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Simple Summary

Pancreatic ductal adenocarcinoma remains a silent killer and is in dire need of more
effect therapeutic strategies. Endoscopic ultrasound (EUS) has expanded its repertoire
over the last two decades and can be used as a mode of treatment delivery directly into
pancreatic tumors. In this review, we provide details on EUS-guided intra-tumoral fine-
needle injectional therapies, highlighting the use of intra-tumoral radioactive implantation
in patients with locally advanced pancreatic cancer.

Abstract

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal malignancies,
with limited treatment options for patients with locally advanced or metastatic disease. En-
doscopic ultrasound (EUS)-guided intra-tumoral radioactive implantation has emerged as
a minimally invasive approach to enhance local tumor control while minimizing systemic
toxicity. Among the available isotopes, phosphorus-32 (32P) microparticle brachytherapy
has demonstrated promising outcomes, including significant tumor regression, reduc-
tions in CA 19-9, and higher rates of tumor downstaging and surgical conversion when
combined with systemic chemotherapy. Compared with stereotactic body radiotherapy
(SBRT), 32P delivers higher intratumoral radiation doses, spares adjacent healthy tissues,
and can be administered during ongoing chemotherapy without treatment interruption.
Additionally, preliminary evidence suggests that P may modulate the tumor microen-
vironment, improving vascularity and enhancing chemotherapy efficacy. The procedure
shows high technical success and a favorable safety profile, with minimal serious adverse
events. Future directions include prospective randomized trials to validate its impact on
survival, optimize dosing, and establish treatment protocols. EUS-guided intra-tumoral
32P brachytherapy holds potential as a key component of multimodal therapy, bridging
local tumor control and systemic disease management in PDAC.

Keywords: pancreatic cancer; phosphorus-32 microparticles; intra-tumoral radiation; chemotherapy

1. Introduction

Pancreatic cancer remains one of the deadliest malignancies worldwide, ranking as
the fifth leading cause of cancer-related death globally and the third most common cause
in both the USA and Australia [1,2]. According to GLOBOCAN 2018, the incidence and
mortality of pancreatic cancer are projected to increase dramatically—by 77.7% and 79.9%,
respectively—between 2018 and 2040 [3]. The persistently high mortality is driven by
aggressive local invasion and early systemic dissemination. Surgical resection is the only
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potentially curative option, yet fewer than 20% of patients are eligible at diagnosis. The
majority present with unresectable locally advanced or metastatic disease [4].

Current standard therapy for these patients relies on systemic chemotherapy, typi-
cally FOLFIRINOX (leucovorin, fluorouracil, irinotecan, and oxaliplatin) or gemcitabine
plus nab-paclitaxel in patients with adequate performance status, and gemcitabine
alone for those unable to tolerate more intensive regimens, sometimes combined with
radiotherapy [4-6]. Despite these treatments, outcomes remain poor, with an median
overall survival of 18-24 months for locally advanced pancreatic cancer (LAPC) and 8-11
months for metastatic disease [7]. Treatment efficacy is further limited by intrinsic and
acquired chemoresistance [8], highlighting the need for novel therapeutic approaches.

In recent years, intra-tumor brachytherapy has emerged as a promising intervention
aimed at improving local tumor control, prolonging survival, and minimizing systemic
toxicity. This review will examine the current evidence and evolving role of intra-tumoral
radiation therapy in the management of pancreatic cancer.

2. Tumor Barriers and Chemoresistance in Pancreatic Cancer

Patients with advanced pancreatic ductal adenocarcinoma (PDAC) continue to face
poor survival outcomes, largely due to low response rates to therapy, frequent tumor re-
lapse, and early metastasis. Understanding the mechanisms underlying PDAC progression
and chemoresistance is therefore critical for developing more effective treatment strategies.

A major contributor to therapeutic failure in PDAC is its unique tumor microenvi-
ronment (TME), which encompasses the surrounding extracellular matrix, stromal cells,
and vasculature [9]. The PDAC TME is characterized by dense fibrosis, hypoxia, and
immunosuppression, all of which impede drug delivery and attenuate anti-tumor immune
responses. Key cellular components, including pancreatic stellate cells (PSCs) and cancer-
associated fibroblasts (CAFs), secrete excessive extracellular matrix (ECM) proteins, gener-
ating tissue stiffness and creating physical barriers that hinder chemotherapy penetration.
Signaling pathways such as Sonic Hedgehog (Shh) and transforming growth factor-beta
(TGF-B) further activate PSCs and CAFs, driving fibrosis and tumor progression [10,11].

A defining feature of PDAC is its pronounced desmoplastic reaction, which, along
with elevated interstitial fluid pressure from hyaluronan and proteoglycan accumulation,
disrupts tissue architecture and limits therapeutic access. This dense stroma also contributes
to hypovascularity, reducing perfusion and drug delivery. Hypoxia and desmoplasia inter-
act in a feed-forward loop, exacerbating fibrosis, promoting tumor growth, and enabling
immune evasion [12]. Although systemic therapies targeting the stroma—such as Shh
inhibitors, TGF-{ inhibitors, and hyaluronidase—have been explored, clinical outcomes
have been largely disappointing, with minimal impact on survival [13,14].

These challenges highlight the need for strategies that bypass systemic delivery lim-
itations. Direct intra-tumoral therapies, including local radiation and ablation, offer a
compelling approach by achieving high local drug or radiation concentrations, enhancing
tumor control, and potentially overcoming chemoresistance imposed by the dense PDAC
stroma. This rationale underpins the growing interest in intra-tumoral brachytherapy and
other locoregional interventions in pancreatic cancer.

3. Concept of Direct Tumoral Injectional Therapy

Direct intra-tumoral therapy represents a promising strategy to bypass the physical
and vascular barriers that limit drug delivery in pancreatic cancer. By delivering therapeutic
agents directly into the tumor, this approach achieves high local concentrations while
minimizing systemic exposure and toxicity. Beyond enhanced cytotoxicity, direct injection
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also offers the potential to modulate the immunosuppressive tumor microenvironment,
disrupting the stromal barriers that promote tumor progression and chemoresistance.

While percutaneous injections under ultrasound or CT guidance have demonstrated
feasibility and safety, these approaches are technically challenging and cumbersome, par-
ticularly when repeated treatments are required [15]. Endoscopic ultrasound (EUS) has
emerged as a transformative tool in this context. Originally a diagnostic modality, EUS
now provides high-resolution, real-time imaging of pancreatic masses and surrounding
structures, enabling precise, minimally invasive delivery of intra-tumoral therapies [16].

EUS-guided fine-needle injection (EUS-FNI) has been successfully applied to a variety
of therapeutic strategies, including chemotherapy, immunotherapy, gene therapy, and
ablative techniques such as radiofrequency ablation, laser therapy, cryotherapy, and ethanol
injection. Additionally, EUS allows for the implantation of fiducial markers for stereotactic
body radiation therapy (SBRT) or radioactive seeds for brachytherapy, further integrating
diagnostic and therapeutic interventions in a single session.

Clinical studies have demonstrated that EUS-guided intra-tumoral therapy is both
technically feasible and safe, with low rates of procedure-related complications (Table 1).
A single prospective study has been published with regard to EUS-guided chemotherapy
(gemcitabine) in LAPC, demonstrating only modest results [17]. Ablative therapies in
LAPC includes EUS-guided radiofrequency ablation (RFA), which is a minimally invasive
thermal therapy, reported for not only LAPC, but also for neuroendocrine tumors and
pancreatic cystic neoplasms [18-25]. Although its feasibility and technical success have
been shown to be positive, and although it has good safety profile, the benefits have not
been overwhelmingly positive. Several studies have assessed EUS-guided gene therapy
and immune-induced local therapy, including oncolytic viruses; however, these have not
become part of clinical practice [18,20,26-33]. This is because the results have been variable,
the study sample sizes included have been small, the backbone standard-of-care therapy
used has not been current, and, in a single comparative trial (>10 years ago), there was no
benefit compared to standard therapy. Robust data from prospective trials and randomized
controlled studies confirming survival benefit are required. Nonetheless, the precision,
versatility, and minimally invasive nature of EUS-guided therapy position it as a paradigm-
shifting approach in the management of locally advanced pancreatic cancer, bridging the
gap between systemic therapy and definitive local tumor control.

Table 1. Prospective clinical studies of EUS-guided intra-tumor therapies in locally advanced pancre-
atic cancer.

. . Intra-Tumor Additional Response Median Survival
Modalities Types of Study Patient Group Therapy Therapy Outcome (Months)
Chemotherapy
PR 25%
SD 57%
. Downstaging
Levy Met al. Prospective Stage 11, III, IV Gemcitabine S_F.U with or with resection 10.4
(2017) [17] without RT 20% (4/20
patients of stage
III disease)
Radiofrequency
ablation (RFA)
Song et al. (2016) . LAPC and 50% with Technically
[18] Prospective mPDAC RFA 20-50 W Gemcitabine feasible and safe NR
Crino SF et al Standard CTX Mean volume
(2018) [19] ’ Prospective LAPC RFA 30 W with or without reduction 30% of NR
RT tumor mass
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Table 1. Cont.

oy . Intra-Tumor Additional Response Median Survival
Modalities Types of Study Patient Group Therapy Therapy Outcome (Months)
S 1iti F et al RFA30W (>3 Standard CTX Tumor size
cope i T ek Prospective LAPC cm) or 20 W (<3 with or without - o NR
(2018) [22] cm) RT reduction 50%
7/10 patients
with tumor
Thosani N et al. . LAPC and RFA 15-20 W up progression
(2022) [23] Prospective mPDAC to 4 sessions Standard CTX 1/10 134
downstaging
with RO resection
Oh D et al. (2022) . LAPC and Local progression
[21] Prospective MPDAC RFA 50 W Standard CTX free 6.83 months 24.03
No significant
tumor size in
Standard CTX . . .
Tiankanon K et al. Prospective, X median maximal Survival rate 70%
(2019) [24] open-labeled LAPC RFA S0 W with Rflﬁnves. CTX tumor diameter at 6 months
between both
groups
Hazard ratio 0.5,
p=0.03
Kongkam P et al Prospective, Standard CTX prgglart‘:ill‘i/f; at
(2025) [20] propenta;y (sicore LAPC RFA 50 W with RF]A vs. CTX 12 months 58% in 134
matche alone FUS-RFA
compared to 22%
for controls
Immune-
induced local
therapy
Ch K] etal Mixed PR 25%
(;8650) [Zz]a ’ Prospective Stage IL, III, IV lymphocyte None Minor response 13.2
culture 1%
Irisawa A et al 5D 26%
' Prospective Stage IV Immature DCs RT Minor response 9.9
(2007) [33] 26%
Gemcitabine,
Hirooka Y et al. . OK-432 primed ! SD 40%
(2009) [30] Prospective Stage IIT immature DCs ;ﬁ'gﬁi PR 20% 159
. Zolendronate- .
H‘g’(‘)’lk% \[{335 al. Prospective LAPC pulsed immature O SHabne, 6B SD 40% 115
DCs
Gene-induced
local therapy
PR 9.5% (2/21)
Hecht JR et al. . ONYX-15 - Minor response
(2003) [27] Prospective Stage III and IV (adenovirus) Gemcitabine 9.5% (2/21) 7.5
SD 28.6% (6/11)
CR 2% (1/50)
Hgg%ﬁ;g]al' Prospective LAPC TNFerade 5-FU, external RT PR 6% (3/50) 9.9
SD 34% (12/50)
5-FU, RT, . .
Herman JM et al. RCT LAPC TNFerade gemcitabine + No difference in 10
(2013) [29] erlotinib local control
PR 30%
Hirooka Y et al Single arm, HF10 Oncolytic  Erlotinib and oD 207,
' open-label Phase Stage III - O . 15.5
(2018) [31] 1 trial virus gemcitabine Downstaging
na with resection
20%

CR = complete response; CTX = chemotherapy; DCs = dendritic cells; LAPC = locally advanced pancreatic
cancer; mPDAC = metastatic pancreatic adenocarcinoma; PD = progressive disease; PR = partial response;
RFA = radiofrequency ablation; RCT = randomized controlled trial; RT = radiotherapy; SD = stable disease.
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4. Radiotherapy in Pancreatic Adenocarcinoma

Radiotherapy plays an evolving role in the management of pancreatic ductal adeno-
carcinoma (PDAC), particularly as part of multimodal treatment strategies. Beyond direct
cytotoxicity, radiation exerts complex effects on the tumor microenvironment (TME), includ-
ing both immunostimulatory and immunosuppressive changes. By inducing immunogenic
cell death, radiotherapy promotes the release of tumor-associated antigens, enhances anti-
gen presentation, and stimulates effector T-cell infiltration, potentially converting the TME
from an immunologically “cold” state into a “hot” state [34].

In resectable and borderline resectable PDAC, neoadjuvant chemoradiotherapy has
been shown to improve surgical outcomes, including higher rates of R0 resection, improved
local tumor control, and some evidence of survival benefit [35-37]. In locally advanced or
unresectable disease, radiotherapy—particularly stereotactic body radiotherapy (SBRT)—is
increasingly used to achieve local control, relieve symptoms, and occasionally convert
tumors into resectable status [38]. Meta-analyses report surgical conversion rates of 7-21%
following SBRT, with selected patients achieving margin-negative (R0) resections [39,40].

SBRT delivers highly focused, ablative doses over a limited number of fractions
(typically 3-5), maximizing the sparing of adjacent critical structures while reducing overall
treatment time compared with conventionally fractionated radiation therapy (CFRT). In
locally advanced PDAC, SBRT has been associated with improved 2-year overall survival
compared with CFRT (26.9% vs. 13.7%) and substantially lower rates of severe acute
toxicity (5.6% vs. 37.7%) [41]. Accurate targeting with SBRT requires fiducial markers for
motion tracking and CT-based treatment planning. Endoscopic ultrasound (EUS)-guided
placement of fiducials is preferred due to the minimally invasive nature of this approach
and its ability to access lesions throughout the pancreas, including those inaccessible
percutaneously or surgically. Technical success rates exceed 90%, with minimal risks of
complications or marker migration [42—44].

Despite its advantages, SBRT can disrupt systemic therapy schedules and exerts mixed
effects on the TME. While it induces immunogenic tumor cell death, SBRT may also promote
collagen deposition and stromal fibrosis without substantially reducing immunosuppres-
sive cell populations, potentially limiting the efficacy of immune-based therapies [45].

In this context, direct intra-tumoral brachytherapy has emerged as a promising al-
ternative, allowing selective escalation of radiation doses within the tumor while being
deliverable concurrently with systemic therapy, circumventing many of the logistical and
biological limitations associated with conventional SBRT.

5. EUS-Guided Intra-Tumoral Brachytherapy: A Targeted Approach

While SBRT provides focused, ablative radiation, its reliance on external beam de-
livery and fiducial markers can interrupt systemic therapy schedules and is limited by
tumor location, surrounding critical structures, and stromal barriers. Direct intra-tumoral
brachytherapy offers a complementary strategy by delivering high-dose radiation precisely
within the tumor, maximizing cytotoxicity while sparing adjacent normal tissues.

Endoscopic ultrasound (EUS) has enabled minimally invasive access for brachytherapy,
allowing the placement of radioactive seeds directly into pancreatic tumors under real-time
imaging guidance. This approach combines the advantages of localized dose escalation
with the ability to continue systemic chemotherapy uninterrupted, addressing two major
limitations of SBRT. Additionally, EUS-guided brachytherapy provides the flexibility to
treat lesions in anatomically challenging locations, including the pancreatic head, the
uncinate process, or deep-seated tumors not amenable to percutaneous access.

Early clinical studies suggest that EUS-guided intra-tumoral brachytherapy is tech-
nically feasible and safe, with low rates of procedure-related complications. By precisely
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delivering sustained radiation to the cancer only, this method can not only improve tu-
mor control, enhance radiosensitivity within the dense desmoplastic stroma of pancreatic
tumors, and potentially be synergized with systemic therapies and immunomodulatory
strategies, but it can also improve safety profiles. The targeted intra-tumoral implantation of
the radioactive isotope minimizes the risk of radiation-induced injury to the normal pancre-
atic tissue. With a short distance of radiation, intra-tumoral implantation of iodine-125 ('2°I)
seeds and phosphorus-32 (*2P) micro-particles has not been associated with pancreatitis. In
addition, unlike the old colloid-based 2P particles [46], the new 32p micro-particles (known
as Oncosil) are micro-crystals (Figure 1), which prevent the migration of 32p micro-particles
outside of the cancer, thus minimizing the risk of radiation-induced injury to the normal

pancreatic parenchymal or surrounding organ.

Figure 1. Polarizing light microscopy demonstrating bright needle-shape crystals (yellow arrows)
accompanying black 32P particles (blue arrows) within the fibrotic tumor.

As such, EUS-guided brachytherapy represents a promising evolution in the mul-
timodal management of locally advanced pancreatic cancer, offering a precision-based,
minimally invasive alternative to conventional external beam radiotherapy. Additional
advantages of EUS-guided intra-tumor brachytherapy include precise positioning, con-
tinuous real-time observation during implantation, and shorter puncture distance when
compared to CT-guided percutaneous implantation [47,48]. The intra-tumor brachytherapy
in LAPC has been studied with two main isotopes, which are '?°I seeds and 3?P micro-
particles. Whilst other brachytherapy options have been investigated such as iodine-130
and yttrium-90, these studies are in the very early stages, and these options have yet to be
investigated in human clinical trials.
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5.1. 1221 Radioactive Brachytherapy in Pancreatic Cancer

1251 is a radioactive isotope of iodine commonly implanted as small solid seeds capable
of emitting gamma radiation with a total dose of 140-160 Gy and a long half-life of ap-
proximately 60 days [49]. While 12°I offers the advantages of sustained, localized radiation
delivery, studies to date have not demonstrated a clear survival benefit in pancreatic cancer.

Current clinical trials of EUS-guided '2°T brachytherapy have focused on patients
with unresectable pancreatic cancer, including stage III and IV disease. These studies
consistently demonstrate technical feasibility, minimal serious complications, and transient
pain relief. However, median overall survival (OS) following implantation remains limited,
ranging from 9 to 10.6 months [50-53]. A meta-analysis further confirmed that median
OS with EUS-guided ?°T seed implantation is generally under 12 months, comparable
to outcomes achieved with chemotherapy alone or combined chemoradiation in similar
patient populations [54,55].

Despite its minimally invasive nature, 12°I brachytherapy presents several procedural
challenges. Implantation requires multiple interstitial punctures—up to 30 seeds per
session—using a 19-gauge needle. The stiffness of the needle can compromise placement
accuracy, increasing the risk of post-procedural pancreatitis. Moreover, achieving uniform
seed distribution is technically demanding, even with treatment planning system (TPS)
guidance. Inadequate distribution can create “cold spots,” where subtherapeutic radiation
doses reduce treatment efficacy. Notably, patients receiving a peripheral radiation dose
exceeding 90 Gy demonstrated a partial remission rate of 80% (12/15 patients), whereas
those receiving lower doses experienced poor tumor response [52].

While EUS-guided !2°T implantation remains a promising minimally invasive option
for localized radiation delivery in unresectable pancreatic cancer, further optimization
of implantation techniques, dosimetry, and combination strategies is needed to improve
clinical outcomes.

5.2. 32P Microparticle Brachytherapy in Pancreatic Cancer

Recent studies investigating 3P microparticles in patients with locally advanced
pancreatic cancer (LAPC) and metastatic disease have shown promising outcomes. 2Pisa
radioactive isotope contained within silicon microparticles that emits pure beta radiation,
delivering 98% of its dose within 81 days, with a half-life of 16 days. This allows localized
radiation doses ranging from 100 Gy to 400 Gy directly to the tumor [56].

An initial cohort study of LAPC patients receiving 3’P implantation alongside systemic
chemotherapy (FOLFIRINOX or gemcitabine plus nab-paclitaxel) demonstrated a 90% local
control rate at 16 weeks, with a mean tumor volume reduction of 26.4% and CA 19-9 decline
of 34%. Importantly, tumor downstaging enabled surgical resection in 23.8% of patients
initially deemed inoperable, with R0 resection achieved in 80% of these cases [57]. Similarly,
a retrospective comparison between combination therapy (**P plus chemotherapy) and
chemotherapy alone revealed that the addition of 3P doubled the tumor downstaging rate
(31.4% vs. 13.6%), achieved greater tumor shrinkage at six months (—15.9 mm, p < 0.001),
and increased surgical resection rates (28.6% vs. 12.1%). Moreover, combination therapy
was associated with a longer restricted mean survival time (RMST) within 30 months post-
chemotherapy (189 days) and improved local progression-free RMST (168.6 days) [58].

Further evidence supports the advantage of EUS-guided 3’P implantation over stereo-
tactic body radiotherapy (SBRT). In a retrospective cohort of LAPC patients, combina-
tion chemotherapy with EUS-guided 2P led to greater reductions in tumor size and CA
19-9 levels at six months, higher rates of tumor downstaging, more frequent surgical resec-
tions, and longer median overall survival (HR 0.45; p = 0.014) compared with chemother-
apy plus SBRT [59]. Several factors likely contributed to these favorable outcomes. First,
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32P delivers higher cumulative radiation doses (<100 Gy) compared with the maximum
achievable with external beam radiotherapy (EBRT) or SBRT (typically 40-50 Gy). Its beta
radiation has limited tissue penetration (<1 cm), permitting higher localized doses while
minimizing collateral exposure. Bremsstrahlung imaging or SPECT-CT within four hours
post-implantation allows verification of localized distribution and exclusion of off-target
radiation (Figure 2).

Figure 2. Bremsstrahlung imaging (A) and SPECT-CT scan (B,C) in patient after Oncosil implantation
within 4 h to confirm localization and retention of a 3-emitting isotope within the pancreas. These
images from our cohort demonstrate that the 32P isotope has remained in the head of the pancreas
with no ectopic distribution.

Importantly, early implantation of >’P during initial chemotherapy cycles may pro-
duce synergistic effects with systemic therapy, unlike SBRT, which is usually adminis-
tered after completing chemotherapy and requires fiducial marker placement and CT
planning (Table 2). Early 3P implantation also avoids delays in restaging or surgery
inherent to SBRT logistics (Figure 3). Additionally, 2P may overcome pancreatic tu-
mor microenvironment barriers. Lim et al. reported increased microvascular flow at
weeks 4 and 12 post-implantation on CE-EUS imaging, suggesting improved vascular-
ity and the potential enhancement of chemotherapy delivery [60]. Treatment can typi-
cally resume chemotherapy shortly after implantation, with tumor response assessed at
4-12 weeks (Figure 3).

EUS-guided
p 32p implantation

implantation 2 Cyi‘es @
T
I 1
SBRT pY SBRT 6-8 weeks s
T

EUS-guided C
fiducial insertion Planning

0 20

Weeks
Figure 3. Diagram comparing the timeline between 32P implantation and SBRT. 3’P implantation
is performed after two cycles of chemotherapy as a single procedure, requiring a restaging CT at
3-4 months post-commencement of chemotherapy. In the case of SBRT, it is performed after a long
period of chemotherapy, and requires interruption of chemotherapy for at least 6-8 weeks.
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Table 2. The differences between SBRT and 32P brachytherapy in PDAC [41-45,54-62].

Feature

SBRT (Stereotactic Body Radiotherapy)

32p EUS-Guided Brachytherapy

Timing with Chemotherapy

Usually delivered after completion of
systemic chemotherapy

Can be implanted early, during initial
chemotherapy cycles, allowing
concurrent therapy

Radiation Dose

Typically 40-50 Gy (external beam)

Higher localized dose: 100400 Gy
directly to tumor

External beam, penetrates surrounding

Beta radiation with short penetration

Radiation Delivery tissues (<1 cm), minimizing exposure to adjacent
organs
Requires fiducial markers, CT planning,  Single-session EUS-guided implantation
Procedure . . . . . .
and multiple sessions (3-5 fractions) using microparticles
Treatment Delay Planning and fiducial placement can Minimal delay; systemic chemotherapy

delay restaging or surgery

can resume soon after implantation

Tumor Microenvironment

May induce immunogenic cell death but
limited effect on vascularity or stromal
barrier

May enhance microvascular flow and
overcome dense stroma, improving
chemotherapy delivery

Surgical Conversion Potential

Limited; performed after chemotherapy

Higher downstaging and resection rates
observed when combined with
chemotherapy

Imaging-based assessment

Bremsstrahlung imaging or SPECT-CT

Monitoring immediately after implantation for
post-treatment . R
precise localization
Risk of radiation-induced injury to Generally safe; minor self-limited events,
Side Effects adjacent organs; grade 3—4 toxicity up to  serious procedure-related complications

37.7%

rare (<10%)

Local Control

High local control rates reported (up to

Good but limited by dose constraints 100% at 3 months in metastatic PDAC)

SBRT = stereotactic body radiation therapy; 32p = phosphorus-32; PDAC = pancreatic ductal adenocarcinoma;
EUS = endoscopic ultrasound; SPECT-CT = single-photon-emission computed tomography.

Technical success rates for EUS-guided 32P implantation are consistently reported to
be 100% in pilot and multicenter studies [57,58,61]. Safety data are favorable, with rare
serious procedure-related adverse events. Minor side effects, such as transient abdominal
pain or low-grade fever, are infrequent and self-limited, while grade >3 events attributable
to the procedure are uncommon (<10%) [57].

In patients with metastatic PDAC, 32P implantation combined with chemotherapy has
demonstrated 100% local disease control at three months, significant reduction in primary
tumor diameter (—25%, p = 0.008), and improved quality of life at 12 weeks, highlighting
its potential benefit in palliative settings [62].

Overall, EUS-guided 32P microparticle brachytherapy offers a unique combination of
high local efficacy, safety, and potential synergistic effects with systemic therapy, supporting
its role as a promising adjunctive local treatment for pancreatic ductal adenocarcinoma.

5.3. Other Radioactive Agents for Brachytherapy in Pancreatic Cancer

Several alternative radioisotopes have been explored for intra-tumoral brachytherapy
in pancreatic ductal adenocarcinoma (PDAC), each with distinct physical properties and
potential therapeutic benefits (Table 3).

5.3.1. Holmium-166 (1°°Ho) Poly-L-Lactic Acid Microspheres (1HoMS)

166HoMS is an emerging locoregional therapy for PDAC delivered via intratumoral
injection. With a short physical half-life of 26.8 h (compared with 14.3 days for 32py, 166,
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delivers a high dose rate over a brief period. Its 3~ emission has limited tissue penetration,
producing a steep dose fall-off that spares surrounding organs and major vasculature, as
demonstrated in preclinical studies [63]. Furthermore, a unique advantage of '**HoMS is
multimodal imaging capability, enabling SPECT, CT, and MRI for precise guidance and
quantitative dosimetric evaluation. The first in-human feasibility study in unresectable
PDAC showed that intratumoral ®*HoMS injection is technically achievable and appears
safe, though only three patients have been treated, and no survival benefit or efficacy data
are yet available [64]. Further research is needed before routine clinical application.

5.3.2. Palladium-103 (13Pd)

193pd has been investigated primarily as an intraoperative interstitial implant for
unresectable pancreatic cancer. Its low-photon gamma-ray energy, rapid dose fall-off, and
short half-life may allow for higher localized dose rates with improved sparing of adjacent
tissue compared to '?°I. Two small clinical studies including 26 patients demonstrated
feasibility and the palliation of symptoms, particularly pain, when '%Pd brachytherapy
was combined with external beam radiation and chemotherapy. However, median sur-
vival remained limited (6.9-10 months), and high matched peripheral doses (>115 Gy)
were associated with significant complications, including duodenal perforation, sepsis,
cerebrovascular events, and radiation enteritis [65,66].

5.3.3. Yttrium-90 (*°Y)

DY is a pure B-emitter with moderate tissue penetration. Compared with 32P, °Y
has a much shorter half-life (64.5 h vs. 343.2 h), delivering approximately 87% of its total
radiation energy within 7 days, whereas 32P requires roughly 42 days [56,67]. Clinically,
0y is primarily utilized for transarterial radioembolization (TARE) in hepatic malignancies,
including liver metastases from pancreatic cancer. Retrospective studies suggest that Y
TARE can achieve disease control and modest survival benefits (median OS 7-9 months) in
patients with liver-dominant metastatic PDAC who have progressed on systemic therapy,
with favorable toxicity profiles [68-70]. Improved hepatic progression-free survival has
been observed particularly among patients aged < 65 years and those exhibiting stable or
decreased CA 19-9 levels following treatment [68]. Early experimental work in porcine
models has demonstrated that EUS-guided intratumoral implantation of *°Y microspheres
is technically feasible and safe, producing necrotic lesion volumes between 255.8 and
745.6 mm?> using a 22-gauge needle [71]. Clinical studies evaluating EUS-guided *°Y
brachytherapy in unresectable pancreatic cancer patients are currently underway.

5.3.4. Tridium-192 (1%2Ir)

1921y, unlike many of the other isotopes discussed, is a high-dose-rate brachytherapy
and has been shown to be beneficial, particularly/for pain relief in patients with unre-
sectable tumors undergoing bypass surgery to prevent jaundice [72]. Further assessment
is required before deciding whether there is a role for ?Ir in pancreatic cancer. Table 3
summarizes the differences between the six radioactive agents that have been investigated
as a brachytherapy in the management of pancreatic cancer.
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Table 3. Differences between the 5 radio-isotopes used for brachytherapy in pancreatic cancer.

Radiation

. . . . Delivery Clinical e .
Radioisotope Half-Life P"g‘zter:ggn Typical Dose Method Stage/Use Advantages Limitations
Multiple
yerays, S-guided bl half-lif P aived, i
moderate EUS-guide Unresectable Long half-life required; sti
1251 [49-55] 60 days enctration 140-160 Gy seed PDAC (Stage allows sustained 19G needle;
p(~1—2 ) implantation 1I-1V) radiation limited survival
cm benefit; risk of
pancreatitis
High localized Requires
B-particl dose; minimally im qin X
ps?’lorct ~ EUS-guided LAPC, invasive; cggﬁrfno
32p [56-62] 16 days . 100-400 Gy oogUIC metastatic synergistic with L
penetration microparticles distribution;
(<1 cm) PDAC concurrent limited
om chemo; enhances e
. long-term data
vascularity
High dose rate;
_ multimodality Very limited
166HoMS 268 h Enétizggn Equivalent Intratumoral Uml'fgitcable imaging human data;
[63,64] - p (~1 cm) high dose rate injection (experimental) (SPECT/CT/MRI); efficacy
P steep dose unproven
fall-off
Low-energy
pl;otor}s,ur_alﬁd Intraoperative U tabl Favorable dose Smau StLlISIES; fn t(')
103pd [65,66] 17 days oseltat-o ~100-115 Gy interstitial nresectable distribution; survivabeneiil;
with implant PDAC alliation of pain risk of grade
penetration of P P P > 3 complications
1.7 cm
Mostly
Liver High local dose; preclinical or
-particles, TARE or metastases rapid energy hepatic
0y [67-71] 64.5h modera.te Variable, high EUS-guided from PDAC; dehv.ery; metastases;
penetration intratumoral unresectable potential for clinical efficacy
(~5-10 mm) PDAC image-guided in pancreatic
(experimental) placement primary under
investigation
y-rays Intratumoral Unresectable in?}i'?)‘,\jg;)(;in Requires surgical
192 - P . . _ .
Ir [72] 73.8 days (5-10 mm) 20 Gy injection .(mtra PDAC./ pain and quality of catheter
operative) relief life placement

EUS = endoscopic ultrasound; PDAC = pancreatic ductal adenocarcinoma; LAPC = locally advanced pan-
creatic cancer; 121 = iodine-125; 32P = phosphorus-32; 166HHoMS = Holmium-166 Poly-L-Lactic Acid Micro-
spheres; 103pg = palladium-103; NY = yttrium-90; 1921 = jridium 192; TARE = transarterial radioemboliza-
tion; SPECT = single-photon-emission computed tomography; CT = computed tomography; MRI = magnetic
resonance imaging.

6. Conclusions

The therapeutic role of EUS-guided fine-needle injection is rapidly expanding and
represents a significant advancement in the management of pancreatic ductal adenocarci-
noma (PDAC), particularly for patients with locally advanced or metastatic disease who
are ineligible for surgical resection. The options are vast, with some therapies demonstrat-
ing more obvious benefit. Although EUS-guided RFA, chemotherapy, immune and gene
therapy have not shown an overwhelming response in PDAC, the advent of EUS-guided
intra-tumoral radioactive implantation has revealed exciting results in its early studies.
Among the available options, EUS-guided phosphorus-32 (*2P) microparticle brachyther-
apy has shown promising results, including substantial tumor shrinkage, reductions in
CA 19-9 levels, and increased rates of tumor downstaging and surgical conversion when
combined with systemic chemotherapy. Compared with stereotactic body radiotherapy
(SBRT), 32P offers several distinct advantages: it delivers higher intratumoral radiation
doses, spares surrounding healthy tissue, and can be administered concurrently with on-
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going chemotherapy without interrupting systemic treatment. Emerging evidence also
indicates that 3P may modulate the tumor microenvironment, improving vascularity and
enhancing the efficacy of chemotherapy. The procedure has demonstrated high technical
success rates and a favorable safety profile, with few serious adverse events and only minor,
manageable complications.

Future research should prioritize prospective, randomized controlled trials to confirm
its effects on local tumor control and overall survival, while refining optimal dosing
strategies and treatment protocols. EUS-guided 3?P brachytherapy has the potential to
become a key component of multimodal therapy, bridging local tumor control with systemic
disease management in PDAC. Concurrently, continued investigation into alternative
radioactive isotopes and other intra-tumoral therapeutic modalities remains essential to
further expand treatment options and improve outcomes.
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