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Abstract. We present a frequency-domain near-infrared optical to-
mography system designed for breast cancer detection, in conjunction
with conventional ultrasound. It features fast optical switching, three-
wavelength excitations, and avalanche photodiode as detectors. Laser
diodes at 660, 780, and 830 nm are used as light sources and their
outputs are distributed sequentially to one of nine source fibers. An
equivalent 130-dB isolation between electrical signals from different
source channels is achieved with the optical switches of very low
crosstalk. Ten detection channels, each of which includes a silicon
avalanche photodiode, detect diffusive photon density waves simul-

taneously. The dynamic range of an avalanche photodiode is about 20
to 30 dB higher than that of a photomultiplier tube, thus eliminating
the need for multistep system gain control. The entire system is com-
pact in size (<0.051 m?) and fast in data acquisition (less than 2 sec
for a complete scan). Calibration and the clinical experiment results

are presented in the paper. © 2004 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1695410]

Quing Zhu

University of Connecticut

Department of Electrical & Computer Engineering
Storrs, Connecticut 06269

Keywords: diffusive imaging; optical switches; avalanche photodiodes; dynamic
range; breast cancer.

Paper 44011 received Jul. 11, 2003; revised manuscript received Jan. 19, 2004;
accepted for publication Feb. 3, 2004.

1 Introduction a certain time period to stabilize after switching, the data ac-

Frequency-domain near-infrared optical tomography Systemsqwsmon tlm_e was about 8 sec for one scan. In _general, three
have been widely used to study optical properties of breast scans at lesion locations and at reference locations are neces-
cancersin vivol~® In the Optical and Ultrasound Imaging sary for checking patient motion and for calculating averages.
Laboratory at the University of Connecticut, we are develop- T_o re(;ucedﬂ;e _T’t'ze’ We'glh:' land data ?quu.'s't'on time, we de-
ing a hybrid imager that combines optical tomography and S'g_rll_ﬁ an ;J' a cqmprt]a ely new optica npager. d .
conventional ultrasound for breast cancer detectiofibe ul- | Nere are two major changes in our hew frequency-tdomain
timate goal of our studies is to establish a method that is more optical imager. Instead of using paired dual-wavelength laser

. . diodes and electronic switching, only three laser did@&®,

accurate and efficient than conventional x-ray mammography .

. . . . 780, and 830 nmare used in the new system. So the total
for breast cancer detection and diagnosis, for assessing cancer : - .

- . number of laser diodes is reduced from @ould be 36 if
treatment, and for monitoring cancer recurrence. The combi- . T

. . T ) . three wavelengths are needéd three. Optical switching is

nation of ultrasound with optical imaging provides comple-

mentary diagnostic information. Th fic property of employed to distribute outputs of laser diodes to different
ientary diagnosic information. 1he acoustic property ot & ., .. channels. Such architecture helps simplify the light
simple cyst can be well distinguished from that of a tumor,

hile the local blood vol 4 blood i b source driving circuitry, reduce the size and weight, and in-
while the local blood volume and blood oXygenation can be . oaq6 the switching speed. For the detection subsystem, pho-
related to tumor malignance. In addition, using high-

luti | di id ical i . tomultiplier tubes(PMTs) were replaced by much lighter and
resolution ultrasound Images to guide optical Imaging recon- gy jjer sjlicon avalanche photodiodesPDs). Semiconduc-
struction can partly solve the ill-posed problem and lead to

a3 PRI tor photodetectors generally have higher quantum efficiency
more accurate reconstructed vallé#\s a similar idea, com- and dynamic range than PMTs, and cover a fairly wide spec-

bination of optical imaging with MRI for small animal imag- 3] range(400 to 1100 nm for silicon photodiodedwo im-

ing has been reported recerfifyOur clinical experiments at  portant types of high-speed semiconductor photodetectors are
the University of Connecticut Health Center and Hartford p|N photodiodes and APDs. Nonetheless, a typical PMT has
Hospital have been successful, but we do feel the need toan internal gain ranging from0® to 10°. Consequently, its
update the optical imager we built two years ago. First of all, gptoelectrical current level is much higher than those of PIN
it is heavy and bulky, which makes the transportation to mul- and APD detectors. This is the main reason that PMTs are so
tiple clinical locations difficult. Second, we used electronic popular in weak light detection, and that we used them in our
switching for the light sources. Because the laser diodes needprevious system. Normal photodiodes usually have a noise
level about two orders lower than that of a high-speed pre-
amplifier. Consequently, the signal-to-noise ratio of the detec-
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Laser Diode To optical Table 1 Specifications of piezosystem jena 4 X1 and 1X9 optical
- 29 switches.
Driver Board probe
B, X
4X1 1X9 e Insertion loss 2 dB (max) 1.6 dB (typical)
EmmH > opteat [ opieat | | |
ptical Optical :
|_w{ Switch Switch » Cross talk 60 dB (max) 65 dB (typical)
830 nmn g
7'y 7 ) . .
. Repeatabili 0.02 dB (max) 0.01 dB (typical)
N P ty P
? if;g?o de From PC (>1500 cycles over 1 h)
Operating voltage 5V (500 mA)
; —
14%SISIHZ > Dgzitl?;al g Ameﬁﬁer Operating temperature range  0° to 50°C

¥ Synchronization to reception able at an~10-mW fiber output power. A 10-dBm oscillator

generates 140-MHz sine waves for modulation. Most of its
output goes through a directional coupler to a RF amplifier,
while a small portion is directed to the reception part as the

tion system is dominated by the preamplifier noise. A silicon SYnchronization signal. An attenuaterot shown in Fig. 1is
APD can have an internal gain of 100 to 1000. Such an inter- USed to further reduce the power level of the synchronization
nal gain makes it possible to match the noise level of opto- Signal- The amplified 140-MHz signal is connected to a laser
electrical signals with the input noises of available preampli- diode driver board, at which it is combined with dc bias cur-
fiers. While the noise level remains almost the same, the rents to feed laser diodes. Modulated light outputs are coupled
signal strength is increased by 40 to 60 dB and so is the © thrée input ports of &x1 optical switch. A remaining
signal-to-noise ratio. Since the output signals from APD de- input port_ls reserved for an additional wavelen.gth, whlch we
tectors are much weaker than the output from a PMT, cautions May @dd in the future. The output of tde< 1 optical switch
have been taken to reduce the impact of environmental noisesS directly connected to the input of Bx9 optical switch,
and, especially, feed-through interferences. We have ern_e;ach of whose output fibers corresponds to one source posi-
ployed a careful radio-frequendiRF) design to achieve the  tON.

minimal feed-through interference level from the transmission ~ BOoth optical switches were purchased from piezosystem
part to the reception part. jena GmbH. They are compact in sig&68x 113x 30 mn¥)

and can be controlled by BCD codes via a D-sub 25 connec-
. tor. Input and output optical fiber®2.5.um core diameter
2 System Design are terminated with standard ST connectors. Other specifica-
To suppress interferences as much as possible, the new diffutions (for both 4xX1 and 1X9) are listed in Table 1. Their
sive light imager is separated into a transmission part and aswitching time is about 2 ms, much faster than other similar
reception part. Each part is enclosed in an aluminum chassisproducts on the market, and warrants near-real-time image
measuringl7x 13X 7 cubic inches. The transmission part is acquisition. Crosstalk and repeatability of these switches are
responsible for generating amplitude-modulated light output also reasonably good. For example, the crosstalk between dif-
at three wavelengths of 660, 780, and 830 nm. It also containsferent optical channels is better than 65 dB. Since the optical
optical switches that distribute light power to nine source power is converted proportionally to voltage or current at a
channels. In the reception part, there are 10 detection channelphotodetector, the resulting isolation in electrical signals from
that simultaneously measure intensities of diffusive light col- different sources channels is 130 dB. A National Instruments
lected by light guides. The connection between the transmis- multifunction data acquisition carDAQ) installed in a PC
sion and the reception parts is a coaxial cable, which transmitsprovides 4-digit control signals for each optical switch.
a synchronization signal from the transmission part to the re-  The reception part consists of 10 identical detection chan-
ception part. The synchronization signal is used to generate anels, which are sealed in 10 small aluminum boxes for RF
reference signal, which is necessary for retrieving phase shiftsshielding. Figure @) shows the overall structure of the recep-
related to photon density waves at different locations. A nega- tion part, while Fig. 2b) shows the schematic of each detec-
tive effect of the synchronization signal is the unwanted inter- tion channel. In each detection channel, a light guide collect-
ferences that it brings into the detection channels. However, ing diffusive lights from an optical imaging probe is coupled
the synchronization signal has to be strong enough to over-to an APD(S3884, Hamamatgy the use of an adaptor. As
come zero-cross point shifting caused by noises. So determi-a result of modulated light sources, the optoelectrical current
nation of the synchronization signal level is a tradeoff be- of the APD detector has an ac component at the same fre-
tween the interference level and phase accuracy. We graduallyquency, i.e., 140 MHz. A high-speed low-noise transimpen-
lowered the synchronization signal to the point beyond which dence amplifie(SA5212A, Philips Semiconductgrsonverts
the measured phase noise increased suddenly. the opto-electrical current to a voltage signal, which is then
Shown in Fig. 1 is the schematic of the transmission part. mixed with a 140.020-MHz signdlgenerated by a local os-
Pigtailed laser diodes from Thorlabs are used as light sources.cillator OSC2 at a frequency mixe(SBL-1, Mini-Circuits).
Three wavelength&60, 780, and 830 nppertinent to imag- The heterodyne signal passes through a band@Rsfilter
ing hemoglobin concentrations and tumor hypoxia are avail- with a center frequency at 20 KHz, and is further amplified by

Fig. 1 Schematic of the transmission part.
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Fig. 2 Schematic of the reception part.

another low-frequency amplifier by about 40 dB. The result-
ing signal contains both amplitude and phase information re-
lated to the original RF signal. However, a reference signal is
necessary for accurate retrieval of the phase. The synchroni-
zation signal from the transmission part is mixed with the
local oscillation of 140.020 MHz to generate the reference
signal, which serves as a trigger signal for data acquisition.
Outputs from all detection channels and the reference signal Fig. 3 High-voltage power supply circuitry.
are digitized with two DAQ card$PCI-6070E, National In-
struments working synchronously. Hilbert transform is per-
Z)Cr&?rig r\]/vva;i):%.c?rr;g u;%:)?ifuzgjpgdti : Z%Srtzsi‘r?; eaChthe optoelectrical current, while the HV is set to the opera-

et = siply e mean g ofn et s 190 YO180% TS crot = o for il splcstons
form of corresponding waveform;;(n), P : ’ P

response becomes nonlinear when the optical input power

_ : causes a substantial increase in the voltage across the resistor
Aij=mearabsthilbertu;(m1}), @ and a decrease in the APD bias. By parallel connecting a
where n denotes the discrete time point. The phage is Zener diode to clamp the voltage across the APD, as shown in
given by Fig. 3(b), we can significantly improve the linear input range.
Of course, the breaking voltage of the Zener diode should
@ij=mear(anglefhilbert[u;(n)]} match the operational voltage of the APD, and the HV should
—anglehilbert[u,(n)]}), @) be set at a higher value. But there is still another problem. The

avalanche photodiodes came with operational voltages rang-
whereu,(n) is the reference sequence. ing from 127 to 139 \M(for internal gainM =100). It is very

A high voltage(HV) adjustment circuit is used to provide difficult to do exact and homogeneous matching for all the 10
an appropriate voltage for each individual APD. Shown in channels. We add a variable voltage source in series with the
Fig. 3(a) is a typical way to connect the HV power supply Zener diode to facilitate the adjustmdiig. 3(c)]. The vari-
(CA02P, EMCO High Voltage Corporatiprvith an APD and able voltage source is comprised of a transistor and a poten-
a transimpedance amplifi€tA resistor of 10 to 100 k limits tiometer, which provides continuously adjustable voltage
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Fig. 5 (a) Setup for testing the system linearity. (b) The amplitudes (A)

in logarithm versus total optical density of inserted attenuators.
Circles: measured values; solid line: linear fitting.

(b)

smaller range will be adopted. This procedure effectively in-
creases the dynamic range by 20 dB.

The overall weight of the system is about 12 kilograms,
while our previous PMT-based system weighs more than 60
kilograms. Shown in Fig. @) is a picture of our new imager.
The transmission and reception parts are stacked together,

Source fiber
Ultrasound
transducer

© while a portable printer is put aside for comparison of the

sizes. For the sake of mobility, an LCD monitor is used to-
Fig. 4 (a) Picture of the new imager. Its size is compared with a por- gether with a desktop computer for data acquisition. Source
table printer. (b) Configuration of the combined probe. Smaller circles fibers and detection light guides are connected to a combined

indicate locations of light sources, and larger circles correspond to ; e ; :
detection light guide positions. The central rectangular hole is used to probe[Fig. 4(b)]. In clinical studies, a commercial ultrasound

hold an ultrasound transducer. (c) Geometry for detection breast can- trar_]Sdl_Jcer is inserted in the middle of th_e Combine_d pr_obe,
cers with the combined probe. which is placed on the top of a breast with the patient in a
supine position.

from 0.5 to 12 V. The breaking voltage of the Zener diode is 3 Testing and Calibration
around 126 V. The system linearity was tested with neutral density filters and
A special procedure in the data acquisition program is the setup shown in Fig.(&. The source fiber was connected
needed to overcome the limited dynamic range of the DAQ to one source channel through an inline attenuator of 20 dB.
card. The analog-to-digital conversion has a 12-bit resolution, Output light from the source fiber was collimated with a lens,
which corresponds to about a 72-dB dynamic range. However,and a small portion of itabout 1% is directed to the light
the analog part of the reception system is capable of providing guide connected to a detection channel. Neutral density filters
an 80- to 90-dB dynamic range. We used the programmable were inserted into the path of the collimated light to adjust the
input range of the DAQ card to solve this problem. For each light intensity coupled to the detector. The optical density
source-detector pair, the waveform related to the photon den-(OD) values of the neutral density filter set were 0.5, 1, and 3.
sity wave is digitized twice. In the first period we use an input By stacking them together, an attenuation range fadm®®
range of the DAQ card of-1 to 1 V, while in the second (OD=0.5 to 10 °> (OD=5) was achieved. The detected
period we use-10to 10 V. The amplitudes and phases are signal amplitude in logarithm scale versus optical density is
retrieved for both the smaller range and the larger range. If the plotted in Fig. 3b). It is obvious that the linearity of the
amplitude associated with the bigger range is greater than 1 V,detection system is very good in the rarigg OD=<5, which
it will be taken as the measured value, and so will the corre- is equivalent to 80 dB. At the point @ D= 0.5, saturation of
sponding phase. Otherwise, the values associated with thethe detector occurred and the amplitude was suppressed by
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approximately 7 dB. The dynamic range of system was esti-
mated around 85 dB. This is achieved without two-stage light
source control, which is necessary for a PMT system of simi-

lar dynamic range. The measured phases remain essential con-

stant, as a result of very small amplitude-phase cross talk.
Uniformity of source and detection channels was cali-
brated with following procedures. To test the source channel
uniformity, different source channels were sequentially
coupled to one detection channel via an inline attenuator of 70
dB. To test the detection channel uniformity, different detec-

tion channels were switched to one source channel. The varia-
tions in amplitude and phase of source channels were 0.27 dB

and 0.19 rad respectively. For the detection channels, the
variations were 0.9 dB for amplitudes and 0.23 rad for phases.
The relative gain and phase shift of each source or detection
channel were included in image reconstruction algorithms to
cancel channel heterogeneity.

4 Image Reconstruction Method

A dual-mesh image reconstruction algorithm, proposed in our
previous publicatiorf,has been implemented in our new im-
ager. Briefly, the total imaging volume is segmented into two
regionsL and B, where the lesion regioh contains sus-

1

Wg= _BG(rukrrdi)Uinc(rvk!rsi) ,

MxNg
[ML]: f A/‘La(r,)dgr,a'.'af A/Jva(r,)dsr, il
LY 1 N |

and
Mel= [ A1t [ apriae],
1g Ng

Instead of reconstructing w, distribution directly, we recon-
struct the total absorption distributidvi and then divide it by
different voxel sizes of target and background regions to ob-
tain theA ., distribution. In general, the target region is more
absorbing than the background, and the total absorption dis-
tribution M, which is approximately the product & u, and

the corresponding voxel size, is well scaled between lesion
region and nonlesion region for inversion. In the following
clincal case studies, we have used a finer gridDd&x 0.5

X 0.5(cm®) in the target region and a coarse grid b5

X 1.5 1.0(cn?) in the background region. As a result, the
weight matrix[ W' ]=[W,_ ,Wg] expands to several discrete
layers in depth and the weight matri%/, of larger tumors

pected structures found on co-registered ultrasound imagesy|so expands to two to three layers. The total least square

and the nonlesion regida is the background. Then the target
and background regions are discretized with different voxel
sizes, resulting in a finer grid in the lesion region and a coarse
grid in nonlesion region. We consider only absorption changes
in the medium on the assumption that the contribution of scat-
tering heterogeneities to the measurement is negligible, al-
though similar procedures can be applied to reconstructing
scattering coefficients. When the Born approximation is valid,
the scattered diffusive light intensity can be approximated by

, 1
Usc(rsiardiaw)*—a %: G(ryj rai)Uine(ryj rsi)
XJ_A,ua(r’)d3r’
j
+; G(ryi,Tai)Uine(T ks Tsi)
k

xka,ua(r’)d*"r’), ©)
whereG(r,r,) andU;,(rq,r,) are the Green’s function and
incident diffusive light intensity connecting locatian and
I, I'yj is the center of voxej in lesion regionL, r is the
center of voxek in the background regioB, andrg; andry;
are source and detector positions, respectively. Equéfipn
can be written in the following matrix form:

[Usalmx1=[We ,Walyxn[ML Mglix1, (4)

where

1
W, = _BG(rvjardi)Uinc(rvj1rsi) :
MXN,
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method is employed to formulize the inverse problem, and the
conjugate gradient method is used to minimize the object
function®® The iterative search converges quickly in two to
three iterations, and thus no regularization scheme is used in
the inversion.

5 Clinical Case Study

Clinical studies were performed at Hartford Hospital with the
protocol approved by the IRB committee of the Hartford Hos-
pital. The first example was obtained from a 45-year-old pa-
tient who had a suspicious lesion at the 3 o’clock position of
the left breast. The combined probe was centered approxi-
mately above the lesion for acquisition of ultrasound and op-
tical images. The ultrasound gray-scale image with Doppler
superimposed is shown in Fig. 6. The lesion has an irregular
shape and posterior shadowing. Ultrasound Doppler reveals
blood flow at the lesion periphery. The diagnosis based on
ultrasound was highly suspicious and biopsy was recom-
mended.

Optical data at three wavelengths were taken before the
biopsy procedure. The data acquisition time for each scan was
less than 2 sec, much faster than our previous sysadwout 8
sec for two source levelsMultiple data sets at the lesion
location as well as at the contralateral normal breast were
acquired. It took about 5 min for the entire experiment. Fig-
ures 7—9 show the reconstructed optical absorption maps at
three wavelengths. For each slice, the spatial dimensions are 9
by 9 cm. The first slice is 0.7 cm from the skin surface and the
last slice is close to the chest wall. The spacing between slices
is 0.5 cm. The optical absorption distributions appear dif-
fused, and absorption maximums at the three wavelengths are
0.1420, 0.1499, anfl.1450 cm ¢, respectively. The total he-
moglobin concentration calculated from 780 and 830 nm is
shown in Fig. 10. The extinction coefficients used are ob-
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Fig. 6 Ultrasound gray-scale image with Doppler superimposed. The lesion was located at the 3 o’clock position of the left breast of a 45-year-old
patient and was considered as highly suspicious. The ultrasound revealed irregular shape and posterior shadowing with blood flow seen at several

periphery sites of the lesion.
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Fig. 7 Reconstructed optical absorption map at 660 nm. The slices
were from 0.7 cm underneath the skin to the chest wall with 0.5-cm
spacing. For each slice, the horizontal and vertical axes are X and Y,
respectively, with the spatial dimensions of 9X9 cm. The lesion ap-
pears in slice 2, 3, and 4.
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Fig. 8 Reconstructed optical absorption map at 780 nm. Similar dis-
tribution at 660 nm was observed.
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Fig. 9 Reconstructed optical absorption map at 830 nm. Similar dis-
tributions at 660 and 780 nm were observed.
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Fig. 10 Total hemoglobin concentration calculated from 780 and 830
nm. The color bars are in units of micromoles.
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tained from Ref. 11. The maximum concentration is 68.90 compactness and the near-real-time data acquisition speed. In
pmol. Earlier results obtained from two invasive early stage addition, it has a wide dynamic range achieved without mul-
cancers and 17 benign lesions have shown that malignant cantistep system gain control.

cers present an average of 1a8i0l maximum total hemo-

globin concentration while the benign group has an average OfAcknowIedgments

67 umol.}2 A nearly two-fold higher contrast has been ob-
tained. In addition, the malignant cancers were well resolved
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and the maximum total hemoglobin concentration level all ’
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