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Abstract

Background and Objectives: In photothermal therapy, cancerous tissue is treated by the heat
generated from absorbed light energy. For effective photothermal therapy, the parameters affecting
the induced temperature should be determined before the treatment by modeling the increase in
temperature via numerical simulations. However, accurate simulations can only be achieved when
utilizing the accurate optical, thermal, and physiological properties of the treated tissue. Here, we
propose a multi-wavelength photo-magnetic imaging (PMI) technique that provides quantitative
and spatially resolved tissue optical absorption maps at any wavelength within the near-infrared
(NIR) window to assist accurate photothermal therapy planning.

Study Design/Materials and Methods: The study was conducted using our recently
developed multi-wavelength PMI system, which operates at four laser wavelengths (760, 808, 860,
and 980 nm). An agar tissue-simulating phantom containing water, lipid, and ink was illuminated
using these wavelengths, and the slight internal laser-induced temperature rise was measured using
magnetic resonance thermometry (MRT). The phantom optical absorption was recovered at the
used wavelengths using our dedicated PMI image reconstruction algorithm. These absorption
maps were then used to resolve the concentration of the tissue chromophores, and thus deduce its
optical absorption spectrum in the NIR region based on the Beer—Lambert law.

Results: The optical absorption of the phantom was successfully recovered at the used four
wavelengths with an average error of ~1.9%. The recovered absorption coefficient was then used
to simulate temperature variations inside the phantom. A comparison between the modeled
temperature maps and the MRT measured ones showed that these maps are in a good agreement
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with an average pseudo A statistic of 0.992. These absorption values were used to successfully
recover the concentration of the used chromophores. Finally, these concentrations are used to
accurately calculate the total absorption spectrum of the phantom in the NIR spectral window with
an average error as low as ~2.3%.

Conclusions: Multi-wavelength PMI demonstrated a great ability to assess the distribution of
tissue chromophores, thus providing its total absorption at any wavelength within the NIR spectral
range. Therefore, applications of photothermal therapy applied at NIR wavelengths can benefit
from the absorption spectrum recovered by PMI to determine important parameters such as laser
power as well as the laser exposure time needed to attain a specific increase in temperature prior to
treatment.

Keywords

photo-magnetic imaging; photothermal therapy; magnetic resonance thermometry; finite element
method; image reconstruction; multi-wavelength lasers

INTRODUCTION

Laser photothermal therapy (PTT) is a medical technique that utilizes light to irradiate
biological tissue for cancer treatment. During the therapy, laser light is absorbed by the
medium causing a temperature elevation due to the conversion of photon energy into heat
[1]. PTT can be divided into two forms: low-temperature hyperthermia and thermolysis.
Hyperthermia occurs by heating up the biological tissue 6-8°C. Heating the tissue up to this
level would change the tumor microenvironment, and alter blood flow and oxygen
distribution within the tumor, leading to cancer cell death by apoptosis [2,3]. For
thermolysis, laser is applied to heat the tumor to more than 13°C, which causes a tumor
destruction by necrosis [4,5].

In both PTT regimes, the efficacy of the treatment depends on the accuracy and performance
of the heat delivery method. Therefore, adjusting experimental parameters that control the
temperature elevation such as laser settings and exposure time is crucial. Indeed,
determining these parameters is critical to avoid overheat during hyperthermia, and
insufficient heating during thermolysis. Hence, a customized thermal protocol should be
developed to attain these parameters prior to the treatment throughout simulation studies [6].
These simulation studies are generally performed through the modeling of the
spatiotemporal distribution of temperature-induced by tissue light absorption using the bio-
heat equation [7-11].

For an effective PTT, exogenous agents are frequently utilized to enhance light absorption at
the tumor; consequently, the temperature selectively increases within tumor cells with
minimal collateral damage to healthy tissue [12-14]. Gold nanoparticles having a tunable
absorption bandwidth as well as Food and Drug Administration-approved indocyanine green
(ICG) have been used in different studies as exogenous agents to increase light absorption
during thermal treatment [15-20]. Therefore, in addition to the tumor local absorption, the
increase in absorption due to these exogenous agents needs to be accurately defined before
performing PTT to attain an accurate temperature modeling.

Lasers Surg Med. Author manuscript; available in PMC 2022 July 01.
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Conventional diffuse optical techniques have been widely used to recover optical properties
of biological tissue [21-23]. However, standard diffuse optical modalities alone yield
absorption maps with low spatial resolution resulting in poor quantitative accuracy [24].
Studies showed that integrating these techniques with anatomical imaging modalities would
improve their performance [25]. However, these techniques were limited to using structural
information obtained by the anatomical imaging technique to constrain the image
reconstruction algorithm of the diffused optical imaging technique.

Recently, our team introduced a truly hybrid technique termed, photo-magnetic imaging
(PMI). PMI is a non-invasive high-resolution imaging technique that accurately provides
tissue optical absorption and overcomes several limitations of conventional diffuse optical
imaging techniques. The superior performance of PMI has been proven using numerous
simulation and experimental studies [26-31]. In PMI, a continuous wave laser is applied to
induce a slight increase of temperature in the imaged tissue. This temperature increase is
governed by the maximum permissible exposure limits for skin, which is defined by the
American National Standards Institute (ANSI). PMI non-invasively monitors the evolution
of the laser-induced temperature using magnetic resonance thermometry (MRT) [32]. MRT
provides high-resolution maps of the internal variations of temperature, which can be
converted to high-resolution optical absorption maps using our dedicated PMI image
reconstruction algorithm [26,30]. This algorithm consists of two steps, namely the PMI
forward and inverse problems. During the forward problem, simulated temperature maps are
generated by first modeling the light propagation through the tissue using the diffusion
equation [33-35]. Second, the density of light within the tissue is converted to heat and
utilized to model the temperature increase and propagation using the Pennes bio-heat
equation [26,32]. Later, the high-resolution absorption maps are reconstructed by iteratively
minimizing an error objective function of the MRT and the simulated temperature maps,
during the resolution of the inverse problem [26,27].

PMI has the potential to become a valuable tool for PTT applications by non-invasively
providing the optical absorption of the treated tissue with high-resolution and quantitative
accuracy. Technically, the total tissue absorption corresponds to the sum of absorptions of all
its chromophores, including oxy-hemoglobin, deoxy-hemoglobin, water, fat as well as the
accumulated exogenous agent [36]. Assessing the contribution of each of these
chromophores through their concentration is crucial. Therefore, PMI has been upgraded
from single to multiple wavelengths to recover the chromophore concentration with high-
resolution and quantitative accuracy [37]. Determining the chromophore concentrations
allows to deduce the total absorption spectrum of tissue within the near-infrared (NIR)
spectral range based on the modified Beer—Lambert law [38]. Therefore, PMI can be used
prior to PPT applications to provide spatially resolved and quantitatively accurate total
absorption of the tissue to be treated and assist in the determination of the optimal
experimental parameters such as laser power and exposure time.

In this paper, we present preliminary results obtained using our novel multi-wavelength PMI
system that uses four NIR laser diodes (760, 808, 860, and 980 nm). PMI was used to
recover the optical absorption coefficient of a tissue-simulating phantom at these
wavelength. The recovered absorption coefficients at each wavelength were then used to
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obtain the concentration of the main chromophores of the phantom, thus deducing its total
absorption spectrum.

MATERIALS AND METHODS

Instrumentation

Our multi-wavelength PMI system was entirely home-built. The system mainly consists of
high-power lasers and their drivers, a temperature management system, and a control
computer. To accommaodate the tight space inside the MRI control room, the system was
designed to fit inside a compact 18” x 24” x 32” mobile cart (Fig. 1a). The multi-
wavelength PMI system is designed to operate at four different laser wavelengths: 760 nm (5
W; LDX Optronics Inc., Maryville, TN, US), 808 nm (7 W; Focuslight Inc., Xi’an, China),
860 nm (4.6 W; LDX Optronics Inc., Maryville, TN, US), and 980 nm (4.5 W; LDX
Optronics Inc., Maryville, TN, US). To allow heating the subject from multiple sides, four
laser diodes are used at each wavelength. Each laser diode is driven with a dedicated laser
diode driver (PLD5000; Wavelength Electronics Inc., Bozeman, MT, US). The laser drivers
are grouped according to their operating wavelength and installed at the top of the system
allowing users an easy access at any time.

As our system employs high-power laser diodes, the increase in their operating temperature
is inevitable. High operating temperature would cause a shift in the laser operating
wavelength and a decrease in the laser diode lifetime. Therefore, a Temperature
Management System was implemented to monitor and control the operating temperature of
the lasers (Fig. 1b). First, the laser diodes are mounted on copper plates to dissipate the
generated operating heat. The copper plates are directly placed in contact with a group of
thermoelectric cooling (TEC) units (TEC1-12706; Hebei I. T. Co., Shanghai, China), which
transfer the heat down to a fan-cooled heat sink. The temperature of the copper plate is
continuously measured using a thermistor (TH10K; Thorlabs Inc., Newton, NJ, US) and
used as feedback for a proportional-integral—derivative temperature control closed-loop
controller.

A 3 Tesla MRI system (Achieva; Philips, Pewaukee, WI, US) was used to perform MRT
measurements and monitor the internal temperature increase inside the imaged phantom. To
acquire high signal-to-noise-ratio MRT images, a small animal home-built radio frequency
(RF) coil was used to acquire the MR signals while holding the phantom [32]. This RF coil
was also designed to allow illumination of the phantom through four windows to perform
multi-site heating [27]. Each of these windows accommodated the tip of one of the four
optical fibers (¢ =1 mm, 15-m-long) used to transport light from the PMI cart located in the
control room to the RF coil inside the MRI bore. To perform a uniform illumination at the
phantom surface, light is collimated using a collimation lens (35 mm; Newport Corporation,
Irvine, CA, US) (Fig. 1b). Finally, to accommodate all the input and output signals in our
system, four data acquisition units were used: two DAQ cards (6023E and 6703) and two
DAQ USB-6008. A LabVIEW program was implemented to control all the operating
functionalities automatically (monitor and adjust the laser current, acquire temperature
feedback, control the TEC units and fans, and manage the alarms).

Lasers Surg Med. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Algarawi et al. Page 5

PMI Image Reconstruction Algorithm

PMI forward problem.—In the PMI forward problem, the simulated temperature maps are
obtained by solving a system of two equations using the Finite Element Method [26]. First,
the photon propagation in the medium is modeled using the diffusion equation and the
Neumann boundary conditions [34,35,39,40,41]:

—VIDA(r) Vo (r)] + ph(r)b(r) = S4(r)

N (€N
n DV¢(r)+ Ap(r) =0

where ¢ (A[W-mm~2] is the photon density at position 7 [mm], O [mm] is the diffusion
coefficient, D(r) = m #z[mm~1] and ' [mm~1] are the absorption and reduced
scattering coefficients, respectively. A denotes the used laser wavelength. S[W-mm~3] is the
isotropic source of light. 7" is the normal vector to the surface and A is the reflection

coefficient at the surface [35].

The photon density ¢(/) resulted from the diffusion equation is used to calculate the source
of thermal energy induced by the laser [26,32]:

OR(r) = ph(r)d*(r) @

Second, the source of heat Qg is then used in the heat conduction equation to model the heat
propagation in the tissue [28,42]:

Pc% — VIEVT(r, 0] = O
®
oT
—k# = [T ;= T(r)]

where p is the density, cis the specific heat, and kis the thermal conductivity of the tissue.
Qris the thermal energy source. The second equation describes the heat convection
boundary condition, where /1 is the heat transfer coefficient and 7¢is the ambient
temperature.

PMI inverse problem.—The inverse problem of PMI consists in minimizing the quadratic
error between the measured MRT temperature and the simulated temperature maps from the
forward problem solver. Here, the inverse problem is solved by iteratively minimizing the
following objective function:

Q () = YT = Ta)I” @

where 77 is the measured MRT temperature maps and 7Tis the simulated temperature map
calculated by the forward problem solver using the absorption spatial distribution z,[26,27].

Once the tissue optical absorption is obtained at the used wavelengths, the modified Beer—
Lambert Law is used to recover the concentration of its chromophores:

Lasers Surg Med. Author manuscript; available in PMC 2022 July 01.
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Ha(A) = Hqi(4) = In10 £.C; ®)

where 4, is the wavelength-dependent absorption coefficient of the tissue, A/ is the number
of chromophores, e;and C;are the wavelength-specific extinction coefficient and
concentration of an individual chromophore /, respectively.

MRT

The proton resonance frequency (PRF) method is one of the MRT techniques. PRF is highly
sensitive to temperature variations [43]. Changes in the PRF induces a variation in the
measured MR phase measurements, which are proportional to temperature variations:

_ v - vl)

AT == 4B T

(6)

where y (9 is the measured phase at time £ y (f) is the baseline phase measured at a known
temperature at time £, y is the gyromagnetic ratio (42.58 MHz/T for hydrogen), a is the
coefficient relating phase change to temperature (—0.009 ppm/°C for biotissue), By is the
local magnetic field (3 T), and 7gis the MRT echo time (12 milliseconds) [44]. Figure 2
displays the data acquisition timeline showing the laser status and the change in temperature
of the tissue during two different periods: baseline and heating periods. £ and ¢ are the
times needed to acquire all the frames within the baseline and heating period, respectively.

Each period consists of multiple frames with a duration defined by the MRT imaging
parameters. In this study, 320 x 320 pixels? MRT images, with a pixel size of 0.1875 mm,
are acquired using a gradient-echo sequence with repetition time 7z =82 milliseconds, 7=
12 milliseconds, and a flip angle of 22° resulting in a temporal resolution of 6 seconds. First,
the baseline phase maps are acquired before turning ON the laser y (%). Next, the laser is
turned ON and the heating phase maps y (#x) are recorded. The internal laser-induced
temperature variation is then obtained using Equation (6).

Phantom Studies

The phantom used in this study is a mice-sized (25 mm diameter and 100mm height)
cylindrical homogenous agar phantom. For this study, the phantom was aligned along the
MRI axial direction. A single illumination window is used to heat-up the phantom from its
top side. The phantom axial dimension center was aligned with the laser spot center. Figure
3 illustrates a T1-weighted MR image showing a cross-section of the phantom and the laser
source position. The laser output power is measured for each laser wavelength by a power
meter (PM10-10; Thorlabs Inc., Newton, NJ, US) and set to 1.5 W. Considering that the
laser spot size is approximately 1.3 cm in diameter, the resultant power density was 1.13
W-cm=2,

The phantom optical properties were set using Intralipid and black Indian ink dye for
scattering and absorption adjustment, respectively. The total absorption coefficient of the

Lasers Surg Med. Author manuscript; available in PMC 2022 July 01.
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phantom consists in the sum of absorptions of its main chromophores (water, intralipid, and
the ink dye), and will be referred to as real absorption of the phantom through the paper
(Fig. 4) [37,38,45]. The absorption spectra of both water and lipid were obtained from the
literature [46,47]. The optical absorption spectrum of the ink dye was experimentally
measured using a spectrometer (USB 2000+; Ocean Optics, Inc., Dunedin, FL, US).

The reduced scattering coefficient of the phantom was adjusted using intralipids and set to
be equal to 0.89 mm~1 at 760 nm and validated using our frequency-domain diffuse optical
tomography (DOT) system [48]. The values for the other wavelengths were calculated using
the Mie theory approximation [49]. The phantom optical properties are summarized in Table
1.

The thermal properties of the phantom were set to be the same as water values since it
represented approximately 98% of its constituents, Table 2 [50].

The MRT acquisition of the laser-induced temperature distribution was performed for 12
seconds, which resulted in two MRT frames during the heating period. The MRT
temperature maps were sequentially acquired for each wavelength. A 2 minutes gap was
always used between acquisitions to ensure that the entire heat from the previous heating
had dissipated and that the phantom went back to its baseline temperature. The experiment
was conducted at an ambient temperature of 20°C. The first row of Figure 5 shows the
second MRT frame measured temperature maps at each wavelength after a 12 seconds
heating period.

In this experiment, the phantom was only illuminated from its top side inducing a higher
increase in temperature below the illumination site. The increase of temperature depends on
several parameters such as the applied laser power, exposure time, and optical properties of
the phantom. In this study, the applied power and the exposure time were set to be equal for
all wavelengths; therefore, any temperature increase difference would be due to differences
in the optical absorption coefficient of the phantom. At the first three wavelengths (760, 808,
and 860 nm), a comparable temperature increase was observed with a peak increase of
1.33°C. This similarity in the temperature variation is an indication of having a relatively
similar absorption at these wavelengths. However, a higher increase in temperature was
observed at 980 nm. This high-temperature increase at this wavelength is mainly due to the
absorption of water, which has its absorption peak at 980 nm [47]. PMI was used to resolve
the phantom optical absorption coefficient at each wavelength using the MRT measured
temperature maps. PMI recovered a homogeneous absorption map at each wavelength,
(Table 3).

The absorption values summarized in Table 3 demonstrate the ability of PMI to accurately
recover the optical absorption of the phantom with an average error as low as ~1.9%. As
expected from the MRT temperature maps, Table 3 shows that the recovered absorption
coefficients are relatively similar at the first three wavelengths (760, 808, and 860 nm) while
it is approximately five times higher at 980 nm.

Lasers Surg Med. Author manuscript; available in PMC 2022 July 01.
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To validate our results, the recovered absorption coefficients (Table 3) were used in Equation
(1) to calculate the photon density distribution within a numerical phantom having the same
dimensions as the experimental one. Next, the solution of Equation (1) was used in Equation
(3) to generate the simulated temperature maps. Solving these two equations system allows
to generate temperature distributions at defined times. However, each MRT frame requires 6
seconds to be acquired, yielding to the fact that the recorded MRT temperature corresponds
to the mean temperature increase during the 6 seconds frame duration and not the
temperature at the end of the frame. Therefore, the generated simulated temperatures were
first averaged overtime periods corresponding to the MRT duration frames before being
compared with MRT experimental data. The simulated temperature map corresponding to
the mean of the temperatures between a 7 and 12 seconds heating period (second MRT
frame) at each wavelength is presented in the second row of Figure 5.

These simulated temperature maps show the same temperature variations as the MRT
measured ones. A performance validation was achieved by comparing the temperature
change at each point of the experimental data with the simulated ones. Figure 6 presents a
profile carried-out along the y~axis of the MRT temperature maps (red lines) and the
simulated ones (blue lines) at each wavelength. The blue highlighted region illustrates the
noise level of our MRT measurements which is equal to 0.1°C [27].

These results confirmed that the simulated temperature profiles are in a good agreement with
the measured MRT ones with a pseudo A2 statistic as good as 0.992 on average for all
wavelengths. Our PMI forward problem was also extensively validated in our previous
works [10,26,27,28,32,51].

The recovered optical absorption at the used four wavelengths was then utilized in the
modified Beer—Lambert Law to retrieve the concentration of the main chromophores of the
phantom using a least-squared minimization process. The contribution of the absorption of
lipids was neglected as their absorption at the used wavelengths represent less than 2.2% of
the total absorption of the phantom. Table 4 summarizes the real and recovered
concentration values of both water and the ink dye.

The concentration maps were recovered accurately with an average error of 0.4% and 11.4%
for the water and the used ink dye, respectively. Finally, the recovered concentration values
of the main chromophores were used to calculate the total absorption spectrum of the
phantom in the NIR window using Equation (5). Figure 7 shows the calculated total
absorption of the phantom in the NIR spectral range.

These recovered total absorption of the phantom would be highly beneficial during PPT
planning to accurately determine the optimal experimental parameters required to achieve a
desired heating depending on the patient needs prior to the therapy.

DISCUSSION

Conventional diffuse optical imaging techniques have been widely used to recover the main
biotissue chromophore concentration [52-55]. However, the recovered concentration maps

Lasers Surg Med. Author manuscript; available in PMC 2022 July 01.
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using these techniques suffer from low resolution, which consequently results in poor
quantitative accuracy.

Recently, PMI has been proposed to overcome the limited resolution of the conventional
diffuse optical techniques. PMI was designed as a safe optical imaging modality that can
provide high-resolution optical absorption maps from laser-induced temperature distribution
measurements. In this study, we upgraded the single wavelength prototype to a multi-
wavelength full version that utilizes four laser wavelengths (760, 808, 860, and 980 nm).
These laser wavelengths were carefully chosen to recover the concentration of oxy- and
deoxy-hemoglobin, and water. This approach is based on the fact that each of these
chromophores has a unique absorption spectrum. Single-wavelength PMI was previously
validated using both simulation and experimental studies. Here, our aim was to leverage the
important information that can be retrieved by the multi-wavelength approach. Using a
limited number of laser wavelengths, PMI can assess the concentration of the main tissue
chromophores, and thus provide the total tissue absorption spectrum within the NIR spectral
range. This information is crucial to the performance of accurate PTT planning through
numerical modeling.

For this phantom experiment, the laser output power used for all wavelengths was set to 1.5
W, while the diameter of the laser spot was 1.3 cm. Hence, the power density was equal to
1.13 W/cmZ. This power density was approximately 4.3, 3.4, 2.7, and 1.6 times higher than
the maximum permissible exposure (MPE) for laser wavelengths 760, 808, 860, and 980 nm,
respectively. Please note that for future /n vivo applications, the MPE limits can be easily
achieved by adjusting the laser power, using our computer-controlled laser driver system,
and/or by increasing the spot size. Nevertheless, PMI has various applications and can be
used to image larger tissue, as for breast imaging. Larger tissue needs the use of high-power
levels to perform large area illumination and achieve sufficient heating. Therefore, our
system was equipped with high-power lasers to elevate the internal temperature few degrees
without altering the physiological process in the body or causing any thermal damage. PMI
temperature measurements are acquired in a few seconds after turning on the laser to induce
a slight increase in the tissue internal temperature. The temperature change has to be higher
than the MRT noise level (0.1°C), but lower than hyperthermia to avoid protein denaturation.
Therefore, for PMI /n vivo studies, the MPE limits for skin must be calculated and respected
for each laser wavelength.

In this study, our multi-wavelength PMI system was used to determine the optical absorption
coefficient of a tissue-mimicking phantom at four wavelengths. The absorption values were
accurately recovered with an average error as low as ~1.9%. These recovered optical
absorptions at different wavelengths were then used in the PMI forward problem to simulate
the change in temperature. The results in Figure 6 showed that simulated temperatures were
in a good agreement with the measured MRT ones with an average pseudo A2 of 0.992.
These optical absorption values recovered at the used four wavelengths were employed to
obtain the concentration of the main chromophores. By neglecting the lipids contributions,
the water and ink dye concentration values were, respectively, recovered with an average
error as low as 0.4% and 11.4%. These recovered concentration values were then used to
deduce the total phantom absorption spectrum. As observed on Figure 7, the recovered total
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absorption spectrum is in a good agreement with the real one with an average error of
~2.3%, except in the spectral region around 930 nm. This spectral region corresponds to the
peak absorption of lipids, which were neglected during the concentration calculations. This
error clearly shows that a laser wavelength is required for each specific chromophore based
on its peak absorption. Therefore, our system was designed to host two additional lasers.
Wavelength 930 nm will be added to be able to recover the concentration of lipids. Also, we
plan to add another wavelength in order to recover an exogenous contrast agent. This
wavelength will be chosen once we establish which agent will be used.

Although demonstrating a high performance, PMI remains limited due to several factors. For
example, the thermal properties were assumed to be equal to those of water and
homogeneously attributed to the entire phantom. For /n vivo applications, the T1-weighted
anatomical image, acquired before the MRT maps, will be segmented to define different
organs regions and use their specific thermal properties based on the literature values. Also,
/n vivo imaging will require upgrading the modeling process by using the bio-heat equation
in order to account for tissue perfusion. Another limitation results from the fact that the
reduced scattering coefficient was set using intralipids according to our established phantom
preparation protocol and validated using our DOT system. For PMI to be a stand-alone
modality, we are implementing an updated version of the PMI image reconstruction
algorithm that also allows obtaining the spatially resolved scattering coefficient from the
multi-wavelength MRT maps based on the method proposed by Cho et al. [55].

CONCLUSION

In summary, we designed and built a multi-wavelength PMI system that utilizes four laser
wavelengths in the NIR range. The performance of our system was experimentally validated
utilizing an agar tissue-simulating phantom. The phantom had different absorption
coefficients at the used four wavelengths due to its constituent’s absorption spectra. The
experiment consisted in heating the phantom at each wavelength and measuring the
spatiotemporal induced temperature distribution using MRT. Then, the optical absorption
coefficient of the phantom was determined at each wavelength using the PMI image
reconstruction algorithm. Using the PMI recovered optical absorption coefficients, the
performance was later validated by comparing the simulated and measured laser-induced
temperature maps. The results showed that simulated temperatures were in a good
agreement with the measured MRT ones with an average pseudo A2 of 0.992.

By probing the phantom at certain wavelengths, the concentration values of its main
chromophores were successfully recovered. Obtaining chromophore concentration values
allows obtaining the total absorption of the phantom at any wavelength with an average error
as low as ~2.3%. Consequently, multi-wavelength PMI has the potential to be used prior to
PTT to provide the initial optical absorption of the tissue at the suitable laser wavelength
used in the treatment and assist in the determination of key experimental parameters such as
laser power and exposure time.

Lasers Surg Med. Author manuscript; available in PMC 2022 July 01.
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Fig. 1.
(A) Photography of the multi-wavelength photo-magnetic imaging system. (B) Schematic of

the system showing the main components and their communication channels.
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Magnetic resonance thermometry data acquisition timeline.
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Fig. 3.
Axial T1-weighted magnetic resonance image of the 25 mm diameter phantom. The laser

beam is illustrated using red dashed arrows at the top side of the phantom.
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Fig. 4.

Total absorption spectrum of the phantom (dashed line) as well as its individual
chromophores: water (green), lipid (red), and ink dye (blue) in the near-infrared spectral
range. The vertical dot-dashed lines represent the wavelengths used in the study.
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Fig. 5.
The magnetic resonance thermometry measured (first row) and simulated (second row)

temperature maps after a 12 seconds heating period.
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Fig. 6.
The profiles carried out along the y~axis of the induced temperature maps: magnetic
resonance thermometry measured (red lines) and simulated temperatures (blue lines).
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Fig. 7.

Total absorption spectrum of the phantom in the near-infrared spectral range: real (blue) and
calculated (red). The highlighted red area represents the standard deviation of the recovered
absorption, and the vertical dot-dashed lines represent the wavelengths used in the study.
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TABLE 1.
The Real Optical Absorption and Reduced Scattering of the Phantom Used in the Study

Laser wavelengths (nm) 760 808 860 980

1y (Mmm™Y) 00141 00124 0014 0.0645

M/S(mm—l) 0.89 0.84 0.77 0.66
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TABLE 2.

Thermal Properties of the Phantom Used in the Study

Parameters Value Units

Specific heat 4,200 J:(kg-°C)t
Thermal conductivity 6x10% W (mm-°C)?
Heat transfer coefficient 2 x 1073 W-(mm2.°C)~t

Density 1,000 kg:m™3
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TABLE 4.

The Real and Recovered Concentration of the Main Chromophores, Namely Water and the Used Ink Dye and
Their Percentage Error

Chromophores Water Dye
Real concentration (%) 98 0.35
Recovered concentration (%) 98.38 £ 1.5979  0.39 + 0.0465
Percentage error (%) 0.4 114
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