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Ultrasound-modulated optical computed tomography of biological tissues
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An optical imaging technique called ultrasound-modulated optical computed tomography is
demonstrated for tomographic imaging of biological tissues. Ultrasound-modulated optical signals
are extracted from scattered light to provide projection data for the image reconstruction. A filtered
back-projection algorithm is implemented to reconstruct an image reflecting optical tissue properties
from angular and linear scans of an ultrasonic beam across a sample. This reconstruction-based
imaging technique provides a way to obtain images of cross sections containing the scanned
ultrasonic axis in biological tissues, which enables three-dimensional ultrasound-modulated optical
imaging. The technique combines the contrast advantage of optical waves and the resolution
advantage of ultrasonic waves. 2004 American Institute of Physic$DOI: 10.1063/1.1651330

Taking advantage of optical contrast and ultrasonic resoattenuation properties along the x-ray paths in the sample. In
lution, ultrasound-modulated optical tomograptiis an at-  ultrasound-modulated  optical tomography, ultrasound-
tractive technique in the biomedical optical imaging field. Inmodulated optical signals are generated in the volume that is
this technique, an ultrasonic beam is focused into biologicabccupied by the ultrasonic beam in the sample. Intensities of
tissue to modulate the coherent light crossing over the ultrathe ultrasound-modulated optical signals reflect the optical
sonic beam in the tissue. Because ultrasound is scattergdoperties(optical absorption and scatterinig this volume.
much less than light in biological tissue, it can provide goodMotivated by the analogy with x-ray CT, we developed the
spatial information for imaging in the optical diffusion re- UMOCT in which an ultrasonic beam was scanned linearly
gime. By detecting the ultrasound-modulated light, the opti-and angularly around a sample and a filtered back-projection
cal properties related to the ultrasound location inside thé&lgorithm was applied to reconstruct images of cross sections
tissue can be derived. Poor optical resolution, resulting fronformed by the scanned ultrasonic axis. It should be noted
strong optical scattering of biological tissues, is avoided. Bythat, in UMOCT, the scanning beam was an ultrasonic beam,
scanning a sample or an ultrasonic beam, @a®) or two- and the signals to be detected were optical signals.
dimensional2D) images of a cross section perpendicular to ~ Figure Xa) shows a schematic of the experimental setup.
the ultrasonic axis can be obtained directly. To obtain arf* laboratory coordinate system is shown to describe the
image of a cross section containing the ultrasonic axisSample i_n its original orientaf[ion. _The optical axis was along
Leveque-Foft reported scanning an ultrasonic beam axially;the y axis, and the ultrasonic axis was along thexis. A
however, the resolution was poor because the axial dimerf2Ser béam of 690 nm in wavelength and 11 mW in power
sion of the ultrasonic focal zone was quite long. Wangl”  rom & diode lasetMelles Griot, 56IMS66Y was expanded
and Yao et al® developed a technique called frequency-to 20 mm in dla_meter to |IIum|nate the sample perpendicu-
swept ultrasound-modulated optical tomography andarly. The resulting power density was much lower than the

. . lo
achieved controllable spatial resolution along the ultrasoni¢afety limit (~200 mWw/cnt).™? The coherence length of

axis, in which however a tradeoff exists between the resolu'Ehe laser was~6 cm when it was modulated at 1 MHz.

; ; ; ; f : Ultrasonic waves, generated by a focused ultrasonic trans-
tion and the signal intensifyCurrent studies in the field are ' )
focusing on developing imaging technigli€sr obtaining ducer (UlranLab, VHP100-1-R3gwith a 38 mm focal

the cross-section images as well as three-dimensional inl?ngth n Watgr and a_l-MHz central response fre_quen_cy,
ages. So far, no reconstruction algorithms have been enlvere coupled into the tissue sample through water in which

ployed in ultrasound-modulated optical tomography.

In this letter, we report a reconstruction-based imaging (Reflection detection)  (Transmission detection)
. . CcCcDh Biological sample CCD P
technique, ultrasound-modulated optical computed tomogra-  ,~, Utrasonic & ?Linea, can
. . . . . 1 b % AY
phy (UMOCT), for cross-sectional imaging, with which ‘\:qj'}e }ii PN N\ st - o
three-dimensional images can be obtained. The technique * 'Pln | Rotation SNJH - Dhsasonlc
was developed with inspiration from x-ray computed tomog- aser i Q) B FIRS
raphy(CT). In x-ray CT, through multiple linear and angular 24y Hine N ;\
scans around a sample carried out with an x-ray source- %: Linearscan 2
detector pair, a cross-sectional image <_)f_ the sa_mple is recon- Ulirasonic transducer
structed from the detected x-ray intensities, which reflect the
(@) (b)
@Author to whom correspondence should be addressed; electronic maiFIG. 1. Schematics ofa) the experimental configuration arit) a cross
lwang@tamu.edu section of a sample with coordinates considered in the reconstruction.
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the sample was partially immersed. The focal zone of the (a)
ultrasonic waves was 2 mm in diameter and 20 mm in
length, in which the peak pressure wasl0® Pa. Speckle
patterns generated by the scattered light from the tissue were
detected by a 12-hit digital charge-coupled devi€xD)
camera(Dalsa, CA-D1-0256T with 256x256 pixels. Then,
ultrasound-modulated optical signals were extracted from the
speckle patterns by the use of parallel speckle detegtion.

An experiment with a transmission-detection configura-
tion, in which the CCD camera and the incident laser beam
were on opposite sides of the sample, as well an experimeG. 2. Experimental result in the transmission-detection configuratin:
with a reflection-detection configuration, in which the CcCD Photograph of a cross section on the plane located in the middle of a

d the incident | b th id 14-mm-thick chicken-breast-tissue sample, in which an object made from
camera and the incl e_n aser béam were on e_ same sl - €8od vessel was buriedb) reconstructed 2D image.
the sample, were carried out. The UMOCT required relative
linear and angular scans between the sample and the ultra- . . . .
. o . Were~2. To avoid the influence of acoustic heterogeneity on
sound. In the experiment, the position of the ultrasonic trans;

ducer was fixed. A sample holder was made to allow th the ultrasound-modulated optical signal, we used all-
' b : . eDiological—tissue samples: optically absorbent objects buried
sample to be rotated around thieaxis by a rotational stage

. . in background biological tissue were biological tissues as
and to be linearly scanned along tleaxis by a stepper 9 9 9

motor. Figure 1) shows a cross section of the sample on theweII. Both the objects and the background tissue had similar

. . acoustic impedance. We first examined the technique in the
xz plane, which has been rotated around yhexis by an o . ; .

. - . . . transmission-detection configuration. To demonstrate that the
angle ¢ from its original orientation. A new coordinate sys-

tem (x'y’z") is set with thez' axis parallel to the ultrasonic technique depends on diffuse light, we placed the CCD cam-

! . . . era at an angle of 25° with respect to the optical axis to
beam. In the figure, the ultrasonic beam is located at a dis-,. . Lo - .

, - eliminate any contribution from ballistic photons. Figur@)2
tancex’ from the origin.

: . shows a photograph of a cross section of a chicken-breast-
The detected ultrasound-modulated optical signal can bﬁssue sample on thez plane. A piece of chicken blood

expressed as an integration of the signal coming from €ach.ccel which had a size 6f8x3 mn? on thexz plane and
segme_nt along the’ axis (2’ —62'/2,2" + 82'/2) in the ul- ~2 mr,n in they direction, was buried in the middle of a
trasonic column: 14-mm-thick sample. Figure(B) shows the reconstructed
image, in which the buried object is clearly seen. The size
s(¢,x’)=f S¢x(2')dZ’, (1) and the orientation of the object in the image are in good
agreement with the actual ones.
which is a Radon transform. The integrand can be expressed The technique was also examined in the reflection-
asSy x(2')=C1Qy x (2" )My x(2') Gy (2'), whereCy is  detection configuration. A chicken-breast-tissue sample was
a constantQ, x/(z') represents the photon density in the ysed, in which an object made from turkey muscle was bur-
segment centered at, determined by the photon transport jed ~9 mm deep in the direction. The size of the object on
from the laser source to this segmemt; ,(z') is the depth  the xz plane was~4x3 mn?. Figure 3a) shows a photo-
of ultrasonic modulation related to the optical properties algraph of the imaged cross section of the sample, and Fig.
z' in the ultrasonic column; anG,/(z') represents the 3(p) shows the reconstructed image. The object is clearly
Green's function describing the transport of the ultrasoundyjsjple in the image and its size matches the actual size quite
modulated phOtOI‘lS from th|S segment to the detector. In thﬁle” The reconstructed image was |0w_pass fi|tered_ We
diffusion regime,Q «/(z') andG x/(z') have a weak de- eyaluate the image resolution roughly with the width of the
pendence o’ 10%—-90% signal—intensity transition at the edge of the ob-
The signals detected at multiple projection angles argect. The width is~2 mm, which indicates that the resolution

used as the projection data for the reconstruction of an imagig UMOCT is determined by the diameter of the ultrasonic
reflecting the optical properties of the sample, where a fil-

tered back-projection algorithm is applied. The reconstructed
image of the sample is expressed as

05 07 0.9

%(x,z)=joﬂfjm8(¢,w)|w|exqiwx’)dwd¢>, @)

where w is the spatial frequency in thg’ direction and
S(¢,w) is the Fourier transform of the signa(¢,x’). A
Ram-Lak filter || is used in the processing. The recon-
structed values represent the relative intensities of the
ultrasound-modulated optical signals. The lower intensities
reflect higher attenuation in the sample and vice versa. ] _ _ _ o

In the experiment, the step size of the linear scan alon IhG 3. Experimental resuIF in the reflection-detection conflgurat_(ta)r

, _ . otograph of a cross section on tke plane located~9 mm deep in a
the x” axis was 1.2 mm, and the increment of the angulaichicken-breast-tissue sample, in which an object made from turkey muscle

scan was 5°. The signal-to-noise ratios in the measuremems buried;(b) reconstructed 2D image.
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focal zone (2 mm). As demonstrated in conventional intensity of the transmitted ballistic light, which cannot pen-
ultrasound-modulated optical tomography, the resolution iretrate relatively thick biological tissues. By contrast, in our
they dimension is determined by the diameter of the ultra-technique, the scanning beam is an ultrasonic beam and the
sonic focal zone as well. A better resolution can be obtainegrojection data are the intensity of the diffuse light that is
through the use of an ultrasonic transducer with a focal zonenodulated by the ultrasonic beam. Although the scanning
of smaller diameter. beam is an ultrasonic beam, the imaging is optically based
The imaging of the cross section in the reflection-because the contrast is based primarily on optical properties.
detection configuration demonstrates the progress i©ur technique extends the application of the method of x-ray
ultrasound-modulated optical tomography. The reflection de€T in the area of optical imaging from the ballistic regime to
tection configuration is desired for medical imaging becaus¢he diffusion regime, with the aid of ultrasonic modulation.
of its convenient configuration. The results imply that the  In summary, we developed a technique called
technique using the reflection detection configuration hasiltrasound-modulated optical computed tomography, which
good potential for application in medical imaging. In appli- provides a way to obtain optical images of biological tissues
cations such as brain imagifghe incident laser beam and in cross sections containing the scanned ultrasonic axis. The
the detector will be located on the top of the head of a humartechnique, which combines the advantages of optical contrast
being or an animal, and the ultrasonic transducer will beand ultrasonic resolution, can be implemented with any stan-
scanned around the head. It is expected that two-dimensiondard signal-detection scheme for ultrasonic modulation of
optical cross-sectional images as well as three-dimensionabherent light in scattering media and can be applied directly
images at various depths in the brain, which have a controfto achieve three-dimensional images of biological tissues.
lable image resolution determined by the ultrasonic beam,
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