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(57) ABSTRACT 

A method and system for localization of ?uorescence in a 
scattering medium such as a biological tissue are provided. 
In comparison to other optical imaging techniques, this 
disclosure provides for improved spatial resolution, 
decreased computational time for reconstructions, and 
alloWs anatomical and functional imaging simultaneously. 
The method including the steps of illuminating the scattering 
medium With an excitation light to excite the ?uorescence; 
modulating a portion of the emitted light from the ?uores 
cence Within the scattering medium using an ultrasonically 
induced variation of material properties of the scattering 
medium such as the refractive index; detecting the modu 
lated optical signal at a surface of the scattering medium; 
and reconstructing a spatial distribution of the ?uorescence 
in the scattering medium from the detected signal. 
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METHOD AND SYSTEM FOR ULTRASONIC 
TAGGING OF FLUORESCENCE 

BACKGROUND OF THE INVENTION 

[0001] This disclosure relates generally to medical imag 
ing systems, and more particularly, to methods and systems 
for localization of ?uorescent dyes in a scattering medium, 
e.g., biological tissue. 

[0002] Millions of Women participate in x-ray mammog 
raphy each year. The speci?city of this exam for radiologi 
cally dense breasts is not optimal. Suspicious lesions are 
subject to folloW-up With other modalities such as ultra 
sound imaging, and ultimately are likely to be examined by 
biopsy. The physical discomfort and psychological impact to 
the Women Who obtain false-positive results from this 
screening procedure is immeasurable. The loW sensitivity of 
the procedure gives rise to a high number of false negative 
results. This, in turn, leads to later stage detection of the 
disease and poorer patient prognostics. The rate of Women 
having x-ray mammography screening is increasing annu 
ally, Which leads to an overall earlier detection of suspect 
lesions. HoWever, the increased frequency of mammography 
procedures, combined With the risks associated With the 
increased exposure to ioniZing radiation brings into focus 
the clinical need for an alternate screening procedure that 
provides increased diagnostic sensitivity and speci?city in 
radiologically dense breast tissue, that uses nonioniZing 
radiation. One technology that shoWs promise for impacting 
this clinical challenge is Optical Imaging. 

[0003] Optical imaging has the potential of developing 
into a highly sensitive modality that makes use of harmless 
levels of near-infrared light (NIR). Endogenous screening 
procedures have been proposed that use multiple Wave 
lengths of NIR light to measure the relative levels of oxy 
and deoxy-hemoglobin. This ratio has been proposed as a 
functional indicator for malignant tissue. Others have been 
Working to create targeted ?uorescent optical contrast agents 
that Would selectively bind to biomarkers that are indicators 
of the presence of malignant tissue. The addition of targeted 
?uorescent contrast agents could potentially improve the 
diagnostic speci?city of this technology. The list of variants 
of optical imaging technologies that are being developed for 
this particular clinical problem comprises continuous Wave 
imaging (CW), time domain photon migration imaging 
(TDPM), frequency domain photon migration imaging 
(FDPM), thermo-acoustic computed tomography (TCT), 
and imaging With ultrasonically tagged light 

[0004] Continuous Wave optical imaging—Continuous 
Wave (CW) techniques involve illuminating a subject using 
one or more Wavelengths of light and detecting the returning 
light at a separate location. The illumination is time-invari 
ant. The technique boasts a loW cost and complexity method 
for interrogating tissue for absorption, spectroscopic inves 
tigation, and for ?uorescence imaging. HoWever, the infor 
mation contained Within the signal is largely dominated by 
a signal from the most shalloW portions of the tissue under 
investigation. This limits the usefulness of this technique for 
deep tissue interrogation. 

[0005] Time domain photon migration (TDPM)—The 
depth limitation cited for CW techniques can be mitigated by 
using a short pulse of input light at one location and looking 
at the temporal point spread function, at a different location. 
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This alloWs one to distinguish signal attributed to long times 
of ?ight from the more dominant shalloW signal. The 
technique uses ultrashort pulsed lasers and photon detection 
schemes With very high temporal resolution. The instrumen 
tation is typically more expensive as a consequence of 
increased hardWare complexity. Because there is a physical 
mechanism for discriminating portions of the signal by 
time-of-?ight, it has been possible to demonstrate recon 
struction based on approximations of the Radiative Trans 
port Equation via lineariZations and iterative optimiZation 
methods. Tomography is limited due to the severely ill 
posed nature of the imaging system. That is to say that even 
a large change of the optical properties of an interior region 
of interest deep in the tissue, results in only a small change 
in detected optical signal. It is for this reason that generating 
reliable maps of the optical properties has proven dif?cult. 

[0006] Frequency domain photon migration (FDPM)— 
This techniques increases optical imaging sensitivity by 
illuminating the subject using sinusoidally time-varying 
excitation light. Information is recovered using heterodyne 
or homodyne techniques to measure the amplitude and phase 
of the output signal. These signal characteristics can provide 
information about the absorption and the scatter of the 
tissue. The technique has been used in endogenous and 
exogenous, single and multi-Wavelength modes and can 
provide information for tomographic reconstruction. Like 
the TDPM technique, FDPM uses the Radiative Transport 
Equation for reconstruction. 

[0007] Thermoacoustic computed tomography—A sig 
ni?cantly less ill-posed technique that combines optical 
absorption imaging and acoustic imaging is thermoacoustic 
computed tomography. A NIR optical pulse is sent into the 
subject. The optical energy is absorbed preferentially by 
absorbing features (presumably, abnormalities in the tissue). 
The tissue Which is thus heated generates a thermoacoustic 
shock Wave. This acoustic signal is collected on the bound 
ary of the subject and reconstructed to generate maps of 
optical absorption. This technique has the advantage of 
using acoustic techniques for detection. It provides an 
advantage because acoustic energy is scattered more Weakly 
than optical energy, and the speed of sound in tissue is loW 
enough to alloW accurate triangulation of the origin of the 
shock Wave. The modality is used to generate maps of 
relative optical absorption Which are thought to correspond 
to regions of increased blood supply in the region of a 
malignant tumor as a result of angiogenesis. 

[0008] Ultrasound tagging of light (UTL)—Researchers 
have demonstrated that it is possible to make the optical 
imaging problem less ill-posed by yet another combination 
of ultrasound and optical imaging. The strategy described 
here is to add a frequency “tag” to optical signals that have 
traveled through a knoWn location in the tissue insoni?ed 
With ultrasound. This alloWs an instrument to discriminate 
light that traveled through a location from light that has not. 
This phenomenon of acoustic tagging of coherent light in a 
scattering medium Was ?rst described by Marks, Tomlinson 
and Brooksby in “A comprehensive approach to beast cancer 
detection using light; photon localiZation by ultrasound 
modulation and tissue characteriZation by spectral discrimi 
nation” Proceedings of SPIE, Vol. 1888, pp. 500-510, 1993. 
Since that time a number of researchers have advanced the 
?eld to the point of being able to generate tomographic 
images that map relative absorption of the tissue. Regions of 
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higher vasculature can be visualized using UTL. The diag 
nostic hypothesis hinges on the correlation of increased 
regional blood density to angiogenesis. 

BREIF DESCRIPTION OF THE INVENTION 

[0009] Amethod and system for localization of ?uorescent 
dyes in a scattering medium such as a biological tissue are 
provided. In comparison to other optical imaging tech 
niques, this disclosure provides for improved spatial reso 
lution, decreased computational time for reconstruction, and 
alloWs simultaneous anatomical and functional imaging 
using light-emitting agents. 

[0010] According to an aspect of the disclosure, a method 
for localiZation of ?uorescence in a scattering medium is 
provided. The method includes the steps of illuminating the 
scattering medium With an excitation light to excite the 
?uorescence; modulating a portion of the emitted light from 
the ?uorescence Within the scattering medium using an 
ultrasonic pulse; detecting the modulated optical signal at 
the surface of the scattering medium; and reconstructing a 
spatial distribution of ?uorescence in the scattering medium 
from the detected signal. 

[0011] In another aspect of the present disclosure, a sys 
tem for localiZation of ?uorescence in a scattering medium 
comprises an excitation light source for illuminating the 
scattering medium; a ?uorescent dye Within a preselected 
region of the scattering medium for absorbing and emitting 
light in the NIR (near infrared) region of the light spectrum; 
an ultrasonic scanning system for generating ultrasonic 
pulses, Wherein the ultrasonic pulses modulate the emitted 
light from the ?uorescent dye; an optical detection system 
for detecting the modulated light; and a data processing 
system acquiring the detected optical signal and generating 
a spatial distribution of the ?uorescence in the scattering 
medium based on the detected optical signals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The above and other aspects, features, and advan 
tages of the present invention Will become more apparent in 
light of the folloWing detailed description When taken in 
conjunction With the accompanying draWings in Which: 

[0013] FIG. 1 is an exemplary system for illustrating the 
principle of acoustic modulation of ?uorescent light; 

[0014] FIG. 2 is a schematic diagram of an exemplary 
imaging system; 

[0015] FIG. 3 is a ?oWchart illustrating a data processing 
algorithm for localiZing an object of interest in a scattering 
medium; 

[0016] FIG. 4 is a diagram illustrating an application of 
multiple excitation sources and Waveforms read by multiple 
detectors; 

[0017] FIG. 5 is a partial vieW for illustrating an embodi 
ment for reading from multiple detector points; 

[0018] FIG. 6 is a partial vieW for illustrating another 
embodiment for reading from multiple detectors; 

[0019] FIG. 7 is a partial vieW for illustrating an appli 
cation of multiple ultrasound generators; 
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[0020] FIG. 8 illustrates an embodiment of an imaging 
system as a hand-held device; and 

[0021] FIG. 9 is a graph illustrating a typical signal 
acquired according to an embodiment of the present disclo 
sure. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0022] Preferred embodiments of the present invention 
Will be described hereinbeloW With reference to the accom 
panying draWings. In the folloWing description, Well-known 
functions or constructions are not described in detail to 
avoid obscuring the invention in unnecessary detail. 

[0023] A system and method for the localiZation of ?uo 
rescent dyes in a scattering medium are provided. In various 
embodiments of the present invention, systems and methods 
Will be employed for localiZing an object of interest, e.g., a 
lesion labeled With a ?uorescent dye, in a scattering 
medium, e.g., biological tissue. 

[0024] Referring to FIG. 1, the system 100 generally 
includes an optical excitation source 102 for irradiating or 
illuminating a scattering medium 104, including an object of 
interest 120, With radiant energy, e.g., light. The light excites 
a ?uorophore contrast agent present in the object of interest 
120. The system 100 further includes an ultrasonic genera 
tion system 106 for generating ultrasound pulses into the 
scattering medium 104 inducing an acoustic lens 108. The 
light emitted from the object of interest 120 is de?ected by 
the acoustic lens 108. A detection system 110 for detecting 
the radiant energy, e.g., light, de?ected by the acoustic lens 
108 is also provided. Adata processing system 112 collects 
data from the detection system 110 to construct an image of 
the scattering medium 104 and controls the overall opera 
tions of the excitation light source 102, ultrasonic generation 
system 106 and detection system 110, Which Will be 
described in detailed beloW. 

[0025] Alternatively, the ultrasonic generation system 106 
Will induce the acoustic lens 108 to modulate the excitation 
light before it reaches the object of interest 120. The 
modulated light Will then excite the ?uorophore contrast 
agent in the object of interest Which Will emit light to be 
detected by the detection system 110. 

[0026] A system and method for localiZing an object of 
interest in a scattering medium Will noW be described in 
reference to FIGS. 2 and 3, Where FIG. 2 is an exemplary 
imaging system and FIG. 3 is a ?oWchart illustrating a data 
processing algorithm for localiZing the object of interest in 
the scattering medium. 

[0027] Prior to the imaging procedure, a ?uorescent opti 
cal contrast agent is introduced into a scattering medium 
104, e.g., biological tissue. The ?uorescent contrast agent 
may preferentially bind to an object of interest 120, e.g., 
diseased tissue, and thus may have disease or functional 
speci?city. The ?uorescent contrast agent may be one or 
more or a derivative of the folloWing: Indocyanine green 
(ICG); a member of the Cy family of dyes; the IR-78 dye, 
or any other ?uorophore that emits in the NIR region. The 
?uorescent contrast agent Will absorb and emit light in the 
“transparency WindoW” of biological tissue, Which is 
betWeen 700-900 nm Where absorption of light in tissue is 
minimiZed. In other applications, it may be useful to operate 
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anywhere in the range from 400-2000 nm for use With light 
emitting agents that operate in these Wavelengths. 

[0028] An optical excitation source 102 With a spectral 
output tuned to a maximal absorption Wavelength of the 
?uorescent dye is used to excite the ?uorescence. The 
excitation light source Will include a light source 202 such 
as a laser; laser diode; light emitting diode (LED) or a lamp, 
e.g., halogen, incandescent, arc lamp, high intensity dis 
charge etc. Excitation irradiation from the optical source is 
delivered to a surface of the biological tissue 104 using 
free-space optical system including a beam expander 204 to 
create a large illumination area that covers most of tissue 
surface and an optical spectral ?lter 206 for band pass, 
notch, or loW pass ?ltering of the light to minimiZed the 
amount of excitation light in the expected emission band. 
Alternatively, multiple sources deliver the light via optical 
?ber or ?ber optic bundles to form an array of localiZed 
illumination spots that may be illuminated simultaneously or 
in a sequence. The optical source can be operated in con 
tinuous Wave (CW), intensity modulated, or pulsed mode. 
The frequency of intensity modulation and pulse repetition 
rate may be equal or fractional With respect to an ultrasonic 
frequency of the ultrasonic generation system 106. 

[0029] When excitation photons reach the ?uorescent dye 
in the object of interest 120, e.g., a lesion, localiZed in a 
volume of biological tissue, the ?uorescence Will re-emit 
optical radiation at a longer Wavelength and acts as an 
omnidirectional optical source. 

[0030] A focused ultrasonic beam is then formed using the 
ultrasonic generation system 106. The ultrasonic generation 
system may include a single focused pieZoelectric ultra 
sonic transducer (PZT) 210 coupled to an arbitrary function 
generator 214 and a high poWer RF ampli?er 212; (ii) an 
ultrasonic scanning phased array, or (iii) a laser photoacous 
tic generator. The generated ultrasonic beam is transmitted 
into and scanned throughout the volume of the tissue. The 
ultrasonic generation can be performed in CW mode, or in 
pulsed mode using single frequency or frequency-sWept 
tonebursts, or a short single broadband pulse. The ultrasonic 
beam can be con?gured as a single ultrasonic focal spot; an 
array of focal spots situated along a single line; a line 
focused beam oriented along optical source-to-receiver axis; 
superposition of tWo or more ultrasonic beams to form an 
acoustic interference pattern at the same frequency; or 
superposition of tWo or more ultrasonic beams to form an 
acoustic interference pattern at different frequencies. 

[0031] The generated ultrasonic Wave changes refractive 
index of the tissue via an elasto-optic effect. The amount of 
refractive index modulation depends on the acoustic pres 
sure intensity, and the shape of the area of modi?ed refrac 
tive index is de?ned by the geometry of the ultrasonic Wave. 
The volume of tissue Where this gradient of refractive index 
is acts as an “acoustic lens”108 Whose optical poWer varies 
in time at the ultrasonic frequency. The strongest refractive 
index modulation occurs in the focal point 109 of the 
ultrasonic beam. 

[0032] A fraction of light emitted from the ?orescent dye 
is transmitted through the ultrasonic focal point 109 of the 
acoustic lens 108 and gets optically modulated at the ultra 
sonic frequency. The physical mechanism of the modulation 
is a de?ection of the transmitted photon from its original 
direction by the acoustic lens. The strongest ultrasonic 
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induced modulation occurs When the ultrasonic focal point 
is located half Way betWeen the object of interest 120 and a 
plane of optical detection. 

[0033] Alternatively, the ultrasonic beam may be formed 
before the excitation light reaches the object of interest 120. 
In this situation, the excitation light Will be optically modu 
lated before it excites the ?uorescence in the object of 
interest, and therefore, the light emitted by the ?uorescence 
in the object of interest Will be modulated at the ultrasonic 
frequency of the ultrasonic generation system 106. 

[0034] When the acoustically modulated light reaches the 
surface of the biological tissue 104, it can be detected using 
the detection system 110. Avariety of optical detectors can 
be used for the detection of ultrasonic modulated light such 
as: a single optical detector 234 such as a photodetector, 
photomultiplier tube (PMT), photodiode; arrays of photo 
detectors; or full ?eld optical detectors such as charge 
coupled device (CCD) cameras. The optical energy can be 
delivered to the detectors via free-space imaging optics such 
as a collection optic 230 and optical ?lter 232, optical ?bers 
and/or through ?ber bundles. An ef?cient detection of ultra 
sonic induced modulation requires blocking of excitation 
light that can be done using optical ?ltering techniques. One 
or more optical ?lters 232 may also be provided to reject 
light that is not ?uorescent emission, and accept light that is 
?uorescent emission. The detection system 110 further 
includes an ampli?er 236 for amplifying the detected optical 
signal received from detector 234 and a bandpass ?lter 238 
for ?ltering the ampli?ed signal before being sent to the data 
processing system 112. Preferably, the point of detection 
Will be located at an approximately 90 degrees angle in 
relation to the ultrasonic transducer. 

[0035] This optical signal, e.g., the time varying intensity 
of light, is acquired and stored for further processing for 
each position of the ultrasonic focal spot during the scan. 

[0036] The modulated optical signal is detected using one 
or more of the folloWing techniques: direct detection of the 
signal; a homodyne detection method Wherein the gain of 
the optical signal is modulated at the ultrasonic frequency, 
and the phase betWeen the optical gain and the ultrasound is 
sWept over a range of angles; a heterodyne detection method 
Wherein the gain of the optical signal is modulated at some 
frequency that is different that the ultrasound frequency, and 
the amplitude of the signal at the side lobes is measured; a 
shuttering detection method that integrates the optical signal 
at a particular phase in the ultrasonic modulation over many 
acoustic cycles, Wherein the optical signal is then integrated 
at one or more different phases over many acoustic cycles, 
and the modulated light signal is extracted by comparison of 
these integrated signals; or a double cross correlation tech 
nique that performs a correlation analysis of the detected 
optical signal against the illumination input signal and the 
acoustic input signal to measure the amplitude of the signal 
for optimal noise rejection. 

[0037] The data collected by the optical detectors Will then 
be sent to the data processing system 112. It is to be 
understood that the data processing system 112 may be 
implemented in various forms of hardWare, softWare, ?rm 
Ware, special purpose processors, or a combination thereof. 
In one embodiment, the data processing system 112 may be 
implemented in softWare as an application program tangibly 
embodied on a program storage device. The application 
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program may be uploaded to, and executed by, a machine 
comprising any suitable architecture. Preferably, the 
machine is implemented on a computer platform having 
hardWare such as one or more central processing units 

(CPU), a random access memory (RAM), a read only 
memory (ROM) and input/output (I/O) interface(s) such as 
a keyboard, cursor control device (e.g., a mouse) and display 
device. The computer platform also includes an operating 
system and micro instruction code. The various processes 
and functions described herein may either be part of the 
micro instruction code or part of the application program (or 
a combination thereof) Which is executed via the operating 
system. In addition, various other peripheral devices may be 
connected to the computer platform such as an additional 
data storage device and a printing device. 

[0038] It is to be further understood that, because some of 
the constituent system components and method steps 
depicted in the accompanying ?gures may be implemented 
in softWare, the actual connections betWeen the system 
components (or the process steps) may differ depending 
upon the manner in Which the present invention is pro 
grammed. Given the teachings of the present invention 
provided herein, one of ordinary skill in the related art Will 
be able to contemplate these and similar implementations or 
con?gurations of the present invention. 

[0039] The location of the ?uorescent dye can be deter 
mined from a data set obtained during ultrasonic scan over 
the volume of the biological tissue. Initially in step 302, the 
excitation light source 102 Will illuminate the scattering 
medium 104. AtWo-dimensional (2D) scanning of a volume 
of the scattering medium 104 Will be preformed for N><M 
steps along an X and Y axis of the scattering medium 104. 
After the scattering medium is illuminated, the transducer 
210 and detector 234 are moved to the j-position along the 
X axis (step 304) and, similarly, are moved to the i-position 
along the Y axis (step 306). Once the proper position is 
located, the transducer 230 is ?red to induce the acoustic 
lens (step 308). 
[0040] Detector 234 Will detect an optical signal generated 
via the acoustical lens and the optical signal Will be sent to 
the data processing system to acquire an ultrasonic trace 
(step 310). A time WindoW is applied to the ultrasonic trace 
to extract a signal corresponding to an arrival of the ultra 
sonic Wave to the focal point of the acoustic lens (step 312). 
Next, a fast Fourier transform (FFT) is performed on the 
WindoWed signal (step 316) and an amplitude of the signal 
is measured at the ultrasound frequency (step 316). The 
measured amplitude is then assigned a grey level of the i-j 
pixel of the image to be generated (step 318). 

[0041] The method Will then check if N scans have been 
taken along the i-position on the Y-axis (step 320). If it is less 
than N, the method Will return to step 306, the transducer 
210 and detector 234 Will be move to the next position along 
the Y-axis and steps 308 through 318 Will be repeated. 
Similarly, the method Will then check if M scans have been 
taken along the j-position on the X-axis (step 322). If j is less 
than M, the method Will return to step 304, the transducer 
210 and detector 234 Will be move to the next position along 
the X-axis and steps 308 through 318 Will be repeated. 

[0042] Referring to FIG. 4, the use of multiple illumina 
tion points and detection points is illustrated. In FIG. 4, S 
represents an excitation light source at a speci?c point on the 
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volume and D represents a detector for acquiring an optical 
signal at the speci?ed point, Where an exemplary detected 
signal is associated With each detector. To acquire the 
multiple detected signals, a signal detector 234 may be 
utiliZed in conjunction With sWitch 550. SWitch 550 Will be 
connected to several detector point D1 through Dn Which 
Will be coupled to the detector 234 depending on a position 
of the sWitch 550, as shoWn in FIG. 5. Optionally, the sWitch 
Will be coupled to and controlled by the data processing 
system 112. Alternatively, multiple detectors Will be located 
on the surface of the scattering medium 104 and sWitch 660 
Will couple individual detectors 234 to the data processing 
system. 

[0043] Similarly, to generate ultrasonic pulses at different 
locations and induce acoustic lens at varying angles, mul 
tiple transducers 210 may be located at multiple points and 
coupled to the arbitrary function generator 214 via sWitch 
770. 

[0044] When all the scans have been acquired, an image 
localiZing the object of interest Will be created and displayed 
on the display or saved to memory (step 324). This can be 
done using the measured amplitude of the US modulated 
signal and ultrasonic time-of-?ight for each scan location; 
measured depth of modulation as a function of focal-spot 
to-detector distance; or knoWn focal-spot-to-detector geom 
etry. 

[0045] The reconstruction algorithm for the ?uorescent 
optical image may be any one of the following conventional 
techniques: Solution by direct inversion of a linear descrip 
tion of the forWard model; Solution by iterative optimiZation 
of a nonlinear description of the forWard model; Solution by 
direct solution of a nonlinear description of the forWard 
model. 

[0046] To illustrate the principles of the present disclo 
sure, the folloWing experiment Was preformed. A 0.1 ml of 
micro-molar solution of Rhodamine 6G (maximal emission 
~570 nm) Was injected into a transparent gel to form a 
?uorescent-marked area, e.g., an object of interest, approxi 
mately 1 mm in diameter and 5 mm length. A rectangular 
plastic cuvette With the gel Was immersed into a Water tank, 
e.g., a scattering medium. The ?uorescence Was excited 
using frequency-doubled YAG laser (7»=532 nm, optical 
poWer 10 mW), Which beam Was expanded by 10>< micro 
scope objective. An immersed PZT transducer (focal length 
50 mm, diameter 25 mm) Was excited by 10 tonebursts of 2 
MHZ frequency. Focal point of the transducer Was located on 
axis betWeen the ?uorophore and optical detector at 20 mm 
distance from the ?uorophore. The ?uorescent light Was 
collected by 50 mm lens on an ampli?ed Si-photodetector, 
e.g., a model PDASS commercially available from Thorlabs 
of NeW Jersey. An interference band-rej ect optical ?lter With 
OD=6 at }\.=532 nm Was placed in front of the photodetector 
to block the excitation light. Overall optical poWer of the 
?uorescent light at the photodetector Was ~20 nW, the level 
of ambient light and excitation light leakage Were beloW 1 
nW. The photodetector signal Was ampli?ed by 54 dB using 
a broadband RF ampli?er, commercially available from GE 
Panametrics, of Waltham, Mass., band-pass ?ltered, digi 
tiZed and averaged 512 times by a digital oscilloscope. 

[0047] A typical acquired Waveform and its spectrum are 
shoWn in FIG. 9. This experiment demonstrates the exist 
ence of the effect of ultrasonic tagging of ?uorescence. The 
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time delay of the detected signal corresponds to an arrival 
time of the ultrasonic toneburst to the acoustic focal point, 
that Was veri?ed by small axial displacement of the trans 
ducer. The spectrum of the signal shoWs that the poWer of 
2.0 MHZ signal Within a 5 Els time WindoW Where the 
detected signal is present is signi?cantly stronger than a 2.0 
MHZ component in a 5 Els time WindoW taken earlier Where 
just noise is present. This experiment clearly demonstrates 
the existence of the effect of ultrasonic tagging of ?uores 
cence in a transparent medium. 

[0048] Referring to FIG. 8, a hand-held imaging device 
800 is illustrated. The imaging device 800 includes an 
excitation light source for illuminating the scattering 
medium. Preferably, light from the excitation light source is 
transmitted to a surface of the scattering medium via an 
optical ?ber 840; in this Way, the source can be located 
remotely from the device to conserve space in the device 
800. 

[0049] The imaging device includes a phased array of 
ultrasonic transducers 842 for inducing an acoustical lens 
108 in the scattering medium. Light modulated by the 
acoustical lens is preferably detected by a second optical 
?ber 844 coupled to a detection system for acquiring ultra 
sonic traces. 

[0050] A system and method for the localiZation of ?uo 
rescent dyes in a scattering medium are provided. The 
system and method provides for increased optical image 
resolution; simultaneous anatomical imaging (using ultra 
sonic scan data) and functional imaging (using optical data); 
decreased optical reconstruction complexity and required 
computation time, While utiliZing non-ioniZing radiation. 

[0051] While the disclosure has been illustrated and 
described in typical embodiments, it is not intended to be 
limited to the details shoWn, since various modi?cations and 
substitutions can be made Without departing in any Way 
from the spirit of the present disclosure. As such, further 
modi?cations and equivalents of the disclosure herein dis 
closed may occur to persons skilled in the art using no more 
than routine experimentation, and all such modi?cations and 
equivalents are believed to be Within the spirit and scope of 
the disclosure as de?ned by the folloWing claims. 

What is claimed is: 
1. Amethod for localiZation of ?uorescence in a scattering 

medium, the method comprising the steps of: 

illuminating the scattering medium With an excitation 
light to excite the ?uorescence; 

modulating a portion of the emitted light from the ?uo 
rescence Within the scattering medium using an ultra 
sonic pulse; 

detecting the modulated optical signal at a surface of the 
scattering medium. 

2. The method as in claim 1, further comprising the step 
of reconstructing a spatial distribution of the ?uorescence in 
the scattering medium from the detected signal. 

3. The method as in claim 1, Wherein the modulating step 
is performed by an ultrasonically induced gradient of refrac 
tive index. 

4. The method as in claim 2, Wherein the reconstructing 
step further comprises scanning a volume of the scattering 
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medium With an ultrasonic beam and detecting the modu 
lated optical signal for each scanning location. 

5. The method as in claim 1, Wherein the illumination With 
the excitation source is intensity modulated sinusoidally at a 
predetermined frequency. 

6. The method as in claim 1, Wherein the illumination With 
the excitation source is intensity modulated sinusoidally at 
time-varying frequencies. 

7. The method as in claim 1, Wherein the illumination With 
the excitation source is pulsed at a predetermined repetition 
rate and pulse Width. 

8. The method as in claim 1, Wherein the illumination With 
the excitation source is in continuous Wave mode. 

9. The method as in claim 1, Wherein the ultrasonically 
induced pressure gradient is shaped as a single ultrasonic 
focal spot, an array of focal spots situated along a single line, 
an elongated linear ultrasonic focal region oriented along an 
optical source-to-receiver axis, a superposition of tWo or 
more ultrasonic beams to form an acoustic interference 
pattern at the same frequency or a superposition of tWo or 
more ultrasonic beams at the different frequencies. 

10. The method as in claim 1, Wherein the detecting step 
of the modulated optical signal is performed by a homodyne 
detection method Wherein a gain of the optical signal is 
modulated at the ultrasonic frequency, and a phase betWeen 
the optical gain and the ultrasound is sWept over a range of 
angles. 

11. The method as in claim 1, Wherein the detecting step 
of the modulated optical signal is performed by a heterodyne 
detection system Wherein a gain of the optical signal is 
modulated at a frequency that is different that the ultrasound 
frequency, and an amplitude of the signal at the side lobes 
is measured. 

12. The method as in claim 1, Wherein the detecting step 
of the modulated optical signal is performed by a gated 
detection method that integrates the optical signal at a 
particular phase in the ultrasonic modulation over many 
acoustic cycles and integrates the optical signal at one or 
more different phases over many acoustic cycles, Wherein 
the modulated optical signal can be extracted by comparison 
of the integrated signals. 

13. The method as in claim 1, Wherein the detecting step 
of the modulated optical signal is performed by a double 
cross correlation technique that performs a correlation 
analysis of the detected optical signal against the illumina 
tion input signal and the ultrasonic input signal to measure 
an amplitude of the detected signal for optimal noise rejec 
tion. 

14. A method for localiZation of ?uorescence in a scat 
tering medium, the method comprising the steps of: 

illuminating the scattering medium With an excitation 
light to excite the ?uorescence; 

modulating the excitation light using an ultrasonic pulse; 

detecting a modulated optical signal emitted from the 
?uorescence at a surface of the scattering medium. 

15. A system for localiZation of ?uorescence in a scatter 
ing medium comprising: 

an excitation light source for illuminating the scattering 
medium; 

a ?uorescent dye Within a preselected region of the 
scattering medium for absorbing and emitting light in 
the NIR (near infrared) region of the light spectrum; 
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an ultrasonic scanning system for generating ultrasonic 
pulses, Wherein the ultrasonic pulses modulate the 
emitted light from the ?uorescent dye; and 

an optical detection system for detecting the modulated 
light. 

16. The system as in claim 15, further comprising a data 
processing system acquiring the detected optical signal and 
generating a spatial distribution of the ?uorescence in the 
scattering medium based on the detected optical signals. 

17. The system as in claim 15 , Wherein the excitation light 
source is a laser, laser diode, light emitting diode (LED) or 
a lamp. 

18. The system as in claim 15, Wherein the ?uorescent dye 
is Indocyanine green (ICG), a member of the Cy family of 
dyes, IR-78 dye or a ?uorophore that emits in the NIR region 
of light. 

19. The system as in claim 15, Wherein the ultrasonic 
scanning system is a single-ultrasonic transducer that is 
scanned over the preselected region of the scattering 
medium. 

20. The system as in claim 15, Wherein the ultrasonic 
scanning system is a phased array of single element ultra 
sonic transducers that are scanned over the preselected 
region of the scattering medium. 

21. The system as in claim 15, Wherein the optical 
detection system further comprises: 

a light collection and delivery system for collecting light 
emitted; 

at least one optical ?lter for ?ltering the light and alloWing 
transmission of ?uorescent emission; and 
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a detector for converting optical signals to electrical 
signals capable of being read by the data processing 
system. 

22. The system as in claim 21, Wherein the light collection 
and delivery system includes at least one optical ?ber for 
delivering collected light from the scattering medium to the 
detector. 

23. The system as in claim 21, Wherein the detector is 
photodetector, photomultiplier tube (PMT), image intensi 
?er, charge-coupled device or an array of photosensitive 
elements. 

24. An imaging system for localiZation of a preselected 
object in a scattering medium comprising: 

an excitation light source for illuminating the scattering 
medium; 

a ?uorescent dye injected into the preselected object for 
absorbing and emitting light in the NIR (near infrared) 
region of the light spectrum; 

an ultrasonic scanning system for generating ultrasonic 
pulses, Wherein the ultrasonic pulses modulate the 
emitted light from the ?uorescent dye; 

an optical detection system for detecting the modulated 
light; and 

a data processing system acquiring the detected optical 
signal and generating a spatial distribution of the pre 
selected object in the scattering medium based on the 
detected optical signals. 

* * * * * 


