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Abstract

Fluorescence molecular tomography (FMT) is widely used in preclinical oncology research. FMT
is the only imaging technique able to provide 3D distribution of fluorescent probes within thick
highly scattering media. However, its integration into clinical medicine has been hampered by its
low spatial resolution caused by the undetermined and ill-posed nature of its reconstruction
algorithm. Another major factor degrading the quality of FMT images is the large backscattered
excitation light component leaking through the rejection filters and coinciding with the weak
fluorescent signal arising from a low tissue fluorescence concentration. In this paper, we present a
new method based on the use of a novel thermo-sensitive fluorescence probe. In fact, the
excitation light leakage is accurately estimated from a set of measurements performed at different
temperatures and then is corrected for in the tomographic data. The obtained results show a
considerable improvement in both spatial resolution and quantitative accuracy of FMT images due
to the proper correction of fluorescent signals.

Keywords
fluorescence molecular tomography; excitation light leakage; biomedical imaging; optical imaging

1. Introduction

Fluorescence molecular tomography (FMT) is an emerging molecular imaging modality
which is capable of providing quantitatively accurate 3D distributions of endogenous or
exogenous fluorescent probes in thick highly scattering media (Ntziachristos 2006,
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Venugopal et a/2010, Lin et a/2010b, Darne et a/ 2013, Rice et a/2015). FMT has become
an important tool in preclinical oncology research due to its ability to noninvasively resolve
the metabolic processes of fluorescent probes and biomarkers in bio-tissue (Kossodo et a/
2010, Ale et al 2012, Ma et al 2017, Zhang et a/ 2018). Despite using non-ionizing radiation
and low-cost instrumentation, the integration of FMT into clinical medicine has been
hampered by its low spatial resolution caused by the undetermined and ill-posed nature of its
image reconstruction algorithm (Arridge 1999, Lihong and Wang 2007, Leblond et a/ 2010).
Furthermore, the quality of the images reconstructed by FMT is highly sensitive to the signal
to noise ratio (SNR) (Hwang ef a/ 2005, Marshall et a/ 2010, Sevick-Muraca 2012, Sexton et
al2013).

The majority of the noise affecting FMT measurements arises from the spectral contribution
of the excitation light leaking through the rejection filters due to their limited performance
(Lu et a/2011). To fully take advantage of the high sensitivity of FMT, the elimination of the
excitation light leakage component from the measured signals is crucial (Zhu et a/2010). In
fact, acquiring accurate fluorescence signals strongly depends on the ability to correct for
this limitation especially when the tissue fluorescence concentration is low or when the
fluorescent probes accumulate deep in the tissue. The excitation light leakage component
can be eliminated up to a certain degree by incorporating a combination of notch, long-pass,
and band-pass filters. However, the performance of these rejection filters is limited when the
incident light penetrates the surface of the filter at an angle from its normal (Zhu et a/2010).
This is observed when camera based non-contact systems are used, where the lens
combination is not ideal such that light is not collimated when it passes through the rejection
filters (Hwang et a/ 2005, Nouizi et a/ 2015b). Therefore, even with the use of the best
rejection filters combination, it is crucial to account for the contribution of excitation light
leakage and correct for it, in order to obtain high quantification and spatial resolution FMT
images (Roy and Sevick-Muraca 1999a, 1999h, Eppstein et a/ 2002, Hwang et a/ 2005,
Soubret and Ntziachristos 2006, Davis ef a/2008, Liu et a/2012, Tichauer et a/ 2013,
Fantoni ef a/ 2014, 2015).

For phantom or pharmacokinetic studies, a common solution for excitation light leakage
suppression consists in the subtraction of the measurements performed before the injection
of the fluorescent agent (pre-injection excitation light leakage measurements) from the
measurements acquired after the injection under the same experimental configurations and
settings (Hwang et a/ 2006, Lu et a/2011, Tichauer et a/ 2012, Davis et a/2013). This
method is referred to as ‘ Standard method in this paper. It is only valid for phantom studies
or while studying kinetics, where images are acquired immediately before and after the
injection of the fluorescent contrast agent. It also assumes that the imaged animal remains
stationary as the quality of the corrected measurements using this method highly depends on
the ability to immobilize the animal during this period between the two data acquisitions
(Zhang et a/2018). Moreover, keeping the same experimental settings for both
measurements is an additional challenge as gain settings are set only when the fluorescent
agent is injected (Lin et a/2012a). In addition, when using targeted fluorescent probes that
require a long circulation period, generally over 10 h, to accumulate in tumours, this method
is useless due to the difficulty of replicating the exact same experimental settings to acquire
before and after injection data (Ardeshirpour et a/2014, 2018).
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In this paper, we propose a new method that allows an effective excitation light leakage
suppression even after injection of the fluorescent agent which makes it suitable for small
animals imaging even when targeted fluorescence probes are used (Nouizi ef a/2015b). Our
method is based on the use of the recently emerged thermo-sensitive fluorescence probe
(ThermoDots) consisting of ICG-loaded pluronic nanocapsules (Kim ef /2010, Chen and
Li 2011, Kwong et a/2015). The quantum efficiency and lifetime of these ThermoDots are
sensitive to temperature variations (Lin ef a/2012b, Nouizi et a/2015a). Taking advantage of
this property, two methods allowing the estimation of the excitation light leakage are
presented. The reconstructed images using these corrected measurements are compared to
the images reconstructed using raw data and data corrected using the aforementioned
Standard method.

2. Materials and methods

2.1

2.2.

Instrumentation

FMT measurements in this study were performed using the experimental setup illustrated in
figure 1. The system consists of a conventional CCD based fluorescence reflection
tomography scanner. lllumination of the imaged phantom was performed using a 785 nm
laser diode (300 mW, Thorlabs, Newton, NJ). The selection of the laser wavelengths was
based on the optical property of our ThermoDots (Kwong et a/2015). Similar to
indocyanine green (ICG), the ThermoDots were characterized and found to have a maximum
excitation and emission spectra at 785 nm and 830 nm, respectively. The laser was focused
before it was sent to the galvano-mirrors which were programmed to automatically scan the
phantom using a point source scheme (Nouizi ef a/2015b). The detection of the emitted
fluorescence signal was performed using a cooled CCD camera (Perkin Elmer, Cold Blue)
coupled to a sigma MACRO 50 mm F2.8 lens. Acquisition of a clean fluorescence signal
requires applying adequate rejection filters with the appropriate optical density in order to
separate the strong backscattered excitation light from the weak fluorescence signal. A
computer-controlled filter wheel (Tofra, Inc.) was installed between the CCD camera body
and the lens. In the following study, two 830 nm band-pass filters (MK Photonics) were
cascaded to decrease the leakage of the excitation light. A Labview software (National
Instruments, Austin, TX) was used to control each component and to perform the automatic
data acquisition. A heating pad was placed under the phantom to heat and maintain a stable
temperature during the study as well. The temperature was monitored using a thermocouple
(Photon Control, Inc.), placed inside the tube containing the ThermoDots, Fig 1.

Phantom design

The phantom used in this study is a rectangular 47 x 62 x 20 mm3 agarose gel phantom,
figures 1(b) and (c). Intralipid (0.5%) and Indian ink were added to agar to set the absorption
and reduced scattering coefficients of the phantom to be 0.0132 mm~1 and 0.8 mm™1,
respectively. The origin of the spatial coordinates was set to be at the top right corner of the
phantom. Two 5 mm inner diameter glass tubes were buried 10 mm below the upper surface
along the x-axis with tube 1 at yy= 21 mm and tube 2 at yy= 41 mm, figures 1(b) and (c).
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2.3. ThermoDots (ICG-loaded pluronic nanocapsules)

The ThermoDots were prepared by our industrial collaborator, /nnoSense LLC (USA).
ThermoDots consist of ICG encapsulated in Pluronic-F127 polymeric micelles (Kwong et a/
2015, 2017). They were characterized to determine their thermo-responsiveness and active
temperature ranges. For these phantom studies, ThermoDots were optimized to perform
between 14 °C and 24 °C. Within this operating range, the intensity of the emitted
fluorescence signal increases approximately 10-fold. Details on ThermoDots preparation
and characterization can be found in Kwong et a/ (2015).

2.4. Leakage suppression

Let M,y (7) be the fluorescence signal measured at temperature 7 when the source sand the
detector d'are used. Taking into consideration that the excitation light leakage (Lgy) is
independent of temperature, the fluorescence signal measured at a given temperature 7;can
be written as:

M((T;) = f5a(Ti) + Lyg @

where (7)) is the theoretical fluorescence signal at temperature 7;. Performing
measurements at two different temperatures, 7, > 71 and 5 (7,) > n(77), equation (1) can
be written as:

Msd(Tl) = fsd(Tl) + Lgq

M4(Ty) = f5a(T2) + Lgg= (1 + ) f54(T1) + Lyg @

where the parameter a defines the variation of the fluorescence signal due to the temperature
increase:

_n(Ty)

a = _}’](Tl)’ I’](Tl) > 0. (3

Based on the linear relationship between the fluorescence signal and the quantum yield of
fluorescence, a can be also obtained by the ratio of the signals Ms (7), 7= T, T5.

2.4.1. Method 1: low temperature, 5 (T|qw) # 0—The advantage of using
ThermoDots is that their operating temperature range can be tunable allowing us to obtain a
very low fluorescent signal 7(7p) ~ 0, at low temperature 7= T7y,,. At this temperature, the
measured signal consists essentially of the excitation light leakage component such that:

Ly = Msd(Tlow) . &)

The leakage measured using this method is referred to as Leak in this paper. Thus, the
corrected fluorescence signal at any temperature 7;is derived from equation (2) and can be
written as:

fsd(Ti) = Msd(Ti) — Ly = Msd(Ti) - Msd(Tlow) . (5)

Phys Med Biol. Author manuscript; available in PMC 2021 January 04.
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The operating temperature range of the ThermoDots is usually tuned to have a quasi null
emission at body temperature when performing animal imaging. By this way, the leakage is
obtained by simply acquiring one set of data before heating.

2.4.2. Method 2: To > T1 > Tjow and n (T;) > 0—In the case where it is not possible to
obtain the data at a low temperature, the excitation light leakage can still be corrected for by
performing a set of two measurements at two different temperatures, 7, > 7;and n(72) > n
(77). The excitation light leakage can be expressed as a function of two measured signals at
these two different temperatures My (72) > Mgy (T7), and the variation of the fluorescence
signal due to the temperature increase, a, takes the following form by using equations (2)
and (3):

_ I+ a)Msd(Tl) - Msd(TZ)
p .

sd (6)
The leakage estimated using this method is referred to as Leak, in this paper. The corrected
fluorescence signal at any temperature 7;is then obtained by simply subtracting the leakage
L syestimated by equation (6).

2.5. FMT image reconstruction framework

Reconstruction of the FMT images is a two-step process. The first step is the resolution of
the forward problem which consists of modeling the propagation of the excitation light from
the illumination site at the surface of the imaged medium to the fluorophore, then modeling
the fluorescence light emitted from the fluorophore to the surface of the medium (Arridge
1999, Nouizi ef a/2009, Ducros et a/ 2010, Lin et a/ 2015). It has been established and
generally accepted that the diffusion equation is an adequate tool to model the light transport
in highly scattering media (Arridge 1999, Erkol ef a/ 2015, Nouizi ef a/2016a, 2016b).
Generally, the intensity of emitted fluorescence signal is independent of the temperature of
the medium when using conventional fluorescent probes (Gao ef a/2010, Laidevant ef a/
2011). However, the fluorescence signal is highly temperature dependent when using our
ThermoDots due to the thermo-sensitivity of their quantum efficiency and lifetime (Lin et a/
2012b). The density of fluorescence photons &, within the medium at a temperature 7is

given by Nouizi ef a/ (2015a, 2015b), Lin et a/ (2015) and Kwong et a/ (2017):

- V[va(px] - [ﬂaf + /’lax](px = —4q

T T O]
= V| Dy VORINT)| = pam@ln(T)] = = @xn(Dpiag

where ¢ is the source of the excitation light. Dis the diffusion coefficient and g,

corresponds to the absorption coefficient. The subscripts xand /7 represent the excitation

and emission wavelengths, respectively. @, is the density of excitation photons. 7 is the

temperature dependent quantum yield of fluorescence and y¢is the fluorescence absorption

coefficient.

The second step is generally referred to as the inverse problem, which consists in
minimizing the quadratic error between the measured and the simulated data (Arridge 1999).
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The minimization is performed using the Levenberg—Marquardt method, where the unknown
Uardistribution is iteratively updated by Lin ef a/(2010a):

V= 4+ [IT T+ a0 T M = By ®)

where Fis the forward problem operator used to generate the simulated data and M is the
experimentally measured data. Jis the Jacobian matrix calculated using the adjoint-method
(Arridge 1999). A is the regularization parameter and /is the identity matrix.

3. Results and discussion

3.1. ThermoDots characterization

After synthesizing the ThermoDots, they first need to be characterized to be able to generate
quantitatively accurate FMT images within the tissue. The characterization of the
ThermoDots consists mainly in defining their temperature operating range, and their
fluorescence quantum yield for all temperatures within the operating range. Extensive details
on the characterization of ThermoDots and the dedicated photomultiplier-based system were
presented by Kwong et a/ (2015). Briefly, this involved comparing the intensity of the
fluorescence light emitted from the ThermoDots with a known concentration of ICG
solution as the temperature was increased gradually.

In the following section, we chose to present a more visual characterization technique using
the same reflectance FMT CCD system and phantom to be used later in this paper, figure
1(a). This technique simply consisted in filling the two tubes with different fluorescent
probes and comparing the emitted fluorescence light reaching the upper surface of the
phantom. In this technique, it is essential that the excitation light point source is exactly
midway between the two tubes. To determine the exact position of this midway point source,
both tubes were filled with a solution with 5 /Mol of ICG, figure 2(a). The laser point
source was then scanned between the two tubes, along the y~axis at x= 18 mm, until the
fluorescence signals emitted from both tubes had equal intensities as can be seen on the
profile (green line with + marker) performed at the surface of the phantom, figure 2(b). The
profile consisted of two main diffused fluorescence peaks above the two tubes and a sharp
backscattered peak at the position of the excitation source.

After the determination of the central point between the two tubes, tube 2 was filled with
ThermoDots in order to find the fluorescence quantum yield by comparing the ThermoDots
fluorescence light emission at different temperatures to a 5 xMol ICG solution. The phantom
was then placed on top of the heating pad in the field of view of the CCD, figure 1(a). For
this experiment, the initial temperature of the phantom was 14 °C and was gradually
increased to 24 °C using the heating pad. The temperature of ThermoDots was monitored
using a thermocouple placed inside tube 2. The fluorescence images were acquired using the
CCD camera with an integration time set to 2 s. The baseline fluorescence image was first
acquired at 14 °C then a single image was acquired after each 1 °C increase, resulting in 11
fluorescence images.

Phys Med Biol. Author manuscript; available in PMC 2021 January 04.
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The obtained results are presented as profiles carried-out along the y~axis at x= 18 mm on
the fluorescence images, figure 2(b). At low temperature, we were only able to observe the
peak above tube 1 containing ICG (green highlighted area). This was because the quantum
yield of ThermoDots in tube 2 was tuned to be sufficiently low yielding almost no
fluorescence emission at this temperature. By gradually increasing the temperature of the
phantom, the peak above tube 2 (red highlighted area) displayed a gradual increase as
opposed to the first peak above tube 1 containing the ICG solution. The temperature
independence of the excitation light leakage was shown as its peak intensity remained
constant during the experiment, figure 2(b). The signal increase was quantified by
integrating the fluorescence signals above tube 2, between =35 mm and )= 50 mm. The
blue curve in figure 2(c) shows the results obtained after normalizing the obtained intensities
by the baseline intensity observed at 14 °C when no fluorescence was emitted from tube 2.
The baseline signal observed above tube 2 at this temperature was essentially composed of
the tails of the excitation light peak and the fluorescent peak above tube 1 since the
ThermoDots emission was tuned to be negligible. In order to be able to compare this curve
with the invariant intensity obtained above the tube containing ICG, this was later
normalized using the same baseline obtained from the ThermoDots, figure 2(c). Based on
the linear relationship between the fluorescence quantum yield and the intensity of
fluorescence light, the fluorescence quantum yield of the ThermoDots and ICG solution
were considered equal when both intensities of the emitted light were equal. By
interpolation, figure 2(c) shows that the fluorescence quantum yield of the ThermoDots and
ICG solution were equal when the temperature reached 17.1 °C. This value will be used as
reference in the definition of the fluorescence quantum yield of the ThermoDots at any
temperature. The quantum yield at all other temperatures within the operating range can be
obtained using a linear interpolation of the relative increase of the fluorescence emitted light,
figure 2(c).

3.2. Excitation leakage estimation and correction

For both methods, fluorescence signals needed to be acquired at two different temperatures.
For method 1, fluorescence signals were first acquired at a low temperature where the
emission of ThermoDots was negligible, then acquired at a higher temperature. Method 2
was more practical and required a set of two fluorescence signals acquired at any
temperature yielding a non-negligible emission of the ThermoDots.

A second phantom with the same geometry, but with the absorption and reduced scattering
coefficients respectively increased by a factor of 2 and 1.5, was used to emphasize the
importance of excitation light leakage correction. Here, only tube 2 was used and filled with
our ThermoDots. Tube 1 was filled with a solution with identical optical properties of the
phantom. The fluorescence signals were acquired at three different temperatures: (1) 7; = 15
°C to mimic a low temperature where the fluorescence emission of ThermoDots is
negligible, (2) 7, = 17 °C which is the temperature where the emission is equivalent to ICG,
and finally (3) 73 = 19 °C to mimic an increase of 2 °C, which is tolerable when performing
small animal imaging.

Phys Med Biol. Author manuscript; available in PMC 2021 January 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nouizi et al.

Page 8

In order to compare our results with the Standard method that consists in measuring the
leakage before the injection of the fluorescent probe, an additional set of data was acquired
by removing the ThermoDots from tube 2 and replacing it with an intralipid solution having
the same optical properties as the phantom, similar to tube 1.

All the reflectance fluorescence images were acquired using a 2 s integration time. In figure
3, Standard shows the fluorescence image containing only the leakage component measured
using the Standard method where no fluorescent agent was present in the phantom. In figure
3,15 °C, 17 °C, 19 °C show the images acquired at 73 =15 °C, 7, =17 °Cand 73 =19 °C,
respectively. The profiles presented in the second row of figure 3 clearly show the variation

of the fluorescent signal intensity above tube 2 due to the temperature increase.

The leakage was first measured using the Standard method and then estimated using method
1 (Leaky), and method 2 (Leaky). In figure 4, Standard, Leaky, and Leak, show the leakage
obtained using: the Standard method, method 1 (Leak;), and method 2 (Leaky), respectively.
The profiles presented in figure 4 show that both method 1 and 2 provided a similar good
estimate of the excitation leakage when compared to the leakage measured using the
Standard method. A weak residual signal can be noticed above tube 2 due to the error in the
temperature measurement. The temperature was held constant with standard deviation of
0.27 °C using the heating pad during the acquisition of the fluorescence data. In future
works, a closed loop control of temperature would be used to obtain better results.

The fluorescence signals were corrected by simply subtracting the estimated leakage signals
obtained using one of the three methods presented above, figure 4. As an example, figure 5
shows the fluorescence signals acquired at 73 = 19 °C corrected by subtracting the obtained
excitation leakage. The corrected data only showed the fluorescence component above tube
2 containing the ThermoDots. In fact, the images showed that the excitation leakage
component has been efficiently corrected for, with a residual error less than 1% of the
removed excitation leakage peak.

4. FMT image reconstruction

The FMT data acquired at 73 presented the best SNR and was used to validate our method to
improve FMT image quality. Tomographic data was acquired by scanning the excitation
light source point along the y~axis, x =18 mm, at 9 equidistant positions between y= 6 mm
and y=56 mm. As aforementioned, obtaining quantitatively accurate FMT images requires
the determination of the quantum yield of fluorescence of the ThermoDots and the
temperature at which data was acquired. At 73 = 19 °C, the fluorescence quantum yield of
ThermoDots (77) was higher than the 5 Mol ICG solution (77,c¢). Using the curve on
figure 2(c), we obtained n7y=3.28 n,cgat T3.

Four reconstructions were performed using the raw data (Raw) and the data was corrected
using: Standard method (Standard), method 1 (Leak,), method 2 (Leaky). An additional
reconstruction was also performed using simulated data to be used as gold standard for the
evaluation of the quality of the reconstructed images. This simulated data was generated

Phys Med Biol. Author manuscript; available in PMC 2021 January 04.
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using the fluorescence quantum yield of the ThermoDots at 19 °C and the geometry and
optical properties of the phantom.

The reconstructions were performed on a rectangular mesh consisting of 1262 nodes which
formed 2363 triangular elements. All reconstructions were started using the same
homogeneous initial guess. The reconstruction algorithm was automatically stopped when
the resulting reconstruction error did not show an improvement superior to 5% during three
successive iterations. Figure 6 shows the obtained reconstructions. The reconstructed image
using the simulated data (Simu) shows that even when using ideal data, the target was
reconstructed 2.5 mm closer to the surface due to the reflection data acquisition scheme. The
reconstructed image using the raw data (Raw) shows multiple artefacts due to the presence
of the excitation light leakage contaminating the data. This image showed the lowest
estimation of the fluorescence absorption of all five reconstructed images. The last three
reconstructed images, Standard, Leak; and Leak, showed similar results to those obtained
using the simulated data. The higher spatial resolution of these images, obtained using the
corrected data (Standard, Leak; and Leaks) demonstrated the necessity for the correction of
the excitation light leakage.

In order to compare the quality of the obtained images, the medium was divided into two
regions: background and inclusion. As aforementioned, the inclusion was reconstructed 2.5
mm closer to the upper surface of the phantom. Therefore, the quantification was not
performed within the real inclusion boundary (Real) but within the boundary segmented at
full width half maximum of the image reconstructed using the simulated data (Simu). The
mean value and standard deviation of the obtained fluorescence absorption are summarized
in table 1.

Figure 6, (1)-(3) show the profiles along the three lines defined by the three arrows on the
image Raw. The profiles are computed on the images: Real, Simu, Raw and only Leak; as
the profiles obtained from the images Standard and Leak; were nearly identical to the ones
obtained from Leaks. The intensity of fluorescence obtained with the corrected data was
very similar to the one obtained using simulated data and was 30% higher than the one
obtained when using the raw data. These results clearly show how the correction for the
excitation light leakage has a significant improvement in the reconstructed images. The data
correction not only reduced the reconstruction artefacts but improved the quantitative
estimation of the fluorescence absorption as well.

5. Conclusion

The quantitative and spatial quality of FMT highly depends on the quality of the
fluorescence signals acquired at the surface of the imaged tissue. In general, these signals
are contaminated with other signals originating mainly from the excitation light leakage
through the rejection filters. This leakage is several orders of magnitude higher than the
fluorescence signal of interest, which is highly dependent on the fluorescent probe
concentration and depth within the tissue. Therefore, there is a crucial need for the
correction of the excitation light leakage, which is present in the measurements even with

Phys Med Biol. Author manuscript; available in PMC 2021 January 04.
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the use of an ideal combination of lens to focus and collimate the light into multiple
rejection interference filters.

This correction is a straightforward step where excitation light leakage is simply measured
before introducing the fluorescence probe within the phantom then subtracted from the
fluorescence measurements. This method remains valid while studying fluorescence probes
pharmacokinetics, where the images are obtained immediately before and after the injection
of the fluorescent contrast agent. However, the quality of the corrected measurements highly
depends on the ability to immaobilize the animal during this period between the two data
acquisitions. In addition, a long circulation period is required when using targeted
fluorescent probes, which makes this method useless due to the impossibility of replicating
the same experimental settings to acquire before and after injection data.

In this contribution, we demonstrate a new method for post-imaging excitation light leakage
estimation from a set of measurements obtained using our thermo-sensitive fluorescence
probes (ThermoDots) at different temperatures. In fact, our method is equivalent to
performing measurements before and after fluorescent agent injection. Nevertheless, our
method overcomes the challenging step of ‘before and after imaging” data acquisition
allowing us to perform excitation light leakage estimation at anytime even after the injection
of the ThermoDots.
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(a) The instrumentation: (1) CCD camera, (2) filter wheel, (3) light source fiber, (4) galvano-
mirrors, (5) agar phantom, (6) laser point illumination, (7) position of the inclusion and
thermocouple tip, (8) heating pad and (9) temperature controller. In order to fully
demonstrate the efficacy of our method in suppressing excitation leakage, the FT system was
set up in reflection mode which yields a higher leakage of the excitation light. Schematic
showing the used agar phantom, the tubes containing the ThermoDots and the laser scanning

line (red dashed line): (b) side-view and (c) top-view.
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(a) Top view of the phantom showing the two tubes and the position where the profiles are
carried-out. (b) Profiles of the fluorescence light obtained during the characterization of
ThermoDots. The green and red highlighted areas show the position of the ICG and
ThermoDots tubes, respectively. (c) Integral of the fluorescence signals performed at ROls
above the two tubes.
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Figure 3.
The fluorescence images acquired using the Standard method and when ThermoDots are

present within phantom at 7; = 15 °C, 7, =17 °C and 73 = 19 °C are presented in the first
row. The figure in the second row depicts the profiles along the dashed red lines.
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The excitation light leakage measured using the Standard method (Standard), method 1
(Leaky), and method 2 (Leak>) are presented in the first row. The profiles along the dashed

red line are presented in the second row.
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Figure5.
The fluorescence data acquired at 73 = 19 °C corrected using the Standard method

(Standard), method 1 (Leaky), and method 2 (Leak,) are presented in the first row. The
profiles along the dashed red line are presented in the second row.
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Figure 6.
The real fluorescence absorption (Real). The reconstructed fluorescence absorption images

using: simulated data (Simu), raw data (Raw), and the corrected data using: Standard
method (Standar d), method 1 (Leakq), method 2 (Leaky). In figure, (1)—(3) represent the
normalized profiles of the absorption fluorescence (1,9 along the lines defined by the arrows
1, 2 and 3 on the Real image, respectively. The ratio between the reconstructed profiles is
preserved by normalizing them to the maximum of the reconstructed images using simulated
data (Simu).
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Table 1.

Summary of the mean value and standard deviation of the reconstructed fluorescence absorption, zzs(mm=1).

Simu Raw Standard Leak, Leak,

Background  0.0003 +0.0012  0.0005 +0.0009  0.0003 + 0.0008  0.0003 +0.0008  0.0003 + 0.0001
Inclusion 0.0122 £0.0025 0.0057 +£0.0013  0.0089 +0.0031  0.0091 +0.0034  0.0105 + 0.0035
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