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Abstract—The design and implementation of an instrument
capable of simultaneously measuring bioimpedance on four
channels at eight frequencies at a reasonable cost required a
novel approach. Eight microampere-level sinusoidal excitation
current generators operating at frequencies from 100 Hz to
5MHz are multiplexed to external electrodes within a
biological sample, while impedance signals from four pairs of
electrodes are processed within the instrument. Four 16-bit
A/D converters digitize the four analog signals, followed by
detection wusing an original method of non-uniform
synchronous undersampling. Instrumentation control, data
acquisition and display software were developed in the
LabView 7.1 VI environment. The software can also be used to
run virtual experiments using a computer model (digital
phantom) of an organ to be studied. This is useful for model
development, planning of experiments and for training. The
instrument will be used to characterize cardiac function as well
as to assess vascular and respiratory systems.
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1. INTRODUCTION

Analysis of electrical bioimpedance (EBI) of organs and
tissues at several frequencies simultaneously has the
potential to increase the value of EBI based monitoring
methods [1, 2, 3]. Interest in the EBI based approach has
been stimulated by the fact that measurements are either
truly non-invasive or at most, minimally invasive. The heart
and other organs, as well as the entire cardiovascular and
respiratory system, may be monitored in vivo by electrodes
positioned transvenously [1].

A block diagram of the multi-channel system for multi-
frequency EBI measurement is shown in Fig 1. The system
includes eight sine wave excitation current generators, G1 to
G8 operating at different frequencies from 100 Hz to 5 MHz.
The excitation generators have differential outputs and are
designed using direct digital synthesizers (DDS) AD 9834
from Analog Devices. Excitation levels, frequencies and
phases are digitally controllable from a personal computer,
PC, via a USB interface by means of virtual instrumentation
software  operating in the LabView7.1  virtual
instrumentation (V1) environment.

Selectors under computer control connect the excitation
generators and sense amplifiers to the sample (i.e. patient,
organ, tissue). All 16 terminals of the excitation current
generators are connected to electrodes in the sample under
study by the PC controllable excitation selector based on a
16-to-8 video cross point switch CD22M3494 from Intersil.
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Electrical potentials generated by the excitation currents
are input to four differential amplifiers, Al to A4, under
computer control through a sense selector based on the same
video switch CD22M3494 mentioned previously. Since
electrode selection is under computer control, different sets
of electrodes may be selected at any phase of the study. The
configuration may be static for part of a protocol and may be
dynamic with continuous multiplexing during a different
phase. It is thus possible to acquire measurements from
many more pairs of electrodes than the four available
channels in the course of an experiment. Since a sample rate
per channel of 30—40 Hz is sufficient for cardiac bio-
impedance signals, the instrument can monitor dynamic
cardiac impedance simultancously for a large number of
electrode pairs.

The sensed voltages are amplified by amplifiers Al to
A4 and digitized using four 16-bit analog-to-digital
converters, AD7621, manufactured by Analog Devices.
Digitized signals are processed with a digital signal
processor (DSP), TMS320F2810, manufactured by Texas
Instruments.

Patient/ Organ/Tissue
Gl E
= +
L+ ] C || Al
&L]il L, s>
E At | e
@[ ]al s
EG4$* | | ° e> D USB
™1 O —1S
= Z s s|i=PC
=l e e [
E%*I —ct: i LabVIEW
lel| —
- o)
EG7*? r+>. sofK{a'el
*)*;0 ] md.
G8f, 1 r 16 bit
Excitati
& Ig'ns ADC
Configuration Control
Excitation Control

Fig. 1. Architecture of the multi-frequency EBI measurement system.
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Fig. 2. User interface for the virtual EBI measurement system

II. METHODS OF MEASUREMENT

Dynamic variations of EBI can have much more
complicated character at significantly different frequencies,
in comparison with the basal full impedance Z (magnitude
or modulus), which itself may not vary greatly with the
frequency. Commonly EBI is measured using a current
source to drive excitation current / through the tissue of
interest between a particular pair of electrodes. The potential
difference V' generated by the excitation current is sensed by
a different pair of electrodes. The complex value of the
impedance of tissue between the sense electrodes Z=R+jX
can be calculated as Z=V/I. At least two disparate types of
impedance measurements can be made with the system [4]:

1) The impedance of one region of the tissue/organ
can be simultaneously measured at significantly different
multiple frequencies (impedance spectroscopy). In this
instrument, EBI can be measured at up to eight frequencies
from 100 Hz to 5 MHz, For example, measurements could
be made simultaneously at 100 Hz, 1 kHz, 10kHz, 50 kHz,
100 kHz, 500 kHz, 1 MHz, and 5 MHz.

2) The impedance of several regions of an organ or
tissue can be measured simultaneously at nearly identical
frequency: In this case, excitation frequencies differing only
minimally are used to identify and separate the sensed
potential differences from the various locations. For
example, the eight excitation frequencies could be 7, §, 9, 10
11, 12, 13, 14 kHz. Fortunately, the frequency dispersion of
biological tissue is quite flat in this range so that the slight
differences in frequency would have minimal effect.

Because of the myriad combinations of measurement
configurations and excitation parameters available to the
operator, the capability to conduct virtual experiments via
the user interface shown in fig.2 on digital bioimpedance
models of various organs, as illustrated in fig.3, was
incorporated into the EBI system.
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Fig. 3. 3D digital model of the heart with 16 measurement electrodes

Through the user interface, the operator may connect
excitation currents and input amplifiers to electrodes by
drawing connecting lines or selecting electrode numbers.
The cross section of the model in Fig.3 is depicted. Data
from virtual measurements of a model “failing” heart are
presented in figure 4, where a 10 pA excitation current at
2.2 kHz was applied to electrodes 1 and 4, and impedances
were measured between electrodes 1 and 4 (a), 2 and 4 (b),
and 3 and 4 (¢).
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Fig. 4. Results of an experiment on a virtual heart, reflecting impedance
variations during a cardiac cycle measured between different pairs of
electrodes: a) 1 and 4, b) 2 and 4, ¢) 3 and 4 while applying excitation

current to electrodes 1 and 4.
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III. DIGITAL SIGNAL PROCESSING

An original method of synchronous direct digital signal
processing was developed for the EBI system. Block
diagrams of the digitizer and digital signal processor (DSP)
TMS320F2810 are shown in fig. 5.

The amplified analog voltages from the four differential
amplifiers Al to A4 are fed simultaneously into four 16-bit
A/D converters, ADC1-4, model number AD7621
manufactured by Analog Devices. Each of the A/D
converters is sampled from a common non-uniform sampler
implemented in a XILINX CoolRunner FPGA. The digital
outputs of the A/D converters are connected to each other
and to the DSP input by a Daisy-chain serial communication
link (serial 4x16bit words). The excitation current
generators (synthesizers), sampler, and DSP operate under
the control of the same 50 MHz master clock generator.
Exact timing of control and sampling signals is crucial for
reliably separating real and imaginary parts (I and Q
components) of response signals.

Fig. 6 is a simple illustration to explain the principles of
the sampling method. In this case the inputs are two analog
signals of equal amplitude having slightly different
frequencies: fj=4kHz and f,=5kHz. The measurement
interval is 1 ms, which incorporates exactly 4 periods of f)
and 5 periods of f, . The sum of these two signals is sampled
synchronously against both, the first and second signals.
The mean value of samples corresponding to the first signal,
gives the amplitude of this signal, and the mean value of
samples corresponding to the second signal gives the
amplitude of the other signal. By this scheme it is possible
to separate both responses.

The response illustrated in fig.6 does not exhibit a phase
shift and, therefore, does not include an imaginary term.
A more realistic example would include a phase shift
between the excitation and response signals. It would then
be necessary to double the sample rate to detect samples
shifted by 90°. Summing and averaging the values of these
shifted samples yields the imaginary parts or quadrature
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Fig. 5. Schematics of the digitizer and digital signal processor

components, Q, of both signals. It is also possible to add two
synchronously generated significantly higher frequency
signals to two lower frequency ones to generate two pairs of
signals. By this approach, it is possible to sample both
signals to process a pair of lower and higher frequency
signals at the same time using the same sampling pulses.
Nyquist sampling of the lower frequency signal results in
undersampling of the higher frequency one. This reduces the
overall number of samples required and permits the use of a
less powerful DSP.
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Fig. 6. Sampling of the response signal consisting of two sine waves with slightly different frequencies f\/f,=4/5.
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Fig. 7. Experimental setup with an isolated pig heart.

IV. FURTHER DEVELOPMENT AND POTENTIAL APPLICATIONS

Figure 7 is a picture of an experimental setup with an
isolated pig heart. The resuscitated heart was continuously
perfused by an artificial blood circulation system permitting
active experimentation for several hours. Virtual
experimentation on a model heart was conducted iteratively

with measurements on the isolated heart, comparing
simulated with actual data.
The EBI instrument is uniquely suitable for

measurement of cardiac volume with a conductance catheter
[5] and, by utilizing complex measurements at multiple
frequencies, may make possible real-time correction for the
effects of parallel impedance paths. The impact of current
flow outside of the blood pool is to add an offset volume to
all measurements. Clinically this volume is determined by a
procedure that involves the injection of sterile hypertonic
saline [6] into the heart. Not only is this procedure
cumbersome, but it cannot follow the rapid changes that
occur during alterations in preload and catheter position.

Ischemia causes immediate changes in cell impedance,
especially due to modifications in the cell membrane.
It may be possible to detect the presence of ischemia and
to monitor the impact of therapy by measuring complex
impedance. The reactive term is likely to be most sensitive
to changes in the membrane. Eventually this could lead to
implantable devices for ischemia detection and therapy.

A very simple impedance based stroke-volume sensor
has previously been used for rate control in a pacemaker [7].
Studies  utilizing a multi-channel, multi-frequency
instrument could lead to improved sensor accuracy and
more widespread applicability. An accurate stroke-volume
sensor would permit remote monitoring of patient
hemodynamics taking advantage of improved telemetry
capabilities in future implantable devices.

The ability to make complex impedance measurements
over a wide frequency range may also improve
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characterization of edema, since the impedances of blood
and electrolytes are largely resistive and, therefore, less
impacted by changes in frequency than the impedance of
more organized tissues such as lung or muscle. This may
prove useful in identifying pulmonary edema or congestion.

V. CONCLUSION

Electrical ~ bioimpedance experimentation  has
historically been conducted with custom instruments
measuring only a single channel of impedance at a single,
often fixed, frequency. We have described a four-channel
instrument in which each channel can measure impedances
at eight independent frequencies. It is thus feasible to
simultaneously  determine the complex impedance
“spectrum” at four independent pairs of electrodes within
the specimen or to simultaneously measure the impedance
of multiple regions. Excitation frequencies and analog
sampling are under computer control using a LabView user
interface and may be modified in real-time permitting
“adaptive” experimentation. Finally, the same software may
be used to conduct virtual experiments on mathematical
bioimpedance models for training, development of
experimental design and model validation and refinement.
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