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ABSTRACT 
 

Breast cancer characteristics such as angiogenesis and hypoxia can be quantified by using optical 
tomography imaging to observe the hemodynamic response to an external stimulus.  A digital near-infrared 
tomography system has been developed specifically for the purpose of dynamic breast imaging.  It 
simultaneously acquires four frequency encoded wavelengths of light at 765, 808, 827, and 905nm in order 
to facilitate the functional imaging of oxy- and deoxy-hemoglobin, lipid concentration and water content.  
The system uses 32 source fibers to simultaneously illuminate both breasts.  There are 128 detector fibers, 
64 fibers for each breast, which deliver the detected light to silicon photo-detectors.  The signal is 
conditioned by variable gain amplifiers and filters and is quantized by an analog to digital converter 
(ADC).  The sampled signal is then passed on for processing using a Digital Signal Processor (DSP) prior 
to display on a host computer.  The system can acquire 2.23 frames per second with a dynamic range of 
236 dB. 
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1.  INTRODUCTION 
 
In the United States, one in seven women will develop breast cancer during her lifetime [1].  The current 
gold standard for the screening and diagnosis of breast cancer is x-ray mammography.  However, the 
ionizing radiation precludes the use of x-ray mammography on all populations.  In addition, x-ray 
mammography screening is not as effective for dense breast tissue or in higher risk subjects where more 
frequent screening is recommended.  While MRI imaging may be used as an alternate modality for breast 
cancer detection, MRI exams are too costly for routine screening and treatment monitoring [2]. 
 
In recent years, optical imaging has shown that it has the potential to make an impact in breast cancer 
diagnosis and treatment management [2].  One of the principle advantages of using optical imaging for 
breast cancer screening lies in the fact that there is no ionizing radiation and poses no adverse health effects 
to the subject.  Further, the low-cost, compact nature of optical systems makes them well suited for cancer 
screening and treatment management applications. 
 
Tomographic optical imaging can be performed in three different domains.  Time-domain (TD) systems 
input a very short pulse (on the order of picoseconds) of light into the tissue which provides both time of 
flight and attenuation information to the detector.  The shortcoming of time-domain systems lies in the high 
expense related to generating such short pulses of input light.  Frequency domain (FD) systems illuminate 
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the tissue with light modulated at radio frequencies.  So-called photon-density waves propagate through the 
breast and measurements of amplitude attenuation and phase shift of these waves are performed.  If 
measurements are made at all frequencies, the information provided by an FD system is identical to the 
information obtained by a TD system.  However, most FD-systems currently available perform 
measurements at just a few selected source-modulation frequencies, which reduces the complexity and cost 
as compared to TD systems.  Continuous wave (CW) systems illuminate the tissue with a continuous 
stream of light where the attenuation of the transmitted light is measured by the detectors.  The limitation of 
CW systems is that they only collect one measurement, attenuation, whereas the other systems collect an 
additional measurement (phase or time).  However, the simplicity and low-cost nature of CW systems 
makes them an ideal candidate for screening of large populations as well as in treatment management 
strategies [3]. 
 
The power of optical imaging comes from the endogenous contrast created by the differences in the 
absorption of light across wavelengths by various chromophores. By imaging at multiple wavelengths of 
light in the visible to near-infrared (NIR) range it is possible to gain insight into the concentration of certain 
chromophores such as oxy- and deoxy-hemoglobin, lipid, and water [4].  As a result, changes in oxy- and 
deoxy- hemoglobin levels in the proximity of breast tumors due to the increased vascularization and 
metabolic activity of the tumors can be observed by optical techniques [5-6]. 
 
Promising results using various optical systems for breast cancer detection and diagnosis have been 
published by many groups around the world.   Clinical studies from dual-wavelength time-domain optical 
mammography systems have been published by Rinneberg et al and Grosenick et al [7-8].  Culver et al 
have developed a combined frequency domain and continuous-wave clinical system that uses six 
wavelengths [9], and Enfield et al published results from a three-dimensional time-resolved optical 
mammography study of the uncompressed breast [10].  In addition, Boverman et al presented a diffuse-
optical-tomography study that explored hemoglobin levels in the compressed breast [11].  These are just a 
sampling of the many systems and studies that have been published in recent years, but they demonstrate 
the large number of approaches and significant interest in diffuse optical tomography systems for breast 
cancer applications. 
 
The system described in this paper differs from existing systems in its unique design for fast imaging of 
both breasts simultaneously.  The system is designed with the purpose of doing dynamic studies involving a 
pressure applied to the breast, or a valsalva maneuver from which the dynamic response of the tissue can be 
monitored at very high frame rates.  The system uses 32 source fibers to simultaneously illuminate both 
breasts with 64 detectors on each breast.  The conditioning and analysis of the detected signals is performed 
digitally in order to improve the sensitivity and speed of the system.  The following sections outline the 
design of the system in more detail including the specific design enhancements made for the application to 
breast cancer screening and treatment management. 
 

2. SYSTEM DESCRIPTION 
 
2.1 Overall System Parameters 
 
One of the main design criteria for the system is to be able to simultaneously image both the left and right 
breasts.  This is important when performing dynamic studies so that any differences in the response 
between the breasts can be observed, thus distinguishing healthy from unhealthy breast tissue.  As a result, 
32 sources are bifurcated to simultaneously illuminate both breasts with the same stream of light.  In 
addition, 128 total detector fibers are used with 64 fibers for each breast.  In order to resolve oxy- and 
deoxy-hemoglobin as well as water the system utilizes four wavelengths of light in the visible and near-
infrared light range.  The wavelengths used for the system are 765, 808, 827, and 905nm.  Table 1 outlines 
the system parameters. 
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Table 1.  Summary of system parameters 

Parameter Value 

Sources 32 

Detectors 128 

Wavelengths 4 

Wavelength Values 765, 808, 827, 905 nm 
 

 
Figure 1 shows a diagram of the overall system.  The main components are the light delivery unit, the light 
detection unit, and the host computer.  The host computer is responsible for the user interface that allows 
the user to control the system as well as to monitor the measured data.  The rest of the system 
communicates with the host computer via NI Data Acquisition Cards.  The light illumination unit is 
responsible for generating the light stream that is sequentially passed to the source illumination fibers 
through an optical switch.  The illumination and detection fibers are brought into contact with the breasts 
via a custom designed hand-like measuring hat.  The detection fibers feed back to hardware boards that 
condition and digitize the signal prior to passing it onto to core of the system, the digital signal processor 
(DSP).  The DSP is responsible for coordinating the timing and control for of the system, and also for 
filtering and processing the measured data prior to passing it onto the host computer.  The DSP also works 
closely with a complex programmable logic device (CPLD) for specific timing and sequencing activities. 
 
 

 
Fig. 1. Diagram showing the components of the system including the detection unit, light delivery unit, and host 

computer. 
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2.2 Light Delivery Unit 
 
The principal role of the light delivery unit is to sequentially illuminate the source fibers with a very stable 
stream of light.  The system uses four wavelengths of light that are generated using laser diodes.  The laser 
diodes are driven with modulated alternating input to produce an intensity modulated output.  The 
modulating frequency is in the kilohertz range (specifically 5 kHz and 7 kHz in this system).  The 
modulation current is generated using a direct digital synthesis (DDS) chip that can produce a very precise 
and stable output frequency.  The specific frequency is programmed to each DDS chip using a 
microcontroller chip.   
 
Input wavelengths A and B are modulated at 5 kHz and wavelengths C and D are modulated at 7 kHz.  The 
laser light from lasers A and C, and B and D, are then combined into one light stream using an optical 
combiner.  These two light streams are then fed into a 2x32 optical switch.  The Sercalo® switch used in 
this system has low optical crosstalk (50dB) and a fast switch settling time (<5ms).  The switch is 
responsible for switching each input light stream between the 32 output light fibers.  These light fibers are 
then brought into contact with the breast tissue using the measuring hat described in the next section.  The 
intensity of light input to the tissue is less than 20mW. 
 
2.3 Measuring Hat 
 
The measuring hat used in this system is designed so that the subject can remain in a seated position during 
the scan.  The measuring hat, shown in Figure 2, uses a hand-like design to bring the input fibers and 
detection fibers into contact with the breast.  Each lever can be adjusted to achieve optimal contact with the 
tissue.  In addition, the levers are controllable through a LabView interface to apply and measure pressure 
for dynamic imaging experiments.  Figure 2 also shows the measuring hat holding an optical phantom that 
is a key component of the system for characterization and validation. 
 
 

 
 

Fig. 2.  Breast imaging system measuring hat with an optical phantom for measurements. 
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2.4 Light Detection Unit 
 
The light detection unit is responsible for amplifying, filtering, and processing the detected signals.  Optical 
fibers that bring the detected light from the tissue to the silicon photodiodes located on the hardware 
detection boards.  There are 16 detection boards, each with 8 detection channels.  Each detection channel 
begins with a silicon photodiode to convert the incoming photons into a current, followed by a trans-
impedance amplifier and a programmable gain amplifier to bring the signal up to an acceptable range for 
the analog-to-digital converter.  Immediately prior to the analog to digital converter the signal is filtered 
with a 4th order Butterworth low-pass filter to remove any high frequency noise.  This also serves as an 
anti-aliasing filter to prevent any aliasing during quantization.   
 
The signal is digitized using an Analog Devices AD7655 which is a multiplexing analog-to-digital 
converter (ADC).  It is capable of digitizing four channels in a sequential manner at very high rates.  The 
system takes 150 samples per channel with the ADC running at 75 kHz to give a total time to collect the 
samples of 2ms.  This time will be used in Section 2.5 to examine the system timing.  
 
Once the signal has been converted to a digital signal, it is passed to a digital signal processor (DSP).  The 
DSP is the central part of the detection unit.  The signal brought into the DSP must be demodulated into its 
two component wavelengths prior to filtering and passing the measured amplitudes onto the host computer.  
The demodulation is preformed using a digital lock-in detection technique explained in detail a paper 
published by Masciotti et al [12].  Figure 3 illustrates the flow of the detected signal from the silicon 
photodiode to the host computer. 
 

 
Fig. 3.  Detection flow diagram illustrating the key hardware components. 

 
The DSP is also responsible for passing the demodulated values onto the host PC.  This is accomplished by 
using a first-in-first-out (FIFO) storage chip.  The chip stores the data until the PC is ready to read from it.  
The PC continuously polls an Empty/Full flag on the FIFO to determine when it needs to ready the data.  
The PC and DSP are connected via a glue logic board that helps to condition any signals to the appropriate 
voltage for each side of the data transfer. 
 
2.5 System Timing 
 
The heart of the system is the timing unit due to the importance of processing a large amount of data as 
quickly as possible. The DSP is the core of the timing unit, and is responsible for orchestrating all of the 
interactions between the host computer and the system.  In addition, the DSP is responsible for 
coordinating the input and detection unit to keep all measurements in synchrony.  In fact, there are actually 
four DSP chips used in the system.  All of the DSPs participate in the detection processing, but only one of 
them, known as the master DSP, is responsible for the timing and sequencing.  That master DSP works 
closely with a complex programmable logic device (CPLD) that assists the DSP with the timing of many 
events that are essential to the system.  Figure 4 shows the sequence of the timing in the system.  With the 
5ms allocated for switching between input channels, combined with the 2ms for the processing of the data 
bring the time to acquire the data for one source and one set of wavelengths.  As such, in order to acquire a 
full image frame from all 32 sources and both wavelength sets the time is 7ms*2*32=448ms resulting in a 
frame rate of 2.23 frames per second. 
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Fig. 4. Imaging timing sequence. 

 
 
2.6 User Interface 
 
The user interface, coded in LabView, is essential for the control of the system.  The user interface will 
automatically compute the optimal gain setting for each source and detector channel, perform system 
diagnostics, and also display the measurements in real-time.  The user interface interacts with the hardware 
through two National Instruments Data Acquisition Cards.    Screen shots of the automatic gain detection 
and the data display for the system are shown in Figure 5. 
 

(a) (b) 
 

Fig. 5. Screen shot of the data display (a) and automatic gain detection (b). 
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3.  SYSTEM CHARACTERIZATION 
 

3.1 Frame Rate 
 
For the given application of dynamic breast imaging, it is essential to have fast imaging rates, excellent 
dynamic range, and good stability.   As mentioned in the system timing section, it takes 7ms to acquire data 
for one source-detector pair for one wavelength set.  As a result, with only one source, a frame rate of 71.4 
frames per second can be achieved, or with all 32 sources, a frame rate of 2.23 frames per second.  These 
imaging frame rates have the potential to be increased as the switch has a maximum switching time of 5ms, 
but may be capable of faster switching. 
 
3.2 Dynamic Range 
 
The dynamic range of a breast imaging system is very important due to the potentially large geometries 
creating a number of scales of measurement.  In order to handle the smallest measurements from the 
furthest source-detector pairs and the largest measurements from the closest source-detector pairs, there is a 
gain setting for each source-detector pair.  These gain settings are automatically determined through testing 
the amplitude of the signal at each gain setting in order to select the optimal setting.  With gain settings 
ranging from 1 to 107 and a analog to digital converter with 16 bits of precision, we achieve a dynamic 
range of 20*log(216) + 20*log(107) = 236 dB. 
 
Table 2 summarizes the system characteristics.  It also compares the characteristics of this system to two 
previous published papers describing instrumentation for fast diffuse optical imaging.  The first system was 
developed by Schmitz et al and is named the DYNOT imager [13].  The second system is a digital 
instrument designed for dynamic small animal imaging developed by Lasker et al [14]. 
 
 

Table 2.  Summary and comparison of system characteristics. 

Parameter DYNOT [13] Small Animal Digital 
Imager [14] Breast Digital Imager 

Mode of Operation CW CW CW 

Number of Sources 25 16 64 

Number of Detectors 32 32 128 

Number of Wavelengths 1-4 1-2 1-4 

Dynamic Range 180 dB 190 dB 230 dB 

Data Points per Frame 3200 1024 16 384 

Data Rate 8640 Points/s 9216 Points/s 32 864 Points/s 

Acquisition Time 0.37s 0.11s 0.45s 

Frame Rate 2.7 Frames/s 9.09 Frames/s 2.23 Frames/s 

    

 
 

4.  SUMMARY 
 

This paper has outlined the design of a continuous-wave optical tomography imaging system tailored for 
dynamic breast cancer imaging.  The system uses 32 source fibers to simultaneously illuminate both breasts 
as well as 64 detectors for each breast.  The system makes use of digital hardware including a digital signal 
processor chip to achieve fast imaging rates of 2.23 frames per second and a large dynamic range of 230 
dB.  The system will be used for dynamic imaging studies involving pressure application to the breast and 
valsalva maneuver to induce changes in the oxy-, deoxy-hemoglobin, and water. 
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