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Abstract

Previously, we reported on the spatial resolution and quantitative accuracy of temperature-

modulated fluorescence tomography (TM-FT) using simulation studies. TM-FT is a novel fully 

integrated multimodality imaging technique that combines fluorescence diffuse optical 

tomography (FT) with focused ultrasound. Utilizing unique thermo-reversible fluorescent 

nanocapsules (ThermoDots), TM-FT provides high-resolution cross-sectional fluorescence images 

in thick tissue (up to 6 cm). Focused ultrasound and temperature-sensitive ThermoDots are 

combined to provide accurate localization of these fluorescent probes and functional a priori 
information to constrain the conventional FT reconstruction algorithm. Our previous simulation 

studies evaluated the performance of TM-FT using synthetic phantoms with multiple fluorescence 

targets of various sizes located at different depths. In this follow-up work, we perform 

experimental studies to evaluate the performance of this hybrid imaging system, in particular, the 

effect of size, depth, and concentration of the fluorescence target. While FT alone is unable to 

accurately locate and resolve the fluorophore target in many cases, TM-FT is able to resolve the 

size and concentration of the ThermoDots within a thick turbid medium with high accuracy for all 

cases. The maximum error in the recovered ThermoDots concentration and target sizes with TM-

FT are 12% and 25%, respectively.
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1. INTRODUCTION

Fluorescence diffuse optical tomography (FT) has become increasingly popular as a safe and 

inexpensive method that can noninvasively reconstruct the distribution of an exogenous 

fluorescent contrast agent in vivo [1]. FT has high signal-tobackground contrast and uses 

fluorescent probes that can be engineered to provide molecular and cellular information for a 

number of applications, including diagnosis as well as monitoring treatment response for a 

variety of diseases from rheumatoid arthritis to cancer [1–4]. Indeed, fluorescence imaging 

has become a key tool in preclinical imaging [1].

However, high scattering in biological tissue causes poor photon penetration depth, and 

remains a major obstacle of FT imaging in thick tissue. Combined with the fact that the FT 

inverse problem is strongly ill-posed and underdetermined, high tissue scattering makes it 

difficult to recover the distribution of the fluorescent contrast agent. This results in poor 

spatial resolution and low quantitative accuracy for FT, especially in deep tissue. To 

overcome this obstacle, multimodality techniques that incorporate structural information 

provided by anatomical imaging modalities, such as x-ray CT, MRI, and ultrasound, have 

been developed [5–8]. Accordingly, structural a priori information obtained by an 

anatomical imaging modality is used to guide and constrain the optical image reconstruction 

algorithm and has been shown to significantly improve the quantitative accuracy of FT [5–

7,9]. Nevertheless, errors can still occur when the structural boundaries provided by the 

anatomical imaging modality do not exactly coincide with the true fluorescent distribution 

[10].

Instead of assuming the fluorophore distribution is confined homogeneously within the 

structural boundary identified by the separate anatomical imaging modality, an ideal method 

would be directly mapping the fluorophore distribution to provide functional a priori 
information. For this purpose, focused ultrasound has recently been used in combination 

with fluorescence tomography [11,12]. In this approach, focused ultrasound is used to 

modulate the temperature of the medium with high spatial resolution to directly map the 

position of temperature-sensitive fluorescent contrast agents as a functional a priori 
information. This true multimodality imaging technique called “temperature-modulated 

fluorescence tomography” (TM-FT) achieves remarkable high spatial resolution and 

quantitatively accurate images of the thermo-sensitive fluorophores in deep tissue (≤6 cm) 

[12,13]. The sensitivity of this technique relies on the responsiveness of the activatable 

thermo-reversible fluorescent probes we call “ThermoDots.” The ThermoDots are based on 

recent reports of thermo-sensitive fluorescent contrast agents made from Indocyanine green 

(ICG) loaded Pluronic-F127 polymeric micelles [14,15]. The thermo-responsiveness of the 

ThermoDots is based on the temperature-dependent hydrophobic/hydrophilic property of the 

Pluronic polymer micelles. In summary, an increase in temperature induces a variation in the 

solvent polarity, resulting in an ICG fluorescence signal and lifetime change [13]. Focused 

ultrasound is used to provide localized heating of the tissue with high resolution by focusing 

the ultrasound into a small focal zone (∼1.33 mm) to heat the medium approximately 4°C. 

This sudden increase in temperature changes the quantum efficiency of the agents, leading to 

an increase in the emitted fluorescent light intensity. To locate the ThermoDots, TM-FT 

utilizes this change in the emitted fluorescence signal, which only occurs when they are 
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located within the focal zone of the focused ultrasound. Consequently, TM-FT is able to 

overcome the inherently poor spatial resolution of conventional FT as the resolution of TM-

FT is dependent on the size of the focal spot of the focused ultrasound.

Previously, we evaluated the resolution and quantitative accuracy of TM-FT with simulation 

studies [16]. Recently, we have also presented a faster and improved scanning method that 

reduces the data acquisition time drastically [10]. In this approach, the focused ultrasound 

transducer is moved continuously while the fluorescence signal is monitored as opposed to 

the slow step- and-shoot approach we had initially employed [12]. In this follow-up study, 

we investigate the performance of our fast TM-FT system with an extensive experimental 

phantom study using our new scanning method. In the first part of this study, the linearity of 

the system response is tested using inclusions filled with various dilutions of the activatable 

and thermo-reversible ThermoDots. Next, the depth and size dependence of the fluorescent 

inclusion on the recovered ThermoDots concentration is evaluated for TM-FT and compared 

to conventional FT. Finally, the spatial resolution limit of the system is studied. In all cases, 

utilization of the focused ultrasound functional a priori information from TM-FT resulted in 

a significant improvement in the spatial resolution and quantitative accuracy compared to 

conventional FT.

2. METHODS

A. Instrumentation

All experiments were performed with a custom-built system developed for TM-FT [12]. 

This system integrated focused ultrasound with a conventional frequency-domain FT 

system. The FT system uses a 785 nm laser diode (300 mW, Thorlabs, USA) to illuminate 

the object under investigation in a transillumination mode. A fiber optic switch delivers the 

laser light to one of six source optical fibers (1 mm). A network analyzer (Agilent 

Technologies, USA) is utilized to simultaneously provide RF modulation (100 MHz) for the 

laser diode while also measuring the amplitude of the detected signal. The transmitted light 

is collected by one of six fiber bundles (6 mm) and passes through a series of lens (Newport 

Corporation, USA) and bandpass filters (830 nm, MK Photonics, USA) to eliminate 

excitation light. A photomultiplier tube (PMT) (R7400U-20, Hamamatsu, Japan) is used to 

detect the fluorescence signal. The signal is then amplified by an RF amplifier before being 

recorded by the network analyzer. For TM-FT, the focused ultrasound is incorporated into 

the FT system. A function generator (PTS 500, Programmed Test Sources, Inc., USA) 

generates a 1.0 MHz signal, which is amplified by a power amplifier (200L, Amplifier 

Research, Inc., USA) before delivery to the focused ultrasound transducer (H102, Sonic 

Concepts, Inc., USA). The focal spot of this transducer (∼1.33 mm in diameter and 10 mm 

in length) is located 60 mm below the transducer; see Fig. 1(a). The transducer is mounted 

on two computer-controlled automatic translational stages in the x–y plane. A third manual 

translational stage allows height adjustments for the transducer above the phantom. Both the 

transducer and the optical interface that holds the fibers together with the phantom are 

immersed in water.

The focused ultrasound scanning procedure was fully automated using LabVIEW (National 

Instruments, USA) covering a 50 mm × 25 mm area, as shown in Fig. 1(b). This procedure 
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consists of two x-scans, as indicated by the dashed blue lines, and two y-scans, as indicated 

by the dashed red lines, with one scan moving in a forward direction and the other scan 

moving in the reverse direction. The distance between each scanning line is 1.35 mm, nearly 

the diameter of the focal spot of the transducer, in both x and y directions. To avoid the 

effect of heat diffusion from adjacent lines, a jumping pattern is utilized instead of scanning 

lines in a consecutive fashion. During these scans, the transducer is turned on continuously 

while the network analyzer records the fluorescence data collected from the source/detector 

pair with the highest signal-to-noise ratio (SNR). To prevent the effect of heat diffusion from 

the previously scanned points in the line, the transducer moves at 4.16 mm/s. For a 50 mm 

line scan, the network analyzer acquires 200 measurements, resulting in a sampling rate of 

one measurement per 0.25 mm. A filtering window of five data points wide, which roughly 

corresponded to the size of the focal spot (∼1.33 mm) of the transducer is used to smoothen 

the measured signals. The full width at half-maximum (FWHM) is used as a threshold to 

create a binary map of the position of the ThermoDots with high spatial resolution. This 

binary map is used as functional a priori to constrain the reconstruction algorithm. A more 

detailed explanation of the focused ultrasound continuous scanning method is described in 

Nouizi et al. [10].

B. Optical Image Reconstruction Algorithm

Since the quantum efficiency of the ThermoDots is temperature dependent, the coupled 

diffusion equation at the emission wavelength is altered to account for this dependence on 

temperature:

− ∇ Dx ∇ Φx − μa f + μax Φx = − q0,
− ∇ Dm∇ Φm η T − μam Φm η T = − Φx η T μa f ,

(1)

where η(T) denotes the temperature-dependent fluorescence quantum yield, and q0 is the 

isotropic excitation light source. For the following variables, the subscripts x and m 
represent the excitation and emission wavelengths, respectively. Φ(W mm−2) is the photon 

density, and D describes the diffusion coefficient, D = 1/3 μa + μ′s . The absorption and 

reduced scattering coefficients of the medium are represented by μa and μ′s, respectively. μaf 

is the absorption coefficient of the fluorophore and is directly related to its concentration. 

The synthetic fluorescence signal for the source (s) and detector (d ), Ss,d (s, d = 1; 2;…;6), 

are obtained by solving the coupled diffusion Eq. (1) with the finite element method using a 

mesh that consists of N = 6034 nodes and 11,775 triangular elements.

The absorption coefficient of the fluorescence map, μaf , is recovered by iteratively 

minimizing the quadratic error between these synthetic signals and the fluorescence ones, F 

s,d, measured on the surface of the phantom. The update to the absorption coefficient of 

fluorescence, Δμaf , is obtained using the Levenberg–Marquardt minimization algorithm 

after incorporating the binary mask provided by TM-FT as soft a priori [17,18]:

Δμa f = JTJ + LTL −1JT Fs, d − Ss, d
2, (2)
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where J represents the Jacobian matrix (M × N ), with M = 36 being the number of 

measurements. λ is the inversion regularization factor. L (N × N ) is the Laplacian-type a 
priori matrix used to incorporate the binary mask and constrain the reconstruction process. 

The value of L for a couple of nodes i and j is given by

Li, j =
0 i, j in different regions,
−1/Nr i, j in the same region,
1 i = j,

(3)

with Nr being the number of nodes in a given region. More details on this method have been 

published previously [10,16,18].

C. ThermoDots

The ThermoDots are prepared by our industrial collaborator, InnoSense LLC (USA) and 

consist of ICG encapsulated in Pluronic-F127 polymeric micelles. The ThermoDots are 

characterized to determine their thermo-responsiveness and active temperature range. For 

these phantom studies, the ThermoDots were optimized to perform at room temperature 

(20°C) for convenience and measures a 23 dBm (∼15×) increase in the signal amplitude 

between 20°C and 24°C. The phantom experiments are performed at 20°C and the focused 

ultrasound is set to heat the medium by 4°C at its focal spot to maximize the fluorescence 

signal change. Details on ThermoDots preparation and characterization can be found in 

Kwong et al. [19].

D. Phantom Studies

All experiments carried out in this study are performed using a 100 mm × 40 mm × 100 mm 

phantom-mimicking biological tissue. The phantoms are prepared using intralipid (0.5%) 

and India ink (Winsor and Newton, UK) to respectively simulate the tissue scattering and 

absorption properties. The absorption and reduced scattering of the phantom are the same 

for both excitation and emission wavelengths and set to μa = 0.008 mm−1 and 

μ′s = 0.86 mn−1, respectively.

The inclusions are made from optically transparent glass tubes of varying diameters cut 

down to 10 mm in length. For the first set of experiments, a 3 mm diameter tube is filled 

with various concentrations of the ThermoDots to measure the linearity of the system. To 

investigate the size dependence, tubes with different diameters are utilized (5, 4, 3, and 2 

mm) and filled with an 837 nM ThermoDots solution. Following that, a single 3 mm 

diameter inclusion at the same concentration is positioned at various depths to explore the 

depth dependence. Finally, two identical 3 mm diameter inclusions are positioned in the 

center with different separations to evaluate the spatial resolution and performance of TM-

FT. In all cases, the axis of the tube is aligned with the focused ultrasound column in the z 
direction and centered in line with the optical fiber plane.
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3. RESULTS AND DISCUSSION

A. Phantom Study 1: System Response Linearity

For this study, a single 3 mm glass tube is embedded in the tissue-mimicking phantom as 

described previously in Fig. 1. The tube is consecutively filled with different concentrations 

of the ThermoDots to investigate the performance of TMFT to accurately recover each 

concentration. Dilutions are performed on the ThermoDots solution (100%, 90%, 60%, and 

40%) to achieve four different concentrations: 837, 782, 516, and 358 nM.

Figure 2 shows the ThermoDots concentration images reconstructed without and with the 

functional a priori information provided by the focused ultrasound. As seen from this figure, 

the ThermoDots concentration is accurately recovered with TM-FT and has less than a 4% 

error for all four cases compared to conventional FT, which greatly underestimates all four 

concentrations. In addition, although the size of the inclusions is overestimated using 

conventional FT, the addition of the focused ultrasound functional a priori information of 

TM-FT considerably improves the recovered size of the inclusion. The results of the 

concentration and inclusion size recovered from TM-FT and conventional FT are 

summarized in Table 1.

Figure 3 shows that the recovered ThermoDots concentration is linear with respect to the 

true concentration for both TM-FT and FT alone. The correlation coefficient for the TM-FT 

and stand-alone FT fitted curves is 0.998 and 0.863, respectively. Although, the recovered 

ThermoDots concentration is severely underestimated with FT alone, the accuracy of the 

recovered ThermoDots concentration is greatly improved for all cases when the focused 

ultrasound functional a priori information is utilized.

Indeed, the recovered concentration accuracy directly depends on the spatial resolution of 

the system. For the conventional FT, the spatial resolution in the y direction is expected to be 

lower than the x direction due the transillumination confuguration of the system. This can be 

seen by comparing the recovered size of the inclusion in orthogonal directions. For all four 

cases, the recovered object size in conventional FT images is significantly larger in the y 
direction (∼6 × ) compared to the x direction (∼1.6 × ). Accordingly, as the ThermoDots 

fluorescent signal is attributed to a larger area, this resulted in a large percent error in the 

recovered concentration(≥ 89%).

TM-FT uses the focused ultrasound scan to create a binary map of the ThermoDots 

distribution with high spatial resolution. With the addition of this functional a priori data, 

TM-FT is able to recover quantitatively accurate concentration values for the ThermoDots 

with less than 4% error. TM-FT is not affected by the source–detector geometry as the 

spatial resolution of TM-FT is primarily determined by the focused ultrasound. The error in 

the recovered size of the ThermoDots is even in both the x and y directions and varies 

between 0–25% in the recovered size of the object for the four concentrations.

A slight trend is observed with the higher concentrations of the ThermoDots (Case 1 and 2) 

having a smaller percent error than Case 3 and 4. This is reasonable as the lower 
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concentrations would result in a lower fluorescent signal and lead to a lower SNR, which 

makes recovering the concentration more challenging.

B. Phantom Study 2: Size Dependence

The performance of TM-FT in recovering inclusions of different sizes is studied using four 

different sized inclusions: 5, 4, 3, and 2 mm. The inclusions are positioned equidistance 

between the source and the detector fibers, as shown in Fig. 1. The recovered absorption 

maps of the ThermoDots obtained with TM-FT and conventional FT are presented in Fig. 4.

The effect of inclusion size on the accuracy of the recovered fluorophore absorption can be 

seen in Table 2. For conventional FT, the size of inclusion is overestimated in both x and y 
directions while the ThermoDots absorption is greatly underestimated for all four sizes. The 

error in the recovered absorption of the ThermoDots is over 90% for all four cases. An 

increase in the percent error of the recovered size and absorption of the ThermoDots is 

observed as the size of the object decreases. As expected, the accuracy of the recovered 

ThermoDots absorption is higher when the inclusion is of larger size, due to the higher SNR. 

However, the addition of the functional a priori information using TM-FT considerably 

improves the size and quantitative accuracy. For all four cases, the recovered size of the 

ThermoDots inclusion is off by only ±0.25 mm and is not size dependent. With TMFT, there 

is only a slight size dependence as the recovered concentrations for Cases 5–7 (diameters of 

5, 4, and 3 mm, respectively) are close to the true value and have similar error.

The percent error in the recovered absorption for the 2 mm case increases twofold but is still 

acceptable at 12%. Overall, the maximum error in the recovered size and absorption of the 

ThermoDots inclusion using TM-FT is 12.5% and 12% error, respectively, indicating that 

the size dependence of TM-FT is minimal as long as the object is equal to or larger than the 

focused ultrasound focal spot.

C. Phantom Study 3: Depth Dependence

To study the effect that the position of the inclusion has on the recovered fluorescence 

absorption, a 3 mm inclusion is filled with the same ThermoDots concentration and 

positioned at four different distances from detector 3: 20, 15, 10, and 5 mm, as shown in the 

left column of Fig. 5. The ThermoDots fluorescence absorption maps are reconstructed with 

and without functional a priori information and compared in Fig. 5. The results of all four 

cases are summarized in Table 3.

When the inclusion is positioned equidistance from source 3 and detector 3, the recovered 

ThermoDots fluorescence absorption coefficient is 0.0182 mm−1, yielding an 8.9% error for 

TM-FT. When the inclusion is moved closer to the detectors at 15, 10, and 5 mm away, the 

fluorescence absorption coefficient is recovered with 0.8%, 6%, and 10.2% errors, 

respectively. Contrarily, for conventional FT without the use of a priori information, the 

fluorescence absorption coefficient is recovered with over 90% error for these cases (9–11). 

Meanwhile, when the inclusion is positioned only 5 mm away from detector 3, the FT 

reconstruction program failed to separate the inclusion from the detector.
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The reconstructed fluorescence absorption is expected to depend on the location of the 

inclusion due to the transillumination configuration of the system [20]. The accuracy of the 

recovered ThermoDots absorption is dependent on the sensitivity, which is highest in the 

center of the phantom when the inclusion lies within multiple source–detector pair paths. 

This is seen in the conventional FT cases as the error in the recovered concentration 

increases as the inclusion moves away from center toward the edge of the phantom. 

Conventional FT is unable to resolve the inclusion, positioned 5 mm away from the detector, 

as it is located in an area of low sensitivity.

However, TM-FT utilizes the functional a priori information from the focused ultrasound to 

establish the position of the fluorescence during the initialization of the reconstruction 

algorithm and is not affected by the optical source–detector configuration. As seen in Fig. 5, 

TM-FT resolves all inclusions successfully, including the one located at the depth of 5 mm 

and recovers the ThermoDots fluorescence absorption with a maximum of 10.2% error for 

all depths.

D. Phantom Study 4: Spatial Resolution

In the last study, the spatial resolution of the TM-FT system is investigated using multiple 

inclusions. In this study, two identical 3 mm inclusions filled with the same ThermoDots 

concentration are placed at decreasing distances from each other in order to find the 

resolution limit of our system, as shown in Fig. 6. Four cases are studied: 1.4, 3, 6.3, and 9 

mm separation between the edges of the two objects. Figure 7 shows the ThermoDots 

fluorescence absorption maps reconstructed with TM-FT and conventional FT.

The inherent limited spatial resolution of FT is clearly seen in the recovered ThermoDots 

fluorescence absorption maps in Fig. 7. Conventional FT is only able to resolve the two 

objects for the largest separation of 9 mm. The two inclusions are overestimated in size and 

severely underestimated in the recovered ThermoDots fluorescence absorption with over an 

87% error. Excluding this case, FT is unable to resolve the two inclusions as separate entities 

and thus the two inclusions are calculated as one inclusion in Table 4. Although the two 

objects are almost resolved for Case 14, when the inclusions are separated by 6.3 mm, the 

profiles of the two objects overlap and cannot be resolved using the FWHM as the threshold.

In contrast, TM-FT is able to reconstruct two separate objects for all cases, including the 1.4 

mm separation case, and recover the correct size with a maximum error of 25%. For all 

cases, the error in the recovered fluorescence absorption is less than 11%. This experiment 

shows that TM-FT can resolve two objects separated by 1.4 mm, which is approximately 

equal to the size of the focal spot of the focused ultrasound and the distance between the line 

scans. Consequently, the spatial resolution limit for TM-FT relies on the focal spot size of 

the focused ultrasound. While choosing a focused ultrasound with a smaller focal spot will 

increase the spatial resolution, it will also require an increase in the number of scan lines, 

resulting in a longer scan time.
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4. CONCLUSION

This experimental study investigates the performance of the TM-FT system using tissue-

mimicking phantoms in resolving the concentration, size, and location of embedded 

fluorophore inclusions. The high scattering of light combined with the inherently limited 

spatial resolution of FT can be seen in the low spatial resolution and quantitative accuracy of 

the FT reconstructed absorption and concentration maps. In addition, the dependence on the 

source and detector configuration can also be seen from the lower resolution in the y 
direction and more specifically from phantom study 2. Depth dependence, as the quantitative 

accuracy and resolution of the ThermoDots inclusion, decreases as the inclusion is moved 

away from the center of the phantom. On the other hand, extensive phantom studies show 

that TM-FT provides superior spatial resolution and quantitative accuracy and does not 

depend on the geometry of the optical sources and detectors. TM-FT uses the thermo-

sensitive quantum yield of the temperature-dependent ThermoDots and the localized heating 

from focused ultrasound to directly map the location and structure of the ThermoDots 

distribution with high spatial resolution. This information is used as a priori data and 

incorporated into the FT reconstruction program to provide high spatial resolution and 

quantitatively accurate images.

The spatial resolution study investigated the resolution limit of the TM-FT system. The 

spatial resolution is dependent on two factors: the focused ultrasound scanning pattern and 

the focal spot size. However, as the distance between the line scans is equal to the focal spot 

size, the resolution of TM-FT is ultimately determined by the focal spot size (∼1.33 mm). 

Consequently, the focal spot size can be reduced by choosing a transducer with a smaller 

focal spot or by increasing the frequency. However, this will require additional line scans to 

cover the same area and will result in a longer data acquisition time. In addition, while 

increasing the frequency of the transducer will reduce the size of the focal spot, this will also 

lead to a decrease in the penetration depth [21].

For FT reconstructions, when using structural a priori information, the accuracy of this a 
priori information can be a source of error. Errors can occur when the fluorescence is not 

exactly aligned or confined uniformly within the specified region from anatomical imaging 

modalities, such as MRI, CT, or ultrasound, as it is assumed that the fluorophore distribution 

is homogenous within the defined region, such as a tumor boundary. However, this is not the 

case for TM-FT as it uses the temperature dependence of the fluorophore to provide high 

spatial resolution functional a priori that is not based on anatomical information. As TM-FT 

heavily depends on the accuracy of the fluorescence a priori binary map, it follows that this 

could be a source of error if the accuracy of the binary map is compromised. Regardless, the 

results show that this error is minimal compared to the improvement in size and quantitative 

accuracy of TM-FT. The error in ThermoDots fluorescence absorption recovered is at most 

12% compared to conventional FT alone, which averaged an error above 90%.

TM-FT has many applications from preclinical small animal imaging to the clinical 

treatment of cancer. The future lies in targeting these ThermoDots to provide tumor-specific 

imaging. Optical devices have become one of the highest growth areas in preclinical imaging 

due in large part to their use in the development and assessment of new drugs for 
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pharmaceutical research [1]. As a small animal imaging device, TM-FT has the potential to 

provide in vivo fluorescence images with superior spatial resolution and sensitivity than 

commercial fluorescence systems. TM-FT is not only competitive with the spatial resolution 

of photoacoustic tomography (PAT) but has superior sensitivity as PAT has an inherent 

sensitivity to absorption and not the exogenous fluorescence contrast [12]. Future work 

includes expanding the current TM-FT prototype and adapting ThermoDots for in vivo 
animal imaging studies.
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Fig. 1. 
(a) Three-dimensional schematic of the phantom and focused ultrasound transducer. The 

transducer produces a focal zone of ∼1.33 mm in diameter and 10 mm in length. The centers 

of the focal zone as well as the ThermoDots inclusion (green cylinder) are in the same plane 

(blue plane) as the source and detector optical fibers. (b) Cross-sectional view of the 

phantom at the fiber plane [blue plane in Fig. 1(a)] located 50 mm below the surface. The 

transducer is scanned over the focused ultrasound scan area (gray) in orthogonal directions 

forming the x-scan (blue dashed lines) and the y-scan (red dashed lines). Six source fibers (1 
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mm diameter, orange arrows) and six detector fibers (6 mm diameter, gray arrows) are 

positioned at opposite ends of the phantom for transillumination measurements.
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Fig. 2. 
Reconstructed ThermoDots concentration maps comparing TM-FT (middle column) and 

conventional FT (right column) to the true value (left column) for four different ThermoDots 

concentrations. Case 1: 837 nM; Case 2: 782 nM; Case 3: 516 nM; and Case 4: 358 nM. The 

color bars all have units of nM.
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Fig. 3. 
Plot of the recovered versus true ThermoDots concentrations. The red circles and blue 

triangles represent the recovered values with TM-FT and FT, respectively. The dashed and 

dotted lines represent the least squares linear fit for both cases. Although both TM-FT and 

FT alone show a linear response with respect to the true ThermoDots concentration, only 

TM-FT recovers the correct concentrations. The correlation coefficient for the TM-FT and 

stand-alone FT fitted curves is 0.998 and 0.863, respectively.
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Fig. 4. 
Reconstructed ThermoDots absorption maps comparing TM-FT (middle column) and 

conventional FT (right column) to the true values (left column) for the different sized 

inclusion diameters. Case 5: 5 mm; Case 6: 4 mm; Case 7: 3 mm; and Case 8: 2 mm. As 

seen in the images, the reconstructed absorption depends on the size of the inclusions for 

conventional FT. However, when the functional a priori is used for TM-FT, the true value 

can be reconstructed with less than 12% error for all cases. The color bars all have units of 

mm−1.
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Fig. 5. 
Reconstructed ThermoDots fluorescence absorption maps comparing TM-FT (middle 

column) and conventional FT (right column) to the true value (left column) for different 

ThermoDots inclusion depths. Case 9: 20 mm; Case 10: 15 mm; Case 11: 10 mm; and Case 

12: 5 mm. The reconstructed fluorescence absorption depends on the depth. Conventional 

FT is unable to resolve the inclusion at 5 mm depth (Case 12). However, when the functional 
a priori is used for TM-FT, the true value can be reconstructed with less than 10.5% error for 

all cases. The color bars all have units of mm−1.
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Fig. 6. 
Experimental setup for phantom study 4: spatial resolution. Cross-sectional view of the 

phantom and ThermoDots inclusions separated by different distances.
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Fig. 7. 
Reconstructed ThermoDots fluorescence absorption maps comparing TM-FT (middle 

column) and conventional FT (right column) to the true value (left column). Δd is the 

distance separation between the two objects. Case 13: 9 mm; Case 14: 6.3 mm; Case 15: 3 

mm; and Case 16: 1.4 mm. Conventional FT is only able to fully separate the two objects for 

Case 13 when the separation distance is 9 mm. However, when the functional a priori is used 

for TM-FT, two separate objects can be seen for all four cases and the recovered 

ThermoDots fluorescence absorption is obtained with less than 11% error for all cases. The 

color bars all have units of mm−1.

KWONG et al. Page 19

Appl Opt. Author manuscript; available in PMC 2019 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

KWONG et al. Page 20

Ta
b

le
 1

.

R
ec

ov
er

ed
 T

he
rm

oD
ot

s 
C

on
ce

nt
ra

tio
n 

an
d 

Si
ze

 o
f 

In
cl

us
io

ns
 w

ith
 T

M
-F

T
 a

nd
 C

on
ve

nt
io

na
l F

T
 f

or
 P

ha
nt

om
 S

tu
dy

 1
: S

ys
te

m
 R

es
po

ns
e 

L
in

ea
ri

ty

 
C

as
e

 
T

ru
e

 
T

M
-F

T
 

C
on

ve
nt

io
na

l F
T

 
C

on
ce

nt
ra

ti
on

 
(n

M
)

F
W

H
M

 (
m

m
) 

x∕
y

 
C

on
ce

nt
ra

ti
on

 
(n

M
)

 
%

 E
rr

or
 

C
on

ce
nt

ra
ti

on
 

F
W

H
M

 
(m

m
) 

x∕
y

 
C

on
ce

nt
ra

ti
on

 
(n

M
)

 
%

 E
rr

or
 

C
on

ce
nt

ra
ti

on
 

F
W

H
M

 (
m

m
) 

x∕
y

1
 

83
6.

5
3.

00
/3

.0
0

 
83

8.
2

 
0.

2
3.

00
/3

.2
5

 
86

.9
 

89
.6

5.
75

/1
9.

25

2
 

78
2.

4
3.

00
/3

.0
0

 
77

7.
1

 
0.

7
2.

50
/3

.0
0

 
65

.0
 

97
.7

5.
75

/1
9.

25

3
 

51
6.

0
3.

00
/3

.0
0

 
53

6.
2

 
3.

9
2.

25
/2

.5
0

 
55

.5
 

89
.2

5.
50

/1
8.

25

4
 

35
7.

9
3.

00
/3

.0
0

 
36

6.
3

 
2.

3
2.

75
/2

.7
5

 
39

.4
 

89
.0

5.
00

/1
8.

00

Appl Opt. Author manuscript; available in PMC 2019 November 14.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

KWONG et al. Page 21

Ta
b

le
 2

.

R
ec

ov
er

ed
 T

he
rm

oD
ot

s 
Fl

uo
re

sc
en

ce
 A

bs
or

pt
io

n 
an

d 
Si

ze
 o

f 
In

cl
us

io
ns

 w
ith

 T
M

-F
T

 a
nd

 C
on

ve
nt

io
na

l F
T

 f
or

 P
ha

nt
om

 S
tu

dy
 2

: S
iz

e 
D

ep
en

de
nc

e

 
C

as
e

T
ru

e
T

M
-F

T
C

on
ve

nt
io

na
l F

T

 
μ

af
 (

m
m

−1
)

 
F

W
H

M
 (

m
m

) 
x∕

y
μ

af
 (

m
m

−1
)

%
 e

rr
or

 μ
af

F
W

H
M

(m
m

) 
x∕

y
μ

af
 (

m
m

−1
)

%
 e

rr
or

 μ
af

F
W

H
M

(m
m

) 
x∕

y

 
5

 
0.

02
00

 
5.

00
/5

.0
0

0.
01

90
5.

1
5.

00
/5

.2
5

 
0.

00
41

 
91

.3
5.

75
/1

9.
25

 
6

 
0.

02
00

 
4.

00
/4

.0
0

0.
01

90
5.

1
4.

00
/3

.7
5

 
0.

00
26

 
94

.4
5.

75
/1

9.
00

 
7

 
0.

02
00

 
3.

00
/3

.0
0

0.
01

98
1.

2
3.

25
/3

.2
5

 
0.

00
18

 
94

.7
5.

75
/1

3.
00

 
8

 
0.

02
00

 
2.

00
/2

.0
0

0.
02

24
12

.0
2.

00
/2

.2
5

 
0.

00
07

 
96

.8
5.

25
/2

0.
25

Appl Opt. Author manuscript; available in PMC 2019 November 14.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

KWONG et al. Page 22

Ta
b

le
 3

.

R
ec

ov
er

ed
 T

he
rm

oD
ot

s 
Fl

uo
re

sc
en

ce
 A

bs
or

pt
io

n 
an

d 
Si

ze
 o

f 
In

cl
us

io
ns

 w
ith

 T
M

-F
T

 a
nd

 C
on

ve
nt

io
na

l F
T

 f
or

 P
ha

nt
om

 S
tu

dy
 3

: D
ep

th
 D

ep
en

de
nc

e

C
as

e

 
T

ru
e

T
M

-F
T

C
on

ve
nt

io
na

l F
T

D
ep

th
 (

m
m

)
μ

af
 (

m
m

−1
)

F
W

H
M

(m
m

) 
x∕

y
μ

af
 (

m
m

−1
)

%
 E

rr
or

 μ
af

F
W

H
M

(m
m

) 
x∕

y
μ

af
 (

m
m

−1
)

%
 E

rr
or

 μ
af

F
W

H
M

(m
m

) 
x∕

y

9
20

0.
02

00
3.

00
/3

.0
0

0.
01

82
8.

9
2.

75
/3

.0
0

0.
00

18
91

.3
5.

75
/1

3.
25

10
15

0.
02

00
3.

00
/3

.0
0

0.
01

99
0.

8
3.

00
/3

.0
0

0.
00

11
94

.4
6.

00
/1

3.
50

11
10

0.
02

00
3.

00
/3

.0
0

0.
01

88
6.

0
3.

75
/3

.0
0

0.
00

07
94

.7
7.

25
/2

1.
75

12
5

0.
02

00
3.

00
/3

.0
0

0.
01

80
10

.2
3.

00
/3

.0
0

N
a

N
a

N
a

Appl Opt. Author manuscript; available in PMC 2019 November 14.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

KWONG et al. Page 23

Ta
b

le
 4

.

R
ec

ov
er

ed
 T

he
rm

oD
ot

s 
Fl

uo
re

sc
en

ce
 A

bs
or

pt
io

n 
an

d 
Si

ze
 o

f 
In

cl
us

io
ns

 w
ith

 T
M

-F
T

 a
nd

 C
on

ve
nt

io
na

l F
T

 f
or

 P
ha

nt
om

 S
tu

dy
 4

: S
pa

tia
l R

es
ol

ut
io

na

C
as

e

T
ru

e
T

M
-F

T
F

T

 
Δ

d 
(m

m
)

 
μ

af
 

(m
m

−1
)

 
F

W
H

M
 

(m
m

) 
x∕

y
 

μ
af

 (
m

m
−1

)
 

%
 E

rr
or

 
μ

af

 
L

ef
t 

F
W

H
M

 
(m

m
) 

x∕
y

 
R

ig
ht

 
F

W
H

M
 (

m
m

) 
x∕

y
 

μ
af

 (
m

m
−1

)
 

%
 E

rr
or

 
μ

af

 
L

ef
t 

F
W

H
M

 
(m

m
) 

x∕
y

 
R

ig
ht

 F
W

H
M

 
(m

m
) 

x∕
y

 
13

 
9.

0
0.

02
3.

00
/3

.0
0

 
0.

01
91

 
4.

6
 

2.
25

/2
.5

0
 

3.
00

/3
.0

0
 

0.
00

25
 

87
.6

 
5.

00
/1

7.
75

 
5.

00
/1

8.
25

 
14

 
6.

3
0.

02
3.

00
/3

.0
0

 
0.

02
19

 
9.

3
 

2.
75

/2
.5

0
 

3.
75

/3
.0

0
 

0.
00

20
 

90
.0

 
17

.2
5/

14
.2

5
 

17
.2

5/
13

.2
5

 
15

 
3.

0
0.

02
3.

00
/3

.0
0

 
0.

01
88

 
6.

3
 

3.
25

/3
.0

0
 

2.
75

/2
.5

0
 

0.
00

22
 

88
.8

 
7.

50
/1

7.
50

 
7.

50
/1

8.
00

 
16

 
1.

4
0.

02
3.

00
/3

.0
0

 
0.

02
22

 
10

.8
 

2.
50

/2
.5

0
 

2.
50

/2
.5

0
 

0.
00

15
 

92
.6

 
5.

50
/1

8.
50

 
5.

50
/1

7.
50

a Δ
d 

is
 th

e 
di

st
an

ce
 s

ep
ar

at
in

g 
th

e 
tw

o 
ob

je
ct

s.

Appl Opt. Author manuscript; available in PMC 2019 November 14.


	Abstract
	INTRODUCTION
	METHODS
	Instrumentation
	Optical Image Reconstruction Algorithm
	ThermoDots
	Phantom Studies

	RESULTS AND DISCUSSION
	Phantom Study 1: System Response Linearity
	Phantom Study 2: Size Dependence
	Phantom Study 3: Depth Dependence
	Phantom Study 4: Spatial Resolution

	CONCLUSION
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Table 1.
	Table 2.
	Table 3.
	Table 4.



