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ABSTRACT

Purpose: Noninvasive thermometry during magnetic nanoparticle hyperthermia (MNH) remains a chal-
lenge. Our pilot study proposes a methodology to determine the noninvasive intratumoral thermal
dose during MNH in the subcutaneous tumor model.

Methods: Two groups of Ehrlich bearing-mice with solid and subcutaneous carcinoma, a control
group (n=6), and a MNH treated group (n=4) were investigated. Histopathology was used to evalu-
ate the percentage of non-viable lesions in the tumor. MNH was performed at 301kHz and
17.5kA.m~", using a multifunctional nanocarrier. Surface temperature measurements were obtained
using an infrared camera, where an ROI with 750 pixels was used for comparison with computer simu-
lations. Realistic simulations of the bioheat equation were obtained by combining histopathology
intratumoral lesion information and surface temperature agreement of at least 50% of the pixel's tem-
perature data calculated and measured at the surface.

Results: One animal of the MNH group showed tumor recurrence, while two others showed complete
tumor remission (monitored for 585 days). Sensitivity analysis of the simulation parameters indicated
low tumor blood perfusion. Numerical simulations indicated, for the animals with complete remission,
an irreversible tissue injury of 91+5% and 100%, while the one with recurrence had a lower value,
56 £7%. The computer simulations also revealed the in vivo heat efficiency of the nanocarrier.
Conclusion: A new methodology for determining noninvasively the three-dimensional intratumoral
thermal dose during MNH was developed. The method demonstrates the potential for predicting the
long-term preclinical outcome of animals treated with MNH.
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Introduction tumor of the patient. The procedure is minimally invasive,
but only monitors temperature locally at a few positions in
the tumor. Therefore, heat deposition is not adequately
determined in order to affect the clinical treatment and out-
come. Nevertheless, MNH shows great potential as a single
platform for tumor ablation, where heat delivery plays a role
and not necessarily needs to be combined with another
standard therapy. The expectation for such heat therapy
applications is beyond typical ablation technologies since the
nanoparticles are also able to interact with the immuno-
logical system in a complex manner [6-8]. Indeed, there are

Magnetic nanoparticle hyperthermia (MNH) is an innovative
cancer therapy that holds the European CE certificate and
thus official approval to treat brain tumors when combined
with external beam radiotherapy [1-3]. After 10 years since
approval, the use in the clinic of this method is still limited
and has not been applied to other types of tumors. A pos-
sible reason for this comes from the fact that MNH cannot
benefit from the MRI-based thermometry, since the high DC
magnetic field in MRI systems inhibits heat generation [4,5].
Therefore, different from other heat generation techniques,

e.g., high-intensity focused ultrasound (HIFU) or photo-ther-
mal therapy (PTT), there is still an important challenge for
MNH technique to overcome: the noninvasive determination
of the three-dimension intratumoral thermal dose.

So far, clinical MNH thermometry has been achieved using
a few fiber optic thermometers that are inserted into the

several interesting heat-induced immunological phenomena
reported by MNH [9-11]. To explore these applications, it is
necessary not only to improve the efficiency of magnetic
nano-heaters at the low-field condition (within the safety cri-
teria for clinical applications [12-14]), but also develop strat-
egies for noninvasive three-dimensional thermometry [15].
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Since MRI thermometry is not compatible with MNH, new
strategies are under investigation, namely ultrasound therm-
ometry (UST), luminescent nanothermometry (LNT) and mag-
netic nanothermometry (MNT), but none of them has yet
achieved application in the clinic [16-18]. Another modality
that appears in several preclinical studies is infrared therm-
ometry (IRT) that monitors the surface temperature during
in vivo MNH [19-22]. This kind of thermometry, out of the
context of any kind of intraoperative thermal imaging during
a surgical procedure [23,24], has the limitation of being use-
ful only for superficial tumors (close to/or at the surface of
the skin) and needs to be properly employed, or else it may
result in gross errors in determining the temperature of a
region of interest (ROI). First, this kind of thermometry is
strongly dependent on the angle (0) formed between the
direction of the camera’s objective lens and the normal dir-
ection of the imaged surface, and this is due to the spectral-
directional dependence of the skin’s thermal emissivity
€(), 0) [25]. Second, the error in determining the apparent
temperature of a curved surface, in addition to the effects of
emissivity, is also strongly dependent on the difference
between the surface temperature and the ambient tempera-
ture [26]. Third, the real intratumoral temperature achieved
during MNH, that is a function of position and time, would
not be reported but, instead, the surface temperature due to
transport of heat from the interior of the tumor to the sur-
face through different tissue layers. Tumors that appear far
away from the surface cannot get any benefit from this tech-
nology, since heat transport affects the temperature at the
organs interface.

Indeed, defining the temperature error AT(0) as the dif-
ference between the surface real temperature Ts and the
apparent temperature measured with the IR Cam Tjy(0)
(which is 0-dependent), Rodrigues et al. demonstrated that,
upon increasing this angle, the experimental error can reach
AT > 7 °C for 6§ =60° during in vivo MNH [27]. Hence, it is of
crucial importance to adequately design the in vivo MNH
experiment. Despite this, for preclinical trials, xenograft solid
and subcutaneous tumor models can benefit from such tech-
nology, if properly used. IRT has the advantage of being non-
invasive and more importantly, each pixel, at the surface, can
be treated as a thermometer. Therefore, instead of just meas-
uring a few points in space, if properly used, a huge ROl can
be analyzed.

One of the goals of the present report is related to its
methodological aspects, while our overarching objective,
although limited by carrying out an MNH pilot in vivo study
in a small number of animals (n =4), is to determine the fun-
damentals (with proof-of-concept demonstration) for the
complete theoretical and experimental development of reli-
able treatment planning for subcutaneous tumors via MNH
therapy. This is achieved by demonstrating the effectiveness
of a new theranostic nanocarrier for both in situ therapeutic
heat delivery as well as in vivo intratumoral imaging of the
nano-heaters location. Also, by combining three safe in vivo
imaging techniques, to provide more realistic computational
modeling abilities to predict tumoral recurrence (or complete
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remission (CR)) murine
tumor model.

To achieve this goal, we propose to combine IRT with
heat transport numerical simulations, and the solution to this
problem involves the application of several techniques. First,
the digital photogrammetry (PG) is used to obtain the exact
shape of the animal’s surface submitted to the MNH proced-
ure. Second, the 3D geometry of the tumor is reconstructed
from two-dimensional ultrasound (US) images by a technique
known as sensorless freehand 3D US reconstruction [28].
Finally, to extract information about the location of the
nano-heaters, we developed a multifunctional nanocarrier
that contains fluorescent tracers in the near-infrared (NIR)
region coupled to the nanoparticles (namely MalbIR), so that
their location in the tumor can be extracted using the fluor-
escence molecular tomography (FMT) technique.

Moreover, to verify if the numerically calculated intratu-
moral thermal damage parameter adequately describes our
pilot data set for the tumor growth response of a few ani-
mals that underwent 30min of MNH, a comparison was
made between apoptotic/necrotic regions identified in one
of the treated tumors (by histopathological analysis after
heating) and the corresponding computer simulations. This
allowed us to identify critical conditions for irreversible ther-
mal injuries in the Ehrlich solid and subcutaneous carcinoma
model. Essentially, the apoptotic/necrotic regions of the
tumor were determined using histological sections, and
through them it was possible to determine the percentage
of apoptotic/necrotic (irreversible) lesions in the tumor of the
animal that underwent MNH. On the other hand, through
computer simulations and the concept of thermal damage,
we obtained the heat dose for each voxel of the recon-
structed tumor shape and established if the lesion was irre-
versible or not.

The steps for the success of this strategy included the devel-
opment of some experimental and theoretical methodologies
that allowed: (i) to obtain an accurate description of the spatial
distribution of the nano-heaters after intratumoral injection; (ii)
the reconstruction of quite realistic geometries where Pennes'’s
bioheat transfer equation could be numerically solved, i.e., the
tumor volume in all its complexity and off-target surrounding
structures, including the animal’'s body shape, since in our
experiments, the skin surface temperature measurements are a
quite important reference; (jii) to take into account specific
non-linear modeling for tumor blood perfusion rate, since this
parameter depends on temperature; (iv) inside the recon-
structed geometry of the tumors volume, build a voxel-depend-
ent heat source distribution function to model the nano-
heaters intratumoral power generation; (v) the development of
a tissue thermal damage escalation in order to find thresholds
that could be truly associated with the long-term tumor
response after the in vivo MNH procedure.

After choosing the above-mentioned algorithm, two con-
cepts must be properly introduced, in order to make clear to
the reader which kind of mathematical problem we are deal-
ing with here. By definition, direct heat transfer problems
(DHTPs) belong to the class of well-posed mathematical
problems where the causes are expressed and the effect is

following MNH therapy in a
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determined. Hence, the main goal of the solution of a DHTP
is to predict (or to recover) the temperature field T(x,y,zt)
in the medium/body where the heat transport takes
place [29].

On the other hand, for the inverse heat transfer problems
(IHTPs) the effect is given (e.g., the temperature field), and
the causes are estimated. The solution of IHTPs relies on
temperature and/or heat flux measurements at some speci-
fied section of the medium/body that might be used as the
input data for the approximate calculation of the unknown
causal thermophysical parameters. For example, to be able
to determine the heat source spatial distribution that pro-
motes an observed heat transport effect, but with few/or no
prior information about boundary and initial conditions of
the system (i.e., an ill-posed mathematical problem) [29].

Strategies that explore this kind of inverse reconstruction
algorithm have been proved to be valuable for extracting
quantitative information in the scenarios of estimating size,
location (depth under the skin) and blood perfusion (as an
indicator of the tumor growth rate) for cancerous breast inju-
ries using only the skin surface temperature data [30-36].
Among several works in the literature, one can highlight the
important contributions of Herman who have developed
accurate methods for the early detection of melanoma
[37,38] and breast cancer [39-41] using a technique of transi-
ent skin temperature measurements by IR thermography and
applying the Levenberg-Marquardt method [40].

In this pilot study, we develop a methodological strategy
that allowed us to numerically calculate the temperature field
within the tumor during MNH. Several parameters for the simu-
lations are extracted/assumed from the literature, as discussed
in the text. But a sensitivity and uncertainty analysis is also
included to better determine some important simulation
parameters. Anyway, since the MNH heat efficiency (SLP - spe-
cific loss power) of the nanoparticles inside the tumor is not
known (because particle-particle and particle-tissue interactions
might affect SLP [42,43]), we combine this DHTP with surface
temperature measurements during MNH. More specifically,
numerical simulations are compared with IRT surface tempera-
ture data, at the stationary regime, in a particular time point
(30min of MNH). The objective of this method is to determine
the best SLP value that represents the in vivo case. Note that
although this approach seems similar to IHTP, there are some
important differences since the nano-heaters intratumoral loca-
tion, and the tumor and the animal’s surface body geometry
are known, i.e, were determined experimentally through PG,
US and FMT. Indeed, the 3D intratumoral nano-heaters distribu-
tion determined from FMT was only possible by the develop-
ment of a multifunctional NIR magnetic nanocarrier, which is
an important contribution of the present report because of its
potential for MNH in clinically relevant conditions. Further, the
method is only successful after taking into account histopath-
ology data analysis, which permits the calibration of the tumor
irreversible damage parameter in the simulation.

The pilot animal study presented here also shows the
potential for predicting the long-term preclinical outcome of
animals treated with MNH therapy. Furthermore, it might be
extremely useful for future MNH applications, for instance,

heat-induced immunological response studies, since from
this method one might actually estimate noninvasively the
three-dimensional intratumoral thermal dose. This approach
is very different from the previously reported MNH studies,
since they determined the local thermal dose using invasive
fiber optic thermometers.

Methods
Tumor model and animal manipulation protocols

Swiss mice were maintained under standard laboratory con-
ditions (temperature 22-25°C with a dark/light cycle, 12/
12h), allowed free access to a standard dry pellet diet and
water ad libitum, and acclimatized to laboratory conditions
for five days before the start of the experiments. All the pro-
cedures described in this current work were reviewed and
approved by the ethics committee for animal care at the
Federal University of Goias (CEUA/UFG) (protocol 098/14). In
order to study the effects of in vivo MNH, 6-8 week old
Swiss albino male mice, with body weight ranging from 35
to 40g, were used for animal experimentation. The Ehrlich
bearing-mice with solid and subcutaneous carcinoma were
prepared as follows. Seven days after cell inoculation, the
peritoneal fluid of a first animal (Ehrlich Ascites Carcinoma
bearing mouse) was aspirated, the cells were washed in ster-
ile PBS and an aliquot of the cell suspension was put in try-
pan blue 2% (m/v) (Sigma, St. Louis, MO) and quantified by
Luna™ automated cell counter (Logos, Biosystems,
Annandale, VA). Only cell dilutions with >90% of viable cells
were used for in vivo study. After that, we used the previ-
ously prepared Ehrlich ascites cells dilution to induce solid
tumors in a new group of healthy male mice (n=10): at day
0, they were inoculated subcutaneously (4 mm deep) in the
cervical region with 2 x 107 viable cells.

From the time the tumor became palpable, daily measure-
ments of the tumor major (D) and minor (d) axis, for each
animal, were performed with a digital caliper. The tumor vol-
ume (in mm?3) was daily calculated from the following equa-
tion: Viymor = (Dd?) /2.

For the tumor cell inoculation, intratumoral magnetic
nanocarrier MalbIR injection, PG and in vivo MNH experi-
ments, the animals were anesthetized with a solution of
0.2ml/100g of body weight containing ketamine
(100 mg.ml”) (Dopalen, Vetbrands Brasil LTDA, Jacarei,
Brazil) and xylazine (100 mg.ml’1) (Dorcipec, Vallée S/A, Sao
Paulo, Brazil). The same anesthesia procedure was used for
animal sacrifice by cervical dislocation. For US, FMT imaging
and the hair removal procedures, they were sedated only
with isofluorane (starting with a 3% induction dose and
maintaining at 1%) combining with oxygen flow at a rate of
11L.min~". The depilation of animals was always done using
depilatory creams (Veet-Reckitt, Benckiser, Hull, UK) [44].

Synthesis of the theranostic nanocarrier

The nanocarriers, that were specifically designed for this
in vivo pilot study, consisted of manganese ferrite (MnFe,0,)



nanoparticles surface-coated with bovine serum albumin
(BSA) that contained molecules of IR-780 iodide coupled to
the protein, a NIR fluorescent dye [45]. We named this thera-
nostic nanocomposite MalblIR, i.e., an acronym for magnetic
nanoparticles 4+ albumin 4 IR-780. Details of nanoparticle syn-
thesis can be found elsewhere [45,46].

MalbIR physical characterization

The MalblR size distribution was determined by Nanoparticle
Tracking Analysis (NTA) using a NanoSight NS500 equipment
(Amesbury, UK) using a 532nm laser beam. The quantifica-
tion of IR-780 in MalbIR nanocarrier was done by means of a
fluorescence spectrophotometer (Varian, Cary Eclipse), with
excitation in the 780nm wavelength and the fluorescent
emission detection at 800nm. A calibration curve was
obtained by diluting pure IR-780 in ethanol (from 60 to
250 pug.mi~") to determine the amount of IR-780 coupled to
the MalbIR samples, which was found to be ~10 pg.ml™".

Experimental setup for in vivo MNH

The MNH in vivo experimental setup consisted of an Ambrell
system model EasyHeat-LI (Ameritherm, Inc., Scottsville, NY).
The system operated at 301kHz with a Helmholtz-like
(24 2)-turn coil configuration (see Fig. S1-A in the supple-
mentary material) and was cooled using a closed-loop circu-
lating water system with the water temperature maintained
at 20°C. A commercial ac magnetic field probe (AMF
Lifesystems®, Rochester, MIl) was used to map two-dimen-
sionally the field generated by the coil (Fig. S1-B) and the
alternating magnetic field (AMF) rms amplitude is estimated
to be 220G (~17.5kA.m™") at the place where the tumor
(induced in the animal’s back) is positioned inside the coil,
during the in vivo MNH treatment experiments. Temperature
monitoring was performed in two ways. Fiber optic ther-
mometers (measurement range from —100 to 330°C, accur-
acy (calibrated)+0.5°C within 50°C of calibration point,
flexible microprobes bought from LumaSense Technologies,
Denver, CO) are positioned at the mouse skin surface over
the tumor region (reference point) and inside the animal’s
rectum (reporting basal temperature). Infrared thermography
(IR Cam from FLIR, model SC 620, Wilsonville, OR) configured
for recording with a frame rate of 60 fps in the resolution of
640 x 480 pixels.

The IR Cam spectral bandwidth of acquisition is in the
long-wave infrared range (7.5-13 um), with a temperature
measurement ranging from -40°C to 500°C and uncertainty
of +2% (an uncooled vanadium oxide-based microbolometer
detector). Noise-equivalent temperature difference is less
than 40 mK at 30°C. The objective lens has a focal length
equal to 19.31 mm and when IR Cam is placed at a distance
d =50 cm from the target its field of view (FOV) is equal to
45° x 34° regarding the horizontal (azimuthal) and vertical
(polar) aperture angles that can be seen from the objective
lens, respectively. According to the camera manufacturer’s
specifications for this FOV, when d=50cm and a resolution
of 640 x 480 pixels, the focal plane matrix area (regarding
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the solid angle from IR Cam’s objective lens) corresponds to
a physical flat surface of temperature acquisition values with
an area of 1271 cm?: a horizontal size of 410 mm and a verti-
cal size of 310 mm, since each pixel has the physical squared
dimension of (0.65 x 0.65)=0.4225mm?2. The commercial
software used for IR imaging analysis was the FLIR
ResearchIR® (version 1.2.10173.1002). During the MNH treat-
ment, the objective lens of the IR Cam is maintained parallel
to the normal direction of the animals tumor to avoid curved
object error effects on the surface temperature determin-
ation. The temperature error with IR Cam in the in vivo MNH
studies is estimated to be ~1.0°C due to directional emissiv-
ity effects [27].

Protocols for in vivo MNH

The Ehrlich bearing-mice with solid and subcutaneous
tumors (n=10) used in this pilot in vivo study were divided
into two groups: (i) a control (n=6), that had the tumor vol-
ume growth monitored, but with one animal separated for
the histopathologic assay and (i) an MNH group (n =4), that
received MalbIR intratumoral injections and were submitted
to in vivo MNH experiments. In this case, each animal
received a single dose of 90 ul of the MalbIR magnetic col-
loid, injected intratumorally (5mm depth below the skin)
and equally divided into three symmetric sites along the
major axis of the tumor.

Before the MNH experiment, to perform the three-dimen-
sional reconstruction for computer simulations, each animal
underwent ultrasonography scanning for 3D tumor recon-
struction using the veterinary US equipment (model SIUI-
CTS-5500V Ultrasound Machine) with a linear transducer to
improve the quality of the images [47]. For a better three-
dimensional reconstruction of the tumors, a gelatin standoff
was placed covering the animal’s body along its dorsal spine
(see Fig. S3). The series of slices within the ROI of the tumor
(ROltymor) are extracted from the recorded ultrasonography
(@ video file). The methodology to generate the 3D tumor
geometry via 2D images is similar to that applied in other
tomographic imaging modalities, and involves three steps at
least: segmenting the US video in sequential frames, stacking
the extracted images along a certain axis and, finally, recon-
structing the model three-dimensionally. To do the segmen-
tation process and, subsequently, reconstruct a reliable
three-dimensional object, we used the program Imagel/
(Fiji) [48,49].

Also, a digital PG technique is used to determine the
exact shape of each animal’s body. This is accomplished by
taking many pictures from different angle positions (carried
out with a Nikon® D3200 SLR camera with lenses from 18 to
55mm) and, thereafter, overlapping the stereoscopic images
producing digital elevation models (virtual topographic reli-
able shapes). The photographs are taken at a fixed short
radial distance, but in distinct positions, rotating the camera
according to the azimuthal angle (0) (tilting step 15°) and
the polar angle (¢) (tilting step 30°). After collecting a close-
range photographic dataset with the digital camera,
Autodesk’s 123 D-catch license-free software was used to
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processing these data (currently, this program is no longer
available, the software’s name has been changed to RECAP
Photo) and build the three-dimensional object.

Further, 1h before the MNH procedure, the MalbIR sam-
ple is intratumorally injected and the 3D nanoparticle distri-
bution inside the tumor is obtained using the FMT
technique. The in vivo images were obtained using the FMT
in vivo Imaging System bought from Perkin Elmer (Waltham,
MA), which operates at four channels, namely: 635, 680, 750
and 790 nm. The fluorescence studies of this work were per-
formed using the 790nm excitation channel with a max-
imum laser output power of 80 mW. The three-dimensional
mapping of the nanocarriers inside the animal’s tumor (3D-
FMT procedure) takes about 20-25 min.

Then, after completing the baseline 3D-FMT mapping,
each mouse was placed inside the coil and underwent a sin-
gle 30 min session of MNH treatment. To substantially minim-
ize eddy currents effects avoiding unwanted tissue injuries,
our pilot data from animal models were obtained as a com-
bination of H=17.5kA.m~" (rms value) and f =310 kHz,
resulting in the product value Hf = 5.4 x 10° Am™'s™' that
is very near to the Dutz-Hergt safe limit criterion (equal to
50x10° Am~'s™") for feasible applications of AMF for
humans [13,14]. Further, previous studies of the group have
revealed a 2-3°C degrees of increase in the animal’s skin
surface temperature due to free current loss at this condition
[27], which is far lower than the value reported during
in vivo MNH after magnetic nanoparticle injection (see Fig.
S3). The temperature monitoring consisted of 1 min without
field (AMF-Off), 30 min under treatment (AMF-On) and 5 min
of temperature recovering (AMF-Off).

Three of these animals (animals #2, #3 and #4) were fol-
lowed after their MNH treatment, some animals up to
585 days. Animal #1 was euthanized after the MNH protocol
and the excised tumoral tissue was used for histopatho-
logical analysis.

Histopathological determination of tumor
irreversible lesions

The tumor histopathological examination was performed
using the method of hematoxylin-eosin (HE). In some cases,
the tumors were divided into three parts, with a size small
enough to fit on one slide. The tumors were fixed in 4% par-
aformaldehyde in 0.1 mol.I™" phosphate buffer, pH 7.2 for
24h and then, were dehydrated in graded ethanol concen-
trations (70%, 80%, 90% and 100%), diafinized in xylene and
embedded in histological paraffin Paraplast. The whole
tumor in the block was cut (microtome Leica RM2245 -
5 um - thick sections) in several slices, e.g., ~160 slices (for
the control animal) and ~100 slices (for animal #1) and
stained applying HE method, see Fig. S5. Then, the micro-
photographs were taken using a Carl Zeiss Axio Vert 25
optical microscope and a Leica M205A stereomicroscope
with integrated Leica DFC550 digital camera (to get histo-
logical images of the whole tumor).

Then, the control and treated (animal #1) passed through
a histopathologic study to estimate the percentage of

apoptotic/necrotic volume (small amount of viable cell, cario-
lisis, cariorexis, apoptotic bodies and eosinophilic areas,
fibrotic tissue), i.e., the fraction of irreversibly damaged
tumor tissue. The slide was analyzed by a pathologist who
classified the viable and apoptotic/necrotic regions in the
image. After the identification by the pathologist, the image
underwent a color binarization process using the
Thresholding Color filter from ImagelJ/Fiji Software. Here, we
defined that the red color delimits the necrotic regions and
the black one the regions of viable cells in the tumor slice.
This procedure validation was established by the pathologist.
After the critical threshold determination (by the pathologist)
of the slide, we performed a computational analysis of all
the other slides. The fraction of apoptotic/necrotic regions
was then calculated through the equation:

Vo 3o Avo(x)Ax;

(1)
Vo S AG) A

where V; is the identified apoptotic/necrotic volume, V is the
total volume, A; is the identified apoptotic/necrotic area of
slice i, A(x;) is the total slice area, Ax; is the thickness of the
histological section (equal to 5um) and N is the total num-
ber of the slices. In this approach, the pathologist analyzed
three random slides, resulting in three estimated necrotic
fractions for the same tumor volume, obtained after perform-
ing the computational procedure. This allows us to estimate
the error and determine the fraction of irreversible lesions of
each tumor.

Definition of the thermal damage (£2) and degree of
tissue injury (0q) parameters

Since the in vivo MNH experiments revealed ablative temper-
atures, the thermometric parameter chosen to calculate the
thermal dose was the thermal damage parameter (Q) [50],
that is defined as:

[ S — [[nat= [ ac8)
Q=In|——| = | kdt = | Ae\T0/dt. 2
n[C(T)} 0 0 ¢ @

Here, C(1) represents the concentration of viable cells (or
undamaged tissues) after heating time t, while Gy is the cor-
respondent initial concentration. The temperature depend-
ence of the conversion rate k (s~') of C(1) in cells/tissues
irreversibly damaged, assuming a binary reaction, is
described as k(T) = Ae(#). The energy barrier value is
assumed to be E, = 2.596 x 10° (J.mol™") (enthalpy of acti-
vation) and the frequency factor A= 294 x10%* (s7),
obtained from muscle thermal damage, while R=8.3143
(J.mol~'.K™") is the universal constant of ideal gases [51,52].

Further, in this report, it is useful to define another par-
ameter, called degree of tissue injury (6q), obtained from the
equation:

0o =1—exp (—Q(nt)) (3)

This parameter defines the fraction of tissue damaged
after MNH according to the time-temperature profile of the
target tissue. To extract this value for each tumor voxel pos-
ition, we performed numerical simulations.
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Computer simulations for in vivo MNH

MNH computer simulations were performed by numerically
solving Pennes’ bioheat transfer equation, that is given by
[53,54]:

aT, . .
PnCn a_l'n = Knvan + pbcbwb,n(Tb - Tn) + Qmet" -+ Qnpm,n (4)

where p, is the density of the medium (kg.m3) and n refers
to the medium under consideration (e.g., an underwrite (t)
to designate tumor tissue or (h) for healthy tissue), p, is the
blood density (kg.m’3), Cn is the specific heat of the medium
(tissue) (J.kg™'.K™"), k, thermal conductivity of the tissue
W.m~ K™, ¢ is the specific heat of the blood (J.kg™'.K™"),
op,n is the blood perfusion rate (s™'), T, is the blood tem-
perature (K), Omer" is the amount of heat generated metabol-
ically per volume unit (W.m™3), OMNp,n is the amount of
magnetic nanoparticle heat generated by hysteretic loss per
volume unit during MNH (W.m 3).

The first term on the right side of Equation (4) is related
to the diffusion of heat in the medium (tissue); the second is
a convective term due to blood perfusion; the third is a
metabolic term due to the high biochemical reactivity of the
tumor cells and, finally, the heat generated due to the inter-
action of the nanoparticles magnetic moments with the
external AMF (magnetic hysteresis). It is assumed that in this
model the rate of blood perfusion is homogeneous and iso-
tropic, but temperature-dependent and follows the one
introduced by Erdmann et al, for both the tumor (o) and
healthy animal’s tissue (wy,s), that is given by [55,56]:

0.000833, T<37°C
4.8
T—37
op,¢(T) = ¢ | 0.000833 — % , 37°C<T<42°C
0.0004166, T>42 °C
(5)
and
2
wnp(T) = { 0.00045 +0.00355 exp (-% . T<45°C
0.004, T>45 °C

(6)

This model was used based on several reports from the
literature [27,55-57], but its effect is also investigated numer-
ically (see next section). Heat flux and temperature continuity
at the interface of the tissue layers are described by the fol-
lowing boundary conditions: k,,%l;: K1 STT]—;} and T, = Tpi1;
while the skin surface convective boundary condition is
—k,,g—; = h(Ts — Tox), where h= 37 W.m 2K,
Tet = 303 K and n is a direction perpendicular to the tissue
surface. The calculation of the convective heat coefficient (h)
was performed using the equation described in Ref. [58], at
T = Toy. Table S-Il presents the parameter values used in the
in vivo MNH simulations (unless otherwise stated).

Aiming to arrive at a realistic computer simulation, the
new methodology proposed here uses: (i) the surface body
of the animal extracted from PG technique, where the ani-
mal’s body shape geometry is exported in STL format to the
COMSOL Multiphysics simulation program; (ii) the 3D tumor
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is obtained from the US sensorless freehand method and is
also exported in STL format to COMSOL; (iii) finally, the
nano-heaters 3D intratumoral localization is obtained from
FMT. However, to export the DICOM image sequence [59]
extracted from the ROlrymorn ONe needs first to extract, using
the TrueQuant® software from FMT equipment, a set of
DICOM images that contain all of the information of the
fluorescence voxel signals captured by the FMT during the
scanning process. Using imageJ (Fiji) software, it is possible
to select a three-dimensional ROlymer and export the coordi-
nates of each voxel. We used an FMT cubic voxel with edge
length of 0.25mm. The FMT data analysis allows to export
the nano-heaters intratumoral position, which is then used
to create a three-dimensional heat-source function, by notic-
ing that particle concentration correlates with the fluores-
cence intensity of each voxel inside this selected region.

In our approach, we created an interpolation function
using the voxel coordinates (and its respective fluorescence
intensity) obtained by the 3D-FMT mapping. Note that the
calculated value is also directly proportional to the concen-
tration of magnetic material. Then, we insert a voxel intensity
function in COMSOL Multiphysics, which contains informa-
tion about the concentration (fluorescence) intensity in a
given position, as extracted from the FMT data.
Fundamentally, we defined a function:

I(x,y,z)
Imax (X0: )/o, ZO)

g(x,y,z) = (7)
which normalizes all data in a specific position to the highest
intensity value (Imgx), i.e., highest particle concentration
within a voxel. As a consequence, the heat source is written
as a constant Q, times this normalized concentration func-
tion, such that ONpMyn(x,y,z) = C)og(x,y,z), where only Qo is
varied in a given simulation. It should be highlighted that
this function is personalized to each animal and establishes a
voxel dependent heat source for MNH.

The surface temperature measurements obtained from
simulations are compared with IRT data. The alignment
between the ROI's is obtained first by indicating the tumor
region in both, the infrared image and the PG 3D animal
body (that is exported to COMSOL). In the infrared image,
we change the color palette in the FLIR Research software
from Rainbow to Glowbow, that allow more details of the
surface of the animal to be identified, such as the location of
the probe on the surface of the tumor (and the tumor itself)
and more detailed outlines of the animal. Based on this ROI,
we align with COMSOL data. After the computer simulation,
the data extracted from the mesh in COMSOL are converted
into a matrix (25 x 30) with exact dimensions 19.5mm x
16.25mm, which correspond to the dimensions of the
experimental ROI.

Sensitivity and uncertainty analysis of MNH computer
simulations

Note that some parameters of the simulation are not meas-
ured (in this report) but assumed to follow the literature, for
example, Erdmann’s model for the perfusion temperature
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dependence [27,55-57]. To better evaluate the dependence
of our results on some of the model parameters, we also
performed a sensitivity analysis using as a model the data of
animal #1. Here, we focus on the tumor perfusion tempera-
ture dependence () and on the surface convective param-
eter (h), where again Qo is varied for each simulation. The
fraction of irreversible lesions inside the tumor (i.e., estimate
for apoptotic/necrotic percentage) is considered for compari-
son between different computer simulation scenarios since
this had been calibrated from histopathology analysis for ani-
mal #1. Distinct o, functions were investigated (see supple-
mentary material - Table S-lll), spanning from high to low
perfusion cases. Further, the range of validity for the con-
vective heat coefficient (h) study (see supplementary material
- Fig. S7) was obtained using an expression known from the
literature [58]. The characteristic body size of the specie is
assumed to range from 0.06 to 0.10 m (mouse), which results
in h values from 3.0 to 3.7 W.m™2K™". For theoretical pur-
poses, in this analysis, we also show numerical results consid-
ering a higher value, h = 10 W.m™2K™". The study allowed
us to perform an uncertainty analysis of the in vivo magnetic
hyperthermia efficiency.

Statistical analysis

Kaplan-Meier's survival curves were analyzed applying the
log-rank test (also called the Mantel-Cox), using the
GraphPad Prism licensed software (La Jolla, CA). Results are
presented as *p<.05, **p<.01 and ***p<.001. Also, the
statistical analysis followed the recommendations of the ISO
guide platform for the cases when the number of animals
(experiments) in each group is not high [60]. In this context,
some data are shown in the format (mean value)%(txstan-
dard deviation) in order to obtain an expanded uncertainty,
where the t-factor comes from the application of Student’s t-
test, following a table of standardized confidence intervals,
determined according to the number (v) of degrees of free-
dom in the set of measures (calculated as v= n—1) and n
is the size of the studied assemble (e.g., the number
of animals).

Results and discussion
Theranostic nanocarrier characterization

The pilot animal study starts with the development of a
multifunctional magnetic nanocarrier named MalbIR. In the
MalbIR nanocarriers, BSA forms a corona around the surface
of the Mn-IONPs, as depicted in Figure 1(A) that shows an
illustrative chart of the multicore nanostructure formed by
aggregates of nanoparticles. The figure also represents a size
estimation of each constituent, where the IR-780 dye couples
to the BSA hydrophobic groups during the synthesis proced-
ure [46]. Figure 1(B) shows the molecular structure of IR-780.
The magnetic nanoparticles consist of manganese ferrite,
and a representative image of an isolated Mn-IONP (spher-
ical-like soft ferrite with diameter ~13 nm) obtained by high-
resolution transmission electron microscopy (HR-TEM) is

shown in Figure 1(C). The MalbIR size distribution was
obtained by NTA (Figure 1(D)) revealing D,,=(114%38) nm
(mean diameter + standard deviation) and a particle concen-
tration of N=(3.2+0.5)x10"" particles.cm™>. Further, a repre-
sentative field emission scanning electron microscopy (FE-
SEM) image of MalbIR is shown in Figure 1(E). Altogether,
the characterization indicates that MalbIR nanocarriers con-
sist of a multi-core nanostructure system.

MalbIR imaging with FMT

The coupling of IR-780 to BSA (see Ref. [46] for details)
allows the magnetic nanocarrier to become fluorescent in
the NIR, and therefore detectable through FMT. To test its
application, we intratumorally injected MalbIR and followed
it with 3D-FMT. Fig. S2 shows different in vivo images for dis-
tinct times after intratumoral MalbIR injection. The results
reveal that MalbIR remains within the tumor (at least for the
first 24 h before the MNH), and that the nanocarrier showed
a sufficiently strong fluorescent signal to allow its efficient
in vivo detection inside the animals’ tumors. Then, we per-
formed an MNH experiment and compare the 3D-FMT
images before (t=24h) and after MNH (t=25h). The results
indicate that heat can promote diffusion of the MalbIR within
the tumor, which could be very useful in aiming toward a
more suitable in situ drug thermo-delivery application.

However, despite the heat-induced diffusion of the par-
ticles that might also play a role in estimating the heat
deposition within the tumor, such an effect will be neglected
in the present computer simulations. Hence, in the proposed
computational model, was assumed a static location of the
nano-heaters inside the tumoral mass, which is determined
within one hour after nanoparticle injection, i.e, a few
minutes before MNH treatment. It was also assumed that the
nano-heaters power generation will be constant in time, but
voxel-dependent. Hence, the higher the fluorescence signal
inside a given volume containing MalbIR nanocarriers (as
obtained by 3D-FMT), the higher will be the amount of heat
delivered to tissues surrounding that voxels.

MalbIR in vivo therapeutic heating performance

Differently from the previous section, in the pilot in vivo
MNH study, MalbIR is intratumorally injected only around
one hour before MNH. After completing the baseline 3D-FMT
mapping of the nano-heaters inside the animal’s tumor, each
mouse underwent a single 30 min session of MNH treatment.
MNH was performed at H= 17.5kAm~"' and f = 310kHz
(rms value), an experimental condition very close to the
Dutz-Hergt safe limit criterion [13,14]. The surface tempera-
ture increase for each mouse was registered with the IR Cam
and co-registered with the fiber optic probe (in one point)
over the tumor region and in the rectum of the animal. The
MNH heating curves (from animal #1 to #4) are shown in Fig.
S3-A to S3-D.

The MalbIR nanocarriers show great heating performance
in vivo, almost in the low-field condition, with average sur-
face temperatures ranging from 46 to 50 °C for about 25 min
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Figure 1. (A) Schematic representation of MalbIR nanocarrier. (B) Molecular structure of the IR-780 generated using the free-license software Pymol to estimate

the size of the molecule, where the unit of measurement is in angstrom (1 A=

107"° m). (C) Representative HR-TEM image of the Mn-ferrite nanoparticles (with

diameter ~13 nm). (D) MalbIR nanocarrier size distribution obtained from NTA analysis. (E) Representative FE-SEM image of the MalbIR nanocarrier.

in the target region. Table S-I summarizes the time-tempera-
ture exposure profiles of the four animals treated with MNH.

Even though this is not the focus of the present work, it
is fair to mention that this time-temperature ablation regime
was able to promote CR of tumors in two of these mice (ani-
mals #3 and #4) after a single session of 30 min of MNH (see
Figure 2(B)). This suggests that MalbIR has a potential as a
therapeutic agent, within the safety clinical criteria. But a
study with a higher number of animals would be necessary
to claim any treatment efficacy outcome, and is planned for
the future. Hence, the present report should be considered
as an MNH pilot in vivo study.

Furthermore, to address realistic MNH numerical simula-
tions, one needs first to perform 3D reconstructions of the
body, tumor and MalbIR intratumoral distribution.

3D reconstructions for more realistic
computational modeling

To obtain the exact shape of each animal’s body submitted
to the in vivo MNH, since we deal with subcutaneous tumors
and the skin surface thermometry is quite relevant, we

applied the digital PG technique. Figure 3(A) shows a mouse
sedated and positioned in the same way that it will be
placed inside the coil for the MNH treatment. Subsequently,
in Figure 3(B), a diagram illustrates the process to take
sequential pictures of this animal’s body in distinct positions,
while Figure 3(C) exhibits the body 3D-reconstruction
obtained from the digital PG protocol. The animal’s body
shape geometry is then exported in STL format to the
COMSOL Multiphysics software for further simulations.

Figure 3(D) shows a US image of an animal in a prone
position, with the tumor along the vertebral column. As dis-
cussed before, a US video of the tumor is analyzed, allow-
ing the determination of a sequence of slices (frame) that
pass through Image pre-processing and Gaussian Blur filter
for 3D tumor reconstruction, as schematically represented
in Figure 3(E). Overlapping these treated images and ren-
dering the created object, it is possible to obtain a final
solid object as shown in Figure 3(F). The animal’s tumor
geometry is then exported in STL format to the COMSOL
Multiphysics software.

The nano-heaters localization, after intratumoral injection,
is obtained by FMT. Delimiting a specific ROltymor and setting
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Figure 2. (A) Tumoral time-evolution of the control group (n=15), animals also bearing a solid and subcutaneous Ehrlich tumor, that did not undergo the MNH
nor receive MalblIR injection. (B) Tumoral time-evolution of the treated animals #2, #3 and #4 by in vivo MNH with MalbIR nanocarriers intratumoral injection (single
session of 30 min of exposure to an AMF of 17.5 kA.m~" and 301 kHz). (B) Kaplan-Meier’s curves of the control group (in black, they were euthanized when their
tumors reached 2000 mm?) and the treated animals #2, #3 and #4 (in red). (C) Histological sections of the skin of animal #3, extracted from the same region where
the tumor had previously been induced, but 575 days after the MNH treatment. The red arrows indicate fibrotic regions and the black arrows indicate the dermis

and muscle tissue.

the step of the three-dimensional laser scanning (Figure
3(Q)), the volume occupied by the MalbIR nanocarriers can
be found inside the tumoral mass (Figure 3(H)). After data
manipulation (see ‘Methods’ section), it is possible to select
and export the coordinates of each voxel containing the
nano-heaters, which is used later to create a three-dimen-
sional heat-source function based on the fluorescence inten-
sity of each voxel inside a selected region. Figure 3(l) shows
some slices (in three different directions) of the volume gen-
erated by this heat-source function (voxel-dependent), as cre-
ated with COMSOL Multiphysics software.

Computational modeling of the intratumoral
heat delivery

After having obtained more realistic and personalized models
(according to each animal’s anatomy) for the body surface,
tumor volume and nano-heaters intratumoral location, we

can use the COMSOL Multiphysics software to combine these
three complex geometries in a single geometric model by
segmenting the heat target regions and assigning thermo-
physical properties to each segment (see Table S-lI), followed
by implementing a non-linear temperature dependence for
the tumor blood perfusion rate in order to solve the bioheat
equation (Equation (4)) for each voxel [27,55-57]. Next,
Equation (2) (also for each voxel) is used to convert this 3D-
temperature mapping into the spatial distribution of thermal
damage Q(r,t) values. From this information, we also calcu-
late the corresponding three-dimensional degree of tissue
injury 8o (Equation (3)).

Before discussing the simulations, it is relevant to mention
the experimental configuration. During the in vivo MNH pro-
cedure, the IRT (Figure 4(A)) was performed using the pro-
cedure adopted by Rodrigues et al. [27], positioning the IR
Cam 50cm above the mouse’s body at a fixed direction
0=(0.0°£0.5°), which results in an inaccurate temperature
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3D reconstructions for computational modelling of the heat deposit
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Figure 3. Animal’s body reconstruction: (A) picture of animal #1 (before MNH) sedated and positioned in the same way that it will be placed inside the coil for
treatment; (B) diagram illustrating the process to take sequential pictures of this animal’s body collecting a close-range photographic data set with the digital cam-
era; (C) animal’s body model reconstructed by photogrammetry technique. Animal’s tumor volume reconstruction: (D) ultrasonography showing the animal in the
prone position, identifying its solid tumor along the vertebral column (dorsal region); (E) process for tumor slice extraction from the ultrasound video (about 100
frames) and filter applications to the images; (F) rendering of the tumor volume after stacking all the filtered slices. Nano-heaters intratumoral spatial distribution:
(G) 3D animal scanning on the fluorescence molecular tomography (FMT); (H) 3D reconstruction of the volume occupied by the MalbIR nanocarriers within the
tumoral mass (less than 1h after intratumoral injection); (I) three-dimensional heat source distribution function (voxel-dependent) generated using the COMSOL

Multiphysics software.

determination of ~1°C. Figure 4(B) is a pixelated IR image
from the ROlymor €nclosing a total amount of 750 pixels
(where each one of them works like a punctual thermom-
eter) acquiring dense bi-dimensional dataset of temperature,
at the time point of 30 min of MNH. Figure 4(C) shows the
probe temperature (reference point) at the skin surface over
the tumor region, as well as the numerical simulation at the
same position, during MNH. The agreement between these
curves can be achieved by changing the value of OMNP,,, in
the heat generation function of the simulation. However, this
corresponds to just one point on the surface, while the
method here evaluates several points on the surface (as well
as intratumoral heat delivery).

Moreover, analyzing just one point on the surface, or
even, for instance, comparing a set of points along the major
and minor tumor axes [19], is not enough to guarantee that
the computational simulation works well to fit the experi-
mental data with good accuracy. For this reason, the choice
of an ROlyymor With a large number of measures (e.g., 750
measurement points), becomes more reliable, improving the
analysis of the computational model. In present report, a

minimum of 50% agreement between the numerical calcula-
tion and the IR temperature data was established as a criter-
ion inside the same ROltymor considering an experimental
uncertainty of +1.0°C in the IR measurements [27], as better
discussed later.

Figure 4(D) shows the meshes generated in the COMSOL
Multiphysics software for the application of the finite elem-
ent method (FEM) calculations in animal #1, where each
region was customized: for the mouse body, Figure 4(D) (I),
with more complex details, an extra-fine mesh was inserted
(with a growth factor of 1.35) and the details of the curva-
ture of the animal’s surface are noted, showing the refine-
ment of this technique. For the tumor, a normal mesh was
inserted, with a growth factor of 1.5 from the tumor bound-
ary toward normal tissue (Figure 4(D) (ll)). On the other
hand, Figure 4(D) (lll) shows the volumetric distribution of
the heat-sources inside the animal’s tumor and based on the
3D-FMT mapping of the MalbIR nanocarriers (using each
voxel coordinate and its respective fluorescence intensity). It
might be relevant to mention that for the nano-heaters spa-
tial distribution reconstruction, it was established that the
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Figure 4. (A) Thermographic image of animal #1 at time t=31min (i.e,, after 30 min of MNH). (B) It is a pixelated IR image from the ROl mor €nclosing a total
amount of 750 pixels (where each one of them works like a punctual thermometer). (C) The numerically calculated temperature compared to the real value (IR
measurement) at the same point of the mouse skin surface. (D) (I, Il) Customized meshes generated using COMSOL Multiphysics commercial software for the appli-
cation of the finite element method of calculation within the animal’s body and tumor reconstructed geometries (animal #1); (ll) the volumetric distribution of the
heat-sources, inside the animal’s tumor #1, based on the 3D-FMT mapping of the MalbIR nanocarriers. (E) (IV) shows the numerical calculation of the mouse skin
surface temperature (all over the body), after 30 min of MNH; (V) ROkrymor extracted from the simulation showing the temperature profile after 30 min of MNH.

occupied volume inside the animal’s tumor must be equal to
90 mm?, in order to fit the amount of injected magnetic fluid
before its MNH.

The results of the computational simulation for animal #1
are shown in Figure 4(E), where the hottest regions are in
red. Figure 4(E) (IV) shows the result of the numerical calcula-
tion of the skin surface temperature (all over the body), after
30min of MNH. In Figure 4(E) (V), a virtual ROI is extracted
from the reconstructed animal’s body shape, with the same
dimensions as the experimental ROltumor
(19.5mm x 16.25mm), zooming the simulated surface tem-
perature distribution over the subcutaneous tumor. As it will
become clear in the next sections, the maximum agreement
at the surface (>50%) alone does not establish the condi-
tions to guarantee a good and realistic computer simulation.
Indeed, a calibration procedure through histopathology ana-
lysis was necessary to achieve this goal that, combined with

the approach previously discussed, allowed an adequate
computer simulation.

Histopathology analysis of irreversible tumor lesions
after MNH of animal #1

Figure 5(A) shows the graph of tumoral evolution of the ani-
mal #1, which was euthanized on the MNH treatment day (in
the 11th day after his solid tumor induction procedure) with
the excised tumoral tissue used in a histopathologic assay.
One should remember that each of the animals (#1 to #4)
went through the same imaging protocols for 3D-reconstruc-
tions of its body shape (by PG), tumor volume (by the US)
and intratumoral nano-heaters spatial mapping (by FMT).
The histopathological analysis of the tumor of animal #1
was an essential part of our methodology since it supports
the establishment of an irreversible thermal damage



threshold (for Ehrlich solid tumor at least). From this, it was
possible to find a quantitative relationship between the
histologic outcomes and the computational prediction of the
tumoral apoptotic/necrotic region after in vivo MNH.

Figure 5(B) shows a representative histopathological slide
with three parts of the tumor excised from animal #1. The
red arrows indicate the portions of skin and muscle that
were not properly removed during the tumor excision (over-
estimating total tumoral tissue region). The skin and muscle
layers have been computationally removed from this slice
(the inset on image). The same histopathologic study was
carried out with the other control mouse with a solid and
subcutaneous Ehrlich tumor, but without undergoing the
MNH treatment or received the MalbIR injection. All the sli-
ces referring to both tumors (control and #1) are shown in
Fig. S5. Figure 5(C) shows the same slice of Figure 5(B) after
the image color binarization process using the Thresholding
Color filter from Imagel/Fiji Software. The red color delimits
the apoptotic/necrotic regions and the black one the regions
of viable cells in the tumor slice.

The computation procedure, using Student’s t-test with
95% confidence interval, revealed an estimated apoptotic/
necrotic fraction for the tumor of animal #1 of (74.5+10.9)%,
about 2.5 times larger than the apoptotic/necrotic region of
the tumor control. It might be fair to mention that, without
computationally removing the excess of skin and muscle, the
tumor necrotic fraction calculated for animal #1 (~54%) was
not much higher than the control animal (~30%) whose
tumor had not not received MalblIR injection, nor undergone
AMF exposure. Hence, this procedure has to be carefully per-
formed to avoid errors in the determination of the fraction
of irreversible lesions in the tumor. The histopathology find-
ings are then later used to validate the numerical
simulations.

Thermal damage of tumoral tissue using
computational modeling

The above discussions about the MNH simulation of animal
#1 had considered only one unknown parameter, i.e., varied
only the magnetic heat source term, Qo (the role of blood
perfusion is analyzed in the next section). Changing this par-
ameter means a distinct SLP value. According to the pro-
posed method the best scenario, when comparing the
experimental IRT data (Figure 5(D, 1)) and simulation (Figure
5(D, 1)) for a time window of 30 min of MNH, happens when
a maximum correspondence between both surface tempera-
ture data are achieved. Figure 5(D, lll) shows the difference
within an ROlrymor at the surface between the simulation
(Tsim) and the experiment (Tig) for each corresponding pixel.
Considering an experimental uncertainty of +1.0°C in the IR
measurements, we found a pixel agreement area of around
54% for this simulation, which assumed
Qo= 7.23x10° Wm™3, ie, SLPgn = 1225 W.g~', for the
case of animal #1. Varying Qo (SLP) results in a lower agree-
ment value, as shown in Figure 5(E), which suggests that the
best simulation is the one just reported.
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However, is very important to keep in mind that this pro-
cedure alone does not guarantee that the simulation repre-
sents the real scenario. One still needs to check what is
happening inside the tumor, i.e,, if the intratumoral thermal
dose can result in similar irreversible tissue injury, as found
in the histopathology analysis.

For the excised tumor #1, the correct histopathologic out-
come demonstrated a apoptotic/necrotic tissue fraction of
(745+10.9)% of the total tumor volume (after a single ses-
sion of 30 min of MNH treatment). Hence, we adopted as an
experimental critical value for the degree of tissue injury
0 = 0.75. Since 6. = 1 — exp (—Q), this critical value cor-
responds to Q = 1.4 (see Fig. S6). Note that in the computa-
tional modeling, we can calculate three-dimensionally the
temporal evolution of the intratumoral temperature
Tumor(r, t), by solving numerically Equation (4) (when
QNlen(x,y,z) = Oog(x,y,z)) for each voxel of the recon-
structed tumor volume. Therefore, applying Equation (2)
(also for each voxel) to convert this 3D-temperature mapping
into an equivalent volume of thermal damage Q(r,t) values,
finally, we can also calculate (through Equation (3)) the cor-
respondent three-dimensional degree of tissue injury (eg’").

To obtain a numerical estimation of the volume of viable
and apoptotic/necrotic tissues within the tumor of animal #1
in good agreement with the experimental critical ratio of
~0.75, we proceed with the following algorithm: if the simu-
lated value (65™) on each voxel reaches (or even exceeds) a
certain critical value (8,) estimated by histopathologic assay,
ie, 05" (r,t) > 0., then the voxels inside this apoptotic/nec-
rotic region (e;;m 3D-mapping) are counted as a tissue vol-
ume irreversibly damaged (Vjrevpam); ONn the other hand, if
0™ (r,t) < 0, then the region has suffered reversible ther-
mal damages and remains viable (Vgrevpam)-

Realistic numerical simulations of animal #1 are performed
to confirm and validate this finding, as shown in Fig. S6, that
shows the influence of the critical degree of tissue injury in
determining the fraction of irreversible lesions in the tumor.
Indeed, Figure 5(F) shows a 3D-mapping of the numerically
calculated degree of tissue injury 93’" inside the tumor of
the animal #1, where the simulated values of
Virrevpam=550mm> and Vgeypam=188 mm> reproduce the
experimental proportion between necrotic and viable tissue
obtained by histopathology, when 6. = 0.75 meaning that
75% of the total tumor volume was lethally heated.

So, from histopathology analysis we establish 6. = 0.75
as a threshold for irreversible thermal damages within
Ehrlich solid tumors that have undergone MNH treatment.
Also, we use this value for any other simulation for determin-
ing the fraction of irreversible lesions in the tumor. But,
before performing the analysis of other animals, it might be
relevant to perform a sensitivity analysis of some relevant
parameters of the simulation to justify values assumed for
some of the simulated parameters.

Sensitivity and uncertainty analysis for in vivo MNH

Certainly, one of the most important parameters for the suc-
cess of any cancer thermal therapy is the tumor blood
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Figure 5. (A) Tumoral evolution of animal #1 until the MNH treatment day (about 738 mm?): the animal #1 was euthanized on the 11th day and the excised tumor
tissue was used for a histopathologic assay (positive control). (B) Histopathological slide with three parts of the tumor excised from animal #1. The red arrows indi-
cate the portions of skin and muscle that was not properly removed during the tumor excision (overestimating total tumoral tissue region). This skin and muscle
layers have been computationally removed from this slice (the inset on image). (C) The threshold color method option is applied to delimit apoptotic/necrotic (red)
and viable (black) areas. This process is done for all images in the stack (~110 slices). (D) The animal’s #1 skin temperature data within the experimental (4 D-I)
and simulated (D, Il) ROlyymor, at time instant t =31 min, i.e., after 30 min of MNH. Each temperature map contains 750 pixels. (D, Ill) shows the temperature differ-
ence (Tsim — Tir), pixel by pixel, between the simulated and the experimental ROlrymor- When |Tsim — Tig| <1 °C both pixels are considered registering the same tem-
perature value (due to the IR measurements experimental error + 1°C). From this, it is possible to estimate the percentage of area agreement between
experimental (D, I) and simulated (D, Il) data. (E) Pixel agreement curve as a function of SLPg;,, for animal #1, using the Erdmann model. (F) The upper part (red
solid) shows the simulated fraction, within the total tumor #1, of the tissue volume irreversibly damaged (Viyevpam=550 mm>) and, in the lower part (blue solid),
the simulated fraction that has suffered reversible thermal damages and remains viable (Vgeypam=188 mm3), when 6, = 0.75.



perfusion, which has been found to be temperature-depend-
ent [61,62]. Indeed, the temperature dependence of blood
flow in healthy organs and tumors of animals and humans
has been investigated using several methods, such as PET
[63], US [64] and MRI [65], among others. It was found (in
mice) that blood flow decreases with increasing tumor vol-
ume/mass [62]. This is in accordance with our pilot in vivo
study that investigates MNH in large solid tumor sizes.
Indeed, we had assumed Erdmann’s tumor perfusion model
(Equation (5)) in the numerical simulations, which might be
defined as a low perfusion model.

Since perfusion can significantly influence the intratu-
moral heat delivery, we checked and evaluated the influence
of wp,¢. In this analysis, distinct numerical simulations of ani-
mal #1 were performed using another 10 expressions for
tumor blood perfusion, which spans from low to high perfu-
sion cases (see Table S-lll). The investigation is consistent
with measurements of tumor blood flow in mice with mam-
mary adenocarcinoma, as extracted from the work of Jain
and Ward-Hartley [62], who found values between 0.05 and
04 (mlg™'.min™") that give tumor blood perfusion rate
(wp, ¢) in the range of 0.000883-0.007s '. We will focus on
two main analyses, namely the surface pixel agreement (at
30min of MNH) and the fraction of irreversible tumor lesion
(using 6. = 0.75).

Figure 6(A) shows the calculated fraction of irreversible
tumor lesion (%) (after 30 min of MNH) as a function of dis-
tinct SLP for the different tumor blood perfusion expressions.
And the inset shows some representative perfusion expres-
sions as a function of the temperature used in the simula-
tions. Different scenarios are investigated, for instance, high
and low-temperature dependence behaviors. In all cases we
found that upon increasing the heating efficiency, irreversible
tissue injury also increases, as expected. Indeed, 100% injury
is found at low SLP in cases with low perfusion, for example
for Equation (S.1) (see Table S-IV) this is accomplished for a
SLP of 165 W.g ', while for Equation (S5.10) (high perfusion
case) this occurs at a higher value, i.e., 395 W.g™". Obviously,
the results indicate that it is more difficult to heat tumors
with higher perfusion. However, beware that this investiga-
tion alone does not validate any perfusion temperature
dependence for our animal tumor model, as dis-
cussed below.

Figure 6(B) shows the surface area pixel agreement (inside
ROlrymor) comparing the IR data and the numerically calculated
values for the animal’s skin temperature after 30 min of MNH,
for several perfusion cases. Note that independent of the perfu-
sion, an optimum agreement is always found. However, pixel
agreement higher than 50% is achieved only for the low perfu-
sion cases. Again, beware that this optimum SLP value for sur-
face temperature distribution does not guarantee a good
simulation, i.e.,, some of the perfusion values do not represent
the tumor model investigated. For example, for the highest
perfusion case (Equation (S.10)), one finds a better surface
agreement for an SLP value of 175 W.g™" (see Figure 6(B)). But
this SLP corresponds to only 34% of irreversible tumor lesion
(see Figure 6(A)), which is completely different from the experi-
mental value found by histopathology of (74.5+10.9)%. On the
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other hand, 75% of the lesion, in this case, reveals a 0% of
pixel agreement for the SLP = 285 W.g™". In conclusion, the
sensitivity analysis indicates that our tumor model is better rep-
resented by the low perfusion case, which again supports our
previous choice of using Erdmann’s model (Equation (5)).
Nevertheless, since we had not measured the blood perfusion
for our tumor model, the uncertainty on SLP determination for
animal #1 has to be taken into account. Considering only cases
where pixel agreement is higher than the 50%, we found that
the SLP value ranges from 109 to 1225 W.g™', a variation of
11% concerning Erdmann’s model.

Another parameter that was evaluated was the convective
heat coefficient (h). According to the literature, the param-
eter value depends on the body dimension of the specie
[58]. Considering a mouse with a body size ranging from
0.06 to 0.10 m, the h values are calculated to be between
3.0 and 3.7 W.m™2.K™". For theoretical purposes, in this ana-
lysis, we also show numerical results considering a higher
value, h= 10 W.m™2K™". It might be also relevant to men-
tion that if the convective boundary was established not at
the skin surface, but the tumor surface, then the convection
coefficient h for quiescent air surrounding the tumor would
be determined by LeBrun et al. [57] h = Nup,qy - k/D, where
Nup, 4y is the average Nusselt number, k is the tumor thermal
conductivity and D the tumor diameter. For animal #1, at
room temperature (303 K) we estimate this value to be 2.95,
i.e., within the range already analyzed by the sensitivity ana-
lysis. However, this is not the boundary condition considered
in the simulation, so the convective heat coefficient h, as
explained above, is calculated assuming the boundary condi-
tion at the skin surface, considering the specie characteristic
size and might vary from 3 to 3.7 W.m 2K,

Figure 6(C) shows the calculated fraction of irreversible
tumor lesion (%) (after 30 min of MNH) as a function of SLP
for different h values, assuming Erdmann’s model (Equation
(5)) for the perfusion (shown in the inset), while Figure 6(D)
shows the surface pixel agreement as a function of SLP.
Again, considering only cases where pixel agreement is
higher than 50%, we found SLP values of 109 (122.5) W.g™"
for h = 3.0 (3.7) W.m 2K, The result suggests uncertainty
in the SLP determination of 11% (in respect to the h= 3.7
cases). On the other hand, the irreversible tumor lesion of
h= 3.0 (3.7 Wm 2K ' was found to be 65.7% (74.5%),
which is in good agreement with the histopathology ana-
lysis. For those interested in evaluating the effect of h in a
larger range, please check the supplementary material, where
one can find for example that higher h values result in lower
irreversible tumor lesion for a constant SLP value (Fig. S7).

Indeed, the analysis of animal #1, inspired by the results
of Figure 6, i.e., taking into account the fraction of the irre-
versible tumor damage from the histopathology data ana-
lysis, indicates that the best surface temperature agreement
is obtained using perfusion values that range from
Erdmann’s model (Equation (5)) to Equation (S.2) perfusion
cases (see Table S-lll), and h varying within 3-3.7. In this situ-
ation, we obtain from the uncertainty analysis for animal #1
the mean in vivo MNH efficiency SLPgy, = 112+7 W.g”,
while the mean irreversible tumor lesion was found to be
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Figure 6. (A) Calculated fraction of irreversible tumor lesion (%) (after 30 min of MNH) as a function of SLP for the different tumor blood perfusion expressions
(see Table S-lll). (B) Surface area pixel agreement (inside ROlyymor), between the IR data and the numerically calculated values for animal’s skin temperature after
30 min of MNH, for several perfusion cases. (C) The calculated fraction of irreversible tumor lesion (%) (after 30 min of MNH) as a function of SLP, for different h val-
ues assuming Erdmann’s model (Equation (5)) for the perfusion (shown in the inset). (D) Surface area pixel agreement as a function of SLP, at 30 min of MNH, for

the same h values tested in (C) and also assuming Erdmann’s model.

68.5+4.4%, i.e., within the value found from histopathology
analysis. The error corresponds to the uncertainty values of
those parameters. For individual SLP values in different simu-
lation scenarios, see Table S-IV.

Finally, more sophisticated sensitivity analysis procedures
have been suggested in the literature [40] but, although very
interesting, they are beyond the scope of the present report.
This strategy could be useful in the future to evaluate MNH
surface temperature measurements, not only at the station-
ary regime, but also in the transient region.

Overall, the sensitivity analysis suggests that our tumor
model is well represented by a low perfusion case. Hence,
we are tempted to assume the well know Erdmann’s perfu-
sion model to show the computer simulations of the other
animals, but keeping in mind the uncertainty on the in vivo
SLP evaluation due to both parameters, h and o, . Further,
we apply this analysis in a pilot in vivo study, establishing
0. = 0.75 as the threshold for irreversible thermal damages
within Ehrlich solid tumors that undergo MNH treatment,
and have at least 50% surface pixel agreement, considering a

temperature error of +1°C due to curved tumor shape and
emissivity directional effects.

Long-term pilot in vivo MNH study

The control group of animals (n=15), also bearing a solid and
subcutaneous Ehrlich tumor, that did not undergo MNH nor
receive MalblIR injection, was followed until their tumoral vol-
umes reached the limit of 2.0cm? (Figure 2(A)). In order not
to prolong their suffering and according to the recommenda-
tions of CEUA/UFG, when these mice reached the size limit,
they were anesthetized and sacrificed according to the ear-
lier described protocol.

Figure 2(B) shows the evolution of the tumor volumes of
animals #2 to #4. The red arrow indicates the moment when
animal #2 was euthanized, it being the only animal that pre-
sented tumor recurrence. For this animal, the in vivo MNH
procedure occurred 11 days after the inoculation of the
tumor cells and a recurrence was identified from the 35th
day. Due to tumor regrowth, this animal was euthanized
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Figure 7. Volumetric fractions of irreversibly damaged (in red) and viable tissues (in blue) were numerically calculated for the tumoral volumes of animals #2, #3
and #4, columns A, B and C, respectively, assuming Erdmann’s perfusion model (Equation (5)). (A) In (I) the irreversible thermal damage value was calculated, corre-
sponding to a volume of 395 mm?> of the total volume of animal #2 (740 mm?®). The reversible thermal damage (Il) is obtained by putting the volume to which
6. < 0.75 is blue. (lll) The intratumoral slices allow an internal visualization of the distribution of the degree of tissue injury of the tumor. The same analysis was
done for animal #3 (B) and #4 (C). In (IV), 6, = 0.75 was adopted and the value of 765 mm? was obtained for the volume of irreversible thermal damage, that is,
100% of the degree of tissue injury. This means that there is no viable tumor volume in (V), so it is blank. Intratumoral slices show the intratumoral tissue lesion in
(V1), the scale shows that there are no 6, < 0.75, consistent with the results of (V). It is easy to notice the difference between the necrotic volumes between ani-
mals #2 and #4. By analyzing the number of data from COMSOL, animal #2 had irreversible thermal damage in only 53.3%. For animal #4, the irreversible volume

was 688 mm3, equivalent to 96.2%.

after 55 days. The others, animals #3 and #4, showed tumor
CR. To assure that response, these two animals were fol-
lowed for 585 days (most studies in the literature do not
pass 60 days [15]). Some studies consider CR with up to
26 days of monitoring the tumor of the animal [66], how-
ever, in our opinion, this short time span is not enough to
determine the preclinical outcome.

But despite the long-term monitoring, due to the small
set of animals, it is impossible to preconize tumoral response
that was observed in animals #3 and #4 as a reproducible
preclinical outcome. Since such a conclusion demands a stat-
istically significant number of treated animals by MNH with
MalbIR nanocarriers, the reported findings in this section
only play the role of providing a pilot in vivo dataset that is

adequate for testing the proposed computational modeling,
aiming for its proof-of-concept demonstration (several pub-
lished in vivo MNH studies do not show a significantly higher
number of studied animals [15]).

It also might be interesting to mention that, for animals
#3 and #4, five days after the MNH a thickened crusted skin
lesion (epidermal necrosis) was formed over the subcutane-
ous tumor region, indicating that there was an ongoing
tumoral necrotic process [67]. The tissue regeneration pro-
cess occurred similarly to that reported in Ref. [68], in which
a thick, dark crust was formed 72 h after tumoral heating. As
we followed animals #3 and #4, we noticed that around the
19th day, this thick crust came off. It should be highlighted
that other research groups already reported that an
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inflammatory reaction, resulting from prolonged in vivo ther-
mal exposures (20-30min of heating, ranging from 42 to
50°C), can strongly enhance the death of neoplastic cells in
murine solid tumor models [69-71].

Figure 2(C) shows the Kaplan-Meier survival curve for the
treated animals (#2, #3 and #4) and the control group
(n=5). Although the group of treated mice (n=3) was small,
the observed survival rate was large (~67% of CR). This result
is similar to that reported by Dennis et al., who observed a
75% of CR in MTG-B breast carcinoma (n=4 mice, followed
for 60 days after treatment), but in a quite different and clin-
ically prohibitive experimental combination of frequency
(150kHz) and extremely high AMF amplitude of 43.8kA.m™'
(=2550.4 Oe) [72]. Or even the 100% of CR results published
by Lee et al., with the xenograft model U87MG for a human
brain tumor (n=3 mice, followed for 26 days after treat-
ment), treated via MNH applying an AMF of 37.3kA.m™'
(22468 Oe) and frequency of 500kHz [66]. Even though the
number of animals used is not high, the statistical analysis of
the Kaplan-Meier survival curves, applying the log-rank test,
revealed that the groups are statistically different,
with p=.0134.

In our long-term pilot in vivo study, the proof that there
was no tumor recurrence for animals #3 and #4 was
obtained by the histopathological analysis of samples har-
vested from the region of the animal’s dorsum where the
tumor had previously been induced, and none of the histo-
logical sections showed evidence of tumor tissues. It should
be highlighted that for animal #3, in particular, this analysis
was made 575 days after the MNH treatment (and 585 days
after his tumoral inoculation). Over the treated region, the
local skin area showed a reduction in its thickness, a local
reduction in the number of hair follicles in addition to an
extensive area of fibrosis just below the dermis (Figure 2(D)).

Validation of the methodology for predicting complete
tumor remission after MNH

We decided to apply the same algorithm as described above
for animal #1 (positive control) to analyze the heated tumors
of animals #2, #3 and #4. This was performed in order to
check and validate the potential of our numerical simulations
to predict the fraction of irreversible thermal damage for
each tumor. Here, we show simulations assuming Erdmann’s
perfusion model (Equation (5) with h = 3.7), but later we
also include an uncertainty analysis.

In Figure 7(A-C), volumetric fractions of irreversibly dam-
aged (red solids) and viable (blue solids) tissues were numer-
ically calculated for the tumoral volumes of animals #2, #3
and #4, respectively. For the construction of this 3D-mapping
of the degree of tissue injury (eg‘m) we used a scale range of
0 <0< 1, where 0 means viable tissues and 1 means
100% of lethal injury (for each voxel). The adopted threshold
for the simulations of all three animals was 0. = 0.75 (based
on animal #1 histopathological outcome and simu-
lated results).

Figure 7(A) () refers to animal #2, where the numerical
simulation predicted that only 53.3% of its total tumoral

volume suffered irreversible thermal damage, i.e., only 53.3%
of the voxels inside the reconstructed tumor model reached
(or even exceeded) the 0 value of 0.75. It should be high-
lighted that only animal #2 (among the other animals) had a
tumoral recurrence from the 35th day after his MNH treat-
ment (see Figure 2(B)). Continuing with animal #2, Figure
7(A) (Il) shows that 46.7% of the total volume has suffered
reversible thermal damages and remains viable, i.e. this
entire volume in blue represents the tumoral region where
05" < 0. Figure 7(A) (Ill) shows, for animal #2, intratumoral
serial slices of the complete tumor volume for three-dimen-
sional visualization of the simulated degree of tissue injury.

Now, performing the same examination as before, accord-
ing to Figure 7(B) (IV)-(VI) and (C) (VII)-(IX): for animals #3
and #4, the volumetric fractions (in red) of irreversibly dam-
aged tissues of their total tumoral volume consisted of 100%
and 96.2%, respectively. These were far higher than the value
found for animal #2 (53.3%), the only one that does not sat-
isfy the requirement of more than 80% of tumor tissues irre-
versibly damaged by heat [73], which should result in a
complete tumoral mass regression. Hence, the theoretical
analysis applied to animals #2, #3 and #4 until here, is con-
sistent with our long-term pilot findings of partial or com-
plete tumoral remission upon following these animals after
their MNH treatment (see Figure 2(B)).

Also, taking into account the uncertainty analysis dis-
cussed before, the mean irreversible tumor lesion of animal
#2 was found to be 56+7%; that is still consistent with
tumor recurrence analysis. While for animals #3 and #4 we
found, respectively, 100% and 91+5% (see Table S-IV). The
results support our long-term preclinical outcomes.

In vivo SLP estimation

Interestingly, the proposed approach can be used to extract
the simulated in vivo SLP, i.e., magnetic hyperthermia effi-
ciency. To do that one defines the average simulated in vivo
SLP as

Q _
=7 (8)
where g is the mean normalized concentration parameter
inside the tumor, while C is the average mass concentration
of magnetic nanoparticles obtained experimentally from the
relation C = Miotal/Vemr, Where myo is the amount of mag-
netic material injected in the tumor (obtained from magnet-
ization analysis to be 4.5mg in this study), while Vgyr
corresponds to the total intratumoral volume occupied by

Wsim =

the magneto-fluorescent nanocarrier as estimated by
using FMT.

For the multifunctional nanocarrier investigated, the
in vitro MNH resulted in the experimental value of

SLPeyp = 112£17 W.g~', its magneto-thermal efficiency
was evaluated at the same feasible combination of
175kA.m™" and 301kHz for the AMF that was used for
in vivo MNH, this value being obtained by the calorimetric
method (see Supplementary Material). However, this SLP
value should only be interpreted as a guide about the


https://doi.org/10.1080/02656736.2020.1826583
https://doi.org/10.1080/02656736.2020.1826583

hyperthermia efficiency of the nanocarrier, since in the
in vitro case the nanoparticles are suspended in water, while
after injection they are in the tumor matrix environment.

On the other hand, it is curious to notice that, taking into
account the uncertainty analysis (see Table S-IV), in our
numerical simulations we found similar magneto-thermal effi-

ciency values. For animal #1 SLPg, = 112+7 W.g™', while
for animal #2 SLPg,= 83+11 W.g~ ', animal #3
SLPym = 1149 W.g™' and animal #4

SLPm = 130+10 W.g™'. The SLP value, derived from the
results of the four animals, leads to a mean simulated in vivo
MNH efficiency equal to SLPg, = 11020 W.g”. Due to
the low number of animals in the study, one might be
tempted to apply Student’s t-test, where 70% confidence
interval (b= 3 and t= 1.25) results in an error of
25 W.g", while for 90% confidence interval (t = 2.35) the
error increases to 47 W.g™'. Anyway, the agreement with the
experimental result is very impressive and corroborates the
conclusion that we are doing a realistic-like computer simula-
tion. Further, the nice agreement might arise from the fact
that hyperthermia is performed within a short period after
intratumoral nanoparticle injection (less than 1h), so effects
due to nanoparticle cellular endocytosis (decrease/increase of
heating efficiency due to particle-particle interaction [42,43])
might not play a role. Also, while the nano-heaters corres-
pond to soft nanoferrites that are expected to heat due to
Néel relaxation mechanism at the MNH frequency, these
nanoparticles are not expected to have any significant contri-
bution to heat generation from Brownian relaxation.

Limitations of the methodology and final considerations

Besides the results reported above, there is still an important
challenge to be overcome. Returning to Fig. S2, the FMT
images of the multifunctional nanocarriers 1h before (at
t=24h) and 1h after (t=25h) MNH treatment, indicates
that the nano-heaters distribution probably changed during
the treatment. Similar MNH experimental results in a PC3
tumor model using microCT images were recently reported
[74]. The result suggests that the nano-heaters might diffuse
during MNH. In the present report, the thermally induced
mass diffusion phenomena were not included in this simula-
tion, and as far as we know, there is no technology yet avail-
able to monitor in vivo particle diffusion in real-time
(although MPI might solve this problem in the future). This
might explain why the surface temperature pixel agreement
was not even higher. So far, it is not clear how important
such a contribution might be in predicting the preclinical
outcome and thermal dose, but one can envision that such
investigations might be necessary, depending on the tumor
type and experimental protocol, which could improve even
further the methodology presented in this work.

Tumor heterogeneity might also explain why we are not
able to obtain an even higher surface temperature pixel
agreement, since the simulations assume an average tumor
perfusion, while one expects perfusion to be pos-
ition dependent.
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Further, the surface temperature pixel agreement was
only performed at the time point of 30 min of MNH. Ideally,
the transient regime could also be dynamically analyzed.
Indeed, this type of strategy has been performed in other
types of studies [40], not related to MNH, and could be con-
sidered to extend the methodology, although the approach
presented in this report is quite simple and might be more
easily implemented than more sophisticated methods.
Nevertheless, more complex models might allow the deter-
mination of the perfusion temperature dependence through
simulation analysis, which was not determined experimen-
tally, and could lead to an uncertainty in the SLP determin-
ation. Luckily, in this report, because our tumor model is well
represented by a low perfusion situation, such inaccuracy
was not that high. But of course, it would be interesting to
also previously determine the perfusion temperature
dependence to decrease the number of variables in
the simulation.

In addition, in most labs, the MNH intratumoral thermal
dose is obtained using data from a single fiber optic therm-
ometer inserted into the tumor (e.g. the center of the
tumor). This approach, although better than just evaluating
the surface temperature, for example using IRT, is limited to
a single position in space. Fig. S8 shows a pilot study meas-
uring the intratumoral temperature during MNH at three dis-
tinct positions, inside the tumor, using Mn-ferrite
nanoparticles of similar hyperthermia efficiency as MalbIR. It
is curious to notice that although the magnetic nanoparticles
were injected in the same amount in the three positions, the
intratumoral temperature measurements of the probes are in
general very distinct. Higher values are not always clearly
found at a specific position inside the tumor, at least for the
three animals investigated. In particular, the temperature
profiles at the tumor center (probe #2) are also very distinct,
which might suggest that one should be careful in using this
data to establish an intratumoral thermal dose. Table S-V
shows the calculations of the thermal damage (Q) and the
degree of tissue injury (0g) in all the probes for the distinct
animals, which again indicates very different thermal
dose results.

We believe that the method presented in this report
might be better for determining the intratumoral thermal
dose, which was found to be position dependent. Anyway,
other studies might be interesting too, for example including
intratumoral measurements at specific tumor positions,
which are planned for the future. However, this was not per-
formed in this study for two reasons: (i) we wish to evaluate
a higher number of pixels (thermometers) at the tumor sur-
face, while the fiber optic might affect the surface tempera-
ture determination in some positions; and more important
(i) we focus on the long-term pilot in vivo MNH study, and
avoided effects related to invasively introducing the fiber
optic thermometers.

Finally, we would like to emphasize that the in vivo pilot
study reported here might not be able to make claims for
therapeutic outcomes, due to the limited number of investi-
gated animals. But, the analysis suggests reasonable explana-
tions for the tumor responses after MNH, and provides the
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necessary support for the proposed experimental and theor-
etical methods, at least as a proof-of-concept demonstration.
We believe that this could set the fundamentals for develop-
ing a new approach to reliable treatment planning for solid
and subcutaneous tumor therapy via MNH. But shortly, we
aim to make a spatial distribution comparison between histo-
pathology and simulation. However, this is beyond the scope
of the present report and will be left for future investigations
by the group.

Conclusion

The assessment of thermal dose during the MNH procedure
is generally performed using a single thermometer (often
intratumoral, therefore invasive). In this report, we developed
a noninvasive thermometry methodology, which uses the IR
temperature measurements on the animal’s skin surface,
more specifically, an ROI, with dimensions of 30 x 25 pixels
(19.5 x 16.25mm) consisting of 750 ‘thermometers’ that,
when compared with realistic-like computer simulations,
allowed us to determine the intratumoral three-dimensional
degree of tissue thermal injury (6q).

The numerical simulations used the three-dimensional
reconstruction of the animal’s body (by PG), the tumor (by
US) and the nano-heaters spatial distribution (by FMT). The
pilot in vivo MNH study was performed at 301kHz and
17.5kA.m~" (close to Dutz-Hergt clinical safe criterion) using
a multicore magneto-fluorescent nanocarrier, which consists
of soft Mn-ferrite nanomagnets, surface coated with BSA
containing IR-780 NIR dyes. The FMT method allowed the
creation of an interpolation function in three-dimensional
space, which is based on the fluorescence (particle concen-
tration) intensity of the voxel at a given point, i.e., establish-
ing a voxel-dependent heat source for MNH simulations.

Realistic computer simulations were validated after sensi-
tivity analysis by comparing numerical results with two
experimental data, namely surface temperature measure-
ments from the IRT and the fraction of apoptosis/necrosis
lesions in the tumor obtained from histopathology analysis.
The sensitivity analysis revealed that low values of the tumor
blood perfusion rate are more adequate to describe the
studied murine tumor model, while the histopathology ana-
lysis established a threshold for irreversible thermal damages
within Ehrlich solid tumors that underwent MNH treatment.

The methodology was based on combining histopath-
ology intratumoral lesion information and the agreement of
at least 50% between the temperature mapping, calculated
and measured at the mice’s skin surface, considering a tem-
perature error of +1°C due to the curved shape of the tumor
and emissivity directional effects. Hence, the approach con-
sists of the matching of 375 pixels/thermometers within the
ROltumor @nd not just a single reference point, as is usually
done in the literature. Numerical analysis of the convective
heat constant and the tumor blood perfusion rate revealed
the uncertainty in the magnetic hyperthermia efficiency and
the fraction of the intratumoral irreversible lesion.

The validation of the computer simulation in this pilot
in vivo MNH study, regarding the irreversible tissue thermal

injury, happened when comparing the simulation data of
animal #1 with the histopathology data. Comparison with
simulations revealed a critical lesion for this tumor model of
Q.= 14 (0. = 0.75). Additionally, it was possible to con-
clude that the animals that had tumoral CR after MNH had
an almost complete irreversible tissue lesion, animal #4 with
91 +5% and animal #3 with 100%, while the one with tumor
recurrence had a much lower value, 56+7%. This result is
consistent with reports in the literature, that claim irrevers-
ible thermal damages in greater than 80% of the tumor vol-
ume, in order to promote the tumoral CR. Hence, from the
methodology presented, it might be possible to determine
whether an MNH therapeutic procedure will be successful in
treating the tumor by selective heat delivery.

Also, the method allowed us to estimate the in vivo MNH
heat efficiently from the computer simulations. It is curious
to notice that, taking into account the uncertainty analysis,
the numerical simulations were found to be in very good
agreement with the in vitro experimental result obtained at
the same in vivo AMF condition, SLPep = 112£17 W.g”.
For animal #1 SLPgm = 112+7 W.g~', while for animal #2
SLPsim = 83+11 W.g ', animal #3 SLPg, = 114+9 W.g~'
and animal #4 SLPg, = 130+10 W.g™'. This results in a
mean simulated value of SLPg, = 110+20 W.g’1. The
results corroborate our conclusion that the methodology pre-
sented has clinical significance.

In conclusion, a new methodology for determining nonin-
vasively the three-dimension intratumoral thermal dose dur-
ing MNH was developed. The approach is expected to be
useful for several in vivo MNH applications, spanning from
traditional ablation/hyperthermia studies to heat-induced
immunological investigations.
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