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Abstract

Fluorescence tomography (FT) has become a powerful preclinical imaging modality with a great
potential for several clinical applications. Although it has superior sensitivity and utilizes low-cost
instrumentation, the highly scattering nature of bio-tissue makes FT in thick samples challenging,
resulting in poor resolution and low quantitative accuracy. To overcome the limitations of FT, we
previously introduced a novel method, termed temperature modulated fluorescence tomography
(TMFT), which is based on two key elements: (1) temperature-sensitive fluorescent agents
(ThermoDots) and (2) high-intensity focused ultrasound (HIFU). The fluorescence emission

of ThermoDots increases up to hundredfold with only several degree temperature elevation.

The exceptional and reversible response of these ThermoDots enables their modulation, which
effectively allows their localization using the HIFU. Their localization is then used as functional a
priori during the FT image reconstruction process to resolve their distribution with higher spatial
resolution. The last version of the TMFT system was based on a cooled CCD camera utilizing a
step-and-shoot mode, which necessitated long total imaging time only for a small selected region
of interest (ROI). In this paper, we present the latest version of our TMFT technology, which uses
a much faster continuous HIFU scanning mode based on an intensified CCD (ICCD) camera. This
new, to the best of our knowledge, version can capture the whole field-of-view (FOV) of 50 x

30 mm? at once and reduces the total imaging time down to 30 min, while preserving the same
high resolution (~1.3mm) and superior quantitative accuracy (<7% error) as the previous versions.
Therefore, this new method is an important step toward utilization of TMFT for preclinical
imaging.

" fnouizi@uci.edu .
Disclosures. The authors declare no conflicts of interest.
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INTRODUCTION

Fluorescence imaging has been widely used to study many disease models including

cancer, mainly to study progression and pathology, response to therapy, receptor-targeted
applications, and probe development [1-8]. However, most of the preclinical work based

on diffuse optical fluorescence imaging is to a large extent done through 2D planar epi-
illumination imaging, mainly by illuminating and imaging the animal from above [9].

In fact, the spatial resolution of planar images will vary considerably with depth of the
fluorophore distribution due to the highly scattering and absorptive nature of the tissue [10].
This depth-dependent resolution is a ubiquitous trait of planar imaging mode. This limitation
can be significantly reduced using trans-illumination mode, where the animal is illuminated
and imaged from the opposite sides [11,12].

It is believed that orthotopic and transgenic tumor models using genetically engineered
animals provide a more realistic platform for cancer imaging. Tumor cell interactions

with the surrounding tissue stromal environment, including extracellular matrix, local
enzymes and proteases, vasculature, inflammatory cells, growth factors, and hormones, can
significantly affect tumor development [13-15]. However, they are extensively altered or
even missing to a large extent when tumors are grown in ectopic environments such as skin
[16,17]. Unfortunately, most orthotopic tumor models and especially spontaneous tumors
cannot be successfully resolved by planar fluorescence imaging.

Fluorescence tomography (FT) is necessary for 3D imaging of orthotopic/transgenic tumor
models. However, diffusion of light in highly scattering tissue makes FT very challenging.
Despite the efforts of the community, FT still could not provide the desired spatial resolution
and quantitative accuracy, hampering its widespread use in preclinical imaging. Hence,

its advantages such as superior sensitivity and low-cost instrumentation are not harnessed
adequately for 3D tomographic preclinical imaging. Extensive effort has been spent to
improve its resolution by combining FT with other anatomic imaging modalities such as
x-ray CT, MRI, and ultrasound [18-28]. Accordingly, structural a prioriinformation is
utilized to guide and constrain the fluorescence image reconstruction algorithm to improve
its performance. However, this approach does not work well since the fluorophores cannot
be localized in the anatomical images. Also, the fluorescence target boundaries do not
always correlate with structural ones [29].

An alternative approach has been to modulate the fluorescence signal using other modalities
in an interactive way. For example, focused ultrasound has been previously employed

to modulate fluorescence signals by tagging the optical photons. In this approach,
longitudinal vibrations created by a scanning ultrasound column are used to modulate the
optical parameters of tissue. Since only the photons passing through the small ultrasound
focal zone are tagged, selective detection of these photons improves the resolution of
fluorescence imaging substantially. However, extremely low signal-to-noise ratio due to
limited modulation depth of the optical signals generated by the ultrasound column makes
this approach difficult to implement [30-32]. Microbubbles that are surface-loaded with
self-quenching fluorophores have also been used to enhance the contrast for ultrasound
tagging [33,34]. However, their disadvantages are their instability, low circulation residence
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times, low binding efficiency to the area of interest especially in the fast-flow conditions,
and possible side effects if destructed during imaging session [35,36].

We previously introduced a new imaging modality called temperature modulated
fluorescence tomography (TMFT) [37-46]. This technique leverages the high resolution
of ultrasound with the ultrahigh sensitivity of the fluorescence imaging. TMFT uses
temperature dependence of special fluorescence contrast agents called “ThermoDots”
together with the focused ultrasound to achieve thermal modulation with high spatial
resolution. The idea is to scan focused heating zones over the imaging volume and localize
the resulting variation in the fluorescence emission of ThermoDots. A focused ultrasound
transducer is used to generate the localized hot spots (~1.3 mm in diameter). With the help
of the focused hot spot, TMFT can resolve the spatial distribution of the ThermoDots with
high resolution. The spatial resolution is determined by the spot size of the HIFU (~1.3
mm), which is not possible to achieve with conventional fluorescent tomography techniques.
Moreover, TMFT spatial resolution is preserved up to a depth of 60 mm depending on the
type of the HIFU transducer.

The activatable properties of ThermoDots are dependent on two main ingredients: ICG

and pluronic polymers [47-49]. Their key advantage is that their fluorescence signal
intensity and lifetime are drastically temperature dependent [38]. Indeed, only 4 degree
temperature elevation increases the fluorescent emission of ThermoDots up to hundredfold.
However, only a couple degrees of local temperature elevation are enough since the full
hundredfold fluorescent signal is not necessary for detecting the change in the detected
signal. Meanwhile, the local heating is achieved by focusing acoustic waves in a focal zone
utilizing a high-intensity focused ultrasound (HIFU) transducer. Therefore, TMFT is based
on a novel way of synergetic integration of two modalities: ultrasound (HIFU) and optical
imaging (FT).

During TMFT data acquisition, first, conventional FT is performed to determine region-of-
interest (ROIs), where ThermoDots accumulate. Following that, the fluorescence signal is
continuously monitored while scanning the HIFU over those ROIs. There is no change in
the fluorescence signal in the absence of ThermoDots over the scanning area. However, a
sudden increase in their emission signal is observed the moment HIFU scans over the target
containing ThermoDots. Hence, a binary mask that exactly represents the distribution of
ThermoDots within each ROI is obtained with high resolution. This binary map directly
maps the distribution of ThermoDots and, thus, can be used as an accurate functional a
priori, unlike structural a priori used in the conventional multimodality imaging methods
leveraging anatomical imaging [37-46,49,50]. This is one of the main advantages of the
TMFT technique.

Several other groups also have spent extensive efforts to improve the performance of the
fluorescence imaging utilizing different temperature-sensitive fluorescent contrast agents but
mostly in 2D planar imaging mode [51-54]. On the other hand, our focus has been on 3D
imaging in tomographic mode. Our first attempts in the development of the TMFT were
mainly fiber-based techniques, where optical fibers in contact with the tissue boundary were
utilized to deliver excitation light and detect the emitted fluorescence signals [43,44,46,55].
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This fiber-based configuration presented several critical limitations that hampered the
translation of TMFT to /n vivo small animal imaging. Mainly, the subject under investigation
needed to be immersed in an optical matching liquid, and the number of source-detector
pairs was limited by the number of optical fibers.

To alleviate these limitations, we recently developed a CCD camera-based TMFT system
that was designed for small animal imaging [56-58]. In this configuration, the camera was
placed above the subject under investigation to enable free-space detection. The animal

was placed on top of an ultrasound transparent membrane, which supported and kept it in
contact with the acoustic medium. Water was used as an acoustic medium for the HIFU
scanned below the membrane. The output of the laser source was mounted onto the center
of the HIFU transducer. This approach allowed illumination of the subject with a collimated
laser beam from its bottom through water. Hence, this design was a big step toward /n

vivo small animal imaging with TMFT due to the user-friendly design that eliminated the
difficult task of immersing the animal. Despite those improvements, the imaging time of
this CCD-based system was relatively long. One of the main reasons was that the HIFU
transducer was scanned in a step-and-shoot mode while the CCD collected signals with a
long integration time at each step. Since step-and-shoot mode was very time consuming,

it was not feasible to perform it over the whole FOV. Hence, performing conventional FT
reconstruction in between data acquisition steps was necessary to identify one or more ROIs.
Despite completing measurements on a limited area over a selected ROI, the total imaging
time was still over an hour with the addition of the conventional FT reconstruction.

In this paper, we present a faster methodology to improve the CCD-based TMFT. To achieve
higher data acquisition speed, we first upgraded the camera to an intensified CCD (ICCD).
Having an intensifier stage with high gain, the ICCD allowed us to reduce the integration
times from 2 s to 66 ms. This in turn allowed us to move from the step-and-shoot mode to

a continuous scanning mode, where the ICCD recorded a series of images while the HIFU

is continuously scanned over the whole FOV. This eliminated the delineation of each ROI
from the conventional FT and time-consuming step-and-shoot TMFT measurement scheme.
Indeed, this ICCD-based TMFT system achieved the same resolution as the previous version
while keeping total imaging time below 30 min due to higher sensitivity of the ICCD.
Furthermore, our industrial collaborators (InnoSense, Torrance, CA) extended the operating
temperature range of the ThermoDots from 17-21°C to 30-34°C, which was a prerequisite
for live animal imaging. We believe that these critical improvements finally pave the way for
in vivo small animal imaging with TMFT.

2. MATERIALS AND METHODS

A. Contrast Agents (ThermoDots)

Three types of temperature-sensitive fluorescent probes have been reported in the literature
[59]. These are, mainly, temperature-sensitive polymer nanoparticles [60], temperature-
responsive micelles [38,61,62], and thermosensitive liposomes [63,64]. ThermoDots

used in this study consist of temperature-responsive pluronic polymer-derived micelles
encapsulating a near-infrared (NIR) imaging agent, indocyanine green (ICG). The
hydrophobicity and hydrophilicity of the core and cornea of the micelle are temperature
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dependent. Therefore, the solvent polarity varies with the local temperature, which results
in a change in the quantum efficiency of the loaded ICG micelles. Just by modulating the
environment temperature 4 deg, their quantum efficiency can be varied a hundredfold. This
huge variation in the fluorescence emission allows their utilization as a fluorescent switch.
Indeed, they emit stronger fluorescence signals when the locale temperature increases [47-
49].

Our industrial collaborators previously synthesized ThermoDots with an operating thermal
dynamic range designed around the average room temperature (17-23°C), Fig. 1 (a).

These were very useful to test the TMFT prototypes in the lab with phantoms mimicking
optical properties of small animals. For those, Pluronic-F127 polymer is used as the

main ingredient, which consists of an amphiphilic tri-block copolymer of ethylene and
propylene oxide that can self-assemble into a micelle in aqueous solution [8,9]. ThermoDots
synthesized using Pluronic-F127 had a limited thermal range and perform only below 25°C.
However, when animals are anesthetized, generally their body temperature stabilizes around
31°C. To adapt the operating temperature range for /n vivo imaging, our collaborators tried
several polymers and found out that ThermoDots synthesized using polymer F108 were
more suited in the temperature range of 30-34°C. In that range, the fluorescence emission of
the ThermoDots increased approximately a hundredfold as seen in Fig. 1 (b). Moreover, both
versions of the ThermoDots were also PEGylated to make them ready for conjugating with
antibodies. The future generation of disease-targeting ThermoDots based on antibodies will
accumulate in the diseased area. Hence, these new ThermoDots based on the polymer F108
will be critical for future in vivo studies.

B. Instrumentation

As aforementioned, the first version of the TMFT was fiber-based. Light was routed into and
from the imaging interface using optical fibers placed on each side of the phantom holder.
The limited source-detector numbers restricted the size of the tomographic data collected in
that scheme. In the next generation camera-based system, we utilized a CCD camera that
collects considerable larger tomographic data due to coverage of the whole FOV and records
an image for every HIFU position. Moreover, we coupled the collimated laser beam with

the HIFU transducer and scanned them together. In fact, these two parts were decoupled

in the fiber-based system (i.e., only the HIFU beam was moving). Most importantly, the
camera-based approach allows the subject being imaged to be placed on an ultrasound
transparent membrane and eliminates the necessity of the immersion of the subject to an
optical matching medium.

We upgraded our previous CCD-based TMFT system using an ICCD (Stanford Photonics,
Palo Alto, CA), Fig. 2(b). In this configuration, the animal is placed on a HIFU transparent
membrane, and the camera is placed directly above it to enable free-space data collection.
This configuration makes the system user friendly with high throughput. A 785 nm laser

is used to excite the ThermoDots. The laser light is transferred to the TMFT system using
an optical fiber. The output of the fiber is terminated with a fiber optic collimator, which

is placed at the circular hole at the center of the HIFU transducer (H102, Sonic Concepts,
Inc., Bothell, WA). This provides the ability to scan both the laser and the HIFU beams
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together in tandem. The HIFU transducer has a focal length of ~60 mm and produces a
cylindrical focal zone of ~1.3 mm in diameter and 10 mm in height. It is operated at 1.025
MHz utilizing a signal generator (33220A, Agilent Technologies) that is cascaded with

a variable attenuator (355C, Agilent Technologies) and a 100 watt amplifier (155LCRH,
Kalmus, USA). This combination allows for adjusting the HIFU power and limiting it to
achieve only a couple of degrees local temperature elevation at the focal zone.

On the detection side, the ICCD camera provided much higher sensitivity owing to its
intensifier stage. A computer-controlled filter wheel is placed in front of it to switch

optical bandpass filters between fluorescence and absorption measurements. Fluorescence
measurements are performed for conventional FT and TMFT. Meanwhile, the absorption
measurements are used to obtain 3D absorption maps to improve the modeling of light
propagation and, hence, FT reconstruction results [65]. Tissue-like agarose phantoms are
utilized to test the system. ThermoDots are embedded inside of these rectangular phantoms,
which are placed on top of the ultrasound and light transparent membrane. Figure 3(a)
shows the top view of the imaging interface and the phantom upper surface.

Having a high-sensitivity ICCD in this new system accelerated the data acquisition scheme.
As opposed to the step-and-shoot mode, the computer-controlled translation stages are
used to continuously move the HIFU and collimated laser beam over the whole FOV in
linear fashion. Meanwhile, images are dynamically acquired with the ICCD. When the
ThermoDots are in the focal zone of the HIFU beam, their local temperature increases,
which leads to higher fluorescence emission, Fig. 3(d). The continuous scanning method
considerably reduces the imaging time. Before going into the details of the continuous
scanning method, however, it is important to mention that coupling the motion of the HIFU
and laser beam together brought up an important advantage for this approach, as explained
in the next section.

C. Comparison of Performance for Coupled and Decoupled HIFU and Laser Beams

The fluorescence signal emitted by the ThermoDots depends both on the local excitation
light photon density and the local temperature. When the HIFU and optical beams are
decoupled, the HIFU beam is moving while the optical excitation beam is kept steady as
seen in Fig. 4(a). That leads to a sudden increase in the detected fluorescence signal when
traveling HIFU beam hits to the ThermoDots, causing an increase in the local temperature.
However, the signal does not decrease immediately when the HIFU beam moves away from
the inclusion where ThermoDots are located, indicated by the green area in Fig. 4. This is
because of the relatively low heat transfer in the phantom preventing the local temperature
to drop quickly. While the sudden increase allows us to detect the first edge of the target
containing the ThermoDots, the slowly decreasing signal prevents us from determining the
second edge of the target. Therefore, it is necessary to scan the FOV from both sides since
only one edge of the inclusion containing ThermoDots can be determined during a linear
scan. On top of that, postprocessing is necessary by taking derivatives of the signals to
find the edges of the inclusion from both sides. The details can be found in our previous
publication [44].

Appl Opt. Author manuscript; available in PMC 2024 September 13.
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On the other hand, when the HIFU and laser beams are coupled, they are scanned together.
In this scheme, the signal increases as soon as the ThermoDots are within the HIFU hot
spot. However, the detected signal decreases right away as soon as the ultrasound beam
moves away since the collimated laser beam is coupled with it and moving away from the
target. Mainly, the quick reduction in the excitation photon density dominates since the laser
beam is moving away, which causes instantaneous reduction in the emitted fluorescence
signal despite elevated local temperature levels as seen in Fig. 4(b). Hence, both edges of
the inclusion can be identified easily, and the requirement of the linear scan from opposite
direction is eliminated together with extensive postprocessing as in the case of decoupled
HIFU and laser beams.

D. Data Acquisition

At the beginning of the imaging session, the subject under investigation is placed on a

thin membrane that is transparent for both optical and ultrasound waves. First, conventional
optical tomography acquisition is completed in absorption and fluorescence mode, while
HIFU is turned off For this purpose, the excitation laser beam (785 nm) is scanned from the
bottom of membrane over a 8 x 5 grid using the translational stage. First, the excitation light
is turned on at every grid position, and a conventional tomographic measurement is acquired
with the ICCD providing a total of 40 images (1340 pixels x 1024 pixels). Integration time
of the ICCD is kept at 100 ms. Including the positioning time, the total imaging time is

less than 1 min for the absorption measurements. The absorption maps reconstructed using
these measurements at the excitation wavelength of the ThermoDots are later used in the

FT inverse solver to increase its accuracy [36]. Following that, an 830 £10 nm bandpass
filter is placed in front of the camera for fluorescence measurements. This bandpass filter
helps eliminate the excitation light component in the detected light while passing only the
fluorescence emission of the ThermoDots. The very same data acquisition procedure is
repeated to acquire conventional FT measurements while increasing the integration time of
the ICCD to 500 ms. The main reason is the weak fluorescence emission of the ThermoDots
when the local temperature is low. Despite the increase in the integration time, the FT
acquisition is completed in less than a minute.

Once the conventional optical tomography measurements are done, HIFU is turned on to
complete the TMFT measurements. It is operated at low power mode yielding a heating of
a few degrees for a short period of time. During the TMFT HIFU scanning, two orthogonal
scans are performed, in x and y directions. Scans are performed over several 1.3-mm-wide
lines to cover the whole FOV in both x and y directions. Each line-scan is acquired twice,
with the HIFU power turned off, then turned on. The former one is used as a baseline and
subtracted from the latter one to calculate the difference that is only due to the increase

in the emission of ThermoDots at an elevated local temperature. To be able to compare

the signals, an ROI is determined (50% of the maximum signal) in the ICCD images. The
intensity of the pixels inside this ROl is integrated for each image. Since images are acquired
in a dynamic fashion with ICCD during HIFU scan, each image corresponds to a different
HIFU position on the line-scan.
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Figure 4(b) shows the resulting difference profile along the line-scan going through the
target filled with ThermoDots. In the absence of ThermoDots along the scanning line of the
active HIFU beam, no change in the fluorescence signal is observed. However, there is a
sudden signal increase when the HIFU scans over the target. Once the HIFU beam leaves the
target, the fluorescence signal starts decreasing quickly as explained in the previous section.
One side of the fluorescence target boundary is identified by a significant increase in the
signal. The other side is identified when the signal decreases more than 30% compared to
the previous time point that corresponds to the moment when the HIFU and laser beam
leaves the object together, Fig. 4(b). At the end, a binary map is created for x and y scans,
separately. Following that, these two maps are first multiplied and then segmented at full
width at half-maximum (FWHM) to create a final binary mask [44]. In fact, this binary
mask already represents a high-resolution map of the true localization of ThermoDots in
the tissue, which is later used as “functional a priori’ during the FT image reconstruction
process [44].

E. TMFT Image Reconstruction Algorithm

The mathematical framework for TMFT follows the conventional FT. First, the propagation
of the excitation light is modeled from the tissue entrance point to the target containing
fluorophores. After that, the fluorescence emission light is modeled from the target to the
surface of the medium using the coupled diffusion equation [66—70]. During this process,
the quantum efficiency is used to model the thermally dependent fluorescence emission as a
function of local temperature, »(T), at the right-hand side of the second equation of Eq. (1).
Therefore, the modified TMFT forward problem permits calculating the density of emission
photons, &}, generated by the ThermoDots at temperature T [37,44],

V[vaq)x(r)] - (”nx + ”af)qu(r) = - qo(")
V[DVOLP)] = pon®n(r) = = @Dty

@)

where u,, = 2.303 - ¢ - C is the absorption coefficient of fluorescence, with ¢ and C being,

respectively, the molecular extinction coefficient and the concentration of the fluorophore.
1

3 + 1)’
with y, and g, being, respectively, the absorption and reduced scattering coefficients of
the medium [44,71]. The subscripts x and m represent the excitation and the emission
wavelengths, respectively.

@.(r) is the excitation photon density. The diffusion coefficient is defined by D =

To reconstruct the TMFT images, an inverse problem is solved by minimizing the difference
between the fluorescence fluence measured at the surface of the medium and the one
calculated by solving Eq. (1),
N, N, )
Qu)= D, D (Sh-Fllmy)s

i=1j=1
@)
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where S, is the set of emission light fluence measured at temperature T. F}(u,,) is the set
of simulated emission light fluence, which is calculated by solving the forward problem
defined by Eq. (1). N, and N,, respectively, represent the total number of sources and
detectors. The Levenberg-Marquardt method is used to minimize the cost function in Eq.
(2), while iteratively updating the vector of unknowns g,, by [55,66,68,72—-75]

-1
X, =X, + (JTJ + u) JTs-p),

©)

where X represents the unknown vector of y,, and J is the Jacobian matrix. The
reconstructed u,, map at the end of this conventional FT process is a low-resolution one

that cannot resolve small or closely located multiple targets. The advantage of the TMFT

is the high-resolution binary map it renders with the help of the focused ultrasound and
ThermoDots. To obtain a quantitatively accurate fluorophore absorption map, this binary
map is incorporated into the FT image reconstruction algorithm as soft priori. In summary, a
penalty matrix describing the binary mask retrieved using the HIFU is implemented, which
can be represented as [37,44,76]

0 i and j not in the same region

L;={- ]\1]" i and j in the same region |,
1 i=j

4)

where N, represents the number of nodes included in each region r. The FT inverse problem
is solved again but by implementing the penalty matrix this time. It guides and constrains
the solution to yield a high-resolution fluorescence absorption map. In this step, the inverse
problem is solved iteratively by updating the unknown g,, using the Levenberg-Marquardt
method:

—1
Xpi1= X, + (JTJ + /ILTL) JITs-F).

®)

Solving the inverse problem as defined by Eq. (5) significantly improves the quality of the
fluorescence images and provides much superior quantitative accuracy, owing to the high
resolution of focused ultrasound.

3. RESULTS

To test the performance of our new continuous scanning method based on the ICCD,
phantoms simulating tissue optical properties are used. Two different rectangular-shaped (50
x 25 x 17 mm3) agarose gel phantoms are prepared, Figs. 5(a) and 5(b). Intralipid (0.5%)
and India ink are added to the agarose gel to set the absorption and reduced scattering
coefficients of the phantom to be 0.01 mm~1 and 0.8 mm™1, respectively [77]. To create
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a region with the accumulation of ThermoDots within the phantoms, a 10-mm-tall and
3-mm-diameter glass tube is inserted at the center of the first phantom along its z axis. The
fluorescence absorption of the ThermoDots is set to 0.26 mm™L. The top side of the tube

is located 4 mm below the upper surface of the phantom, Fig. 5(a). The very same tube is
placed orthogonally in the middle of the second phantom, Fig. 5(b). While the first phantom
allows evaluation of the resolution of the ICCD-based TMFT primarily in the x — y plane,
the second one helps determine resolution mainly in the z direction. This is critical since
the length of the HIFU focal zone is much bigger than its width, resulting in lower TMFT
resolution in the z direction compared to the x — y plane.

A. Phantom I: Inclusion Is Positioned along the z-Axis

As mentioned in the data acquisition section, first, optical absorption tomography
measurements are acquired. The averaged recovered optical properties of the phantoms’
background are y, = 0.013 mm~! and 4, = 0.87 mm~!. Following that, TMFT measurements
are performed. The geometry of the phantom shown in Fig. 5(a) is built using the

CAD toolbox of COMSOL Multiphysics. Following that, first, a homogenous mesh was
generated using the COMSOL meshing toolbox. Only the outer geometry of the phantom is
considered, and the maximum element size is set to 0.25 mm. This homogenous mesh has
24,929 tetrahedral elements connected at 4940 nodes. Using conventional FT measurement
obtained over the 8x5 grid, fluorescence absorption maps of the ThermoDots (x,,) are
reconstructed first without TMFT measurements. As seen in Fig. 6, conventional FT
successfully localizes the inclusion very well, but it fails to recover its real size. In fact,

the recovered diameter of the inclusion is 8.15 mm while the recovered length is around
13.53 mm. Hence, the recovered volume is much larger than the real volume that results

in significant underestimation of the fluorescence absorption of the ThermoDots, 0.051 +
0.015 mm~1, Consequently, the error in the recovered fluorescence absorption is nearly
~81%. Please note that, to calculate the standard deviation in the recovered values, the image
reconstruction process is repeated 5 times with different initial values and regularization
parameters.

For TMFT reconstruction, first, another mesh is generated with the same maximum element
size. Following that, however, the boundary of the inclusion delineated by the binary map
obtained with the HIFU scan is implemented in this mesh. Even prior to any reconstruction
process, this HIFU-derived binary mask localizes the inclusion with high accuracy. This
binary mask is used as soft a priorito solve the FT inverse problem in order to recover

the concentration of ThermoDots within the tube with high accuracy [43,44,46,55]. The
fluorescence absorption map obtained at the end of TMFT shows its superior spatial
resolution and quantitative accuracy compared to the conventional FT, Fig. 6. TMFT nearly
recovered the exact diameter of the tube, with a slight overestimation of only 0.7 mm,
which might be due to continuous motion of the HIFU beam during the ICCD image
acquisition and the result of the interpolation from the mesh to the Cartesian grid image

as we demonstrated before [46]. Meanwhile, TMFT recovers fluorescent absorption of the
inclusion with high accuracy at 0.241 + 0.012 mm™1, which represents an error of 7%.
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B. Phantom II: Inclusion Is Positioned along the z-Axis

The TMFT binary map resolution directly depends on the HIFU focal spot size. Although
the diameter of the HIFU beam is small, its focal depth is much larger in size, around

10 mm. That unfortunately results in poor resolution in the z axis. Since the inclusion is
positioned along the z axis, the first phantom mainly evaluates the resolution in x and y
axis. To be able to evaluate the resolution of the system in the z axis, a second phantom is
prepared. In this phantom, the very same inclusion is positioned along the x axis.

The identical data acquisition procedure is followed for the second phantom. Again, a
homogenous mesh is generated using the COMSOL meshing toolbox. The absorption
measurements are used to recover the mean absorption and reduced scattering coefficients
4, =0.012 mm~!and », = 0.85 mm~!, respectively. Following that, the FT and TMFT
measurements are performed. A heterogeneous mesh is prepared considering the inclusion
boundaries retrieved from the TMFT HIFU-derived mask for this second phantom. Once
again, FT reconstructions are performed with and without the TMFT binary mask.

Figure 7 shows the reconstruction results in different planes. As expected, conventional

FT successfully localizes the inclusion well, but it fails to recover its real size. The
recovered diameter of the inclusion is 11.5 mm while its length is recovered around 11.8
mm. Consecutively, the fluorescence absorption of the ThermoDots is again drastically
underestimated, 0.063 + 0.017mm™1. This translates to an error in the recovered mean
fluorescence absorption of nearly ~76%. On the other hand, TMFT recovered the diameter
of the tube much better compared to the conventional FT, 6.78 mm. However, its accuracy is
worse than the previous case as expected since the tube is positioned along the x axis, which
reveals the poor performance of TMFT in the z direction. The fluorescent absorption of the
inclusion is also recovered with higher accuracy with TMFT compared to the conventional
FT, 0.10 + 0.011 mm™1, with 61% error. However, the overall TMFT quantitative accuracy is
not even as close to the first case as well, owing to the long focal depth of the HIFU.

4. CONCLUSION

The new continuous-scan method described in this work is a critical step toward the
application of TFMT method for /n vivo small animal imaging since it reduces the total
imaging time for a FOV of 50 x 25 mm? below 30 min. The camera-based design also
allows the positioning of animal on a membrane, which provides high throughput for /in vivo
applications together with the fast-scan capability. On top, ThermoDots are optimized for a
working range of 30-34°C using a new polymer F108 by our industrial collaborators from
InnoSense LLC. This is also another crucial step for small animal imaging with TMFT.

In TMFT, ultrasound provides the high resolution while optical fluorescence imaging
delivers the superior sensitivity. Indeed, TMFT relies on the acoustics waves from the
focused ultrasound transducer and, therefore, is not constrained by the same scattering and
absorption limitations as optical waves. One of the strengths of our technique is that the
HIFU transducer has a focal length of 60 mm in tissue, which makes it very suitable for

in vivo preclinical and clinical applications. Another one is the reduced imaging time since
HIFU and laser beam coupling eliminates the requirement of the linear scan from opposite

Appl Opt. Author manuscript; available in PMC 2024 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nouizi et al.

Page 12

direction as well as extensive postprocessing required for the case of decoupled beams. It
should be noted that, however, the coupling beams do not affect the overall reconstruction
quality.

Meanwhile, one weakness of our current setup is the low resolution in the z direction.

The focal spot of the HIFU transducer used in our setup is around 1.3 mm. However,

the focal depth of the beam is around 10 mm, nearly sevenfold bigger. This is generally

true for all HIFU transducers and directly reflects to the distribution of local temperature
elevation around the focal spot. Hence, the binary map provided by the TMFT scan has

a far better resolution in the x — y plane. To evaluate the resolution in all directions, two
different phantoms are utilized in this work. The HIFU-derived binary map is utilized

as a soft a priori, during the final TMFT reconstruction. In both cases shown above,

the error of the conventional FT in the recovered fluorescence absorption is nearly 80%.
Compared to the conventional FT, the TMFT reconstruction algorithm manages to recover
the inclusion with great accuracy when the HIFU binary map is used to guide and constrain
the reconstruction algorithm. When the target is positioned along the z axis, the error in the
recovered fluorescence absorption goes down to 7% with TMFT. Unfortunately, the error
increases to 60% when the object is positioned along the x axis. This is attributed to the long
focal length of the HIFU beam, along the z axis. Although the diameter of the inclusion is

3 mm, the HIFU binary map cannot resolve it since the HIFU focal length is 10 mm. That
leads to a larger area delineated by this binary map and, hence, incorrect a priori information
that resulted in poor resolution and low accuracy. Since the HIFU binary map cannot provide
adequate high-resolution information along the z axis, the results are heavily weighted by
the FT resolution in this direction. Although FT is operating in limited angle tomography
mode, i.e., illumination is from the bottom and detection is from the top, the high number of
source-detector configuration based on the high number of ICCD pixels allows delineating
the size of the inclusion along the z axis better than the HIFU binary map alone. Here the
inclusion is placed either parallel or perpendicular to the z axis to show the best and worst
cases. If it was placed at an angle, again similar results would be obtained—the resolution in
the z axis would be much worse but compensated with the FT up to a certain level. Although
the FT counterpart acquires 2D fluorescence images, a total of 40 images are acquired for
different source positions (8x5 grid), and that provides ample source-detector pairs (any
source position x number of pixels in a 2D image) for a good 3D reconstruction.

A solution to improve the performance of TMFT in the z-direction and bring it to the same
level in the x — y plane might be utilizing more than one HIFU transducer. Our conceptual
design for the next generation TMFT will be placing two HIFU transducers orthogonally to
send the HIFU beams at 45° and —45° to the animal sequentially. Both HIFU transducers
will be positioned at the bottom of the animal and scanned with translational stages similar
to the current design. Since the HIFU beams will be turned on sequentially, the scan time
will double, but the cross-section area of the binary maps obtained with each HIFU beam
will be much smaller compared to their individual focal length. Prior to this technically
challenging improvement, our next aim will be making the ThermoDots disease-targeting
using antibodies. Currently, their fast pharmacokinetics (i.e., wash-in and wash-out in a
tumor model within a couple of minutes) does not give enough time for imaging. Making

Appl Opt. Author manuscript; available in PMC 2024 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nouizi et al. Page 13

them disease-targeting will allow ThermoDots to stay in the target area for a long time and
permit TMFT imaging /in vivo.

There is a great interest in the development of disease-targeting fluorescent contrast agents
in the clinical arena. For example, the first ovarian-cancer-targeting fluorescent agent has
been recently approved by the FDA [78]. Used in tandem with intraoperative fluorescence
cameras, this agent will soon be a part of the routine clinical practice to help physicians
during ovarian cancer debulking surgery. With the advent of these clinical smart cancer-
targeting probes, demand for higher resolution and quantitatively accurate fluorescent small
animal imaging will increase, particularly for more realistic orthotopic tumor models.
Therefore, TMFT is expected to play an important role in the development of new smart
fluorescence probes targeting different tumor types or diseased tissue in the near future.
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Fig. 1.
Temperature response of the ThermoDots designed for: (a) phantom (17-23°C), and (b)

preclinical (29-37°C) studies using polymers F127 and F108, respectively.
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(a) Schematic of the in vivo small animal TMFT system. (b) photo of the TMFT prototype.
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(@) Florescence emission of the ThermoDots is low at low temperatures; however, it goes up
with the local temperature. (b) Room light photo taken by the ICCD that shows the phantom
and HIFU transducer underneath. The HIFU cable is visible (black) on the right-hand side.
The position of the ThermoDots is indicated by the red circle. (c) and (d) Schematic of

the system, while the HIFU and laser beams are scanned together over the phantom. ICCD
detects (c) low fluorescence signal when ThermoDots are out of the ultrasound focal zone

and (d) high fluorescence signal when they are within it.
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Comparison of coupled and decoupled HIFU and laser beams. (a) When decoupled, the
emission signal of ThermoDots stays high for a long time due to elevated local temperature,
which makes delineating object boundary (green area) harder in one pass. (b) When coupled,
scanning only in one direction is enough to determine the object boundary. The green
highlighted area shows the position of the 3-mm-diameter target filled with ThermoDots.
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Fig. 5.
Schematics of the 50 x 30 x 17 mm3 rectangular agar phantoms used in the evaluation

studies. A 3-mm-diameter and 10-mm-height glass tube filled with ThermoDots is inserted
at the center of these two phantoms (a) along its z axis and (b) along its x axis respectively.
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Fig. 6.
Reconstructed 3D fluorescence absorption images segmented at full width at half-maximum

with conventional FT (left column) and TMFT (right column). Each row shows the images
in different planes (x — y, y — z, and x — z). The real boundary of the inclusion is represented
with black line while the contour of the recovered inclusion is indicated by white lines in
each image. It is easily seen in the images that TMFT not only localizes the object much
better owing to the HIFU scan but also recovers the mean fluorescence absorption with high
accuracy, around 7% error.
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Fig. 7.
Reconstructed 3D fluorescence absorption images segmented at full width at half-maximum

with conventional FT (left column) and TMFT (right column). For the second phantom.
Each row shows the images in different planes (x — y, y — z, and x — z). The real boundary

of the inclusion is represented with black line while the contour of the recovered inclusion

is indicated by white lines in each image. TMFT not only localizes the object much better
owing to the HIFU scan but also recovers the mean fluorescence absorption with a bit higher
accuracy. TMFT accuracy is much worse compared to the first case though, due to long
focal depth of the HIFU.
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