-invasive and
microelectrodes that are invasive?. Most popularly
used metal surface electrodes can be further
classified as
* Disposable foam pad electrodes
* Metallic disc electrodes
* Metallic plate electrodes
* Suction cup electrodes

For measurement and diagnosis need most
often used electrode is foam pad disposable type
electrode which can be used for patients undergoing
surgery and for those suffering from contagious
condition. This type of electrode has a silver plate
disc with electrolytic gel which is coated with
silver chloride layer and the foam is occupied by an
adhesive biocompatible material****. The substrate
comprising of silver is submerged in chlorine ion
solution and electrolysis is done. The copper wire
connected to the electrode helps in transuding
ionic currents into electrical current thus picking
up the bio signals. The non polarisable behaviour
of the silver- silver chloride electrode produces less
electrical noise. Therefore, this type of electrode is
preferred for measuring low voltage bio signals®**".
Metallic suction cup surface electrodes do not
require any adhesive. These types of electrodes
are easy to place on the surface of the skin without
causing any irritation to skin®.

Bio-impedance analysis (BIA) serves as
a critical tool in correlating the impedance values
of biological tissues to specific physiological
or pathological states. When examining body
composition, a diminished impedance value often
denotes an increased water or muscle content, while
heightened impedance suggests a predominant fat
presence, proving pivotal for evaluations related
to obesity and malnutrition. Fluid status in patients
can also be gauged: a spike in impedance may
signal dehydration, whereas a drop may highlight
edema, especially crucial for patients with heart
or renal ailments. Monitoring wound recovery is
another application. If an injured area displays a
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progressive decline in impedance, it’s indicative
of enhanced blood flow and healing; conversely,
stagnant or rising values may signify potential
necrosis. In the context of pulmonary examinations,
particularly for conditions like congestive heart
failure, an upswing in thoracic impedance can be
suggestive of decreased fluid accumulation in the
lungs. Additionally, the differentiation between
malignant and benign tumors can be aided by
BIA, as malignant growths may present distinct
impedance values in contrast to benign ones or
the adjacent tissues. While less conventional,
bone health assessments can also leverage BIA.
Variations in impedance could potentially infer
changes in bone mineral density, offering insights
for osteoporosis screenings.

Hardware Description

For our bio-impedance evaluations, we
made use of the AD5933 impedance converter
system from Analog Devices, Inc. This tool
combines a frequency generator with a 12-bit,
1 MSPS ADC. By exciting external complex
impedance at a specified frequency, the AD5933
records the resultant signal through its in-built
ADC. A subsequent Discrete Fourier Transform
is carried out by the onboard DSP, providing real
and imaginary data values for each frequency
point. After calibration, this enables the precise
calculation of both the impedance magnitude
and phase. The internal circuit for our AD5933-
based bio-impedance measuring system is
depicted in Figure 3, illustrating its design and
interconnections. This system’s demonstrated
proficiency in bioelectrical impedance analysis
made it particularly suitable for our research
activities.

To analyze the impact of electrode
positioning and its distance experiment was
carried out by a waveform generator with variable
frequency AD5955evaluation board which is an
impedance analyzer®?. A sine wave of 2V peak to
peak excitation signal is generated with a frequency
of 500Hz. The frequency of the signal is varied in
step of 100 from 500Hz to 10 KHz and the variation
in the peak bio-impedance value is observed. Bio-
impedance is obtained with the help of electrodes.
Different type of electrodes are available for
measurement purpose, but most commonly used
electrode for bio-impedance measurement is silver-
silver chloride surface electrode®'** Widely utilized

measuring set up for electrode system is the tetra
polar system, where four electrodes are used***.
One set of electrodes introduced for injecting the
input signal and another set of electrodes is utilized
to detect the output potential*>*¢. The separation
between the output electrodes plays a significant
role in the diagnosis. Thus, distance between
output electrodes is varied in accordance with the
frequency of the excitation signal®’-*%.

The experiment involves assessing
the impact of electrode positioning and signal
frequency on bio-impedance measurements*-.
A waveform generator with a variable frequency
ADS5955 evaluation board, serving as an impedance
analyzer, is used**2. A sine wave with a 2V
peak-to-peak excitation signal is generated at a
frequency of 500Hz. The frequency is varied in
increments of 100Hz from 500Hz to 10 KHz, and
the corresponding peak bio-impedance values
are observed***. The tetra polar electrode setup
is employed, utilizing four electrodes. One set of
electrodes injects the input signal, while another
set detects the output potential. The separation
between the output electrodes is varied based on
the frequency of the excitation signal.
Frequency Dependence Analysis

The variation in the magnitude and
phase of the bio-impedance signal is analyzed
and tabulated for different frequencies. The mean
impedance values and standard deviations are
computed and recorded in Table 1. The analysis
shows that the impedance value decreases as the
frequency increases. At lower frequencies, the
impedance is higher due to the dominance of
extracellular fluid conductance. As the frequency
increases, the capacitive reactance decreases,
allowing current to penetrate the cell membrane,
resulting in decreased impedance.

Electrode Distance and Impedance

To evaluate the influence of electrode
distance on bio-impedance, experiments are
conducted with varying electrode spacing. The
peak impedance values for different electrode
distances are recorded in Table 2. The results show
a linear correlation between electrode spacing and
peak impedance values. As the distance between
electrodes increases, the impedance magnitude
also increases. This emphasizes the importance of
accurate electrode placement to ensure undistorted
peak impedance values.
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Table 1. Variation of Impedance with frequency

Our experiment aimed to investigate the ¢

. g . Frequency Mean Standard
relationship between impedance and frequency, y (HZ) impedance (Q) deviation
as well as the effects of electrode spacing on peak
impedance. The results have provided several 1 1K 1316.43 6.54
specific insights which will be discussed in depth 2 10K 1258.13 5.74
below. 3 20K 738.25 3.88

4 30K 615.66 2.46

5 40K 567.12 2.13

6 50K 502.52 1.77

7 60K 469.74 1.36

8 70K 413.36 2.19

9 80K 353.78 3.14

10 90K 279.47 4.36

11 100K 221.36 1.79

12 110K 219.58 33

Rt é 13 120K 215.88 1.93
14 130K 210.16 2.06

15 140K 195.24 4.5

16 150K 189.47 0.86

17 160K 185.14 3.87

Cmem 18 170K 176.18 1.36
19 180K 162.77 2.69

20 200K 157.93 2.84

Fig. 1. Equivalent circuit representation of cell

(c)

(b)

(d)

Fig. 2. a. Disposable foam pad electrode, b. Metallic disc electrode, c. Metallicplate electrode and d. Suction cup

electrode
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Impedance Variation with Frequency

As shown in Table 1, there’s a distinct
trend observed in the variation of impedance with
frequency. Specifically, the mean impedance value
drops significantly as we move from 1KHz to
200KHz.

At 1KHz, the mean impedance is
1316.43&! with a standard deviation of 6.54.
By the time we reach 200KHz, this value drops
to 157.93&! with a standard deviation of 2.84.
This is a remarkable decrease by almost 87.99%
over this frequency range. The largest drop in
mean impedance is observed between 10KHz and
20KHz, where the value falls by approximately

41.26%. This interval provides a crucial insight
into the behaviour of biological tissues and their
capacitive and resistive components. Figure 4,
which visually plots the mean impedance against
frequency, reaffirms the inverse relationship seen
in the tabulated data. The graphical representation
makes it evident that the impedance values drop
sharply initially and then begin to plateau at higher
frequencies. This behaviour is consistent with the
theoretical understanding that at lower frequencies,
the capacitive reactance of cell membranes
dominates, thereby showing higher impedance
due to restricted current penetration. As frequency
rises, this capacitive barrier reduces, allowing more

Table 2. Variation of peak impedance with electrode distance

S. Electrode Phase Magnitude Peak
No distance (CM) Impedance (OHM)
1 22 9.64 6732.603 230
2 20 11.04 6530.755 225
3 18 11.48 6489.356 221
4 16 6.82 6344.05 219
5 14 12.37 6314.951 217
6 12 13.05 6028.763 209
7 10 13.19 6020.925 205
8 8 7.74 6000.469 204
9 6 7.58 5858.264 193
10 4 7.32 5955.906 201
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Fig. 3. Schematic of the AD5933-Based Bio-Impedance Measuring Circuitry
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current to penetrate through the cell membrane,
leading to a decrease in impedance values.
Peak Impedance Variation with Electrode
Distance

Table 2 and Figure 5 shed light on another
important aspect of our study - the relationship
between electrode distance and peak impedance.
Starting from an electrode distance of 4 cm which
records a peak impedance of 201&!, we see a linear
increase in impedance as the distance increases,
culminating in 230&! at 22 cm. It is evident that as

Fig. 4. Four electrode system placement position

Peak Impedance Vs Frequency
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Fig. 5. Mean impedance plot with respect to frequency
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Fig. 6. Peak Impedance variations with respectto Electrode spacing

It is also interesting to note the phase
variations across different distances. For instance,
the phase at 4 cm is 7.32, and it shows variability,
reaching a maximum of 13.19 at a 10 cm distance,

the spacing between electrodes increases, so does
the magnitude of impedance. This is particularly
significant between distances of 4 cm and 22 cm,
showing an increase of approximately 14.42%.
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before reducing again. The direct relationship
between electrode spacing and peak impedance
emphasizes the importance of precise electrode
placement. To ensure accurate bio-impedance
measurements, attention must be given to the
exact distance between electrodes, especially as
the magnitude of impedance is found to increase
linearly with spacing.

CONCLUSION

In our comprehensive study on bio-
impedance analysis, we meticulously examined
two key parameters: the relationship between
signal frequency and impedance, and the influence
of electrode spacing on peak impedance. Our
experimental data from Table 1 revealed a
notable decrease in mean impedance, specifically
a reduction of approximately 87.99% as we
transitioned from 1KHz to 200KHz. This highlights
the pivotal role of frequency selection in obtaining
accurate impedance readings. Similarly, the data
from Table 2 demonstrated a linear increase in peak
impedance of roughly 14.42% as electrode spacing
ranged from 4 cm to 22 cm. This emphasizes
the paramount importance of precise electrode
positioning for accurate measurements. Thus,
we’ve established concrete relationships between
signal frequency, electrode positioning, and
bio-impedance, presenting foundational insights
that are crucial for enhancing the precision of
bio-impedance diagnostics in diverse healthcare
applications.

Future Scope

Exploring the effects of varying tissue
thickness and type can yield deeper insights
into impedance values across diverse biological
samples. Additionally, investigating the influence
of different current amplitudes on impedance can
further refine our understanding of bio-impedance
behaviour, emphasizing the need for meticulous
experimental setups.
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