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High scattering in biological tissues makes fluorescence tomography inverse problem very

challenging in thick medium. We describe an approach termed “temperature-modulated

fluorescence tomography” that can acquire fluorescence images at focused ultrasound resolution.

By utilizing recently emerged temperature sensitive fluorescence contrast agents, this technique

provides fluorescence images with high resolution prior to any reconstruction process. We

demonstrate that this technique is well suited to resolve small fluorescence targets located several

centimeters deep in tissue. VC 2012 American Institute of Physics. [doi:10.1063/1.3681378]

The ill-posed and underdetermined nature of the inverse

problem does not permit optical imaging in thick tissue with

high resolution. The main reason is the strong tissue scatter-

ing, making direct light focusing infeasible beyond one trans-

port mean free path.1 As one of the optical imaging

techniques, fluorescence tomography (FT) utilizes laser light

to excite the fluorescence sources located deep in a medium.

Once excited, these sources relax to their ground state in

nanoseconds by emitting lower energy photons. While propa-

gating towards the surface of the medium, these photons are

subject to a vast amount of scattering events along the way.

This makes the FT inverse problem exceptionally difficult,

which is defined as the problem of recovering the fluores-

cence source distribution from the measured light intensities

on the tissue surface. Accordingly, the resolution and quanti-

tative accuracy of the reconstructed images are very low.2 An

intriguing solution to this problem is to induce periodic dis-

placement of scattering particles and variation of the refrac-

tive index in the medium using a focused ultrasound field.

Using this approach and scanning the focused ultrasound

field over the probed medium, ultrasound modulated fluores-

cence tomography (UMFT) can enhance the resolution.3,4

However, only a small fraction of the photons that travels

through the focused ultrasound column can be modulated at a

time. The low modulation efficiency and extremely low sig-

nal to noise ratio (SNR) are the two main factors that make

its implementation difficult. Recently, micro-bubbles that are

surface-loaded with self quenching fluorophores are used to

enhance the contrast of UMFT.5,6 However, the main disad-

vantage of microbubbles are their instability, low circulation

residence times, low binding efficiency to the area of interest

especially in the fast-flow conditions, and possible side

effects of their destruction during the imaging session.7,8

In this Letter, we present an approach that we termed

“temperature-modulated fluorescence tomography (TM-FT).”

TM-FT also utilizes focused ultrasound, which is rather used

to heat the medium, only a couple of degree Celsius but with a

high spatial resolution. A key element of the TM-FT is the

recently emerged temperature-sensitive fluorescence contrast

agents using ICG loaded pluronic nanocapsuless that pave the

way for this technique.9,10 The quantum efficiency of these

nanocapsules was shown to be very sensitive to the tempera-

ture. For example, when heated from 22 to 40 �C, the fluores-

cence light intensity emitted by these nanocapsules increases

two- to four-fold, and more importantly, this process is revers-

ible. Our TM-FT technique leverages the temperature depend-

ence of these contrast agents to overcome the spatial

resolution limitation of conventional FT by using temperature

modulation/tagging. In this technique, the medium is irradi-

ated by both excitation light and a high intensity focused ultra-

sound (HIFU) wave. The crucial benefit of HIFU is that the

temperature of the medium is modulated with very high spatial

resolution (�1.5 mm) due to the absorption of acoustic power

in the ultrasound focal zone. When the temperature sensitive

fluorescence agents are present within the HIFU focal zone,

local temperature increase affects their quantum efficiency. As

a result, the emitted fluorescence light intensity has a substan-

tial change. The difference in the detected fluorescence signal

following the HIFU temperature modulation can render the

position of these nanocapsules with high spatial resolution.

Furthermore, this can be achieved without using a complex

reconstruction algorithm as in the case for conventional FT.

To illustrate the TM-FT process for high resolution fluo-

rescence tomography, the light propagation and heat transfer

is modeled using a finite element method frame work. With

diffusion approximation as the light propagation model in

turbid medium, the TM-FT process is formulated with the

following equations. Let us assume that the scanning area

consists of discrete locations ½~xi; i � N�. Equations (1) and

(2) describe conditions before and after the application of the

HIFU beam to obtain selectively localized heating in the me-

dium, respectively,

�r � ðDrum
0 Þ þ lau

m
0 ¼ gðT0Þlaf u

x (1)

and�r� ðDrum
i Þþlau

m
i ¼ gðTiÞdð~x�~xiÞlaf u

x; 1� i�N

(2)

with the diffusion coefficient D, the absorption coefficient

la, the photon density at excitation (/x) and emission
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wavelength (/m), and the fluorescence absorption coefficient

laf. The ideal focused heating at ~xi corresponds to a delta

function in Eq. (2), which can be approximated by a com-

pactly supported and fast decaying function in practice. Let

di¼/m
i�/m

0 and c¼ g(Ti)� g(T0), we have:

�r � ðDrdiÞ þ ladi ¼ cdð~x �~xiÞlaf ð~xiÞux; 1� i� N (3)

The difference measurement di, only has values when the

scanning step ~xi is nonzero for laf ð~xiÞ. Therefore, when the

HIFU scans over the probed medium, the TM-FT could pro-

duce high resolution fluorescence images even without any

reconstruction process.

We performed experimental studies to demonstrate that

the TM-FT could penetrate several centimeters thick scatter-

ing tissue, still at ultrasound resolution (submillimeter to

millimeter). The resolution of TM-FT mainly depends on the

ultrasound transducer and achieving sub-milimeter resolu-

tion is possible using commercially available transducers.

The schematic diagram of the system is shown in Fig. 1. A

785 nm laser diode (80 mW, Thorlabs, Newton, NJ) was

used for fluorescence excitation. A network analyzer (Agi-

lent Technologies, Palo Alto, CA) not only provided the RF

modulation for the laser-diode but also measured the ampli-

tude of the detected signal at the same time. A photomulti-

plier tube (PMT) (R7400U-20 Hamamatsu, Japan) was used

to detect fluorescence signal due to its high sensitivity. A

65 dB RF amplifier was used to amplify the output signal of

the PMT. To effectively eliminate the excitation light, two

cascaded band-pass filters (830 nm, MK Photonics, Albu-

querque, NM) were used on the detection site. A collimation

system based on two aspherical lenses (Newport Corpora-

tion, CA) was designed to achieve maximum filtering effi-

ciency. The HIFU transducer (H102, Sonic Concepts, Inc.,

WA) with a center frequency of 1.1 MHz was mounted on a

xyz translational stage and used to generate focused hot spot.

The lateral full width half maximum (FWHM) of the focal

spot was 1.33 mm. The transducer was driven by a sinusoidal

signal generated by a functional generator (PTS 500, Pro-

grammed Test Sources, Inc., WA) and amplified by a power

amplifier (200L, Amplifier Research, Inc., PA).

The temperature sensitive agent Pluronic ICG was pro-

vided by our collaborator from Innosense. LLC. In order to

verify the responsiveness of pluronic-ICG to temperature

increase, we recorded the fluorescence intensity and the con-

trast agent solution temperature at the same time. The

pluronic-ICG is placed in a 1 cm wide cuvette, and the fluo-

rescence intensity was measured using the photomultiplier

tube with source and detector fibers placed in orthogonal

directions. A fiber-optic temperature sensor (FTC-DIN-ST-

GE, Photon Control, Inc., BC, Canada) was inserted in the

cuvette to monitor the temperature while heating it using a

thermoelectric cooler. The amplitude signal increased around

5 dB (intensity increases 1.8 times) as the temperature

increases only 3-4 �C as shown in Fig. 2, indicating an

increased ICG fluorescence yield.

The experimental set up is shown in Fig. 3. A 4 cm �
10 cm � 10 cm slab gel phantom made from agarose is

immersed in a water tank. The HIFU transducer is mounted

on a xyz translational stage and placed on top of the phan-

tom. The transducer is scanned laterally in both x and y

directions. The measurement at each scan position is aver-

aged four times, which yields 2 s acquisition time for each

point. In order to know the point spread function (PSF) of

FIG. 1. (Color online) The schematic diagram of the TM-FT system. The

HIFU transducer is driven by a combination of a signal generator and an RF

power amplifier. Using a xyz translational stage, it is scanned over the

probed medium that is simultaneously irradiated with modulated laser light.

The intensity variations are detected using a photomultiplier tube and meas-

ured by a Network Analyzer.

FIG. 2. (Color online) Temperature response of Pluronic ICG. The ampli-

tude signal is recorded with the network analyzer, and the temperature is

measured using a fiber optical temperature sensor.

FIG. 3. (Color online) Experimental set-up. (a) The picture of the system.

The HIFU transducer is mounted on an xyz translation stage. The source and

detector fibers are placed in opposite side of the phantom to acquire fluores-

cence measurements in transmission mode. (b) The diagram of the trans-

ducer zoom-in view. During the HIFU scan, a localized temperature

increase on the focal spot (�1.5 mm size) is generated. As a result, the meas-

ured fluorescence signal only changes when the focal spot is on the fluores-

cence source.
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the temperature profile generated by the HIFU, the fiber-

optic temperature sensor is inserted in an agarose phantom

and the temperature change is recorded when the HIFU is

scanned through a 5 mm � 5 mm area with 0.5 mm steps.

The normalized temperature increase in each scanning point

is shown in Fig. 4(a). The profile across the sensor tip (Fig.

4(b)) shows the temperature increase as a function of

x-position of the HIFU scan step. The FWHM of the heating

spot size is 1.8 mm that corresponds to point spread function

of our system, which in turn becomes the spatial resolution

limitation for this set-up.

A 3 mm fluorescence inclusion filled with Pluronic-ICG

(Innosense Inc.) is embedded in the middle of the phantom.

Intralipid (0.5%) and Indian Ink are added as scatterer and

absorber, making the scatter and absorption coefficient of the

phantom 0.6 mm�1 and 0.005 mm�1, respectively. The

actual size, position, and concentration of the inclusion are

shown in Figs. 5(a) and 5(b). Firstly conventional FT meas-

urements are acquired. Fig. 5(c) shows the conventional FT

reconstruction.11,12 A region of interest is determined from

this image (ROITM) and then the HIFU is scanned through it

(8 mm � 8 mm area) with 0.5 mm steps, Fig. 5(d). For each

step, the HIFU power is turned on for 2 s, and the resulting

temperature in the inclusion is kept below 40 �C. The fluo-

rescence signal variation is mapped to each scanning posi-

tion, and significant change is observed only when the HIFU

hot spot is scanned through the fluorescence object (Fig.

5(e)), resulting in a much improved spatial resolution. The

comparison of the experimentally measured fluorescence in-

tensity change and those predicted by the theoretical model

is shown in Fig. 5(f). Excellent agreement between the

theory and the experiment is obtained for this case. There is

some deviation observed, which is likely attributed to the

contribution of residual heating from the previous scanning

step. The profiles plot across the fluorescence source for the

true object and the object recovered from the TM-FT is

shown in Fig. 5(f). The FWHM of the recovered object size

from the TM-FT is 3.2 mm, which is really close to 3.0 mm

true object size.

In this study, we have observed the temperature modu-

lated fluorescence signal in scattering medium with HIFU re-

solution. This technique combines the high sensitivity of

fluorescence molecular imaging and high spatial resolution

of ultrasound to overcome the ill-posedness of the fluores-

cence tomography in scattering medium. In the past, there

has been extensive effort to improve the resolution of FT.

One approach is to integrate FT with other anatomic imaging

modalities such as x-ray, MRI, and ultrasound.11,13–17 How-

ever, the weakness of this approach is that it does not per-

form well if the fluorescent target cannot be localized in the

anatomical image. The low modulation efficiency and

extremely low signal to noise ratio make the implementation

of ultrasound modulation of fluorescence signals difficult.3,4

Meanwhile, an intriguing combination of optical and ultra-

sound techniques has led the development of photo-acoustic

tomography (PAT) that can provide the optical absorption

maps with much higher resolution (�1 mm) and a depth

FIG. 4. (Color online) The point spread function measurement. (a) An opti-

cal temperature sensor is inserted in the phantom and the temperature

change is recorded when the HIFU is scanned through a 5 mm � 5 mm area

with 0.5 mm steps. (b) The profile shows that the FWHM of the heating spot

size is 1.8 mm.

FIG. 5. (Color online) Phantom experiment results. (a) The true size and position of inclusion is shown. (b) The position of the sources and detectors is indi-

cated in ‘S’ and ‘D’ numbers. They are placed in opposite side of the phantom to acquire fluorescence measurements in transmission mode. (c) The recon-

structed fluorescence map using conventional fluorescence tomography. Meanwhile, the scanning area is determined as indicated by dashed lines. (d) The

HIFU transducer is scanned through an 8 mm� 8 mm area while fluorescence measurements are taken. (e) The fluorescence signal only significantly changes

when the HIFU hot spot is scanned through the fluorescence object, which reveals the high resolution fluorophore distribution map. (f) The comparison of the

experimentally measured fluorescence intensity change and those predicted by the theoretical model. The theoretical prediction is shown in solid lines, while

the experimental data is plotted in triangles. (g) The normalized profiles plot across the fluorescence source shows that the size of the fluorescence source is

accurately recovered.
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penetration of 3 to 5 cm.1,18,19 PAT has been applied to

recover spatially resolved tissue intrinsic contrast maps with

very high resolution. Recently, it has demonstrated to pro-

vide distribution of exogenous contrast agents using

multiple-wavelength measurements,20–22 and an enhanced

contrast of PAT signal is achieved through fluorescence

quenching.23 However, PAT is inherently sensitive to

absorption and detects differential increase in absorption due

to molecular probes compared to background absorption. In

contrast, the TM-FT method that we have demonstrated here

is directly sensitive to the fluorescence contrast. Besides

obtaining fluorescence images at focused ultrasound resolu-

tion, the TM-FT can also render quantitatively accurate

images using a proper reconstruction algorithm. This will be

an avenue that we will pursue in the near future.
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