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Abstract
Purpose The purpose of this study was to review the role of
radioactive microparticles (1–100 μm) for the treatment of
solid tumors and provide a comprehensive overview of the
feasibility, safety, and efficacy.
Methods A systematic search was performed in MEDLINE,
EMBASE, and The Cochrane Library (January 2017) by com-
bining synonyms for the determinants Btumor,^ Binjection,^
and Bradionuclide.^ Data on injection technique, toxicity, tu-
mor response, and survival were collected.
Results The search yielded 7271 studies, and 37 were includ-
ed for analysis. Twelve studies were performed in human pa-
tients and 25 animal studies. The studies were heterogeneous
in patient population, tumors, follow-up time, and treatment
characteristics. The direct intratumoral injection of radioactive
microparticles resulted in a response rate of 71% in a variety
of tumors and uncomplicated procedures with high cumula-
tive doses of >19,000 Gy were reported.
Conclusion The large variety of particles, techniques,
and treated tumors in the studies provided an important
insight into issues concerning efficacy, safety, particle

and isotope choice, and other concepts for future re-
search. Animal studies showed efficacy and a dose re-
sponse. Most studies in humans concluded that
intratumoral treatment with radioactive beta-emitting mi-
croparticles is relatively safe and effective. Conflicting
evidence about safety and efficacy might be explained
by the considerable variation in the treatment character-
istics. Larger particles had a better retention which re-
sulted in higher anti-tumor effect. Leakage seems to
follow the path of least resistance depending on anatom-
ical structures. Subsequently, a grid-like injection proce-
dure with small volume depots is advised over a single
large infusion. Controlled image-guided treatment is
necessary because inadequate local delivery and inho-
mogeneous dose distribution result in reduced treatment
efficacy and in potential complications.

Keywords Microbrachytherapy . Injection .Microspheres .

Particles . Brachytherapy . Selective internal radiation therapy

Introduction

Interventional oncology is an emerging field in cancer care
that has the potential to complement existing treatment mo-
dalities. Today, various image-guided interventions have an
active role in the palliative cancer treatment setting [1–3].
Driven by technical innovation, new image-guided treatment
solutions are continuously developing. Interventional oncolo-
gy techniques, using microspheres or Bmicrobrachytherapy,^
have potential benefits, including minimal invasive delivery,
outpatient treatment, and improved (progression-free) survival
and quality of life [4, 5]. The high-absorbed dose of beta-
radiation enables a local tumor-ablative effect while the
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limited penetration depth of maximum 2–11 mm (Table 1)
minimizes side effects.

The aim of this literature study was to review the potential
role of beta-emitting microparticles for intratumoral (IT) treat-
ment of solid malignant neoplasms. A comprehensive over-
view of the technical aspects and the characteristics of com-
monly used radionuclides are provided. Finally, recommenda-
tions for further investigation are formulated.

Methods

Protocol and registration

Methods of the analysis and inclusion criteria were specified
in advance and documented in a protocol registered in an
international prospective register of systematic reviews
(PROSPERO) [6].

Eligibility criteria

Type of studies: There were no restrictions based on study
design, setting, timing, and publication date or publication
status. Only full-text articles reported in the English language
were included. Studies that examined human or veterinary
patients or animal models with solid tumors were included.
There were no restrictions on tumor size, type, or location.
The administration of the radioactive microparticles had to
be performed directly into the tumor. Particles sized between
1 and 100 μm fulfilled our definition of microparticles
(Fig. 1), and the particles had to emit beta-radiation.
Combined treatment regimens with external beam radiothera-
py (EBRT) or chemotherapy were also included. Local treat-
ments after incomplete tumor resections were excluded.

Endpoints included technical details (particle size, injection
method, and the amount of injection fluid), biodistribution
(retention, IT distribution, and leakage of activity), safety (lo-
cal and systemic adverse events), and efficacy.

Table 1 Characteristics of radionuclides in microparticles

Radionuclide Half-life
(days)

Beta energy
(MeV)

Tissue penetration
(mm)

Gamma energy Production method

Mean Maximum Mean Maximum keV % Decay

Phosphorus-32 32P 14 0.695 1710.6 2.9 8 – – Reactor

Yttrium-90 90Y 2.7 0.935 2280.1 3.9 11 – – Reactor or strontium-90/yttrium-90 generator

Iodine-131 131I 8.0 0.182 806.9 0.9 5 365 82% Reactor

Holmium-166 166Ho 1.1 0.666 1854.9 3.2 9 81 6.7% Reactor

Rhenium-186 186Re 3.8 0.362 1069.5 1.8 7 137 9.8% Reactor

Rhenium-188 188Re 0.71 0.764 2120.4 3.5 10 155 15.6% Tungsten-188/rhenium-188 generator

MeV mega electron volt

Fig. 1 Illustration of particle size.
Particles sized between 1 and
100 μm fulfilled our definition of
microparticles, as compared to
smaller carriers like antibodies for
radioimmunotherapy or
nanoparticles, and larger particles
or seeds for conventional
brachytherapy
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Search

For this review, the electronic databases MEDLINE,
EMBASE, and Cochrane Library were searched from dates
of inception until January 1, 2017. To ensure literature satura-
tion, the reference lists and citing articles of included studies
or relevant reviews identified through the search were
scanned.

The full search strategy is listed in the Appendix.

Study selection

The records derived from the search were assessed for eligi-
bility by the author (R.B.) on the titles and abstracts. Full-text
manuscripts were screened for all titles that met the inclusion
criteria. The reasons for exclusion were recorded. The risk of
bias was assessed according to the Newcastle-Ottawa scale to
ascertain the validity of eligible trials [7].

Data extraction

The data included (1) methodology, (2) participant details, (3)
intervention details, and (4) treatment effect and side effects.

Results

After the removal of duplicates, 7271 records remained out of
10,247 initial records. Of these, 7151 publications did not
meet the criteria after reviewing the title and abstract.
Subsequently, 22 of the 120 publications were discarded be-
cause full text was not available (n = 2), not in the English
language (n = 9), or conference abstract or poster (n = 11). The
full texts of the remaining 98 studies revealed another 68
studies that did not meet the inclusion criteria. Two additional
studies were excluded because of preliminary data and double
publication. Cross-referencing identified nine additional stud-
ies that fulfilled the inclusion criteria. A total of 37 studies
(performed between 1962 and 2014) were included in this
review (Fig. 2).

Characteristics and quality of included studies

Twelve studies described the use of beta-emitting microparti-
cles in humans, 23 studies a single animal model, a single
study two species, and a single study was performed in veter-
inary patients. In humans, only one randomized clinical trial
was conducted, six cohort studies and five case series. In total,
183 human patients were treated, including a large variety of
malignancies, all refractory to other treatments. The used

Fig. 2 Flow diagram of article selection
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animals in the tumor model studies were mice (13/24), rats
(10/24), and rabbits (2/24). Microbrachytherapy in animals
was performed in relatively small tumors (±1 cm), as larger
tumors are considered not ethically feasible in small rodent
models. The tumors were implanted subcutaneously (n = 15)
or in the organ of origin (orthotopically) (n = 7), or were
chemically induced (n = 2) [8, 9]. Furthermore, a case series
of three feline veterinary patients with a large spontaneous
tumor in the liver were treated [5]. The quality of evidence
was poor, primarily by design and number of participants.
Furthermore, the large variety of microparticles, treatment
methods, tumor type, and location made a proper systematic
comparison impossible. Therefore, a more descriptive ap-
proach was necessary.

Type of microparticles

Microspheres (MS) [10–14] and chromic phosphate par-
ticles (CPP) were used in five and seven human studies,
respectively [15–21] (Table 2). In the 25 animal studies
including the study in veterinary patients, a similar di-
vision between MS [5, 22–35] (n = 15) and CPP [8, 9,
36–40] (n = 7) was made, with some additional micro-
particles like 188Re sulfide particles (n = 2) [41, 42] and
labeled MAA particles [43] (Table 3).

The MS were initially made of inert materials such as ce-
ramics/glass, acetylacetonate [5, 31, 32], resin [24, 29], and
plastics [10–13]. Nowadays, a large variety of biodegradable
MS exists made of biosilicon [14, 28] and gelatin [33, 34]. The
currently used MS are often chemically stable for at least the
time that they remain radioactive, about 5–10 times the half-
life of the incorporated isotope [14]. Thus, the minimum sta-
bility depends on the radioisotope; e.g., 90Y MS with a half-
life of 2.6 days must be stable for at least 13 days and 166Ho
with a half-life of 1.1 days at least 5.5 days. In most studies,
stability was much longer than minimally required [31, 34].

The second group consisted of CPP with phosphorus-32
(32P). These particles were mostly used in the treatment of
hemophilic arthropathy or natural cavities with malignant ef-
fusion. The main reason for a direct IT approach with these
particles was the inability to deliver sufficient absorbed doses
with systemic radioimmunotherapy [40]. In addition to the 32P
CPP, 188Re sulfide particles were fabricated, with the advan-
tage of easier production by generator and the possibility of
SPECT imaging of the gamma radiation [42].

Particle size

In the included studies (see Tables 1 and 2), different
particle sizes were used. Only one study investigated
the preferred microparticle size for IT ablation [41]. In
that study, two suspensions of 188Re sulfide particles
with a particle size distribution of 70.1% of 1–5 μm

and 19.8% of 5–10 μm particles compared to 86.6
and 10.9%, respectively, were injected in a sarcoma
model with a diameter of 1 cm in Kunming mice
[41]. The IT retention was higher for the larger particles
at various time points (Fig. 3). A similar trend was
observed in other studies that investigated the kinetics
of IT injected microparticles compared to sub-micron
[35], nanoparticles [9], or the effect of the addition of
larger particles [40].

The effect of particle size on distribution, retention,
elimination, and efficacy was clearly displayed in a study
of five different sized phosphorus-32 (32P) compounds in
89 Sprague-Dawley rats with chemically induced breast
tumors [9]. Thirty-two days after injection, an IT retention
of radioactivity was found of 2.51 ± 0.39% for molecular
32P sodium orthophosphate (<1 nm), while 10–30 nm CPP
had a retention of 28.93 ± 1.30%. The retention further
increased for 30–70 nm (49.82 ± 5.41%) and 0.6–1.3 μm
(51.61 ± 5.82%) sized particles. Larger charcoal CPP of
2.5–4.0 μm had the best retention of 84.50 ± 2.50% after
32 days. The elimination was primarily through urine
and feces and had an inverse relationship with particle
size ranging from 85.90 to 12.70% of the injected dose,
respectively. The anti-tumor efficacy improved with
higher retention because the tumor size ratios (tumor
diameter after 32 days/tumor diameter at the start) after
32 days were 4.9 in non-treated controls and 4.5, 1.4,
1.1, 0.9, and 0.6 for the treated tumors in increasing
order of particle size.

Beta-emitting isotopes

Eight human studies used 32P and four used 90Y. These
isotopes were often considered ideal by the authors be-
cause of their pure beta-emission. In animal studies, 131I,
166Ho, 186Re, and 188Re were used [44]. These isotopes
also emit gamma radiation, which can be used for particle
localization and quantitative imaging. None of the
reviewed studies compared safety and efficacy between
different radionucl ides. Experience, product ion,
biodistribution, imaging possibilities, pharmacokinetics,
and clearance mostly defined preference [33, 42]. Besides
these differences, relatively small differences in the energy
spectrum, penetration depth, and half-life time exist. See
Table 1.

Technique

Due to the experimental nature of IT microbrachytherapy,
no generally accepted standard administration method ex-
ists. Furthermore, most research was performed in small
rodent tumor models, which are less informative for trans-
lation of the administration technique to the human
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situation. Therefore, the differences and similarities of the
12 reviewed human studies and the one treatment in vet-
erinary patients will be described in the following para-
graphs. These include differences in administration meth-
od, the amount of activity, the volume of injection, and
imaging during and after administration.

Administration methods

The largerMSweremost often injected usingmultiple manual
injection locations (i.e., sub-milliliter volumes) in a grid-like
pattern [13, 21]. The smaller CPP were also administered
through a single infusion technique in which a larger volume
up to 4.5 ml of 32P CPP was administered in the tumor center,
assuming that the pressure force would distribute the particles
throughout the tumor [15]. Empirically, 5 cm was the largest
tissue diameter satisfactorily covered by microparticles after a
single infusion.

The specific characteristics of the needle used for IT injec-
tion were not frequently described. Needle sizes between 18
and 22G (outer diameter 1.2–0.7 mm) were commonly used
percutaneously. In addition, an endoscopic ultrasound ap-
proach with a 22G needle was utilized in a published abstract
[45] and unpublished trial (clinicaltrial.gov NCT00346281).
Only a single study in eight humans with pancreatic tumors
describes the use of a gel foam, which was injected through
the 18G introducer needle to minimize back leakage and seal
the needle tract [14].

Volume of injection

No studies related the injected volume of fluid-suspended mi-
croparticles to the amount of leakage or distribution. The ideal
amount of injected fluid to obtain the desired IT distribution is
unknown. However, some suggested that larger fluid volumes
might result in leakage of microparticles out of the tumor.T
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With a higher amount of volume (i.e., 4.5 ml), high resistance
with a sudden release of syringe pressure was often felt during
infusion [15]. Subsequently, radioactivity was detected out-
side the tumor, presumably due to tissue destruction and leak-
age to surrounding tissues [15].

The amount of injection volume varied from 7 to 25% of
the tumor volume in the most recent studies in pancreatic
cancer [14, 21]. In liver tumors with a diameter of 2 to
8.8 cm, small (0.1–0.3 ml) volumes were used per location
with a total maximum of 1.0–1.5 ml per treatment session
[13]. Results obtained from non-particle intratumoral radionu-
clide therapies showed that larger volumes were associated
with more side effects [46, 47]. In prostate cancer, 20–50 ml
(equal to the prostate volume) was injected, which resulted in
55 adverse events like strictures, fistulas, and ulcers in the first
100 patients. In the subsequent 87 patients, only 2–3 ml injec-
tion fluid was used, and only eight events occurred. [46].

Amount of activity/absorbed dose

The absorbed dose in tissue (Gray) varied from 120 to
19,300 Gy. A proper rationale for the injected activity or the
desired absorbed dose was often missing. In a phase I study of
32P CPP in 28 patients with unresectable pancreas tumors, a
maximum of 1110 MBq for a single infusion was decided
[15]. This empirically determined maximum was based on the
expected limitation of the injection volume of 4.5 ml. This ap-
proach resulted in a maximum cumulative absorbed dose of
17,000 Gy. A more accurate dosing approach was applied in
recent studies on pancreas cancer patients. However, the injected
activity per gram (or cm3) in the RCT with 32P CPP and the
cohort study with 32P BioSiliconMS still varied with a factor of
4.6 (4 vs. 18.5 MBq/cm3 tumor) [14, 21].

Image-guided administration

The administration procedure was image guided in nine hu-
man studies. In most animal studies (n = 22), no imaging was
used during the administration. In the veterinary patients and
rabbit studies with liver tumors, ultrasound guidance (n = 2)
was used, and a stereotactic frame was used in glioma-bearing
rats. With CT or ultrasound, the tip of the needle was posi-
tioned at the desired location before administration. Some
authors preferred ultrasound because this modality provided
easy and real-time imaging during the actual injection [13].
During the injections of MS, echogenic spots were sometimes
seen Bflowing^ in some narrow, vessel-like gaps and some-
times even out of the tumor boundaries, especially after a fast,
forceful injection [13]. Subsequently, shaking of the vial be-
fore administration, resulting in air bubbles, was used to visu-
alize any major unexpected leakage outside the tumor during
the injection on ultrasound [16].

Outcomes

The primary outcomes of IT microbrachytherapy were safety
and efficacy. However, a more fundamental understanding of
this treatment is necessary, especially because the outcomes of
safety and efficacy probablymostly depend on the distribution
of the activity. Therefore, distributional data will be described
first.

Distribution

Insufficient retention of radioactive microparticles leads to an
insufficiently absorbed dose and therefore an ineffective treat-
ment. However, apart from total absorbed dose, the IT distri-
bution of activity throughout the tumor is crucial, as Bmissed^
parts of the tumor will result in residual vital tumor. Leakage
of activity, on the other hand, may lead to an unintended
absorbed dose to healthy tissue and could potentially result
in side effects.

Leakage

Several potential routes of leakage were identified, and a dis-
tinction was made between external leakage and internal leak-
age. External leakage from the syringe occurred twice during
treatment of pancreatic tumors with 32P CPP infusion due to
high resistance in the tumor [16]. The authors experienced in
an experiment, with 166Holmium microsphere injections in
ex vivo tissues, a needle disconnection from a Luer lock sy-
ringe after exerting high pressure to overcome tissue resis-
tance. Another possible route of external leakage is injection
canal leakage. Injection canal leakage was not described in the
human or animal studies. However, in the study of eight
humans with pancreatic tumors, the authors describe the use
of a gel foam pledget/slurry which was injected through the
introducer needle to minimize back leakage and seal the nee-
dle tract [14].

Internal leakage to non-target tissues was divided in hema-
togenous or intravenous and intraductal leakage. In the major-
ity of human [13, 15, 16] and animal [8, 9, 24, 35, 39, 43]
studies, some degree of intravenous leakage or shunting of
particles through the capillary bed was described. After the
improved retention of CCP particles with an additional injec-
tion of larger 10–90 μm MAA particles, 56 vs. 90%, respec-
tively, and the hypothesis of a vascular blockade, vascularity
became an important variable for leakage. 32P CCP 0.6–
1.3 μm was injected in nude mice with human pigmented
melanoma cell line (HBL) and a human squamous cell carci-
noma cell line (SCC1); three to four times higher organ
counting was found in SCC1 [39]. This phenomenon is prob-
ably explained by the difference in vascularity between HBL
and SCC1 tumors, which contained 5.7 vs. 21.4 blood vessels/
mm2, respectively.
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In Wistar rats, 188Re MS (25 μm) and small 186Re sulfide
particles (0.3 μm) were injected in hypervascularized Walker
256 carcinomas and hypovascularized Yoshida sarcomas.
This study revealed a bi-phasic drainage of the injected parti-
cles out of the tumor. A fast wash-out phase, where the IT
activity decreases to approximately 70% within 10 min, was
followed by a slow decline in which ITactivity falls to 60% of
the initially injected activity at 48 h. The fast leakage was
more pronounced in hypervascularized tumors with smaller
particles, whereas the slow decline was independent of parti-
cle size and vascularity [35].

In addition, the distribution of activity after IV leakage
depends on the tumor location and particle size. In 33 liver
cancer patients treated with 90YMS, a lung shunt of 9–20% of
the injected activity was observed in six patients [13]. Similar
shunts were observed after IT injections with 188ReMS in rats
with subcutaneous and liver tumors which resulted in trapped
MS in the pulmonary capillary bed [24, 35]. Detected activity
in the liver, after the treatment of the pancreas, was probably
caused by venous shunting of CCP + MAA [15, 16].
However, small particles such as CCP (±1 μm) and 186Re-
sulfide particles (0.3 μm) can probably also pass through the
capillary bed of the tumor and phagocytized in the reticuloen-
dothelial system and therefore detected in the liver.

During the treatment of malignancies in the pancreas and
liver, intraductal leakage and activity in the gastrointestinal
tract were described. In the 48 patients with 32P CCP infusion
in pancreatic cancer, accidental needle placement and injec-
tion into the pancreatic duct occurred. Forty-eight hours after
injection, all intestinal activity was excreted without gastroin-
testinal toxicity [15]. During the treatment of 33 patients with
liver malignancies with 90Y MS, a similar leakage was found
in the intestines in four patients that disappeared within 1–
2 days [13].

Lymphatic drainage is an additional potential route which
was however not observed in the reviewed studies. This well-
known route of tumor drainage is commonly used in the sen-
tinel node procedure. The microparticles were presumably too
large for drainage of significant amounts of radioactivity to the
draining lymph nodes.

Safety

The safety and toxicity were closely related to the distribution.
The safety or clinical complications were divided into local
and systemic side effects. The experimental treatment was
often performed in progressively ill patients [10]. The proba-
bility of a causal relationship between an event and treatment
was therefore often difficult to determine. However, in gener-
al, the authors of both animal and human studies concluded
that the treatment was safe.

A safety concern, which was not described in the clinical
studies, was needle tract metastasis. This complication might

have occurred in one animal study. After three thallium-201
injections in eight Fischer 344 rats with an orthotopic glioma
model, five metastases occurred of which three were along the
needle tract [48].Whether this was due to disruption of natural
barriers or by dragging cells into the needle tract was
ambiguous.

Local side effects

A reported local side effect in eight pancreatic tumor patients
treated with 32P BioSilicon MS was pain at the injection site
(n = 3) and the treated region (n = 1) which resolved within 1
or 2 days [14]. Similar results were found with 32P CPP in the
pancreas. The injection of 90YMS in the liver was not painful,
in contrast to ethanol injections [13]. Another mild effect that
was observed twice was transient erythema after
microbrachytherapy of superficial cervical lymph node metas-
tasis of H&N tumors with 32P CPP [18]. In the 23 patients
from the three case series treated with 90Y MS, the following
four local complications were reported: a rectovesical fistula
in prostate cancer, a lung abscess and localized radiation fi-
brosis in bronchial cancer, and a skin defect in a rhabdomyo-
sarcoma of the nose [10–12, 14]. In addition, after treatment of
pancreas cancer with 32P, some patients had increased serum
amylase as a sign of local damage [14, 15, 21].

In the randomized trial of 30 patients with pancreas carci-
noma treated with a combination of 5FU, 60 Gy EBRT, and
gemcitabine [21], 18 patients were additionally treated with
32P therapy. A gastrointestinal bleeding was experienced in 15
patients of whom 13 were treated with 32P. In eight patients,
this complication seemed attributable to pancreatic tumor
eroding into the duodenum. This complication was described
in two other pancreas carcinoma patients treated with 32P CPP
[16, 19] (Table 4).

Systemic side effects

Hematological abnormalities were a frequently described side
effect. This could result from treatment of blood-pooled or-
gans, leaking of activity from microspheres, or disintegration
of microspheres into smaller particles. Most of the used radio-
active isotopes do have an increased accumulation in bone
after leakage, which may result in bone marrow suppression.
Pancytopenia was described in 1965 in a patient in whom 10%
of the activity leaked from an inadequate batch of 90Y MS. In
the cohort of 48 pancreas carcinoma patients, grade 3 leuko-
penia and grade 3/4 thrombocytopenia were observed in three
and five patients, respectively [15]. Additionally, after treat-
ment of the liver with 90Y MS, leukopenia was observed in 2
out of 33 patients [13]. However, since the amounts of activity
were low (venous samples <11 Bq/ml) [18], the leakage often
did not result in clinical toxicity.
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Efficacy

The tumoricidal efficacy of intratumoral treatment with radio-
active beta-emitting microparticles was shown in animal
models. Forty nude mice with subcutaneous liver tumors were
treated with 32P glass MS. This study did not only show that
32P glass MS were effective in the treatment of a subcutaneous
liver tumor model; it additionally showed a dose-response re-
lation [25]. The tumor-inhibiting rate improved from the lowest
dose of 183 Gy to the highest dose of 7320 Gy, from 59.7 to
93.6%, respectively. These results were confirmed in another
liver carcinoma line in nude mice with 188Re [42] (Table 5).

The efficacy in the human studies was more difficult to
interpret as 11/12 were non-comparative studies (Table 4).
However, the results of eight patients with pancreas carcino-
mas treated with 32P BioSilicon MSwere promising, with two
complete responses, two partial responses, and four patients
with stable disease after 12 weeks [14]. Furthermore, a sur-
vival benefit was found in the responders as compared to the
non-responders for 14 head and neck cancer patients treated
with 32P CCP. On the other hand, a survival benefit was not
found in the RCT in 30 pancreas cancer patients with a treat-
ment history of 5-FU, EBRT, and gemcitabine. Patients re-
ceiving 32P CCP in addition to standard therapy survived a
median of 5.2 months, whereas patients receiving standard
therapy alone survived 12.2 months, p = 0.16. A decrease in
radiologic tumor size was not detected on CT because cancer
persisted along the periphery of the injection sites [21].

Discussion

In this study, all currently available literature on the potential
role of beta-emitting microparticles for IT treatment of solid
malignant neoplasms was reviewed. The results of 12 human
and 25 animal studies were included. The large variety of par-
ticles, techniques, and treated tumors in the studies provided an
important insight into issues concerning efficacy, safety, parti-
cle and isotope choice, and other concepts for future research.

Is microbrachytherapy effective? Based on the reviewed
data, it can be concluded that beta-emitting microparticles
seem to be an effective tumoricidal agent. The majority of
the studies showed promising results in both humans and an-
imals with complete responses and long-term survival [14].
However, a direct IT injection with tumoricidal particles does
not automatically lead to an effective tumor treatment [21].
Obtaining a sufficient dose coverage of all tumor tissue re-
quires the challenging design of an optimal treatment modality
with regard to biological stability, injection techniques, dosim-
etry, biodistribution, etc.

Is microbrachytherapy safe? In the only performed RCT,
concerns were raised about the safety of additional IT treat-
ment with small 32P CPP in pancreas cancer patients treated

with 5-fluorouracil, EBRT, and gemcitabine [21]. More pa-
tients experienced gastrointestinal bleeding compared to the
standard therapy alone. Bleedings were not observed in stud-
ies with other particles and other tumors. Other local side
effects included manageable discomfort at the injection site.
Except for manageable hematological abnormalities, other
systemic adverse events were not encountered. Therefore,
apart from pancreas tumors, IT treatment seems to be a rea-
sonably safe alternative.

Can we predict complications? Leakage appears to follow
the path of least resistance. An easy route of leakage after IT
administration is injection canal leakage. The use of a small
needle can reduce this. However, care should be taken to pre-
vent premature settling and clotting of microparticles inside
the syringe and blocking the needle [5, 31, 32]. A 21G needle
seems to be the preferred needle to use. Additional measures
to reduce leakage may include slow injection and withdrawal
of the needle with slight pressure or injection of obstructing
pledget/foam. Other routes of leakage (i.e., intravascular or
intraductal) may be caused by injection position, excessive
volume, or pressure. Increased permeability of tumor neovas-
cularization may be considered a risk factor for hematogenous
leakage. Leakage of an entire dose may happen when a single
infusion technique is used [15]. A grid-like injection proce-
dure with larger MS in small volume depots may, therefore, be
preferred over the infusion of smaller particles.

How much f l u i d shou ld be i n j e c t ed du r i ng
microbrachytherapy? Theoretically, more fluid results in more
propelling force and a more homogeneous distribution of mi-
croparticles in the target tissue. This should be balanced against
the chances of more side effects [46, 47]. The injected volume
should probably range between 7 and 30% of the tumor volume
[14, 16] as excessive volume or pressure may result in leakage
[15, 16]. In addition, intratumoral pressure depends on tumor
characteristics and location and should be taken into account
[36–38]. A more viscous fluid may be used to obtain even more
control [6, 12]. For example, 25% glucose, fibrin glue, and other
formulas were used to improve the injection procedure [14, 30],
or hydrogels such as chitosan [49].

Which particles should be used? There is a relation be-
tween particle size and retention: the larger the particle, the
higher the retention. Subsequently, preferences for the larger
MS exist. On the other hand, particles must be small enough to
distribute evenly throughout the tumor to deliver an adequate
homogeneously absorbed dose. The optimal number of parti-
cles was not mentioned in the studies, but it is likely to influ-
ence biodistribution, safety, and efficacy too, and must be
investigated to result in a better understanding of IT injection.

What are the ideal radionuclide characteristics? 90Y is often
considered the ideal isotope, with a high energy, pure beta-
emitter for easy radiation protection, and an intermediate half-
life of 64 h. However, because of the questions related to both
IT distribution and retention of microparticles, isotopes with
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better imaging properties are more suitable for imaging-guided
monitoring of IT particle distribution and dosimetry. For leak-
age to other organs, low-resolution bremsstrahlung scintigra-
phy is sufficient. However, the resolution of this technique is
insufficient for local tumor dose distribution monitoring.
SPECT imaging can greatly improve particle distribution mea-
surements for 186Re, 188Re, and 166Ho because of the associated
gamma-radiation of 80–200 keV. Furthermore, 166Ho can be
visualized and quantified with CT and MRI [32]. There are
several developments in imaging of these isotopes. 90Y PET/
CT is also quantitative but requires long acquisition times due
to the low number of positrons. Another relative new imaging
opportunity is Cerenkov luminescence imaging (CLI) [50].
CLI could provide quantitative high-resolution imaging and
image-based dosimetry for a large variety of isotopes
[50–52]. The main limitation of CLI is the limited penetration
depth of light of approximately 10 mm into tissue, however
very promising, in small animal models [51, 53].

In addition to imaging characteristics, half-life and beta
energy should be considered in relation to efficacy and safety,
but also logistics, like production and cost. In this respect, a
generator like the tungsten-188/rhenium-188 generator may
be beneficial. In theory, a high dose rate (i.e., short half-life)
will prevent the recovery of radiation damaged tumor cells
and may lead to higher efficacy. In terms of logistics, a short
half-life may lead to production and logistic challenges on the
one hand, but a shorter hospital stay with fewer restrictions
after discharge on the other hand.

IT injections can be performed in a variety of tumor types
and organs. Based on the postulated methods of leakage, po-
tential risks of side effects, and more challenging administra-
tion, the pancreas seems to be a difficult-to-treat organ.
Superficial tumors, such as lymph nodemetastases of the head
and neck region, and liver tumors are better accessible, show
minimal leakage, and have minimal side effects. With increas-
ing knowledge, microbrachytherapymay be adjusted to tumor
characteristics, for example, the addition of a vasoconstrictive
drug in hypervascular tumors.

Conclusion

Intratumoral treatment with radioactive beta-emitting micropar-
ticles, microbrachytherapy, in solid malignant neoplasms may
have additional value for patients with tumors at various loca-
tions. The uncomplicated treatments with high cumulative doses
of up to 19,000 Gy suggest that microbrachytherapy is relatively
safe. Larger particles resulted in a higher retention and tumor-
inhibiting efficacy of >90% with an intratumoral absorbed dose
of 7320 Gy. A small injected volume of 7–30% of the tumor
volume divided in small volume depots, 0.1–0.3 ml, adminis-
tered in a grid-like injection procedure is preferred.With accurate
administration and high-resolution imaging, the efficacy may beT
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improved while the risk of side effects will be reduced. Particles
that emit a small amount of gamma-radiation and can be visual-
ized with high-resolution imaging are preferred at this stage.
Experiments should be performed in larger tumor models to
obtain better clinical relevant data on the IT distribution.
Subsequently, the threshold absorbed dose to successfully treat
the tumor should be investigated. Furthermore, accurate admin-
istration requires skilled physicians and controlled injection, and
will be time consuming. In the near future, with advanced tech-
nologies such as controllable needle placement and injection
systems, the procedure could be performed easily, quickly, and
safely for patients and personnel.
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Appendix. Search strategy

Medline

#1. Humans [Mesh]
#2. Animals [Mesh]
#3. Animal [Title/Abstract]
#4. Human [Title/Abstract]
#5. #1 OR #2 OR #3 OR #4
#6. Neoplasms [Mesh]
#7. Tumor*[Title/Abstract]
#8. Tumour*[Title/Abstract]
#9. Cancer*[Title/Abstract]
#10. #6 OR #7 OR #8 OR #9
#11. Intratumor*[Title/Abstract]
#12. Intra-tumor*[Title/Abstract]
#13. Intratumour*[Title/Abstract]
#14. Intra-tumour*[Title/Abstract]

#15. Intralesion*[Title/Abstract]
#16. Intra-lesion*[Title/Abstract]
#17. Interstitial*[Title/Abstract]
#18. #10 OR #11 OR #12 OR #13 OR #14 OR #15 OR #16

OR 17#
#19. Radiotherapy [Mesh Terms]
#20. Radiotherapy [Title/Abstract]
#21. Radioisotopes [Mesh]
#22. Isotopes [MeSH]
#23. Gold [Mesh]
#24. Gold [Title/Abstract]
#25. Lutetium [Mesh]
#26. Lutetium [Title/Abstract]
#27. Rhenium [Mesh]
#28. Rhenium [Title/Abstract]
#29. Holmium [Mesh]
#30. Holmium [Title/Abstract]
#31. Iodine [Mesh]
#32. Iodine [Title/Abstract]
#33. Yttrium [Mesh]
#34. Yttrium [Title/Abstract]
#35. Phosphorus [Mesh]
#36. Phosphorus [Title/Abstract]
#37. 32P[Title/Abstract]
#38. P32 [Title/Abstract]
#39. 32-P [Title/Abstract]
#40. P-32 [Title/Abstract]
#41. #19 OR #20 OR #21 OR #22 OR #23 OR #24 OR #25

OR #26 OR #27 OR #28 OR #29 OR #30 OR #31 OR
#32 OR #33 OR #34 OR #35 OR #36 OR #37 OR #38
OR #39 OR #40 OR #41

#42. BTreatment Outcome^[Mesh]
#43. Survival [Title/Abstract]
#44. BTissue Distribution^[Mesh]
#45. Distribut*[Title/Abstract]
#46. Safe*[Title/Abstract]
#47. Toxicity [Subheading]
#48. Toxic*[Title/Abstract]
#49. Effic*[Title/Abstract]
#50. Effec*[Title/Abstract]
#51. #42 OR #43 OR #44 OR #45 OR #46 OR #47 OR #48

OR #49 OR #50
#52. #5 AND #10 AND #18 AND #41 AND #51

EMBASE

#1. ‘in vivo study’/exp
#2. ‘human’/exp
#3. ‘animal’/exp
#4. #1 OR #2 OR #3
#5. ‘neoplasm’/exp
#6. cancer:ab,ti
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#7. tumo*r:ab,ti
#8. #5 OR #6 OR #7
#9. ‘intratumoral drug administration’/exp
#10. intratumo*r*:ab,ti
#11. intralesion*:ab,ti
#12. ‘interstitial’:ab,ti
#13. ‘intra tumo*r*’:ab,ti
#14. ‘intra lesion*’:ab,ti
#15. #9 OR #10 OR #11 OR #12 OR #13 OR #14
#16. ‘radiotherapy’/exp
#17. ‘radiotherapy’:ab,ti
#18. ‘radioisotope’/exp
#19. ‘radioisotope’:ab,ti
#20. ‘isotope’/exp
#21. ‘isotope’:ab,ti
#22. ‘gold’/exp
#23. ‘gold’:ab,ti
#24. ‘lutetium’/exp
#25. ‘lutetium’:ab,ti
#26. ‘rhenium’:ab,ti
#27. ‘rhenium’/exp
#28. ‘holmium’/exp
#29. ‘holmium’:ab,ti
#30. ‘iodine’:ab,ti
#31. ‘iodine’/exp
#32. ‘yttrium’/exp
#33. yttrium:ab,ti
#34. ‘phosphorus’/exp
#35. ‘phosphorus’:ab,ti
#36. p32:ab,ti
#37. ‘p 32’:ab,ti
#38. ‘32p’:ab,ti
#39. ‘32 p’:ab,ti
#40. ‘phosphorus 32’:ab,ti
#41. #15 OR #16 OR #17 OR #18 OR #19 OR #20 OR #21

OR #22 OR #23 OR #24 OR #25 OR #26 OR #27 OR
#28 OR #29 OR #30 OR #31 OR #32 OR #33 OR #34
OR #35 OR #36 OR #37 OR #38 OR #39

#42. ‘treatment outcome’/exp
#43. ‘survival’/exp
#44. survival:ab,ti
#45. ‘toxicity’/exp
#46. tox*:ab,ti
#47. ‘safety’/exp
#48. safety:ab,ti
#49. ‘tissue distribution’/exp
#50. distribution:ab,ti
#51. effic*:ab,ti
#52. effec*:ab,ti
#53. #42 OR #43 OR #44 OR #45 OR #46 OR #47 OR #48

OR #49 OR #50 OR #51 OR #52
#54. #4 AND #8 AND #15 AND #41 AND #53

Central

#1. MeSH descriptor: [Humans] explode all trees
#2. MeSH descriptor: [Animals] explode all trees
#3. in-vivo:ti,ab,kw or human:ti,ab,kw or animal:ti,ab,kw
#4. #1 or #2 or #3
#5. MeSH descriptor: [Neoplasms] explode all trees
#6. cancer:ti,ab,kw
#7. neoplasia:ti,ab,kw
#8. neoplasm:ti,ab,kw
#9. tumor:ti,ab,kw
#10. tumour:ti,ab,kw
#11. #5 or #6 or #7 or #8 or #9 or #10
#12. intratumor*:ti,ab,kw
#13. intratumour*:ti,ab,kw
#14. intralesion*:ti,ab,kw
#15. intra-tumor*:ti,ab,kw
#16. intra-tumour*:ti,ab,kw
#17. intra-lesion*:ti,ab,kw
#18. interstitial:ti,ab,kw
#19. #12 or #13 or #14 or #15 or #16 or #17 or #18
#20. MeSH descriptor: [Radiotherapy] explode all trees
#21. Radiotherapy:ti,ab,kw
#22. MeSH descriptor: [Radioisotopes] explode all trees
#23. radioisotope*:ti,ab,kw
#24. MeSH descriptor: [Isotopes] explode all trees
#25. phosphorus*:ti,ab,kw
#26. yttrium:ti,ab,kw
#27. Iodine:ti,ab,kw
#28. Holmium:ti,ab,kw
#29. Lutetium:ti,ab,kw
#30. Rhenium:ti,ab,kw
#31. Gold:ti,ab,kw
#32. #20 or #21 or #22 or #23 or #24 or #25 or #26 or #27 or

#28 or #29 or #30 or #31
#33. MeSH descriptor: [Treatment Outcome] explode all trees
#34. MeSH descriptor: [Safety] explode all trees
#35. MeSH descriptor: [Tissue Distribution] explode all trees
#36. effic*:ti,ab,kw or effec*:ti,ab,kw or Safety:ti,ab,kw or

distribut*:ti,ab,kw or toxic*:ti,ab,kw
#37. survival:ti,ab,kw
#38. #33 or #34 or #35 or #36 or #37
#39. #4 and #11 and #19 and #32 and #38

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
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