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Abstract

Conventional fluorescence tomography (FT) can recover the distribution of fluorescent agents 

within a highly scattering medium. However, poor spatial resolution remains its foremost 

limitation. Previously, we introduced a new fluorescence imaging technique termed “temperature-

modulated fluorescence tomography” (TM-FT), which provides high-resolution images of 

fluorophore distribution. TM-FT is a multimodality technique that combines fluorescence imaging 

with focused ultrasound to locate thermo-sensitive fluorescence probes using a priori spatial 

information to drastically improve the resolution of conventional FT. In this paper, we present an 

extensive simulation study to evaluate the performance of the TM-FT technique on complex 

phantoms with multiple fluorescent targets of various sizes located at different depths. In addition, 

the performance of the TM-FT is tested in the presence of background fluorescence. The results 

obtained using our new method are systematically compared with those obtained with the 

conventional FT. Overall, TM-FT provides higher resolution and superior quantitative accuracy, 

making it an ideal candidate for in vivo preclinical and clinical imaging. For example, a 4 mm 

diameter inclusion positioned in the middle of a synthetic slab geometry phantom (D:40 mm × W :

100 mm) is recovered as an elongated object in the conventional FT (x = 4.5 mm; y = 10.4 mm), 

while TM-FT recovers it successfully in both directions (x = 3.8 mm; y = 4.6 mm). As a result, the 

quantitative accuracy of the TM-FT is superior because it recovers the concentration of the agent 

with a 22% error, which is in contrast with the 83% error of the conventional FT.

1. INTRODUCTION

Fluorescence imaging plays an important role in preclinical and clinical studies due to its 

high sensitivity to exogenous contrast agents and specificity to molecular information [1,2]. 

Indeed, 3D images can be rendered in a tomographic mode, which is necessary for thick 

tissue imaging [3,4]. In the last decade, researchers from various institutions have developed 
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small animal fluorescence tomography (FT) systems for many applications [1,5–17]. Despite 

rapid and promising development, the main barrier for widespread use of FT is the low 

spatial resolution due to strong tissue scattering, making direct light focusing infeasible 

beyond one transport mean free path [18,19].

In order to improve the resolution of FT, extensive effort has been spent toward the image-

guided approach, which is to integrate FT with other anatomic imaging modalities such as x-

ray CT, MRI, and ultrasound [5,7,8,20–22]. In image-guided FT, prior information about the 

location and structure of a lesion is obtained using a high-resolution anatomical imaging 

modality. This structural template is then applied in the FT reconstruction model to acquire 

region-based fluorescence parameters. For this purpose, both hard a priori and soft a priori 
approaches have been utilized by numerous research groups [20,23–25]. In hard a priori, all 

the pixels in a segmented region are forced to be the same value, while in soft a priori, the 

pixels are loosely grouped into regions, but independent update is still permitted. Significant 

improvement of FT quantitative accuracy has been demonstrated in the literature with MRI-, 

x-ray CT-, and ultrasound-guided FT. Despite the success and wide acceptance of this 

image-guided approach, the main concern is that it does not perform well when the 

fluorescent source cannot be localized in the anatomical image or when the fluorescence 

contrast does not correlate with anatomical imaging modality contrast [26]. Recently, 

temperature-sensitive fluorescence contrast agents have been reported using ICG loaded 

pluronic nanocapsules [27]. The unique thermo-reversible behavior of polymers such as 

Pluronic-F127 have been reported as a promising drug carrier for cancer therapy [28]. 

Pluronic-F127 polymer consists of an amphiphilic tri-block copolymer of ethylene and 

propylene oxide that can self assemble into a micelle in aqueous solution. As the 

temperature changes, this affects the bonding strength of the nanocapsule as it induces a 

change in the hydrophobicity/hyrophilicity of the Pluronic-F127 polymer. This in turn 

changes the micelle size, which affects the environment and concentration of the ICG 

encapsulated inside the micelle and is responsible for the variations in the fluorescence 

quantum yield [29]. From 22°C to 40°C, the fluorescence quantum efficiency increased 4–8 

times and this change is reversible. The temperature dependence of these contrast agents 

provides an opportunity to overcome the spatial resolution limitation of conventional FT by 

using temperature modulation. Previously, we proposed a new technique, namely, 

temperature-modulated fluorescence tomography (TM-FT), which combines the sensitivity 

of fluorescence imaging with focused ultrasound resolution. The idea is to irradiate the 

medium with excitation light and a focused ultrasound wave generated by high intensity 

focused ultrasound (HIFU) in low power mode. As the HIFU scans through the medium, it 

sequentially generates a hot spot, which elevates the temperature of this small area several 

degrees. When the temperature-sensitive fluorescence agents are present within this HIFU 

focal zone, the fluorescence quantum efficiency increases due to the elevated local 

temperature. As a result, the emitted fluorescence light intensity has a detectable change 

only when the agent is present within the focal zone. This temperature modulation via the 

HIFU allows us to now have a separate fluorescence measurement for each pixel in a region 

of interest (ROI), which is not available with conventional FT. Furthermore, the location and 

size obtained from the HIFU scan specifically indicates the location of the fluorescence 
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source, which can potentially overcome the challenges of the traditional anatomical image 

guided FT approach.

There are other emerging modalities that also combine optical and ultrasound techniques for 

imaging of fluorescence agents. For example, ultrasound modulated fluorescence 

tomography (UMFT) utilizes the direct ultrasound modulation of optical signal in the focal 

zone [30] in contrast with TM-FT, which modulates the local temperature. Unfortunately, 

UMFT has low modulation efficiency and an extremely low signal-to-noise ratio, which 

makes the implementation of this technique difficult [31]. Another example is photo-

acoustic imaging (PAI), which is also an intriguing combination of optical and ultrasound 

techniques. PAI can provide the optical absorption maps with high spatial resolution and a 

depth penetration of several centimeters [18,32]. By using multiple-wavelength 

measurements, PAI can reveal the distribution of exogenous contrast agents [33,34]. An 

interesting PAI application, which uses fluorescence agents, is achieved through 

fluorescence quenching [35]. The idea is that, a lower fluorescence quantum yield of dyes 

within the perfluorocarbon nanoparticles would improve PAI contrast due to higher heat 

yield, which in turn would generate a stronger ultrasound signal (thermal expansion) [36]. 

Moreover, nonquenched nanoparticles are expected to produce higher fluorescence intensity 

but poor PAI signal compared with quenched nanoparticles. However, PAT is inherently 

sensitive to absorption and detects a differential increase in absorption due to molecular 

probes compared with background absorption.

In fact, TM-FT inherently measures the fluorescence emission of the contrast agents. Our 

limited preliminary results demonstrated the feasibility of this novel approach in addition to 

the reports from other groups [37–39]. In this work, we demonstrate the theoretical 

framework for TM-FT and present the major components of the TM-FT forward and inverse 

problem in detail. We tested the algorithm using simulations to study a number of different 

cases, including size and depth dependence, the presence of multiple fluorescence sources, 

and the effect of background fluorescence. For each case, the performance of TM-FT is 

compared with conventional FT. The results show that, in all cases, TM-FT provides higher 

spatial resolution and superior quantitative accuracy. These simulation studies presented here 

confirm that TM-FT, which combines FT and HIFU, is able to acquire high-resolution 

fluorescence images of temperature-sensitive molecular probes in deep tissue.

2. METHOD

Simulation studies are carried out to demonstrate the feasibility of this approach. These 

studies are performed on a synthetic phantom with slab geometry (D:40 mm × W :100 mm). 

Eight sources and eight detectors are utilized in transmission mode on opposite sides of the 

phantom. The background optical properties are set to be μa = 0.01 mm−1 and 

, respectively. Synthetic FT data is generated by solving the forward problem 

using the finite element method. Conventional FT reconstruction is first performed for each 

case to recover the spatial distribution of the fluorophore concentration, which is directly 

related to the absorption coefficient μaf (r). Unfortunately, on its own, conventional FT 

delivers a low-resolution map with poor quantitative accuracy. However, this low-resolution 

map can be used to determine the ROI for the TM-FT HIFU scan. Then, the TM-FT forward 
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solver is used to recover a binary map that reveals the spatial distribution of temperature-

sensitive fluorophores with high resolution. As the final step of TM-FT, this high-resolution 

binary map is used to constrain and guide a conventional FT reconstruction algorithm to 

obtain quantitatively correct high-resolution fluorophore concentration maps. For each case, 

the conventional FT and TM-FT reconstruction results are compared side by side in terms of 

the recovered fluorescence object size and concentration.

To be able to perform these simulations, several steps have been followed and are described 

in detail in this text, mainly: (1) modeling of the temperature distribution in the medium due 

to HIFU; (2) modeling of excitation and fluorescence emission light propagation in turbid 

medium (forward solver) and reconstruction of the images from synthetic data (inverse 

solver); (3) generation of TM-FT binary a priori information; (4) reconstruction of 

fluorescence images with TM-FT a priori. These steps are described as follows.

A. Modeling of Temperature Distribution in the Medium due to HIFU Heating

The ultrasound energy deposit is calculated from HIFU heating based on the Rayleigh–

Sommerfeld radiation integral equation [40,41]. In this work, the specification of a 

commercial device is used for simulation studies, [Fig. 1(a)]. The pressure field induced by 

the Sonic Concepts H102 transducer can be approximated as a Gaussian kernel with a 1.26 

mm full width half-maximum (FWHM) (for first harmonic resonance) in the lateral direction 

of the focal plane [Fig. 1(b). This approximation can be adapted to different HIFU devices 

by modifying the focal spot size.

The transport of temperature induced by HIFU heating can be modeled by the Pennes’ 

bioheat transfer equation [41,42]:

(1)

where T is the temperature of the medium at position r⃗ and time t. The density, specific heat, 

and thermal conductivity of the medium are represented by ρ, c, and κ, respectively. Ta is the 

temperature of blood flow. The last term on the right hand side, Q, is the heat sink term, 

which takes into account the heat loss due to blood perfusion. The specific heat and 

perfusion rate of the blood are represented by cb and ω. In our simulation, the transducer 

power is turned on for 2 s at each scanning step. Thus, the heat-sink term is neglected due to 

the short heating time.

B. Modeling of Light Propagation in Tissue, FT Forward, and Inverse Problem

The fluorescence light propagation in tissue is described by the coupled diffusion equation 

in the continuous wave domain:

(2)

Lin et al. Page 4

Appl Opt. Author manuscript; available in PMC 2016 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(3)

where Φx (r) and Φm(r)(W · mm−2) represent the photon density for the excitation and 

emission light, respectively. The diffusion coefficient, Dx,m(r)(mm−1), is defined by 

 where  is the reduced scattering coefficient and 

μax,m(mm−1) is the absorption coefficient of the medium. The absorption coefficients are 

assumed to be the same at the excitation and emission wavelengths. The absorption 

coefficient due to the fluorophore, μaf (r), is directly related to its concentration. T is the 

temperature of the medium. The fluorescence quantum efficiency, η(T), is the intrinsic 

property of the fluorophore, which is defined as the ratio of the number of fluorescence 

photons emitted to the number of excitation photons absorbed. Using our thermo-sensitive 

agents, the fluorescence quantum efficiency is a temperature-dependent parameter. The 

Robin boundary condition is applied to the diffusion model.

After applying the finite element method, Eq. (3) can be rewritten into an assembled matrix 

form:

(4)

where ξm and ξx are the nodal representation of the emission and excitation photon 

distribution, respectively. More detail on the matrix assembly and computation can be found 

in our previous works [20,22,43].

The inverse problem is solved by minimizing the difference between the measured and 

calculated data according to the following objective function:

(5)

where Ns and Nd represent the number of sources and detectors, respectively.  is the set of 

fluorescence measurements. Pij(μaf) are the flux on the measured point calculated by the 

forward solver from the spatial distribution of μaf. We iteratively update the unknown μaf to 

be reconstructed with the Levenberg–Marquardt method by

(6)

where X represents the unknown matrix of μaf. The Jacobian matrix J is calculated with an 

adjoint method [44]. Unfortunately, the reconstructed μaf map at the end of this process is 

not quantitatively accurate and cannot recover the fluorescence targets with high resolution.
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For conventional FT, eight sources and detectors in transmission configuration are used to 

acquire full tomographic synthetic measurements, as shown in Fig. 2(a). This configuration 

produces 64 measurements and allows reconstruction of a fluorescence concentration map, 

as we previously demonstrated with preliminary experimental studies [37]. In this example, 

a 3 mm diameter fluorescent target is placed at the center of the synthetic phantom, 20 mm 

away from each boundary. The reconstructed conventional FT image is presented in Fig. 

2(b).

C. Generation of TM-FT a priori Information

Once the ROI is determined by the low-resolution conventional FT images reconstructed in 

the previous step, the HIFU beam is scanned over this ROI [Fig. 2(c)]. Meanwhile, a 

particular source-detector pair, which has the highest sensitivity around this ROI (S5/D4 for 

this case), is monitored continuously. It is only when the temperature-sensitive contrast 

agent is present within the focal spot, the emitted fluorescence light intensity changes 

drastically due to the change in quantum efficiency and, hence, the measured signal. Thus a 

well-defined description of the contrast agent distribution in the form of a binary mask is 

obtained. Here the resolution of TM-FT is closely related to the spot size of HIFU (~1.26 

mm for the presented results in our simulation). Please note that the obtained binary mask 

already represents a high-resolution fluorescence image even without any reconstruction 

process. However, a final TM-FT reconstruction process is required in order to achieve a 

quantitatively accurate contrast agent concentration map.

D. Reconstruction of Fluorescence Images with TM-FT a priori Information

Since the TM-FT a priori information is available in the form of a binary map, the FT 

reconstruction process is performed a second time utilizing the a priori information to guide 

and constrain the solution. Again, we iteratively update the unknown μaf to be reconstructed 

with the Levenberg–Marquardt method; however, this time a penalty matrix obtained from 

the a priori information generated with TMFT is used:

(7)

where X represents the unknown matrix of μaf. The Jacobian matrix J is calculated with the 

adjoint method [44]. Here, the matrix L is the penalty matrix describing the a priori 
information obtained using temperature modulation as described below [37]. This final step 

reveals a much higher-resolution fluorescence image with superior quantitative accuracy as 

it is guided by the TM-FT priori [Fig. 2(d)].

3. RESULTS

We assumed that the ultrasound pressure field was generated from an H102 HIFU transducer 

and approximated as a Gaussian shape with a 1.26 mm FWHM (Fig. 3). The specific heat, 

density, and thermal conductivity of the tissue are set to be 4186 [J/(kg · °C)], 1000 (kg/m3), 

and 0.7 [W/(m · °C)], respectively. The HIFU is turned on for 2 s with the maximum 

temperature rise below 5°C. Figure 3(a) shows the Gaussian-shaped pressure field from 
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HIFU, and the resulting temperature rise at 2 s of heating is shown in Fig. 3(b). The profile 

for the pressure field and temperature increase is plotted in Fig. 3(c). It shows that the size of 

the heating spot is slightly larger than that of the ultrasound pressure field due to the heat 

diffusion.

The temperature-dependent profile of the quantum efficiency is computed from the heating 

profile and is used in the simulation studies. The quantum efficiency is assumed to increase 

50% at the heating spot. For each study, the fluorescence source is reconstructed using 

conventional FT and TM-FT, and then the results are compared. To evaluate the performance 

of the TM-FT extensively, the following simulation studies are carried out.

A. Size and Position Dependence

Due to the ill-posedness of the FT inverse problem, the reconstructed fluorescence 

concentration is expected to depend on the size and location of the inclusion [20,22,45]. We 

evaluate this effect for conventional FT and TM-FT in this study. The size and location of 

the inclusion are varied, as listed in Table 1. Here, the parameter depth refers to the distance 

from detectors. However, the absorption coefficient due to the contrast agent, μaf = 0.01 

mm−1, is kept the same for all the cases.

The reconstructed absorption map due to the fluorescence contrast agent is shown in Fig. 4, 

and the recovered absorption coefficient and fluorescence source size are listed in Table 1.

The first three cases (1–3) allowed us to investigate the depth dependence of the results for a 

4 mm diameter object. Due to the slab geometry and transmission mode measurements, the 

spatial resolution in the horizontal and vertical directions are different. The FWHM of the 

recovered fluorescence source is calculated in both directions, as shown in Table 1. For 

conventional FT, the 4 mm inclusion is recovered with more than 70% error for all three 

depths (cases 1–3). The accuracy of the recovered fluorescence source strength and size 

decreases as the inclusion is embedded deeper into the scattering medium. For example, for 

the very same 4 mm diameter object, the recovered μaf is reduced from 0.0031 mm−1 down 

to 0.0017 mm−1 as its depth increases from 5 to 20 mm. However, when using TM-FT, the 

size and strength of the fluorescence source is recovered more accurately. Indeed, the 

quantitative accuracy of TM-FT is not affected by the depth of the inclusion. Regardless of 

its location, the recovered μaf of the 4 mm inclusion is nearly the same, 0.0078 mm−1. 

Meanwhile, TM-FT recovers the size more accurately, i.e., with less than 20% error in both 

directions, while the error can go as high as 150% for the conventional FT, especially for the 

y direction. In summary, the recovered fluorescence size is not affected by the source-

detector geometry for the TM-FT compared with the elongated shape obtained with 

conventional FT.

Meanwhile, the last three cases (3–5) allowed us to investigate the size dependence of the 

results for different inclusions located at the center of the slab phantom. For these inclusions 

located at the center, the error of the recovered source strength reduces as the true 

fluorescence size increases from 3 to 7 mm for conventional FT. For instance, the source 

strength recovered has an error of almost 50% for the 7 mm inclusion and 86% for the 3 mm 

inclusion. Consequently, the recovered fluorescence strength is indeed highly dependent on 
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the size of the inclusion for conventional FT. When TM-FT is used, the accuracy of the 

recovered fluorescence source strength is much improved, i.e., the error is less than 20% for 

all objects, as shown in Table 1. When it comes to the recovered size of the object, the 

performance of TM-FT is superior, with less than 15% error for all three inclusions with 

different sizes. The error reduces with the size of the object. For example, it is only around 

3% for the largest object with 7 mm diameter. The variation in the recovered size of these 

small inclusions is most probably due to the spatial resolution limitation of the TM-FT, 

which directly depends on the size of the HIFU beam (~1.26 mm). As it is investigated in 

the next sections, the other critical factor for the spatial resolution of the TM-FT is the HIFU 

scanning pattern.

B. Multiple Inclusions

To further explore the spatial resolution limit of the TM-FT method for imaging 

temperature-sensitive probes, simulation studies were performed using multiple inclusions. 

Again, the same slab geometry simulation phantom with similar background optical 

properties is used. Four cases with various sizes and contrasts are tested. For the first three 

cases, the two inclusions are separated edge to edge 2 mm apart and are parallel to the 

source-detector plane, while, for the fourth case, the two inclusions were placed 4 mm apart 

and are perpendicular to the source-detector plane.

The reconstructed absorption maps due to fluorescence contrast agent are shown in Fig. 5, 

and the recovered absorption coefficients are listed in Table 2 together with the fluorescence 

source size for each inclusion. The results show that conventional FT cannot resolve the two 

objects successfully for any case due to the intrinsic limited spatial resolution; thus, the 

source strength and size are calculated as one inclusion (Table 2). Figure 6 shows the plot of 

the profiles along the yellow dashed lines, as indicated in the first column of Fig. 5, for the 

true inclusion and the reconstructed inclusions from conventional FT and TM-FT.

The first case shows that TM-FT successfully recovered two individual inclusions that are 2 

mm apart, while conventional FT fails. When one inclusion is larger in size, its recovered 

dominantly with conventional FT and the smaller inclusion is hardly visible. However, TM-

FT recovers the true size and location of both inclusions regardless of their sizes, as shown 

in case 2. The third case shows that if one inclusion has twice the source strength than the 

other, TM-FT can still recover 1.9 times contrast between the two inclusion, while 

conventional FT shows that the higher concentration inclusion dominates the reconstructed 

μaf map and the inclusion with lower concentration is hardly visible.

Due to the transmission geometry, the spatial resolution in the vertical direction is expected 

to be lower than in the horizontal direction. Accordingly, the two inclusions are separated 4 

mm away in the fourth case but in the vertical direction. Conventional FT is not able to 

separate them due to its poor spatial resolution in this direction. However, TM-FT is not 

affected by the optical source-detector geometry because the spatial resolution is primarily 

determined by the HIFU scan. In all cases, the error in the recovered object size changes 

between 5% and 30% when TM-FT is used, while the errors in the recovered μaf values are 

always less than 15%.
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C. Presence of Background Fluorescence

There is likely to be residual fluorescence and/or autofluorescence from the tissue 

surrounding the target in realistic in vivo experiments. In this study, the contribution of 

background fluorescence is taken into account to investigate the performance of TM-FT in 

the presence of background fluorescence. Two cases with object to background contrast of 

10 and 2 were evaluated, as shown in Table 3.

For conventional FT and TM-FT, the inclusion could be localized on the fluorescence map, 

as shown in Fig. 7. For conventional FT, the recovered fluorescence absorption coefficient is 

0.0055 (45% error) and 0.0021 (79% error) for the contrast of 10 and 2, respectively. The 

recovered value is significantly improved to 0.0091 (9% error) and 0.0088 (12% error) using 

TM-FT, indicating the accuracy and robustness of TM-FT in recovering the fluorescence 

source strength independent of object to background contrast.

D. Various Heating Profile

As seen in the previous simulations, TM-FT does not always work perfectly, although it is 

superior to conventional FT for all cases. To further improve the TM-FT performance, the 

HIFU resolution needs to be considered because it is directly related to the spatial resolution 

of TM-FT. For this purpose, in this last simulation study, we evaluated the effect of the 

HIFU focal size and the spatial sampling rate on the spatial resolution of this method. 

Similar to the first phantom study, a 4 mm diameter inclusion is embedded in the same 

rectangular phantom. The HIFU is scanned through an 8 mm × 8 mm area with 0.5, 1.5, 2, 

and 3 mm step size (cases 1–4). Then, for the same phantom, the same area is scanned with 

a 1.0 mm step using a HIFU with a focal size of 0.8, 2.5, and 3.5 mm (cases 5–7). The 

reconstructed fluorescence absorption maps are shown in Fig. 8, and the recovered 

absorption coefficient and fluorescence source size for each inclusion is listed in Table 4. 

When the 0.5 mm scanning step is used, the source strength can be accurately recovered to 

0.01 mm−1, and the value decrease to 0.0076 mm−1 (24% error) when the scanning step 

increases to 3 mm. Cases 1–4 shows that with TM-FT, the finer the scanning step, the better 

the spatial resolution and quantitative accuracy. This is logical because TM-FT relies 

primarily on the HIFU spatial resolution. When the 0.8 mm focal spot HIFU is used (case 5), 

the source strength is recovered as 0.0089 mm−1 (11% error), and the error increases to 32% 

as the focal size increases to 3.5 mm (case 7).

Finally, cases 5–7 show that the smaller the HIFU focal spot, the better the spatial resolution 

and quantitative accuracy of TM-FT, especially for small objects.

4. DISCUSSION AND CONCLUSION

This study investigates the performance of our new imaging modality termed “temperature 

modulated fluorescence tomography,” which can provide high-resolution fluorescence 

images with superior quantitative accuracy. TM-FT is based on the change of fluorescence 

quantum efficiency in correspondence to a temperature change. In practice, the relationship 

between the two parameters can be measured using fluorescence spectroscopy together with 

a temperature control and measuring device. In TM-FT, the location and structure of the 
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fluorescence source can be directly determined from HIFU scan. This geometric information 

from TM-FT can serve as structural a priori information to guide the image reconstruction 

via the conventional image-guided approach. Please note that, unlike traditional image-

guided FT, structural information offered by the HIFU scan accurately indicates the position 

of the fluorescence sources. By constraining and guiding the FT reconstruction algorithm, 

TM-FT can obtain high-resolution and quantitatively accurate fluorescence concentration 

maps. It is important to note here that the resolution of TM-FT directly depends on the HIFU 

resolution. Therefore, the HIFU resolution and its scanning pattern plays a crucial role in 

TM-FT. Accordingly, our simulation studies not only demonstrated that TM-FT is superior 

to conventional FT for many different cases, including objects buried in a fluorescence 

background, but they also confirmed that the HIFU resolution and selected scanning pattern 

are critical. In the practical application of this technique, a scanning pattern selection would 

depend on the time available for imaging (i.e., more overlapping patterns would require 

more time) and selection of the HIFU transducer would depend on the application (i.e., the 

imaging depth for a HIFU with smaller focal spot would be limited).

In addition to fluorescence concentration, FT can also recover lifetime parameters 

[9,12,20,46]. The ICG loaded micelles changes its quantum efficiency when the solvent 

polarity changes, which is caused by the change of hydrophobicity/hydrophilicity of the 

micelle interior in response to temperature change [27,47]. As reported in the literature, in 

addition to the quantum efficiency, the lifetime also depends on the solvent polarity [48]. 

Thus, it is expected that lifetime also will have measurable change due to temperature 

modulation. Current work is limited to continuous wave measurements and the temperature 

modulation of the fluorescence quantum efficiency. In order to measure lifetime, either time-

domain or frequency-domain techniques are required. Future work includes investigating 

lifetime response to temperature modulation and TM-FT using time-resolved measurements.

In conclusion, TM-FT combines the superior sensitivity of fluorescence imaging and spatial 

resolution of focused ultrasound. The forward and inverse problem of this new method is 

presented, and the simulation studies demonstrated the feasibility of this TM-FT approach. 

The results showed that TM-FT can robustly recover the fluorescence source with high 

spatial resolution and quantitative accuracy for a number of cases.
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Fig. 1. 
(a) Commercial HIFU device (H102 transducer). (b) Its on-axis pressure profile temperature.
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Fig. 2. 
TM-FT image procedure. (a) During step 1, conventional FT is performed using an eight-

source and eight-detector configuration. (b) Low-resolution map of μaf is then obtained 

using the standard FT reconstruction algorithm. This low-resolution map is used to 

determine the ROI for the HIFU heating in the second step. (c) A specific source-detector 

pair is selected with the best fluorescence signal in terms of SNR and sensitivity. The HIFU 

beam scans through the ROI determined from the previous step. This step provides a spatial 

a priori on the localization of the fluorescent source μaf. (d) This a priori information is then 

used in the TM-FT image reconstruction algorithm to obtain a high-resolution image with 

superior quantitative accuracy.
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Fig. 3. 
(a) 2D pressure field on the focal plane. (b) Corresponding temperature increase due to the 

HIFU heating at the end of 2 s. (c) Normalized profile for the pressure field and temperature 

increase.
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Fig. 4. 
Results for the first simulation study using inclusions of various sizes buried at different 

depths.
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Fig. 5. 
Results for the second simulation study using multiple inclusions.
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Fig. 6. 
Profile of the results for the second simulation study. The profiles are carried out across the 

inclusions, along the yellow dashed line, (Fig. 5).
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Fig. 7. 
Results for the third simulation study showing the effect of background fluorescence, present 

in the phantom, on the quality of reconstructed image.
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Fig. 8. 
Results of the fourth simulation study showing the dependence of spatial resolution of TM-

FT on the HIFU resolution.
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Table 3

Recovered μaf for Third Simulation Studya

Case # True μaf (mm−1): Inclusion/Background Conventional FT: μaf (mm−1) TM-FT: μaf (mm−1)

1 0.01/0.005 0.0055 (45%) 0.0091 (9%)

2 0.01/0.001 0.0021 (79%) 0.0088 (12%)

a
Percent error is shown in the parenthesis.
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