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Abstract: Breast cancer detection using electrical impedance techniques is based on numerous experimental findings that
cancerous tissues have higher electrical conductivity values than normal tissues. Lately, by taking advantage of the structure of
current flows underneath a planar probe of array electrodes, a mathematical formula to find lesions from a measured trans-
admittance map has been derived. In order to experimentally validate its mathematical analysis and the suggested lesion
estimation algorithm, we developed a 256-channel trans-admittance scanner (TAS) for probing anomalies underneath a planar
array of electrodes. In this paper, we describe the design and implementation of the TAS. lts performance together with the
lesion estimation algorithm was evaluated using saline phantoms. Further studies are proposed to validate the system on

human subjects.
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INTRODUCTION

Bioimpedance or bioadmittance techniques such as
electrical impedance tomography (EIT) have been
suggested as a diagnostic tool for breast cancer
detection. This is based on experimental findings
showing that there exists a high contrast in the
complex conductivity between cancerous and normal
tissues [1-3]. For example, Kerner et al. used circular
arrays of electrodes around the breast and produced
cross-sectional conductivity images using an EIT image
reconstruction technique [4]. Cherepenin et al. adopted
a planar array of 256 electrodes placed on the breast
and sequentially injected current between a chosen
electrode and a distal common electrode to measure
the induced voltage data on other electrodes [5,6].
Using these boundary  measurements, they
reconstructed three-dimensional EIT images of the
breast so called electrical impedance mammograms.
There are also several investigations for the usefulness
of a planar array of electrodes in EIT imaging of the
breast [7-9].
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All of these approaches are to find lesions from
cross-sectional EIT images. In this case, cancerous
lesions within the breast should appear as anomalies
in a reconstructed EIT image with enough contrast
against surrounding tissues. However, the
reconstruction map from the boundary measurements
to the geometry of a lesion inside the breast is highly
nonlinear. Furthermore, the sensitivity of the boundary
measurement to the inhomogeneity within the breast is
very low. Therefore, the cross-sectional conductivity
and/or permittivity imaging of the breast may not be
able to provide enough spatial resolution needed for
the breast cancer detection. Even though these results
showed the feasibility of the technique, they also
suggest needs for the improved image quality.

On the other hand, there has been a different
approach where feature extraction of lesions inside the
breast is emphasized instead of the cross-sectional
imaging. Fig. 1 shows a configuration for breast cancer
detection based on this approach. A patient holds a
reference electrode with one hand through which a
constant voltage is applied. A scan probe is placed on
the breast and it is equipped with a planar array of
electrodes kept at the ground potential. The voltage
difference produces a current flow from the hand-held
electrode to each grounded electrode of the scan probe
through the breast. By measuring exit currents from
all electrodes of the scan probe, we can obtain a trans-
admittance map and extract some information on the
complex conductivity distribution within the breast
region under the probe. Basically, it has the same
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architecture as the early frontal plane impedance
camera suggested by Henderson and Webster [10]. In
this paper, we call the measurement system based on
the configuration in Fig. 1 a trans-admittance scanner
(TAS).

Fig. 1. A subject under test using a trans-admittance scanner
(TAS). Voltage is applied between the hand-held elecirode
and the planar array of electrodes in the scan probe. Exit
currents through the scan probe are measured to provide
trans-admittance data.

Based on this configuration, a commercial system
called T-Scan (Mirabel Medical, Inc., USA) has got an
FDA approval in USA for adjunctive clinical uses with
X-ray mammography [11]. Use of T-Scan is to decrease
equivocal findings and thereby reduce unnecessary
biopsies. However, the diagnostic information from the
currently available T-Scan system lacks a sophisticated
reconstruction method of finding lesions even though
there were some clever works and observations in
processing the trans-admittance data [11,12]. Lately,
Seo et al [13] and Ammari et al. [14] studied this
measurement configuration and developed a
mathematical framework to analyze the trans-
admittance data. Based on the framework, they derived
a direct relation between lesions and trans-admittance
data and suggested a non-iterative algorithm to extract
core features of lesions.

For the required measurement system, Lee et al
developed a TAS system with 8x8 planar array of
electrodes [15]. Though they showed the measurement

accuracy of the system using resistor and saline-

phantom, their results suggested improvements in the
signal-to-noise ratio (SNR} and needs for increased
number of electrodes. Furthermore, until now, there
was no experimental validation of the mathematical
theory and algorithm by Seo et al. [13] and Ammari et
al. [14] beyond numerical simulation results.

The primary goal of this paper was to develop a TAS
system with 16x16 planar array of electrodes with an
improved SNR compared with the previous system
described in [15]. The new TAS system was utilized to
experimentally validate the lesion estimation algorithm.
We first summarize the lesion estimation algorithm
and then describe the development of a TAS that
captures trans-admittance maps under the scan probe
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with 16x16 planar array of electrodes. After analyzing
its performance with a resistor phantom, experimental
results using a saline phantom are compared with the
theory for its validation.

METHODS

Lesion Estimation Algorithm

In this section, we introduce a mathematical model
of the configuration shown in Fig. 1. Let the human
body occupy a three-dimensional domain QObounded
by its surface 6Q. Suppose that a constant voltage of
1V with a frequency ® is applied to the hand-held
electrode denoted as y. The contact area of the scan
probe on the breast is shown as I'. The resulting
voltage V(r) at position r = (x,y,z) in € satisfies the
following mixed boundary value problem:

V(o +jwe)VV (r))=0, reQ
V(r)=0, rel
V(r)=1, rey

(o+ jwe)VV (r)-v(r)=0, redQ\(F'uy)
(1)

Here, v is the unit outward normal vector to the

boundary, O©0 =0 (l‘, a)) the conductivity, and

E=& (r, a)) the permittivity. Both o and ¢ depend on

the position r and frequency .

The scan probe has a planar array of electrodes to
measure the distribution of exit currents through the
probe plane T, that is, we measure

(o + Jjoe)VV(r)v(r)=—-g(r),
(2)

In order to detect a lesion underneath the scan probe,
we define a local region of interest under the probe
plane T" as shown in Fig. 2. For simplicity, we let z be
the label of the axis normal to I" and let the center of T’
be the origin 0 = (0,0,0). Let L be one half width of the

scan probe so that I, :=0QNB, c ' where B: is
the ball centered at the origin with the radius L:
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r,= {(x,y,O):\/x2 +y? <L}.

(3)

We set the region of interest as the half ball Q. shown
in Fig. 2:

Q, =QnNB, ={(x,y,z):z<0 and \x° + )" +2° <L}
)

|

——

Fig. 2. Simplified model of the breast region with a
cancerous lesion D under the scan probe.

Now we suppose that there is a cancerous lesion D
inside Q. as shown in Fig. 2. The complex conductivity

(O‘ + Ja)g) changes abruptly across the interface oD

and we assume

o, + joe, inQ,\D

o+ jwe = .
nD

o, + jwe,
(5)

For simplicity, we denote 7, .=0,+ jwe,

and 7, =0, + joE Along the interface 6D, the
2 ) T JWE, g

voltage V satisfies the transmission conditions of

int ext
7, 4 =T, o on 0D
ov ov

=V™ on dD
(6)

and V&
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where V'™ =V |, and V™' =V |, ; are voltages

inside and outside of D, respectively.
Assuming that both nn and = are constant in the
corresponding regions, the voltage Vin (1) satisfies

Ve (r)=0,reQ,\D
V™ (r)=0, reD
Vint (r) - Vext (r)’
v (r) VI (r)=

redD
v(r)-vv™(r), reap 7

V{r)=0, rel’,
LTI al:?z('r) =—g(r), rel,

where g is the exit current to be measured. In the
absence of the lesion D, the corresponding voltage Vo
satisfies

V7,(r)=0, reQ,

Vo(r)=0, reT, (8)
oV, (r
Tl—%z=—go(r), rel,

where go is the exit current in the absence of the
lesion D.

Seo et al [13} and Ammari et al. [14] provided a
rigorous mathematical relation between the lesion D
and the exit currents g and go. Seo et al. [13] discussed
the practical problem of not knowing go and suggested
a few alternatives. One of them is to utilize the
frequency-dependency of the complex conductivities 71
and n». In a multi-frequency system, g and go can be
replaced by two sets of exit currents at two different
frequencies. For a single-frequency system as in this
paper, go could be found from a statistical method for
real clinical applications.

We now summarize the algorithm to estimate the
location and size of the lesion D [13]. We assume that
the lesion D is located at the position ¥ underneath the
scan probe.

{1) Transversal position. The transversal position

estimate I, € I ; can be found from

r, =argmax, |g(r)-g, (r)‘ .
9
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(2) Depth. Let r' be any chosen point in I', near
¥, and ; - (ro ~r v'. Then, the depth estimate d is

determined from

12
27—
g(r)-g(r)] _ d’ |
‘g(r )_g (l’ )’_ 2 572 (10)
° P 2 ?+1
(3) Size. The size (volume) | D| is estimated as
'D|:7T|2+K|d3 ‘g(ro)—go(ro)‘ -

11—« 3g,(ry)

where K‘NT?_/TI.

Design of TAS

The TAS being described in this paper consists of
the following parts: hand-held electrode, scan probe
with 16x16 planar array of electrodes and switches,
constant sinusoidal voltage source, multi-channel
ammeters, main controller, and PC with a developed
software. Fig. 3 shows its block diagram. The main
controller controls the voltage source, ammeters, and
switches. It also provides a clock signal to the rest of
the system to synchronize all ammeters with the
voltage source for a proper phase-sensitive
demodulation. The main controller communicates with
the PC through a wireless serial data link. Following
sections describe the details of each part implemented
in the developed TAS.

Reference
Electrode

Constant Voltage Source

Digtal Voltage
Source

Waveform
Generator

Seriak
Cantroller am
FPGA

Scan Probe
(Switches and Electrode)

RF Data
Link

Analog-to- Trans-
Digital Resistance
Computer Converter Amplfier

Fig. 3. Block diagram of the developed TAS.
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Hand-held Electrode and Scan Probe

The hand-held electrode is a simple metallic
cylinder. It is connected to the constant voltage source
through a tri-axial cable with both grounded and
driven shields. The scan probe shown in Fig. 4 is
equipped with 16x16 array of gold-coated current-
sensing electrodes. The probe consists of four circular
printed circuit boards. One includes the electrodes and
the rest of them are for switches using miniature reed
relays (G6J, Omron, Japanj. Each current-sensing
electrode is circular with the diameter of 1.5mm and
the effective contact area of 16x16 electrodes is
43.9x43.9mm?2. The planar array of electrodes is
enclosed by a guard electrode in a shape of a
rectangular ring with its surface area of 280.03mm?2.
Installing all switches inside the probe, we could
significantly reduce the number of lead wires between
ammeters and array electrodes in the probe.
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Fig. 4. Scan probe with switches and 16x16 gold-coated
current-sensing electrodes: (a) array of electrodes and (b)
assembled scan probe.
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Voltage Source

For the constant voltage source, we implemented an
FPGA-based waveform generator. The digital output of
the FPGA (Acex1kS30, Altera, USA) running at 40MHz
clock is converted to analog sinusoidal voltage signal
using a 16-bit DAC (AD768, Analog Devices, USA). The
constant voltage source can produce sinusoidal voltage
signals with variable amplitude of 0 to 2.5V at 50KHz.
The FPGA also generates and distributes a timing
signal indicating the beginning of every sinusoidal
period for the phase-sensitive demodulation of exit
currents within ammeters. '

Multi-channel Ammeters

There are sixteen ammeters and each ammeter can
be connected to one of sixteen -current-sensing
electrodes through switches inside the scan probe. The
front-end of each ammeter is a trans-resistance
amplifier that converts the exit current from a selected
electrode to the amplified voltage signal. Each current-
sensing electrode in the scan probe is switched either
to the circuit ground or to a chosen trans-resistance
amplifier. The trans-resistance amplifier using an
operational amplifier (OP602, Burr-Brown, USA) is a
simple current-to-voltage converter with the connected
electrode virtually grounded [16]. The output can be
further amplified with variable gain amplifiers using
high-speed operational amplifiers {AD8039, Analog
Devices, USA). Their gains are adjusted by two digital
potentiometers (DS1267-10, Maxim, USA) serially
interfaced to an FPGA (Acex1k50, Altera, USA) inside
the ammeter. Using a 12-bit ADC {AD9235, Analog
Devices, USA) at 10MHz sampling frequency, we
quantize the amplified voltage signal and feed the
digital data to the FPGA for the subsequent digital
phase-sensitive demodulation. For the demodulation,
the method described by Cook et al [17] was
implemented in the FPGA. The demodulator outputs
are the real (in-phase) and imaginary (quadrature) part
of the complex trans-admittance value from each
electrode in the scan probe. By using the data
averaging method [17], we designed the demodulator to
have a signal-to-noise ratio (SNR) of more than 100 dB.

Main Controller and Interconnections

The main controller is a DSP (TMS320LF2407A,
Texas Instruments, USA) and it controls all switching
relays in the scan probe using a single digital timing
signal. All FPGAs in the ammeters and voltage source
communicate with the main controller through a half-
duplex high-speed serial communication network in a

star topology. For this kind of interconnections, we
used an extra FPGA (Acex1k50, Altera, USA) as a serial
communication controller. This removed digital bus
lines from the main controller to the ammeters and
voltage source and significantly reduced the amount of
digital noise appearing in analog circuits. The main
controller was interfaced with a 2.4GHz RF serial data
link module (RFW102, RFWaves, Israel). Collected data
of all exit currents or trans-admittance map are
transferred to a PC through this wireless data
communication channel at 1Mbps data rate. In the PC,
we used a custom designed USB card with an USB
controller (C8051F320, Silicon Lab, USA) interfaced to
another 2.4GHz RF module.

Software Development

Fig. 5(a) and (b) show the pictures of the developed
TAS and its screen capture, respectively. The TAS
software was developed using a C++ compiler (Visual
C++, MicroSoft, USA) and includes data
communication with the main controller within the
TAS, lesion estimation using the algorithm described in
previous section, and output display. It displays the
location and size estimate of a lesion as well as the
obtained trans-admittance maps.

(b) :
Fig. 5. (a) Developed TAS and (b) PC screen of the TAS

software. In (a), the scan probe is connected to a resistor
phantom.

Vol.26, No. 4, 2005
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RESULTS

Resistor Phantom Experiments

The excitation voltage signal from the constant
voltage source has the amplitude stability error of
0.638% over one hour and the total harmonic
distortion is negligibly small. The amplitude stability
error over a short time period of the data acquisition is
negligible. Fig. 5(a) shows the scan probe attached to
the resistor phantom. The resistor phantom included
256 resistors and we could observe changes in exit
currents -when we replaced some of them with smaller
resistance values than others. Using the resistor
phantom, we found that the errors in measured exit
currents are less than 3nA. The SNR was found to be
82dB at least. Since the resistor phantom did not
contain any capacitor, the imaginary parts of the
trans-admittance map indicated the amount of phase
errors in the developed TAS. This fixed system phase
error was found to be less than -13.8° and
compensated by using a calibration procedure.

Saline Phantom Experiments

Fig. 6 shows a cylindrical phantom with 300mm
diameter and 500mm height. At the bottom of the
phantom, we placed a disc-shaped reference electrode
with 40mm diameter. The phantom was filled with a
saline of 0.0837S/m conductivity. A cubic anomaly
with each side of 6mm and conductivity of 0.580S/m
was located at different depths of 5, 10, 15, and 20mm
from the top surface of the saline phantom where the
scan probe was placed. Here, the depth is the distance
between the probe plane at the surface of the solution
and the center of the cubic anomaly

500 mm 40mm
.: i «—>
'm“// Reference electrode

Fig. 6. Saline phantom with an anomaly. A disc-shaped
reference electrode is placed at the bottom of the phantom.

J. Biomed. Eng. Res.

Fig. 7 shows trans-admittance maps from the saline
phantom with the anomaly at different depths. Fixing
the depth of the anomaly at 10mm, we changed its size
by varying its side length from 4, 6, 8, and 10mm. Fig.
8 shows trans-admittance maps from the saline
phantom with anomalies of different sizes.

(c) 15mm (d) 20mm

Fig. 7. Trans-admittance maps from the saline phantom with
a cubic anomaly with 6mm side length at (a) 5, (b) 10, (c) 15,
and (d) 20mm depth.

Fig. 8. Trans-admittance maps from the saline phantom with
a cubic anomaly at 10mm depth with its side length of (a) 4,
(b) 6, (c) 8, and (d) 10mm.
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We applied the lesion estimation algorithm in
previous section to the measured trans-admittance
data and Table 1 summarizes the results. The
estimates in Table 1 are the means and standard
deviations from ten repeated experiments. We only
showed the depth and size (volume) estimates since the
transversal position in (9) was always found with a
negligible amount of error.

Table 1. Estimated depth d and size |D|. Numbers are
meantstandard deviation from ten repeated measurements.
The true depth and size are denoted as d and |D] .

d (mm) | [Df (mm®) d (mm) D} (mm”)
5 216 4.81+0378 | 170+30.7
10 216 9.85+0.849 | 231429
15 216 16.5+0.685 | 429 +45.1
20 216 18.1 +2.77 714 £ 109
10 64 9.52+0.647 | 68.6+19.0
10 512 9.64 £0.497 | 687 £50.6
10 1000 11.0+0.954 | 1373 +317

DISCUSSION

The new TAS system was found to have a SNR of
82dB that is 13dB higher than the previous system in
[15]. This improvement is mainly due to the new probe
design and adoption of automatic gain control,
switching noise rejection, and signal averaging
techniques developed by Lee et al. {18]. The 8x8 trans-
admittance maps from the previous TAS system by Lee
at al. [15] could not provide enough details about the
spatial distribution of exit currents simply due to the
limited number of measuring electrodes. For this
reason, even though Lee at al. showed the feasibility of
the technique [15], they could not validate the
algorithm in (9)-(11) requiring accurate estimates of
slopes of trans-admittance maps.

The increased number of array electrodes in the
new TAS system enabled us to incorporate the
measured 16x16 trans-admittance maps with the
lesion estimation algorithm. Using the developed TAS
and saline phantom, we verified the performance of the
lesion estimation algorithm. The coefficient of variation
{mean over standard deviation) for the depth estimate
ranged from about 4 to 15%. For the size estimate, it

ranged from 7 to 27%. The results suggest
improvements in the algorithm especially in terms of
the size estimate.

As predicted from (9), the determination of the

transversal position estimate ¥, could be sensitive to

the location of the scan probe itself. Especially when
the true transversal position is somewhere in the
middle of neighboring two or four electrodes, minute
movements of the scan probe to maximize the value in
(9) will be necessary. For the same reason, the choice

.of r' in (10) may also influence the depth estimate.

Considering the bigger values of the coefficient of
variation for the size estimates, we speculate that the

determination of K, in (9) is more prone to increase

the estimation error. This suggests us to further
increase the number of measuring electrodes or
develop a way to adjust the probe position in a fine
scale. At the same time, we need to develop an
improved lesion estimation algorithm wutilizing the

-overall shape of the *trans-admittance map including

several points near the transversal position estimate
I, . This kind of new method will reduce the sensitivity

of the algorithm on the chosen two points of I, and

r' used in (9)-(11).

Using the scan probe with 16x16 planar array of
electrodes and effective contact area of 43.9x43.9mm?,
we found that any anomaly located deeper than 20mm
may be found. More experimental data are required to
further verify the minimal size and maximal depth of
an anomaly that can be detected.

The performance of the proposed method depends
on the size and number of electrodes in the probe as
well as the SNR in measured exit currents. We plan to
improve the SNR to achieve the goal of 100 dB by
carefully redesigning printed circuit boards. At the
same time, we are developing a new scan probe with an
increased number of electrodes and semiconductor
switches instead of relays. Semiconductor switches
usually have bigger resistance values when they are
switched on. The effects of this undesirable resistance
should be appropriately handled by a more careful
calibration method.

In this paper, we obtained the trans-admittance
map of go from the saline phantom without any
anomaly in it. The multi-frequency approach described
in previous section and also by Seo et al. [13] should
be verified using a phantom with anomalies having
frequency-dependent characteristics in their complex
conductivity values. In order to do this, we are
upgrading the FPGAs so that we can produce and
demodulate signals at the frequency range of 0.1 to
S500KHz. In this multi-frequency TAS, it could be a
good idea to combine the lesion estimation method
with electrical admittance spectroscopy of the breast as
suggested by Jossinet and Schmitt [2] and Silva et al.
[3].

In our future studies, we also plan to investigate
other ways to improve the performance. For example,
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the location and size estimates may be utilized in a
subsequent EIT imaging as a priori information and
this will be especially useful for detecting multiple
anomalies. Concurrently, we are developing improved
algorithms to better handle multiple anomalies. Since
there could be the optimal design of the scan probe, we
should further study its design based on the
mathematical framework developed by Seo et al. [13].

CONCLUSION

We have developed the trans-admittance scanner
(TAS) equipped with a lesion estimation algorithm with
its potential application in breast cancer detection.
Preliminary experimental results wusing a saline
phantom clearly show the feasibility of the method.
- However, the usefulness of the technique has not been
fully confirmed yet. More thorough error analysis of the
algorithm using three-dimensional breast phantoms
with different anomaly configurations in terms of their
size and location is requested. We believe that the
estimates on the transversal position, depth, and size
of an anomaly will provide further confidence in
detecting the anomaly in addition to visual observation
of trans-admittance maps. In order to apply the

technique in clinical settings of breast cancer detection,

further experimental validation studies with human
subjects must be performed. Usage of multi-frequency
trans-admittance maps should also be exploited in our
future studies.
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