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Approximately 1 in 8 U.S. women will develop breast cancer over the course of
her lifetime, and breast cancer death rates are higher than those for any other
cancer, besides lung cancer. In 2013, an estimated 232,340 new cases of 
invasive breast cancer are expected to be diagnosed in women in the U.S. and
about 39,620 women in the U.S. are expected to die from breast cancer [1].
According to the World Health Organization (WHO), if breast cancer can be
detected and treated early, one-third of these cancer deaths could be prevented.
For the early detection of breast cancer, X-ray mammography and ultrasonic
screening are mainly used in hospitals. However, for personal cancer detection
at home, currently, only unscientific palpation can be used, which is not 
particularly effective for early detection of tumors.

Since malignant breast tissue has about 3-times higher electrical conductance
than normal fatty tissue and has different impedance characteristics as a 
function of frequency [2], Electrical Impedance Tomography (EIT) has been
studied to measure the impedance distribution around the breast as an 
alternative cancer detection method. It requires more than 100 electrodes 
physically or electrically in contact with the breast. [3] used a large bed-like
equipment setup with a breast-sized opening and a bucket of liquid electrolyte.
The electrode array on the side of the bucket measures the impedance from the
breast dipped into the bucket through liquid electrolyte. This equipment is too
large to be portable and also the image resolution is not high due to the current
diffusion in the liquid before entering into the breast. Another method is to use
an array of metallic rods on the bottom of a probe plate system [4]. A skilled
practitioner presses the breast with the probe plate to make the electrical 
contacts, but it provides only low-resolution 2D-slices of a breast image.

A compact and convenient breast cancer detection system is proposed, which
can be personally used at home with scientific objectiveness and accuracy. The
system illustrated in Fig. 18.4.1 can capture precise EIT images using a portable
smart device while just wearing a brassiere-shaped electrode array fabricated by
P-FCB [5]. The key features of this system are: 1) many electrodes are formed
on the soft fabric that enables secure contact on the contoured surface of the
breast, 2) all of the functional blocks of EIT system are integrated on a single IC
to assemble the entire system as a simple brassiere shape, 3) the tomographic
images can be reconstructed in portable smart devices so that the breast cancer
can be detected personally at home. This system has a total 92 electrodes: 90
EIT electrodes, 1 voltage reference electrode and 1 current reference electrode
with 8mm diameter and 2kΩ of typical contact impedance at 1kHz. All electrodes
are printed on a fabric with silver paste and the circuits connecting the 
electrodes with the chip are printed on a separate fabric in the same way. The
EIT chip is placed at the center and connected to 92 electrodes to stimulate 
current and measure the voltage across pairs of electrodes. It has an UART 
interface to transfer the measured voltage data with other related information to
an external smart device through a USB port. Application software on the smart
device can control the image capture and process the data to show the 3D 
tomographic images on its display screen.

Figure 18.4.2 shows the overall block diagram of the EIT chip architecture which
is composed of: 1) switching network to select pairs of electrodes out of 92 with
the help of a digital controller, 2) differential sinusoidal current stimulator
(DSCS) to inject current through the selected pair of electrodes, 3) 6 channels of
read-out front-end circuits each with a 14b ΔΣ ADC to measure the voltage
across pairs of remaining electrodes, and 4) a digital controller with 12KB 
on-chip SRAM for switching control, pre-processing, data storing and data
transferring through the UART interface.

The system has 3 operation modes; Gain Scanning (GS) mode, Contact
Impedance Monitoring (CIM) mode and the main EIT mode as shown in Fig.
18.4.3. In GS mode, the digital controller detects the gain mismatch of each
read-out channel by injecting 10μA through a 100Ω sensing resistor and storing
its value to calibrate later measured data. In CIM mode, 10μA flows between 2
electrodes to measure contact impedance ignoring the tissue impedance so that
digital controller can determine the stimulation current level according to the

measured contact impedance values. In EIT mode, the current is injected
between one EIT electrode and current reference electrode while 6 channels of
voltage sensing amplifier are connected to pairs of remaining electrodes 
sequentially. The digital controller collects data and gain information of each
channel, and it compensates for channel gain mismatch to reduce measurement
variation between channels to less than 0.2mV.

Figure 18.4.4 shows the circuit schematic diagram and measured waveforms of
DSCS. 2 differential OTA and R-C network are used to generate differential 
sinusoidal voltage, and the 2nd harmonic is suppressed by adopting the fully 
differential architecture [6]. To suppress 3rd harmonic further, an envelope 
detector is added to continuously adjust the loop gain by controlling the gate
voltage of M5. By switching the positive and negative feedback loop, 4 kinds of
frequencies, 0.1, 1, 10, 100kHz, are generated to make frequency-difference EIT
images of the breast. The output voltage of the differential sinusoidal voltage
generator (Vout) is converted into differential sinusoidal current (Vout/RI) through
V/I converter. The output current amplitude is controlled by the value of RI

according to the 2b digital code, which selects 10, 100, 200, 400μApp of current
to inject into electrodes. As a result, 400μApp of current can be provided up to
2kΩ of load impedance, and the measured 4 different frequency spectra of DSCS
show that all harmonics are less than -59dBc with the load impedance of 2kΩ
when the current amplitude is 200μApp.

Figure 18.4.5 shows the circuit diagram of the voltage-sensing amplifier. The
capacitive-coupled IA is adopted as an LNA with a gain of 18dB (C1/C2), and the
input referred noise is 35.8nV/√Hz. The gain of the PGA is automatically 
controlled by the adaptive gain controller (AGC) because of the large variation of
input voltage differences. The AGC generates a 3b gain control signal by 
comparing the differential input voltage of the PGA with 4 reference voltages so
that the gain of the PGA can be set from 0 to 42dB with 6dB steps. The peak-to-
peak detector (PPD) is inserted to lighten the burden imposed on the ADC and
digital controller in case of fast monitoring such as contact impedance 
monitoring. In the PPD, the input S/H circuit creates a time delay on the input
signal so that the comparator can detect the highest and lowest peak of the
input. The clock frequency is chosen about 50 times faster than the input 
frequency, which is optimized to avoid error due to noises or spikes. Therefore,
the amplitude of sine voltage is detected and converted into a DC voltage as an
input to the ADC.

Figure 18.4.6 shows the measurement and imaging results of the breast model
made with agar and carrot, which has impedance characteristics similar to 
normal breast tissue and a malignant tumor. The weighted back-projection 
algorithm is used for 3D image reconstruction, which assumes that the electric
current is injected through one of the electrodes in a surface array and 
equipotential surfaces from the electrode are spherical. The reconstructed 3D
image also can be visualized as several hemispheric slices. As a result, the 
system with the EIT IC can detect as small as 1cm of carrot in the 12cm diameter
breast-shaped agar. For comparison, an x-ray mammography image of the same
agar phantom is also shown.

The 2.5x5mm2 chip is fabricated in a 0.18μm 1P6M CMOS process. Figure
18.4.7 shows the chip micrograph and its performance summary. The DSCS
provides 4 kinds of frequency spectra and current amplitude, and a THD of less
than 0.2% at 200μApp. The 6-channel read-out front-end has adaptively 
controlled gain of 18-to-60dB, and can measure impedance as small as 4.9mΩ.
This compact and convenient system with fully integrated EIT IC enables early
detection of breast cancer at home.
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Figure 18.4.1: Brassiere-shaped breast cancer detection system. Figure 18.4.2: Overall block diagram of EIT IC architecture.

Figure 18.4.3: Reconfigurable switching for 3 operation modes.

Figure 18.4.5: Voltage sensing amplifier with AGC and PPD. Figure 18.4.6: Breast model imaging result.

Figure 18.4.4: Differential sinusoidal current stimulator (DSCS).
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Figure 18.4.7: Chip micrograph and performance summary.


