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High-intensity focused ultrasound (HIFU) is a noninvasive modality that is gaining prominence for the localized treatment of
malignant tumors. Most current HIFU research utilizes mouse tumor models, where selection of appropriate mouse breed is
important for conducting thermal ablation experiments on tumors with consistency. In this study, three breeds (NOD/SCID
GammaC −/− (NSG), NSG-SGM3 (NSGS), and Homozygote J:NU (Nude); n� 2 per group) originating from Jackson Laboratory
were tested for identifying the breed that has sufcient size for conducting HIFU experiments. Tumors were developed using
a human PC3 (CRL-1435) prostate cancer cell line and monitored over 5 to 7weeks.Te surface area and volume of the implanted
tumors were determined by assuming the tumor having an ellipsoidal shape. At the end of the growth period, NSGmice exhibited
29% larger tumor surface area than NSGS and 58% larger than Nude mice. Similarly, NSG mice had a 55% larger tumor volume
than NSGS mice and 100% larger than Nude mice. Terefore, this research established NSG mice as the superior mouse breed for
the PC3 cell–induced tumor growth having established size within a reasonable timeline (5–7weeks). Subsequently, the NSG
model with a larger sample size (n� 48) was selected for HIFU ablation, and histopathological analysis revealed a signifcantly
higher number of apoptotic cells in the HIFU-treated tumors compared to controls. Tis further confrmed the model’s suitability
for HIFU research. Tumor surface area and volume compared between the tested (n� 2) and selected (n� 48) groups were
statistically insignifcant (p � 0.78 for surface area and p � 0.60 for volume).
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1. Introduction

High-intensity focused ultrasound (HIFU) stands out as
a noninvasive modality gaining prominence for the localized
heating treatment of deep-seated malignant tumors. To

enhance the efectiveness of the thermal therapy during the
HIFU procedures, researchers have developed diverse
in vitro [1–3] and in vivo [4–6] models to test the efcacy of
HIFU. Te literature reveals a spectrum of experiments
involving in vitro models employing tissue-mimicking
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materials (TMMs) and turkey/chicken breasts, and in vivo
models featuring mice. Currently, a signifcant amount of
HIFU research revolves around utilizing mouse tumor
models to evaluate the thermal dosage needed for damaging
tumor cells.

In the area of cancer research, an array of mouse strains is
readily available, primarily sourced from Jackson Laboratory
in Bar Harbor, ME. Te judicious selection of a mouse strain
is important for conducting seamless experiments in tumor
studies. Comprehensive Rodent and Radiation Shared Facility
at Cincinnati Children’s Hospital and Medical Center
(CCHMC) locally houses 3mouse strains, all originating from
Jackson Laboratory: NOD/SCID GammaC−/− (NSG [7, 8]—
#005557), NSG-SGM3 (NSGS [9–12]—#013062), and Ho-
mozygote J: NU (Nude [13, 14]-#007850).Tese three types of
mice were assessed in this study to determine a suitablemouse
tumor model for the HIFU studies.

Te NSG mice, with their severe immunodefciency due
to SCID and IL2rgnull mutations, have become pivotal in
cancer research. Teir compromised immune system allows
efcient engraftment of human cells, facilitating studies on
tumor biology and tests of potential cancer therapies. Te
NSGS mice, an advancement in cancer research models,
express human IL3, GM-CSF, and SCF. Tis modifcation
enhances the engraftment of myeloid lineages and regula-
tory T cells, making them particularly relevant for
immuno-oncology studies. Tese mice provide a superior
platform for investigating complex interactions between the
immune system and cancer. Nude mice, characterized by
athymia and immunodefciency, have been fundamental in
cancer research for decades. Teir lack of T cells enables
successful transplants of tumor cell xenografts, contributing to
studies on tumor growth and drug testing in oncology. While
not capturing full immune complexity, Nude mice remain
relevant in specifc contexts, ofering insights into tumor bi-
ology and early-stage drug evaluations. A study by Jiang et al.
[15] reported the use of nude mouse models for HIFU pro-
cedures involving the treatment of pancreatic cancer.

A human PC3 (CRL-1435) prostate cancer cell line used
for developing the tumor model in mice is provided by
American Type Culture Collection (ATCC, Manassas,
Virginia). Te PC3 cell line is initiated from a bone me-
tastasis of grade IV prostatic adenocarcinoma from a 62-
year-old, White, male. Te PC3 prostate cancer cell line was
selected for HIFU studies due to its androgen-independent,
highly metastatic nature, which closely models the advanced,
treatment-resistant prostate cancer [16]. Its high tumori-
genic and invasive potential makes it especially relevant for
evaluating ablation therapies aimed at aggressive tumors
[17]. PC3 cells also exhibit resilience under stress conditions
such as hypoxia and thermal insult, mimicking the tumor
microenvironment (TME) during HIFU exposure [18].
Furthermore, PC3 cell line has been used in ultrasound-
based therapies [18–20] for the treatment of prostate cancer.
Additionally, PC3 cell line was used previously in a study
[21] for the quantifcation of thermal dose using micro-CT
Hounsfeld unit. For these reasons, the PC3 cell was con-
sidered an appropriate choice for establishing a mouse tu-
mor model for HIFU ablation therapies.

Tsingotjidou et al. [22] created a mouse model using
PC3 cells to study the metastasis of prostate cancer in adult
human bone. When the mice developed tumors, they were
sacrifced to harvest tumor fragments. One tumor fragment
from single PC3 neolacZ-injected animal was implanted in
fve SCID mice. Tey observed that 3 mice had tumors
spread to skeletal system, 1mouse showed tumor around
human bone implant, 2 mice showed liver and kidney
metastasis, and 1mouse showed lung metastasis.
McGovern et al. [23] studied humanization of PCa model
in NSG mice to observe the efect of primary TME on
metastasis. Tey observed that humanization did not afect
primary tumor size, but reduced bone metastasis, increased
liver metastasis, and did not change lung and spleen me-
tastasis. Tis suggests that humanization infuences site-
specifc PCa spread. Koshida et al. [24] compared the two
in vivo models for prostate cancer, orthotopic and intra-
testicular inoculation of LNCaP and PC3 cells. Tey ob-
served PC3 to be highly tumorigenic and metastatic in both
models. Although mouse tumor models developed in the
above-mentioned studies provide signifcant un-
derstanding of prostate cancer, these are not designed for
HIFU ablation applications.

Several in vivo studies have been performed using
diferent strains of mice for HIFU ablation therapies. For
instance, Beik et al. [25] used male Balb/c mice, Devar-
akonda et al. [4] used C57BL/6J mice, and Larrat et al. [26]
used rats (no strains mentioned). Tis shows a lack of
established mouse models for HIFU research to ensure
consistency for comparing the results from diferent
studies. Te signifcance of the current study is establishing
a robust mouse tumor model based on tumor size and
growth and validating the model with immunohisto-
chemistry by observing its response after HIFU ablation.
Tis will reduce the time and resources required to identify
an appropriate mouse model in future studies, allowing
researchers to focus on optimizing cancer treatment pa-
rameters using HIFU.

To the best of our knowledge, an established mouse
tumor model for HIFU studies has not been previously
reported. Terefore, this study aims to determine an ap-
propriate mouse model for conducting HIFU research to
achieve fast growth of the PC3 tumors within a time du-
ration of several weeks.

2. Methods

2.1. Experimental Procedure. Te in vivo experimental co-
hort was comprised of two male mice from each of the three
locally available strains, totaling six mice. All animal studies
were approved by the Institutional Animal Care and Use
Committee (IACUC2021-0042) at CCHMC (Cincinnati,
OH, US). To establish the cell line–derived xenograft model,
6 to 8-week-old male mice with a bodyweight around 30 g
were engrafted subcutaneously with 1× 107 PC3 cells into
the right fank. Mice were group-housed under
pathogen-free and temperature- and humidity-controlled
environmental conditions (21± 1.5 °C temperature,
55± 10% humidity, and a 12-h light–dark cycle).
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2.2. Cell Culture and Administration. PC3 cells were ob-
tained from ATCC and cultured in F-12K medium sup-
plemented with 10% fetal bovine serum (FBS) and 1%
penicillin–streptomycin. Te medium was fltered multiple
times to ensure sterility. Upon thawing, cells were
centrifuged, counted, and seeded into 75-cm2 tissue culture
fasks, then incubated at 37°C until reaching confuence
(typically within 2-3 days). Subculturing was performed
using 0.25% Trypsin-0.53mM EDTA for detachment,
followed by reseeding at a 1:3 split ratio. All procedures
were conducted under aseptic conditions, with ethanol-
sterilized equipment. Te culture medium was renewed
2–3 times per week, maintaining consistency across sub-
sequent passages.

For the injection procedure, PBS served as the medium,
and a 0.2-mL solution containing the requisite cell count was
injected using a 27-gauge needle. Postinjection, all mice
underwent observation for abnormal behavior. Tumor
monitoring involved regular measurements 2 to 3 times
weekly over a 5–7-week growth period. Te area sur-
rounding the tumor was consistently shaved for NSG and
NSGS to facilitate clear observation. Shaving was not needed
for Nude mice as they were devoid of hair. Te tumor
measurement was conducted using digital calipers.

2.3. Scheduling. Initially, six mice (two from each of three
tested strains) were used to evaluate tumor growth
characteristics. Based on this assessment, one strain was
selected for further experimentation. All six mice from the
tested group, along with 48 additional mice of the selected
strain, underwent HIFU ablation to evaluate the feasibility
of applying focused ultrasound in this tumor model. Since
the HIFU procedure requires approximately 40–45min
per mouse, an efcient scheduling strategy was imple-
mented. Te six mice from the tested group were treated
on the same day, while the 48 mice from the selected
group were divided into six groups of 7–10 animals and
treated in a staggered manner. Tis grouping and
scheduling approach ensured consistent HIFU applica-
tion following tumor growth evaluation across both study
groups.

2.4. Tumor Size Calculations. Te tumor was assumed to be
an ellipsoid, and the following formula [27] was used to
calculate the surface area of an ellipsoid.

SA �
4π (ab)1.6 + (ac)1.6 + (bc)1.6

􏼐 􏼑

3
⎛⎝ ⎞⎠

1/1.6

. (1)

Te following formula [28] was used to calculate the
volume of an ellipsoid:

V �
4
3
πabc, (2)

where a, b, and c are the three dimensions of the ellipsoid.
Identical methodologies were adopted for both tested

and selected groups as discussed in the next section.

2.5. Statistical Analysis. Functional data analysis using
spline models [29–31], such as B-splines, is particularly well
suited for small sample size studies, as it allows for the
extraction of meaningful trends and derivatives (e.g., ve-
locity and acceleration) from longitudinal data. By
smoothing over time, spline models reduce the impact of
individual measurement fuctuations while preserving the
overall shape and dynamics of the data.Tis leads them to be
ideal for analyzing tumor growth trajectories when only
a limited number of animals are available per group. For this
reason, the spline model was ftted for tested mouse groups.
Te mouse breed was selected based on the velocity and
acceleration of tumor growth. To assess the statistical sig-
nifcance of the fndings, the area under the curve (AUC)
[32, 33] was calculated using 10,000 simulated paired ob-
servations across three groups: NSG, NSGS, and Nude. For
each simulation [32, 33], the group means of AUC were
computed, and the proportion of instances in which the
group with the highest tumor growth exceeded the AUCs of
the other two groups was determined.

For the selected mouse group having higher sample size
(n� 48), linear regression models were applied to evaluate
tumor growth dynamics. Te line of best ft was computed
using the least squares method. To determine statistical
diferences in tumor growth between the tested group and
selected group, Student’s t-test was conducted. A p value of
less than 0.05 was considered statistically signifcant. Te
tumor volume and surface area are presented as mean± SE
(standard error). All statistical analyses were performed using
R-markdown (RStudio Team (2022), Boston, MA) software.

2.6. Magnetic Resonance–HIFU (MR-HIFU) System. A
clinical MR-HIFU system (Sonalleve V2, Philips Medical
Systems, Vantaa, Finland), integrated into a 1.5 T whole-
body scanner (Philips Ingenia, Healthcare, Best, Te
Netherlands) was used for scanning and sonicating the
mouse tumors. Te MR-HIFU system has a 256-element
phased array HIFU transducer that was used to focus energy
on small volumes within the tumor. Te diameter of the
transducer was 140mm, and the operating frequency was
1.2MHz. More details about the MR-HIFU system can be
found in our previous work [4]. For sonication of tumor, the
mice were placed above the HIFU transducer on the MR-
HIFU table.

2.7. Tissue Processing and Staining for Histopathology.
Four hours after HIFU application, mice were euthanized
using carbon dioxide followed by the secondary physical
method of cervical dislocation (approved by IACUC2021-
0042). Tumors were immediately harvested, photographed,
and fxed in neutral bufered formalin prior to parafn
embedding. Four consecutive sections with a thickness of
4 μm (16 μm in total) were cut at multiple sampling sites, the
sites located 330 μm apart from one another. For histo-
pathologic analysis, the frst tumor section was stained with
H&E, while the second section was stained with cleaved
caspase 3 (CC3) antibody using diaminobenzidine as
chromogen for immunohistochemistry.
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Quantitative analysis of CC3 antibody–stained tissue
sections was performed using the positive pixel count
software Leica (Leica Microsystems Inc., Bufalo Grove, IL)
on scanned images. Te apoptotic index was calculated as
the ratio (Nsr) of the number of strongly positive cells (Nsp)
to the total number of cells (Nt) as shown below.

Nsr �
Nsp
Nt

. (3)

A higher Nsr value indicates a greater proportion of
apoptotic cells. For each tissue section, rectangular regions
of identical dimensions were defned using the software to
systematically capture the entire section. Te three regions
with the highest Nsr values were selected, and their average
was used for comparative analysis across samples.

3. Results

Growth of tumors using the surface area and volume
measurements over time is reported in this section. Growth
of PC-3 tumor cells is compared among the selected three
strains of mice. Data collection commenced after the 10th
day postinjection of tumor cells as the initial size of tumors
are relatively small.

3.1. Testing of Mouse Model. To investigate tumor growth
dynamics in three mouse strains (NSG, NSGS, and Nude),
tumor surface area and volume data are analyzed over
a period from Day 10 to Day 41 postinoculation. Functional
data analysis is employed to ft B-spline [29–31] curves
(nbasis� 6) to the combined tumor surface and volume data
for each strain. Te results are presented in Figures 1 and 2,
which depict the curves (trend lines) for surface area, ve-
locity, and acceleration, respectively, with standard errors
and raw data points included for surface area. Similar results
are obtained for volume in Figures 3 and 4.

3.1.1. Tumor Surface Area. Figure 1(a) illustrates the tem-
poral progression of smoothed tumor surface area (cm2) for
diferent strains (NSG, NSGS, and Nude) of mouse using
spline model [29–31]. Error bars represent standard errors of
the mean surface area, calculated from two mice per strain,
indicating variability within each group. Data points (open
symbols: circle for NSG, triangle for NSGS, square for Nude)
mark the observed mean surface areas at each measurement
time point. NSG mice exhibited the highest tumor growth,
reaching 4.26± 0.79 cm2 by Day 41, followed by NSGS at
3.31± 0.01 cm2 and Nude at 2.69± 0.30 cm2, as shown in
Figure 1(b). Tis indicates that NSG mice have a tumor
surface area that is 29% larger than NSGS mice and 58%
larger than Nude mice by Day 41. Te NSG strain consis-
tently showed larger tumor surface areas compared to NSGS
and Nude mice after Day 30.

Figure 2(a) illustrates the velocity of tumor growth
(cm2/day) across the three strains. NSGmouse displayed the
highest peak velocity (∼0.26 cm2/day around Day 41), in-
dicating a rapid increase in tumor size during the later
stages. NSGS and Nude mice showed lower peak velocities

(∼0.12 cm2/day around Day 26 and ∼0.12 cm2/day around
Day 35, respectively). All strains exhibited near-zero or
somewhat negative velocities early, suggesting a slow initial
(Days 10–15) growth phase, followed by a steady increase in
velocity after Day 20.

Figure 2(b) presents the acceleration of tumor growth
(cm2/day2) for the three strains. Acceleration profles reveal
dynamic changes in growth rates. NSG mouse showed the
highest positive acceleration (∼0.02 cm2/day2 around Days
20 and 41). NSGS and Nude mice exhibited lower peak
accelerations (∼0.01 cm2/day2 around Day 20 for both)
compared to NSG mice. Negative acceleration values for all
breeds suggest an initial (Days 10–15) deceleration before
growth rates increase.

3.1.2. Tumor Volume. Figure 3(a) illustrates the temporal
progression of smoothed tumor volume (cm3) for diferent
strains (NSG, NSGS, and Nude) of mouse using splinemodel
[29–31]. Error bars represent standard errors of the mean
volume, calculated from two mice per strain, indicating
variability within each group. Data points (open symbols:
circle for NSG, triangle for NSGS, square for Nude) mark the
observed mean volumes at each measurement time point.
NSG mouse exhibited the highest tumor growth, reaching
0.80± 0.21 cm3 by Day 41, followed by NSGS at
0.51± 0.02 cm3 and Nude at 0.40± 0.08 cm3 as shown in
Figure 3(b). Tis indicates that NSG mice have a tumor
volume that is 54% larger than NSGS mice and 100% larger
than Nude mice by Day 41. Te NSG strain consistently
showed larger tumor volumes compared to NSGS and Nude
after Day 30.

Figure 4(a) illustrates the velocity of tumor growth
(cm3/day) across the three strains. NSG mouse displayed the
highest peak velocity (∼0.07 cm3/day around Day 41), in-
dicating a rapid increase in tumor size during the later
stages. NSGS and Nude mice showed lower peak velocities
(∼0.02 cm3/day for both around Day 35). All strains
exhibited near-zero or somewhat negative velocities, sug-
gesting a slow initial (Days 10–15) growth phase, followed by
a steady increase in velocity after Day 25.

Figure 4(b) presents the acceleration of tumor growth
(cm3/day2) for the three strains. NSG mouse showed the
highest positive acceleration (∼0.0035 cm3/day2 around Day
20 and ∼0.007 cm3/day2 around Day 41). NSGS and Nude
mice exhibited lower peak accelerations (∼0.0025 cm3/day2
around Day 20 and ∼0.002 cm3/day2 around Day 30, re-
spectively). Negative acceleration values for all breeds
suggest an initial (Days 10–15) deceleration before growth
rates increase.

3.1.3. Statistical Signifcance. Paired simulations [32, 33]
comprising 10,000 iterations were performed across the
three mouse strains: NSG, NSGS, and Nude, using both
surface area and volume data from twomice per group. AUC
was calculated over the interval from Day 30 to Day 41,
which represents the most relevant phase of tumor growth in
this experimental model. In 76% of the simulations using
surface area and 83% of the simulations using volume, the
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NSG strain yielded the highest AUC, indicating a markedly
greater tumor growth potential compared to the other
strains. Tese fndings provide strong support for selecting
the NSG strain as the preferred model for tumor growth
studies. Tis simulation-based approach enabled robust
statistical evaluation despite the limited sample size.

3.2. Assessment of Selected Mouse Model. After the above
selection process, a group of 48 NSG mice are selected for
further assessment.Te total of 48 mice were divided into six
groups. Groups 1 through 4 had 7 mice, whereas groups 5
and 6 had 10mice. Each group was injected with PC3 tumors

on diferent dates, resulting in staggered timelines for tumor
size measurement. Te day of injection of PC3 cells for each
group was considered to be the starting point of the day
count in all fgures. Tis was done to ensure efcient
scheduling of experiments. All groups underwent a consis-
tent 5–7weeks of growth period. Each data point on
a particular day of measurement represents the average area
or volume of individual groups.

Tumor measurement started around the tenth day fol-
lowing PC-3 cells injection considering initial small size of
the tumors. Such smaller size is also observed in testing
groups. Figure 5 shows temporal growth of tumor surface
area. Tis fgure shows the surface area of the tumor at

10
0.5

1.0

1.5

2.0Su
rfa

ce
 ar

ea
 (c

m
2 )

2.5

3.0

3.5

4.0

4.5

5.0

15 20 25
Time (days)

30 35 40

NSG
NSGS
Nude

(a)

0.0

1.0

2.0

3.0

4.0

5.0

6.0

NSG NSGS Nude

Su
rfa

ce
 ae

ra
 (c

m
2 )

Mouse strains

(b)

Figure 1: (a) Tumor surface area (cm2) growth over time for diferent strains of mouse and (b) tumor surface area (cm2) on last day.
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Figure 2: (a) Velocity of tumor growth (cm2/day) and (b) acceleration of tumor growth (cm2/day2) over time for diferent strains of mice.
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diferent timepoints measured till the end date (42 days) of
the experiment. A linear ft of the surface area as shown in
Figure 5 had a slope of 0.09 and an intercept of 0.68 with an
R2 value of 0.88.

Figure 6 shows temporal growth of tumor volume in 48
NSG mice of the selected group. A linear regression plot is
plotted for the data points.Te linear ft as shown in Figure 6
has a slope of 0.014 and y-intercept of 0.18 with an R2 value
of 0.78.

Student’s t-test is performed to compare the size of the
tumor (surface area and volume) between tested NSG group
and selected NSG group. Te p values obtained are 0.78 and

0.60, as shown in Figure 7, indicating the diferences in both
surface area and volume between the tested NSG group and
the selected NSG group are statistically insignifcant.
Overall, a similar trend between tested and selected groups
of NSG mice supports the validity of model selection.

3.3. Histopathology Using H&E Staining and
Immunohistochemistry. MR scanning followed by HIFU
treatment was performed on the NSG mouse model. Figure 8
shows representative histopathology images of hematoxylin
and eosin-stained tissue sections of (Figure 8(a)) control case:
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Figure 3: (a) Tumor volume (cm3) growth over time for diferent strains of mouse and (b) tumor volume (cm3) on last day.
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tumor without HIFU treatment (0W) and (Figure 8(b))
tumor receiving HIFU energy of 30W. Several cells rendered
dark brown by immunohistochemical detection of the apo-
ptosis marker, cleaved caspase, in those same regions are
highlighted in green arrowheads (Figure 8(c) (0W) and
Figure 8(d) (30W), respectively). Light microscopic exami-
nation of H&E-stained sections of tumor-bearing tissues
revealed localized changes in regions receiving HIFU energy.
As illustrated in Figure 8, panel “B,” representative of a tumor
exposed to HIFU energy, tissue disruption was present in the
form of widespread cellular debris and an absence of cohesive
intact tumor cell populations. Tese may represent energy-
absorbing areas afected by associated heat and vaporization.
Dark brown and condensed fragments of nuclei in and near
these regions demonstrate apparent apoptosis (Figure 8, panel
“D,” stained using an antibody directed against the noted
apoptosis marker). In contrast, in the case of tissues without
HIFU energy application, the marked tissue disruption
changes are not present (panel “A”) and the frequency of
tumor cells demonstrating apparent apoptosis appears lower
(panel “C”).

Table 1 presents the quantifcation of apoptotic area
based on the ratio (Nsr) of strongly positive cells (Nsp) to the
total number of cells (Nt). In the control tumor section,

which did not receive HIFU energy, the Nsr value is low at
0.17. An increase to 0.31 (82% increase) is observed for the
tumor section which received HIFU energy.

Tis analysis demonstrates a clear increase in apoptotic
activity in tumors treated with HIFU, validating that the
observed tumor tissue is biologically responsive and viable
for therapeutic evaluation. Te presence of functionally
relevant cellular processes, such as apoptosis, strengthens the
reliability of the model beyond just tumor size.

4. Discussion

Te current mouse model is specifcally developed for HIFU
ablation experiments. Even though the developed mouse
model was only used for HIFU treatment, it can also be used
for other methods of treatment like proton therapy, X-ray
therapy, and gamma ray therapy.

Nude mice are easier to handle as they are devoid of fur
compared to NSG and NSGS mice, which need shaving fur
in the tumor zone. Despite this advantage, the growth of
tumor surface area and volume for Nude mice is extremely
low compared to the other two breeds. Further, the presence
of host immune TME in Nude mice can be preferable for
studies that focus on immune response. However, inferior
tumor growth can be a deterrent for studies that focus on
physical ablation therapies like HIFU that act directly on
tumors. Hence, for HIFU ablation, superior tumor growth is
a more valuable quality than better immune response. Te
superior ability of NSG mice for rapid tumor growth and
enhanced tumor engraftment makes them preferable for
HIFU ablation studies. Hence Nude mice may not be
suitable in comparison to NSG mouse model for conducting
HIFU ablation experiments in a reasonably shorter timeline
(5–7weeks). Tey may be suitable for HIFU ablation ex-
periments with a longer timeline (beyond 7weeks).

Limited research has been done on developing mouse
models using prostate cancer cells. While the mouse models
developed by Tsingotjidou et al. [22], McGovern et al. [23],
and Koshida et al. [24] have contributed valuable insights
into prostate cancer progression and metastasis, these
models were not designed with HIFU ablation applications
in mind. Teir primary focus was on studying tumor be-
havior, metastasis patterns, and the efects of TME rather
than therapeutic interventions. Additionally, existing in vivo
HIFU studies have employed various animal strains, such as
Balb/c mice [25], C57BL/6J mice [4], and rats [26]. Tis
shows lack of established mouse model specifcally for HIFU
research. Tis inconsistency limits the ability to compare
therapeutic outcomes across studies. Te current study
addresses this critical gap by developing a robust and re-
producible mouse tumor model tailored for HIFU ablation,
supported by tumor growth metrics and immunohisto-
chemical response. Tis model lays the foundation for more
consistent and efcient preclinical research, enabling future
studies to focus on optimizing HIFU treatment parameters
instead of spending time and resources on selection of
mouse models.

Te histopathology studies using H&E stains revealed
the localized presence of elongated nuclei and nuclear
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Figure 5: Tumor surface area growth with time for selected
NSG group.
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Figure 6: Tumor volume growth with time for selected NSG group.
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fragmentation in the HIFU-treated tumor sections
(Figure 8(b)) which is consistent with previous research [4].
Examination using immunohistochemistry to detect apo-
ptosis events using CC3 antibody demonstrated the presence
of confuent signatures of apoptosis in HIFU-treated tumors.
Similar signatures have been attributed to apoptosis and
thermal ablation in previous works [4, 34]. Furthermore,
cleaved caspase-positive cells have been widely characterized
as apoptotic cells in the literature [35]. Additionally, green
fuorescent protein (GFP) has been used as a cellular marker
tool and application of such GFPs needs to be studied in
future [36].

While the current study establishes a foundational
mouse model for HIFU applications, there are several areas
for improvement. Future studies could expand the range of

mouse strains by incorporating additional cell lines available
from sources such as the Jackson Laboratory, potentially
uncovering models with improved tumor growth charac-
teristics or treatment responses. Te current work involves
small sample size (n� 2) per strain. Increasing the number of
mice per group would enhance the statistical robustness of
the model. Although digital calipers provide a practical
method for measuring tumor dimensions, measurement of
depth is somewhat challenging. For ablation-relevant in-
tensities/temperatures having cavitation, improved thermal
dose models [3] of cell death are needed. In future, alter-
native methods such as imaging can be utilized for efective
tumor size measurement.

5. Conclusion

Tis study establishes the NSG mouse as a suitable pre-
clinical model for prostate cancer research, particularly in
the context of HIFU applications. NSG mice exhibited more
consistent and substantial tumor growth compared to other
strains, resulting in signifcantly larger tumor volumes and

200 µm

(a) (b) (c) (d)

Figure 8: Representative histopathology images of H&E-stained tissue sections of (a) control case: tumor without the application of HIFU
energy (0W) and (b) tumor receiving HIFU energy of 30W. Corresponding locations of immunohistochemical images of apoptosis marker,
CC3, are shown in (c) control case: tumor without the application of HIFU energy (0W) and (d) tumor receiving HIFU energy of 30W.
Several cells that are rendered dark brown by immunohistochemical detection of the CC3 are marked with green arrowheads. All the images
are pictured at 40X magnifcation, and the scale bar represents 200 microns.
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Figure 7: Comparison of surface area and volume between tested NSG group and selected NSG group.

Table 1: Quantifcation of apoptotic cells using the ratio of strongly
positive cells to total positive cells.

0W  0W
0.17 0.31 (82% increase)
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surface areas over the study period, particularly between
30-day and 41-day period. Tis enhanced tumor develop-
ment enables improved assessment of therapeutic in-
terventions. Histopathological analysis revealed a higher
frequency of CC3 positive cells in HIFU-treated tumors,
indicating increased apoptosis and supporting the efec-
tiveness of HIFU in inducing death of tumor cells. Te
signifcance of these fndings lies in demonstrating the
suitability of the NSG model for cancer studies. Moreover,
the results reinforce the applicability of the NSG mouse
model in preclinical evaluation and optimization of non-
invasive, MR imaging–guided tumor ablation therapies with
potential clinical impact.
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