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1.1 Introduction

This chapter will provide a brief introduction of the currently FDA-approved radio-
pharmaceutical therapies (RPT). The goal is to provide a quick reference guide for
currently available FDA-approved RPTs, their uses, and basic treatment information,
such as typical prescriptions, administration route, and radiation safety precautions
that are specific to the RPT. Greater safety recommendations as pertaining to regula-
tory aspects, release criteria and waste management are provided in chapters 2, 5, and
6, respectively. As more RPTs are approved, we recommend the reader studies the
appropriate literature and follows manufacturer and local regulatory guidelines for
each drug/isotope.

1.2 lodine-131 Sodium lodide

Sodium iodide-131 ([1311]Nal) or radioiodine-131 is a white non-metallic solid that is
soluble in water. Sodium iodide-131, in liquid or capsule form, can be used for the
management and treatment of hyperthyroidism and differentiated thyroid carcinomas
(DTC) as the thyroid and most thyroid cancers naturally take up iodine in the sodium
iodide symporters present in the cell membrane plasma of thyroid tissue. Some key
recommendations are provided below. For more detailed recommendations, please
refer to SNMMI Practice Guideline for 1311 Therapy for Thyroid Disease (Silberstein
et al. 2012).

1.2.1 Treatment of Hyperthyroidism
Indication

In 1941, Saul Hertz pioneered the use and administration of radioactive material for
medicinal purposes when radioactive iodine ablation (RAI) was first used to treat
Grave’s disease, a common cause of hyperthyroidism. RAI remains a treatment option
for hyperthyroidism today. The thyroid preferentially takes up iodine when used as
1317 (Abraham 2010; RSNA 2022).

Imaging and Diagnosis

Diagnosis and categorization of hyperthyroidism consists of analysis of thyroid-stim-
ulating hormone level (TSH) as well as diagnostic scans of radioiodine uptake (1-
4 mCi or 3.7-15 MBq), as measured either by probes or planar imaging. For these,
1231 §s typically used, as the half-life is shorter (13.3 h); 1231 decays via electron cap-
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ture, so no energetic electrons are emitted, and there is an 83% branching ratio for a
159-keV photon.

Typical Prescription

The initial required dosage is 4-10 mCi (148-370 MBq) by mouth, but for toxic nod-
ular goiters and other serious thyroid conditions, larger dosages may be required
(Medscape). In particular, ablative dosages typically run in the 10-30 mCi range
(Radswiki).

Route of Administration

Sodium iodine-131 is available as a stabilized aqueous solution or a solid capsule that
can be administered orally. Due to radiation safety concerns as described below, the
capsule form is preferred over the liquid form. Once absorbed by the gastrointestinal
tract, the [13II]NaI is redistributed to concentrate in the thyroid (Mandel 2003).

1.2.2 Treatment of Carcinoma of the Thyroid
Indication

Sodium iodine-131 is effective for treating well-differentiated thyroid carcinomas.
About 90 percent of thyroid cancers are well-differentiated, which selectively take up
radioactive iodine (Palot et al. 2022). Patients are classified in three main categories:
low risk, intermediate-risk, and high-risk categories (Palot et al. 2022). More details
on treating these three categories with [3]Nal are provided by Silberstein et al.
(2012). A low-iodine diet should be followed for 10—14 days prior to administration,
and a high level of TSH present in the system improves the uptake to the thyroid or
thyroid disease. Often recombinant human TSH is administered to the patient prior to
the ['*'I]Nal.

Typical Prescription

Prescription values for the different disease stages are a subject of debate. Typical pre-
scriptions for thyroid carcinoma are 100-150 mCi (3700-5550 MBq) and 50 mCi
(1850 MBq) for post-operative ablation of normal thyroid tissue, while 200 mCi
(7400 MBq) is a standard value for disseminated disease. As with hyperthyroidism,
diagnosis of thyroid cancer may include blood level of TSH as well as imaging meth-
ods that include radioactive iodine uptake. Activity uptake of 1231 may inform the pre-
scribed therapeutic activity of 31T In some cases, '*1 may be used for diagnostic or
pretherapeutic imaging, as it has a better sensitivity and quantitative interpretation
(Bockisch et al. 2006; Jentzen et al. 2010; Hobbs et al. 2009). Iodine-124 is a b* emit-
ter (24% branching ratio) with a half-life of 4.18 d, which allows for PET imaging
and multi-timepoint analysis for better pharmacokinetic extrapolation to the 31T half-
life (FDA-3; Radswiki).

1.2.3 Production and Decay Scheme

Todine-131 decays by B~ emission (~90% of local irradiation) and associated gamma
emission (~10% of local irradiation), with a physical half-life of 8.04 days (UW Hos-
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Figure 1.1 Decay scheme for 31| Transitional energies are shown in MeV. (Figure from
Medical Internal Radiation Dose.)

pitals and Clinics). The maximum energy of beta particles is 0.61 MeV, with an aver-
age energy of 0.192 MeV. There is an 82% branching ratio for 364-keV gamma rays
that allows for imaging via single photon computed tomography (SPECT) but can
also present radiation safety concerns. The full decay scheme is presented in Figure
1.1.

Most of the medicinal 13T is produced by bombarding 130Te in powder form with
neutrons in a nuclear facility. Several methods for extracting the 1317 exist. Todine-131
may also be produced in nuclear reactors as a by-product of 233U fission:

WTe(n,y) '5Te -'H 1. (1.1)

1.2.4 Precautions

Radiation Safety

As with all radioactive products, appropriate personal protective equipment (PPE)
should be utilized for both staff and the patient. Specifically, maximum precautions
should be taken to avoid spills, drips, and splatters when dealing with the liquid form
of ['*'1]Nal, Liquid ['3'T]Nal is highly volatile in air and at high risk of localizing
within staff members’ thyroids when inhaled (Radswiki et al.). The use of a charcoal
filter is recommended to reduce the amount of volatile '3 1I, which can escape the con-
tainer. It is also recommended that thyroid bioassays of staff be taken to assess the
amount of 31T that could be absorbed from this volatile iodine. As with all RPTs, be
sure to survey the entire area thoroughly when releasing a room/area.
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Sodium iodine-131 is typically administered as an outpatient procedure; how-
ever, high activities may require an inpatient stay until the patient is considered
“releasable” according to regulatory requirements. Even performed as an outpatient
procedure, patients and caregivers should exercise appropriate precautions to reduce
exposure to themselves and others and provide take-home instructions to patients to
protect caregivers and visitors.

Shielding
e Half-Value Layer (HVL / Lead): 0.09 inch = 0.23 cm
e Tenth-Value Layer (TVL / Lead): 0.28 inch = 0.70 cm
e Half-Value Layer (HVL / Water or Tissue) 2.50 inch = 6.30 cm (University of
Michigan)
Biological Concerns

The effective half-life (biological + physical) for ['T]Nal for the typical adult is
about 5.5 days (about 132 h). There is a faster rate of biological clearance of ["311]Nal
for patients who have had surgical resection of their thyroids (Ravichandran et al.
2010). Potential toxicity from 1311 administration is bone marrow toxicity or hemato-
toxicity. Additionally, salivary uptake of radioactive iodine may lead to sialadenitis,
dry mouth, and other oral sequelae, and it is a serious quality-of-life concern (Mandel
et al. 2003). Metastases in the lungs may lead to concern for pulmonary toxicity
(Hobbs et al. 2009).

1.3 lodine-131 lobenguane

1.3.1 Treatment
Indication

Iobenguane-iodine-131, commercially known as AZEDRA® (Progenics Pharmaceu-
ticals), is indicated for the treatment of pheochromocytoma or paraganglioma. Typical
candidates for iobenguane 1317 therapy (CardinalHealth) are adults and children (12+
years old) with iobenguane scan positive, unresectable, locally advanced or metastatic
pheochromocytoma or paraganglioma who require systemic anticancer therapy. Pedi-
atrics under 12 years of age have been treated off-label.

Typical Prescription

The recommended planar or SPECT diagnostic/planning dosages for patients:
e Greater than 50 kg: 185 to 222 MBq (5 to 6 mCi)
* 50 kg or less: 3.7 MBg/kg (0.1 mCi/kg)

The recommended therapeutic dosages for patients (up to 2 cycles):
 Greater than 62.5 kg: 18,500 MBq (500 mCi)
* 62.5 kg or less: 296 MBg/kg (8 mCi/kg)
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If needed, Azedra therapeutic dosages can be adjusted based on absorbed dose esti-
mated from the diagnostic/planning SPECT scan (FDA-2).

Route of Administration

Iobenguane I-131 is administered intravenously. It is provided as a clear solution in a
vial with concentrations of 555 MBg/mL (15 mCi/ml) at time of calibration (TOC).

1.3.2 Precautions

Radiation Safety

Due to the high activities of 1311 that these patients receive, patients are typically not
considered “releasable” and are kept as radioactive inpatients (3—5 days). Staff who
are caring for the patient during the inpatient stay should be trained in handling radio-
active patients, including appropriate use of PPE, shielding, and wearing radiation
monitoring badges. Pediatric patients typically also require careful monitoring with
video surveillance, bladder catheterization, and anesthesia for some younger patients.
Also, pediatric patients have a higher risk of long-term radiation effects/toxicity than
adults (FDA-2).

Biological Concerns

The mean biological clearance for Azedra (iobenguane—BlI) is reported as 62 +
24 mL/hr/kg by the manufacturer, in a unit that is difficult to interpret, and the mean
terminal blood half-life is 35 + 14 hours (FDA-2). The primary toxicity concerns are
for hematological toxicity, both acute and out of concern for myeloplastic syndrome.
Activity should be adjusted downwards or the treatment discontinued as a function of
platelet and neutrophil counts. Renal toxicity is also a concern from the clearance of
the activity through the kidneys, as is salivary gland toxicity or hypothyroidism from
any free 1311 Patients take iodine tablets prior to therapy to saturate the thyroid and
salivary glands in iodine and lower the risk of such toxicities.

Azedra is the only FDA-approved RPT that recommends dosimetry with the goal
of limiting the amount of activity prescribed as a function of the projected absorbed
doses for the dose-limiting normal organs. The recommendation is to perform organ-
level dosimetry from 3 planar images and adjust as a function of the given absorbed
dose limits provided (12 Gy, 16.5 Gy, 18 Gy, 31 Gy, and 40 Gy for the bone marrow,
lungs, kidneys, liver, and small intestine, respectively). Caveats to the recommended
methodology are that SPECT/CT would provide more accurate information and the
absorbed dose limits seem to be taken from external beam experience.

1.4 Radium-223 Dichloride

1.4.1 Treatment

Indication

Radium-223 dichloride, [***Ra]RaCl,, commercially known as XOFIGO® (Bayer), is
a radiopharmaceutical used for the treatment of patients with castration-resistant
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prostate cancer (MCRPC), specifically those with symptomatic bone metastases and
no known visceral metastatic disease. In 2013, Xofigo was the first FDA-approved
radionuclide for the treatment of patients with mCRPC (CardinalHealth; Morgan et
al. 2021). Other indications may be forthcoming. Radium is in the same chemical
family as calcium, thus it localizes to areas of calcium uptake, notably bone forma-
tions.

Typical Prescription

The recommended prescription for Xofigo is 55 kBqg/kg (1.49 uCi/kg), which is given
for 6 cycles at 4-week intervals (FDA-4). Because of the concern for myelotoxicity,
contra-indications exist for low blood counts, both for the initial cycle as well as for
succeeding cycles.

Route of Administration

Xofigo is provided as a clear/colorless solution in a patient-specific syringe. It is
administered via slow intravenous injection through a syringe. The line should be
primed and flushed with saline before and after administration, respectively (Bayer).

1.4.2 Decay Scheme

Radium-223 (half-life 11.4 days), is primarily an alpha-emitter with a Q-value of
5.98 MeV (most alpha-particle energies in the 5.5-5.7 MeV range) and small frac-
tions of gamma emissions (in particular, a 14% branching ratio for 269-keV photons).
Alpha particles from RPT have ranges on the order of 50-100 um, which makes the
energy deposition very conformal. However, ?23Ra also has radioactive daughters,
decaying to 219Rn, which decays via o-decay with a half-life of 4 s and a Q-value of
6.95 MeV to 2! Po. Polonium-215 decays by o-particle decay to 211pp with a half-
life of 1.78 ms and a Q-value of 7.53 MeV. Lead-211 is a B-emitter with a half-life of
36.1 min and its daughter 211Bj then provides another o-particle to the decay chain
(with a half-life of 2.14 min), either directly to >°’TI or with a 0.3% branching ratio of
B-decay to 211po, which then decays with an alpha-particle. In all, four alpha-particles
are emitted in the decay chain. The full decay scheme is provided in Figure 1.2 over
the next several pages (FDA-4). In principle, photons from 223Ra and ?''Pb can be
imaged for activity quantification; however, due to the low amount of administered
therapeutic activity, this has not been feasible until recently (Benabdallah et al. 2021).
From a dosimetric standpoint, relocalization of the daughters—in particular the 2llpy
with a 36.1-min half-life—should be considered. Imaging and preclinical studies have
shown that for Xofigo, the daughters tend to stay where the parent isotope decays
(Henriksen et al. 2003).

Radium-223 is most commonly generated from naturally occurring 226Ra. The
226Ra is bombarded with neutrons to form 227Ra, which decays to 227Ac, then to
227Th, which then decays in turn to 227 Ac. Since 227 Ac has a half-life of 21.8 years,
once sufficient quantities of 227 A¢ have been produced, the 223Ra may be eluted from
the 2>’ Ac generator:

“eRa(n,y) %5 Ra — %9 Ac = *5Th — % Ra. (1.2)
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Figure 1.2 Decay scheme for Ra-223 and its daughters (unit: MeV). (Figure from Medical
Internal Radiation Dose.)
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1.4.3 Precautions

Radiation Safety

Given the low amount of injected material, concerns over caregiver, staff, and general
public exposure is negligible. However, care should be taken when handling bodily
fluids, especially the feces, as contamination and re-ingestion is the primary concern
(FDA-5). For the same reasons, vigilance with regard to spills and potential contami-
nation is required. Even though 223Ra has a short range in tissue, it has a high LET
and can result in significant toxicity if ingested or if it comes into contact with the
skin.

Shielding

Given the low activities and short range of alpha-particles from radium-223 in tissue,
Xofigo does not require significant shielding. However, it is still recommended to
exercise ALARA precautions when handling this RPT.

Biological Concerns

The primary route of clearance for Xofigo is fecal excretion (Dauer et al. 2014), about
half of which clears within 2448 hours. Patients are recommended to sit while uri-
nating and flush twice after using the restroom.

The most common potential toxicity is bone marrow suppression (FDA-4). Low
blood counts will result in the patient being denied the full course of treatment.

1.5 Yttrium-90 Ibritumomab Tiuxetan

1.5.1 Treatment

Indication

Ibritumomab tiuxetan, commercially known as ZEVALIN® (Acrotech Biopharma,
Inc.), is a CD20-directed radiotherapeutic antibody tagged with 20Y. It is used for the
treatment of adult patients with relapsed or refractory low-grade or follicular B-cell
non-Hodgkin's lymphoma (NHL) and previously untreated follicular NHL who
achieve a partial or complete response to first-line chemotherapy (FDA-6; Mondello
et al. 2016).

Typical Prescription

The recommended prescription for Zevalin is 0.3-0.4 mCi/kg (11.1-14.8 MBq/kg),
depending on platelet counts. Total dosages are typically 777-1110 MBq (21—
30 mCi), with a maximum of 1184 MBq (32 mCi) (Kim et al. 2010). Pretreatment
diagnostic SPECT imaging with ("''In)-ibritumomab tuxetan as a surrogate was his-
torically used 1 week before treatment. Indium-111 decays via electron capture with a
half-life of 2.8 days and has two imaging photons, one with a 90% branching ratio at
171 keV and another 245 keV with a 94% branching ratio. However, these pretreat-
ment scans are generally not required anymore due to a lack of reported variability
between patients’ biokinetics of Zevalin (Conti et al. 2005).
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Route of Administration

Zevalin is administered intravenously with rituximab (FDA-6).

1.5.2 Decay Scheme

Yttrium-90 is a “pure” B~-emitter; that is, there are only scarce numbers of associated
photons in the decay. Yttrium-90 beta particles have a maximum energy of 2.28 MeV
and a range in water of about 11 mm, with a physical half-life of 64.1 hours (2.67
days) (FDA-6). The decay scheme is shown in Figure 1.3.

Yttrium-90 may be produced in several ways: (1) eluted from a 208y source (half-
life of 28.1 years), which is produced as a by-product of 233U fission, or (2) by bom-
barding stable 89y with neutrons:

235 90 90
U, f)asSr — ¥ (1.3)
89 90 1.4
30Y (1,7) 30Y (14)
22— 0 64.05H
90,
3951
Qp. =2.2785
p-:100%
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Figure 1.3 Decay scheme for Yttrium-90 (units: MeV). (Figure from Medical Internal Radi-
ation Dose.)
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1.5.3 Precautions
Radiation Safety

Even though the range of DY beta particles is short in water/tissue, with very few
prompt photons, there is still a broad spectrum of bremsstrahlung photons. Both
require appropriate shielding, use of PPE, and the practice of ALARA principles
when handling Zevalin both during preparation and when administering to the patient
(Jgdal et al. 2009).

Shielding

About 1.3 cm of Lucite or acrylic works well to attenuate beta emissions. To shield
bremsstrahlung emissions, one can add 3—6 mm of lead on the outside of the primary
shielding (Jgdal et al. 2009).

Biological Concerns

The mean effective half-life of Zevalin in blood is 27 hours (range 14-44 h). The pri-
mary clearance mechanism is urinary excretion, and it accounts for the elimination of
about 10% of unbound *°Y within the first 12 to 24 hours (Mondello et al. 2016).
Common toxicities include neutropenia, leukopenia, thrombocytopenia, anemia,
infection, asthenia, musculoskeletal symptoms, and gastrointestinal symptoms.
Patients should also not receive live vaccines shortly after receiving Zevalin (Mon-
dello et al. 2016). The major limiting organ for toxicity is the bone marrow. In partic-
ular, myelotoxicity may be aggravated by concurrent chemotherapy (Baechler et al.
2010). Studies have been made projecting Zevalin administrations at myeloablative
regimens using autologous stem cell support. In these cases, the liver was considered
to be the primary organ at risk (Frey et al. 2006; Hobbs et al. 2013).

1.6 Yitrium-90 Microspheres

There are two brands of *°Y microspheres available in the United States today: Ther-
aSphere® (glass microspheres, Boston Scientific Corporation) and SIR—Spheres®
(resin microspheres, Sirtex Medical Ltd). Their diameters range from 20 to 60
microns (Bhangoo et al. 2015).

1.6.1 Treatment

Indication

Yttrium-90 microspheres are used to treat primary or metastatic cancer in the liver.
Yttrium-90 microsphere radioembolization utilizes the unique physiology of the liver,
which has a dual blood supply: the portal vein and hepatic artery. The healthy liver
parenchyma receives most of its blood supply from the portal vein, whereas tumors
receive nearly all of their blood supply from the hepatic artery. Yttrium-90 micro-
spheres are administered via catheter in interventional radiology through the hepatic
artery, embolize within the tumor vasculature, and remain as a permanent implant due
to their size. As such, 9OY—microspheres are not a typical RPT as they do not re-local-
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ize or clear as a function of time, and there are typically up to 10 million particles that
carry the activity as opposed to the Avogadro’s number of molecules present in most
RPTs. TheraSphere is approved for the treatment of unresectable hepatocellular carci-
noma, while SIR-Sphere is approved for unresectable metastatic colorectal cancer in
the liver (Sirtex; TheraSphere). TheraSphere is also commonly used to treat other
liver diseases under humanitarian device exemption. A fraction of the spheres may
exit the liver, return to the vasculature, and embolize in the lung. A lung shunt fraction
(LSF) is determined using surrogate (planar or SPECT) imaging of PmTc MAA
(macro aggregated albumin) surrogate. If the LSF is too high or the lung absorbed
dose is too high, 90Y—microspheres may be contra-indicated. Technetium-99m is a
metastable excited state of *Tc which decays by gamma emission with a half-life of
6.0 hours and which emits a 140-keV photon with a 90% branching ratio used for
imaging.

Typical Prescription

Prescriptions typically range from 0.3—-20 GBq, depending on the brand, tumor size/
burden, lung shunting, etc. TheraSphere activity is determined by prescribing
absorbed dose to the treated area according to the mass of the liver or target (Bhangoo
et al. 2015; Boston Scientific), generally a lobe or segment. SIR-Sphere activity is
determined using either a calculation based on body surface area (BSA) or other
tumor-to-normal uptake ratio modeling, as described by the manufacturer (Sirtex).
Activities for both brands of microspheres are adjusted to account for LSF that is
determined during a pretreatment 9mTcMAA study (Sirtex; Bhangoo et al. 2015).
The pre-therapeutic PmTc MAA may also be used in conjunction with SPECT/CT
for more patient-specific dosimetry, where the prescription absorbed dose is now cal-
culated to the normal tissue of the targeted lobe or segment. TheraSphere activities
come in ready-to-use, patient-specific vials available in increments of 0.5 GBq from
3 GBq to 20 GBq. SIR-Sphere vials come in standard activities (typically 3 GBq), and
patient-specific activities must be drawn and prepared in separate vials.

Route of Administration

Both TheraSphere and SIR-Spheres are administered via an intra-arterial delivery
through the hepatic artery or more focused arteries that irradiate a specific lobe or seg-
ment(s).

1.6.2 Physical Properties

In spite of the (almost) nonexistent prompt photons, post-treatment imaging of Dy
microsphere distribution can be performed using PET or SPECT. There is a branching
ratio of 32 parts per million internal pair (positron-electron) production in the decay
scheme that allows for PET imaging. Similarly, the large number of electrons create a
sufficient number of bremsstrahlung photons that allows for SPECT quantification.
Since the microspheres remain as a permanent implant, dosimetry calculations are
greatly simplified and depend only on the activity and mass of the target.

The two products are produced differently. SIR-spheres are resin microspheres
on which 20 is attached by ion exchange, then immobilized through precipitation as
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a phosphate salt. Theraspheres are created as glass beads containing 89Y. The beads
are then bombarded with neutrons to create the °°Y as per Equation (1.4).

1.6.3 Precautions

Radiation Safety

As with any RPT, appropriate PPE should be used when preparing for and administer-
ing the Dy microspheres. If spilled, the microspheres can bounce and spread readily
on surfaces (Medical Physics Consultants, Inc.).

Shielding

For a beta-emitter, the shielding is best provided with a low-atomic-number material
such as acrylic. The low-atomic-number shielding reduces the amount of bremsstrah-
lung radiation. Lead can also help reduce subsequent bremsstrahlung production.

Biological Concerns

Due to biocompatible material of the microspheres, once microspheres are trapped
permanently into the liver, they are not metabolized or excreted and, therefore, no bio-
logical clearance is expected. Within 12 days of administration, approximately 95%
of the radiation from *°Y has physically decayed (TheraSphere). Potential adverse
events include acute pancreatitis, radiation pneumonitis, acute gastritis, acute chole-
cystitis, and radioembolization-induced liver disease. Most of these adverse events are
the result of nontarget uptake of the Oy microspheres, often fed by extraneous ves-
sels. These extraneous vessels are generally identified and coiled pre-injection during
the procedure. Post-treatment imaging with SPECT or PET is highly recommended to
verify Dy microsphere distribution (Sirtex; TheraSphere; Boston Scientific).

1.7 Samarium-153 Lexidronam

Samarium-153 lexidronam, commercially known as QUADRAMET®, is radioactive
153Sm chelated with ethylenediaminetetramethylenephosphonic acid (EDTMP).

1.7.1 Treatment

Indication

Quadramet is indicated for pain relief from bone metastases, specifically in those
patients with confirmed osteoblastic metastatic bone lesions that enhance on e
MDP bone scan (Lantheus Medical Imaging). It has been investigated as a curative
for several bone cancers (Loeb et al. 2009; Loeb et al. 2010). The chelator mimics the
chemistry of calcium, such that it is taken up in bone- forming areas of the body.

Typical Prescription

The recommended dose Quadramet is 1.0 mCi/kg (Lantheus Medical Imaging). Mye-
loablative regimens have been given up to 30 mCi/kg (Anderson et al. 2002).
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Route of Administration

Quadramet is typically administered intravenously over a period of one minute
through a secure in-dwelling catheter. Activity is provided in fixed quantities, and the
precise activity prescribed to the patient must be drawn into a syringe. The adminis-
tration is followed with a saline flush (Lantheus Medical Imaging).

1.7.2 Decay Scheme

Samarium-153 is a B~ emitter with a half-life of 46.3 hours and a maximum energy
(Q-value) of 808 keV. It has a 103-keV photon with a branching ratio of 30% that is
used for imaging. The decay scheme is shown in Figure 1.4.

Samarium-153 is produced from neutron bombardment of samarium oxide of
152Sm, the stable isotope of samarium:

SSm(n,y) &Sm (1.5)

1.7.3 Precautions

Radiation Safety

Patients who are candidates for Quadramet may present with incontinence. Please
consult with your radiation safety officer and local regulatory guidelines regarding the
proper handling and disposal of incontinence pads/diapers, as they will be contami-
nated with >3Sm radioactivity (Lantheus Medical Imaging).

324 ———————0.0 46,284 H
153
62°Mg1 \
Qp. = 0.8075
B-:100%
B> 22 0.1729
Ys
- . . . 32+
pir>2E T 0.0074 Pig [ 0.1032
Y10 Y
B> L2t 0.0- - - STABLE. -
153
53E4g0

Figure 1.4 Decay scheme for 93Sm (unit: MeV). (Figure from Medical Internal Radiation
Dose.)
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Shielding

The average and maximum beta particle ranges in water respectively are 0.5 mm and
3.0 mm. The specific gamma-ray emission constant for 153Sm is 0.46 R/mCi-hr at
1cm (1.24 % 107 mSv/MBg-hr at 1 m). For the lead shielding, the half-value thick-
ness of lead (Pb) for 133Sm is approximately 0.10 mm. Quadramet should be stored in
a lead-shielded container and frozen until use (Lantheus Medical Imaging).

Biological Concerns

Quadramet is primarily excreted through the urine with approximately 25-50% elim-
inated through the urine in the first 6 hrs. However, the amount of excreted activity
typically decreases with increasing tumor burden (Lantheus Medical Imaging).
Quadramet is known to cause bone marrow suppression (Lantheus Medical Imaging)
at myelobative regimes, up to 30 mCi/kg. No additional acute toxicities were
recorded, although renal toxicity is believed to be of concern (Anderson et al. 2002;
Hobbs et al. 2010).

1.8 Lutetium-177 DOTATATE

Lutetium-177 DOTATATE, commercially known as LUTATHERA® (Novartis/
Advanced Accelerator Applications), is a peptide receptor radionuclide therapy
(PRRT) (FDA-7).

1.8.1 Treatment

Indication

Lutathera is used to treat either metastatic or inoperable somatostatin receptor-posi-
tive gastroenteropancreatic-neuroendocrine tumors (NETs) in the foregut, midgut,
and hindgut (FDA- 7). Gallium-68-DOTATATE PET can be used to identify NET that
are somatostatin receptor-positive, and a positive scan is a requirement for therapy
(Anderson et al. 2021). PRRT has been used in Europe for over a decade, but has only
recently been approved in the United States.

Typical Prescription

Lutathera is prescribed as 200 mCi (7.4 GBq) dosages in 4 cycles spaced 8 weeks
apart (FDA- 7).

Route of Administration

Lutathera is injected intravenously either using a gravity infusion technique or using a
programmable infusion pump (Maughan et al. 2021). To reduce the chance of renal
toxicity, an amino acid solution containing L-lysine and L-arginine are concurrently
administered with the Lutathera infusion to allow for faster renal clearance.

1.8.2 Decay Scheme

Lutetium-177 is primarily a B~ emitter (0.498 MeV max, 0.133 MeV mean) with a
physical half-life of 6.65 days (Medical Internal Radiation Dose; FDA-7; Maughan et
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Figure 1.5 Decay scheme for 77y (unit: MeV). (Figure from Medical Internal Radiation
Dose.)

al. 2021). There are associated gamma emissions that allow for post-treatment imag-
ing via SPECT (see Figure 1.5), particularly the 208-keV emission with an 11%
branching ratio.

The companion diagnostic, 68Ga, isa [3+ emitter with a 2.9-MeV maximum posi-
tron energy and a 67.7-minute half-life. The relatively short half-life of %8Ga means
that although useful as a diagnostic, it cannot be used reliably as a quantitative pre-
therapeutic for the pharmacokinetics of the therapeutic.

As with a number of other radioactive isotopes used in medicine, 7Ly is pro-
duced from neutron bombardment of the stable isotope of lutetium:

S Lu(n,y) "7 Lu. (1.6)

There may be a small amount of 177mp y contaminant present in the produced
77Lu. Studies have shown there to be little dosimetric effect from the contaminant,
but regulatory bodies may require inclusion of 771 14 on the radioactive materials
license or careful consideration of waste management with its long half-life (160.4
days).



Current FDA-Approved RPTs
and Their Uses 19

1.8.3 Precautions

Radiation Safety

Due to long infusion times of the amino acids (3—4 hrs), renal clearance, and the ten-
dency of patients to demonstrate nausea and emesis, the treatment area for Lutathera
patients should be appropriately prepared to prevent radiation contamination
(Maughan et al. 2021). Patients should also have a dedicated restroom that is
restricted to Lutathera only until decontaminated and released to the public/clinical
area (Maughan et al. 2021). Be sure to survey the entire area thoroughly when releas-
ing a room/area. Further recommendations on Lutathera treatment are provided by
Hope et al. (2019) and Maughan et al. (2021).

Shielding

For maximum energy (497 keV) of emitted beta, the ranges in water and lead are
1.9 mm and 0.3 mm, respectively (Jgdal et al. 2009). The gamma constant for TLu s
0.028 mrem/hr per mCi at 1 meter (North Carolina Health Physics Society).

Biological Concerns

The radiation from Lutathera will be detectable in the urine for up to 30 days follow-
ing administration. Within 4 hr of administration, the distribution of Lutathera goes
through the kidneys, tumor lesions, liver, spleen, and, occasionally, the pituitary and
thyroid glands. Co-administering with amino acids reduces the median absorbed dose
to the kidneys by 47% (34% to 59%) and increases the blood clearance of Lutathera
by 36% (Das et al. 2019). While studies have shown that radiation exposure to the
general public from patients using public transportation for trips (e.g., by plane) after
administration may be below safe thresholds, this does not take into account the dan-
ger of contamination during the first few days after administration. Patients should
not use public forms of transportation for the first 48 hours.

Acute toxicities include nausea and emesis, typically related to the amino acids
that are administered concurrently. Other toxicities may include renal toxicity or
hematotoxicty, either as reduced blood cell counts or as the potential for myeloplastic
syndrome (FDA- 7).

1.9 Lutetium-177 Vipivotide Tetraxetan
1.9.1 Treatment

Indication

Lutetium-177 vipivotide tetraxetan, commercially known as PLUVICTO® (Novartis/
Advanced Accelerator Applications), is a targeted radioligand therapy used to treat
adult patients with prostate-specific membrane antigen (PSMA)-positive metastatic
castration-resistant prostate cancer (nCRPC) who have been treated with androgen
receptor pathway inhibition and taxane-based chemotherapy (CardinalHealth). Before
receiving Pluvicto, patients receive a Ga-68 gozetotide (LOCAMETZ) PET scan to
help determine eligibility and uptake of the tumors (FDA-1). Common side effects
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include fatigue, dry mouth, nausea, anemia, decreased appetite, and constipation
(FDA-9).

Typical Prescription

Pluvicto is prescribed as 7.4 GBq (200 mCi) in 6 cycles spaced 6 weeks apart
(FDA-9).

Route of Administration

Pluvicto is administered intravenously either with a syringe fitted with a syringe
shield (with or without syringe pump), gravity infusion-based technique from a vial,
or infusion pump-based administration from a vial (FDA-9).

1.9.2 Precautions

Radiation Safety

As with all RPTs, appropriate use of PPE should be utilized when preparing and
administering Pluvicto. Patients who are candidates for Pluvicto may present with
incontinence. Patients should also have a dedicated restroom that is restricted to Plu-
victo only until decontaminated and released to the public/clinical area (Maughan et
al. 2021). After treatment administration, be sure to survey the entire area thoroughly
when releasing a room/area. Please consult with your radiation safety officer and
local regulatory guidelines regarding the proper handling and disposal of incontinence
pads/diapers as they will be contaminated with Lu-177 radioactivity.

Biological Concerns

Pluvicto elimination half-life is 41.6 hours and is primarily excreted through the urine
(FDA-9). As with Lutathera, patients may be kept in a dedicated room for several
hours post-injection while they clear most of their waste into a dedicated bathroom, or
they may be released immediately, provided they are given specific instructions and
are not using public transportation but will return home quickly.

Organs at risk are similar to those at risk during treatment with Lutathera, but
also include the salivary and lacrimal glands, which also express PSMA.
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