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EDITORIAL

Advances in Radiotherapy and Nuclear Medicine
(ARNM): Leading the charge in oncological
innovation

Tsair-Fwu Lee'*3*

'"Medical Physics and Informatics Laboratory of Electronics Engineering, National Kaohsiung
University of Science and Technology, Kaohsiung, Taiwan

2Graduate Institute of Clinical Medicine, Kaohsiung Medical University, Kaohsiung, Taiwan

*Department of Medical Imaging and Radiological Sciences, Kaohsiung Medical University,
Kaohsiung, Taiwan

An excellent journal focusing on cancer topics is an instrumental element in enhancing
innovation in cancer research. Given the dynamic landscape of cancer treatment, the
Advances in Radiotherapy & Nuclear Medicine (ARNM) provides an indispensable resource,
steering the course of research and clinical practices in radiation oncology, physics, and
biology. This peer-reviewed, open-access journal transcends its role as a mere repository of
knowledge; instead, it acts as a pioneering force propelling the medical community toward
groundbreaking discoveries and innovative treatments in the relentless battle against cancer.

In alignment with our goal of bridging the chasm between research and clinical
application, ARNM is unmatched in its commitment to advancing our understanding
of radiotherapy. It functions as a critical platform for oncologists, physicians, and
researchers, creating an ecosystem where novel ideas and research findings in both
fundamental and clinical research are not merely shared but rigorously scrutinized and
honed. This melding of theory with practice is vital for translating complex research into
tangible, patient-centric benefits.

ARNM has a comprehensive and multifaceted scope, encompassing a wide array of
radiation oncology topics:

(i) Conventional radiotherapy: The journal highlights advancements in traditional
radiotherapy, affirming its ongoing relevance in modern clinical practice.

(ii) Stereotactic body radiation therapy and brachytherapy: ARNM delves deeply into
these targeted therapy forms, emblematic of precision in cancer treatment!.

(iii) Boron neutron capture therapy and particle therapy: The journal explores these
innovative treatments, showcasing their potential to provide more effective, less
invasive options for patients®.

(iv) Targeted and immunotherapy (TI): By discussing the latest developments in TI,
ARNM empbhasizes the critical role of personalized medicine in oncology.

(v) Combined modality therapy (CMT): The journal’s coverage of CMT, including
heat therapy, electric field therapy, and nursing technology, reflects its dedication to
holistic treatment approaches®.

(vi) Radiation biology and radiation physics: ARNM offers fundamental insights into
underlying principles of radiotherapy, essential for fostering innovation.

(vii)Innovative ~ radiation  technology,  positron  emission  tomography,
radiopharmaceuticals, and single-photon emission computed tomography: The
journal remains at the vanguard of technological advancements, providing crucial
insights into these progressive techniques™.
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(viii) Molecular imaging and radionuclide therapy (MI &
RT): ARNM’s focus on MI & RT opens new realms
in understanding and combating cancer at the
molecular level®..

To expand our readership, we will continue to diversify
the scope of ARNM and publish research and review articles
in various relevant fields. These esteemed works include
clinical radiotherapy, combined modality treatment,
translational studies, epidemiological outcomes, imaging,
dosimetry, and radiation therapy planning. Moreover,
the journal extends its scope to experimental work in
radiobiology, chemobiology, hyperthermia, tumor biology,
data science in radiation oncology, and the physics aspects
pertinent to oncology. This diverse content ensures that
ARNM covers a vast spectrum of interest areas in radiation
oncology, offering readers a holistic view of the field.

It is our aim to establish ARNM as an impetus behind
the impending change in clinical practice: ARNM is more
than just a journal; it is a catalyst for transformation,
consistently introducing new ideas and perspectives that
revolutionize radiation oncological clinical practice. Its
dedication to disseminating novel research empowers
professionals to stay at the forefront of the field, ensuring
that patient care is always informed by the latest and most
efficacious strategies.

ARNM stands as a budding testament to the unyielding
pursuit of excellence in oncological care. Its influential role
in shaping the future of cancer treatment is undeniable,
offering hope and new horizons in the journey toward
conquering cancer. As ARNM continues to illuminate
the path forward, it reaffirms the medical community’s
dedication to saving lives and improving the quality of life
for cancer patients worldwide.

With its extensive coverage and commitment to
innovation, ARNM not only educates but also inspires the

medical community. It serves as a vital tool for professionals
looking to expand their knowledge and improve patient
outcomes in the rapidly evolving field of cancer treatment.

Conflict of interest

The author declares no conflict of interest.

References

1. Levin-Epstein R, Cook RR, Wong JK, et al., 2020, Prostate-
specific antigen kinetics and biochemical control following
stereotactic body radiation therapy, high dose rate
brachytherapy, and low dose rate brachytherapy: A multi-
institutional analysis of 3502 patients. Radiother Oncol,
151: 26-32.

https://doi.org/10.1016/j.radonc.2020.07.014

2. Qi P, Chen Q, Tu D, et al., 2020, The potential role of
borophene as a radiosensitizer in boron neutron capture
therapy (BNCT) and particle therapy (PT). Biomater Sci,
8:2778-2785.

https://doi.org/10.1039/DOBM00318B

3. Jhawar SR, Rivera-Nufez Z, Drachtman R, et al, 2019,
Association of combined modality therapy vs chemotherapy
alone with overall survival in early-stage pediatric Hodgkin
lymphoma. JAMA Oncol, 5: 689-695.

https://doi.org/10.1001/jamaoncol.2018.5911

4. Sachpekidis C, Goldschmidt H, Dimitrakopoulou-
Strauss A, 2019, Positron emission tomography (PET)
radiopharmaceuticals in multiple myeloma. Molecules,
25:134.

https://doi.org/10.3390/molecules25010134

5. Taieb D, Jha A, Treglia G, et al., 2019, Molecular imaging
and radionuclide therapy of pheochromocytoma and
paraganglioma in the era of genomic characterization of
disease subgroups. Endocr Relat Cancer, 26: R627-R652.

https://doi.org/10.1530/ERC-19-0165

Volume 1 Issue 2 (2023)

https://doi.org/10.36922/arnm.2615


https://doi.org/10.36922/arnm.2615

ACCSCIENCE
PUBLISHING

Advances in Radiotherapy &
Nuclear Medicine

These authors contributed equally
to this work.

*Corresponding authors:
Junjie Wang
(junjiewang_edu@sina.cn)
Chunxiao Li
(chunxiaoli@pku.edu.cn)
Ping Jiang
(jiangping@bjmu.edu.cn)

Citation: Xiong L, Yang Y, Li M,

et al., 2023, Advancements

and challenges in interstitial
brachytherapy using iodine-125
seeds. Adv Radiother Nucl Med,
1(2): 0914
https://doi.org/10.36922/arnm.0914

Received: May 6, 2023
Accepted: August 21, 2023
Published Online: October 3, 2023

Copyright: © 2023 Author(s).
This is an Open Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

REVIEW ARTICLE
Advancements and challenges in interstitial
brachytherapy using iodine-125 seeds

Liting Xiong’, Yuhan Yang, Mengyuan Li, Ping Jiang*, Chunxiao Li*, and
Junjie Wang*

Department of Radiation Oncology, Peking University Third Hospital, Institute of Medical Technology,
Peking University Health Science Center, Beijing, China

Abstract

Radiation therapy has been used for over a century in the treatment of tumors,
with interstitial tissue treatment using radioactive seeds playing a key role in this
approach. lodine-125 (I-125) seeds are the most commonly used radioactive sealed
source for permanent interstitial brachytherapy. In recent decades, significant
advancements have been made in the field of interstitial radiation therapy. The
development of three-dimensional (3D)-printed personalized templates, treatment
planning systems, and robot-assisted systems have significantly improved the
accuracy of I-125 brachytherapy. This review summarizes the advances in technology,
radiobiology, physics, and immunology of I-125 brachytherapy. These advancements
have improved the accuracy of dose delivery and increased the effectiveness of I-125
interstitial brachytherapy. In particular, the utilization of 3D-printed personalized
templates has allowed for customized treatment planning and more precise dose
delivery. Robot-assisted systems have also made significant contributions by
assisting in the precise placement of radioactive seeds during treatment. However,
several challenges persist within the field of interstitial I-125 brachytherapy. One of
the current issues is the difficulty in accurately predicting the biological response
to radiation therapy in individual patients. Addressing this challenge represents
an important area for further research, as it has the potential to improve treatment
outcomes and minimize side effects. In addition, there is a need for more research into
the utilization of immunotherapy in conjunction with interstitial brachytherapy, as
this combination has demonstrated promise in preclinical studies. Overall, this review
provides a comprehensive overview of the advances and challenges associated with
interstitial brachytherapy using I-125 seeds. These advancements offer a theoretical
basis for achieving precise and remote medical care in brachytherapy. As technology
continues to evolve, it is likely that interstitial brachytherapy will emerge as an even
more effective treatment option for cancer patients.

Keywords: lodine-125; Brachytherapy; Advancements

1. Introduction

Interstitial brachytherapy using radioactive seeds for the treatment of tumors at a close
distance has a history spanning over a century. The term “brachytherapy,” referring
to the direct implantation of encapsulated radioactive isotopes into tumor tissue with
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continuous radiation release to kill tumor cells, was first
proposed by Pierre Curie in 1901M". Radiation therapy is
categorized into different dose rates, including high dose
rate (HDR) (>12 Gy/h), medium dose rate (2 - 12 Gy/h),
low dose rate (LDR) (0.4 - 2 Gy/h), and ultra-LDR
(<0.4 Gy/h)®. Among these categories, iodine-125 (I-125)
is the most widely used radioactive sealed source for
permanent interstitial brachytherapy. I-125 seeds have a
half-life of 60 days and emit photons with an energy level
of 27 keV®. In 1983, Professor Holm of Denmark invented
transperineal I-125 seed implantation, developing a
standardized procedure for treating prostate cancer with
transrectal ultrasound guidance. This innovative approach
ultimately demonstrated therapeutic efficacy comparable
to external radiation therapy and surgery, earning its
inclusion in the NCCN Guidelines for prostate cancer!l.

In the past two decades, in addition to its established use
in prostate cancer, studies have demonstrated the feasibility
and safety of I-125 brachytherapy in the treatment of head
and neck, thoracic, abdominal, pelvic, and spinal tumors,
including both primary and metastatic tumors”*. Recent
years have witnessed significant changes in the application
of brachytherapy, driven by technological advancements.
However, our understanding of the radiation biology
mechanisms underlying brachytherapy remains limited,
with existing data primarily focused on dose rate effects.
I-125 brachytherapy stands out for its capacity to provide
extremely high doses within the treatment area, a feat
unattainable with external beam radiation therapy (EBRT).
Moreover, it offers the additional benefit of minimizing
irradiation to surrounding healthy tissue by rapidly
reducing the dose outside the target lesion. To ensure the
effectiveness of radiation therapy, precise dose delivery
is crucial. The introduction of 3D-printed individualized
templates, treatment planning systems, and robot-assisted
systems has greatly enhanced the accuracy of dose delivery.

At present, with the assistance of 3D-printed
individualized templates, CT-guided brachytherapy has
achieved a good match of dose verification between
post-operative and preoperative planning. There is no
significant difference in multiple dosimetric indicators
between pre-operative planning and post-operative dose
verification, demonstrating an accuracy improvement
exceeding 90%. Post-operative seed migration poses a
potential risk, leading to adverse clinical outcomes and
complications, such as pulmonary or cardiac particle
embolism. The use of stranded I-125 seeds can also reduce
the occurrence of seed migration following implantation.
In tumor treatment, immunotherapy is gaining increasing
importance, and brachytherapy’s unique ability to
deliver concentrated radiation with limited low-dose

heterogeneity to surrounding tissue can enhance the effect
of immunotherapy (Figure 1).

2.Technological development

For many years, ultrasound has been the preferred image
guidance method for I-125 seeds brachytherapy in prostate
cancer. However, for other types of tumors, ultrasound
imaging suffers from low resolution. Consequently, over
the past two decades, there has been a growing shift
toward the use of computed tomography (CT)-guided
and magnetic resonance imaging (MRI)-guided imaging
modalities for I-125 brachytherapy. CT-guided I-125
brachytherapy offers three advantages, including enhanced
target visualization, real-time monitoring of needle
arrangements, and 3D digital image reconstruction. For
cases of recurrent head-and-neck cancer, a previous study
has shown promising results, with 1- and 2-year local
control (LC) rates of 47.8% and 36.4% (median LC time
of 10 months) and 1- and 2-year overall survival (OS)
rates of 41.3% and 32.2% (median OS time of 8 months).
Notably, the absence of adverse events was associated
with improved LCM". In the context of portal vein tumor
embolism in hepatocellular carcinoma (HCC), CT-guided
I-125 brachytherapy achieved an LC rate of 78.9% and a
median OS time of 14.5 months, with no reported serious
adverse events!'l.

The safety and efficacy of CT-guided I-125 seed
brachytherapy have been well-established for treating
recurrent head-and-neck cancer and portal vein tumor
embolism in HCC. Due to the superior visibility of the
prostate gland and capsule in MRI compared to CT and
ultrasound, MRI has been implemented into the prostate
I-125 brachytherapy!'>*l. Moreover, MRI offers excellent
visualization of normal tissue, and its incorporation
into prostate I-125 brachytherapy holds the potential to
enhance dose assessment and limit radiation exposure to
organs at risk>". A study on MRI-guided I-125 interstitial
brachytherapy for HCC reported complete response in 22
lesions (33.8%), partial response in 24 lesions (36.9%),
stable disease in 9 lesions (13.8%), and progressive disease
(PD) in 10 lesions (15.4%)"). MRI-guided I-125 interstitial
brachytherapy for HCC is technically feasible and effective.

The introduction of 3D-printed personalized templates
has significantly improved the accuracy of I-125 interstitial
brachytherapy. In 2012, Huang et al. innovatively
introduced 3D printing into I-125 brachytherapy for head
and neck tumors, effectively reducing needle layout errors.
Subsequently, this innovative technique was extended to
treat chest, abdominal, and pelvic tumors in 2015, These
3D-printed templates contain essential information, such
as body surface characteristics, localization markers, and
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a simulated needle pathway within the treatment area
(Figure 2). The treatment procedure includes preoperative
planning, individualized 3D-printed template design and
production, needle placement, I-125 seed implantation,
and post-operative dosimetry verification, as illustrated
in Figure 3. For 3D-printed personalized template-guided

® Dosc-rate cffect

> 1Gy/h wide range of radiosensitivity

0.3-1Gy/h re-proliferation can be ignore

1-125 interstitial brachytherapy in immobilized malignant
tumors, a study demonstrated that the mean D90, V90,
V100, V150, and seed number showed no significant
difference between pre-operation and post-operation
values (P > 0.05) (the pre-operation vs. post-operation
values were 94.96 + 16.43% Gy vs. 91.97 = 17.54% Gy,

‘

f" ® In the TME:CD3+ T cells,

. CD4+ T cells and CD8+ T
cells increase

/

: Yy ®1In the peripheral blood of prostate
4 cancer : CD3+ T cells, CD4+ T

_— cells, and NK cells increase

® On prostate cancer cells :  upregulation
of PD-L1 expression is related to the
increase in infiltrative CD8+ T cells

Figure 1. Summary of the progress of iodine-125 brachytherapy in several important fields. NK cells: Natural killer cells; TME: Tumor microenvironment.

Figure 3. (A-C) The workflow of 3D-printed personalized template-assisted CT-guidance I-125 brachytherapy.
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94.64 + 1.43% vs. 93.35 £ 2.45%, 91.21 + 1.59% vs. 89.35
+ 3.21%, 65.01 + 5.78% vs. 63.40 + 6.36%, and 46.67 *
21.87% vs. 46.60 + 22.85%, respectively)!'”.. This indicates
that 3D-printed personalized templates can provide better
repeatability in the treatment of immobilized malignant
tumors, facilitating the achievement of dose parameters
outlined in the pre-operative plan. Moreover, the study
showed a mean needle entrance deviation of 0.090 cm
(95% confidence interval: 0.081 — 0.098) and consistent
intraoperative needle depth and angle with the planned
values in patients with recurrent/metastatic head-and-
neck cancer, demonstrating the improved accuracy of
3D-printed personalized template-guided I-125 interstitial
brachytherapy for recurrent/metastatic head-and-neck
cancer!". This approach has the potential to become a
standardized and easily reproducible procedure in the
future. The utilization of fiducial markers can further
enhance this process by linking the pretreatment plan with
real-time operations!*2),

While accurate needle layout is achieved, the
movement of prelocalized seeds from their predesigned
positions remains a challenge when using loose seeds.
This movement, known as seed migration, is often
a consequence of the changing tumor volume and
microenvironment due to the necrosis and apoptosis of
the tumor cells driven by I-125 radiation. This can result
in suboptimal dosimetry due to seed migration or seed
loss™!l. In addition to impacting dosimetry, seed migration
can lead to adverse clinical outcomes and complications,
including pulmonary or cardiac seed embolism®?. To
accurately quantify local seed migration during the
30-day period following I-125 brachytherapy, assess seed
loss/migration, and identify the locations from which
seeds have migrated, researchers conducted an analysis
of seed displacement in 62 patients who underwent
brachytherapy using stranded I-125 seeds. The analysis
revealed that local seed migration and loss were minimal
and mainly occurred near the inferior-lateral sides of the
prostate®. One strategy to overcome seed migration and
enhance retention is the use of stranded seeds. Several
clinical trials have developed custom-linked seeds for
intraoperative use in prostate cancer treatment. Compared
to loose seeds, stranded seeds exhibit a reduced risk of
migration, and there is also lower biochemical evidence
of disease*2°l,

Robot-assisted systems have been widely studied and
applied in various surgical fields®®”*\. Recent developments
in the applications of robotics in the field of prostate
I-125 brachytherapy are paving the way for a potentially
fully automated prostate brachytherapy surgery. Current
surgical robotics can be categorized into four levels of
automation:

i. Fully manual insertion, where surgery proceeds
without any robotics assistance

ii. Manual-assisted steering, in which robotics provide
sensor feedback to the surgeon

iii. Semi-automated steering, requiring surgeon-in-loop
control

iv. Fully automated steering surgery, where no surgeon
assistance is necessary.

The main approaches for controlling needle insertion
involve pushing the needle into the tissue and rotating it
around its shaft to control the direction. Manual-assisted
steering mainly offers additional information about the
inner needle and tissue without direct intervention.
The surgeon can decide whether to follow calculated
recommendations based on their surgical experience.

The assisted system can be categorized into visual
devices and haptic device systems. Seifabadi et al. first
proposed a teleoperation needle steering system that
utilize MRI and a needle with a tracking coil®". The high-
resolution images provided by MRI, along with its high
precision, garner significant attention from researchers®.
However, this system did not address the challenge of real-
time imaging, which remains a limitation in most current
MRI devices. In semi-automated steering systems, the
needle’s rotation or lateral movement is controlled, but the
surgeon still maintains a dominant position in the control
loop. Salcudean et al. proposed a four-degree freedom
robot for prostate brachytherapy®, which allowed the
surgeon to retain control over the insertion procedure
while benefiting from robotic accuracy. This approach also
mitigated ethical concerns related to responsibility. Fully
automated steering robotics perform all insertion and
rotation actions according to specified insertion points
and target locations, thereby reducing the risk of damage
to normal tissue. However, the use of a fully automated
surgical system raises serious ethical questions. Therefore,
most fully automated steering systems currently exist only
in laboratory settings.

3. Radiobiology in the context of radiation
therapy

I-125 decays through the emission of a cascade of Auger
electrons, depositing energy within the tissue over a mean
path length well below 10 pm. This results in a high linear
energy transfer (LET) ranging from 4 to 26 keV/um®.
When I-125 seeds are deposited in close proximity to
the cell nucleus, this high LET of I-125 contributes to a
significant radiobiological effect, which could increase
the fraction of lethal DNA damage and limit the impact
of hypoxia and cell cycle dynamics on destroying cancer
cellstY. Much of the data concerning brachytherapy
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radiobiology and dose prescription rules, such as the Paris
system, has been obtained using low-dose-rate irradiation
(dose rates ranging from 40 to 100 cGy/h). Radiation-
induced cell damage leading to cell death included
potentially lethal and sublethal damages.

The radiobiological mechanisms of brachytherapy were
poorly understood, with available data mainly focused on
dose-rate effects®. In brachytherapy, where dose rates
typically range from 0.3 Gy/h to 1 Gy/min, DNA repair
is an important parameter in determining cell lethality.
Isoeffect dose-response curves published in the 1980s
demonstrated the dose-rate effect: A physical dose of 60 Gy
delivered at 1 c¢Gy/min (0.6 Gy/h) was radiobiologically
equivalent to a total dose of 30 Gy delivered at 10 cGy/min
(6 Gy/h)P*l. Measurements of sublethal damage indicated
a concomitant increase in dose rate and residual double-
stranded DNA breaks at the same total dose, resulting in a
decrease in the surviving fraction in clonogenic assays®”.
The negative effect of decreasing dose rates on LC was also
observed in a cohort of 340 breast cancer patients receiving
brachytherapy increments. Patients with dose rates of 0.3
- 0.4 Gy/h experienced 31% of local recurrences, whereas
those with dose rates of 0.8 - 0.9 Gy/h had no local
recurrences”. Thus, while low-dose-rate brachytherapy
offers advantages, it also has limitations in terms of the
therapeutic index.

[-125 brachytherapy, a form of continuous LDR
brachytherapy, relies on the radioactivity of I-125 seeds. At
adose rate of 1 Gy/h, its efficacy is equivalent to that of 2 Gy
fractionated radiotherapy. Human tumor cell lines exhibit
a wide range of radiosensitivity to LDR brachytherapy at
1 Gy/h. This variability may arise from clustered ionizing
events causing DNA damage or damage to hyper-sensitive
genomic regions™). A study compared clonogenic survival
in 27 human tumor cell lines with varying genotypes
after exposure to LDR or HDR irradiation. The study also
assessed susceptibility to LDR-induced redistribution in
the cell cycle in eight of these cell lines. The results indicate
that the radiosensitivity of human tumor cells to both LDR
and HDR irradiation is genotype-dependent®, and cell
radiosensitivity varies across different cell cycle phases!!l.
For I-125 brachytherapy in gastric tumor xenografts,
increased apoptosis within tumors was reported, along
with G2/M cell arrests. This was accompanied by an
increase in intratumor expression of vascular endothelial
growth factor and nuclear factor-kappa B in tumor
neovessels*?. Furthermore, compared to 6 MV X-rays with
a dose rate of 4 Gy/min, I-125 brachytherapy with a dose
rate of 2.77 ¢cGy/h demonstrated more effective induction
of cell apoptosis and G2/M cell cycle arrest in colon cancer
cellsH .

Repopulation is a phenomenon that impacts rapidly
proliferating normal tissues and tumors, serving as a
compensatory mechanism for radiation-induced cell
death. The linear-quadratic model is primarily focused on
cell death, where the dose-effect relationship is linear at low
doses due to directly lethal damage and becomes quadratic
at higher doses due to sublethal damage. However, when
examining the radiobiology of brachytherapy specifically,
the role of proliferation is generally minimal, except in
cases involving treatments lasting several weeks, as seen
with I-125 seed permanent implants. Therefore, I-125 seeds
may not be suitable for rapidly proliferating tumors with
high a/f values!*4. The level of tumor hypoxia exhibits an
inverse correlation with the probability of tumor control.
Hypoxic tumors can be identified through perfusion MRI
and specific tracers, and their presence can be correlated
with histological findings (hypoxia-inducible factor-1
expression), tumor genomic analysis, and prognosis®l.
In low-dose-rate treatments spanning several days, the
contribution of reoxygenation is minimal.

The biological effective dose (BED) is a measure of
the biological effect of radiation. BED enables the
comparison of different irradiation regimens. One study
introduces a method to use BED for comparing and
integrating dose data from both EBRT and interstitial I-125
brachytherapy components in the treatment of prostate
cancer. This involves converting the dose distributions
of conformal EBRT and conventional interstitial I-125
brachytherapy into the common “language” of BED
distributions, facilitating the comparison and integration
of radiation treatment plans for prostate cancer®. In the
context of I-125 brachytherapy with conventional doses,
the relative biological effect is 1.4, and the dose rate is
approximately 0.07 Gy/h. This profile appears to be more
suitable for treating radiosensitive tumors with long
doubling times and rapid shrinkage!*’). Therefore, the
optimal application of I-125 brachytherapy may depend
on selecting tumors that are relatively radiosensitive
and where late responses are dose-limited in anatomical
sitest®l. It is worth noting that an increasing number of
studies are reporting equivalent efficacy between HDR
and LDR brachytherapy. In cases of fast-growing tumors,
HDR brachytherapy might offer more advantages than
LDR brachytherapy due to enhanced cellular repair
capacity™-l,

4, Physics of I-125 brachytherapy

Brachytherapy implementation hinges on several critical
factors, including the application of specialized dosimetric
systems to calculate treatment duration and dosage, the
calibration of radioactive sources, and the monitoring of
seed positioning for geometric accuracy.
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Brachytherapy offers several advantages compared
to EBRT, including superior dose localization within
the target volume, enhanced sparing of normal tissue,
and cost-effectiveness. Guidelines for brachytherapy
dosimetry and source calibration have been established
by organizations such as the American Association of
Physicists in Medicine (AAPM) and the Groupe Européen
de Curiethérapie-European Society for Radiotherapy
and Oncology. These guidelines, as exemplified in the
AAPM Task Group 43 report, recommend specific dose
parameters, including D90>100%, V100>90%~95%, and
V150<50%~60%""*. A comparative study evaluated the
dosimetric parameters of I-125 brachytherapy for lung
cancer between intraoperative and pre-operative planning,
revealing the superiority of intraoperative planning.
Intraoperative planning demonstrated significantly higher
V100, V150, and V200 values compared to pre-operative
planning®. In addition, intraoperative planning exhibited
improved coverage, conformity, and quality indices, along
with reduced dose uniformity indices compared to pre-
operative planning®.

Ensuring accurate dose delivery is crucial for
therapeutic efficacy in radiotherapy. A key component
for accurate dose delivery with brachytherapy sources is
the ability to determine the absolute radiation output at a
reference point. For photon sources, this is usually achieved
by correlating the radiation output to air-Kerma strength
(SK) in the U.S. and reference air-kerma rate in Europe.
A primary calibration standard for low-energy LDR I-125
brachytherapy sources was developed at the National
Bureau of Standards (the former name for NIST) in 1984
by Loftus, using the Ritz free air ionization chamber®.
However, discrepancies in source measurements arose,
with the 1999 value for a given I-125 source differing from
the 1998 standard by 3%. Subsequently, all source models
underwent reevaluation in 2000, revealing discrepancies
ranging from 2% to 7% in 1999. To address these
variations, the AAPM mandates that brachytherapy source
manufacturers annually compare their in-house standard
to the NIST standard for low-energy sources and, every
2 years, with a primary standards dosimetry laboratory-
traceable standard for high-energy sources”**..

The Task Group 56 report provides guidelines for
quality control and quality assurance in brachytherapy
procedures®™. Detailed information on the use of robotics
in brachytherapy for source delivery can be found in
the TG-192 report®. However, when it comes to the
dosimetric requirements of innovative brachytherapy
devices or the implementation of new clinical applications,
there is a limited availability of guidelines. Therefore, the
role of medical physicists becomes even more critical in

the clinical implementation and evaluation of innovative
brachytherapy devices and applications. With the
introduction of 3D printing, studies have indicated that
there is comparability between the dosimetric parameters of
pre-operative and post-operative planning for D90, V100,
and V200 in 3D printing-guided I-125 brachytherapy for
recurrent high-grade gliomas!®".

When comparing I-125 LDR brachytherapy to HDR
brachytherapy for prostate cancer, a randomized trial
suggested that the D90, V100, and V150 values of the
LDR brachytherapy group were significantly higher than
those of the HDR brachytherapy group. In addition, the
urethral D10, D30, and rectal D10 values of the LDR
brachytherapy group were significantly higher than those
of the HDR brachytherapy group®. Therefore, while
both I-125 LDR brachytherapy and HDR brachytherapy
can offer effective dose coverage, I-125 brachytherapy
tends to result in slightly higher doses to the urethra
and rectum, potentially contributing to the occurrence
of genitourinary and gastrointestinal toxicity in LDR
brachytherapy. In addition, a retrospective analysis
of 25 patients with pancreatic cancer indicated that
3D-printed personalized templates-assisted 1-125
brachytherapy provided dosimetric advantages in terms of
V100 when compared to manual implantation. In essence,
current brachytherapy, guided by CT scans and assisted
by 3D-printed personalized templates, has achieved a
perfect match between post-operative dose verification
and pre-operative planning. The pre-operative planning
and post-operative dose verification demonstrated no
significant difference in multiple dosimetric parameters,
with accuracy improved by over 90%. The incorporation
of 3D-printed personalized templates proves beneficial
in achieving individualized treatment and reducing
dependence on operator experience.

In recent years, several scholars have explored the
application of single photon emission CT/CT for detecting
the radioactive concentration distribution following
particle implantation and utilizing it to evaluate the
therapeutic effect. This novel approach warrants further
investigation!®®*. It is worth noting that, in contrast to HDR
brachytherapy, I-125 brachytherapy has some drawbacks,
such as potential radiation exposure to clinical personnel
during the procedure and subsequent exposure to patients’
family members and the general public. Nonetheless,
studies have indicated that the radiation dose carried
by patients after prostate cancer particle implantation
is minimal, approaching levels observed in the general
population. Apart from some limitations, like prolonged
child-carrying restrictions, patients can generally lead a
normal daily life without significant disruption!®.
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5. Immunological aspects of I-125
brachytherapy

In vitro and clinical studies have confirmed the synergistic
effect between radiation-induced tumor “in situ” vaccine
effectand the remodeling of the immune microenvironment
when combined with immune checkpoint inhibitor therapy
across various tumor types®®. When combined with
immunotherapy, the objective of radiotherapy extends
beyond local tumor control. It aims to maximize the body’s
anti-tumor immune response, serving as an adjuvant that
produces synergistic effects alongside immunotherapy!®®..

The changes in the local tumor immune
microenvironment (TIME) and the consequent changes
in systemic immune status following I-125 close-range
therapy for post-operative local tumors remain unclear.
In contrast to EBRT, I-125 brachytherapy offers the
advantage of high conformity, enabling the delivery of
high doses to the target area while minimizing damage to
the surrounding normal tissues. This protection extends to
radiosensitive lymphoid immune cells in normal tissues,
safeguarding them from radiation.

At present, several relevant studies have focused
on prostate cancer. Following I-125 brachytherapy for
prostate cancer, there is a significant increase in the density
of CD3+, CD4+, and CD8+ T cells within the tumor
microenvironment. More importantly, the expression
rate of PD-1+ T cells also shows a significant increase
compared to pre-seed implantation levels. In one study,
eight patients who were PD-1 negative before treatment
became positive after undergoing brachytherapy, and the
density of infiltrating PD-1+ T cells increased significantly.
Therefore, I-125 brachytherapy can induce the generation of
the tumor antigen-specific PD-1+CD8+ T cells, recruiting
them into the tumor microenvironment. In addition, the
study found that after I-125 brachytherapy, the number
of CD3+ T cells, CD4+ T cells, and natural killer cells in
the peripheral blood of prostate cancer patients increased
significantly. Although the number of CD8+ T cells did not
exhibit a significant change, the CD4/CD8 ratio increased
significantly.

At present, the role of radiotherapy in promoting the
infiltration of CD8+ T cells into tumor lesions is widely
recognized, suggesting the recruitment of tumor antigen-
specific CD8+ T cells into the tumor microenvironment!®!,
Following 1-125 brachytherapy, there is a significant
increase in PD-L1 expression on prostate cancer cells.
This increase in PD-L1 expression is associated with the
infiltrating CD8+ T cells in the tumor microenvironment,
particularly those secreting interferon (IFN)-y, which
promotes PD-L1 expression on tumor cells. As a result,

the upregulation of PD-L1 expression at this stage reflects
the immune response driven by infiltrating CD8+ T
cells secreting IFN-y. Consequently, PD-L1 expression
on tumor cells during this phase should not solely be
interpreted as an indication of immune suppression within
the TIME. Instead, it signifies the promotion of the tumor
immune response by CD8+ T cells due to radiotherapy.
Taken together, these observations suggest a correlation
between the upregulation of PD-L1 expression on tumor
cells after I-125 brachytherapy and the heightened
presence of infiltrating CD8+ T cells. This mechanism,
which promotes the upregulation of PD-L1 expression
on tumor cells, essentially represents a negative feedback
mechanism regulating the body’s immune response.
Unfortunately, tumors exploit this mechanism as a tool
to develop adaptive immune tolerance. Therefore, several
studies propose that PD-L1 expression on tumor cells can
be used as a marker for the emergence of adaptive immune
resistance following the infiltration of tumor antigen-
specific T lymphocytes*7!.

At the same time, when comparing the expression of
pSTAT1 before and after treatment (pSTAT1 being the
downstream product resulting from the combination of
IFN and its receptor), it was found that individuals who
responded effectively to PD-1/PD-L1 blockade treatment
exhibited markedly increased pSTAT1 expression
before and after treatment, in contrast to those who did
not respond to treatment. This finding suggests that
individuals who responded effectively to PD-1/PD-L1
blockade treatment display elevated levels of both IFN-y
and PD-L1 expression. Hence, it implies that IFN-y plays a
role in promoting the expression of PD-L1.

Combining insights from previous studies, a significant
increase in CD4+ T cell expression was observed in both
peripheral blood and the tumor microenvironment
following 1-125 brachytherapy for prostate cancer.
Notably, CD4+ T cell expression within the tumor
microenvironment was significantly higher than that of
CD8+ T cells. CD4+ T cells exert their anti-tumor immune
function through various mechanisms, including direct
tumor immune effects by regulating the expression of
perforin and granzyme, indirect modulation of the tumor
microenvironment to coordinate anti-tumor immunity,
and their role in immunotherapy”?. The generation of
CD8+ memory T lymphocytes relies on the assistance
of CD4+ T cells. Studies have indicated that, even when
PD-1/PD-L1 blockade therapy is ineffective, CD4+ T cells
can re-exert the anti-tumor immune response of CD8+
T cells™. In a mouse model of prostate cancer, where
radiation therapy was combined with immunotherapy,
a notable increase in tumor-specific CD4+ T cells
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occurred. Specifically, the majority of these cells were of
Thl subtype, while only a small proportion represented
prostate cancer-specific Th2 and Th17 subtypes. Th1 cells,
the main subtype of CD4+ T cells, play a pivotal role in
the tumor immune response”. They accomplish this by
secreting cytokines such as IFN-y and tumor necrosis
factor-o,, which have the ability to eliminate tumor cells
and, consequently, contribute to anti-tumor immune
responses”. T-bet, a characteristic transcription factor
located on the surface of Thl cells, is responsible for
regulating their differentiation, maturation, and the
secretion of these cytokines!”®..

A study investigated the changes in the distribution
of tumor-infiltrating T lymphocytes in prostate cancer
patients, both before and after radical prostatectomy,
particularly focusing on cases of biochemical recurrence.
The findings revealed a substantial increase in the
infiltration of CD8+, PD-1+, and Foxp3+ T cells compared
to pre-surgery levels when biochemical recurrence was
observed. Among these, Treg cells, an important subset of
CD4+ T lymphocytes known for their immunosuppressive
activity, play a significant role in inhibiting the anti-tumor
immune response”. The transcription factor Foxp3 is
specific to Treg cells and regulates their differentiation
and maturation”. Furthermore, it was observed that
the increased presence of PD-1+ and Foxp3+ T cells was
negatively correlated with patient prognosis. The study
suggested that this phenomenon may be attributed to
genetic mutations occurring during tumor relapse, which
result in the induction of new tumor antigens and a
subsequent immune response. The increased expression of
PD-1+ T cells in the tumor after the activation of tumor-
specific T lymphocytes is considered a manifestation of
immune escapel”®.

After  prostate  cancer  brachytherapy,  the
immunostimulatory effect on the tumor diminishes as
the radioactivity of implanted particles decreases. While a
substantial number of CD4+ and CD8+ T cells continue
to infiltrate the tumor, the expression of PD-1+ T cells
remains low, indicating a reduction in the presence of
tumor antigen-specific T cells. Moreover, in alignment with
the concept of tumor immune editing, it was observed that
as prostate cancer relapses and progresses, the expression
of PD-1+ T cells gradually decreases, indicating a gradual
weakening of the tumor-specific immune response. This
phenomenon aligns with the characteristics of tumor
immune evasion™. In light of these observations, it is
postulated that the immune microenvironment within
prostate cancer tumors undergoes dynamic changes
following I-125 brachytherapy. This suggests the existence
of a specific time frame during which combining I-125

brachytherapy with PD-1/PD-L1 blockade therapy for
prostate cancer could be particularly effective®#!.

A recurring observation across these studies involves
the detection of potential remote immune activation
through peripheral blood analysis, situated away from
the primary tumor. In addition, these investigations have
further identified compensatory immune suppression
signals following brachytherapy. This suppression
manifests in various forms, including the upregulation
of Tregs and the activation of well-established immune
checkpoints such as PD-L1. The emergence of immune
suppression subsequent to radiation exposure has
previously been described in the context of in vitro beam
radiation. This phenomenon may also constitute a limiting
factor within the realm of I-125 brachytherapy. Overall,
these data lend support to the notion of combining I-125
brachytherapy with immunotherapy. Such a combination
holds the potential not only to improve localized tumor
elimination but also to enhance distant anti-tumor
immune responses.

6. Discussion and perspective

Reflecting on the evolution of interstitial I-125
brachytherapy, the pursuit of precision in brachytherapy
has consistently remained a common goal of medical
professionals and scholars in this field. As imaging
technology has continuously advanced, it has provided
clinicians with a visual “eye]” progressively expanding
the scope of applications for I-125 brachytherapy.
Concurrently, the continuous optimization of this “vision”
has enhanced the accuracy of I-125 brachytherapy.

On the one hand, the development of I-125
brachytherapy has been dose-oriented, focusing on
achieving greater accuracy in irradiation dosage delivery.
This dedication to enhancing accuracy has been exemplified
by the introduction of 3D-printed personalized templates,
treatment planning systems, and robot-assisted systems.
These innovations collectively contribute to a more
accurate dose delivery. Predicting future developments,
including new products, their potential applications, and
the challenges they may introduce, poses a considerable
challenge. Therefore, the competence of medical physicists
becomes increasingly vital when it comes to the clinical
implementationand evaluation ofinnovative brachytherapy
devices and applications. The sensitivity of various tumor
tissues to radiotherapy in I-125 brachytherapy varies.
However, apart from prostate cancer, determining the
optimal radiation dose for other tumors remains an
ongoing challenge. While there have been several editions
of consensus proposing recommended dose ranges for
different tumor types, many of these recommendations
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are primarily based on expert clinical experience and lack
large-scale multicenter clinical studies.

On the other hand, the development of I-125
brachytherapy must also consider spatial orientation,
focusing on optimizing the path for radiation source
implantation. Besides targeting the tumor site, the role of
the operator in brachytherapy should not be overlooked. The
introduction of 3D-printed personalized templates has been
conducive to achieving personalized treatment and reducing
dependence on operator experience. In addition, robot-
assisted systems provide solutions for the puncture challenges
in brachytherapy across various tumor sites through
mechanical automation-assisted needle implantation.
However, recent research on robotic technology in the field
of brachytherapy has mainly focused on prostate cancer and
radioactive particle implantation, with insufficient attention
given to other diseases suitable for brachytherapy.

In the future, robotic system technologies can be
leveraged to their full potential to realize precise and remote
medical treatment for brachytherapy. Preliminary research
indicates that the combined treatment of brachytherapy and
immunotherapy demonstrates favorable tolerability and
warrants further investigation. However, several unresolved
issues remain regarding the optimal method of coordinating
these two treatments, including duration and radiation
dose. Moreover, additional preclinical and clinical studies
are imperative to gain a comprehensive understanding of
the immune regulatory effects of I-125 brachytherapy.
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Abstract

Cancer is the leading cause of mortality worldwide. The proliferation and viability of
cancer cells are intricately related to the complex tumor microenvironment in which
they reside. Cancer-associated fibroblasts (CAFs) play a pivotal role in multiple stages
of tumorigenesis, including tumor growth, invasion, metastasis, and resistance
to treatment, through intricate crosstalk with tumor and immune cells. Targeted
radionuclide therapy involves the systemic administration of small molecule drugs
labeled with B-emitting or o-emitting radioisotopes, allowing precise targeting
of tumor sites and delivering radiation directly to the tumor. Prostate-specific
membrane antigen-targeted radioligand therapy (RLT) and somatostatin receptor-
targeted peptide receptor radionuclide therapy (PRRT) have demonstrated favorable
safety profiles and significant antitumor efficacy, leading to their approval by the
Food and Drug Administration. Recently, the utilization of theranostic approaches
that target overexpressed fibroblast activation proteins (FAPs) within the CAFs of the
tumor stroma has demonstrated encouraging preliminary outcomes. This review
aims to provide a concise summary of current clinical research outcomes and the
applications of RLT based on FAP inhibitors in the context of solid tumors.

Keywords: Fibroblast activation proteins; Radioligand therapy; Immunotherapy;
Synergistic effect

1. Introduction

Cancer is among the leading causes of mortality globally, with projections indicating
that cancer-related deaths will surpass those caused by cardiovascular disease!l. Current
cancer treatment strategies typically involve acombination of chemotherapy, radiotherapy,
and surgical interventions tailored to individual patient needs. Remarkably, over the past
two decades, there has been minimal appreciable improvement in the average cancer
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survival rate despite the use of conventional therapies®.
Immunotherapy has ushered in a new era of tumor
treatment, demonstrating promising efficacy. However,
the effectiveness of these treatments is hindered by several
obstacles, with drug resistance being a significant barrier
that reduces the efficacy of chemotherapeutic agents®.
Therefore, it is imperative to explore novel and alternative
therapeutic approaches to address this challenge and
improve treatments.

Recently, targeted radioligand therapy (TRT) has
gained significant momentum and emerged as a promising
avenue for treating various types of malignancies. TRT
is characterized by different [-emitting or o-emitting
radionuclides of label-specific molecules, which are
expressed or upregulated in tumors through the systemic
administration of a radioactive drug, allowing precise
targeting of tumor sites and delivering radiation directly
to the tumor while sparing healthy tissues and organs®.
Peptide receptor radionuclide therapy (PRRT) has been
widely recognized as a highly effective and well-tolerated
treatment approach for patients with neuroendocrine
tumors (NETs) and was approved by the US Food and
Drug Administration (FDA) in 2017. Moreover, in an
international, randomized, open-label phase III study
(NCT03511664, available from https://clinicaltrials.gov/
ct2/show/NCT03511664), ""Lu-PSMA-617 plus standard
of care (SOC) treatment was a well-tolerated regimen.
This approach has improved radiographic progression-
free survival (rPFS) and prolonged overall survival (OS)
compared to SOC alone in men with advanced-stage
prostate-specific membrane antigen (PSMA)-positive
metastatic castration-resistant prostate cancer (mCRPC),
supporting its adoption as an SOC and receiving FDA
approval in 2022/, Nevertheless, the absence of pan-tumor
targets poses a challenge to the widespread adoption of
TRT. Therefore, identifying pan-tumor targets is a key to
successful TRT application.

Cancer-associated fibroblasts (CAFs) are crucial and
abundant constituents of the tumor microenvironment
(TME) that plays a significant role in tumor progression,
including tumorigenesis, angiogenesis, metastasis,
immunosuppression, and developing drug resistancel”.
CAFs exhibit high fibroblast activation protein (FAP)
expression, while normal organs and tissues display either
no or low expression®. Consequently, several small FAP
inhibitors (FAPIs) have been developed and used to
visualize the tumor stroma by targeting FAP. FAPI has
demonstrated superiority over 18F-fluorodeoxyglucose
(®F-FDG) in diagnosing various tumors®!', making it a
novel method for tumor imaging and radioligand therapy.
Several pre-clinical and clinical studies have explored

the effect of FAP-TRT (RLT) on various malignancies.
Preliminary results have demonstrated good safety across
all studies and effectiveness to different degrees!"!**l. This
review summarizes the latest pre-clinical and clinical
findings regarding FAP-targeted RLT.

2. Non-radionuclide targeting of FAP as an
antitumor therapy approach

Tumor tissues consist of tumor cells and the surrounding
TME. The TME plays a vital role in tumor growth,
progression, metastasis, and treatment outcomes, making
it indispensable for the development of malignant
tumors”.. CAFs, which originate from normal fibroblasts
activated by tumor cells, are essential components of the
TME. They contribute to tumor cell survival, invasion,
and metastasis". CAFs can also arise through processes
such as an epithelial-to-mesenchymal transition from non-
fibroblastic cells or endothelial-to-mesenchymal transition
from endothelial cells"™. Notably, CAFs exhibit diverse
functions, and while they often promote tumorigenesis,
specific subsets of CAFs have shown significant tumor-
suppressive effects!®l,

CAFs can express receptors such as FAP, platelet-derived
growth factor receptor , and CD10. Among these, FAP, a
type II transmembrane serine protease belonging to the
dipeptidyl peptidase 4 family!"”, has attracted increasing
attention. Normal fibroblasts and tissues are characterized
by the absence or low expression of FAP, making it a
promising target for imaging and treatment!®"\. Various
strategies targeting FAP have been investigated for the
treatment of colorectal and non-small-cell lung carcinomas,
including anti-FAP monoclonal antibodies®”, FAP-antigen
vaccination, suppression of FAP enzyme activity®, and
chimeric antigen receptor-T (CAR-T) cells specifically
targeting FAP®!. These therapies have been well-tolerated
and deemed safe. Another potential approach involves
anti-cytokine therapies targeting interleukin-6, C-X-C
motif chemokine ligand 12, and transforming growth
factor-B (TGF-f). These therapies aim to reduce the
recruitment and activation of CAFs, thereby decreasing
the secretion of cytokines and chemokines by CAFs!"). The
extracellular matrix (ECM) serves as a physical barrier to
delivering tumor drugs. Strategies focusing on targeting
the production of ECM proteins or promoting ECM
degradation show promise in facilitating drug delivery
and potentially enhancing cytotoxic effects in tumors?¥.
Among these approaches, AVA6000 stands out as a FAP-
activated prodrug of maytansinoid. It is expected to
possess enhanced tumor-killing effects while minimizing
systemic side effects (NCT04969835, available from https://
clinicaltrials.gov/ct2/show/NCT04969835). While several
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drugs have undergone testing, only a few pre-clinical
studies have shown improved outcomes, and the efficacy of
these drugs in clinical trials has been limited. The current
status of targeting FAP for anti-CAF therapy remains at an
early clinical trial stage!®!. Table 1 summarizes the different
non-radionuclide-targeted therapeutic strategies against
FAP available from clinicaltrials.gov.

3. FAP-targeted RLT as an antitumor
therapy approach

In recent years, multiple small-molecule FAPIs and cyclic
peptides targeting FAP (FAP-2286) have been designed
for imaging purposes, facilitating the visualization
of the tumor stroma (labeled with ®Ga, *F, or *™Tc).
Multiple studies have reported on the tumor uptake and
biodistribution of FAPIs/FAP-2286!*%%l. For instance,
Kratochwil et al. conducted an evaluation involving
80 patients with 28 different tumor entities (54 primary
tumors and 229 metastases). This evaluation employed
%Ga-FAPI positron emission tomography/computed
tomography (PET/CT)®. The results revealed that
esophageal, breast, cholangiocarcinoma, sarcoma, and
lung cancers exhibited higher ®Ga-FAPI uptake, leading
to elevated tumor-to-background ratios (TBR). Chen

et al. conducted a study involving ®*Ga-FAPI PET/CT to
diagnose primary and metastatic lesions in 74 patients
with 12 different tumor types, comparing it with *F-FDG
PET/CT". Their findings demonstrated that “Ga-FAPI
PET/CT excelled in identifying malignancies, boasting
favorable TBR, and outperformed F-FDG PET/CT in
diagnosing primary and metastatic lesions. Pang et al.
also explored the usefulness of ®*Ga-FAP-2286 PET/CT in
imaging various malignancies, conducting a comparative
analysis with F-FDG and ®Ga-FAPI-46 PET/CT?.
Their results indicated that “Ga-FAP-2286 may offer a
superior alternative to F-FDG, particularly for cancer
types characterized by low-to-moderate “F-FDG uptake,
including gastric, pancreatic, and hepatic cancers. In
addition, “*Ga-FAP-2286 demonstrated longer tumor
retention than “Ga-FAPI-46 at later time points. Figure 1
shows the representative PET images of 7 patients with
diverse tumor types who underwent “F-FDG PET,
#Ga-FAPI-46 PET, and “*Ga-FAP-2286 PET imaging in a
week or less. These results suggest that 68Ga-FAP-2286 is
a promising candidate for pan-tumor TRT. Consequently,
therapeutic radionuclides labeled with FAPI, peptides,
and small-molecule radioconjugates targeting FAP have
gained popularity in pre-clinical and clinical antitumor

Table 1. Summary of trials of non-radionuclide targeted therapeutic strategies against fibroblast activation protein (FAP)

Trial registration no. and Phase
medicine

Type of tumor

Study start Study Enrollment

completion

NCT03932565: Enfortumab Phase 1

Vedotin

Nectin4-positive advanced
malignant solid tumor

December 31
2021 (estimated)

February 13
2019 (actual)

30 (estimated)

NCT01722149: Adoptively

transferred FAP-specific CD8

positive re-directed T cells

NCT05098405: MP0317

NCT04969835: AVA6000

NCT02558140: RO6874813

NCT04857138: RO7300490

NCT03875079: RO6874281

NCT04826003: RO7122290

NCT03386721:RO6874281

Early phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1, Phase 2

Phase 2

Malignant pleural
mesothelioma with pleural
effusion

Relapsed/refractory
advanced solid tumors

Locally advanced
(unresectable) and/or
metastatic solid tumors

Locally advanced or
metastatic solid tumors

Advanced and/or metastatic
solid tumor

Advanced or metastatic
melanoma

Previously treated,
metastatic,
microsatellite-stable
colorectal adenocarcinoma
with high CEACAM5
expression

Advanced and/or metastatic
solid tumors

February 19
2015 (actual)

October 11 2021
(actual)

July 16 2021
(actual)

October 11 2015
(actual)

May 18 2021

(actual)

June 24 2019
(actual)

July 14 2021
(actual)

February 19
2018 (actual)

July 18 2019
(estimated)

2024 - 2004
(estimated)

June 30 2023
(estimated)

November 06
2017 (actual)

August 17 2026
(estimated)

July 14 2022
(actual)

July 31 2025
(estimated)

December 30
2021 (actual)

4 (estimated)

78 (estimated)

80 (estimated)

120 (actual)

280 (estimated)

83 (actual)

80 (estimated)

256 (actual)
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Figure 1. Representative PET images of seven patients with different types of tumors undergoing *F-FDG PET, “*Ga-FAPI-46 PET, and “Ga-FAP-2286
PET imaging within <1 week?!. Image reprinted with permission, Copyright © 2023, Yizhen Pang et al.

Abbreviations: PET: Positron emission tomography; Ca: Carcinoma; FAP: Fibroblast activation proteins; FAPI: Fibroblast activation protein inhibitor;
FDG: Fluorodeoxyglucose; HNCUP: Head-and-neck carcinoma of unknown primary; NPC: Nasopharyngeal carcinoma.

studies. Table 2 summarizes various FAP-targeting
radiopharmaceuticals currently employed in clinical
imaging and therapeutic studies.

4. Insights from pre-clinical studies of
FAP-targeted RLT

Pre-clinical in vitro and animal studies have been conducted
to faithfully replicate the intended biological impact of
a drug. These studies enable the assessment of efficacy,
safety, and potential toxicities, covering aspects such as
pharmacokinetics, pharmacodynamics, administration
routes, dosing, and side effects. Despite safety testing in
animal models, it is noteworthy that human drug trials
have reported high failure rates associated with toxicity®.

The key to TRT lies in understanding the
pharmacokinetics of the radioactive ligands. The
pharmacokinetic = pre-requisites ~ for  therapeutic
radiopharmaceuticals include prolonged circulation in the

bloodstream, serum stability, reduced non-specific uptake,
and sustained retention in the tumor. These characteristics
result in a prolonged effective half-life and tumor radiation
dose, ultimately minimizing radiation exposure to healthy
surrounding tissues and reducing systemic toxicity. This,
in turn, allows for the possibility of administering higher
doses to patients.

Since 2018, several pre-clinical studies have been
conducted to investigate changes in the structure and
properties of FAPI radiopharmaceuticals. Lindner
et al. determined that among 15 different FAPIs (ranging
from FAPI-02 to FAPI-15), FAPI-04 shows promise as a
tracer for clinical applications based on a comparison of
in vivo pharmacokinetics in pre-clinical studies!l. In a
pre-clinical study, a single administration of **Ac-FAPI-04
demonstrated the ability to delay the growth of tumors
carrying PANC-1 xenografts in mice, all while showing
no significant changes in the mice’s body weight®".
Given the relatively short tumor retention times observed
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Table 2. Summary of fibroblast activation protein
(FAP)-targeting radiopharmaceuticals

FAP-targeting radiopharmaceuticals in imaging studies
Ga-FAPI-04
%Ga-FAPI-46
Ga-FAPI-74
%Ga-DOTA-2P (FAPI),
%Ga-OncoFAP-DOTAGA
%Ga-FAPI NOS
%Ga-FAPI-02
®Ga-DOTA-SA-FAPi
Ga-DATA5m-SA-FAPi
Ga-FAP-2286
'SF-AIF-NOTA-FAPI
'SE-FAPI-74
E-FAPI-NOS
'SE-FAPI-42
SF-AlF-P-FAPI
#mTc-FAPI-34

%SGa-tracers

8E-tracers

#mTc-tracers
FAP-targeting radiopharmaceuticals in radionuclide therapy studies
'7’Lu-FAPI-46
77Lu-FAPI-04
77Lu-DOTA-SA-FAPi
'77Lu-FAPI-2286
“Y-FAPI-46
“Y-FAPI-04
'%3Sm-FAPI-04

7"Lu-radionuclides

Y-radionuclides

153Sm-radionuclides

with FAPI-02 and FAPI-04, Loktev et al. embarked
on the development of several other derivatives®!.
Their investigation led to the discovery that FAPI-46
exhibited superior pharmacokinetics when compared to
FAPI-04. Notably, FAPI-46 displayed higher 24-h tumor
retention and lower physiological uptake. While FAPI-21
demonstrated the highest tumor retention after 24 h,
unfortunately, it also exhibited high physiological uptake in
the oral mucosa, thyroid, and salivary glands®". Moreover,
the incorporation of the 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) ligand as a chelator for
FAPI-46 made it compatible with the labeling *°Y, *’Lu, and
13Sm radionuclides, rendering it suitable for TRT!*3234,
Researchers have leveraged the multimerization effect to
design and synthesize radiopharmaceuticals with improved
properties. Zhao et al. linked two FAPI-46 monomer motifs
to create DOTA-2P(FAPI), "), while Pang et al. synthesized
DOTA-4P(FAPI), using four FAPI-46 monomers®. The
application of multimerization techniques has been shown
to increase tumor uptake and retention, consequently

enhancing the antitumor effect®*”). Moon et al. took a
different approach by transforming FAPI-04 into a dimeric
system, resulting in DOTA (SA.FAPI), and DOTAGA (SA.
FAPI)"¥. In addition to these developments, a cyclic peptide
known as FAP-2286 has been designed specifically for FAP-
based radionuclide therapy. This peptide has demonstrated
higher tumor uptake, lower background signal, prolonged
tumor retention time, and remarkable antitumor
effects®. Furthermore, albumin binder-truncated Evans
blue ("’Lu-EB-FAPI-B1) has demonstrated favorable
pharmacokinetics and significant antitumor effects!"”. The
introduction of albumin-binding FAPIs has contributed to
increased blood drug concentrations, delayed excretion,
stability in physiological saline and plasma, high FAP-
binding affinity, and minimal physiological uptake!*!.

Another crucial aspect of TRT is the selection of the
appropriate radionuclide. The radiation dose delivered to
a target relies on the type, range, half-life, and energy of
the particles emitted. o-particle-based treatments have
demonstrated effectiveness in targeting CAFs, although
their direct impact on tumor cells may be limited. In
a pre-clinical study, a single dose of *Ac-FAPI-04
resulted in tumor growth retardation in mice bearing
PANC-1 xenografts, with no significant changes in body
weight®. Tranel et al. conducted a study comparing
absorbed dose estimates in a three-dimensional cell model
consisting of a mixture of CAFs and tumor cells*?. Their
findings revealed that the efficacy of **Ac decreased with
increasing tumor cluster size. In such cases, '’Lu, which
emits (-emitters with a more extended range, might be
a more effective option due to crossfire effects. However,
the efficacy of '’Lu is also limited when dealing with large
cluster sizes (0.6-0.7 mm)™?. In addition, the use of other
radionuclides, such as Y and "I, for labeling FAPIs could
provide additional treatment options for tumors.

5. Initial findings from clinical studies on
FAP-targeted RLT

At present, our knowledge of human FAP-targeted RLT
is primarily derived from case reports, case series, and
small-scale prospective studies (Table 3)11:13:32-3443-50],
These investigations employed various FAPI agents,
including FAPI-04, FAPI-46, FAP-2286, 3BP-3940, and
(SA.FAPi), in combinations with radionuclides such as
%Y, 7Lu, '**Sm, and *»*Sc. While most studies included
patients with various malignancies, Ballal et al. specifically
focused on patients with thyroid cancer®". Early studies
reported disease progression or stable diseasel*>#4l,
while recent studies have revealed partial responses by
patients to new therapies!>*.. The first documented case
of FAP-targeted RLT was reported by Lindner et al.l'l,
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Table 3. Summary of the studies involving human fibroblast activation protein inhibitor (FAPI)-based radionuclide therapy

Study (Country) Tracers Injected activity No.of  Type of cancer Response Adverse events
patients  (no. of patients) (RECIST)
Lindner et al."V 2Y-FAPI-04 2.9 GBq, 1 cycle 2 Breast cancer (2) NA None
(Germany)
Lindner et al.?! 2Y-FAPI-46 6 GBg, 2 cycles 2 Pancreatic cancer (1), NA NA
(Germany) ovarian cancer (1)
Jokar et al.** (Iran) 177Lu-FAPI-46 3.7 GBq, 2 cycles 1 Breast cancer (1) NA NA
Rathke et al.l?? OY-FAPI-46 7.4 GBq (Cumulative 1 Breast cancer (1) PD NA
(Germany) 28.1 GBq), 4 cycles
Assadi et al.* (Iran) 77Lu-FAPI-46 3.7 GBq (1.85-13.7 18 Ovarian cancer (2), 12SD,6 PD  Anemia G3 (1);
GBq), 36 cycles sarcomas (1), colon leukopenia G1 (1);
cancer (3), breast thrombocytopenia
cancer (5), pancreatic G1 (1)
cancer (2), prostate
cancer (2), cervical
cancer (1), lung
cancer (1), thyroid
cancer (1)
Ballal et al.** (India) 7Lu-DOTA.SA.FAPI; 2.96 GBq SA.FAPI and 10 Thyroid cancer (5), SA.FAPIPD Anemia G3 (1);
7Lu-DOTAGA. 1.48 GBq (SA.FAPI) ,, breast cancer (4), (SA.FAPi),  thrombocytopenia
(SA.FAPT), 17 cycles paraganglioma (1) clinical G1(1)
response
Ballal et al.™¥ (India) 77Lu-DOTA.SA.FAPi 3.2 GBgq, 1 cycle 1 Breast cancer (1) NA NA
Ballal et al.”V (India) 7Lu-DOTAGA.(SA. 8.242.7 GBq, 45 cycles 15 Thyroid cancer (15) 4 PR,3SD,  Diarrhea G1 (1)
FAPI), others NA
Kuyumcu et al.*! 177Lu-FAPI-04 267.5+8.6 GBq, 4 cycles 4 Breast cancer (1), NA NA
(Turkey) thymic carcinoma (1),
thyroid cancer (1),
ovarian cancer (1)
Kratochwil et al.l?¥ 153§ m-FAPI-46, 20 GBq '**Sm-FAPI-46, 1 Soft tissue sarcoma SD NA
(Germany) Y-FAPI-46 and 8 GBq "Y-FAPI-46 (1)
Fu et al.P¥ ”’Lu-FAPI-46 3.7 GBq, 1 cycle 1 Nasopharyngeal PD, mixed ~ None
(China) carcinoma (1) response
Baum et al.l”) 7Lu-FAP-2286 5.8+2.0 GBq, 22 cycle 11 Pancreatic cancer 9PD,2SD  Headache G1 (4), G2 (4);
(Germany) (5), breast cancer (4), Anemia G1 (1), G2 (2);
rectum tumor (1), leukopenia G2 (2), G3 (1);
ovary cancer (1) pancytopenia (1); pain
flare-up G3 (1)
Ferdinandus et al.*® Y-FAPI-46 3.8 GBq in the 1* cycle 9 Pancreatic cancer 4PD,4SD, AnemiaGlI (2), G2 (2)
(Germany) and 7.4 GBq in the 2™ (3), Sarcomas (4), 1 NA and G3 (4); renal G (1),
cycle chordoma (1), G2 (1) and liver G1 (1),
neuroendocrine G2 (12), G3 (1), G4 (1);
tumor (1) pancreatobiliary G1 (1),
G3 (1), G4 (1)
Fendler et al.*! OY-FAPI-46 3.7-7.4 GBq, 47 cycles 21 Sarcoma (16), 1PR,8PD, Anemia G3 (6);
(Germany) pancreatic cancer (3), 7 SD, and thrombocytopenia
prostate cancer (1), others NA G3 (6)
gastric cancer (1)
Fu et al.”” (China) 77Lu-FAPI-46 5.55 GBq (cumulative 1 Thyroid cancer (1) SD Pain flare-up
16.7 GBq), 4 cycles
Kaghazchi et al.®' (Iran) '77Lu-FAPI-46 1.85 GBg, 1 cycle 1 Pancreatic cancer (1) PR Pain flare-up
Rao et al.” (China) 7Lu-FAP-2286 7.0 GBq, 1 cycle 1 Lung squamous cell PR None

carcinoma (1)

Abbreviations: NA: Not available; PD: Progressive disease; PR: Partial response; RECIST: Response Evaluation Criteria in Solid Tumors; SD: Stable disease.
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who reported a case involving a patient with last-stage
breast cancer bone metastasis, treated with *°Y-labeled
FAPI-04. Following treatment with 2.9 GBq *Y-FAPI-04,
the patients experienced symptom improvement with no
signs of toxicity"l. Another notable case was presented
by Ballal et al., where ""Lu-DOTA.SA.FAPi radionuclide
therapy was administered to an end-stage breast cancer
patient (a single cycle of 3.2 GBq). This treatment reduced
symptom intensity without any treatment-related adverse
events!®. At the 18-month mark following TRT, Fendler
et al. conducted a follow-up study on patients who
had undergone FAP-targeted RLT, monitored through
FDG PET/CT scans. Disease status was assessed based
on the RECIST/PERCIST criteria. The results revealed
that patients who exhibited a partial response or had
stable disease following *°Y-FAPI-46 therapy exhibited
a significantly longer median survival than those with
progressive disease (14.4 vs. 6.6 months)*l. While none
of the patients achieved a complete response following
FAP-targeted RLT, promising results have been reported
in the literature. Notably, this therapy has shown a
generally favorable safety profile, with minimal toxicity
and no reported allergic reactions. Several studies have
identified grades 3 and 4 hematological and hepatobiliary
toxicities!”*). The interpretation of these toxicities should
be approached cautiously, considering the inclusion of
heavily pre-treated patients with metastases. Nevertheless,
repeat therapy is feasible and safe. Figure 2 shows PET and
single-photon emission computed tomography (SPECT)
images of a 25-year-old man with known nasopharyngeal
carcinoma (NPC) who received experimental therapy with
3.7 GBq of "Lu-FAPI-46.

6. FAP-targeted RLT combined with
immunotherapy for a synergistic effect

Cancer immunotherapy, specifically the use of immune
checkpoint inhibitors (ICIs) targeting programmed cell
death 1 (PD-1)/programmed cell death ligand 1 (PD-L1),
has firmly established itself as a fundamental approach in
the fight against cancer®?. ICIs have significantly improved
survival rates across various cancer types and are regarded
as a significant advancement in cancer treatment’.
Nevertheless, the clinical efficacy of ICIs is hindered
by intrinsic and acquired tumor resistance, restricting
their widespread application in cancer treatment®.
Resistance to ICIs is partly attributed to the presence
of immunosuppressive cells within the TME, including
CAFs expressing FAPF. CAFs can secrete various
immunosuppressive factors, such as TGF-f and IL-10,
which have the potential to inhibit the activity of immune
cells and limit their ability to target tumors®. These
factors can suppress the effectiveness of immunotherapy,

weakening the patients immune response against the
tumor. Furthermore, CAFs produce ECM within the TME.
The ECM forms a tissue structure that supports tumor
growth and migration. ECM remodeling may restrict
the infiltration and activity of immune cells, thereby
reducing the tumor’s visibility to the immune system®..
Consequently, immune cells encounter greater difficulty
reaching the tumor area, compromising the efficacy of
immunotherapy.

Numerous ongoing clinical trials investigating non-
radionuclide-targeting CAF/FAP therapies have proposed
combinations of therapeutic approaches (Table 1). These
studies have explored the simultaneous use of multiple
strategies to improve therapeutic outcomes. The findings
from these clinical trials hold the potential to revolutionize
the management of advanced tumors. However, as of yet,
no clinical trials have reported promising results. One
possible reason for this lack of success may be the limited
efficacy of non-radionuclide-targeting CAF/FAP therapy,
which could impede its ability to synergize effectively with
other treatment modalities in combination therapy.

External beam radiation therapy (EBRT) is among the
most extensively used therapeutic modalities in clinical
tumor management®®. EBRT represents a standard and
effective treatment approach for various types of cancers,
with the goal of precisely targeting and eliminating cancer
cells using high-precision radiation while minimizing
damage to surrounding healthy tissues®™!. EBRT can induce
double-stranded DNA breaks, which exhibit lower repair
rates and do not rely on oxygen availability. Previous
studies have demonstrated that both EBRT and TRT can
induce DNA damage, triggering the upregulation of pro-
inflammatory cytokines, including interferons, through
the activation of the stimulator of the interferon genes
(STING) pathway'®l. These cytokines play a pivotal role in
attracting immunostimulatory immune cells to the TME,
such as T cells, antigen-presenting cells, and natural killer
cells®. Simultaneously, they can hinder the activity of
immunosuppressive immune cells, including regulatory
T cells'®). At present, there is substantial pre-clinical and
clinical evidence showing that EBRT can enhance the
response of both immunologically “hot” and “cold” tumors
to anti-PD-1 and anti-cytotoxic T lymphocyte-associated
protein 4 (anti-CTLA-4) immune checkpoint inhibition®l.
The combination of EBRT and immunotherapy exhibits
a synergistic antitumor effect’®). For many patients with
metastatic cancer, providing low-dose immune-modulating
radiation therapy to all tumors using EBRT is not feasible.
This is due to the inability to target radiographically
occult sites, along with the toxicity associated with large-
field or whole-body radiation, lymphocyte depletion, and
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Figure 2. Radiology of a 25-year-old man diagnosed with nasopharyngeal carcinoma. (A) The *F-FDG and “Ga-FAPI-46 PET/CT images revealed
multiple lymph node and bone metastases, and ®*Ga-FAPI-46 PET/CT showed a greater number of metastatic lesions than "*F-FDG in July 2020. Due to
the lack of other available treatment choices, the patient participated in a clinical trial for ""Lu-FAPI-46 radionuclide therapy (NCT04849247). (B-D) A
%Ga-FAPI-46 PET/CT was performed before radionuclide treatment, which showed intense radiotracer uptakes in most metastatic lesions. (E) Intense
77Lu-FAPI-46 uptake was observed in most metastatic lesions on post-therapeutic scintigraphy at 2 h post-injection. (F-H) Follow-up **Ga-FAPI-46
PET/CT was performed 8 weeks after radionuclide therapy, which showed a mixed response: regression in some lesions but progressive disease in other
lesions*. Image reprinted with permission, Copyright © 2022, Kaili Fu et al.

Abbreviations: PET: Positron emission tomography; FAPI: Fibroblast activation protein inhibitor; FDG: Fluorodeoxyglucose; MIP: Maximum intensity
projection; PET/CT: Positron emission tomography/computed tomography.

related systemic immune suppression’®"l. Similar to EBRT, linear energy transfer®. However, unlike EBRT, TRT can
TRT can also induce DNA double-strand breaks through be administered systemically to reach multiple metastatic
radiation effects because of its ability to deposit higher lesions throughout the body and exert therapeutic effects
energy within a shorter particle range, resulting in higher through radiation.
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Several pre-clinical studies have investigated the efficacy
of TRT combined with immunotherapy, consistently
demonstrating the capacity of this combination to
enhance the immune response, improve the efficacy of
immunotherapy, and achieve superior overall outcomes
compared to the use of either immunotherapy or TRT
alone!®**”). Choi et al. conducted an investigation into the
efficacy of TRT (*’Lu-LLP2A) when combined with dual
immunotherapy (anti-PD-1 + anti-CTLA-4 or anti-PD-L1
+ anti-CTLA-4) using a murine melanoma model. In
a separate study, Chen et al. explored the optimal timing
and potential mechanisms of TRT (*’Lu-EB-RGD) when
administered in conjunction with immunotherapy (anti-
PD-L1 antibody) in a mouse model of colon cancer!.
Czernin et al. confirmed that the combination of TRT
(**Ac-PSMA617) with immunotherapy (anti-PD-1
antibody) led to synergistic improvements in therapeutic
outcomes in C57BL/6 mouse models of prostate cancer!®®.
Furthermore, a recent report by Esfahani et al. reported
improved treatment responses through the combination of
PRRT ("’Lu-DOTATATE) and immunotherapy (anti-PD-1
antibody) in NET-bearing micel®. These collective
findings underscore the potential for a synergistic effect
when TRT and immunotherapy are combined. A previous
study identified that the depletion of FAP-positive CAFs
enhanced the antitumor effect of PD-L1 immunotherapy.
In an autochthonous model of pancreatic ductal
adenocarcinoma, T-cell infiltration has been demonstrated
to reduce cancer cell growth™!. This reduction in cancer
cells suggests that the combination of FAP-targeted RLT
with immunotherapy has the potential to enhance the
immune response, thereby improving antitumor efficacy.
However, only one pre-clinical study, conducted by
Zboralski et al., has investigated whether the combination
of FAP-targeted RLT and immunotherapy could generate a
synergistic effect, resulting in a treatment outcome where 1
+1>271, The results of this pre-clinical study demonstrated
that FAP-targeted RLT enhanced anti-PD-1-mediated
inhibition of tumor growth by modulating the TME and
increasing the recruitment of tumor-infiltrating CD8+ T
cells. These findings provide a compelling rationale for
conducting clinical studies involving a combination of FAP-
targeted RLT and immunotherapy in FAP-positive tumors.
By modulating the TME and enhancing the recruitment
of tumor-infiltrating CD8+ T cells, this approach offers
promising prospects for improved therapeutic outcomes.

7. Conclusion

FAP-targeted RLT has shown promising results in clinical
and pre-clinical studies. Furthermore, combining FAP-
targeted RLT with immunotherapy has demonstrated
synergistic effects in pre-clinical studies, leading to a more

robust immune response and improved antitumor efficacy.
Therefore, the utilization of FAP-targeted RLT, either alone
or in combination with immunotherapy or chemotherapy,
holds significant promise for the future of cancer treatment.
Nonetheless, comprehensive clinical trials will be essential
in the future to ascertain the effectiveness of combining
FAP-targeted RLT with immunotherapy or chemotherapy.
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Dosimetry and safety of single-channel
applicators for intracavitary brachytherapy in
cervical cancer

Ren-Jin Chen, Hao-Wen Pang, Xiang-Xiang Shi, Lei Yang, Sheng Lin*,
and Jing-Bo Wu*

Department of Oncology, The Affiliated Hospital of Southwest Medical University, Sichuan 646000, China

Abstract

High-dose-rateintracavitarybrachytherapyplaysacrucialroleinachievinglocalcontrol
in the treatment of unresectable uterine cervical cancer. In this treatment approach,
the single-channel applicator (SCA) offers a simpler structure for implantation
compared to the fletcher applicator set (FAS), easing the treatment planning. To
evaluate the dosimetry and safety of the SCA for intracavitary brachytherapy in
cervical cancer, the present study aims to assess its dose distribution in relation to
the FAS. In this study, we compared the physical and dosimetric characteristics of
the inferential reference points (A, cervix; B, bladder; and R, rectum) of the SCA to
those obtained with tandem and FAS dosing. Dosimetric characteristics and dose
distributions in a Chinese female anthropomorphic phantom were evaluated using
RGD-3B thermoluminescent dosimetry. The SCA generated an oblate, pear-shaped
dose distribution curve, resulting in a reduced high-dose area along the bladder-
rectum axis. Compared to the tandem, the SCA resulted in dose reductions of 21%
and 17% at the bladder and rectum, respectively. When compared to the FAS, the
dosing with the SCA at the bladder and rectum did not show significant differences
concerning the occurrence of severe toxic effects. The SCA demonstrated a dose
distribution curve similar to the standard FAS but not the tandem. The results of the
present study indicate that both SCA and FAS showed equally acute toxicity and
resulted in late injuries to the rectum and bladder. Nevertheless, the SCA’s simpler
structure, which allows for more convenient placement and planning, warrants
further clinical investigations to assess its efficacy and practical application.

Keywords: Single-channel applicator; Cervical cancer; Intracavitary brachytherapy;
Dosimetry

1. Introduction

Cervical cancer is the second most common gynecological malignancy worldwide,
particularly prevalent in developing countries, and is also the leading cause of tumor-
related mortality!". In China alone, cervical cancer accounts for 15,000 new cases and
30,000 deaths annually®®. While the formulation of appropriate cancer control policies
and the improvement in healthcare infrastructure may contribute to a reduction in
incidence, it is essential for doctors to focus on improving current therapeutic approaches
and patient outcomes*.
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Radiotherapy, which involves the optimal integration of
brachytherapy and external-beam radiotherapy, represents
a critical treatment option for cervical cancer at any stage.
Brachytherapy plays an important role in treating all-
invasive cervical cancer, mainly using afterloading devices
for intracavitary treatment. The majority of currently
available applicators have been prepared following the
Manchester method®®, characterized by the use of
intrauterine sources along with vaginal sources (one
tandem plus two ovoids). However, each brachytherapy
fraction shows significant variation due to the geometric
displacement of the left ovoid, right ovoid, and tandem.
Furthermore, we often encounter patients with narrow
vaginas or sensitivity to surgical stress, making applicator
placement difficult for them. As a result, these patients
often need to undergo applicator placement under spinal
or general anesthesia.

Accordingly, we aimed to challenge the existing method
used for source placement by hypothesizing that a single
tube (single-channel applicator [SCA]) could proximately
representa fletcher applicator set (FAS). In the present study,
we modified the tandem with asymmetrical shielding on
the channel and verified that this SCA could generate flat,
pear-shaped, and isodose curves similar to those obtained
using the FAS. This modification effectively reduced the
irradiation along the bladder-rectum axis, as measured
considering the physical and dosimetric characteristics.
The SCA is a simple, and easy-to-use structure used for
implant surgery; it causes limited autologous geometric
displacement. Despite having a single-tube structure, it
functions similarly to nearly three tubes. Accordingly, we
believe that the SCA warrants further clinical investigation.

2. Materials and methods
2.1. Key instruments and materials

We used the SCA (Chinese patent no., 200710050108.1,
State Intellectual Property Office of the PRC; the concise
depiction of the structure is shown in Figure 1). We also
used the FAS and a micro-electron "*Ir afterloading system
(Nucletron, the Netherlands), Oncentra 4.3 treatment
planning software (Elekta Brachytherapy, Veenendaal,
the Netherlands), GafChromic EBT2 films (ISP, Wayne,
NJ, U.S.A.), RIT113 film dosimeter software, version 4.2
(Radiological Imaging Technology, Inc., U.S.A),an RGD-3B
thermoluminescent dosimeter (TLD), and related-element
LiF: Mg Cu and P (GR-200A, standard treatment indicated
by the National Institute of Metrology, Luzhou, China).

2.2, Patients and ethical considerations

A total of 48 patients with stage IIB to IIIB cervical cancer
were selected for this trial from our department until 2008.

Figure 1. The structure of our single-patient applicator. (A) FAS;
(B) SCA; (C) and (D) SCA appearance; and (E) SCA cross-sectional view.
Schematic diagram shows different thicknesses of 1.41 mm and 0.65 mm
at the sagittal and coronal axes, respectively. Finished SCA with an added
trocar sheath for surgery, with a maximum diameter of 0.68 cm.

Abbreviations: FAS: Fletcher applicator set; SCA: Single-channel applicator.

The Hospital Ethics Committee conducted a thorough
inspection and assessment to ensure the least possible
harm and maximum benefit for the patients (approval no.
K22012004). All patients provided informed consent by
signing consent forms for participation.

2.3. Planar physical dosimetry

Films were irradiated with 2 Gy using the SCA and
tandem in the coronal, sagittal, and sectional planes. To
compare the differences between the SCA and tandem,
the irradiated films were then analyzed with a RIT113 film
dosimeter using version 4.2 software (RIT, Chicago, USA).

2.4, Dosimetry of the SCA on the Chinese female
anthropomorphic phantom (CFAP)

The applicators were inserted to a depth of 5 cm into the
phantom, and the inferential reference points (A, cervix;
B, bladder; and R, rectum) were determined according to
the ICRU 38 definitions. Point A was defined as a point
located 2 cm superior to the lateral vaginal fornix and 2 cm
lateral to the cervical canal. The posterior vaginal wall
was visualized on computed tomography images with the
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help of an intravaginal obturator and posterior catheters.
The bladder reference point (B) was identified as the most
posterior point of the Foley balloon. The rectal reference
point (R) was located on the appropriate axial slice on an
anteroposterior line drawn through the lowest intrauterine
source dwell position, 5 mm behind the posterior vaginal
wall. Matched, sheeted LiF was fixed at the homologous
sites mentioned above for dose calculation using a TLD
(the dose to point A was 2 Gy). CFAP and related devices
are shown in Figure 2.

2.5.Three-dimensional dosimetry of the SCA and FAS

The three-dimensional dose of the FAS (Elekta, Veenendaal,
the Netherlands) was generated using the Oncentra 4.3
TPS (Elekta, Veenendaal, the Netherlands), and the three-
dimensional dose of the SCA was generated using the TPS
prepared by our team.

2.6. Dosimetric points

Before applicator placement, laxatives were administered to
facilitate the elimination of rectal content. A Foley catheter
was inserted to keep the bladder empty, and the catheter’s
balloon was routinely filled with radiopaque solution
(7 cm?). A clubbed LiF dosimeter was fixed at the forepart
of the urinary Foley catheter’s balloon, which was placed
at the point B and point R sites, according to the ICRU
38 definitions. Dosimetry measurements between the SCA
and tandem were undertaken in six patients between 2009
and 2010. At the time of administering the last fraction of
intracavitary brachytherapy, an extra dose of 20 cGy was
administered to compare the dose contribution to the B
and R points. For a randomized dosimetry comparison
between the SCA and FAS, 41 patients were selected
beginning in 2012 based on the findings of our clinical trial
of the SCA (ChiCTR-TRC-12002321, Chinese Clinical
Trail Registry). The total sample size of our randomized
and controlled trial was n = 300 and patients were
randomly assigned to either the SCA or FAS group using

a computerized randomization procedure. Patients ready
for treatment were randomized after routine external-
beam radiotherapy using the above-mentioned dosimetric
procedure, except for the testing dose, which was 7 Gy.

2.7. Statistical methods

Data on physical dosimetry are presented only as raw
data, and we used one-way ANOVA for direct assessment.
Dosimetric measurements were analyzed using the ¢-test,
while disease characteristics were assessed using the F-test
method. We used SPSS 19.0 software (IBM, Chicago, USA)
to analyze the different groups. P < 0.05 was considered
statistically significant.

3. Results

3.1.Isodose distribution between the SCA and
tandem on film dosimetry

With a testing dose of 2 Gy, the isodose curves of the SCA
presented a flat buninoid dose distribution, while the
tandem presented a buninoid dose distribution, especially
in cross-section images (Figure 3). Compared to the
tandem, the SCA demonstrated an asymmetrical dose
distribution due to the asymmetrical shielding of the SCA
channel. This asymmetry resulted in a reduction in the
high-dose area on distinct axes, making SCA suitable for
protecting adjacent organs, such as the rectum and bladder.
The reduction ratios of the SCA were 1.86%, 10.32%, and
19.59% on the coronal, sagittal, and cross-sectional axes,
respectively (Table 1).

3.2.Isodose distribution between the SCA and
tandem on the CFAP using aTLD

With a testing dose of 2 Gy, the absorbed irradiation
doses at points A, B, and R with the SCA were 2.18 Gy,
1.47 Gy, and 1.91 Gy, respectively, while those with the
tandem were 2.26 Gy, 1.95 Gy, and 2.59 Gy, respectively.
Compared to the tandem, the reduction ratios of the SCA

Figure 2. CFAP applied for dosimetric detection of TLD relative elements, sheeted LiF applied for CFAH TLD detection and clubbed LiF applied for
patient detection. (A) CFAP; (B) sheeted LiF; (C) clubbed LiF; and (D) measuring instrument for TLD.
Abbreviations: TLD: Thermoluminescent dosimeter; CFAD: Chinese female anthropomorphic phantom.
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coronal

sagittal

transverse

Figure 3. Sectional and three-dimensional dose distributions between SCA and tandem. Isodose curve of SCA and tandem on coronal, sagittal, and cross-
sectional views (from inner to outer representing isodose curves of 150%, 100% and 70%, respectively (shown in Table 1).

Abbreviations: SCA: Single-channel applicator.

Table 1. Different areas of 100% dose curves between SCA and
tandem

Tandem (cm?) SCA (cm?) Difference (%)

Coronal plane 40.87£1.01 40.11£1.01 1.86+0.14
Sagittal plane 40.02£0.47  35.89+0.68 10.3240.92
Cross-sectional plane ~ 32.35+0.62  26.01+0.20 19.59+0.95

Notes: SCA was almost the same as tandem on the coronal axis; SCA
was smaller than tandem on the sagittal and cross-sectional axes.
Abbreviations: TLD: Thermoluminescent dosimeter;

SCA: Single-channel applicator.

at points A, B, and R were 3.18%, 24.88%, and 26.58%,
respectively (Table 2). Dosimetry findings with a TLD on
the CFAP revealed that the SCA could effectively reduce
the irradiation to points B and R.

3.3. Preliminary dosimetry comparison between
the SCA and tandem in 6 patients treated with a low
dose of 20 cGy

A total of six patients, aged 28 — 56 years, were enrolled
in a clinical trial between 2009 and 2010 after providing
informed consent to participate. They agreed to receive
an additional 20 cGy as part of the last fraction of
brachytherapy. When 20 c¢Gy was administered using
each applicator, the absorbed irradiation doses of the SCA
at points B and R were approximately 5.06 cGy and 6.79
cGy, respectively, while those of the tandem were 6.43

cGy and 8.23 cGy;, respectively. The reduction ratios of the
SCA at points B and R were 21.5% and 17.6%, respectively
(Table 3), thus completing the preliminary identification.

3.4. Dosimetry between the SCA and FAS in
41 patients with cervical cancer

The dosimetric results on a TLD at point B showed a mean
dose of 232.83 + 23.33 cGy for the SCA in 19 patients,
compared with a mean dose of 236.0 £ 17.49 cGy for
the FAS in 22 patients. The results indicate no significant
difference (P = 0.903). At point R, the mean dose for the
SCA was 510.2 + 27.20 c¢Gy, while the mean dose for the
FAS was 538.6+18.35 cGy, also showing no significant
difference (P = 0.381; Figure 4). The patient and disease
characteristics at baseline, treated with the SCA and FAS,
are shown in Table 4. There was no significant difference
in baseline data between the two groups. The SCA was
found to be as safe as FAS when used as an applicator of
intracavitary brachytherapy in cervical cancer.

4. Discussion

Recommendations for the treatment of cervical cancer
are based on the clinical stage. At present, patients with
stage TA1 cervical cancer usually undergo a hysterectomy
due to the low incidence of lymph node metastasis, while
patients with IA2 to ITA disease have the option of surgery
or radiotherapy, both of which are equally effective. Lymph
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Table 2. Chinese female anthropomorphic phantom’s TLD dosimetry between SCA and tandem

Point A (cGy) Point B (cGy) Point R (cGy) B/A R/A
Tandem 226.01£25.71 195.62+13.14 259.88+19.9 6.91+£5.24 116.65+21.97
SCA 218.64+22.54 147.10+13.09 191.04+20.04 7.38+2.72 88.67+18.78
Difference 7.37+3.33 48.53+0.36 68.84+5.93 7.55+3.32 10.65+4.35
Difference % 3.18+1.11 24.88+1.62 26.58+2.76 8.57+3.30 8.87+2.24

Notes: SCA was almost the same as tandem at point A; SCA was smaller than tandem at points B and R; B/A: Dose at point B divided by dose at point

A; R/A: Dose at point R divided by dose at point A.

Abbreviations: TLD: Thermoluminescent dosimeter; SCA: Single-channel applicator.

Table 3. Dosimetric TLD dosimetry between SCA and tandem

Tandem SCA (cGy) Difference Difference

(cGy) (cGy) (%)
Point B 6.43+0.79 5.06+0.84 1.37+0.06 21.54+3.35
Point R 8.23+0.35 6.79+0.46 1.45+0.18 17.62+2.61

Abbreviations: TLD: Thermoluminescent dosimeter;
SCA: Single-channel applicator.

node involvement is observed in 60% of patients with stage
IB2 cervical cancer, and patients with IIB or worse disease
should be treated with concomitant chemoradiotherapy®® !,
In fact, radiotherapy plays an important role in the
treatment of each stage of cervical cancer, even early-stage
cancer, as it is as effective as surgery.

Brachytherapy is a vital element of radiotherapy, and the
American Brachytherapy Society has affirmed its essential
curative role in the management of locally advanced
cervical cancer through tandem-based treatment”'?.
Bladder and rectal toxicities associated with cervical
cancer are due to the effects of brachytherapy!. The
importance of the applicator in brachytherapy cannot be
overstated, as it is necessary for delivering the radioactive
source. Current applicator sets typically consist of one
intrauterine applicator combined with vaginal applicators,
generating an oblate, and pear-shaped dose curve, which
not only covers the tumor mass but also reduces irradiation
to the bladder and rectum!*'.. However, during low-
dose-rate or high-dose-rate brachytherapy, the position
differences have been observed to be more than 1 cm in
60% of applications, partly due to insufficient fixation
of the applicators both to each other and to the table,
changes in the two ovoids, or ovoids being higher than
the tandem in non-fixed applications!"*"”). Another issue
is the compliance of patients during applicator placement
without using analgesia-#.

Accordingly, in the present study, we focused on altering
the placement pattern of currently used applicators to
simplify the procedure of brachytherapy. We modified the
channel of the tandem with an overlay of lead shielding
that was 1.41 mm thick in the sagittal axis and 0.65 mm

Rectum
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oo gy |
6004 ] |
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Figure 4. Statistical comparison of dosimetric at points B and R between
SCA and FAS. Detection between SCA and FAS of absorbed irradiation r
showed no significant difference with P values of 0.381 of at point R and
0.903 at point B.

Abbreviations: SCA: Single-channel applicator; FAS: Fletcher applicator set.

thick in the coronal axis (the structure of the SCA is shown
in Figure 1). First, we observed whether this modified
tube could achieve deformation of the dose distribution
curve in certain axes. As expected, after the shielding
modification, the isodose curve of the SCA definitively
formed a flat, pear-shaped isodose curve. The reduction
ratios of the SCA in the sagittal and cross-sectional planes
were 10.32% and 19.59%, respectively, compared to those
observed for the tandem (Figure 3 and Table 1). Thus, the
SCA, as a novel applicator for cervical cancer, possessed
the most important features to effectively reduce the high-
dose area along the bladder-rectum axis.

Next, we compared the results of six patients treated
with an additional small dose of 20 cGy, and the findings
were consistent with those obtained with physical
dosimetry. The reduction ratios at points B and R with the
SCA were 21% and 17%, respectively, compared to those
obtained with the tandem (Table 2). These dosimetric data
encouraged us to proceed with the subsequent comparison
with the FAS and lay the foundations for future clinical
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Table 4. Patients and disease characteristics at baseline ready for treatment and comparison of toxicity between SCA and FAS

Characteristic SCA (n=19) FAS (n=22) P-value
Age (years) 0.863
Range 41-65 36-69
Median 51 53
Pathology (n [%]) 0.861
Squamous cell carcinoma 16 (84.21) 20 (90.91)
Adenocarcinoma 3(15.79) 2(9.09)
Staging (n [%]) 0.426
A 5(26.32) 2(9.09)
11IB 10 (52.63) 16 (72.73)
IIIA 3(15.79) 2(9.09)
IIIB 1(5.26) 2 (9.09)
ECOG score (n [%]) 0.563
0 8 (42.11) 12 (54.55)
1 10 (52.63) 8(36.36)
2 1(5.26) 2(9.09)
Acute toxicity* (n [%]) B R B R B 0.689 R0.344
0 11 (57.89) 8 (42.11) 14 (63.64) 14 (63.64)
1 7 (36.84) 9 (47.37) 5(22.73) 6(27.27)
2 1(5.26) 2(10.53) 2(9.09) 2(9.09)
3 1 (4.55)
Late injury® (n [%]) B R B R B 0.860 R 0.850
0 14 (73.68) 15 (78.95) 15 (68.18) 14 (63.64)
1 4(21.05) 3(15.79) 6(27.27) 5(22.73)
2 1(5.26) 1(5.26) 1(4.55) 2(9.09)
3 1 (4.55)

Notes: B represents bladder, and R represents rectum. *Acute toxicity means toxicity to the bladder and rectum over the course of treatment or within
3 months post-treatment (F-test-based method). "Late injury means injury to the bladder and rectum after 3 months post-treatment (F-test-based

method).

Abbreviations: FAS: Fletcher applicator set; SCA: Single-channel applicator.

applications. Based on our study, irradiation to point A,
point B, and point R, was equal between the SCA and FAS,
showing no significant differences (P > 0.05) in both acute
and late toxic effects during follow-up.

5. Conclusions

We found that the SCA was superior to the FAS on the
grounds of its more simplified procedure of brachytherapy.
Nevertheless, despite the promising potential of the SCA,
further prospective validation studies are needed before
considering it as a possible alternative for those unwilling
to undergo brachytherapy using the FAS.
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Abstract

8F-fluoro-2-deoxyglucose (FDG)-based positron emission tomography (PET)/computed
tomography (CT) is an indispensable tool in modern oncology, extensively used for
diagnosing and staging various cancers. The maximum standardized uptake value
(SUV_) of FDG helps identify the most metabolically active areas of disease. In
this analytical cross-sectional study performed between January and December
2019, we compared SUV__ for different cancer types and determined the effect of
demographic, pathological, and clinical variables on SUV_ . The study included 117
newly diagnosed cancer patients who underwent FDG PET/CT before treatment. Data
on descriptive variables, including age, gender, stage, histopathological diagnosis,
and tumor differentiation grade, were collected for each patient. Correlation analysis
of these variables with SUV,,, in FDG PET/CT was performed using Spearmen’s test
and a forward stepwise regression model. A total of 117 patients (63 males and
54 females) with a median age of 61 years (range: 21 — 90) were included in this
study. Histopathological diagnoses revealed squamous cell carcinoma (n = 71%),
adenocarcinoma (n = 24%), and small cell cancer (n = 5%). The SUV__ of the
primary tumor was positively correlated with histology (P < 0.05), with the highest
SUV o Observed in squamous cell carcinomas. In conclusion, SUV__ was positively
correlated with histology, while no association was detected with the patient’s age
and gender, as well as the stage, organ, site, or grade of the tumors. However, we
recommend a larger and more homogenous study sample to further investigate
any clinically relevant relationship between the SUV,,,, and various disease factors in
diverse patient populations.

Keywords: "®F-fluoro-2-deoxyglucose; Maximum standardized uptake value;
Positron emission tomography/computed tomography; Cancer; Histopathology;
Squamous cell carcinoma

1. Introduction

Cancer is one of the leading causes of death worldwide. Its treatment requires
multimodality care, commencing with early diagnosis, accurate staging, and a
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comprehensive  metastatic =~ workup.  '®F-fluoro-2-
deoxyglucose-positron emission tomography (FDG-PET),
used in conjunction with computerized tomography (CT),
offers precise anatomical localization and functional
information about metabolic activity. As a result, it
becomes a useful imaging tool in both the diagnosis and
staging of malignant tumors~l.

FDG-PET/CT is widely used in evaluating malignant
tumors®. The increased uptake of '*F-fluoro-2-
deoxyglucose ("*F-FDG), an analog of glucose, serves as
a marker of increased glycolytic activity within tumor
tissues due to their heightened metabolism compared to
surrounding normal tissues. The advent of PET-CT has
significantly changed cancer staging, resulting in many cases
being upstaged or downstaged compared to conventional
anatomical imaging. Consequently, this change has a
substantial impact on the management of individual
patients. Integrated PET/CT has rapidly and widely gained
clinical acceptance since its acceptance, becoming an
indispensable imaging tool in the management of most
solid tumors over the past decade.

PET/CT not only visualizes but also quantifies FDG
uptake to differentiate metabolically highly active tissues
from less active tumor tissues. Thus, the level of cell
proliferation activity in different tissues can be inferred.
The maximum standardized uptake value (SUV_ ) is a
semi-quantitative parameter commonly used in reporting
different levels of metabolic activity in PET/CT scans®®7.

To the best of our knowledge and based on an
extensive online literature search, demographic and
clinicopathological factors influencing the change of
SUV__ in PET have not yet been comprehensively
researched or documented. However, a study on squamous
cell carcinomas of the tongue (TSCC) established some
relationship between SUV__~ and clinicopathological
characteristics®®. In addition, there are systematic
reports on the relationship between SUV__~ and
clinicopathological characteristics in lung, esophageal,
ovarian, and endometrial cancers®'?. The present study
aimed to investigate the correlation of clinicopathological
parameters with SUV__in FDG PET/CT of patients
of various cancer sites. The established relationship
could yield additional information, such as the inherent
aggressiveness and natural course of various tumors
based on their SUV_ , as well as prognostic information,
including the survival outcomes of the patients.

2. Methods

Our study was approved by the Institutional Review
Board of Command Hospital (CC), Lucknow, and
written informed consent was obtained from every

patient. This cross-sectional study was carried out in the
nuclear medicine and oncology departments of a tertiary
cancer care center in Northern India. It included all
newly diagnosed, treatment-naive cancer patients who
underwent PET/CT at the mentioned departments from
January 2019 to December 2019, encompassing patients
with various cancer sites.

2.1. Study population

The study population consisted of patients diagnosed with
cancers in four broad organ systems, namely, head and
neck, gastrointestinal (GI), thoracic, and gynecological
cancers. Within these systems, various sub-sites were
explored: (i) head-and-neck system, encompassing
nasopharynx, oropharynx, hypopharynx, larynx, oral
cavity, and CUPS neck (carcinoma of unknown primary
with secondaries in the neck) cancers; (ii) GI system,
covering esophageal, gastro-esophageal, rectal, and anal
malignancies; (iii) thoracic system, including lung cancers;
and (iv) gynecological system, involving cervical cancers.
The exclusion criteria ensured that patients with prior
oncological surgery or prior neoadjuvant chemotherapy or
radiotherapy were excluded from our study.

2.2.Imaging technique

All patients observed a minimum fasting period of at
least 6 h before undergoing PET/CT. To reduce the
muscular uptake of FDG, patients were given 5 mg of
diazepam (a muscle relaxant) about 30 min before the
administration of the radiolabeled drugs. The injected
amount of FDG ranged from 185 MBq to 740 MBq, based
on the patient’s weight (0.15 mCi/kg). Immediately before
scanning, patients were instructed to void their bladder.
In accordance with the ALARA (as low as reasonably
achievable) principle of radiation protection, the facility
where the patients rested had limited public access. The
average PET/CT acquisition time was between 1.5 and
2 min. Images were acquired in 3D mode, covering from
the base of the skull to the mid-femur level, following the
staging and metastatic work-up protocol. This procedure
was carried out 45 — 50 min after the injection of the radio-
labeled drugs, using a hybrid WB-FDG PET/CT Scanner
(Discovery 690, General Electric Company, USA), which
combines a 64-slice helical CT with a full-ring dedicated
PET. The imaging process commenced with a topogram
(130 kV and 30 mA), followed by a spiral CT scan (130 kV
and 80 - 120 mA), and concluded with an automated PET.
The CT images were obtained without the administration
of intravenous contrast. A CT-based attenuation correction
factor was generated for the PET data, and the images
were reconstructed using digital geometrical processing
and tomographic reconstruction employing a standard
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iterative algorithm (OSEM: accelerated ordered subsets
expectation maximization implementations and iterative
reconstruction) and reformatted into transaxial, coronal,
and sagittal views. Fusion of PET and CT images was
achieved using the specialized Siemen’s fusion software.

2.3. Outcome parameters

Demographic data (age and gender), clinical data (tumor
site and stage), and pathological data (histopathology and
grades) were recorded, and the correlation of SUv,_ to
these parameters was analyzed.

2.4. Statistical analysis

Our data were analyzed using the IBM SPSS Version
20 (the Statistical Package for the Social Sciences,
International Business Administration Corporation, USA)
software. Categorical variables were compared using
Pearson’s Chi-square test, and correlations were assessed
using Spearman’s correlation test. The confidence intervals
were set at 95%, and P < 0.05 was considered statistically
significant. The validity of the regression equation was
verified, and non-correlated independent variables were
selected for the forward stepwise regression model.

3. Results

As illustrated in Figure 1A and B, a total of 117 patients
(63 males and 54 females) with a median age of 61 years
(range: 21 - 90) were included in the study. The majority of
the patients were in the seventh decade ofage (33%) followed
by the sixth decade (28%). Out of the 117 patients, 29%
had metastatic cancers (Figure 1C). Histopathologically,
the tumors were classified into three types: squamous
cell carcinoma in 71% patients, adenocarcinoma in 24%
patients, and small cell cancer in 5% patients.

A Percentage Age Distribution of study population

M <40 years

M 41 - 50 years

I 51 - 60 years
61-70 years
=71 years

33%

According to the World Health Organization
criteria, tumor differentiation is classified into three
histological grades (well, moderate, or poor). In our
study, 24 patients had well-differentiated tumors, 53 had
moderately-differentiated tumors, and 34 had poorly-
differentiated tumors. The actual distribution with respect
to various tumor sites, histology, and grades is presented in
Tables 1 and 2. The frequency distributions of SUV__for
age, gender, sites, histology, and tumor grade are presented
in Tables 3 and 4.

Based on Spearman’s correlation test, a positive
correlation was observed between histologyand the SUV__,
with P-value of 0.01. Likewise, the chi-square test revealed
a significant positive correlation between histology and
SUV__ with P-value of 0.024 (Table 5). However, no such
association was detected between SUV__and other factors
such as age, gender, system, grade, and stage.

The regression model (Equation I) was constructed
using grade, age (years), and system.

SUV,_ =12.728 + (0.33 x Age [year] + (0.158 x Grade)
- (0.515 x System) (M

This model shows a better predictive value compared
to other predictors (P < 0.05) (Table 6). In the probability-
probability plot, the predicted outcome follows the diagonal
line, which fulfills the criteria for normal distribution
(Figure 2A), and the predicted values concentrate in a single
area similar to the original values (Figure 2B). This model
was constructed based on the bragging methodology, which
is appropriate for accurate prediction in our study sample.

4, Discussion

Several studies have investigated the relationship between
the SUVmax of FDG PET/CT and demographic, clinical,

B Sex Distribution of study population

mMale
Female

c Stage Distribution of study population

=

Figure 1. (A) Age, (B) gender, and (C) cancer stage distribution; n = 117.

M Locoregional
 Metastatic
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Table 1. Distribution of study population as per organ system, anatomical site, histology, and tumor differentiation grade

Variables Sites Histology Number as per histology ~ Number as per site Total number of
patients as per system
System
Gastrointestinal Esophagus SCC 18 18 26
Gastroesophageal junction ~ Adenocarcinoma 01 01
Rectal Adenocarcinoma 06 06
Anal SCC 01 01
Gynecological Cervix SCC 28 32 32
Adenocarcinoma 03
SCLC 01
Head and neck Nasopharynx SCC 03 17 17
Oropharynx SCC 03
Hypopharynx SCC 02
Larynx SCC 04
Oral Cavity SCC 04
CUPS Neck scC 01
Thoracic Lung SCC 19 42 42
Adenocarcinoma 18
SCLC 05
Total 117

Abbreviations: CUPS: Carcinoma of unknown primary with secondaries; SCC: Squamous cell carcinoma; SCLC: Small-cell lung carcinoma.

Table 2. Distribution as tumor differentiation grade in
squamous cell carcinoma and adenocarcinoma

Histology Grades Number as per grades
Squamous cell carcinoma WD 18

MD 45

PD 20
Adenocarcinoma WD 06

MD 08

PD 14
Total 111

Abbreviations: MD: Moderately-differentiated;
PD: Poorly-differentiated; WD: Well-differentiated.

pathological, and tumor-related factors across various
cancer sites. The literature does not provide evidence that
suggests any significant variation in SUV __ values with age
or gender. In terms of pathological characteristics, a study
on lung cancer revealed a positive correlation between
SUV,__ and tumor size, with squamous cell carcinoma
exhibiting significantly higher values compared to other
histologies®. On the contrary, a separate study found no
statistically significant differences between tumor size or
degree of differentiation and SUV__ in TSCC. However,
the reported SUV,_was higher among male patients with

posterior tumor locations, larger tumor sizes, and lymph
node metastasis™®.

Similar to the previous studies, our study primarilyaimed
to analyze the correlation of various clinicopathological
parameters across different cancer sites with SUV_ .
Interestingly, our findings indicate that only histology
demonstrated a significant correlation with SUV_ .
However, other parameters such as age, gender, system (GI,
gynecological, thoracic, or head and neck), grade, and stage
showed no statistically significant association with SUV__ .

Poorly differentiated tumors are known for their
high proliferation rates, theoretically implying a higher
uptake of radioactive isotopes. However, the correlation
between the SUV__and tumor differentiation remains a
topic of controversy. Some studies!""'*! have demonstrated
significant connections between SUV__ and tumor
differentiation. However, in studies conducted by Dylan
et al.'" and Chen and Xue Zhen™?, the correlation between
grades of tumor differentiationand SUV__ was not found to
be significant in lung cancer. Moreover, some studies have
reported high FDG uptake with a poorer prognosis!'®®],
while others have found no association between FDG
uptake and overall survival*?’.. Consequently, FDG uptake
is not recommended as a measure for risk stratification
neither in the American Joint Committee on Cancer
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Table 3. Frequency distribution of age, gender, and sites with the SUVmax

Variables SUVmax range
<9.00 9.01 - 12.00 12.01 - 15.00 15.01 - 18.00 18.01 - 21.00 21.01 - 24.00 >24.01 Total
Age group
<40 2 5 1 1 1 1 1 12
41 -50 0 5 2 4 0 1 0 12
51 - 60 5 9 6 8 5 0 0 33
61-70 7 11 6 7 5 2 0 38
=70 2 7 4 1 5 2 1 22
Total 16 37 19 21 16 6 2 117
Gender
Male 9 24 7 11 8 3 1 63
Female 7 13 12 10 8 3 1 54
Total 16 37 19 21 16 6 2 117
Sites
Gastrointestinal 4 4 3 9 2 3 1 26
Gynecological 5 8 7 6 6 0 0 32
Thoracic 7 19 4 5 5 1 1 42
Head and neck 0 6 5 1 3 2 0 17
Total 16 37 19 21 16 6 2 117
Abbreviation: SUVmax: Maximum standardized uptake value.
Table 4: Frequency distribution of histology and grades with the SUVmax
Variables SUVmax range
<9.00 9.01 - 12.00 12.01 - 15.00 15.01 - 18.00 18.01 - 21.00 21.01 - 24.00 >24.01 Total
Histology
Adenocarcinoma 9 10 1 5 2 1 0 28
SCC 6 25 18 15 12 5 2 83
SCLC 1 2 0 1 2 0 0 6
Total 16 37 19 21 16 6 2 117
Grade
WD 2 9 2 4 4 2 1 24
MD 4 16 11 9 9 4 0 53
PD 9 10 6 7 1 0 1 34
SCLC* 1 2 0 1 2 0 0 6
Total 16 37 19 21 16 6 2 117

Note: *SCLC (small cell lung cancer) is generally an aggressive tumor on its own, and no classification in terms of grade is required.
Abbreviations: MD: Moderately differentiated; PD: Poorly differentiated; SCC: Squamous cell carcinoma; SUVmax: Maximum standardized uptake

value; WD: Well differentiated.

Staging Manual nor the National Comprehensive Cancer
Network guidelines.

In our study, while histology exhibited a significant
positive correlation with SUV__ - with the highest values
observed in squamous cell carcinomas - the tumor grade
remained unaffected by the changes in SUV__ levels. No

discernible trend was observed between the SUV__ and
different cancer sites. In addition, we could also not find
any published study describing an association between
SUV__values and the tumor sites.

A notable limitation of our study is the small sample
size, coupled with heterogeneity in the numbers of various
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Table 5. The relationship between various factors with the SUVmax as indicated by Spearman’s correlation and Chi-square test

Factors SUVmax

Correlation value Pc Linear association by Chi-square Pc Comment
Age group 0.051 0.583 0.258 0.611 Non-significant
Gender 0.094 0.314 0.802 0.370 Non-significant
System -0.086 0.356 0.871 0.351 Non-significant
Histology 0.237 0.01 5.107 0.024 Significant
Grade -0.064 0.494 0.028 0.867 Non-significant
Stage 0.048 0.608 0.297 0.586 Non-significant

Note: c is based on normal approximation. P<0.05 is statistically significant. Abbreviation: SUVmax: Maximum standardized uptake value.

Table 6. Variables selection and regression analysis factors

Role/function in generalized regression model

Variables selection for regression equation

System Predictor

Age Predictor

Grade Predictor

System Merge categories to maximize association with target
Age Trim outliers

Grade Merge categories to maximize association with target

Results of regression analysis

Variables B (coefficient) Standard error T P

(Constant) 12.728 2.342 5.435 0.000
Age (years) 0.033 0.033 1.017 0.311
Grade 0.158 0.474 0.333 0.739
System -0.515 0.441 -1.167 0.246

Note: P<0.05 is statistically significant.

A Normal P-P Plot of Regression Standardized Residual B Scatterplot
Dependent Variable: Max_SUV Dependent Variable: Max_SUV
1
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Figure 2. Regression plotted as (A) normal probability-probability plot showing fulfillment of criteria of normal distribution and (B) scatterplot showing
the concentration of predicted values on a single area.

Abbreviations: Cum Pro: Cumulative probability; SUV__: Maximum standardized uptake value.

histologies and tumor sites. These limitations hinder the sample size would have increased statistical power and
interpretation and generalization of our results. A larger facilitated the application of the boosting method for the
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forward stepwise regression model. These suggestions,
in turn, could have enhanced the external validity of the
constructed model and also the identification of valid
predictors. Other limitations of this study include the
lack of analysis of factors such as tumor size, which has
shown some associations in various studies, along with
other factors such as hematological, biochemical, and
radiological parameters.

5. Conclusion

Patient’s age and gender, as well as locations and stages
of their tumors, do not exhibit any particular association
with SUV_ , and any discernible trends are likely mere
coincidences. On the contrary, there exists a potential
correlation of SUV__ with histology, as evidenced in our
study, and with the grade of tumor differentiation, as
described in various other studies. Further extensive studies
with larger sample sizes are required and recommended to
validate this finding.
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Abstract

Nuclear medicine molecular imaging (NMMI) typically employs radioactive isotopes
to label cells or molecules and then utilizes imaging devices such as positron emission
tomography and single photon emission computed tomography to generate
images. However, the images produced by these devices often suffer from problems
such as signal noise, low resolution, and poor soft-organ contrast. To address
these limitations, image fusion technology merges images from different imaging
modalities, combining multiple types of medical image information obtained
through various imaging techniques. This process generates a more comprehensive
and accurate image, significantly improving image quality, reducing noise, and
ultimately enhancing diagnostic accuracy and treatment effectiveness. Image fusion
technology has found widespread applications in NMMI, achieving significant results
in various fields. This review provides an overview of the development of image
fusion technology, introduces traditional image fusion techniques, explores deep
learning-based image fusion methods, and finally discusses the challenges and
future directions of image fusion technology in NMMI.

Keywords: Nuclear medicine molecular imaging; Image fusion; Multimodal medical image

1. Introduction

Nuclear medicine molecular imaging (NMMI) encompasses the techniques that use
radioactive tracers, such as radiolabeled drugs, to study biological molecules and
physiological processes. These tracers can be detected and monitored in vivo by specific
imaging instruments, such as positron emission tomography (PET) and single photon
emission computed tomography (SPECT), through changes in absorption, distribution,
and metabolism processes. As a non-invasive diagnostic method, NMMI has been
widely used to detect the physiological and metabolic processes related to various
diseases, providing valuable information for early diagnosis, quantitative evaluation,
and treatment monitoring. However, due to factors such as the complex tissue structure,
diverse imaging methods, and varying imaging parameters, accurately locating and
diagnosing lesions through a single modality medical image are usually impossible.
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In addition, the images produced often suffer from
problems such as noise, low resolution, and low contrast,
which reduce image quality and diagnostic accuracy. In
clinical practice, other modality images, such as computed
tomography (CT) and magnetic resonance imaging (MRI),
are often used to supplement information (Figure S1). To
address the challenges mentioned above, image fusion
technology aims to merge multiple image data sources into
a high-quality image, playing a significant role in disease
diagnosis and treatment processes, including monitoring,
characterization, and other processes!!l. For instance, recent
studies have applied prostate-specific membrane antigen-
PET/CT (PSMA PET/CT) image fusion technology to
guide biopsies®. Image fusion technology has become an
essential tool in the field of NMMI for improving image
quality and information content®.

Image fusion technology combines image information
from multiple imaging modalities to produce a fused image
with improved diagnostic accuracy and visualization. Its
development can be traced back to the 1980s!*.. Since then,
image fusion technology has rapidly developed in various
fields, particularly computer vision, medical imaging,
and remote sensing imaging®. In the early 1990s, image
fusion technology began to be applied in medical imaging.
Early image fusion techniques relied on the manual
alignment and superimposition of two images. Physicians
would visually compare different modalities of nuclear
medicine images and manually fuse them. This method is
complex, requires significant manual intervention, and is
subjective, limiting the reproducibility and accuracy of the
resulting images. With the rapid development of computer
technology and improvements in hardware equipment,
automatic image registration and fusion algorithms have
emerged, providing strong support for the advancement
of image fusion technology. In recent years, with the rapid
development of deep learning technology, deep learning-
based image fusion methods have become a research
hotspot®. These methods use neural network models
to learn the relationship between images and generate
higher-quality fused images”. Traditional and deep
learning-based methods differ in several aspects. First, in
terms of methodology, traditional methods often rely on
predefined rules and handcrafted features for fusion, while
deep learning-based methods utilize neural networks to
learn and automatically extract features from input images.
Second, in feature representation, traditional methods
usually focus on low-level features, whereas deep learning-
based methods can capture complex and high-level features
by learning hierarchical representations. Finally, in regard
to adaptability, traditional methods often require manual
parameter tuning and adjustment for different imaging
modalities, whereas deep learning-based methods, once

trained on diverse data, demonstrate better adaptability to
different modalities and scenarios.

From January 2010 to March 2023, image fusion
technology has made significant progress in NMMI, as shown
in Figure 1. The number of publications on molecular imaging
and nuclear medicine image fusion has shown sustained
growth in recent years (the number of papers was calculated
using Web of Science from January 2010 to March 2023, with
keywords “medical image fusion,” “NMMI,” and “medical
multimodal image”). Several factors contribute to this growth:
(i) Single-modality PET and SPECT images are insufficient to
meet the clinical diagnosis needs, necessitating the fusion of
other modal images such as CT or MRI to provide additional
information; (ii) the continuous improvement in computer
hardware performance enables the effective implementation
of large-scale image fusion technology; and (iii) ongoing
research and refinement of image processing algorithms have
led to continuous enhancement in image fusion.

This review provides an overview of the development
of image fusion technology, introduces traditional image
fusion techniques and deep learning-based image fusion
methods, and finally discusses the challenges and future
directions of image fusion technology in NMMI.

2. Traditional image fusion methods

Traditional image fusion methods typically involve
several steps. First, multiple modal images are acquired
from different medical imaging devices. These images are
then preprocessed, including denoising, registration, and
calibration, to ensure spatial and intensity consistency.
Next, an appropriate fusion algorithm is selected to
combine the multiple modal images. Finally, the quality and
effectiveness of the fusion result are evaluated. Traditional
image fusion methods can be mainly categorized into
five types: Spatial fusion, frequency fusion, decision-level
fusion, hybrid fusion, and sparse representation fusion.

Number of publications
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Figure 1. Number of published papers on image fusion in nuclear
medicine molecular imaging from January 2010 to March 2023.
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Section 2 mainly introduces the application of traditional
image fusion methods in the field of NMMI. The studies
reporting on the application of traditional image fusion
methods in NMMI are provided in Table 1. A comparison
of different image fusion methods is provided in Table S1.

2.1. Spatial fusion

Spatial fusion methods mainly rely on pixel-level fusion,
directly merging pixels from different images. These
methods include simple average, weighted average,
maximum value, minimum value, and high-pass filtering®.
Although these methods are simple and easy to implement,
they usually require pre-processing and post-processing
and can easily cause spatial distortion in the fused image.

Liu et al.”) proposed a new image fusion method based
on a multi-resolution and non-parametric density model.

Table 1. Traditional image fusion methods in NMMI

They employed two different fusion rules based on a non-
parametric density model and variable weighting theory
for the fusion of low-frequency and high-frequency
coefficients. The fusion image is constructed by applying the
inverse non-subsampled contourlet transform operation
to all composite coeflicients. Haddadpour et al.™ used
MRI and PET as input images and fused them based on the
combination of two-dimensional Hilbert transform (2-D
HT) and intensity-hue-saturation (IHS) method, which
preserves both spatial and spectral features of input images.
Stokking et al.'! proposed a hue-saturation-value (HSV)
model for fusing anatomical and functional information
obtained from MRI and SPECT modes using a color
coding scheme. This model outperforms the RGB model
and allows for quick, simple, and intuitive retrospective
determination of color coding in the fused image. Chen!"?

Authors Year Fusion methods Multimodal Fusion Techniques Organ
images
Liu et al.”! 2019 Spatial fusion PET-MRI Non-parametric density model and variable Brain
weighting theory
Haddadpour 2017 Spatial fusion PET-MRI Two-dimensional Hilbert transform (2-D HT) Brain
et al.l"%! and intensity-hue-saturation (IHS) method
Chen!"? 2017 Spatial fusion PET-MRI Combined the THS model with Log-Gabor Brain
transform
He et al."! 2010 Spatial fusion PET-MRI THS and principal component analysis (PCA) Brain
Liu et al." 2010 Frequency fusion PET-CT Multiwavelet transform Lung
Xiong et al.1*?) 2017 Frequency fusion PET-CT Shift-invariant Shearlet Transform (SIST) Brain
and adaptive Pulse coupled neural network
(PCNN)
Bhavana and 2015 Frequency fusion PET-MRI Discrete Wavelet Transform (DWT) Brain
Krishnappa!®!
Wang et al.*! 2006 Frequency fusion PET-MRI DWT Brain
Du et al.1®) 2018 Frequency fusion PET-CT Parallel significant features Brain
Shabanzade et al."®! 2019 Decision-level PET-MRI Non-parametric Bayesian technique Brain
fusion
Zong and Qiu? 2017 sparse SPECT-MRI, Ssparse representation of classified image Brain, lung
representation PET-CT, patches
fusion MRI-CT
Shahdoosti and 2018 Sparse SPECT-MRI, Tetrolet transform Brain
Mehrabil*?! representation CT-MRI,
fusion PET-MRI
Zhu et al.?! 2018 Hybrid fusion PET-MRI, Spatial method for cartoon component and Brain
SPECT-MRI sparse representation method for texture
components
Chaitanya et al.l"”) 2017 Hybrid fusion PET-MRI Shearlet transformation and discrete cosine Brain
transform
Daneshvar and 2010 Hybrid fusion PET-MRI THS and the retina-inspired model (RIM) Brain

Ghassemian??!

fusion technique

Abbreviations: CT: Computed tomography; MRI: Magnetic resonance imaging; PET: Positron emission tomography; SPECT: Single-photon emission

computed tomography.
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combined the THS model with Log-Gabor transform and
proposed a new method for fusing MRI and PET, using
IHS to decompose PET images into three basic features:
Hue, saturation, and intensity. This approach effectively
preserves the structure and details of the source image and
reduces color distortion.

2.2. Frequency fusion

Frequency image fusion methods are based on the
principles of Fourier transform. These methods involve
transforming images from the spatial domain to the
frequency domain. The fusion algorithm is then applied to
the transformed images, and the inverse Fourier transform
is performed to obtain the synthesized fusion image.
Frequency fusion techniques can be further classified into
pyramid and transform-based methods™®. Compared to
spatial fusion methods, the frequency fusion method is
more complex, but it offers the advantage of reducing the
distortion of the fusion image.

Liu et al." proposed a medical image fusion algorithm
based on multiwavelet transform for PET/CT fusion. The
experimental results demonstrated that the fusion image
integrates information from the source images, adding
more details and texture information and ultimately
achieving a good fusion result. Haribabu et al.'*! proposed
a new approach for PET-MRI image fusion using wavelet
and spatial frequency methods. This algorithm addresses
the issues of image imbalance and blurred phenomena
often encountered infusion images, improving clarity
and providing more reference information for medical
professionals.

In addition to transform-based methods, the pyramid
technique is also commonly used in image fusion. This
technique decomposes the original image into multiple
scales, fuses the corresponding scales, and then reconstructs
to obtain the fused image. During this process, Gaussian
pyramid (GP) and Laplacian pyramid (LP) are typically
employed for image decomposition and reconstruction.
Sahu et al.'® proposed an algorithm that utilizes LP with
discrete cosine transformation (DCT). The LP decomposes
the input image into different low-pass images, creating a
pyramid-like structure. As the pyramid levels increase, the
quality of the fusion image improves, thus enhancing the
edges and information. In both quantitative and qualitative
analyses, this method outperformed Daubechies complex
wavelet transform (DCxWT), producing excellent fusion
results.

2.3. Decision-level fusion

Decision-level image fusion treats the value of each
pixel as a random variable and calculates its probability

distribution in each input image. Subsequently, it employs
a set of decision rules, such as maximum a posteriori,
maximum likelihood, and expectation, to determine the
final value of each pixel. The fusion rules of this approach
rely on statistical analysis and decision theory, enabling it
to fully utilize the information from each input image. As
a result, decision-level image fusion improves the quality
and robustness of the fusion results!"”.

A non-parametric Bayesian technique is considered to
learn dictionaries and mappings for two feature spaces!®.
In the proposed method, dictionaries for two feature spaces
and the mapping between them are adaptively obtained
from input PET and MR images. This algorithm not only
learns the dictionaries for each feature space separately but
also considers the relation between two feature spaces. This
relation helped establish a proper connection between two
different input images.

2.4, Sparse representation fusion

Sparse  representation  fusion  combines  sparse
representation theory and image fusion, making it a
highly effective medical image fusion method. The
method operates on the assumption that an image can
be represented linearly using a small number of atoms
(such as the basis vectors in a dictionary). Initially, the
input images are decomposed into a set of coeflicients,
representing linear combinations of the basis vectors in the
dictionary. Subsequently, these coefficients are combined
to generate fusion coefficients, which produce the fused
image. By utilizing only a small subset of the basis vectors,
this method excels at preserving the features of the original
images while reducing the influence of image distortion
and noise!™”..

Zong and Qiu™ developed a new fusion scheme
for medical images based on a sparse representation of
classified image patches. To achieve this, image patches
are first classified according to their geometrical gradient
direction. Subsequently, multi-class dictionaries are
trained within each class using the online dictionary
learning (ODL) algorithm.

2.5. Hybrid fusion

Considering the limitations of traditional image fusion
methods, hybrid methods have gained popularity.
Hybrid methods involve combining two or more fusion
techniques, such as spatial fusion and frequency fusion, to
utilize information from different domains and improve
the image quality and lesion detection capabilities.

Zhu et al.?"! decomposed source multi-modality images
into cartoon and texture components. They proposed a
proper spatial-based method for preserving morphological
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structure in the cartoon components and a sparse-
representation-based method for the texture components.
Their approach outperformed the state-of-art methods in
both visual and quantitative evaluations. Daneshvar and
Ghassemian? combined the THS method with the retina-
inspired model (RIM) fusion technique, which enabled
the preservation of more spatial features and functional
information content, respectively. By integrating the
advantages of both IHS and RIM fusion methods, their
algorithm successfully improved both functional and
spatial information content.

3. Deep learning-based image fusion
methods

The emergence of deep learning has further advanced the
development of image fusion technology. Deep learning-
based image fusion method utilizes deep neural network
models to learn image features and weights, achieving
automatic image fusion. First, multiple modal medical
images are input into the deep neural network, which
captures key information by extracting and learning
features through multiple layers. Subsequently, the
extracted features are fused using a fusion layer to generate
the fused image. Finally, through training and optimizing
the network weights, the fused image achieves the highest
quality and information preservation.

Deep learning offers new feature representation
methods, addressing the limitations of multiscale and
spatial variability present in traditional methods. The
main deep learning-based fusion methods include
convolutional neural networks (CNN), convolutional
sparse representation (CSR), generative adversarial
networks (GAN), and deep restricted Boltzmann machines
(RBM)®L. In Section 3, we focus on the application of
deep learning-based image fusion methods in the field of
NMMI. Table 2 provides an overview of the works that
report on the deep learning-based image fusion methods
in NMMI.

3.1. CNN-based image fusion

CNN-based image fusion is a common method for
medical image fusion. CNNs learn features from raw data,
and thus learn different types of image features, ultimately
achieving image fusion®". In this approach, different types
of medical images are first extracted for features through
CNNs, resulting in feature representations of different
types of images. Then, these feature representations are
fused to generate the final fusion image™®!. The flexibility
of CNNGs allows for the use of different network structures
and hyperparameters during the feature extraction process,
enabling adaptation to various types of medical images and

fusion needs. For example, one can utilize classic CNN
structures such as VGG and ResNet, or explore custom
network structures and convolutional kernel sizes to achieve
more precise feature extraction®!. In addition, multi-scale
feature fusion can be used to fuse feature maps of different
scales, thereby enhancing the accuracy and robustness of
the fusion image. Alternatively, pixel-level fusion methods
can be used to fuse information for each pixel to generate
a more refined fusion image. Overall, CNN-based image
fusion presents a highly promising image fusion method
for achieving more accurate and efficient medical image
fusion. Continuous exploration of new network structures,
hyperparameters, and fusion methods is essential for
further improving its performance!?”.

Lahoud and Stisstrunk™! proposed a real-time image
fusion method that utilizes pre-trained neural networks
to generate a single image containing features from multi-
modal sources. In contrast, Teng et al.’* presented a fusion
algorithm based on neuro-fuzzy logic and utilized a hybrid
algorithm that combines the back propagation algorithm
with the least mean square (LMS) algorithm to train the
parameters of the membership function. The fused images
based on neuro-fuzzy logic not only reserve more texture
features but also enhance the information characteristics
of the two original images. Wang et al.®® proposed an
algorithm that utilizes a trained Siamese CNN to fuse the
pixel activity information of source images, enabling the
generation of a weight map. In addition, they implemented
a contrast pyramid to decompose the source image.

3.2. CSR-based image fusion

The core idea of CSR-based image fusion technology is to
leverage the sparsity of CNN to decompose image features
into a set of sparse coefficients and then fuse them by
weighted summation. First, CNN is used to extract the
features of two images to be fused, and subsequently, the
extracted features are decomposed to obtain the sparse
coefficients for each feature. For each pixel, the sparse
coeflicients of the two images are weighted and summed
based on their feature weights in the two images, resulting
in new sparse coeflicients. Finally, these new sparse
coeflicients are restored into an image to obtain the fused
image. CSR-based image fusion technology effectively
retains the main features of both images during the fusion
process while demonstrating robust detail preservation
ability and noise resistance!®'l.

Liu et al.B® designed a novel diagnostic framework
with deep learning architecture to aid the diagnosis of
Alzheimer’s disease (AD). This framework employs a zero-
masking strategy for data fusion, extracting complementary
information from multiple data modalities. Compared
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Table 2. Deep learning-based image fusion methods in NMMI

Authors Year Fusion Multimodal images Fusion Techniques Organ
methods

Liu et al.1*¥ 2017 CNN SPECT-CT, SPECT-MRI, CT-MRI Siamese convolutional network Brain

Xu and Ma*! 2021 CNN SPECT-MRI, CT-MRI, PET-MRI An unsupervised enhanced medical Brain
image fusion network

Lahoudand Siisstrunk!?® 2019 CNN SPECT-MRI, CT-MRI, PET-MRI A novel strategy based on deep Brain
feature maps extracted from a CNN

Wang et al.®") 2020 CNN SPECT-MRI CNN and contrast pyramid Brain

Liu et al.® 2015 CSR PET-MRI Zero-masking strategy for data Brain
fusion

Xia et al.l 2020 CSR SPECT-MRI, CT-MRI, PET-MRI Parameter-adaptive pulse-coupled Brain
neural network (PAPCNN)

Huang et al.”**! 2020 GAN PET-MRI, SPECT- MRI, SPECT-CT Multi-generator multi-discriminator Brain
conditional GAN (MGMDcGAN)

Ma et al.l?! 2020 GAN PET-MRI Dual-discriminator conditional Brain
GAN (DDcGAN)

Kang et al. 12 2020 GAN PET-MRI Tissue-aware conditional GAN Brain
(TA-cGAN)

Suk et al.l) 2014 RBM PET-MRI MultiModal DBM Brain

Abbreviations: CNN: Convolutional neural network; CSR: Convolutional sparse representation; CT: Computed tomography; DBM: Deep Boltzmann
machine; GAN: Generative adversarial networks; MRI: Magnetic resonance imaging; PET: Positron emission tomography; RBM: Restricted Boltzmann

machines; SPECT: Single-photon emission computed tomography.

to previous workflows, this method efficiently fuses
multimodal neuroimaging features in a single setting and
has the potential to require less labeled data. A research
study®! proposed a CSR-based image fusion framework,
where each source image is decomposed into a base layer
and a detail layer, facilitating multi-focus image fusion and
multimodal image fusion.

3.3. GAN-based image fusion

GAN-based image fusion technology consists of two neural
networks: A generator and a discriminator. The generator
takes two input images and produces a fused image as
an output, while the discriminator’s role is to distinguish
between the generated fused image and real images™.
Throughout the training process, the generator continually
attempts to generate more realistic fused images to deceive
the discriminator, while the discriminator attempts to
identify the differences between real and generated images.
Through repeated iterations, the generator gradually
learns how to generate more realistic fused images®.
GAN-based image fusion technology excels ingenerating
more realistic fused images and demonstrates the ability
to adaptively fuse images of varying types and resolutions
while preserving the details and features of the original
images.

Huang et al.?® proposed a new deep learning-based
fusion method for multi-modal medical images with

different resolutions, termed multi-generator multi-
discriminator conditional GAN (MGMDcGAN). This
method enables the simultaneous preservation of functional
and structural information, including texture details and
dense structure information, without introducing spectral
distortion or information loss.

3.4. RBM-based image fusion

RBM-based image fusion technique is an unsupervised
learning-based method used for image fusion. It employs
two RBMs, with one RBM dedicated to extracting
features from the first image and the other from the
second image. These two RBMs are interconnected to
form a bidirectional image fusion model. The model
leverages the energy function of RBMs to minimize the
error between the fused image and the original images.
When presented with a new input image, the model
simultaneously extracts features from both RBMs and
fuses them using the energy function®**”. The RBM
image fusion technique demonstrates good adaptability
and generalization ability, allowing it to effectively fuse
images of different types and resolutions. Moreover, it
preserves the image details, improves image quality, and
reduces noise and artifacts***].

Suk et al.™ used deep Boltzmann machine (DBM),
a deep network with a restricted Boltzmann machine
as a building block, to find a latent hierarchical feature
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representation from a 3D patch and then devise a
systematic method for joint feature representation from
paired patches of MRI and PET using a multimodal DBM.

4, Challenges and future directions of
image fusion in nuclear medicine

In summary, both traditional image fusion methods
and deep learning-based image fusion methods have
shown good performance and are playing an increasingly
important role in NMMI. As computer hardware and
algorithms continue to evolve, the application prospects
of image fusion technology are becoming more and more
extensive. However, despite the progress, there are still
some challenges and problems in the development of
image fusion technology in NMMI. The challenges and
future development trends of image fusion in NMMI are
discussed in Section 4.

Although image fusion technology has made significant
progress in recent years, several challenges and issues still
require attention and resolution. First, different types of
medical image data may exhibit different levels of noise,
distortions, and spatial and temporal resolutions, which
may affect the quality and visual effects of the fused data,
resulting in distorted or missing information. Ensuring the
quality and visual effects of the fusion results should be a
top priority in the development of image fusion technology.
Second, the heterogeneity of diseases and the complexity of
human tissue in clinical work can give rise to different fusion
requirements. However, most algorithms lack universality,
making it difficult to meet these clinical needs. Ensuring
the robustness of the algorithm to different types of images
and data is a prerequisite for further development of image
fusion technology in NMMI. Third, as medical image fusion
involves the sharing and transmission of sensitive medical
data, ensuring privacy and security becomes an important
challenge. It is essential to address concerns related to data
privacy, secure transmission, and storage in medical image
fusion. Fourth, medical image fusion algorithms require the
processing of large amounts of data and multiple variables,
necessitating efficient computing and processing algorithms
to ensure accuracy and real-time performance. Improving
the speed of image fusion and achieving real-time fusion
present additional challenges to image fusion technology.
Finally, methods like deep learning rely on substantial
data for validation, with publicly available datasets being
frequently used to assess robustness and generalizability.
However, most of the current multimodal publicly
available datasets are centered around brain imaging data.
Consequently, research on image fusion methods primarily
focuses on brain images, imposing certain requirements for
the robustness of other organ sites.

Considering the aforementioned limitations, several
future research directions can be envisioned for image
fusion technology in NMMI:

(i) As artificial intelligence continues to advance, image
fusion technology can be combined with deep
learning, neural networks, and other techniques to
improve the automation and accuracy of medical
image processing.

(ii) The utilization of 3D image fusion technology is
expected to expand significantly, providing more
accurate medical image information. By effectively
evaluating the morphology and structure of organs,
3D medical image fusion technology can contribute
to early disease diagnosis and treatment.

(iii) Real-time image fusion technology will be further
developed and applied, thereby enhancing medical
decision-making during complex procedures,
including surgeries. By providing doctors with
accurate and real-time medical image information,
this innovative technology significantly impacts
patient care and treatment outcomes.

(iv) The combination of image fusion technology with big
data and cloud computing can significantly improve
the speed and efficiency of medical image processing,
thus allowing for faster diagnosis and treatment.

5. Conclusion

Medical image fusion technology holds promising
prospects in NMMI. By fusing different types of medical
image information, it offers more comprehensive and
precise medical image information, enabling doctors to
make more accurate diagnoses and treatments. Despite
the significant progress achieved in medical image fusion
technology, there remain challenges and issues that need to
be addressed. To further improve the accuracy, efficiency,
and reliability of medical image fusion technology,
continuous exploration of new algorithms and technologies
isimperative. Integrating new technologies such as artificial
intelligence, big data, and cloud computing is essential to
meet the ever-growing demands in medical imaging and
clinical applications.
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A case of primary pulmonary follicular dendritic
cell sarcoma
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Abstract

Here, we report a 66-year-old woman who presented with an irregular and lobulated
pulmonary mass in the apical segment of the right superior lobe with an enlarged
mediastinal lymph node. Abdominal computed tomography (CT), brain magnetic
resonance imaging, and fluorine-18 fluorodeoxyglucose positron emission
tomography/CT scans showed no extrapulmonary distant metastases. The patient
underwent surgical sleeve resection of the right superior lobe with systematic hilar
and mediastinal lymph node dissection. Post-operative histopathology, including
hematoxylin and eosin staining, immunohistochemistry, and Epstein-Barr virus
in situ hybridization, suggested primary pulmonary follicular dendritic cell sarcoma
(FDCS). A follow-up plain chest CT indicated recurrence with multiple metastases of
the liver, ribs, and mediastinal lymph nodes 1 year after surgery. The patient declined
further therapy and was lost follow-up. In this case, FDCS located in the lung was
unusual and rare. Corresponding imaging and histopathological features have
enhanced our understanding of this disease. Meanwhile, it is necessary to include
this tumor as a differential diagnosis of lung tumors and pay particular attention to
the possibility of post-operative recurrence and metastasis. Moreover, considering
the heterogeneity of FDCS, it is essential to identify the biological or imaging
features that can reflect or predict the high risk of tumor recurrence and metastasis.
A corresponding post-operative examination is also necessary to determine if any
lesions remain.

Keywords: Pulmonary follicular dendritic cell sarcoma; Lung cancer; Positron emission
tomography/computed tomography

1. Background

Follicular dendritic cell sarcoma (FDCS) is a rare low-grade malignant neoplasm that
originates from follicular dendritic cells, predominantly involving the lymph nodes!!l. In
general, lung involvement typically represents metastatic disease. In this case, we report
a rare primary pulmonary FDCS.

Volume 1 Issue 2 (2023)

1 https://doi.org/10.36922/arnm.0824


https://doi.org/10.36922/arnm.0842
https://doi.org/10.36922/arnm.0842
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Advances in Radiotherapy
& Nuclear Medicine

A case of primary pulmonary FDCS

2. Case presentation

A 66-year-old woman, who presented with weight loss
and intermittent cough with sputum for nearly half a
year, underwent a routine physical examination in our
hospital. Chest high-resolution computed tomography
revealed an irregular and lobulated pulmonary mass in
the apical segment of the right superior lobe (longest
diameter = 3.8 cm) with bronchial occlusion of the apical
segment of the right superior lobe. The mass showed slight
enhancement on enhanced computed tomography (CT)
scans. The paratracheal lymph nodes (stations 2 and 4)
and right hilar lymph nodes (station 10) were significantly
enlarged. Abdominal CT and brain magnetic resonance
imaging scans showed no obvious abnormalities.
Blood routine test showed normal red blood cell count
(4.09 x 10%/L), low hemoglobin (111.0 g/L), high blood
platelet count (351.0 x 10°/L), high white blood cell count
(12.99 x 10°/L), high neutrophil count (10.10 x 10°/L),
high neutrophil percentage (77.70%), normal lymphocyte
count (1.83 x 10°/L), and low lymphocyte percentage
(14.10%). Tumor markers examination showed normal
levels for progastrin-releasing peptide, cytokeratin 19
fragment, carcinoembryonic antigen, neuron-specific
enolase, cancer antigen 15-3, and squamous cell carcinoma
antigen.

To clarify the diagnosis, the patient received a CT-guide
percutaneous lung puncture biopsy; cytology of the
punctured tissue showed a few atypical cells with scattered
lymphocytes, plasma cells, and eosinophils. Due to high
suspicion of malignancy, the patient received fluorine-18
fluorodeoxyglucose positron emission tomography/CT
("F-FDG PET/CT) scan for further systemic evaluation
for distant metastases. The PET maximum intensity
projection images (Figure 1A) revealed that there was an
avid lesion in the right lung (arrow) with several avid hilar
and mediastinal lymph nodes (arrowhead) without distant
metastases of other organs. Transversal lung CT, PET, and
PET/CT (Figure 1B-D) images showed an irregular-shaped,
lobulated, well-defined solitary pulmonary nodule (arrow)
measuring 3.8 x 3.6 cm in the right superior lobe. The
tumor demonstrated intense FDG uptake (SUV__=7.19).
For this case, due to involvement in a clinical trial, the
patient received a 60-min dynamic *F-FDG PET/CT scan,
and the influx rate constant (K,) was calculated by applying
the "F-FDG PET dynamic modeling approach known as
Patlak graphical analysis®. The K, value of the pulmonary
tumor was 0.0428/min (Figure 1F). SUV__ and K values
of the most avid mediastinal lymph node (arrowhead,
station 4) of the same sectional axial PET/CT (Figure 1B-D)
were 6.84 and 0.0392/min (Figure 1E and F), respectively.
In contrast, the SUV__ and K, values (SUV__ = 0.45,

K, = 0.0007/min) of the normal lung were much smaller
(Figure 1E and F).

The presence of extrapulmonary metastasis of lung
cancer is a substantial prognostic determinant with a
direct impact on survival because of a variance in the
TNM classification, clinical management, and outcome®!.
However, only hilar and mediastinal lymph node
metastases of primary lung cancer still have a chance of
surgery and a good prognosis. Because malignancy was
strongly suspected, considering there was no absolute
surgical contraindication (normal cardiopulmonary
function and no extrapulmonary metastases), aggressive
surgical resection was suggested after discussion. The
patient underwent surgical sleeve resection of the right
superior lobe for the lesion with hilar and mediastinal
lymph node dissection by removing lymph nodes from the
upper paratracheal, lower paratracheal, subcarinal, hilar,
interlobar, and lobar regions (stations 2, 4, 7, 10, 11 and
12). Photomicrograph revealed ovoid and spindle tumor
cells with a diffuse growth pattern (Figure 2A, hematoxylin
and eosin [H&E] staining). The cell nucleus was vesicular,
and small nucleoli were observed. Cells appeared with
plenty of cytoplasm with rare mitotic phases. Infiltration
of scattered tumor giant cells, lymphocytes, and plasma
cells was observed. The tumor cells were positive for
vimentin (Figure 2B) and multifocal positive for CD21
and CD23. Ki-67 staining showed that the proportion
of positive tumor cells was about 15% (Figure 2C). The
tumor cells were negative for SMA, desmin, calponin,
CD34, CD68, S-100, LCA, ALK, CK, CK7, CK5/6,
P40, P63, CD56, CgA, and Syn. In situ hybridization
was negative for Epstein-Barr virus. Moreover, only
hilar (station 10) and lobar (station 12) lymph node
metastases were found according to the histopathology
of all removed lymph node tissue. Histopathology of
other lymph nodes (marked stations 2, 4, 7, and 11) only
showed the presence of lung tissue. Neither lymph nodes
nor tumor tissue was found. These pathological findings
(H&E staining, immunohistochemistry, and in situ
hybridization) were consistent with the manifestations
in primary pulmonary FDCS!. It was reported that
localized FDCS patients who underwent surgery had
significantly better overall survival (OS) compared to
those who had other treatment modalities, and there
was no significant difference between OS of early-staged
patients who received adjuvant radiotherapy and surgery
alone™. In this case, the patient received surgery alone.
However, 1 year after surgery, follow-up plain chest CT
indicated recurrence with multiple metastases of the
liver, ribs, and mediastinal lymph nodes (Figure 3). The
patient declined further therapy and was lost follow-up.
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Figure 1. Positron emission tomography/computed tomography (PET/CT) images and analysis. (A) The PET maximum intensity projection images
revealed an avid lesion in the right lung (arrow) with several avid hilar and mediastinal lymph nodes (arrowhead) without distant metastases of other
organs. Transversal lung CT (B), PET (C), and PET/CT (D) images showed an irregular-shaped solitary pulmonary nodule (arrow) in the right superior
lobe. (E) Time activity curve of follicular dendritic cell sarcoma (FDCS) (SUV_ __=7.19), the most avid mediastinal lymph node (station 4, SUV__ = 6.84),
and normal lung (SUV,_ = 0.45). (F) Patlak plot of the FDCS (K, = 0.0428/min), the most avid mediastinal lymph node (K, = 0.0392/min), and normal
lung (K, = 0.0007/min).
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Figure 2. Pathological evidence for follicular dendritic cell sarcoma. (A) Pathology specimen from pulmonary lesion demonstrating typical pathological
signs (H&E staining). (B) The tumor cells were positive for vimentin. (C) K-67 staining showed that the proportion of positive tumor cells was about 15%.
Microscope magnification: x80.
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Figure 3. Follow-up plain chest computed tomography (CT) indicated
local recurrence and distant metastases 1 year after surgery. (A and B) Lung
window and mediastinal window CT images showed local recurrence
(arrowhead). (C) Distant metastasis of the liver (arrowhead). (D) Distant
metastasis of rib (arrow).

3. Discussion

FDCS, first described by Monda et al. in 1986, is a rare
low-grade malignant neoplasm that originates from
follicular dendritic cells. Histologically, FDCS is
characterized as a proliferation of spindle to ovoid cells
having indistinct borders with abundant eosinophilic
cytoplasm!". Besides, nuclei were observed with vesicular
or granular chromatin with small distinct nucleoli.
The immunohistochemical features of FDCS include
positive staining for CD21, CD23, CD35, vimentin,
fascin, clusterin, epithelial membrane antigen (EMA),
HLA-DR, and D2-40. FDCS predominantly involves
the lymph nodes, especially the cervical and axillary
lymph nodes!". Besides, it can occur in the extranodal
areas such as the nasopharynx or oropharynx, tonsils,
mediastinum, gastrointestinal tract, breast, pancreas,
liver, spleen, mesentery, skin, and palate". The common
metastatic sites of FDCS are the liver, lung, lymph nodes,
and peritoneum®. In general, lung involvement typically
represents metastatic diseasel'l. Primary pulmonary
EFDCS, first described in 2001 by Shah et al., was an even
rarer occurrence, with only a few cases reported in the
literature so far(*'2.,

There is no standard treatment regimen for FDCS up
tonow. In reported primary pulmonary FDCS cases, most
cases with the local disease received surgical excision
of the tumor with or without post-operative adjuvant
therapy such as chemotherapy and radiotherapy!®'?. The
patient of this case underwent surgical excision without
any adjuvant therapy. Although some patients remained
disease free after surgery”'?, post-operative local
recurrence and/or distant metastasis occurred in certain
patients after initial treatment®®. For our reported case,

local recurrence and distant metastases were found
in this patient 1 year after surgery. These cases remind
us of the need to develop new treatment strategies and
further optimize and standardize the existing treatment
strategies for this disease to reduce the risk of post-
therapeutic recurrence and metastasis. Simultaneously,
considering that post-operative pathological results of
lymph nodes (marked stations 2, 4, 7, and 11) showed
the presence of lung tissue, the absence of lymph nodes,
and tumor tissue, it is possible that the lymph nodes
(stations 2 and 4), which showed high uptake on PET
images (Figure 1A), were not removed for some specific
reasons. It cannot be ruled out that local recurrence
and distant metastasis may be caused by unresected
lymph nodes. However, proving this connection can
be challenging. This highlights the importance of
performing corresponding examinations, such as a
post-operative PET/CT scan, shortly after surgery to
determine whether the lesions are completely removed,
thus guiding further treatment.

In this case, FDCS located in the lung was unusual,
and the detailed radiological findings and "*F-FDG PET
features of this type of tumor were rarely systematically
reported. Diagnosis of this rare tumor specifically is
difficult based on these non-specific imaging features.
Although dynamic “F-FDG PET/CT was not routinely
used in clinical practice, our case revealed that primary
tumor and suspected metastatic lesions showed more
avid FDG uptake (SUV,__ ) and higher net uptake rate
constant (K) than normal lung, which indicated a
higher glucose metabolic rate of the primary tumor and
suspected metastatic lesions. Comprehensive imaging
examination provides us with systematic information
about disease invasion and metastasis. Therefore, imaging
examinations play a critical role in treatment decisions
and clinical management of patients with malignancy.
However, the correct diagnosis of this uncommon tumor
was mainly based on histological examination at present,
whether the Patlak analysis can distinguish lung cancer
from FDCS needs further study of large sample cases.
New and more specific non-invasive examinations
need to be developed for early detection of the disease.
Moreover, considering the heterogeneity of FDCS, it is
crucial to identify the biological or imaging features that
can reflect or predict the high risk of tumor recurrence
and metastasis. A corresponding post-operative
examination is also necessary to determine if any lesions
remain.

4. Conclusion

We share our experience in hopes that corresponding
imaging and histopathological features will enhance
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the understanding of this disease and aid in accurate
diagnoses in clinical settings. Meanwhile, it is important
to consider this type of tumor while making differential
diagnosis of lung tumors and pay particular attention
to the possibility of post-operative recurrence and
metastasis.
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CASE REPORT

Evaluating the efficacy of
immunochemoradiotherapy in malignant pleural
mesothelioma and distinguishing benign from
malignant lymph nodes using '®F-FDG PET/CT
and "®F-FAPI-04 PET/CT imaging: A case report

Mengye Peng, Menglu Wang, Ying Zhang, Tingting Wu, and Kezheng Wang*
Department of PET-CT, Harbin Medical University Cancer Hospital, Harbin, China

Abstract

In this paper, we report a case of pleural mesothelioma, imaged employing
®F-fluorodeoxyglucose  (FDG)  positron  emission  tomography/computed
tomography (PET/CT), and '8F-fibroblast activating protein inhibitor (FAPI)-04
PET/CT.The diagnosis of pleural mesothelioma was confirmed by histopathologically
examining the thoracoscopic biopsy. The patient underwent an 8F-FDG PET/CT
before immunochemoradiotherapy, followed by an '®F-FAPI-04 imaging 3 months
after treatment. The changes in focal anatomy, morphology, and metabolic
biology observed between the two distinct PET/CT imaging modalities can aid in
distinguishing benign and malignant lymph nodes and assessing treatment efficacy.
This case highlights the diagnostic utility of '®F-FDG PET/C in pleural mesothelioma
and suggests that '8F-FAPI-04 PET/CT may serve as an effective tool for evaluating the
outcomes of immunochemotherapy. Moreover, the combined application of 8F-FDG
PET/CT and '8F-FAPI-04 PET/CT holds promise for the differentiation of benign and
malignant lymph nodes.

Keywords: "®F-fluorodeoxyglucose; Fibroblast activation protein inhibitor;
Malignant mesothelioma; Positron emission tomography/computed tomography;
Immunochemoradiotherapy

1. Background

Malignant pleural mesothelioma is a rare malignant tumor. While the combination of
cisplatin and pemetrexed represents the first-line treatment for this condition, emerging
evidence suggests the potential benefit of incorporating radiotherapy and immunotherapy
in its management. The accurate evaluation of therapeutic efficacy carries significant
implications for subsequent clinical decision-making and management. In this case,
we present evidence supporting the utilization of '*F-fluorodeoxyglucose (**F-FDG)
positron emission tomography/computed tomography (PET/CT) in combination with
'*F-fibroblast activating protein inhibitor (FAPI)-04 PET/CT imaging as a promising
tool for evaluating the efficacy of immunochemotherapy combined with radiotherapy
in pleural mesothelioma. These imaging modalities also exhibited the capacity to
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differentiate between benign and malignant lymph nodes,
further enhancing their diagnostic utility.

2. Case presentation

A 58-year-old woman who presented with dyspnea came
to our hospital for medical consultation and treatment.
A series of investigations were conducted on the patient
to better comprehend her condition. Chest computed
tomography (CT) revealed the presence of pleural

“

.- .

effusion and diffused irregular hypertrophy in the left
pleura. Subsequent thoracoscopic biopsy confirmed the
diagnosis of malignant pleural mesothelioma (epithelial
type), as indicated by immunohistochemistry findings:
CR(+) (Figure 1A), D2-40(+) (Figure 1B-I), Napsin A(-),
and TTF-1(-). Napsin A and TTF-1 are commonly used
immunohistochemical markers for the identification
of lung adenocarcinoma, while D2-40 is an established
immunohistochemical marker crucial for diagnosing

. M
el -

Figure 1. Immunohistochemistry of patient biopsy tissue: (A) CR(+); (B-I) D2-40(+). (J-M) "F-fluorodeoxyglucose (**F-FDG) positron emission
tomography/computed tomography (PET/CT) and CT imaging performed before the treatment shows a left pleural effusion, diffuse thickening of the left
pleura, and pathologically increased "F-FDG accumulation in the left pleura with a maximal standard uptake value (SUVmax) of 6.6. The white arrows
indicate lesions before treatment. (N-Q) '*F-fibroblast activating protein inhibitor-04 (**F-FAPI-04) and CT imaging performed after treatment show
reduced lesion area and reduced "*F-FAPI-04 accumulation in the left pleura with an SUVmax of 4.96 (tumor-to-background ratio: 3.06). The red arrows
indicate the lesions on the same levels after treatment. (R) Maximum intensity projection (MIP) image of *F-FDG PET/CT. (S) MIP image of '*F-FAPI-04.

Volume 1 Issue 2 (2023) 2 https://doi.org/10.36922/arnm.0963



Advances in Radiotherapy
& Nuclear Medicine

Immunochemoradiotherapy in malignant pleural mesothelioma

epithelioid malignant mesothelioma. D2-40 exhibits
a high positive rate in epithelioid mesothelioma and a
negative expression in lung adenocarcinoma. The patient
underwent *F-FDG PET/CT imaging before the initiation
of treatment. After the imaging, the patient received
four cycles of chemotherapy featuring pemetrexed in
combination with nedaplatin and camrelizumab, alongside
radiotherapy (DT: 5000 cGy/25 f). Three months after
completing the treatment, *F-FAPI-04 PET/CT imaging
was performed. ®*F-FDG PET/CT images obtained before
treatment (Figure 1J-M, R) displayed left pleural effusion,
diffuse thickening of the left pleura, and pathologically
elevated "®F-FDG accumulation in the left pleura, with
a maximal standard uptake value (SUVmax) of 6.6. In
contrast, the *F-FAPI-04 images acquired after treatment
(Figure IN-Q, S) displayed a reduction in lesion area and
reduced '*F-FAPI-04 accumulation in the left pleura, now
exhibiting an SUVmax of 4.96 (tumor to background ratio:
3.06). These findings suggest that immunochemotherapy
and radiotherapy resulted in a reduction in lesion extent
and uptake, indicating an effective treatment response.

The "*F-FDG PET/CT images (Figure 2A-F) taken before
the patient’s treatment revealed the presence of multiple
lymph nodes in the bilateral supraclavicular regions, with
no observed increased uptake of FDG. In addition, there
were no abnormal FDG uptakes observed in the bilateral
thyroid lobes. Following treatment, the 'SF-FAPI-04
image (Figure 2G-L) displayed no notable changes in
the bilateral lymph nodes, with no increased uptake
of FAPI-04. However, a marked contrast was observed
in the F-FAPI-04 PET/CT imaging, which revealed
diffuse increased uptake of FAPI-04 in the thyroid region.
Thyroid function tests confirmed an increase in levels of
antithyroid microsomal antibody and antithyroglobulin
antibody. This finding suggests that the elevated FAPI-
04 uptake in the thyroid may be attributed to abnormal

fibrocyte proliferation and inflammatory changes within
the thyroid. Subsequent telephone consultations and
CT imaging follow-up data, as of May 29, 2023, indicate
process-free survival >17.2 months, local recurrence-free
survival >17.2 months, distant metastasis-free survival
>17.2 months, and overall survival >17.2 months for
the patient. These findings support the effectiveness of
immunochemotherapy combined with radiotherapy in the
treatment of patients.

3. Discussion

Recent studies have demonstrated that FAPI PET/CT,
when compared with FDG PET/CT, may offer certain
advantages in the detection of primary tumor and
peritoneal metastasis in various malignancies, including
gastric cancer, liver cancer, benign non-inflammatory
focal liver lesions, differentiated thyroid cancer, as well as
lesions in the lymphatic, skeletal, pleural, and pulmonary
regions!**l. Utilizing ®*Ga-FAPI-04, which targets fibroblast
activating protein, shows great potential in the diagnosis
of a wide range of cancers and sarcomas®®. While CT
scans are commonly employed methods for evaluating
therapeutic efficacy in cases of malignant pleuroma, they
do have inherent limitations"'!). Compared with CT, "F-
FDG PET scans can detect metabolic changes at an earlier
stage, proving valuable in assessing the treatment response
in patients with malignant pleural mesotheliomal'>",
However, the criteria for evaluating FDG PET scans have
not been standardized, and FDG PET tends to exhibit
lower sensitivity in the context of low-grade tumors!'»'4l,

Previous studies have also demonstrated that %Ga-FAPI
PET/CT exhibits a superior capability for detecting
primary tumors and lymph node metastases in malignant
pleural mesothelioma when compared to F-FDG PET,
making “Ga-FAPI PET/CT a promising tool for the
evaluation of malignant pleural mesothelioma*'>'”). Both

Figure 2. (A-F) '*F-fluorodeoxyglucose (**F-FDG) positron emission tomography/computed tomography images: The white arrows and blue arrows
indicate multiple lymph nodes on the bilateral supraclavicular with no increased FDG uptake. The red arrows indicate no abnormal FDG uptake in
bilateral thyroid lobes. (G-L) '*F-fibroblast-activating protein inhibitor (FAPI)-04 images: The white arrows and blue arrows indicate the same multiple
lymph nodes with no increased FAPI-04 uptake. The red arrows indicate diffuse FAPI-04 uptake in the thyroid (SUV__ = 4.86 with tumor-to-background
ratio: 3.06).
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'"F-FAPI-42 and %Ga-FAPI-04 exhibit similar detection
capabilities®, suggesting that *F-FAPI-42 holds promise
for the detection and evaluation of malignant pleural
mesothelioma. However, to our best knowledge, few
studies have investigated the use of ¥F-FAPI PET/CT in
malignant mesothelioma. This study represents the first
case of employing "F-FDG PET/CT and '*F-FAPI-04
PET/CT dual imaging to evaluate the efficacy of
immunochemotherapy combined with radiotherapy and
to distinguish between benign and malignant lymph nodes
in malignant pleural mesothelioma. It is worth noting
that although studies have indicated that lymph node
metastatic lesions generally exhibit FAPI uptake, some
other studies have reported a lack of FAPI uptake in lymph
node metastatic lesions after treatment. This suggests
the need for caution when identifying this possibility.

4, Conclusion

Our case demonstrates the potential of **F-FDG PET/CT
in the diagnosis of pleural mesothelioma. Furthermore,
it suggests that '*F-FAPI-04 PET/CT has the potential to
effectively evaluate the effects of immunochemotherapy.
Notably, both *F-FDG PET/CT and "*F-FAPI-04 PET/CT
may offer the capability to differentiate between benign
and malignant lymph nodes.
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