Progress In Electromagnetics Research Symposium Proceedings, KL, MALAYSIA, March 27–30, 2012

49

Expandable Multi-frequency EIT System for Clinical Applications
H. Wi, T. E. Kim, T. I. Oh, and E. J. Woo
Department of Biomedical Engineering, Kyung Hee University, Korea

Abstract— An electrical impedance tomography (EIT) system can visualize conductivity and
permittivity distributions inside the human body from measured boundary voltages induced by
externally injected currents. We have developed a fully parallel multi-frequency EIT system
called the KHU Mark2.5. It is based on an impedance measurement module (IMM) comprising
a current source, a voltmeter and a calibration circuit. Each IMM is independent and can
calibrate its own current source and voltmeter through an automatic self-calibration procedure.
We found that the output impedance values of all current sources are greater than 1 MΩ at the
chosen frequencies. The CMRR is around 96 dB and the voltmeter SNR is between 80 and 85 dB
depending. To increase spatial resolution of conductivity and permittivity images, we can cascade
multiple EIT systems to form a system with a larger number of channels. They are synchronized
by clock synchronization circuits. Physiological events such as cardiac and respiratory functions
alter electrical tissue properties. To correlate such events with EIT images, we can perform a
biosignal-gated EIT imaging. We can improve interpretation of EIT images by incorporating
real-time ECG and respiration signals into EIT images. This may allow us to separate fast
cardiac events and slow respiratory events from reconstructed EIT images and also improve the
SNR by signal-gated data averaging We present the performance of the KHU Mark2.5 system
with experimental results of animal.
1. INTRODUCTION

EIT can produce functional images of conductivity variations associated with physiological events
such as cardiac and respiratory cycles [1] After the first development of EIT was presented by
Brown and Seagar, EIT has developed and clinical studies have been performed, but it still needs
the breakthrough to apply EIT in clinic [2]. EIT system is required high performance and stability in
order to be used in clinical application [3]. We can summary a few key points to improve the quality
of the EIT images from previous studies. Images need to be acquired in a short time because of
biological changes over the measurement time [4]. Measurement channels are directly related to the
spatial resolution of reconstructed images and there is a need for three-dimensional data acquisition
and imaging [5, 6]. A biosignal-gated imaging is useful to determine the relationship between the
reconstructed impedance images and cardiac activity or respiration. It will allow us to capture fast
cardiac events and may also improve the signal to noise ratio (SNR) using signal averaging methods.
In a multi-channel EIT system, proper calibrations of current sources and voltmeters are essential
to maximize its performance. For each current source, we need to maximize its output impedance
above 1 MΩ to get 0.1% accuracy to a maximum operating frequency. Since we inject currents with
variable amplitudes from multiple current sources, we must carefully calibrate any small changes in
their current amplitudes and phases. Within each voltmeter, all voltage gains at all measurement
frequencies must be identical and this requires an intra-channel voltmeter calibration. Among
multiple voltmeters, their gains must be matched and this requires an inter-channel voltmeter
calibration [7] In this paper, we designed and evaluated a fast, multi-channel and expandable EIT
system including biosignal gated imaging function and self-calibration.
2. METHOD

A fully parallel multi-frequency EIT system called the KHU Mark2.5 was developed by the above
considerations as shown in Figure 1. It is based on an impedance measurement module (IMM)
applying current to the subject, and measuring induced voltage independently. A high-capacity
FPGA (EP3C10F256C8N, Altera, USA) controls all functions of the IMM. All IMMs in a system
are operated synchronously by the control timing from intra-network controller. Distributed processing and pipeline structure in each IMM controller helps to increase the speed of the system
for higher frame rates. External devices for acquiring biosignal such as ECG or respiratory signals
can supply event trigger pulses synchronized with R-peak of ECG or intake time in respiration.
Intra-network controller receives event trigger pulses and transmits the control timing signals to all
IMM controllers to initiate data acquisition.
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We may connect multiple KHU Mark2.5 EIT systems together to form a cascaded system with
an increased number of channels. The cascaded system functions just like one system including all
IMMs of the connected multiple systems. They have one master unit and several slave units using
star connection. All information is transferred to each system by USB connections and timing was
controlled by intra-network controller in master unit. Connected systems are resynchronized by the
sync-out signal from master unit at regular intervals. Cascading method becomes an alternative
method because it is very uncomfortable to develop, maintain and repair the multi-channel system.
To maintain the KHU Mark2.5 system at its maximal performance, we need to calibrate it
occasionally. Though Oh et al. suggested an external calibrator for current sources and voltmeters,
its use requires a manual operation by a trained personnel [8]. To facilitate the calibration process,
we implemented an automatic calibration process by embedding the current source calibrator in
each IMM and a resistor phantom inside the system. Oh et al. described how to perform the
intra- and inter-channel calibrations of multiple voltmeters using a resistor phantom. In the KHU
Mark2.5, we embedded a resistor phantom inside the system and adopted the same methods. We
showed the automatic current source calibration circuit in Figure 2 where we adopted the droop
method by Cook et al. [9]. We may initiate the automatic current source calibration in each IMM
from the PC software. We connect the output of the current source to the calibrator with the
switch setting A instead of a current-injection electrode. For given values of digital potentiometers
in the Howland circuit and GICs, we measure the current twice at two different switch settings
of C and D. The output of the current-to-voltage converter is connected to the voltmeter inside
the same IMM with the switch setting E instead of a voltage-measuring electrode. Repeating the
measurements for all possible combinations in settings of the digital potentiometers, we choose the
best digital potentiometer settings that produced the largest output resistance and the smallest out
capacitance thereby the largest output impedance. Automatic self-calibration helps to maintain
the performance of system above the required level to be used in clinics.

(a)

(b)

Figure 1: (a) The block diagram for expandable 32-channel EIT system, (b) developed KHU Mark2.5 system.

Figure 2: Schematic of the embedded current source calibrator using droop method and multiple GICs.
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3. RESULTS

We chose ten operating frequencies of 0.01, 0.05, 0.1, 1, 5, 10, 50, 100, 250 and 500 kHz to evaluate
the performance of the KHU Mark2.5 EIT system. The KHU Mark2.5 was tested the basic performance in terms of the current source output impedance variation along the time and DC offset on
the calibration phantom. We found that output impedance at all operating frequencies except of
500 kHz were over 1 MΩ within 24 hours after calibrating. DC offset was calibrated at all operating
frequencies within 1.5 µA. Figure 3 shows the performance results after calibration. The CMRR is
around 96 dB and the voltmeter SNR is between 80 and 85 dB at tested frequencies.
We did animal experiments using biosignal gated imaging and fast imaging on canine chest. We
monitored relative conductivity changes from −0.6 to 0.37 S/m due to respiration as like Figure 4.
The speed of EIT system was 86 frames/s. Without using biosignal gated imaging, conductivity
changes from cardiac function cannot be shown because it is smaller than one of respiration. Figure 5 shows the conductivity changes from cardiac function which were acquired at different time
delay from R-peak by using biosignal gated imaging.

(a)

(b)

Figure 3: (a) Output impedances over time, (b) DC offset current.

(a)

(b)

Figure 4: (a) Relative conductivity changes on time, (b) EIT images during respiration.

(a)

(b)

(c)

(d)

Figure 5: Acquired corresponded EIT images with ECG signals at time (a), (b), (c) and (d).
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4. CONCLUSIONS

We have developed a new multi-frequency parallel EIT system, the KHU Mark2.5 for spectroscopic
conductivity imaging of the animal subject and evaluated its performance. All IMMs are operated
synchronously and independently for flexible configuration and increasing the acquisition speed.
Automatic self-calibration helps to maintain the performance of system above the designed level.
Biosignal gated imaging was operated with a customized biosignal measurement unit for cardiac
imaging and better interpretation for respiratory function. They can be connected together to build
large number of channels EIT system for improving image quality.
The next version of our EIT system will acquire biosignal such as ECG or EEG together with
EIT data. Integrated EIT system can show better interpretation for physiological variation and
give an opportunity to overcome clinical uses for EIT.
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