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bstract. We apply ultrasound-modulated optical tomog-
aphy �UOT� to image ex-vivo methylene-blue-dyed sen-
inel lymph nodes embedded in 3.2-cm-thick chicken
reast tissues. The UOT system is implemented for the first
ime using ring-shaped light illumination, intense acoustic
ursts, and charge-coupled device �CCD� camera-based
peckle contrast detection. Since the system is noninva-
ive, nonionizing, portable, relatively cost effective, and
asy to combine with photoacoustic imaging and single
lement ultrasonic pulse-echo imaging, UOT can poten-
ially be a good imaging modality for the detection of sen-
inel lymph nodes in breast cancer staging in vivo. © 2008
ociety of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2907791�

eywords: ultrasound-modulated optical tomography; sentinel lymph
ode biopsy; breast cancer; axillary lymph node dissection; speckle
ontrast; acoustic bursts.
aper 07492LR received Jan. 3, 2008; revised manuscript received
eb. 18, 2008; accepted for publication Feb. 18, 2008; published
nline Apr. 21, 2008.

For the majority of invasive breast cancers, the surgical
emoval of primary breast tumor and levels I and II axillary
ymph node dissections �ALND� are widely performed.1

owever, the common side effects after ALND include upper-
xtremity lymphedema, arm numbness, impaired shoulder
obility, arm weakness, and infections in the breast, chest, or

rm.2 Therefore, as a less invasive alternative to ALND, sen-
inel lymph node biopsy �SLNB�, that is, biopsy of the first
ymph node receiving drainage from a cancer-containing area
f the breast, has become increasingly important in breast
ancer treatment.3 By reducing the number of ALND, the risk
f side effects can be alleviated.3 Although SLNB with meth-
lene blue dye and radioactive tracers has an identification
ate of 90 to 95%, the widely used detection of gamma radia-
ion using a gamma camera is ionizing and intraoperative.3,4

ince ultrasound-modulated optical tomography5 �UOT� is
ble to image optical contrast with high ultrasonic spatial res-
lution, as is photoacoustic imaging,6 nonionizing UOT has
he potential to detect methylene-blue-dyed SLNs noninva-
ively. In addition, thanks to the use of a relatively cost effec-

ddress all correspondence to Lihong Wang, Biomedical Engineering, Washing-
on University in St. Louis, One Brookings Drive, Campus Box 1097-Campus
ox 1097, St. Louis, Missouri 63130 United States of America; Tel: �314� 935-
152; Fax: �314� 935-7448; E-mail: lhwang@biomed.wustl.edu
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tive and small continuous wave �cw� diode laser, the UOT can
potentially be clinically more attractive for the detection of
SLNs than photoacoustic imaging, which usually requires a
bulky and relatively expensive pulsed laser.

The principle of UOT is based on the phase modulation of
multiply scattered light inside biological tissues during fo-
cused ultrasonic insonification. The phase modulation mainly
comes from both ultrasound-induced particle displacement
and changes in refractive index. By measuring the level of
modulation at each scanned ultrasonic focal point, images
represent the optical properties of the tissue. The mechanisms
of UOT have been studied theoretically by Leutz and Maret,7

Wang,8 and Sakadžić and Wang.9 Experimentally, a number of
detection methods have been pioneered to detect weakly
modulated signals efficiently.10–12

In this work, for the first time to our knowledge, we report
the use of UOT to detect ex-vivo methylene-blue-dyed SLNs
buried in chicken breast tissues. In addition, UOT is compared
with photoacoustic imaging and single-element ultrasonic
pulse-echo imaging. The UOT system is implemented, also
for the first time, with ring-shaped light illumination, intense
acoustic bursts, and CCD camera-based speckle contrast
detection.13 Since the light source �a cw diode laser�, ultra-
sonic transducer, and light detector �a charge-coupled device
�CCD� camera� are mounted on a single frame, the UOT sys-
tem is portable and relatively cost effective. Moreover, three
imaging techniques such as UOT, photoacoustic imaging, and
single-element ultrasound pulse-echo imaging can be poten-
tially merged into a single system.

The experimental schematic is shown in Fig. 1, which is
analogous to the setup in Ref. 6. The ring-shaped light illumi-
nation is formed sequentially by a plano-concave lens, a
spherical conical lens, and an optical condenser. This illu-
mination has an advantage over previous illumination

Fig. 1 Schematic of the ring-shaped light illumination UOT system.
March/April 2008 � Vol. 13�2�1
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eometries:5,10,12,13 it can reduce the shadow effect of light
long the light propagation direction, since the light is more
venly distributed. Because of shadows, the previous
ransmission-mode technique with cw ultrasound required im-
ge processing to achieve a good quality cross sectional im-
ge. By contrast, the ring geometry can provide a cross sec-
ional image with less shadow if the imaging plane is parallel
o the plane of the doughnut shape of the illumination. To

ake the system compact and relatively inexpensive, we uti-
ized a small diode laser �Melles Griot, 56ICS153/HS;
57-nm wavelength; 9�6�13 cm along the x, y, and z
xes� mounted on the same post as the optics. The peak ab-
orption of methylene blue occurs around the laser wave-
ength. An average laser power of �24.5 mW /cm2 was de-
ivered to the tissue. A narrowband, high-power, focused
ltrasound transducer �Panametrics, A320S-SU; 7.5-MHz
entral frequency; 12.7-mm active aperture; 19.7-mm focal
ength; 50% bandwidth� was placed into the middle of the
ptical condenser. The transducer was partially immersed in
ater inside a tank that had an opening at the bottom sealed
ith a thin, disposable, clear membrane. The ultrasonic focus
as aligned with the line focus of light in water. A peak
ressure of up to 3.2 MPa was applied to the ultrasonic focal
oint, so the mechanical index at this frequency was less than
.2, within the typical safety limit. The sample was located
nside the water tank and connected to an automatic scanning
tage controlled by a computer for raster scanning. A CCD
amera �Basler, A312f; 12 bit, 640�480 pixels� was posi-
ioned underneath the water tank, and the main axis of the
amera was aligned with the ultrasound propagation axis. The
omponents in the dotted box in Fig. 1 were all built on a
ingle frame. The CCD camera captured speckle patterns
ormed by light transmitted through the sample. A function
enerator �Agilent, 33250A� produced acoustic bursts, which
ere amplified by an RF amplifier �Amplifier Research,
5A250�. Simultaneously, the CCD camera was triggered
wice during each burst by a pulse-delay generator �Stanford

ig. 2 Cross-sectional UOT images of an optically absorptive pat-
erned object. �a� Photograph of the target. �b� UOT image based on
hange in speckle contrast. �c� Image based on light intensity. �d� 1-D
rofile along the cut in.
ournal of Biomedical Optics 020507-
Research, DG535� synchronized with the function generator.
One CCD frame synchronized with the burst initiation was
captured with ultrasound; subsequently, another one was cap-
tured without ultrasound. We used a low 0.83-Hz ultrasound
burst repetition rate to prevent damage to the transducer. The
exposure time of the CCD camera was set to 1 or 2 ms,
equivalent to the duration of an ultrasonic burst. The laser
speckle contrast, defined as �I / �I�, where �I is the standard
deviation of intensity in the speckle pattern and �I� is the
mean of the intensity, was measured with and without ultra-
sound modulation. The UOT signal was defined as the change
in speckle contrast between the ultrasound on and off condi-
tions. We averaged two or three pairs of on-off measurements.

To investigate the potential for cross sectional imaging us-
ing this UOT system, we scanned a 1-cm-thick tissue phan-
tom that contained an optically absorptive patterned object.
The phantom was made of 10% gelatin by weight and 1%
intralipid by volume, and its reduced scattering coefficient
was �9 cm−1. The thickness of the patterned shape along the
ultrasound propagation direction was about 1 mm. An acous-
tic peak pressure of 1.6 MPa was applied to the sample. The
patterned shape is clearly resolvable in Fig. 2�b� and matches
well with the photograph in Fig. 2�a�, whereas the unmodu-
lated light intensity based image in Fig. 2�c� cannot resolve
the shape. Figure 2�d� shows a 1-D profile taken from the
image in Fig. 2�b�. The spatial resolution, defined as the one-
way distance across the 25 and 75% points between the maxi-
mum and minimum of the edge spread function, is
870�59 �m �standard error�. The SNR, defined as the mean
of the change in speckle contrast between ultrasound on and
off divided by its root-mean-square standard deviations, is
199�13 �standard error�.

To show the feasibility of imaging SLNs containing meth-
ylene blue dye, we scanned 1.2-cm-thick chicken breast tis-
sues containing two excised lymph nodes. The animal han-
dling was performed in compliance with guidelines on the
care and use of laboratory animals at Washington University
in Saint Louis. First, an intradermal injection of 0.12 ml of
1% methylene blue dye �10 mg /mL, American Regent, INC�
was performed on the right forepaw pad of an adult male
Sprague Dawley rat weighing 300 g. About 15 min after ad-
ministration of the methylene blue dye, the animal was eutha-
nized with an overdose of pentobarbital. One methylene-blue-
dyed lymph node was excised from the right side of the
animal and another one from the left side �without any dye�.

Fig. 3 Ex-vivo cross sectional images of two sentinel lymph nodes in
1.2-cm-thick chicken breast tissue. �a� Photograph of two nodes; the
left node is dyed with methylene blue and the right one is not. �b�
UOT image. �c� Photoacoustic image. �d� Single-element ultrasound
pulse-echo image.
March/April 2008 � Vol. 13�2�2
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he two excised nodes �3�5�2 mm along the x, y, and z
xes� were buried between two chicken breast slices. Only the
ethylene-blue-dyed node is clearly seen with an image con-

rast of 57% in Fig. 3�b�, and matches well with the photo-
raph in Fig. 3�a�. To confirm the UOT image, we scanned the
ample using a photoacoustic imaging system,6 which had a
imilar configuration to the UOT system. A 5-MHz ultra-
ound transducer and a 770-nm laser beam were used. Even
hough the light wavelength was not optimal for methylene
lue dye absorption, which peaks at 670 nm, only the dyed
ode is clearly seen in Fig. 3�c�. In addition, air bubbles in the
nterface between the two chicken slices were also imaged in
he UOT image �Fig. 3�b��. To confirm the existence of air
ubbles, single-element ultrasound pulse-echo imaging was
xecuted using the photoacoustic imaging system. The distri-
ution of air bubbles in the UOT image �Fig. 3�b�� matches
ell with the one in the pulse-echo image �Fig. 3�d��.

To examine the feasibility of this technology for clinical
pplication, the total thickness of chicken tissue was increased
p to 3.2 cm, and the experiment was repeated. Only the
ethylene-blue-dyed node is clearly seen with an image con-

rast of 57% in Fig. 4�b�, and the image matches well with the
hotograph in Fig. 4�a�.

In conclusion, this research produces images of ex-vivo
ethylene-blue-dyed sentinel lymph nodes using ultrasound-
odulated optical tomography in biological tissues up to
.2 cm thick. The UOT system with the ring-shaped light
llumination has several advantages. 1. It is nonionizing and
oninvasive, unlike ionizing and intraoperative gamma-
adiation-based detection. 2. It is portable and cheaper than
hotoacoustic imaging. 3. It is possible to combine three im-

ig. 4 Ex-vivo cross sectional images of two sentinel lymph nodes in
.2-cm thick chicken breast tissue. �a� Photograph of two nodes; the
eft node is dyed with methylene blue and the right one is not. �b�
OT image.
ournal of Biomedical Optics 020507-
aging techniques such as UOT, photoacoustic imaging, and
single-element ultrasound pulse-echo imaging into one single
imaging system. On the basis of these features and the initial
experimental study, this technique can potentially be extended
to image SLNs containing methylene blue dye in humans
in vivo.
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