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FOREWORD

Metastases are the major complication of cancer, and the most common
cancers, such as those of the breast, prostate and lung, are more vulnerable to bone
metastasis. Excruciating pain is the most fearsome condition of advanced bone
metastasis, along with other conditions such as pathological fractures and spinal
cord compression that result in significant morbidities and affect quality of life.

Multimodality treatment options are usually used to manage bone metastasis
and provide bone pain palliation. Radiation therapy and pharmacological patient-
centric management based on the analgesic ladder are the most common of these.
Radionuclide therapy using bone targeting radiopharmaceuticals is an effective
palliative care option to reduce pain associated with advanced disease. It involves
the administration of a radiopharmaceutical with a particulate radiation emitting
radionuclide. The treatment is often performed as an outpatient procedure and the
patient can be discharged after a few hours in the nuclear medicine department.
The pain relief starts within a few days and continues for several weeks,
depending on the radiopharmaceutical being used. The therapy is safe, with no
major significant side effects.

Bone pain palliation therapy using radiopharmaceuticals has been
practised for several decades, but its benefits have been unavailable to a large
number of patients, mainly owing to the limited availability and cost of the
radiopharmaceuticals. Over the last 20 years significant work has been made
on developing radiopharmaceuticals using radionuclides that are now more
widely available. The IAEA has also played a major role in promoting research
as well as clinical use of the products in Member States through coordinated
research projects.

This publication is the outcome of a consultants’ meeting, at which an
international team of experts identified various aspects of the development of
bone seeking radiopharmaceuticals, including radionuclide production, the
development of new target seeking molecules, in vitro and in vivo evaluation of
the new products, and estimation of the absorbed doses delivered. This publication
compiles the above information on the development of radiopharmaceuticals and
is expected to benefit scientists and professionals working on the development of
similar products in different Member States.

The IAEA thanks the experts who contributed to this publication. The
valuable assistance of M.R.A. Pillai, Molecular Group of Companies, Cochin,
India, for compiling and editing this publication is gratefully acknowledged. The
IAEA officer responsible for this publication was A. Korde of the Division of
Physical and Chemical Sciences.
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1. INTRODUCTION

1.1. BACKGROUND

According to the World Health Organization’s statistics, approximately
1 in 6 deaths globally are due to cancer [1]. Surgery, chemotherapy, targeted
therapy and radiation therapy are the major treatments for addressing cancer.
Diagnostic nuclear medicine plays a pivotal role in cancer management, as
single photon emission computed tomography (SPECT)! and positron emission
tomography (PET) imaging are clinically significant for detection, staging and
screening of patients for different types of tumours and for post-therapy follow-
up. Therapeutic nuclear medicine also plays a niche role in the management of
some types of cancers, such as that of the thyroid, neuroendocrine tumours and
prostate cancer. It is very likely that the current momentum for developing target
seeking radiopharmaceuticals will continue and useful radiopharmaceuticals for
the treatment of other cancers will also be developed in the near future [2, 3].

Patients in advanced stages of cancer often suffer from metastasis in bone,
which is most common in prostate, breast and lung cancers, which account for
nearly 45% of total cancers. Studies report that nearly 30% of patients with
advanced stage lung, bladder and thyroid cancer and nearly 70% of patients
with advanced stage prostate and breast cancer develop metastasis in bone [4].
Severe pain, fractures and spinal cord compression are some of the complications
associated with bone metastases. Impaired mobility and sleep disturbance, in
addition to unbearable constant nagging pain or episodes of acute shooting types
of pain, result in severely compromised quality of life for patients. Hence, the
management of bone metastases is a major issue in all clinical set-ups.

There are several options for the management of patients with metastatic
bone pain. These include chemotherapy, hormone therapy, radiotherapy,
bisphosphonate therapy and the use of other analgesics. Analgesic treatment
starts with non-steroidal anti-inflammatory drugs (NSAIDs) and usually narcotic
analgesics become essential as the intensity of pain increases; stronger opioids
are gradually employed in spite of their known common side effects of sedation
and addiction. With localized disease there is the option of using external
beam radiotherapy as a treatment modality [4, 5]. The use of bone seeking
radiopharmaceuticals with radionuclides emitting high linear energy transfer
(LET) particulate radiation is a viable option for the management of widespread
metastases [4-6].

L Alist of the abbreviations used in the text is given at the end of the publication.



The IAEA has given special emphasis to the management of bone
metastases by supporting research on the development of radiopharmaceuticals
for targeted therapy as well as clinical trials of some of the radiopharmaceuticals
developed through coordinated research projects (CRPs) [7-9].

1.2. OBJECTIVE

In 2007, the IAEA published IAEA-TECDOC-1549, Criteria for Palliation
of Bone Metastases — Clinical Applications, which discussed in detail bone
pain palliation using external beam radiation therapy (EBRT) and radionuclide
therapy [4]. This publication provided relevant details about patient selection
and preparation, recommended dose and efficacy of treatment with the
radiopharmaceuticals that were available and in use at that time. There have
been significant developments in the field regarding the development of new
radiopharmaceuticals for bone pain palliation since the publication of 1AEA-
TECDOC-1549 [4]. These include the use of new radionuclides as well as better
targeting mechanisms. The objective of the present publication is to provide
details regarding the production of the radionuclides and radiopharmaceuticals
used for bone metastases. The information provided in this publication will be
useful to professionals in the field engaged in the development and deployment of
bone seeking radiopharmaceuticals for the benefit of a larger number of patients.

1.3. SCOPE

This publication provides details on the development and production of
radiopharmaceuticals for bone pain palliation. The availability of radionuclides
is an important consideration in the development of radiopharmaceuticals.
A number of radionuclides are used for the preparation of bone pain palliation
agents and the production and purification of these radionuclides are detailed in
this publication. The development of radiopharmaceuticals is an involved science
requiring intricate understanding of chemistry, biology and medical needs. This
publication details the development of bone pain palliation radiopharmaceuticals
with different radionuclides and carrier molecules. It also provides the
manufacturing formulae for the preparation of the currently used bone pain
palliation radiopharmaceuticals.



1.4. STRUCTURE

This publication is organized into different sections. Section 2 provides
basic details about bone metastasis and the different options used to manage pain.
The development of radiopharmaceuticals for bone pain palliation involves the
selection of a suitable target seeking molecule, the selection of a radionuclide,
the preparation and evaluation of the radiotracers to determine their suitability
as bone targeting agents, and the use of clinical trials using lead molecules.
These aspects of the design of radiopharmaceuticals for bone pain palliation are
discussed in Section 3. Production of radionuclides is important for the sustained
availability of radiopharmaceuticals and Section 4 discusses the production of
radionuclides used for bone pain palliation in detail. The radiopharmaceuticals
developed ought to undergo a battery of in vitro and in vivo evaluations, and
these are discussed in Section 5.

The efficacy of targeted therapy depends on the radiation dose that is
delivered to the target while sparing healthy tissues. Detailed studies to estimate
the dose delivered by a radiopharmaceutical to the target and non-target
organs are a requirement prior to applying the agent for clinical trial. Section
6 provides details about radiation dosimetry studies. A number of bone pain
palliation radiopharmaceuticals are currently available, with varying extents
of application, and these products are described in Section 7. Target seeking
radiopharmaceuticals have a role in bone pain palliation, as the uptake of these
tracers in cancer cells is based on the biological properties of the tumour rather
than the uptake mechanism, such as acting as a calcium mimic, or uptake in
calcium hydroxyl apatite in the bone compartment. Section 8 provides details
about these specific tumour targeted radiopharmaceuticals that accumulate
in metastatic bone sites. The latest updates on these types of products are also
covered in brief in this section.

Radiopharmaceuticals are generally obtained as finished products in
doses that are ready for patient administration. However, these products
are also formulated at hospital radiopharmacies by using freeze-dried Kits
with a radionuclide solution that has been sourced independently. Of late,
radiopharmacies have also been formulating some of the target seeking
radiopharmaceuticals, especially *"’Lu and ?*Ac based ones, as per a specific
patient’s needs. Details concerning the production of and quality control for the
freeze-dried kits, as well as target seeking radiopharmaceuticals, are provided
in Section 9.



2. BONE METASTASIS AND MANAGEMENT

2.1. BONE

Bone is an important component of the skeletal system and it has multiple
functions, such as supporting the body structurally, protecting vital organs and
allowing body movements. Bone marrow, where new blood cells are formed, is
held within the bone. Bone also acts as a storage site for minerals, of which calcium
and phosphorus are the most important. Both these elements are metabolically
important and they are present in the bone in a similar chemical form to the
synthetic mineral calcium hydroxyapatite (HA) (Ca;,(PO,)s(OH),) [10].

Bone undergoes continuous remodelling by osteoblastic activity in which
new bone tissues are formed. In order to balance this bone formation, part of the
bone is also destroyed through osteoclastic activity [11]. These two processes
are well regulated within the bone to maintain bone structure and quickly
repair bone damage.

2.2. BONE METASTASIS

As with most other organs, bone cells are also susceptible to cancer
formation, although primary bone cancers are relatively rare. Primary bone
cancers account for less than one per cent of all cancers detected. Osteosarcoma,
chondrosarcoma, Ewing’s sarcoma and chordoma are the reported forms of
primary bone cancer [12]. However, bone is the preferred secondary growth site
for some common cancers, including breast, prostate and lung, which show a
tendency to metastasize to the bone. These secondary cancers that spread and
grow in the bone are called metastatic bone cancers.

A primary cancer releases cancer cells and these cells travel to other parts
of the body through either the blood or the lymphatic fluid. Most of these cancer
cells will be killed by the immune system because they are not recognized as
normal cells. However, some cancer cells can escape attack from the immune
system and reach other organs and start to grow, thereby developing secondary
cancers in other body parts. Bone tissue possesses a unique microenvironment
that facilitates the homing and growth of cancer cells. Bone marrow, being rich
in nutrients, provides the right environment for the homing and multiplication
of cancer cells. Several biochemicals and proteins secreted by cancer cells also
interfere with the process of bone formation as well as bone resorption [13]. After
the liver and lungs, bone is the most susceptible site for cancer metastasis.



Bone metastasis induces changes in the bone structure and damages portions
of the bone. The formation of holes in the bone is common. These holes in the
bone are called osteolytic lesions. It is well known that normal bone remodelling
is regulated by a balance between bone formation mediated by osteoblasts and
bone resorption by osteoclasts [11]. This balance is disrupted not only by various
metabolic bone diseases such as osteoporosis, Paget’s disease, tumour associated
hypercalcaemia and osteolysis, but also by bone metastases [14, 15].

A large percentage of patients in the advanced stages of breast, prostate,
gastrointestinal and lung cancers are likely to develop bone metastases [16]. These
metastatic bone lesions have a huge impact on the quality of life experienced
by patients, as these lesions cause various complications, such as severe pain,
pathological fractures, hypercalcaemia and spinal cord compression. Hence, the
management of metastatic bone pain is an important aspect of cancer care [17, 18].

2.3. EFFECT OF BONE METASTASIS

Bone metastasis leads to chronic pain. Pain can be due to bone destruction
caused by substances such as tumour necrosis factor alpha and other cytokines
produced by tumour and inflammatory cells. Nerve compression and invasion
into adjacent tissues can cause localized pain. Increasing tumour sizes also
exert pressure on adjacent tissues and cause deformation of the bone [19-21].
Pain perception is a complex process involving nerves, spinal cord and brain.
Metastasized bone cancer cells are known to stimulate local inflammatory
mediators, which causes an acidic environment, stimulate the peripheral nerve
endings in bone and activate sensory neurons. Severity of pain is related to
neurochemical changes that occur at the dorsal root ganglia region of the spinal
cord [21, 22]. Weak bones occasionally result in pathological fractures and
breakages, causing severe pain.

2.4. DIAGNOSIS OF BONE METASTASIS

Imaging techniques such as computed tomography (CT), magnetic
resonance imaging (MRI), SPECT and PET are useful to evaluate the extent of
bone metastasis [23-25]. Tissue biopsy is usually performed as a confirmatory
test. SPECT imaging using a radiopharmaceutical called *™"Tc-MDP (methylene
diphosphonate) is one of the common tests in a nuclear medicine department to
detect bone metastasis. Being a radiopharmaceutical containing phosphonate
groups, *™Tc-MDP participates in the phosphorus related metabolic activity
taking place within the bone. A whole body scan is performed 2—4 h after the



injection of 740-1110 MBq (20-30 mCi) of ®*™Tc—MDP. Figure 1 (left) shows
a SPECT image using *™Tc-MDP in a patient with multiple bone metastases.
Bone scans with ®™Tc-MDP are also used to distinguish metabolic disorders of
the bone from diseases other than cancer. These include infection, arthritis and
bone fractures.

A PET-CT scan using sodium fluoride (Na'®F) is also used to determine
the extent of bone metastases. First, 185-370 MBq (5-10 mCi) of activity is
injected into the patient. Then both CT and PET images are taken 1-2 h after
injection of the radiopharmaceutical. The bone images from sodium fluoride
are superior to those from *™Tc—MDP. Sodium fluoride is both sensitive and
specific for the detection of lytic and sclerotic malignant lesions and can also
differentiate between benign and malignant lesions. PET-CT images derived
using sodium fluoride also allow quantification of the disease by measuring
standard uptake values and this can be used to assess the response to treatment
as well as to identify the progression of disease relief [26]. Figure 1 (middle)
is a sodium fluoride PET-CT image of a breast cancer patient with extensive
bone metastases.

Bone metastasis cells will overexpress the same types of oncoproteins,
receptors and enzymes that are overexpressed by the primary cancer. For
example, if a prostate cancer metastasizes in bone, the bone cancer cells
developed will have the same features as those of prostate cancer cells. Thus, a
targeting agent used for imaging a primary cancer can be used for imaging bone
metastasis. Figure 1 (right) shows a PET-CT image of a patient suffering from
metastatic prostate cancer. The radiopharmaceutical used is ®Ga-PSMA-11,
which is a targeting agent for the prostate specific membrane antigen (PSMA),
which is overexpressed in prostate cancer cells [27].

2.5. MANAGEMENT OF BONE METASTASIS WITH THERAPEUTIC
DRUGS

The major goal of bone metastasis treatment is pain control and quality of
life improvement. Treatment leading to a reduction in the size of the tumour is
also highly desirable. Treatment options are based on multiple factors, such as
age, life expectancy, pain score and quality of life, as well as the overall status of
clinical disease. There are several approaches for managing metastatic bone pain
and these are discussed in the following sections [21].



FIG. 1. SPECT scan using ®"Tc—-MDP of a prostate cancer patient with multiple bone metastases
(left). Sodium fluoride (Na**F) PET-CT imaging of a breast cancer patient with extensive bone
metastasis (middle). PET-CT imaging with ®Ga-PSMA-11 of a prostate cancer patient with
extensive metastasis (right) (courtesy of M.R.A. Pillai, Molecular Group of Companies).

2.5.1. Non-steroidal anti-inflammatory drugs

NSAIDs are commonly used analgesics. Due to the anti-inflammatory
effect of these drugs, they are also useful for treating pain caused by inflammation
arising from cancer tissue invasion and destruction [28]. The short duration of
their therapeutic effect limits the use of these drugs for relieving severe, constant
pain conditions such as metastatic bone pain [21].

2.5.2. Opioids

Opioid drugs or narcotic analgesics are used in nearly 80% of terminally
ill cancer patients due to their long lasting analgesic potential. Physiological
dependence, tolerance that decreases the analgesic effect of the dose and
respiratory depression associated with the use of these drugs limits their use,



although other side effects such as nausea and vomiting can be managed by
simultaneously administering other drugs. Opioids are very effective for acute
pain, but long term use of opioid drugs also worsens pain in certain patients, a
phenomenon called opioid induced hyperalgesia [21].

2.5.3. Corticosteroids

Anti-inflammatory drugs such as corticosteroids are commonly added as
adjuvants for the management of bone pain due to metastatic disease [29]. Long
term use of corticosteroids is associated with immune suppression, hypertension,
hyperglycaemia, gastric ulcers and psychosis [21]

2.5.4. Growth factors, signalling molecules and receptor antagonists

Growth factors and signalling molecules are also used for the management
of metastatic bone pain [30]. For example, osteoprotegerin is used to arrest
osteoclastic activity. Also known as osteoclastogenesis inhibitory factor, it binds
to the receptor activator of nuclear factor kappa B ligand (RANKL) with high
affinity. This inhibits bone destruction but activates the apoptosis of osteoclasts.
This apoptosis causes a reduction in the amount of bone damage; reduction in
pathological fractures helps in pain reduction [21].

Endothelin groups of peptides with vasoconstriction activity are produced
by endothelial cells. Endothelin and its receptors trigger several pathways of
signal transduction, hence their role in various biochemical processes associated
with propagation of cancer is now well studied. One of the endothelin receptor
subtypes is found to be associated with bone metastasis occurring due to prostate
and breast cancer. The drugs that selectively inhibit this protein are thought to
play an important role in controlling disease spread to bone [31].

2.5.5. Bisphosphonates

Bisphosphonates, or diphosphonates, are molecules that have two
phosphonate (PO(OH)2) groups in their structures. Bisphosphonates are known
to inhibit the loss of bone density and are commonly used for the treatment
of osteoporosis and other similar diseases [32]. It is well documented in the
literature that bone undergoes constant remodelling by maintaining a fine balance
between osteoblasts, which form bony tissues, and osteoclasts, which destroy
such tissues. Bisphosphonates are known to prevent osteoclastic activities,
thereby reducing bone loss [21]. This class of molecules is also used for the
treatment of skeletal metastases, as these chemical compounds have the ability to
reduce the acidic microenvironment of bone tumour tissues. The reduction of the



acidic microenvironment reduces the dissolution of the bone and consequently
reduces the pain associated with metastatic cancers [33]. Bisphosphonate drugs,
such as alendronate, zoledronate, risedronate, medronate, oxydronate and others,
have been proven to be useful when radiation therapy and analgesic medicines
become ineffective in controlling bone pain [34].

2.5.6. Denosumab

Increased expression of RANKL is associated with metastatic bone cells,
and leads to increased osteoclast activity, bone destruction and bone pain [35].
Denosumab, a fully humanized monoclonal antibody that specifically inhibits
RANKL, is an approved drug for the prevention of skeletal related pain in patients
with bone metastases from solid tumours and the treatment of osteoporotic
fractures in postmenopausal women [36].

2.6. MANAGEMENT OF BONE METASTASIS WITH RADIATION

2.6.1. General principles for the use of ionizing radiation for cancer
management

High energy ionizing radiation transfers its energy to the medium through
which it passes. The human body is made up of about 36 trillion cells. lonizing
radiation interacts with cells and transfers its energy to the cells, initiating
chemical reactions within them.

Deoxyribonucleic acid (DNA) molecules, which are a constituent of the
nucleus of living cells, will be affected, depending on how much energy is
delivered to the cells and imparted to the DNA. The mechanistic vision of DNA
damage mostly comprises ballistics. There can be single strand or double strand
breakage of the DNA molecules. Single strand breakages are amenable to repair.
However, double stranded breakages of DNA cannot be repaired and will result
in cell death. If the radiation is targeted to cancer cells, they will experience the
above reactions and die. This is the basis of the use of radiation for cancer therapy.

As radiation can (almost) equally kill cancer and normal cells, care ought
to be taken to minimize damage to normal cells. This is achieved in many ways.
For EBRT the definition and placement of irradiation beams is planned so that
tumours receive the desired absorbed dose while the absorbed doses for normal
tissues are kept to an acceptable level — namely, below the threshold for the
appearance of side effects.

An alternative is to use biological targeting molecules to carry the ionizing
radiation source to the cancer site. Associating the selective affinity of a



biological vector for the tumour with the short range of particles emitted after the
radioactive decay of a radionuclide gives the therapy increased selectivity. This
mode of therapy is called targeted radionuclide therapy (TRT). Both EBRT and
TRT are used for the management of bone metastases [4].

Figure 2 depicts EBRT and TRT. In EBRT, the radiation is delivered from
an external source and hence an absorbed dose to other healthy organs and tissues
cannot be completely avoided. Thus, radiation induced post-therapy side effects
can occur. In TRT, radioactivity is administered systemically, and is expected
to accumulate in the target while sparing healthy organs. The absorbed dose
for healthy organs and tissues is low because of the specific targeting of the
radiopharmaceuticals and the short range of the emitted radiation. Therefore, in
principle, TRT ought to induce few side effects.

2.6.2. External beam radiation therapy

In EBRT an intense beam of highly penetrating radiation is focused directly
onto the tumour site until the desired absorbed dose is delivered to the tumour.
This can be achieved by using gamma radiation emitted by a radioactive source.
Currently, an electron beam accelerator (also called LINAC) is used for this
purpose. A high intensity °Co source was previously used for this purpose.

FIG. 2. Use of ionizing radiation for cancer therapy. Left: EBRT in which the radiation is
delivered from an external source. Right: TRT in which the radioactivity is administered
systemically and accumulates in the target (courtesy of M. Zalutsky, Duke University).
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Radiotherapy is widely used for alleviating pain in cancer patients.
Radiotherapy is given in either single or multiple dose fractions [37]. An absorbed
dose ranging from 30 to 75 Gy is given in the case of prostate cancer patients,
depending on the weight of the patient and the tumour load. The main problem
with EBRT is the inability to avoid the irradiation of healthy organs, especially
when treating widely distributed metastases.

2.6.3. Targeted radionuclide therapy

Metastatic bone pain is also effectively managed by using bone seeking
radiopharmaceuticals. Radiopharmaceuticals comprising radionuclides decaying
by the emission of short range alpha or beta particles are used in this context.
The approved drugs in this category are metastron (®°SrCl,), lexidronate
(**Sm-EDTMP (ethylene diamine tetramethylene phosphonic acid)) and xofigo
(?*®RaCl,) [6, 38]. This topic will be discussed in detail below.

3. DESIGN OF BONE PAIN PALLIATION AGENTS

3.1. BONE SEEKING RADIOPHARMACEUTICALS

It is important to understand the structure of the bone as well as the related
metabolic activities when developing bone targeting radiopharmaceuticals. Bone
consists of flexible matrix and bound minerals, which are woven intricately by
a group of specialized bone cells. The bone matrix comprises 90-95% collagen
fibres, which are elastic, while the remaining 5-10% is made up of ground
substances. The matrix is hardened by the binding of inorganic salt calcium
phosphate arranged in a chemical form known as calcium HA (Ca;,(PO,)s(OH),).
This bone mineralization gives the bone strength. It also maintains the delicate
balance between calcium and phosphorus, which are essential elements needed
for body metabolism.

Bone is continuously formed and destroyed throughout a lifetime. Bone
cells called osteoblasts are responsible for bone formation, while osteoclasts are
responsible for bone resorption [39]. Both calcium and phosphorus are thus taken
up by bones during osteoblastic activity.

Like all other organs and tissues, bone is also susceptible to both primary
cancer as well as metastasis of cancers originating elsewhere in the body. During
cancer the bone metabolism is altered and the uptake of both calcium and
phosphorus increases. Hence, calcium mimics, such as ®Sr and **’Ra as well
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as radioactive phosphorus, are taken up by bone cancer cells. Both primary and
secondary bone cancer cells express specific biochemical markers, some of which
can be used as targets to develop bone seeking therapeutic radiopharmaceuticals.

3.2. INVIVO UPTAKE MECHANISMS OF BONE SEEKING
RADIOPHARMACEUTICALS

Different uptake mechanisms are efficiently exploited for the development
of bone seeking radiopharmaceuticals. These are discussed briefly in the
following sections.

3.2.1. Radionuclides that mimic calcium as bone seeking
radiopharmaceuticals

Bone is a great reservoir for body calcium. The uptake of calcium increases
significantly during bone metastasis. In 2016, Chakravarty et al. demonstrated
the uptake of a long lived 5~ emitting radionuclide, “*Ca, in bone [40]. Although
the low energy (0.3 MeV) £ particles emitted by this isotope are suitable for
therapy, their long half-life (T,, = 163 days) is a detrimental factor and hence
they are not yet used in therapy. Calcium is a group 2 alkaline earth metal. All
elements in this group mimic the properties of calcium and hence are taken up by
bone. This is the basis of the use of 8°Sr and *Ra, as both these elements belong
to group 2 in the periodic table [41-44]. The radionuclides ®Sr and ?*Ra are
used in their inorganic salt form as radiopharmaceuticals for bone pain palliation.

3.2.2. Radiopharmaceuticals that are taken up by hydroxy apatite
particles

Radioactive phosphorus (*2P) in the chemical form of sodium orthophosphate
is used as a bone seeking radiopharmaceutical based on its uptake by bone for
the formation of calcium HA, which is the major bone mineral. Alterations
in the metabolism of phosphate are usually observed in tumours and constant
phosphate supply is one of the requirements of metastatic bone cancer cells.
A microenvironment rich in inorganic phosphates is highly conducive for the
proliferation of osteolytic bone metastasis [45, 46]. Hence, if *2P is administered
to patients suffering from bone cancer, it will accumulate more in proliferating
cells and the decay energy can be used to kill the cancer cells.

Phosphonate ligands with P-C—P bonds express a strong affinity for
osteoblastic bone cells [47]. These bisphosphonates have similar physical
and chemical effects to pyrophosphate ligands but are resistant to enzymatic
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splitting and metabolic breakdown. This is because, unlike P-O-P binding of
pyrophosphate, the P-C-P bonding of the bisphosphonates cannot be broken
down enzymatically, so their activity is retained in the bone. Using ligands with
P—-C-P bonds instead of P-O-P bonds represented a genuine breakthrough,
which enabled the development of the potent bisphosphonates that are used
for therapy of bone disorders [48]. The phosphonate ligand was first utilized
in the early 1970s in the preparation of ®™Tc-MDP to image bone [49]. MDP
is a diphosphonic acid ligand and it is presumed that two molecules of MDP
complex with *™Tc (Fig. 3). The exact structure of " Tc—MDP has not yet been
reported. Normal bones can take up **™Tc-MDP, but uptake increases during
bone metastasis.

The use of organic amine phosphonate ligands for the development of
bone seeking therapeutic radiopharmaceuticals was reported at the University
of Missouri by Troutner and colleagues, who developed **Sm-EDTMP as a
successful therapeutic radiopharmaceutical for bone pain palliation (Fig. 4) [50].
The main advantage of EDTMP is that it has four phosphonate groups and two
amine groups, all of which participate in the complexation reaction with metals.
Three water molecules occupy the remaining coordination sites of Sm, resulting
in a nine-coordinate complex [51]. The patent filed on the above development
also proposed that, in addition to %*Sm, several other metallic radionuclides,
such as *°Gd, *°*Ho, 1”°Yb and ’Lu, can also be used for the development of
bone pain palliation radiopharmaceuticals [52].

A number of other acyclic and cyclic tetraphosphonate ligands were
synthesized by Pillai and co-workers at the Bhabha Atomic Research Centre, who
studied their complexation with radiometals such as **3Sm, ¥’Lu, ¥Tm, ¥5Yb
and '®8Re [53-59]. The phosphonates coordinated to these metallic radionuclides
are the bone seekers.

There has also been interest in radiolabelling bisphosphonate ligands
conjugated to a bifunctional chelating agent (BFCA) [60, 61]. The metal
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FIG. 3. Proposed structure of *™Tc-MDP acid (courtesy of M.R.A. Pillai, Molecular Group
of Companies).

13



O\\ A~/ \ /\P//O RN /\N/ \ N °
oy N NO Ion Ho Ty AN TN o
OH < HO O\\lsssm o)

— P=—0
O:/P\ /P=O OHO/P\O/ \/ \OH
HO OH HO OH

FIG. 4. EDTMP (left) and representative structure of **Sm-EDTMP (right). A crystallographic
study of 3Sm—EDTMP had three water molecules to complete the coordination sphere and five
sodium atoms to balance the charge (reproduced from Ref. [51] with permission).

complexation of these modified ligands is through the BFCA, with no
involvement of the phosphonate groups for chelation, although crystallographic
evidence has not yet been reported. The binding of these BFCA modified tracers
with the bone is expected to be better, as the phosphonate groups are not involved
in radiometal coordination and are thus free to interact and bind with the calcium
HA present in the bone.

3.2.3. Radiopharmaceuticals that are radiolabelled with bifunctional
chelating agents (BFCA) conjugated to target seeking molecules

The radiopharmaceuticals described in the previous section use the
increased metabolic activity of bone cancer cells. However, a new class of
targeting radiopharmaceuticals is being designed based on the overexpression of
certain oncoproteins in the cancer cells.

Primary as well metastatic bone cancers overexpress certain
specific molecules that can be used as targets for developing bone seeking
radiopharmaceuticals. These types of targets include molecules such as receptors
and enzymes. Bioactive molecules that bind with the target molecule are used
as radionuclide carriers. Biological vectors such as humanized or chimeric
antibodies, antibody fragments, peptide receptor ligands, enzyme inhibitors,
aptamers, peptidomimetics, non-peptide receptor ligands and DNA analogues
can be used for this purpose [2].

Prostate  cancer  overexpresses an enzyme called PSMA.
Radiopharmaceuticals targeting PSMA have been evaluated for a long time
as therapeutic products for the management of metastatic prostate cancer.
Monoclonal antibodies specific to PSMA labelled with "Lu were investigated
for this purpose but with limited success [62]. The use of inhibitor molecules as
carrier vectors to target PSMA has emerged as a very successful strategy for the
development of target specific radiopharmaceuticals (TSRs) [63]. PSMA enzyme
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inhibitor molecules labelled with Y’Lu and ?*>Ac are successful target specific
therapeutic radiopharmaceuticals [64, 65].

A BFCA molecule is attached either directly or preferably through a linker
molecule so that the biological affinity of the molecule to bind with the target is
not compromised. An enzyme inhibitor molecule developed to target the PSMA
molecule and used for both diagnosis and therapy of prostate cancer is shown in
Fig. 5. The BFCA used in this case is DOTA (1,4,710-tetraazacyclododecane-
1,4,7,10-tetraacetic acid), which is capable of binding with several therapeutic
radionuclides, including *°Y, 1’Lu and ?®Ac [64].

3.3. DEVELOPMENT OF BONE SEEKING

RADIOPHARMACEUTICALS

There are several things that ought to be considered when developing
radiopharmaceuticals, including the selection of a radionuclide and carrier
molecule, the optimization of radiolabelling conditions, pre-clinical in vitro and
in vivo evaluations, dosimetric estimations and, finally, clinical trials.
3.3.1. Selection of radionuclides

Several radionuclides have the potential to be used for therapy [66, 67];
however, careful selection of the best among them for bone pain palliation is

important. The decay mode, half-life, energy and type of emitted particles are
important when selecting a radionuclide for bone pain palliation therapy.
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FIG. 5. PSMA enzyme inhibitor molecule modified by adding the BFCA molecule DOTA
through a linker moiety (courtesy of T. Das, Bhabha Atomic Research Centre).
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3.3.1.1. Decay mode

The efficacy of radionuclide therapy depends on the ability to deposit
sufficient radiation energy to the cancer cells, leading to their death.
Radionuclides that decay by particulate emissions are selected for therapy. Alpha
particle, 5~ particle and Auger electron emitters are preferred for therapy. These
radiations have short path lengths and hence very high LET, and so are able to
induce radiation damage to the cancer cells.

3.3.1.2. Energy of particles

The energy of the emitted £ particles is an important consideration for
successful metastatic bone pain palliation therapy. Bone marrow, which has the
important function of producing both red and white blood cells, is an integral
part of the bone. It is necessary to minimize the damage to bone marrow while
performing bone pain palliation therapy. A reduction in blood cell counts is one
of the major side effects of bone marrow damage due to radiation. Radionuclides
emitting low energy S~ particles are preferred for bone pain palliation as they
induce less damage to the bone marrow. Blood cell counts are monitored
carefully during bone pain palliation therapy to ensure that patients do not suffer
from myelotoxicity. The quantity of radiopharmaceutical administered is decided
such that the bone marrow dose does not exceed the critical dose limit.

Bone marrow is the most sensitive organ to radiation dose. The radiation
dose used for bone palliation ought to be optimal to illicit the requisite onset of
palliation action while sparing the bone marrow tissues from irradiation damage.
Low to medium energy £ emitters that permit homogenous distribution of
radionuclide in bone are preferred for this purpose.

Guerra Liberal et al. performed studies in which they exposed cells to 11
different radionuclides and estimated the percentage of DNA damage. Their
finding was that among the radionuclides studied (*2P, 8Sr, 20y, 17Mgp, 1535m,
%6Ho, 0Tm, Y7Lu, °Re, %8Re, ??°Ra), the beta particles from °Tm and
YLy induced the highest cell death of all investigated beta particle emitting
radionuclides [68].

The energy of the « particles is less critical, as even very high energy o
particles will lose their energy completely in 50-100 pum of path length, which
is approximately the size of two human cells. The high LET in the case of «
particles helps in selective irradiation of the bone cells while at the same time
sparing the bone marrow. The LET of « particles is very high, ~80 keV/um as
compared to ~0.2 keV/um for the £ particles [69]. Alpha particles can cause
irreparable damage to DNA. The main advantage of alpha therapy is that high
levels of radiation dose can be delivered to the bone without affecting bone
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marrow, provided that the radiopharmaceutical concentrates in the bone tissue.
Hence, as sufficient radiation dose can be administered without marrow toxicity,
o. emitters can be used not only for pain palliation, but also for the destruction of
metastatic bone cancer.

3.3.1.3. Gamma rays: accompanying radiation

There are advantages and disadvantages to having gamma emission as an
accompaniment to particulate emission. As the most penetrative type, y radiation
delivers unnecessary radiation to non-target organs and tissues and at the same
time does not add any advantage for localized therapy. The absence of y radiation
allows therapy to be performed as an outpatient procedure without the need for
hospitalization. Further, bystanders and the public are not exposed to radiation
when pure £ or o emitters are used for therapy.

However, the emission of gamma photons in the diagnostically useful
energy range of 80-200 keV is desirable. In such cases, the pharmacokinetics
as well as in vivo localization of the radiopharmaceutical as a function of time
can be studied using SPECT imaging. The information collected from these
studies is useful for carrying out dosimetry estimations. The emission of photons
with low abundances, preferably <10%, is preferred in the case of f~ emitting
radionuclides to ensure a minimal increase of the radiation dose burden for the
patient. A low abundance of gamma emission also helps in early discharge of
patients after therapy. In the case of « particle emitting radionuclides, the amount
of radionuclide used in therapy is very low and of the order of ~3.7-7.4 MBq
(100-200 pCi). Hence, it is essential to have a higher abundance of gamma rays
such that imaging can be performed.

3.3.1.4. Half-life

Another very important characteristic for the selection of a radionuclide
for targeted therapy is the physical half-life of the radionuclide. Long lived
radionuclides are preferable, as they deliver their radiation dose over an
extended period of time and hence the cumulative radiation dose delivered
is higher. For example, ***Sm (T,, 47 h) will deliver a much lower dose
compared to ¥Sr (T, 50.5 days) while using the same amount of radioactivity.
Hence, radiopharmaceuticals made with short lived radionuclides need to be
administered in higher amounts. Very long lived radionuclides will have the
problem that the onset of pain relief may begin only after a relatively long
time. For bone pain palliation, radionuclides with half-lives ranging from a few
hours (**Re; Ty, = 16.9 h) to several months (*°Tm; T,,, = 120 d) have been
proposed and used.
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An ideal radionuclide to be used widely for bone pain palliation ought
to have a half-life that allows global distribution of the products from the
production sites. Radioisotope production through radiochemical processing
of an irradiated target, radiopharmaceutical preparation, formulation, quality
control, dispatch and then delivery to a nuclear medicine department are required
before the radiopharmaceutical is made available at the patient’s location for
treatment. A radionuclide with a longer half-life is advantageous for this, as in
many places isotope production and radiopharmaceutical production facilities are
located in different places. A long half-life will also reduce decay loss, making it
economically more viable. This is one of the reasons why many nuclear medicine
physicians prefer ®SrCl, over **Sm-EDTMP for clinical use, although the
clinical efficacy of both products is well established.

3.3.1.5. Logistics of production

The logistics of production is an important consideration when selecting
a radionuclide. Even when the nuclear characteristics are highly favourable, the
radionuclide will not be useful unless it can be prepared in adequate quantities
with the desired quality. Hence, radionuclides that are prepared through nuclear
reactions with high neutron absorption cross-sections (o) are preferred. Among
the radionuclides suitable for bone pain palliation, 3P, *3Sm, *®*Ho, 1°Tm and
Y7u can be prepared relatively easily, whereas ®°Sr and **'™Sn are more difficult
to produce [70].

3.3.1.6. Specific activity

The specific activity achievable for the radionuclide is a very important
consideration when selecting a radionuclide for therapy. No carrier added (NCA)
radionuclides have advantages for use in radionuclide therapy as the specific
activity of the radiolabelled carrier molecules will be high and will remain
unchanged during storage. Medium specific activity radionuclides will suffice
for the preparation of the bone pain palliation radiopharmaceuticals discussed
in Sections 3.2.1 and 3.2.2. High specific activity radionuclides are mandatory
in targeted therapy using carrier molecules such as the peptides and inhibitor
ligands discussed in Section 3.2.3.

3.3.2. Selection criteria for carrier molecules

The selection of the most appropriate carrier molecule for the development
of a bone seeking radiopharmaceutical is also a difficult task. Elaborate
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experimentation will be essential before the best carrier molecule is identified.
The properties to consider when choosing carrier molecules include the following:

(@) The carrier moiety ought to have high affinity and specificity for the
target. The affinity of the carrier molecule ought to remain unchanged after
complexation with the radiometal.

(b) The carrier molecule ought to show preferential accumulation in cancer cells
rather than in normal cells. It ought to exhibit prolonged retention in the
lesions and at the same time rapid washout from non-target organs/tissue.

(c) Itoughtto be possible to label the carrier molecule or the chosen ligand with
the selected radionuclide using simple radiochemical reactions efficiently,
resulting in a stable product.

(d) The radiolabelling protocol ought to be simple and convenient, so that the
process can be easily adopted in a hospital radiopharmacy.

(e) The carrier moiety by itself or after modification with the BFCA ought to
be able to form a complex with the radiometal at a high yield so that post-
preparation purification is avoided.

(f)  The formed radiometal complex ought to be thermodynamically stable and
kinetically inert. The radiometal complex ought to have high stability under
physiological conditions.

(g) The carrier moiety ought to be non-toxic and non-immunogenic.

(h) The carrier moiety ought to have high radiation stability, so that it does
not undergo degradation when radiolabelled with the high amount of
radioactivity needed for therapy.

(i)  The synthesis protocol of the carrier molecule ought to be easy to scale up;
alternatively, it ought to be available at a reasonable price.

The most commonly used carrier moieties for developing bone pain
palliation agents carry two or more phosphonic acid groups in their structure [71].
Several types of phosphonic acids have been used as carrier vectors for a variety
of radionuclides in the quest to develop potential bone pain palliation agents
[50-59, 72]. The selection of proper organic moieties bearing the phosphonic
acid group is important as it can significantly alter the delivery, retention, binding
and clearance of the radiopharmaceuticals. In this regard, the use of polyamino
polyphosphonic acid derivatives in developing agents for bone pain palliation
requires special mention. Although the exact mechanism of bone uptake of
phosphonates from blood is not clearly understood, it is generally believed that
during the endocytic processes of osteoclasts, phosphonates are internalized,
as these are available on the mineral surfaces of the bone matrix when active
remodelling processes occur [73].
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3.3.3. Radiolabelling

As discussed in the previous sections, the radiopharmaceuticals used for
bone palliation fall into three different categories and the radiolabelling concerns
are different for each of them, as discussed below.

3.3.3.1. Radiopharmaceuticals used as inorganic salts

There are three bone seeking radiopharmaceuticals in this category, using
the radionuclides %°Sr, *®Ra and *?P. There are no radiolabelling issues while
using these types of radiopharmaceuticals, as they are used in their inorganic
salt forms as strontium chloride (¥*SrCl,), radium chloride (***RaCl,) and
sodium orthophosphate (Na;*?PO,). The only consideration for these types of
radiopharmaceuticals is to maintain the desired physiological conditions such
that they are suitable for administration to patients. There are no major stability
concerns as each product is in its most stable form.

3.3.3.2. Radiopharmaceuticals based on amine phosphonate ligands

The nitrogen and oxygen atoms present in amine phosphonate ligands are
electron donors and hence capable of complexing with most of the radiometals
used for bone pain palliation. However, the radiolabelling conditions have to be
optimized carefully to form complexes with high yields and the greatest stability.
The ligand concentration and the pH, time and temperature of the reaction are
important parameters to obtain the highest complexation yields and they must
all be optimized. The ligand requirements for the formation of stable complexes
will vary depending upon the ligand and the specific activity of the radiometal
used. Cyclic ligands such as DOTMP (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetramethylene phosphonic acid) (Fig. 6) with four amine and four phosphonate
groups require less ligand to make radiometal complexes as compared to acyclic
diamine tetraphophonic acid ligands. However, the ring size of the ligand is
important to provide stable complexes with different radiometals. For example,
18Re forms stable complexes with the 14-member macrocyclic CTMP ligand but
the lanthanides do not. On the other hand, the 12-member macrocyclic DOTMP
ligand gives high complexation yields with lower ligand concentrations with
most of the lanthanide radiometals studied [55, 56].
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3.3.3.3. Radiopharmaceuticals with BFCA conjugated carrier molecules

The use of a BFCA chelating agent to radiolabel biomolecules was a
novel concept introduced in the 1980s by Hnatowich et. al., who used a DTPA
(diethylenetriaminepentaacetic acid) anhydride to add a chelating agent to
albumin [74]. A large number of BFCAs were synthesized after that to radiolabel
specific radionuclides [75]. Figure 7 shows some of the common BFCA
molecules used to modify the carrier molecules.
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FIG. 6. Tetramine tetraphosphonic acid ligands used for making bone seeking radiopharmaceuticals.
CTMP (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetramethylene phosphonic acid) (left) and
DOTMP (right)(courtesy of T. Das, Bhabha Atomic Research Centre).
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FIG. 7. Bifunctional chelating agents used for radiolabelling metallic radionuclides (courtesy
of T. Das, Bhabha Atomic Research Centre).
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3.3.4. Stability of radiometal complexes

The stability of the radiometal complexes formed is critical in
radiopharmaceutical chemistry for human administration; the complexes are only
used at micromolar to nanomolar levels. Thermodynamic stability is generally
considered to be the most important factor in inorganic chemistry. Blood is an
extremely complex medium with a variety of binding proteins, chelating moieties
and elements, hence under in vivo conditions, when radiometal complexes
are present at high dilution, kinetic stability also becomes important. The
thermodynamic stability constants are the ratio of the kinetic on rate divided by
the kinetic off rate. It is possible to have a high thermodynamic stability constant
and a high kinetic off rate (e.g. EDTA complexes of the lanthanides), resulting
in unstable complexes. Increasing the denticity and/or adding a macrocycle
increases the kinetic stability of the resulting complexes.

Lanthanides such as samarium and lutetium are involved in forming
ionic bonds to their ligands. Lanthanides are considered to be hard Lewis acids
with high charge density and thus prefer to bind to hard anionic Lewis bases,
which are ligands containing hard donors such as oxygen. The most common
coordination number for the lanthanides is 9, although 12 coordinate complexes
for some of the early lanthanides are known. Multidentate chelators, preferably
octadentate, are preferred for preparing kinetically stable lanthanide complexes.
Additional stability can be achieved by incorporating macrocyclic chelators. For
example, both DTPA and DOTA are octadentate chelators and form complexes
with the various lanthanides. However, the macrocyclic DOTA chelator generates
kinetically more stable complexes than the acyclic DTPA chelator [76].

Radiopharmaceuticals based on *'%Re pose interesting challenges.
Rhenium has multiple oxidation states available, and in fact complexes in
oxidation states —1 through +7 have been reported [77]. Each oxidation state has
its own chemistry and redox stability, and this ought to be considered in addition
to thermodynamic and Kinetic stability. Rhenium complexes are more readily
oxidized to perrhenate than the analogous technetium complexes. The synthesis
of all *¥%Re complexes ought to begin with perrhenate (the chemical form
available following production and separation), which has the Re in its highest
oxidation state (+7). In order to complex the Re with a ligand, it is necessary for
the Re to be reduced to a lower oxidation state (generally +5, +3 or +1).

3.3.5. Radiolabelling conditions
Radiolabelling methods are specific for each radiometal. There could be

some similarity, as observed with the different radiolanthanides. The complexation
reactions are highly sensitive to pH and depend on the radiometal as well as the
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chelate used. Lanthanide radionuclides are supplied in acidic solution, as these
metals will undergo hydrolysis to insoluble hydroxide or oxide forms at higher
pH. Lanthanide complexation with phosphonate ligands is usually performed in
bicarbonate buffer at pH~9 [55-59, 78, 79].

Complexation of radiolanthanides with polyaminopolycarboxylate ligands
such as DOTA is performed at pH4-5 [80]. Different buffer solutions can be used
to maintain the appropriate pH for the reaction. Usually, acetate or ascorbate
buffers are used to make radiolanthanide complexes with the DOTA ligand. The
ligand concentration is varied to obtain the best complexation yields. The quantity
of ligand required will depend on the specific activity of the radiometal used and
will be in molar excess to the radiometal. A minimum metal : ligand (M : L) ratio
is essential to obtain stable complexes. It is also known that cyclic ligands form
stable complexes with a much lower M : L ratio than acyclic ligands. Reaction
time and temperature are the other parameters to be optimized.

Rhenium-186/188 ought to be reduced from perrhenate, the chemical form
available following production/separation, in order to complex with either a
phosphonate or a BFCA with an appended phosphonate or other targeting moiety.
Stannous ion is frequently used as the reducing agent and the radiolabelling is
carried out under acidic conditions, since Re is highly susceptible to oxidation
back to perrhenate at higher pH. The pH is adjusted to near neutral following
radiolabelling to make it suitable for injection.

The stability of the radiometal complexes formed is very important. The
radiometal complex is incubated under different environments, such as in saline
or human serum, and the radiochemical purity is determined at different time
intervals. If the stability is poor, further optimization experiments are carried out
to obtain complexes with higher stability. The radiolabelling protocol ought to be
optimized thoroughly to produce an agent with the highest radiochemical purity.
Arobust protocol is developed to assure high repeatability in complexation yields.

Quality control studies involve estimation of radionuclidic purity,
radiochemical purity and chemical purity. Radionuclidic purity is often
estimated by gamma ray spectrometry whenever there is gamma emission. If the
radionuclide is sourced from a commercial supplier, the radionuclidic purity will
be ensured and details will be provided. Radiochemical purity is determined by
chromatographic techniques. While high performance liquid chromatography
(HPLC) will be used for estimating radiochemical purity at developmental stages,
it is not practical to use HPLC on a regular basis at a hospital radiopharmacy.
Paper chromatography or silica gel thin layer chromatography, which can
be completed in a few minutes, are used in a nuclear medicine department.
Chemical purity is generally ensured, depending on the raw material used, and is
estimated by a test developed according to the chemical impurity. In order to use
the product for clinical studies endotoxin and sterility tests ought to be carried
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out as well. Finally, the product ought to have the right physiological conditions
for parenteral administration, which is generally performed in saline solution at
near neutral pH.

3.4. PRE-CLINICAL STUDIES

The radiolabelled agent used for bone pain palliation ought to preferentially
accumulate in the skeleton with a high lesion to normal bone accumulation
ratio. The accumulated radioactivity ought to be retained in the bone without
any further redistribution for as long as possible. The non-accumulated activity
ought to exhibit fast clearance from the body in order to reduce the radiation
dose burden to the non-target organs. Therefore, any new agent ought to undergo
rigorous in vitro evaluation and its potential ought to be thoroughly evaluated in
vivo in appropriate animal models. It is desirable to evaluate the accumulation
and retention of the radiolabelled agent in normal as well as disease induced
animals prior to initiating the clinical studies. Toxicological studies ought to be
conducted, if information is not explicitly documented for the carrier moiety and
the radionuclide used for developing the new product. All experiments involving
animals will need clearance from local animal ethics committees.

3.5. CLINICAL TRIALS

If an agent is found to be suitable after the completion of all the necessary
pre-clinical and toxicological studies, preliminary clinical studies can be initiated
in a limited number of patients. The study ought to be continued in a larger
population of patients to determine the effective dose and efficacy of the agent
in controlling the metastatic bone pain subject to the realization of favourable
results in the preliminary clinical studies. Clearance from the respective local
institutional ethical committee is mandatory for conducting all studies involving
patients. Clinical trials are very involved and expensive. As the market for
radiopharmaceuticals is relatively small, many commercial companies have
limited interest in conducting large scale clinical studies. Hence, several new
tracers that have been developed have not moved from in vitro animal studies
to the clinic.

The IAEA has taken the initiative and helped several Member States
through a CRP to coordinate a clinical trial of one of the bone pain palliation
radiopharmaceuticals, *""Lu-EDTMP. The studies were performed in multiple
stages. Phase | involved the use of a tracer dose (185 MBq/5 mCi) to determine
the pharmacokinetics and bone uptake of the tracer in a small number of patients,
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followed by a dose escalation study, in which the maximum tolerated dose was
estimated [7]. Following this, a phase Il clinical trial involving a therapeutic dose
was performed in a few Member States [8, 9]. Based on these results, approval
for the manufacture and supply of *’’Lu-EDTMP for human use has been granted
in certain Member States.

3.6. APPROVAL

Every radiopharmaceutical needs to be approved by the drug licensing
agency of respective countries before it can be used as a regular product for
clinical use. The drug licensing agencies in each country will have their own rules
and guidelines, but the data obtained from the clinical trials, if they unequivocally
demonstrate the efficacy and safety of the new radiopharmaceutical, are the
principal basis for granting such approval.

3.7. GOOD MANUFACTURING PRACTICES FOR
RADIOPHARMACEUTICAL PRODUCTION

Radiopharmaceuticals for bone pain palliation are prepared either as
finished products or using freeze-dried kit formulations. In the latter case,
the radionuclide is added to the kit at the nuclear medicine department to
formulate the clinical dose. The preparation of the finished products as
well as kits ought to be in accordance with the standards established for
radiopharmaceutical manufacturing. The standard guidelines for the manufacture
of radiopharmaceuticals are described below, in brief.

According to the World Health Organization, radiopharmaceuticals can
be classified as a radiopharmaceutical preparation, a radionuclide generator, a
radiopharmaceutical precursor and a kit for radiopharmaceutical preparation [81].
The term “small scale’ radiopharmaceutical has been introduced for any in-house
PET, SPECT or therapeutic radiopharmaceutical prepared on a small scale [82].

Good manufacturing practices constitute a well known system to
ensure the quality of the pharmaceutical product for the benefit of the patient.
Radiopharmaceuticals for human application ought to comply with the
specifications of a regulatory framework, although with certain peculiarities.
The manufacture and control processes are operations that involve potential risks
inherent to their radiation characteristics and the administration pathway. It is
well known that radiopharmaceuticals do not have a pharmacological effect, but
most of them are administered intravenously. Accordingly, they ought to meet the
requirements for sterile pharmaceuticals.

25



The good manufacturing practices for manufacturers describe the
requirements that the processes ought to meet, from the design of the
installation through the development, preparation, production, handling,
packaging, conditioning, stability, quality control, storage and distribution of
radiopharmaceuticals in each country. Good manufacturing practices aim to
ensure that these factors consistently meet the quality requirements of the product
for patient administration [83, 84].

The first step in implementing good manufacturing practices consists of
identifying the process that needs to be kept under control. All of these processes
ought to be well documented in standard operating procedures (SOPs). The SOPs
ought to be integrated into a documentation system that ensures their correct
management. The written, reviewed and authorized procedures ought to specify
all the aspects (step by step) involved in the manufacturing or preparation of the
radiopharmaceutical.

All suppliers of radioactive raw materials ought to be evaluated and
approved. The received product ought to be verified according to documented
specifications and be provided with a certificate of compliance. Its storage (if
applicable) and handling also ought to be documented. Specific records ought
to be kept allowing traceability of the received quantities against the supplied
quantities. Handling of radioactive materials ought to be performed by authorized
personnel. All of the critical operations ought to be verified and carried out
according to authorized SOPs.

All instruments used for measurement ought to be calibrated and the
areas and systems ought to be qualified. Appropriate preventive maintenance,
calibration and qualification plans and programmes ought to be carried out for
the facilities and for the equipment used in the manufacturing or preparation of
the radiopharmaceutical.

Automated radiochemical devices ought to be located in shielded hot cells.
Prior to the preparation of an in-house radiopharmaceutical, the operator ought
to conduct pre-established checks. Hot cells ought to be tested for pressure to
ensure the correct performance of the ventilation system. Radiation monitoring
devices also ought to be verified. The dispensing systems to prepare the
radiopharmaceutical doses ought to be cleaned and the sterile disposables (tubing,
filters, syringes, needles, valves and other materials) ought to be replaced. The
high efficiency particulate air filter integrity test is mandatory within the hot cell
for dispensing [82].

Each batch of manufactured product ought to be controlled from the
beginning of the process to guarantee that the materials are fully controlled.
An SOP ought to establish the parameters and control activities for the process.
Process controls ought to include all measurable parameters involved in the
manufacture or preparation (temperature, radioactivity levels, pressure, time).
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The results of the tests and analyses carried out during the process ought to
be recorded or annexed to the production batch. The intermediate and final yields
ought to be registered and compared against their limits. If any deviation from
the written instructions occurs, it ought to be documented, and an investigation
ought to be carried out.

The aseptic areas ought to be classified and ought to be periodically
controlled to meet the correct classification. Environmental monitoring ought
to be carried out according to an authorized programme. Immediately after the
end of the process, the product ought to be conditioned and kept in controlled
conditions until its delivery.

The quality control equipment ought to be qualified periodically using
appropriate standards. Analytical weight balances, multichannel analysers,
dose calibrators and radio-chromatogram scanners ought to be calibrated and
maintained according to authorized programmes.

Validated testing methods (when applicable) and test methods ought to be
available. Quality control ought to determine the release of the finished product
in accordance with procedures. The conditions of transport ought to be written
in order to preserve the characteristics of the radiopharmaceutical. Complaint
handling, internal audits, external audits and SOPs for recall also ought
to be available.

In addition to the drug regulations, the radiopharmaceutical manufacturing
ought to meet the radiological safety regulations established by national,
regional or international regulators. As emerging radiopharmaceuticals for
therapy or diagnosis have been reported, and some will eventually be translated
to clinical practice, it will be imperative to have a clear regulatory framework
for the manufacturer and the authorities in order to optimize the authorization
times for marketing.

Several pharmacopoeias (USP, European, International, Brazilian, British,
Indian, Mexican, etc.) include monographs on radiopharmaceuticals, which
contain a description and the tests to perform on them in order to allow the release
of the final product. A few countries have also framed national rules on this issue.
Countries that do not have national rules can apply international guidelines.
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4. RADIONUCLIDES FOR BONE PAIN PALLIATION

4.1. GENERAL PRINCIPLES FOR THE PRODUCTION OF
RADIONUCLIDES

Nuclear reactors or charged particle accelerators such as cyclotrons are
used for the production of radionuclides. Radionuclides produced in cyclotrons
are neutron deficient and hence mostly decay by positron emission or electron
capture. Positron emitters have no role in targeted radionuclide therapy.
A few of the radionuclides decaying by electron capture could also emit Auger
electrons, which are therefore suitable for therapy. There are a few radionuclides,
such as ?®Ac, that can be produced in a cyclotron and find applications in
radionuclide therapy [85].

Most of the radionuclides used for bone pain palliation therapy are
produced in nuclear reactors [86]. These are neutron rich radionuclides decaying
by emission of g~ particles. Another means of obtaining radionuclides for
radiopharmaceutical preparations is the separation of a decay radionuclide from
a long lived parent radionuclide [87]. This can be done either at a manufacturing
site or by providing the parent radionuclide as a ready to use radionuclide
generator [88]. For example, Y is isolated from **Sr (T, 30 years) at the
manufacturing site and shipped as a radionuclide for radiopharmaceutical
preparation or supplied as a finished product [89]. On the other hand, '®®Re used
for TRT is obtained from a ready to use *3W/*%Re generator [90].

Some of the alpha emitting radionuclides used for therapy are isolated from
their very long lived alpha emitting parent radionuclides in the uranium, thorium
or neptunium series. Some of these alpha emitting radionuclides may be further
irradiated in a nuclear reactor or cyclotron to produce radionuclides useful for
bone pain palliation [85].

4.1.1. Cyclotron production of radionuclides

In the case of cyclotron production of radionuclides, suitable targets are
irradiated with high energy particles such as protons, deuterons and alpha particles.
Depending on the energy of the induced particles, usually one or more neutrons are
emitted from the nucleus of the target atom. The typical reactions where neutrons
are emitted are denoted as (p,xn), (d,xn) or («,xn) where x is the number of emitted
neutrons. It is also possible to emit particles such as protons and alpha particles along
with neutrons when irradiation is performed with high energy particles in certain
targets. The produced radionuclide needs to be separated from the target using
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suitable chemical separation procedures. There are IAEA publications providing
detailed descriptions of the production of radionuclides using cyclotrons [91, 92].

4.1.2. Reactor production of radionuclides

The major source of radionuclides for bone pain palliation is the nuclear
reactor. In a nuclear reactor, suitable target materials are mostly irradiated at
thermal neutron fluxes ranging from 10%-10% n-.cm™2-s™!. The most common
nuclear reaction is (n,y) where a neutron enters the target atom resulting in the
formation of an excited atom. The excited atom comes to the ground state by
emission of a gamma photon.

The activity of the product formed in such a nuclear reaction is given
by the equation:

A=Ngf(1-¢")Bq (1)

where

N is the number of target atoms;

o is the cross-section (1 barn = 1072 m? or 10>* cm?);
¢ is flux in the irradiation position;

A is the decay constant, which is 0.693/T%%;

and t is the time of irradiation.

Generally, only the cross-section (o) for thermal neutrons is taken for yield
calculations. However, depending on the irradiation position in the reactor, there
will be a component of neutrons with energy in the epithermal (0.25 eV-5.0
keV) region. Some of the nuclear reactions have significant cross-sections in the
epithermal region and hence the epithermal cross-section as well as resonance
integrals need to be factored while performing yield calculations.

The radionuclides prepared by direct (n,y) nuclear reaction will often have
low specific activity as there will be a significant amount of target nuclide present
as a carrier in the final preparation. The specific activity of the product formed
will also depend on the neutron activation cross-section (o), the neutron flux (¢),
which position the irradiation is carried out at and the time of irradiation (t).

A typical example is the production of *"’Lu by irradiating either natural
Lu or an enriched *"°Lu target by the *"°Lu(n,y)*""Lu reaction. The radiochemical
processing of such targets is simple as there are no other elemental impurities
present. Once irradiation is complete, the target is recovered and processed in a
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hot cell. Usually, simple steps of dissolution, removal of acid, adjustment of pH,
and so on will recover the activity [93].

Another method of production is when neutron irradiation results in the
formation of a short lived radionuclide. This radionuclide then decays to produce
another longer lived radionuclide that is useful for therapy. An example for this
type of process is the production of ’Lu by irradiation of an enriched Yb (in
176b) target, which produces the short lived *'"Yb (T,,, 1.91 h) and then decays
to 1"’Lu, as seen in Eq. (2) [94].

176 Yb(n,y)m Yb—P= 17714 2)

Following irradiation, the target needs to be stored for the decay of the
first radionuclide and then chemically processed to separate the bulk target
material from the useful radionuclide. The radionuclides produced through this
route are called NCA and will have specific activity close to their theoretical
specific activity.

An alternative to thermal neutron reactions are fast neutron reactions,
which use high energy neutrons, resulting in reactions where particles are
emitted. A typical example is the nuclear reaction 5°Co(n,p)*°Fe. The cross-
sections for fast neutron reactions are generally much lower than for thermal
neutron reactions. Phosphorus-32, used for bone pain palliation, is prepared by
the nuclear reaction 2S(n,p)%P [95]. An elemental sulphur target is irradiated in a
nuclear reactor at positions with high fast neutron fluxes. A chemical purification
will be needed to recover the radionuclide from the bulk target.

Strontium-89 can also be prepared by irradiating yttrium with fast neutrons.
Yttrium is mononuclidic and hence a natural yttrium target can be used for
production by using the following nuclear reaction: *°Y (n,p)®Sr [96].

4.1.3. Generator production of radionuclides

Radionuclides can also be obtained from a radionuclide generator wherein
a long lived radionuclide decays to a short lived decay product [88]. A typical
example of such a generator is that used for the preparation of ‘®Re [90]. A major
advantage of the radionuclides prepared from generators is that they are NCA
and have the highest specific activity. The parent radionuclide used for making
the generator needs to be produced in a cyclotron or a nuclear reactor. Table 1
lists some of the therapeutic radionuclides that are produced using radionuclide
generator systems.
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TABLE 1. GENERATOR PRODUCED RADIONUCLIDES USEFUL FOR
THERAPY

Radionuclide generator Parent Half-life of Decay Half-life of
radionuclide the parent radionuclide the decay

Actinium-225/ Actinium-225 10.0d Bismuth-213 45.59 min
bismuth-213

Calcium-47/ Calcium-47 453d Scandium-47 3.345d
scandium-47

Lead-212/bismuth-212 Lead-212 10.64 h Bismuth-212 60.55 min
Strontium-90/yttrium-90  Strontium-90  28.79 years Yttrium-90 64.10 h
Tungsten-188/ Tungsten-188 69.4d Rhenium-188 16.98 h
rhenium-188

4.1.4. lsolation from long lived actinides

Some useful therapeutic radionuclides, especially those decaying by alpha
particle emission, can be isolated from long lived natural or artificially produced
actinide elements. There is a large inventory of actinides, which are the by-
products of the operation of nuclear reactors and fuel processing plants. One
radionuclide prepared through this route is >Ac, which is used for alpha therapy.
Thorium-229 (T,,, 7880 years) is a decay product of %3U (T,,, 160 000 years).
Uranium-233 and ?*Th are in secular equilibrium. Thorium-229 is separated from
the 2*U inventory and is used for the separation of ?2°Ac. Thorium-229 decays
to ?*°Ra (T, 14.9 days). Radium-225 and ***Ac are in transient equilibrium and
hence the latter can be separated at regular intervals for clinical use.

4.2. PRODUCTION OF B PARTICLE EMITTING RADIONUCLIDES
Table 2 presents the #~ particle emitting radionuclides that have been used

or are potentially useful for the preparation of radiopharmaceuticals for bone
pain palliation.
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TABLE 2. LIST OF g~ EMITTING RADIONUCLIDES USEFUL FOR BONE
PAIN PALLIATION

Maximum energy of Energy of gamma

No. Radionuclide Half-life [ particles in KeV  emissions in KeV
(abundance) (abundance)
1. Phosphorus-32 14.26 d 1711 (100%) None
2. Strontium-89 50.53d 1497 (100%) None
3. Samarium-153 46.27 h 808 (17.5%) 103 (28.3%),
705 (49.6%) 70 (5.25%)
635 (32.2%)
4. Lutetium-177 6.734 d 498 (78.6%) 208 (11.0%),
385 (9.1%) 113 (6.4%)
176 (12.2%)
5. Rhenium-186 90.64 h 1069 (80.0 %) 137 (8.6%)
932 (21.54%)
581 (5.78%)
6. Rhenium-188 16.98 h 2120 (71.1%) 155 (14.9%)
1965 (25.6%)
7. Tin-117m 14 d 130 (64.9%) 0.159 (86.4%)
150 (26.2%)
8. Thulium-170 128.6 d 968 (81.6%) 84 (3.26%)
883 (18.3%)
0. Ytterbium-175 4.185d 470 (86.5%) 396 (6.5%)
356 (3.3%) 282 (3.10%)
73 (10.2%)
10. Holmium-166 26.83 h 1854 (50.0%) 81 (6.2%)
1774 (48.7%)
11. Yttrium-90 64 h 2272 (99.983%) Nil
12. Terbium-161 6.88 d 593 (10.0%) 74 (9.8%),
567 (10.0%) 49 (14.8%),
518 (66.0%)
461 (26.0%)
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TABLE 2. LIST OF 5~ EMITTING RADIONUCLIDES USEFUL FOR BONE
PAIN PALLIATION (cont.)

Maximum energy of Energy of gamma

No. Radionuclide Half-life [ particles in KeV  emissions in KeV
(abundance) (abundance)

13. Erbium-169 9.4d 351 (55.0%) Insignificant
342 (45.0%)

421. ¥p

Phosphorus-32 decays with a half-life of 14.26 days and emits 5~
particles with an Ej ., of 1711 keV. It is a pure - emitter with no y emission.
Phosphorus-32 is one of the earliest artificially produced radionuclides, having
its origin in 1936 at the Berkeley cyclotron where E.O. Lawrence produced 2P
by 3P(d,p)*2P nuclear reaction. However, meaningful quantities for large scale
therapy cannot be produced through this route. Nevertheless, the first clinical
study with P leading to the use of artificially produced radionuclides for medical
application was performed with 3P prepared through this route. This route of
production has now been abandoned.

Phosphorus-32 is prepared in nuclear reactors using the following
nuclear reactions:

$1p(n, 7)*2P, 100% abundance, ¢ 0.172 b
%25(n,p)*2P, 100% abundance, ¢ 0.068 b

Vimalnath et al. reported the preparation of 2P using the above two
routes [97]. The production processes are described in brief below.

4.2.1.1. Production of *?P using red phosphorus

Red phosphorus is irradiated at a neutron flux of ~7.5 x 10** n.cm™.s™!
for a period of 6 days. Radiochemical processing is performed by dissolving the
irradiated red phosphorus in concentrated nitric acid. After complete dissolution,
the residue is dissolved in HCI and heated to near dryness. The residue is
reconstituted in ultrapure water and heated to near dryness; this step is repeated
three times to remove the acids completely. The contents are finally dissolved in
ultrapure water to yield *2P-orthophosphoric acid (H,*2PO,). The specific activity
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of the radionuclide produced is adequate for the preparation of bone seeking
radiopharmaceuticals.

4.2.1.2. Production of *P using sulphur targets

An elemental sulphur target is irradiated for 60 days at a fast neutron
flux of ~8.9 x 10 n-cm™2.s™!. Radiochemical processing involves the initial
distillation and removal of sulphur, leaving behind the *?P. After ensuring
complete distillation of the sulphur, the remaining contents are dissolved in 0.05
N supra-pure HCI and further distilled at ~60-70°C, collecting H,*PO, in the
receiver flask. H,**PO, thus prepared is purified by passage through a cation
exchange resin to remove aluminium and other cationic impurities. The eluate
containing H,*PO, is collected and heated to dryness to remove the excess HCI.
The residue is reconstituted in 0.05 M supra-pure HCI to obtain H3?PO, solution
of the desired radioactive concentration.

The advantage of the first route of production is that only a small amount
of red phosphorus needs to be irradiated to obtain *2P for bone pain palliation
application. The second route from natural sulphur provides NCA 32P. However,
such high specific activity is not needed for bone pain palliation therapy. In
fact, inactive phosphorus needs to be added during the formulation of the
radiopharmaceutical. The second route consumes a large irradiation volume in
the reactor and requires elaborate radiochemical processing.

422. ®sr

Strontium-89 decays with a half-life of 50.53 days, emitting 4~ particles
With Ej . Of 1.497 MeV. There is no y emission.

Strontium-89 is usually produced via the %Sr(n,y)®Sr reaction. Despite
the high natural isotopic abundance of ®Sr (82.3%), a highly enriched target
is needed to avoid producing the 3Sr impurity formed by the nuclear reaction,
84Sr(n,y)®sr. #Sr decays by electron capture, emitting high energy gamma
photons of 514 keV. The thermal neutron capture cross-section of #Sr(n,y)®sr
reaction is very low (0.058 b), resulting in a low production yield, even when the
irradiation is performed in very high flux reactors. The specific activity of ®Sr
formed is inadequate if medium flux nuclear reactors are used and the product
is unsuitable for clinical application. Nuclear reactors with high thermal neutron
flux are required to produce ®Sr by direct (n,y) activation to yield adequate
specific activity for bone pain palliation.

Strontium-89 is typically produced by thermal neutron irradiation of 8Sr
targets and commercially used 3°Sr thus has a low specific activity of ~3 GBg/g.
Irradiation of 1 g of SrCOj, target in the Maria reactor, NCBJ, Swierk, Poland
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per five to six cycles of 100 h (neutron flux 2.5 x 10 n.cm™.s!) produces 4
GBq (~108 mCi) of %Sr. To avoid ®Sr co-production, ®Sr targets with very
high enrichment (>99.9% %8Sr) are used. The requirement to use highly enriched
targets, the low yield due to the poor neutron capture cross-section (0.058 b) and
the long irradiation time increase the cost of ®Sr production.

High specific activity 8Sr is produced by the reaction 8Y(n,p)®°Sr using
fast neutrons. Yttrium is a mononuclidic element with 100% 8°Y and hence a
natural target can be used. The cross-section of this nuclear reaction is very
low (0.0002044 b), requiring the irradiation of large quantities of ¥Y to obtain
reasonable amounts of 8Sr with fast neutron flux. Hence, a large irradiation
volume in the reactor is blocked for extended periods of time, contributing to
the cost of production. Strontium-89 needs to be separated from bulk irradiated
material, which will also contain large quantities of radioactive *°Y formed by
the activation of the %Y target (®®Y(n,»)®Y). The advantage of this route of
production is the possibility of obtaining NCA Sr.

In 2003, Chuvilin et. al. proposed a new method for the efficient
production of NCA #°Sr, which is based on application of the ®Kr produced
as a result of U fission. Strontium-89 is formed in the nuclear chain
8956 —¥Br—#Kr—%Rb—Sr. This method can be realized in a liquid nuclear
reactor in which gaseous fission products are isolated and collected; after an
appropriate period of time, 8Sr can be separated. The potential high efficiency of
89Sr production by this method is based on the high cross-section (600 b) of 2*U
fission. The yield of ®Kr in fission products is ~4.5 % [98].

423. %sm

Samarium-153 is a low energy ~ emitter, decaying with a half-life of 46.27
h. It emits g~ particles with an Ej,,, of 808 keV (17.5%), 705 keV (49.6%) and
635 keV (32.2%). It also emits gamma photons of 103 keV (28.3%) and 70 keV
(5.25%). These gamma photons can be used for scintigraphic imaging.

Samarium-153 is produced by irradiating enriched 2Sm in oxide [99]
form in a nuclear reactor by means of the **2Sm(n,»)'**Sm reaction. There is no
radiochemical processing except recovering the target and dissolving it in dilute
HCI to obtain ***SmCI,. The neutron activation cross-section of 206 b and the
resonance integral of 2978 b of *2Sm are advantageous and large activity can
be prepared even when the irradiation is carried out in medium flux research
reactors. The specific activity obtained is high enough for the preparation of bone
pain palliation agents.

Although not preferred, natural samarium can also be used for the
production of 1*3Sm and the specific activity of the product formed is adequate for
the preparation of radiopharmaceuticals for bone pain palliation. Natural targets
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will give long lived radionuclidic impurities, such as ***Sm (T, 345 days), **'Sm
(T,, 90 years) and ™°Eu (T,;, 4.76 years). However, the radionuclidic impurity
burden will not be too high to preclude the use of the product for clinical
applications [100].

Samarium-153 is an ideal radionuclide for bone pain palliation and
18Sm-EDTMP (quadramet) is an approved product. The medium energy /-
particles of 153Sm have the advantage of low bone marrow toxicity compared
to 2P and 89Sr. The gamma abundance is ~35%, which is on the high side and
is a disadvantage for a therapeutic radionuclide. The major disadvantage is its
short half-life (T, 46.28 h), which is a constraint on the widespread use of ***Sm
radiopharmaceuticals.

424. YLu

Lutetium-177 decays with a half-life of 6.73 days and #  emissions
of Ejmax 498 keV (78.6%), 385 keV (9.1%) and 176 keV (12.2%). There are
also two gamma rays of energy 208 keV (11.0%) and 112 keV (6.4%), which
are suitable for scintigraphic imaging. The #~ particles emitted by *’Lu have
moderate tissue penetration, making the radionuclide suitable for targeting bone
metastases without much irradiation of the bone marrow. Undoubtedly, *"Lu
is the most successful radionuclide introduced for TRT at the beginning of this
millennium and several radiopharmaceuticals have already been developed in
the last 20 years and are in clinical use [101]. Many more radiopharmaceuticals
based on "Lu are likely to be developed in the future for targeted therapy.

Lutetium-177 can be produced by direct or indirect routes and the specific
activity achievable from both the methods is very high and suitable for most
applications [102]. Both the direct and indirect routes have their own advantages,
some of which will be elaborated in the following sections.

4.2.4.1. Direct route for production of *’Lu

Lutetium-176 is the target material for the production of *’’Lu via the direct
route using the *"®Lu(n,y)*""Lu reaction. The reaction cross-section is (¢ 2065 b).
The natural abundance of "®Lu is 2.6%; however, highly enriched (>80%) *"®Lu
targets are commercially available at a reasonable cost. By using highly enriched
targets (>90%) and irradiation in very high flux research reactors (~1 x 10%°
n-cm2-s™!), specific activities of up to 2.59 TBg/mg (70 Ci/mg) can be obtained,
resulting in a radioactive atom percentage >60. Even though the theoretical
specific activity of Y"’Lu is very high at 4.033 TBg/mg (109 Ci/mg), *"’Lu, with
a specific activity of >740 GBg/mg (20 Ci/mg), is found to be adequate for the
radiolabelling of peptides and antibodies [101]. Much lower specific activity
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is sufficient for the preparation of bone pain palliation agents. Hence, even
low-medium flux research reactors can produce large quantities of carrier added
71y for therapy.

The specific activity of 1’’Lu that can be attained in a nuclear reactor while
irradiating an enriched "®Lu target depends on the time of irradiation in addition
to the neutron flux. The target burnup will be very high in high flux research
reactors, as the thermal neutron capture cross-section of the Y®Lu target is very
high (~2300 b). The activity produced attains a maximum after a certain duration
of irradiation and will start decreasing thereafter. The time to attain the maximum
activity depends on the neutron flux. The higher the neutron flux, the shorter
the time required to attain maximum activity [93]. Hence, it is important to
theoretically calculate the optimum time of irradiation for the irradiation position
used and the flux available.

The direct route of Y’Lu production will result in the formation of a small
quantity of *’"™Lu, which is a long lived (T, 160.5 days), metastable radioisotope
of lutetium. There will be no increase in the absorbed dose to tissues other
than the target organs as ’"™Lu and "’Lu have the same chemical, biological
and dosimetric properties. The presence of '"™Lu has been considered to be a
problem in certain countries because it is necessary to manage the waste coming
from the nuclear medicine department. The average level of burden in *'’Lu due
to 1"™Lu is of the order of ~150 nCi per mCi (150 Bq/MBq) or ~ 1.5 x 102 %
back calculated to end of bombardment (EOB) [102]. These levels of Y"™Lu
impurity are not a concern in many countries. As the level of the *"™Lu impurity
is low, it is difficult to measure it before dispatch of the product. Activity of
1m_y is assayed by recording the y ray spectrum of a decayed *’’Lu sample and
back calculating the amount of activity at the reference time.

4.2.4.2. Indirect route for production of *"Lu
The indirect route of production of Y"Lu is followed for the preparation

of NCA YLu [94, 103, 104]. The nuclear reaction for the production of *’Lu
is shown below.

p-——>—p"
®)

5 ¥b(n, )" Yo—— """ Lu—— """ Hf (stable)

o 285b T, =19h— T, = 6.73d
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The Y"Lu prepared is NCA and hence will have theoretical specific
activity of 4.033 TBg/mg (109 Ci/mg). Lutetium and Yb have identical
reaction thermodynamics and Kinetics to most of the commonly used ligands
for radiopharmaceutical preparation, such as DOTA. Hence, '®Yb target
material impurity in the Y’Lu results in decreased specific activity of the
radiopharmaceutical product. The production of *’’Lu through this route therefore
demands elaborate radiochemical processing, as large quantities of *"®Yb enriched
target are required to produce sufficient quantities of *’’Lu that is suitable for
radiopharmaceutical preparations. It is possible to recover the enriched target
after irradiation; however, there are considerable practical difficulties. All these
demands add to the production cost of *’’Lu via the indirect route.

425 Re

Rhenium-186 decays by £ emission with a half-life of 90.64 h. It emits
medium energy £~ particles with an Ej ., of 1069 keV (80%), 932 keV (21.5%)
or 581 keV (5.78%). Being a medium energy - particle emitting radionuclide, it
is adapted to bone pain palliation. It also emits gamma photos of 137 keV (8.6%),
which are ideal for scintigraphic imaging.

NCA 6Re can be produced by proton or deuteron bombardment on a 8w
target in a cyclotron at high or moderate energies [105]. However, this is not a
preferred route for the production of large quantities of '®°Re; moreover, very
high specific activity preparation is not essential for bone pain palliation therapy.

Radionuclidically pure %®Re can be prepared by (n,y) activation of
isotopically enriched ®Re targets, the natural abundance of which is 37.4%.
The high cross-section (112 b thermal, 1739 b resonance integral) of the nuclear
reaction *®Re(n,y)'®®Re is highly attractive as large scale production is feasible.
The presence of ®’Re in the target ought to be avoided to prevent the formation
of *®Re as a radionuclidic impurity.

Natural rhenium contains two isotopes, **Re (37.4%) and **'Re (62.6%).
Rhenium-186 has a fairly large thermal neutron activation cross-section of 74.8 b
and a 294 b resonance integral. Hence, the irradiation of a natural rhenium target
in a reactor will yield a mixture of ‘®Re and %Re [106]. As the half-life of 1%Re
(T4, = 90 h) is much longer than that of **®Re (T,;, = 17 h), the proportion of the
two radionuclides formed depends on the time of irradiation and cooling post-
irradiation. Shorter irradiation times will make more of **¥Re and less of *®*Re,
but with low specific activity. Longer irradiation (over 7 days) and cooling for 4
days will bring down the *®Re activity to less than 5%.

The specific activity of '®°Re is sufficient to make radiopharmaceuticals
for bone pain palliation and radiosynovectomy. Being a medium energy 5~
emitter, it is a good radionuclide for bone pain palliation applications. The 90 h
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half-life of this radionuclide provides logistical advantages for transportation of
the radiopharmaceuticals to users.

4.2.6. BRe

Rhenium-188 decays by £~ emission with a half-life of 16.98 h. It emits
high energy f~ particles with an Ej,, of 2.12 MeV. It also emits gamma
photons with an energy of 155 keV (with an abundance of 14.9%), suitable for
scintigraphic imaging.

Despite being a high energy £ emitter, 'Re has been used extensively
for bone pain palliation therapy. This is mainly due to its availability from a
188\W/¥%Re generator [90]. %Re can also be prepared by neutron activation
of highly enriched ®'Re. The cross-section (74.8 b thermal, 294 b resonance
integral) is relatively large and hence large quantities of **Re can be prepared
using this route. The ®Re produced is carrier added, but the specific activity
obtained when irradiation is performed in medium to high flux research reactors
is sufficient for the preparation of bone pain palliation agents.

The preferred route of production of '%Re is as the decay product of
a 8W/®8Re generator. The parent radionuclide %W needed to make the
generator is produced by double neutron capture on an enriched **W target
(*¥W(n,»)8"W(n,y)*88W, cross-sections 37.9 b and 64 b thermal, respectively,
and 294 b and 2760 b resonance integral, respectively). As ®W is produced by
double neutron capture, the production yield is a function of the product of the
cross-sections (o, X a,) and the practical yields and specific activity of %W are
very low even when medium flux reactors are used for production [107]. Only
a few reactors globally are capable of making the high specific activity 8w
needed for the preparation of ‘#¥W/*®Re generators.

The '88Re prepared from the generator is in NCA form and hence suitable
for radioimmunotherapy and peptide receptor radionuclide therapy. Rhenium-188
is also used for the preparation of radiopharmaceuticals for other applications,
such as radiosynovectomy and treatment of hepatocellular carcinoma. The
extensive use of ®8Re based bone pain palliation radiopharmaceuticals has also
been promoted through IAEA sponsored projects.

4.2.7. 1'mgn
Tin-117m decays with a half-life of 13.6 days and emits conversion
electrons of 127 keV and 129 keV. Unlike g~ particles, conversion electrons

have discrete energies. The short path length of these electrons spares the bone
marrow. Tin-117m also emits 159 keV (86%) gamma rays. This high abundance
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of gamma rays coupled with the long half-life of the radionuclide mandates
restricted movement of patients to avoid radiation exposure to the public.

Tin-117m is produced by elastic scattering reactivation, involving nuclear
reaction 'Sn (n,n'y)'™Sn. These types of nuclear reactions have very poor
cross-sections and hence require the use of very high flux (~10%° n-cm™2.s™")
reactors [108]. A highly enriched target is essential to produce a sufficient
quantity of 1''™Sn, making it a costly radionuclide. The specific activity of 11/™Sn
produced is low but adequate for bone pain palliation therapy.

High specific activity '™Sn can be produced by using an accelerator
and exploiting the nuclear reactions "'Sh(p,2pxn)*™Sn and '°Cd(«,3n)**"™Sn.
One report describes the production and purification of '™Sn prepared via
the Cd(a,3n) reaction [109]. The '™Sn thus prepared was chelated with an
aminobenzyl derivative of DOTA and then conjugated with annexin V-128 to
produce an agent for the diagnosis and treatment of vulnerable plaque [109].

428. Tm

Thulium-170 decays to stable "°Yb (99.879 %) by emission of 5~ particles
and a small fraction to stable Y°Er (0.131%) by electron capture with a half-life
of 128.6 days. It emits = particles with maximum energies (Egay) Of 0.968
MeV (81.6 %) and 0.884 MeV (18.3%). It also emits 84.3 keV (3.26%) gamma
photons, which are suitable for scintigraphic imaging.

Thulium-170 is produced by irradiating a natural thulium oxide target in
a nuclear reactor using the nuclear reaction **Tm(n,»)'"®Tm. The high cross-
section (107 b thermal, 1629 b resonance integral) coupled with 100% isotopic
abundance of the target provides Y°Tm with a reasonably high specific activity
even when the irradiation is performed in medium flux research reactors.

Relatively long irradiation times are essential due to the long half-life of
the radionuclide. The radiochemical processing is simple, and the product formed
will be radionuclidically pure. In one published report [79], "°Tm was produced
by thermal neutron bombardment of natural Tm,0, (100% ***Tm). In the reported
procedure, 1°Tm was produced by irradiating ~10 mg of Tm,O, sealed in a quartz
sample and placed in an aluminium can at a thermal neutron flux of 6 x 10
n-cm 2.s”' for 60 days [79]. The radiochemical processing involved dissolving
the irradiated target in 1M HCI with gentle warming followed by evaporating
the contents to near dryness. The contents left after drying were dissolved in
doubly distilled water to obtain *°TmCl,, which is useful for radiolabelling
phosphonate ligands.

The radionuclidic purity of the °Tm was determined by gamma ray
spectrometry using an HPGe detector coupled to a 4 K multichannel analyser
(MCA) system. Eighty-four keV was the major photopeak; two other X ray peaks
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at 52 keV and 59 keV were observed in the gamma ray spectrum of Y°Tm decay.
No other gamma emitting radionuclides were observed. The specific activity of
9Tm produced was 6.36 GBg/mg (172 mCi/mg) at the end of bombardment.
This product was suitable for making *"*Tm bone seeking amine bisphosphonates
as well as macroparticles [79, 110].

42.9. ™vYp

Ytterbium-175 decays with a half-life of 4.185 days and emits g~ particles
with an Ey ., 0f 470 keV (86.5%) and 73 keV (10.2%). It also emits gamma
photons with energies of 396 keV (6.5%) and 282 keV (3.1%).

Ytterbium-175 has not been widely investigated as a therapeutic
radionuclide. The feasibility and logistics of its production have been reported
on [111]. It can be produced with high radionuclidic purity by thermal neutron
activation of an enriched YD target, ™Yb(n,y)*Yb. The activation cross-
section is relatively high at 63 b and hence abundant quantities of the radionuclide
could be produced without difficulty. The saturation specific activity formed
is 24.09 TBqg/g (651 Ci/g) when irradiation is carried out at a neutron flux of
1 x 10% n-cm2-s7! using an 100% enriched target accounting for ~0.37% of the
theoretical specific activity.

Natural ytterbium cannot be used as a target for production, as it will
result in lower specific activity as well as the formation of other radionuclides of
ytterbium (***Yb, 1"Yb) as well as *"’Lu. The nuclear reaction *8Yh(n,y)***Yb
has a very high cross-section (3033 thermal and 19684 b resonance integral).
However, as the percentage abundance of %8Yb is small at only 0.13% and the
half-life of 1%°Yb is very long at 32 days, the quantity formed will be relatively
small. Ytterbium-169 decays by electron capture (100% K capture) followed
by the emission of Auger electrons. The main gamma photons emitted during
decay are of reasonably low energy, 177 keV (22%) and 197 keV (35.9%). It
is therefore preferable to use a highly enriched *Yb target for the preparation
of 1®Yb for medical applications. The specific activity of °Yb produced by
irradiating an enriched 1"4Yb target is sufficient for the preparation of therapeutic
radiopharmaceuticals for bone pain palliation.

In a reported procedure, natural ytterbium oxide powder (spectroscopic
grade, >99.99% pure) was used as the target for neutron bombardment at
a neutron flux of 3 x 10® n-cm™2.s! [112]. A flame sealed quartz ampoule
containing a weighed quantity of Yb,O, powder was placed in an aluminium can
and sealed using a cold welding process. Irradiations were carried out for 5 to 7
days. At the end of the bombardment, the target was cooled for at least 6 h before
chemical processing.
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Chemical processing was performed by dissolving the irradiated powder
in 1M HCI with gentle warming. The resultant solution was evaporated to near
dryness and reconstituted in 5 mL of 0.1M HCI and used for radiolabelling
studies. The radionuclidic purity was ascertained by y ray spectroscopy using an
HPGe detector coupled to a 4 K MCA system. Spectra were recorded at regular
time intervals for a period of ~3 months to study the radionuclide impurities.

By analysing the spectra of Y°Yb recorded regularly over a long period of
time, it was found that the y photopeak corresponded only to *°Yb, 1°Yb and
Y7u; no other radionuclidic impurities were identified. The y ray spectrum of
a sample recorded after prolonged cooling (~1 month) only showed the photo
peaks of 19Yb.

When neutron bombardment for 5 to 7 days was performed at a flux of
3x10% n-cm2s7! on a natural Yb target, 900-1200 GBq/g (24-32 Ci/g) of }’°Yb
was produced. The 1*Yb produced had >95% radionuclidic purity. The specific
activity obtained was adequate for utilizing the radioisotope to make bone pain
palliation agents [112]. The specific activity of the product can be increased to a
large extent by irradiation in high flux research reactors.

Ytterbium-175 of high radionuclidic purity with no contamination of
189yp and "’Lu can be prepared by using an enriched ’*Yb target. Five days of
irradiation at a neutron flux of 1 x 10 n-cm™2.s™! with a 95% enriched *"*Yb
target will produce 1®Yb with a specific activity of ~13.32 TBg/g (360 Ci/g)
and the product will be free of *'’Lu. Highly enriched (98.6%) ™Yb targets
are commercially available and contain >0.01% *®Yb and ~0.4% '®YDb. The
availability of the enriched targets at a reasonable cost (presently ~US $5/mg)
makes this production route quite cost effective.

There are also reports on isolating '®Yb as a by-product during the
production of NCA added *""Lu while using a natural ytterbium target [113, 114].

4.2.10. ***Ho

Holmium-166 is a f~ emitting radionuclide that can be produced in large
quantities and is useful for bone pain palliation therapy. It has a half-life of 26.83
h. 1t emits high energy g~ particles with an Ej ., of 1854 keV (50.0%), 1774
keV (48.7%) and emits gamma photons of 81 keV (6.2%), which are useful for
imaging studies.

Holmium-166 is produced by direct neutron activation of natural holmium
oxide targets. Holmium is mononuclidic with 100% natural abundance for
85Ho. The neutron activation cross-section is high (64.4 b thermal and 680 b
resonance integral); hence, relatively large quantities of **Ho can be prepared
with reasonably high specific activity in medium flux reactors [115, 116].
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NCA *®Ho can also be produced from a **Dy/***Ho generator [117].
Dysprosium-166 (T,;,, 81 h) in moderate yields is prepared by double neutron
capture of **Dy (2650 b thermal) and *°Dy (3600 b thermal, 22 000 b
resonance integral).

The specific activity of the **®*Ho produced by direct neutron activation is
adequate for the preparation of bone seeking radiopharmaceuticals. Holmium-166
can be complexed with amine phosphonate ligands to produce bone seeking
radiopharmaceuticals [116]. The f energy of **Ho is high; hence, there will
be considerable bone marrow damage. The quantity of radiopharmaceutical
administered has to be limited to reduce myelotoxicity. There are reports
of the use of %Ho for bone marrow ablation in the case of haematological
malignancies [118].

42.11. Y

Yttrium-90 decays with a half-life of 64.1 h and emits 5~ particles with an
E g max) OF 2.282 MeV (99.983%). It is a pure S~ emitter with no y emission, but
there is a very small component of internal pair production, which can be used
for PET-CT imaging [119].

Yttrium-90 is preferentially produced as the decay product of %°Sr
from a *Sr/*®Y generator. The parent radionuclide **Sr (T,,, 28.78 years) is a
fission product formed at a very high yield (~6%) [120]. Large stocks of %°Sr
are available in the world. A series of ion exchange methods for separating Y
from *°Sr has been developed [89]. An electrochemical separation procedure to
separate Y from %°Sr has also been reported at the Bhabha Atomic Research
Centre [121]. A novel extraction paper chromatography method developed by the
same group showed that the *°Sr contamination in *°Y is only at ppm levels and
hence the product is safe for the preparation of radiopharmaceuticals for human
administration [122].

The high energy (2.28 MeV) g~ particles have a range of ~3.9 mm in soft
tissues and hence they will induce considerable damage to bone marrow and are
not really suitable for metastatic bone pain palliation.

4.2.12. T

Terbium-161 is a radionuclide with similar characteristics to those of ’’Lu
and was proposed as an alternative to *’’Lu. Terbium decays with a half-life of
6.88 days, emitting 4~ particles with an Eg,.,, of 593 keV (10.0%), 567 keV
(10.0%), 518 keV (66.0%) and 461 keV (26.0%). It also emits low energy gamma
photons, with energies of 74 keV (9.8%%) and 49 keV (14.8%).
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NCA Th can be prepared by the indirect route, with **°Gd(n,y)'*'Gd
decaying to **1Tb [123]. The production is not very cost effective as the cross-
section is very low (0.77 b) and large quantities of highly enriched target are
needed to produce reasonable quantities of **Th. Natural gadolinium will not
be permitted to be irradiated in large quantities as it is a neutron poison (average
o 49 000 b) and can result in flux disturbances in the reactor. Separation of
181Th from target Gd needs to be carried out with care as Gd*" and Tb®" are
neighbouring lanthanides; hence, it can complex with the ligands used for
radiopharmaceutical preparation.

The half-life and decay energies of **Th are not very different from those
of ’LLu and this radionuclide may not offer any dosimetric advantage over }'’Lu
as long as only beta emissions are considered. The gamma abundance of **'Tb is
higher, though of lower energy and not very suited for imaging studies. Although
it can be used for bone pain palliation, there are no reports about its use in the
preparation of bone seeking radiopharmaceuticals.

Conversion and Auger electron emissions in the decay process of **Th add
to the therapeutic effect of 1%Th labelled products. Recently in vitro and in vivo
studies on **Th-PSMA-617 showed better results and dosimetric calculations
compared to Y7Lu-PSMA-617 [124].

4.2.13. Er

Erbium-169 is a f~ emitting radionuclide, decaying with a half-life of 9.4
days. It emits 4~ particles with an Ej ., 0f 351 keV (55%) and 342 (45%). These
low energy £ particles are ideal for bone pain palliation therapy as the damage
to the bone marrow is minimal. Erbium-169 is a pure f~ emitter with no gamma
emission and hence cannot be used for imaging.

Erbium-169 is prepared by irradiating enriched “*®Er in oxide form in a
nuclear reactor. The cross-section is moderate (2.68 b thermal) and thus the
specific activity of the radionuclide will be relatively low. Natural targets could
also be used, but will have radionuclidic impurities of *Er and "*Er, and the
specific activity will be still lower.

Chakravarty et al. reported the production of **°Er by neutron bombardment
of isotopically enriched erbium (98.2% in %Er) targets at a thermal neutron
flux of ~8 x 10 n-cm™2.s7! for 21 days in a nuclear reactor [125]. A two cycle
electrochemical separation procedure was adopted to remove *°Yb co-produced
during irradiation. A thorough optimization of irradiation parameters, including
neutron flux, irradiation time and target cooling period, was reported. Erbium-169
with a specific activity of ~370 MBg/mg (10 mCi/mg) and radionuclidic purity
>99.99% could be obtained. The authors used purified *°Er for complexation with
DOTMP, which resulted in a stable complex with radiochemical purity >99%.
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Erbium-169 DOTMP has the potential to be developed as a radiopharmaceutical
for bone pain palliation.

A recent publication reported the preparation of very high specific
activity '°°Er by mass separation of the reactor irradiated target to isolate '*°Er,
resulting in specific activities up to ~240 GBg/mg (6.4 Ci/mg) [126]. However,
logistically this mode of production is expensive for large scale preparation of
189er, Additionally, such high specific activity is not needed for the preparation of
bone pain palliation radiopharmaceuticals.

4.3. PRODUCTION OF ALPHA PARTICLE EMITTING
RADIONUCLIDES

Not many « particle emitting radionuclides are used for bone pain
palliation. Radium-223 chloride (***RaCl,) is an approved radiopharmaceutical
for metastatic bone pain palliation [127]. Actinium-225, another alpha emitting
radionuclide formulated in the form of *Ac-PSMA inhibitor ligand, is an
efficacious radiopharmaceutical for the treatment of primary as well as metastatic
prostate cancer [65]. Both of these radionuclides emit four o particles due to
successive decays and all of these particles are useful for therapy. However, if the
half-life of the decay progeny is very long, there is a possibility of it leaching out
of the bone and redistributing. Alpha particle emitters will play a significant role
in TRT in the future due to their ability to deposit the radiation energy specifically
to the cancer cells while sparing normal cells [128, 129].

43.1. Ac

Actinium-225 decays to ***Bi with a half-life of 10.0 days and during this
process it emits three alpha particles (Fig. 8 (a)). Bismuth-213 is also an alpha
emitter with a half-life of 46 min and it decays through two branching decay
modes, with each of these modes emitting one alpha particle (Fig. 8 (b)). Hence,
there are four alpha particle emissions in total when an ?®Ac atom decays.
Actinium-225 labelled radiopharmaceuticals are very attractive, as only very
low levels of radioactivity are required due to its long half-life and multiple
alpha emissions.

4.3.1.1. ??°Ac preparation from long lived parents

Actinium-225 is produced either by isolation from its long lived parent
(?*°Th) or by irradiation of ?°Ra in a medium energy cyclotron. Other methods,
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FIG. 8. Decay scheme of 22°Ac to #°Bi (a). Bismuth-213 has a half-life of 46 min and decays
via two branching decay chains to 2%Pb, which decays to stable 2°°Bi (b) (courtesy of T. Das,
Bhabha Atomic Research Centre).

such as a photonuclear reaction and spallation of 2*2Th using high energy protons,
are also being explored.

Thorium-229 belongs to the artificially produced 4n + 1 chain of the 2"Np
series (Fig. 9). The parent radionuclides, 2’Np (T,,, 2.14 x 10° years) and 23U
(T,, 1.6 x 10° years) are not naturally occurring and are the products of the
weapons programme. Both of these radioisotopes have very long half-lives; hence
229Th can only be isolated once, as further growth will be minimal. Thorium-229
(T,,, 7880 years) stock is isolated in the United States of America as well as in
the Russian Federation from existing 2’Np or 233U stocks. Thorium-229 decays
to *Ra (T, 14.0 days), which is the parent radionuclide for the separation of
25A¢. Overall, the accepted global annual production of 2*Ac from ?*Th is 63
GBq (1.7 Ci) [130].

4.3.1.2. Cyclotron production of ?°Ac

Actinium-225 is produced by irradiating *Ra with a proton beam in a
cyclotron by nuclear reaction, ?®Ra(p,2n)?®Ac; the cross-section is 700 mb,
peaking at 15 MeV (Fig. 10) [85]. Radium-226 is available in nature, but it is
radioactive and hence target preparation, irradiation, post-irradiation handling
and recovery require additional facilities and skills. However, this route is highly
promising, as large quantities of ?>Ac can be prepared using this method.
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FIG. 9. Decay of the artificially produced ®"Np/?*U series. Radium-225, 2*Ac and 2'*Bi are
the alpha emitting radionuclides suitable for therapy in this series (courtesy of T. Das, Bhabha
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47



4.3.1.3. Production of ?*Ac using photonuclear reactions

A few laboratories, such as Argonne National Laboratory, USA, and
TRIUMF, Canada, have reported production of ??°Ac using the photonuclear
reaction of ?°Ra(y,n)**Ra [130]. The reaction threshold is 6.4 MeV and the
maximum cross-section of the reaction is 532 mb at an energy of 13.75 MeV. The
22Ra produced decays with a half-life of 14.9 days to *Ac. A company in the
USA involved in radioisotope production is using superconducting electron linear
accelerators to produce ??*Ac and other alpha emitters [131]. In their method,
225A¢ produced from a nitrate based solution of ?°Ra is eluted continuously from
the target vessel and centrifugal contactors are used to harvest and purify °Ac
through a separation cascade. This method has the advantage that it does not
generate any long lived 22’ Ac contamination in the product.

4.3.1.4. Spallation of #°Th

Spallation of 22Th in high energy proton accelerators for >*Ac production
is being pursued by a few facilities in the USA and Canada. Thorium-232 has
several positive attributes, such as high abundance, suitable thermochemical
properties and a high spallation cross-section, and it is inexpensive and an easy
target to handle. Spallation of **Th results in a significant yield of **Ac as well
as ?*Ra, which decays to *Ac. Long lived ?’Ac contamination is a concern
from the clinical safety point of view, while the effects of following this route are
not yet fully understood.

4.3.2. ?®Rn

Radionuclide ?°U is naturally occurring. During its decay process several
radionuclides are produced, including ?2Rn (T,;, 11.43 days), which produces
three alpha particles during its decay to **'Pb (T,,, 36.1 min). Figure 11 shows
the decay pathway of ?*Rn to ?'Pb (T,,, 36 min) and to **'Bi (T,,, 2.14 min),
with two subsequent independent decay modes, with o decay (99.7%) resulting
in 2Tl and #~ decay resulting in ?*Po; both of these radionuclides decay further
to stable *°’Pb.

Naturally — occurring  2®*U  will have sufficient  quantities
of #'Ac (T,,21.7 years), which can be isolated and kept as a source for the
preparation of ?2°Ra. Actinium-227 decays to ?’Th by ~ decay, which in turn
decays to ?*Ra by « decay (Fig. 12).

Among the various decay products of ??*Ra, ***Pb (T,, 36.1 min) poses
the potential problem of migration from the target (redistribution). Radon-219 is
formed as a gas, but, being short lived and a bone seeker, it is expected to remain
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in the bone and not leach out. The rest of the decay products are also expected to
be contained within the target, as their half-lives are too short.

Typically, ?*Ra is obtained from an ?*’Ac/?*Ra generator. Actinium-227
(T,, = 21.8 years) decays predominantly via *’Th (T, = 18.7 days) to **Ra.
Actinium-227 can be prepared by thermal neutron irradiation of **Ra in a
nuclear reactor through the ?*Ra(n,y)?*'Ra—2?*'Ac reaction. Usually, **Ra is
irradiated with epithermal neutrons using a RaCOj, target [132]. The effective
cross-section value of the 22’ Ac production is 14 + 4 b. After irradiation, the target
is processed using radiochemical separation techniques. The #’Ac is separated
from the remaining ?*°Ra, purified and stockpiled. The #*’Ac obtained is used for
production of 22’ Ac/?**Ra generator.

Usually, for immobilization of #’Ac, an extraction chromatographic
column containing P,P'-di(2-ethylhexyl) methane diphosphonic acid immobilized
on silica (Dipex-2) is used [133]. In this procedure ?°Ra is separated from the
parent radionuclides ?’Ac/??"Th by elution with 1M HCI. The next step is based
on the concentration and final purification of **Ra by its sorption on the cation
exchange resin (AG-50W-X12 resin) and subsequent elution with 8M HNO,. The
solution is evaporated and ?°Ra residue is dissolved in sodium chloride/sodium
citrate solution.

An alternative approach for the production of ?2Ac involving a cyclotron
method was reported in 2017 [134]. In this production process, another actinium
radionuclide, #*’Ac, is formed as a 1% impurity during high energy proton
irradiation of 22Th. After the decay of ?°Ac (T, = 10 days), the remaining **’Ac
can be used to produce ?*°Ra [134].

Radium-223, in the form of ?*RaCl, (alpharadin; Xofigo, USA), has
undergone phase 11 clinical trials in symptomatic prostate cancer patients with
bone metastasis [127]. The radiopharmaceutical (as ?*RaCl,) was administered
by intravenous injection once a month for 4 to 6 months in the above clinical
trials, and showed effective pain relief.

5. PRE-CLINICAL EVALUATION OF BONE
PAIN PALLIATION AGENTS

5.1. INTRODUCTION

Bone is a common site for metastasis of several types of cancers and is the
major source of pain in cancer patients. Several mechanisms have been reported

50



for occurrences of bone metastasis in different types of cancers involving
different cellular and molecular mediators [135].

The currently available radiopharmaceuticals used for bone pain palliation
can broadly be classified into two major categories based on their chemical
structure. Some of these agents are simple inorganic molecules containing one
radioactive element, such as SrCl,, ?*RaCl, and H,*PO,, while others are
radiolabelled organic (phosphonic acid) moieties, such as *"’Lu/***Sm-EDTMP,
Y7L y/**3Sm-DOTMP and 8°Re/**®Re-HEDP (hydroxyethylidene diphosphonic
acid) [136, 137]. The agents based on simple inorganic salts act as bulking
agents, which are uniformly deposited in the bone matrix and become part of
the bone. These agents have high affinity (HA) for bone mineral, as they act
as an analogue of the calcium present in the bone matrix. On the other hand,
radiolabelled phosphonic acids are usually adsorbed on the surface of the HA
particles [138]. A chemisorption process or oxide formation has been postulated
as the probable mechanism for the target specificity of such agents. It has been
reported that osteoblasts and osteoclasts play a major role in bone remodelling.
Osteoblast activity is generally seen in metastatic prostate cancer, while osteoclast
activity is usually associated with breast, lung and kidney metastases [139, 140].
Osteoblast or osteoclast activities enhance the availability of calcium phosphates
and HA particles at the metastatic sites, enhancing the uptake of bone seeking
radiopharmaceuticals in skeletal metastases [141].

It is important to understand the mechanism of uptake of any new
radiopharmaceutical developed for bone pain palliation. Hence, any new
radiolabelled agent that has been developed for bone pain palliation needs to
undergo systematic and elaborate pre-clinical evaluation before regulatory bodies
can be approached to obtain permission for the initiation of clinical evaluation
of the agent in patients. These pre-clinical studies are broadly classified into two
categories, namely in vitro studies and in vivo studies.

5.2. INVITRO CELLULAR STUDIES

Some of the in vitro studies, usually carried out to ascertain the potential of a
bone pain palliating radiopharmaceutical, are described in the following sections.

5.2.1. Binding efficiency of bone seeking radiopharmaceuticals towards
bone matrix

Studying the binding efficiency of bone seeking radiopharmaceuticals

towards bone matrices is a good way to determine the effectiveness of any bone
pain palliation agent. HA particles, which are the basic chemical constituent of
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the bone matrix, usually serve as the primary material for carrying out binding
studies [142]. However, these particles cannot mimic the in vivo conditions
exactly, as the bone cells actually consist of several types of proteins, lipids,
growth factors and vitamins, in addition to the HA particles. Thus, there is a need
to study the uptake of these agents in a dynamic state of bone mineralization,
which helps to mimic the bone matrix more accurately. Bone matrix is usually
generated in vitro by culturing well established osteosarcoma cell lines using
specific protocols for mineralization.

5.2.1.1. Preparation of osteosarcoma cell lines

In order to prepare bone mineralization, either MG63 or Saos2 cell lines
are used. These cell lines are derived from primary osteosarcoma and represent
human osteoblast like cells and a source of bone related molecules [143].
Minimum essential media supplemented with 10% foetal calf serum (Gibco), 2
mM L-glutamine and antibiotic/antimycotic solution are used for culturing and
cell lines are maintained at 37°C in a humidified 5% CO, atmosphere; 10 nM
dexamethasone, 10 mM pg-glycero-phosphate and 50 pg/mL ascorbic acid are
used as osteogenic supplements in minimum essential media to induce bone
mineralization in MG63 and Saos2 cell lines [144].

Cells are harvested and plated in six well plates (~1 x 10* cells of either
MG63 or Saos2 per well) and incubated overnight in complete media, and are
then cultured in osteogenic media containing 10% foetal calf serum (Gibco), 2
mM r-glutamine and antibiotic/antimycotic solution. Every second or third day
fresh media need to be added carefully to avoid dislodging cells; this procedure
is continued for 3 to 4 weeks (minimum 21 days). The extent of bone formation
can be checked by following the standard procedures reported in the literature
(i.e. by staining with alizarin red) [145]. The intensity of the red colour, which
can be seen by the naked eye, indicates the extent of bone formation in the media.
Mineralized bone cells can be stored at —80°C to carry out cell binding studies in
the future or may be used immediately for experiments.

5.2.1.2. Binding of bone pain palliating agents to the mineralized bone

In order to study the extent of binding of bone seeking radiotracers to the
mineralized bone, equal amounts of mineralized bone, as prepared by the above
mentioned procedure, are taken in several tubes to which different amounts of
the tracer are added. The agent is incubated with the mineralized bone for 2 h,
after which the mineralized bone is washed with phosphate buffered saline. The
washing is repeated thrice and the radioactivity associated with the mineralized
bone cells is measured and compared with the total activity added per tube.
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The percentage binding of the radiolabelled agent with the mineralized bone
is calculated from the total activity added per tube to determine the percentage
binding of the radiolabelled agent with the mineralized bone.

5.2.2. Studies to determine the cellular toxicity of bone seeking
radiopharmaceuticals

Radiation plays a major role in the induction of cell toxicity and apoptosis,
imparting direct and indirect damage to the cells. DNA strand breaks are the major
manifestation of direct radiation damage [146]. Indirect damage from radiation
mostly occurs through the radiolysis of water molecules inside and near the cells.
Different free radical species formed after radiolysis of water cause secondary
damage to DNA, protein and lipid molecules. Cell membranes, which consist of
lipid and protein, undergo peroxidation by the free radicals generated by radiation;
this is known to be the primary cause of loss of membrane integrity [147]. Once
the membrane loses its permeability, intracellular constituents of the cells are
released from the cell. Therefore, studying the cell membrane integrity provides a
good measure of the extent of cell damage caused by radiation.

In order to study membrane integrity, cells are stained with dyes that are not
taken up by the living cells, but rather are internalized when the membrane of the
cell is ruptured. Dyes such as trypan blue, 7-aminoactinomycin D (7-AAD) and
propidium iodide (PI) are used for this purpose and the number of dead and live
cells can be counted by using either a microscope or a flow cytometer.

Another way to estimate the cell membrane damage or cell toxicity is
to determine the extent of the release of intracellular constituents. This can be
accomplished by using lactate dehydrogenase (LDH) as a marker, since LDH
is only released from the cells when the cell membrane is damaged. Being an
enzyme, it can easily be estimated by measuring the enzyme activity [148, 149].
Cellular toxicity studies can be performed in bone osteosarcoma cell lines by
incubating the cells with bone pain palliation agents for certain pre-designated
time periods and carrying out various assays, which are briefly described below.

5.2.2.1. Trypan blue dye uptake to study cell membrane integrity

Bone osteosarcoma cell lines (MG63 or Saos2) are grown in MEM
supplemented with 10% foetal bovine serum and antibiotic/antimycotic solutions
following the protocol mentioned above. Cells are treated with different
quantities of bone pain palliating radiopharmaceuticals and incubated for various
time periods. Subsequently, cells are harvested after trypsinization and a trypan
blue dye uptake study is carried out following the protocol described in the
literature [144]. In brief, the treated cells are incubated with 0.4% trypan blue
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dye for 5 min and counted using a bright field microscope with the help of a
haemocytometer to determine the percentage viability or percentage death of the
cells. Dead cells take up the dye and thus appear dark under the microscope,
whereas viable cells remain unaffected.

5.2.2.2. LDH assay

Radiation damaged cells release intracellular LDH, which can be
estimated by measuring the enzyme activity. For carrying out the LDH assay,
the supernatant from cell harvesting media is collected and centrifuged at 2000
rev./min to remove the floating dead cells. Subsequently, cell supernatant is
added in multi-well plates and the LDH assay is carried out following the Kit
manufacturer’s protocol. In brief, the constituents of the LDH assay kit (Sigma-
Aldrich), namely LDH assay substrate, cofactor and dye, are mixed together by
taking them in equal proportion to make the LDH reaction mixture as described
in the kit protocol. This reaction mixture is added in twice the volume of culture
media present in the multi-well plate, mixed and incubated in the dark at room
temperature for half an hour. The enzyme substrate reaction is stopped by the
addition of 1N HCI. A pinkish red colour develops, which is measured at 490 nm
using a UV-Vis spectrophotometer. The percentage release of LDH, which is a
measure of the extent of cell damage, is calculated with reference to the control
sample following the procedure described in the literature [144].

5.2.2.3. Study of cell proliferation by MTT assay

Cells exposed to the radiation from bone pain palliating
radiopharmaceuticals may lose their cell division potential and ultimately die.
Live cells reduce MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) dye into formazan, while dead cells have no effect. For carrying out
the MTT assay, treated and control cells are harvested after trypsinization and
counted using a haemocytometer. Approximately 1 x 10* cells/well are plated on
a multi-well plate and the MTT solution is added to this. Cells are subsequently
incubated for 4 h and the formazan formed during the reaction is solubilized in
either 20% SDS (sodium dodecyl sulphate) in 50% DMF (dimethyl formamide)
or in DMSO (dimethyl sulphoxide). This generates the purple—blue coloration,
which is measured at 570 nm with reference to 630 nm to calculate the percentage
of cell proliferation [144, 150].
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5.2.2.4. Study of cell cycle

Radiation has distinct impacts on the cell cycle and thus studying the
phases in radiation exposed cells provides valuable information regarding the
effectiveness of any radiopharmaceutical. In vitro cultured cells have a typical
pattern of population distributions in G1, S and G2/M phases. Cells that have
encountered radiation exhibit reshuffling of population distributions among
different phases, which is attributed to the differences in radiosensitivity
among various cell cycle phases. Osteosarcoma cells (MG63 or Saos2) are
synchronized and treated with different concentrations of a bone pain palliating
radiopharmaceutical and separately with equivalent amounts of unlabelled
ligand, which is used as the control vehicle. Cells are harvested and incubated
in 70% ethanol overnight at 4°C to fix them. Subsequently, the cells are washed
with phosphate buffered saline to remove any traces of alcohol and mixed with
cell cycle reagents (Pl dyes supplemented with RNase) or any commercial cell
cycle reagent for flow cytometry. Samples are acquired and analysed using a flow
cytometer, which provides valuable information about the population distribution
of the cells among the various phases [151].

5.2.3. Study of apoptotic cell death

Cells that have encountered radiation often show DNA strand breaks. If
cells are unable to repair the DNA damage, they opt for programmed cell death,
which is known as ‘apoptosis’. Therefore, various studies related to apoptotic
cell death provide relevant information regarding the effectiveness of a
radiopharmaceutical in destroying the cancer cells. The protocols for some such
studies, which are usually employed to evaluate the potential of bone seeking
radiopharmaceuticals, are briefly mentioned below.

5.2.3.1. Estimation of apoptotic DNA fragmentation

Apoptosis is characterized by a typical DNA cleavage, which yields DNA
fragments of the order of 7 kDa. Fragmented DNA can be estimated to obtain
an idea of the magnitude of apoptosis [152]. Apoptosis is estimated using the
well known apoptotic DNA ladder assay kit and the ELISA (enzyme-linked
immunosorbent assay) based assay for poly(ADP-ribose)polymerase (PARP)
cleavage and in situ cell death detection kit. The protocol described in the
commercially available in situ cell death detection ELISA kits is used to estimate
DNA fragmentation. Briefly, ~1 x 10° cells of MG63 that have been treated
with a bone pain palliating radiopharmaceutical are lysed and the supernatant is
carefully transferred to new tubes. Anti-histone antibody is added to a multi-well
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plate and incubated overnight at 4°C. Subsequently, cell lysates are added in each
well and incubated for 2 h. After completion of the incubation period, the wells are
washed with buffer (provided with the kit) and the cells are further incubated for
a period of 2 h after the addition of anti-DNA horseradish peroxidase to the wells.
The wells are washed again and incubated with substrate solution for 20 min. The
colour developed is quantified at 405 nm in an ELISA reader. Estimation of DNA
fragmentation is usually expressed as an enrichment factor, which is the ratio of
the optical density of the treated sample to that of the control sample [144].

5.2.3.2. Study of apoptotic cell death by flow cytometry

Flow cytometry plays an important role in estimating the absolute count of
cells, which are in different stages of apoptosis. Flow cytometry estimates early
or late apoptotic cells as well as live cells and cell debris, which are formed due
to the interaction of cells with the radiation emitted from bone pain palliating
radiopharmaceuticals. Bone osteosarcoma cells are treated with different amounts
of bone pain palliating agent for specified time periods. Subsequently, cells
are harvested and resuspended in 1% BSA (bovine serum albumin) containing
phosphate buffered saline. Apoptotic detection reagent is mixed with the cells
and incubated for 20 min at room temperature in a dark environment. Samples
are acquired and analysed by using a flow cytometer, which provides information
about the number of cells present at various stages of apoptosis [151].

5.2.3.3. Study of protein expression related to apoptotic cell death

Apoptosis is characterized by the expression of several proteins. These
proteins are quantified using the Western blotting technique. Osteosarcoma cells
(MGB63 or Saos?2) are treated with a bone pain palliating radiopharmaceutical for
a predefined period of time and harvested. Cells are lysed in cell lysis buffer (10
mM Tris pH7.4, 100 mM NaCl, 1 mM EDTA, 1 mM NaF, 20 mM Na,P,0,, 20
mM NazVO,, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate
and 1 mM PMSF) spiked with protease inhibitor. The protein concentration in
the sample is estimated and the protein is loaded on SDS PAGE (sodium dodecyl
sulphate polyacrylamide gel electrophoresis) for gel electrophoresis. The protein
is transferred onto a nitrocellulose membrane by electroblotting and 5% non-fat
milk protein is used to block the non-specific sites on the nitrocellulose membrane.
The membrane is incubated with primary antibodies for PARP, such as p38 and
phosphor p38, and p actin, followed by treatment with a second antibody. The
nitrocellulose membrane is incubated with ECL reagents and exposed to X ray
film. Subsequently, the X ray film is processed and developed. Protein band
densitometry is performed to determine the expression of proteins [153].
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5.3. INVIVO PRE-CLINICAL STUDIES

In vivo pre-clinical studies performed with bone pain palliating
radiopharmaceuticals usually comprise pharmacokinetic evaluation and
biological distribution of the agent in normal as well as diseased animal models.
Brief details concerning the procedures for carrying out in vivo evaluations in a
small animal model are provided below.

5.3.1. Pharmacokinetic evaluation and biodistribution study

Institutional animal ethics committee approval is mandatory for all
experiments involving animals. Pharmacokinetic evaluations and studies related
to the biological distribution of bone pain palliating radiopharmaceuticals are
carried out in animal models such as Swiss mice or Wistar rats. The animals are
divided into multiple groups, with each group containing three to five animals
for every time point to be studied. The duration of the experiment depends
on the half-life of the radionuclide used for the preparation of the bone pain
palliation agent. Each animal is administered with 1.85-3.70 MBqg (50-100
MCi) of the bone pain palliating radiopharmaceutical, usually through one of the
lateral tail veins of the animal. Animals are sacrificed after the designated time
period and the major organs/tissues are excised. Blood is collected by cardiac
puncture immediately after sacrificing the animal. The organs are washed with
normal saline, dried and weighed using an analytical balance. The radioactivity
associated with each organ is measured by using a suitable radioactive counter,
usually a Nal(TI) scintillation detector. The activity associated with each organ
is calculated and usually expressed as the percentage of injected activity per
organ (%lA/organ) or the percentage of injected activity per gram (%lA/g) of
the organ. Depending on the objective of the study — variation of the vector or
variation of the radioactivity as a function of time — a decay correction may have
to be implemented. The accumulation of radioactivity in the skeleton, blood and
muscle is usually determined by considering that these organs/tissues constitute
10%, 7% and 40% of the total body weight of the animal, respectively [59, 154].

5.3.2.  Animal models for bone metastasis

An initial approach to developing an animal model to study metastatic
bone pain was carried out by Arguello et al. [155]. To develop bone metastases
in animals, B16 melanoma cells were injected in the left cardiac ventricle of
the mice. These cells travelled to various organs, including bone marrow of the
skeletal system, resulting in the formation of melanotic tumour colonies. Tumour
colony proliferation in the intramedullary space of the bone marrow resulted in

57



destruction of surrounding bone tissues, which is similar to clinical observations
for tumour metastases in breast, prostate and lung cancers.

However, the model above did not have any control over other organ
metastases [156]. Thus, there was a need for a better animal model to study the
efficacy of metastatic bone pain palliating agents. To overcome this, instead of
injecting the tumour cells into the left ventricle of the heart, tumour cells were
injected directly into the intermedullary space of bone marrow in the tibia and
femur. Schwei et al. described comprehensive studies in a mouse model where
fibrosarcoma cell lines were injected directly into the medullary cavity of the
distal femur by performing left knee arthrotomy on anesthetized mice [157].
This method is superior to the previous one as it leads to controlled metastases
in the bone without invading adjacent soft tissues. It is worth mentioning that
rats offer various advantages over mice for carrying out animal studies related
to bone pain [158]. Medhurst et al. described the first rat model to study bone
pain in which the syngeneic MRMT1 mammary gland carcinoma cell line was
injected into the tibia of female Sprague Dawley rats by performing arthrotomy
on anesthetized rats [159].

5.3.2.1. Developing animal models for bone metastasis protocol - 1

The most simplistic of all experimental models of ectopic bone formation
is subcutaneous implantation [160]. In general, in order to obtain an ectopic
bone disc, a nano-crystalline HA scaffold is necessary, such as demineralized
bone matrix particles (DBMPs), to favour in vivo bone formation. DBMPs are
prepared from diaphysis (without muscular and medullar tissue), obtained from
the bones at the front and rear extremities of rats. Diaphysis is cut into pieces and
washed with distilled water for 2 h, dried with absolute ethanol for 1 h and with
ethyl ether for 30 min, and then crushed by hammering until micrometric particles
are obtained. By using sieves, the DBMPs (with a size between 90 and 425 pm)
are selected and demineralized with a 0.6M HCI solution for 2 h. Subsequently,
the DBMPs are washed with plenty of water until the pH is neutralized and then
dried using the process described above.

For subcutaneous implantation of DBMPs, anaesthetized Wistar rats are
used; two aseptic incisions (approximately 1 cm long) are induced on the dorsum
of the rodent. With the help of a spatula, the skin is separated from the muscle
to form a kind of pocket, where 15 mg of DBMPs are deposited. The incision
is sutured with 3-0 silk thread and the day of the implant is designated day O.
Bone disc evolution is monitored periodically, and on day 16, the bone discs
are retrieved. The retrieved bone disc is kept in static cultures in Dulbecco’s
Modified Eagle Medium (DMEM) 10% foetal bovine serum. The media are
changed every 48 h. On day 2, 1 x 10° LNCaP cells are used for inoculation
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and the discs are maintained for further growth for two days. Bone discs with
sufficient tumour cells are implanted subcutaneously into the left and right flanks
of 10 week old male Nu/Nu mice under anaesthesia. Cellular uptake of the target
specific radiopharmaceutical in the implanted bone metastasis discs is monitored
on day 7, post-implantation, with a pre-clinical imaging device.

5.3.2.2. Developing animal models for bone metastasis protocol - 2

Tumour cells of rat mammary gland carcinoma are used for developing
animal models with bone metastasis [161]. The right legs of anaesthetized rats
are shaved and the skin is disinfected. Superficial incisions are made in the skin.
A 22 gauge needle is used to drill a hole at the site of the intercondylar eminence
of the tibia and a suspension of tumour cells (1 x 10 cells/mL) is injected.
Thereafter, gelatine sponge dissolved in sterile water is used to seal the drilled
hole. The injection site is closed using bone wax and dusted with penicillin
powder. Animals are allowed to recover from the surgery for 3 days prior to
radiopharmaceutical administration and rats are scanned with a pre-clinical
imaging device.

5.4. CONCLUSION

In vitro and in vivo evaluation of potential radiotracers is an important
area of radiopharmaceutical research. In the past, biodistribution studies were
performed to ensure that developed radiotracers had the right pharmacokinetic
characteristics to be used as organ seeking diagnostic agents. The data
collected from such studies were also used to assess the dosimetry. Diagnostic
radiopharmaceuticals were employed for clinical use in volunteers based on
those results. It was not uncommon in the early days for radiochemists who
had developed products or nuclear medicine physicians to volunteer to be the
first recipients of new diagnostic tracers. However, the evaluation of therapeutic
radiopharmaceuticals posed several challenges in terms of determining the safety
and efficacy of new tracers. The IAEA has addressed this issue through one of its
CRPs, Comparative Evaluation of Therapeutic Radiopharmaceuticals, organized
from 2002 to 2005. Several assays and protocols were developed during this
programme and published [162]. The protocols described in this section are an
extension of the same, with a more specific approach to the development of bone
pain palliation agents.
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6. DOSIMETRY CALCULATION FOR ADMINISTERED
RADIOPHARMACEUTICALS

6.1. DOSIMETRY

Radiation therapy involves the use of ionizing radiation for the treatment of
cancer and can be administered either from external radiation sources (external
beam radiotherapy, EBRT) or through a radiopharmaceutical that concentrates
selectively in cancer cells (TRT or molecular radiotherapy, MRT). The constraint
of radiotherapy (both EBRT and TRT) is to maximize the radiation being
delivered to the cancer tissues while at the same time keeping the radiation being
delivered to neighbouring healthy tissues and organs within acceptable limits.
Dosimetry aims to assess the absorbed dose delivered to biological tissues by
ionizing radiation. Characterizing the radiation delivered to both clinical targets
and critical organs is a means of monitoring and optimizing therapy. In that
respect, dosimetry is an essential component of radiotherapy.

6.2. DOSIMETRY IN TARGETED RADIONUCLIDE THERAPY

The principle of TRT is to concentrate short range radiation in the
neighbourhood of a biological target via a molecular vector. The vector ensures
the selectivity of the therapy, and the short range of radiation emitted by the
radionuclide ensures that only targeted volumes are irradiated and surrounding
tissues are spared.

The radionuclides proposed for TRT therefore mostly emit short range
alpha particles, beta particles or Auger electrons [163]. The dosimetric properties
of these particles depend on:

(@) The type of particles emitted;

(b) The energy of the emitted particles;

(c) The half-life of the radionuclide;

(d) The possible presence of unstable decays (mostly in the case of alpha
emitters).

In the case of bone pain palliation agents, the radiopharmaceutical
is delivered to the metastatic bone tissues. Bone metastases are a highly
heterogeneous medium even at the microscopic scale. Further, the proximity of
bone metastases and red bone marrow, which is a critical organ for radiation,
means that studying the energy deposition pattern is essential. It is also a very
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challenging research domain with implications for the dosimetric approaches
that can be implemented [164, 165]. However, the dosimetry formalism used
to calculate absorbed doses is the same as that for any other target specific
radiopharmaceuticals.

6.3. DOSIMETRIC FORMALISM AND APPLICATION TO SMALL
SCALE DOSIMETRY

Absorbed dose calculation requires the determination of the number of
radioactive disintegrations taking place as well as the accurate location in all
source regions. Absorbed dose calculation also requires the implementation of
radiation transport from the emission point (radioactive decay in the source)
to the volume where the absorbed dose needs to be calculated (target). This
is conventionally presented according to the medical internal radiation dose
(MIRD) formalism [166] in the following equations:

D py=4, ) mE®, (k< h) (4)

[ |

where

D(k(_h) is the average absorbed dose (in Gy) delivered to target k from decays
in the source h;

A, isthe cumulated activity (in Bg/s), that is the total number of decays in source h;
n, is the yield, namely the probability of emission of the ith radiation per decay;
E, is the energy (in joules) of the ith radiation considered,

and @ (k « &) is the specific absorbed fraction (kg™') from source h to target k
for the ith radiation, that is the ratio of the absorbed fraction ¢, (k « &) /the mass
of the target.

The absorbed fraction ¢,(k« k) is the ratio of absorbed vs emitted
energy for a given source/target/radiation configuration. ¢,(k <« h) varies
between 0 and 1.

¢;(k <« h)

O, (k«h)=
my

()

where m, is the mass of the target.
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The cumulated activity is obtained by integrating the time activity curve
in the source:

4, :TAh(t)dt (6)

In the above equation, the integration limits (o and «) are generic and can
be replaced in practice by the time radioactivity arrives at the source h and the
time all radioactivity in source h has gone.

Grouping all parameters that do not depend on time, one can define the so-
called S value or S factor, S, , which represents the average absorbed dose in
target k from source h per decay in source h (in Gy-Bq'-s™):

S (ken) :Z”iEicDi(k‘_h) ()

1

As n; and E, are physical parameters, characteristics of the radionuclide,
the hypothesis is that 5, does not depend on time. This means that @, (k < h)
is invariant with time, and in practice that the geometry does not change with
time during the irradiation process. This is quite a strong hypothesis that ought to
be ascertained.

This leads to the well-known ‘simplified” MIRD equation:

Dicny=4n*S k) 8

As the irradiation of a given target k can result from the contribution of
several sources, the practical simplified MIRD equation is given by:

D, :Z‘ihxs(keh) 9)
[

Note that S keh) is specific to the radionuclide and does not
depend on radiopharmaceutical pharmacokinetics, that is, one set of
S, computed for *"Tc can be used for all radiopharmaceuticals
labelled with ®™Tc. This formalism was mostly developed to give an account of
the radiation delivered to patients or workers in a situation of deliberate nuclear
medicine or accidental occupational internal administration of radionuclides.

The development of computing dosimetric models (reference humans) and
the calculation of Sken) for several radionuclides allowed the assessment of
the dosimetric properties of most radiopharmaceuticals available on the market.
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However, the formalism is generic and can be applied to a range of situations, for
example, for cellular or small animal dosimetry.

6.4. DOSIMETRY OF PENETRATING VS NON-PENETRATING
RADIATION

An important concept in radiopharmaceutical dosimetry relates radiation
range and the dimensions of a volume of interest. Radiations are called non-
penetrating when all emitted energy in a given volume is absorbed in the volume
itself. For most organs and tissues (at a clinical scale) this happens with alpha and
beta particles and Auger electrons but not with gamma rays. As a consequence,
the absorbed fraction for non-penetrating radiation (¢,,) is 1 when the source and
target are confounded and 0 when the source and targets are different:

¢op (k<= h)=1whenh = k (or just: ¢, (h<«h)=1)

¢np(k<—h):0 when h #k

Conversely, penetrating radiation such as gamma and X rays
deposit their energy inside and outside the source region, and therefore
the absorbed fraction for penetrating radiation (¢,) is:

¢, (k< h)<1 (and this is also true if h = k)

Note that, in fact, radiations can never be completely non-penetrating
due to radiative emissions, for example bremsstrahlung. Yet, the definition of
penetrating/non-penetrating radiation is conceptually interesting, especially in
the context of targeted radionuclide therapy. In targeted radionuclide therapy,
the objective is to use non-penetrating radiation as much as possible, in order to
irradiate only the tumours where radioactivity is expected to concentrate, while
sparing surrounding tissues.

Also note that penetrating/non-penetrating behaviour is a characteristic not
of the radiation, but of the relationship between radiation range and the geometry
considered. For example, the 5~ particles of *XI, with a range of ~1 mm, can be
considered to be non-penetrating when the liver is taken as a whole or even for a
SPECT voxel (4-5 mm side) in a liver scintigraphy of a *3I labelled compound.
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However, the same f~ particles emitted by **!1 are definitely penetrating if the
volume of interest is a hepatic cell with a diameter of ~10 pm.

This is illustrated in Fig. 13, which represents the variation of the absorbed
fraction for water spheres of variable radius homogeneously filled with
radionuclides [167].

(@) For very small spheres, regardless of the radionuclide, the energy emitted in
the sphere is mostly absorbed outside the sphere, and therefore the absorbed
fraction is low (close to 0).

(b) When the sphere radius increases, for the same radionuclide, more and
more energy emitted in the sphere is absorbed in the sphere itself, and the
absorbed fraction increases.

(c) Foreven larger spheres, most energy emitted in the sphere is absorbed in the
sphere: the absorbed fraction tends towards 1.

(d) When the absorbed fraction tends towards 1, this means that radiation
emitted by the radionuclide can be considered to be non-penetrating for the
geometry considered.

(e) Last, this behaviour is observed first for low energy emitters, and therefore
from the graph one can sort the radionuclides by increasing energy: *'’Lu,
153Sm, %6Re and *Re.

6.5. CELLULAR DOSIMETRY

Cellular dosimetry provides an order of magnitude of the absorbed dose
received in cell experiments and may help in comparing the outcomes of
experiments using different vectors or radionuclides. The relevance of cellular
dosimetry in the context of therapy is also to derive an objective index (the
absorbed dose) that can eventually be connected to the observed effect (cell
death). Establishing the absorbed dose per event relationship is essential in
radiobiology and contributes to the development of a better understanding of the
effect of radiation.

Cellular dosimetry is essentially model based dosimetry. The fact is that it
is just not possible to follow the fate of a radiopharmaceutical and its effect on
individual cells. As cumulated activities are usually obtained as an average over
thousands of cells or more, S values are computed for cell models that can be
more or less refined.

The easiest way to define a cell is to consider a perfect sphere made of water,
surrounded by an infinite water medium. The cell nucleus can be represented by
a concentric sphere inside the cell.
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The MIRD committee has published a book that gives S values for
monoenergetic o particles (3 MeV to 10 MeV) and ~ particles (1 keV to 1 MeV),
and for most alpha and beta emitters considered in TRT [168]. Source radii vary
from 2 to 10 um, whereas target radii vary from 1 to 10 um. Source regions
can be selected as cell, cell surface, nucleus or cytoplasm, under the hypothesis
of homogeneous distribution of the radioactivity in the source regions. Target
regions include cell, nucleus or cytoplasm, and the mean absorbed dose per decay
is computed for each target region (Fig. 14).

The absorbed fraction for particulate radiation can be obtained via:

LdE d (10)
E, d¥

X(E;)-x

bk )= i, (0)

where
X(E,) is the range of that particle;

v, (x) is a geometric reduction factor;

dE

dx

is the stopping power evaluated at the residual range;
X(E;)-x

and X (E;)-x is the residual range of the particle that has passed a distance
X in the medium.

The geometric reduction factor is calculated for different source/target
configurations and can be seen as the probability that a particle emitted in the
source hits the target. For example, when the source is the cell surface (CS) and
the target is the cell nucleus (N):

0 when 0<x<R.—Ry
2xR. —RE —x*+R}
Ve (¥) =1 € 4;Rx N when R, - Ry Sx<R.+Ry (12)
C
0 when x> R + Ry

The evaluation of the stopping power is made according to the energy—range
relationship proposed by Cole for electrons (at least for electron energies above
0.4 keV — i.e. a range of 19 nm) [169]. For alpha particles, stopping power
values are interpolated from ICRU Report No. 49 [170].
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The S values presented in the MIRD book [168] have been used extensively
to compare the energy delivered by different radionuclides in cellular geometry.
The book also presents an interesting discussion on the assumptions and
limitations of the approach. For example, the dependence of the S value on
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FIG. 13. Absorbed fractions for spheres of variable radii r(cm) homogeneously filled with
four radionuclides (*"’Lu, *3Sm, %Re, ¥®Re). Data adapted from Ref. [167] (courtesy of
M. Bardiés, Institut de Recherche en Cancérologie de Montpellier).

Nucleus
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Cell Surface

FIG. 14. Cell geometry is represented as a sphere. RC and RN are the cell and nucleus radii,
respectively (courtesy of M. Bardiées, Institut de Recherche en Cancérologie de Montpellier).
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cell geometry (ellipsoid vs perfect sphere) is studied. As can be expected and
for geometrical (ballistic) reasons, the impact of cell geometry changes is more
pronounced when sources and targets are different (e.g. S values for nucleus from
cytoplasm, of cell from cell surface). However, the impact is less pronounced
when sources and targets are distant.

An important point to consider when using S values is that when radioactive
decay leads to unstable decays, the whole decay chain ought to be considered
for each radionuclide, with the branching ratio, and taking the dynamics of
radioactive decay into account.

More recently, an online tool (MIRDcell?) was made available that allows
the user to consider not only isolated cells but also cell clusters arranged in
different structures [171]. The calculation of the absorbed dose is made according
to the reference cited above, and the generalization from single isolated cell to
cell clusters is derived from another study from Goddu et al. [172]. Variable cell
labelling patterns can be modelled for cell colonies that develop in plane or in

Source Radiation | Coll SourceTarget | Goometry | Output | information | Crodits
| 1-DCel Pair | 2.0Coloay | 3.0 Cluster

Cell Geometry SN S Fracoon Curve (NSO WS
Distance Between Colls (amE |17 Surviving Fraction Curve
Shape: Lune ___.v
Radius (pm): 374 Height (um}: 743
Mumiber of Cells: 63583

Cell Labeling

Labeling Method: | Log-hormal Distribution |

14

LR

Max mean Acthity per Cell (All Celis) (Ba): | 001
Shape Factor gk |70

Time integrated activity coeflickent (hr: 04
Mumber of Cells Labeled: 5208
Percentnge of cels that are Labeled (5 |10

Suniving Fraction of mived papulation of cells

© ® 2 2 % @ 6 T 80 0 1O 1 W W 1o W
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FIG. 15. Screenshot of MIRDcell: plot of survival fraction of cells in multicellular geometry
(3D cluster) (reproduced from Ref. [171] with permission).

2 See http://mirdcell.njms.rutgers.edu
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3D. In addition, MIRDcell enables the user to model the surviving fraction of
cells according to the linear quadratic model (Fig. 15).

Obviously, these tools are mostly designed to provide an order of
magnitude of the irradiation delivered. Depending on the objective — for
example, for radiobiological experiments — more refined dosimetric approaches
may have to be implemented [173-175]. The development of microdosimetric
approaches that take the stochastic nature of energy deposition into account
is also possible when relevant [176-178]. The fact is that the possibilities for
modelling radiation transport and energy deposition even at the microscopic
scale have improved markedly in recent decades, and can contribute to a better
understanding of radiation effects at the cellular scale — as long as geometry and
radiopharmaceutical pharmacokinetics can be assessed with a sufficient degree
of accuracy [179].

6.6. TISSUE AND SMALL SCALE DOSIMETRY

As bone metastases are located near bone marrow, bone marrow toxicity
is the primary side effect that limits the administration of bone seeking agents.
In this context, the development of tissue models to give an account of the
irradiation delivered is important. However, the heterogeneous nature of bone
structure requires the implementation of radiation transport codes (Monte Carlo
modelling) and a precise definition of the geometry at the microscopic scale, a
non-trivial task that has often been a limitation in the development of dosimetric
models in that context [180-182].

Bone structure has been modelled for clinical studies, for example to assess
the impact of radiopharmaceutical location on bone surface or bone volume [183].
Figure 16 shows the reconstruction of a 3D nuclear magnetic resonance (NMR)
image of a cubical sample of trabecular bone.

More refined microscopic models have been developed for bone seeking
agents with radionuclides such as ®°Re, or, in the context of alpha therapy, with
223Ra, to provide an account of bone marrow toxicity [184, 185].

6.7. APPLICATION TO SMALL ANIMAL STUDIES

Another aspect of radiopharmaceutical development that can benefit from
dosimetric studies is small animal studies. Collecting dosimetric data from small
animals is required before considering any clinical studies. Most of the time, pre-
clinical studies are used to assess animal pharmacokinetics, extrapolate to human
pharmacokinetics (allometric scaling) and assess the absorbed doses that could
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be delivered to human dosimetric models [186, 187]. Codes such as OLINDA
[188, 189] or IDAC [190] are used for that purpose. In targeted radionuclide
therapy, pre-clinical (small animal) studies can also be used to study the effect of
the therapy (efficacy or toxicity). The situation is often complicated, depending
on the experimental animal model used [191]. Xenografts of human origin can
be grown in immunosuppressed hosts, such as genetically manipulated athymic
mice. The efficacy of the radiopharmaceutical can be studied on human tumours
grown in mice, making the results easier to transpose to humans. However, the
toxicity estimated will be that for the animal and hence less informative regarding
what could potentially happen to humans. Hence, experimental targeted
radiotherapy performed on small animals is a domain where dosimetry can be
implemented, as in clinics, to study the relationship between irradiation delivered
and observed effects.

Small animal dosimetric models have been proposed and, as in clinics,
mathematical models preceded voxel based models [192]. Figure 17 depicts
the mouse phantom MOBY [193]. There are some warnings associated with the
use of murine dosimetric models. These relate to the fact that the size of most
organs is of the same order of magnitude as the radiation range. As a result, small
differences in the geometry may lead to important absorbed dose gradients [194,
195]. This can raise questions about the relevance of model based dosimetry if
the specific animal geometry deviates from the selected model.

Another aspect not explicitly treated here is how radiopharmaceutical
pharmacokinetics can be assessed. The usual method is the ‘cut and count’
approach, in which tissue samples are collected after animal sacrifice and weighed
and counted to derive the activity concentration at various time points. Mouse

FIG. 16. Reconstruction of a 3D NMR image of a cubical sample of trabecular bone. The
sample size is 5.6 x 5.6 x 5.6 mm® and cubic voxel sampling is 88 mm? (reproduced from Ref.
[182] with permission).
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FIG. 17. Lateral (right) and anterior (left) views of the digital mouse phantom MOBY (courtesy
of P. Segars, Duke University).

specific pharmacokinetics can be obtained from sequential quantitative imaging
of the same animal. However, activity quantification in pre-clinical imaging
devices needs to be carefully ascertained before the experiments are conducted.
When carried out carefully, pre-clinical dosimetry results are very useful in
improving our basic knowledge of radiation effects, as well as in estimating the
relative effectiveness of TRT using different radiopharmaceuticals.

6.8. CONCLUSION

Pre-clinical dosimetry is an essential part of radiopharmaceutical
development. It is essential to study the radiobiological outcome of
radiopharmaceutical dose delivery. It is also used to compare the effect of
radiation emitted by various radionuclides used for targeted therapy with
radiation dose delivered by external beams.

The possibilities for deriving the absorbed dose have improved
markedly within recent decades. However, a lack of expertise in the field of
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pre-clinical dosimetry limits its application to pre-clinical experiments in many
research groups.

Most pre-clinical dosimetry is derived from dosimetric models (of cells,
tissues, small animals), but it is also possible under some circumstances to refine
the dosimetric approach, depending on experimental requirements. In fact, the
biological experiment and the expected outcome always condition the dosimetric
approach that will need to be implemented in each case. This means that
multidisciplinary collaborations are essential in radiopharmaceutical development.

7. BONE PAIN PALLIATION
RADIOPHARMACEUTICALS

7.1. CURRENT STATUS OF BONE PAIN PALLIATION AGENTS

Certain cancers, such as prostate, breast and lung, commonly spread to other
parts of the body as the disease advances. Improvement in quality of life is the
main objective of palliative care for terminally ill patients with bone metastasis
[196-198]. The severe pain due to the wide spread of disease in the skeleton
is managed using different drugs; bone seeking radiopharmaceuticals play an
important role because of their minimal side effects [43, 199, 200]. In spite of the
fact that a large number of radiolabelled products targeting bone tissues have been
developed and tested in laboratory animals and also in suitable animal models,
only a handful of these agents have found regular use in palliative care for cancer
patients [201]. This section describes the bone seeking radiopharmaceuticals
whose systematic use has been documented or proposed for bone pain palliation.

7.2. BONE PAIN PALLIATION AGENTS WITH WELL ESTABLISHED
CLINICAL USE

721 %p

Sodium orthophosphate containing radioactive *P (Ejnsy = 1.711 MeV,
no y emission, T, = 14.26 days) was the first radiopharmaceutical used for
metastatic bone pain palliation [202]. The radiopharmaceutical was reported to be
administered in patients either intravenously or orally. The administered activity
generally varies based on the route of administration of the radiopharmaceutical.
Usually, an activity of 185-370 MBq (5-10 mCi) is injected intravenously.
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Phosphorus-32 is also given orally and a higher activity of 370-444 MBq (10-12
mCi) is usually administered [203]. The accumulation of *2P in the bone is due to
the affinity of phosphate groups for the calcium present in the bone to form the
particles of HA, which is the major constituent of the bone matrix. The onset of
pain relief starts ~14 days after administration of the radiopharmaceutical. From
patient to patient, it could vary from 2 days to 4 weeks and the patients could
have pain free survival for almost 2 to 4 months. Pain relief has been reported
by 59-93% of patients suffering from prostate cancer, with an overall response
rate of 77%, while 52-94% of patients suffering from breast cancer have reported
pain relief, with an overall response rate of 84% [204].

The formulation of the agent is quite simple, as it is administered in
the form of sodium orthophosphate, which eliminates the requirement for a
sophisticated radiopharmaceutical formulation facility. Phosphorus-32 has a
reasonably long half-live that permits shipment of the product to locations that
are far from the production site. Cost effective production and a comparatively
long half-life make *?P quite economical and readily available to a wider patient
population [70, 97].

As an endogenous elemental radionuclide of the bone inorganic matrix, 32P
was used extensively until the 1980s, but its myelotoxicity due to the emission
of high energy £ particles was a disadvantage [199, 204-206]. Phosphorus-32
is a pure g particle emitter, and pharmacokinetic evaluation and dosimetric
assessment in patients during therapy are therefore not possible.

7.2.2. %SrCl, (metastron)

Strontium-89 (Epayy = 1.49 MeV, no y emission, T,, = 50.5 days),
in the form of strontium chloride (also known as metastron), is one of the
best established agents used for metastatic bone pain palliation. The agent is
administered intravenously, either in an activity range that varies from 1.5 to 2.2
MBg/kg (40 to 60 uCi/kg) of the patient’s body weight, or as a cumulative activity
of 148 MBq (4 mCi) [207]. Strontium and calcium are group 2 elements in the
periodic table; hence, ®Sr behaves similarly to calcium in the biological system.
Thus, 8Sr is taken up by the bone matrix in proportion to the osteoblastic activity
[67, 208]. The onset of pain relief is observed 2—4 weeks after the administration
of #SrCl,, with a treatment efficiency of 60-84%. Thanks to its reasonably long
half-life, patients can feel pain relief for 4-15 months with %9SrCl, treatment
[204, 209]. In pre-clinical and clinical studies skeletal tissues exhibit nearly 20%
retention of injected activity even 3 months after administration, overcoming the
limitation of the very short biological half-life of the agent [210].

The radiopharmaceutical is administered as an inorganic preparation of
83rCl, and thus its formulation is relatively simple. The long half-life of Sr
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provides a logistical advantage, making it possible to distribute the agent to
any part of the globe without much concern about the loss of activity due to
radioactive decay. Additionally, the requirement of only ~148 MBq (~4 mCi) of
activity per patient reduces the cumulative activity requirement, making #SrCl,
an attractive choice for bone pain palliation applications. For this reason, ¥*SrCl,
is considered to be a good choice for patients with moderate pain with somewhat
longer life expectancy.

Although %9SrCl, has proven to be an efficacious agent for bone pain
palliation, the limited availability and high cost of the agent are serious
impediments for its widespread use. The difficulty of large scale production of
83y is the primary reason for the high cost of #SrCl, [70].

7.2.3. ¥Sm-EDTMP (quadramet)

Samarium-153 labelled ethylenediaminetetramethylene phosphonic acid
(***sSm-EDTMP), commercially known as quadramet, is the most widely used
radiopharmaceutical for metastatic bone pain palliation; ***Sm-EDTMP is also
known as lexidronam. The agent is administered intravenously with an activity
of 37 MBg/kg (1 mCi/kg) of the patients’ body weight [204, 211-213]. The
agent is accumulated in the skeleton owing to the affinity of the phosphonate
groups, present in EDTMP, for calcium in the bone matrix. The accumulation of
the agent is usually proportionate to the osteoblastic activity. Pain reduction is
usually experienced within 2 to 7 days after administration. The agent is reported
to provide a pain free survival period varying from 4 weeks to 35 weeks, with
a mean pain free period of ~8 weeks. **Sm-EDTMP is reported to be effective
in 62-74% of cancer patients [212, 214, 215]. Figure 18 depicts scintigraphic
planar images taken in a patient administered ***Sm-EDTMP (left) and shows
that the radiopharmaceutical is taken up by the metastatic lesions identified with
9mTc_MDP (right) (MDP acid).

One of the major advantages of using **Sm-EDTMP is the fact that it is
derived from %3Sm, which can be produced by employing the simple (n,y) route
using medium flux research reactors. The radionuclide is usually produced with
high radionuclidic purity and adequate specific activity using an enriched (in
1525m) Sm,0, target owing to the large thermal neutron capture cross-section of
1%25m (¢ = 208 b and resonance integral 2978 b) [78]. It has been documented
that 1°3Sm can also be produced with adequate specific activity and sufficient
radionuclidic purity for bone pain palliation application using natural Sm,O,as a
target material [100].

The attractive nuclear decay characteristics of *Sm, namely moderate
energy £ emission, ensure lower bone marrow toxicity, and the availability
of accompanying suitable energy y photons helps in performing simultaneous
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scintigraphic evaluation and dosimetry studies. Moreover, a simple formulation for
the radiopharmaceutical, either by using a freeze-dried EDTMP kit or by following
in situ wet chemistry protocols at the hospital radiopharmacy, makes ***Sm-EDTMP
an attractive agent for large scale commercial deployment [201].

One of the problems associated with $*3Sm based agents is the short half-life
of 153Sm, which requires the handling of large quantities during production in order
to supply the radionuclide or radiolabelled agents to locations that are distant from
the radionuclide production or radiopharmaceutical formulation site. Moreover, the
amount of activity required per patient dose is also comparatively large compared to
other agents, such as #SrCl,.

FIG. 18. Scintigraphic images of a patient administered *Sm-EDTMP (left) and *"Tc-MDP
(right) (courtesy of A. Sasikumar, KIMS Hospital DDNMRC).
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7.2.4. ®Re HEDP

Both of the g~ emitting radionuclides of rhenium, namely ‘¥°Re and ***Re,
are used for the preparation of bone pain palliation radiopharmaceuticals [216].
However, more clinical studies have been reported with ®¥Re thanks to its
availability from a 88W/*®Re generator. Rhenium-188 labelled HEDP has been
used for bone pain palliation. Rhenium-188 HEDP is administered through
intravenous injection with an activity that varies from 2.96 to 4.44 GBq (80-120
mCi) [217-219]. Repeated doses have been shown to be more effective for
palliation and patient survival [220]. The radiopharmaceutical accumulates
in bone matrix by binding to calcium through the phosphate group present in
HEDP [221]. It is reported that the presence of the hydroxyl group in HEDP
enhances the accumulation of the radiolabelled agent in the skeleton [198]. The
agent is reported to be effective in 60-95% of patients [217, 219, 222].

The availability of '%8Re from a '®wW/'*®Re radionuclide generator, which
can be housed in a central or hospital radiopharmacy, allows ®Re HEDP to be
formulated at any point of time using freeze-dried HEDP Kits [223-226]. This
also provides hospitals with a means to treat patients when the supply of other
reactor produced radioisotopes (8°Sr, %3Sm, *’Lu, etc.) is disrupted. The presence
of 155 keV gamma photons does not substantially enhance the irradiation
delivered to patients, but enables simultaneous pharmacokinetic evaluation and
dosimetry studies.

However, the widespread availability of the agent may suffer significantly
from the fact that very high flux reactors are essential to produce the quantities of
188\ required for commercial exploitation. Tungsten-188, the parent radionuclide
required for the preparation of the #8W/*%Re radionuclide generator, is produced
by a double neutron capture reaction using enriched #W as the target. Extended
irradiation of the target in nuclear reactors with thermal neutron fluxes in the
range of ~10® n-cm™2s™! is required [87]. The limited availability of such
reactors globally makes the 3W/*%Re generator, and consequently %Re, quite
expensive, and this may be a serious impediment to the widespread availability of
this otherwise useful agent [70]. Moreover, the significantly higher energy (2.12
MeV) £ emission is a cause of serious concern, as it may lead to significant
myelotoxicity and bone marrow suppression.

7.2.5. ??RaCl, (alpharadin) (xofigo)
Radium-223 chloride, also known as xofigo, is an « particle emitting
bone pain palliation agent, the clinical use of which was approved by the Food

and Drug Administration (FDA) of the USA in 2013. As radium is in group
2 of the periodic table, it has similar properties to calcium and strontium and
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hence is accumulated in the skeleton [127, 227, 228]. The radiopharmaceutical
is administered through intravenous injection, either as a single administration
of 200-250 kBqg/kg (5.4-6.8 uCi/kg) of a patient’s body weight or in multiple
injections involving five to six administrations of ~55 kBg/kg (1.49 pCi/kg) of
the patient’s body weight [44, 229, 230]. The product is reported to not only
control bone pain, but also be successful in providing a few additional months of
survival to the terminally ill cancer patients [230, 231].

Figure 19 shows SPECT images taken in a patient administered ?**RaCl,
(left) and the corresponding *™Tc-MDP images (right). The chain of ?°Ra
provides two gamma rays, E, = 269 keV (13.6%) and 154 keV (6.04%), which
are useful for imaging. However, the amount of the radiopharmaceutical injected
into the patient is very low — a few hundred kBg — and the quality of the images
will not be good despite long imaging times.

One of the basic advantages of using ?*Ra for bone pain palliation is that it
is used in the simple inorganic form of ?2RaCl, and thus the formulation of the

B C

FIG. 19. Diagnostic imaging of a patient treated with xofigo (bottom) and pre-therapy
F-18-fluorocholine-PET (up). PET images showed strong uptake in the right iliac crest (blue
arrow) and left anterior ileal wing (red arrow) (a). The same lesions were imaged at 7 days
after xofigo using a gamma camera: the left anterior ileal wing (red arrow) lesion is rendered
better in the AP view (b), whereas the lesion in the right iliac crest (blue arrow) is rendered
better in the AP view (c) (reproduced from Ref. [232] with permission).
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agent is simple and convenient. The long half-life (T,, = 11.4 days) is useful, as
the radiopharmaceutical can be prepared and shipped globally.

Radium-223 is separated from an equilibrium mixture of the ?*’ Ac-***Ra
parent—decay system. The parent radionuclide ?’Ac is produced by prolonged
neutron irradiation of natural ?°Ra in a nuclear reactor [133]. Radium-223
decays via a chain of short lived decay radionuclides, producing four « particles,
to stable 2/Pb, with total decay energy of 28 MeV [44, 233]. As the range
of o particles is very short, the irradiation is delivered to the metastatic bone
where the radionuclide is taken up initially with negligible irradiation to the
underlying bone marrow.

The longer half-life of ?*®Ra provides sufficient time for preparation
of the agent, quality control studies and distribution to distant locations. The
accompanying low energy gamma photons of *’Ra are suitable for performing
scintigraphic imaging, albeit with poor statistics, and possibly dosimetric
calculations. However, as the amount of radioactivity injected is small, it is
often difficult to obtain good images. The low energy gamma photons do not
induce much external irradiation; the treatment can thus be performed on an
outpatient basis [234].

In spite of the exciting clinical results reported to date, widespread use of
this radiopharmaceutical appears distant owing to its prohibitively high cost.
Moreover, the clinical data for use of the agent are also limited and predominantly
based on a single large multi-centre clinical trial [231].

7.3. BONE PAIN PALLIATION AGENTS THAT ARE CLINICALLY
TESTED

7.3.1. '*°*Re HEDP (etidronate)

Rhenium-186 labelled HEDP is one of the first and so far most widely
used radiometal labelled bisphosphonates for palliative radiotherapy of painful
osseous metastases [235, 236]. 1**Re HEDP has been approved in some European
countries for regular clinical use as a pain palliative radiopharmaceutical for
skeletal metastases. The agent is administered intravenously with an activity
ranging from 1.48 to 3.33 GBq (40 to 90 mCi). The bio-accumulation pathway of
the agent is similar to that of *8Re HEDP. The limited number of clinical studies
performed with the agent to date showed it to be effective in 77-90% of cancer
patients [237, 238].

In spite of the extensive clinical use of *1%Re HEDP, these agents
have some inherent drawbacks. The most important of these is the fact that
Re-bisphosphonate complexes have a strong tendency to oxidize to [ReO,] in
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vivo and this in turn reduces skeletal uptake and increases the accumulation of
activity in non-target organs such as the thyroid. Moreover, Re-bisphosphonate
complexes do not have a well-defined chemical structure.

7.3.2. 1'™Sn DTPA

The use of very low energy electrons for bone pain palliation in the form
of 1'™Sn labelled DTPA was first proposed and clinically demonstrated by
Srivastava et al. [239-241]. The agent is administered intravenously and reported
to provide substantial pain relief to patients within 1 week of administration when
injected, with an activity of >444 MBq (12 mCi) [242]. The mechanism of uptake
of this tin complex is not well understood. It is proposed that bio-accumulation
of 1"™Sn—DTPA in the skeleton occurs either due to the precipitation of stannous
oxide on the bone surfaces or by a hydrolysis reaction with HA particles, one of
the primary constituents of the bone matrix [204]. Clinical studies performed by
Srivastava et al. showed that the agent is effective in controlling bone pain in
60-83% of patients [241, 242].

The palliative effects exhibited by the agent are due to the irradiation of the
bone matrix by the low energy conversion electrons emitted by *"™Sn (conversion
electrons of 127 and 129 keV, E, = 159 keV (86%), T,, = 13.6 days). The
conversion electrons are of very low energy and reduce the irradiation to the bone
marrow and consequently induce low myelotoxicity, which is considered to be
the major advantage of using this agent [243]. Further, the presence of suitable
energy mono-energetic gamma photons of 159 keV (86%) enables simultaneous
scintigraphic imaging and pharmacokinetic studies. The relatively long half-life
of 11'Sn means that there are also advantages of production and supply logistics
for this agent without much loss of activity through radioactive decay.

One of the major disadvantages of using 'Sn-DTPA for bone pain
palliation arises from the production of *'™Sn. It is difficult to produce *'™Sn
in the majority of nuclear reactors available worldwide. The radionuclide is
produced either by thermal neutron bombardment of '6Sn by the nuclear reaction
11850 (n,») ™ "™Sn or by inelastic neutron scattering following the *7Sn(n,n’)*™Sn
nuclear reaction. Both the nuclear reactions have poor cross-sections and thus
the use of very high flux reactors (~10™ n-cm2-s7") and highly enriched targets
(the natural abundances of '°Sn and '''Sn are 14.7% and 7.68%, respectively)
are mandatory for its production in adequate quantities. Although '™Sn can also
be produced in NCA form in particle accelerators using a *He particle induced
reaction on '°Cd or *°In target, these nuclear reactions also suffer from low
yields [244, 245]. This makes the production of 1'™Sn, and thus *'™Sn-DTPA,
quite expensive, and this is a serious drawback for large scale utilization of this
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otherwise useful agent. Hence, only limited clinical experience with this agent
has been reported to date.

733. Y'Lu-EDTMP

| u-EDTMP is a radiopharmaceutical developed for bone pain palliation
that has undergone extensive pharmacokinetic evaluation in different animal
species as well as clinical use thanks to the initiative of the IAEA through its
CRP [246]. The radiopharmaceutical is formulated using a freeze-dried kit
containing 35 mg of EDTMP, 5.72 g of Ca?* ions and 14.1 mg of NaOH. The kit is
reconstituted with 1 mL of normal saline and ~3.7 GBq (100 mCi) of **’LuClj is
added to it before incubation at room temperature for 5-10 min. Detailed in vivo
evaluation studies were conducted using this formulation in mice, rats, rabbits
and dogs. ""Lu-EDTMP accumulated almost exclusively in the skeletal system
(peak uptake ca. 41% of the injected activity in bone for 1-3 h with a terminal
elimination half-life of over 80 days). That part of the radiopharmaceutical that
was not taken up by the bone was excreted through the urinary system. The
uptake in the bone remained constant without much redistribution or excretion.

All species (mouse, rat, rabbit, dog) studied showed uptake of the
radiopharmaceuticals in the bone. The kidneys were free of any radioactivity
after one day of administration of the radiopharmaceutical. A moderate decrease
of platelet concentration (160 g/L) was observed at one week post-administration
in dogs with the highest administered activity of 37 MB/kg. However, no toxicity
was seen. The effective half-life of "’Lu-EDTMP was long, indicating that the
complexation of Y"Lu with EDTMP did not affect the biological behaviour of
the ligand, EDTMP, as a bone seeker. Species specific biodistribution behaviour
was observed. Detailed toxicity studies in dogs did not indicate toxicity of the
radiotracer or any adverse biological effects.

Chakraborty et al. reported promising pre-clinical results for *’’Lu-EDTMP
in canine patients with primary as well as metastatic bone lesions. Y'’Lu-EDTMP
was used at a ~44.4 MBq (1.2 mCi) per kg body weight dose for these
studies [247]. The administered activity of the radiopharmaceutical showed
very good therapeutic efficacy. Two dogs suffering from primary bone cancer
showed palliative effect as well as stable disease condition after treatment with
7 y—EDTMP. One of the dogs suffering from skeletal metastases originating
from a primary tumour elsewhere survived for nearly four years after treatment
with one administration of Y’’Lu-EDTMP and died from another cause.

The clinical trials for this radiopharmaceutical were conducted in nuclear
medicine departments in Member States under the guidance of the IAEA. Tracer
activities of 173-207 MBq (4.6-5.6 mCi) of Y""Lu~-EDTMP were administered
to patients suffering from metastatic prostate cancer in the phase —0 study; the
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activity accumulation rate was studied for the whole skeletal system, other
organs, and blood and urine to assess in vivo kinetics [7]. The study showed
faster biphasic clearance from blood, prolonged retention in bone tissue and
non-accumulated activity being excreted through the kidneys. The average
accumulated dose was 0.16 = 0.04 mGy/MBq for total body and 0.80 + 0.15
mGy/MBq for red marrow, as estimated using OLINDA/EXM 1.0 software.
A maximum tolerated dose of 2000-3250 MBq (54-88 mCi) for Y'"Lu-EDTMP
was inferred from these studies.

For the activity escalation study, 21 patients with metastatic prostate cancer
were given Y"Lu-EDTMP in the range of 692-5550 MBq (19-150 mCi). Blood
cell counts for platelet and leukocytes and haemoglobin levels were monitored
for over 12 weeks as toxicity parameters. When doses higher than the maximum
tolerated dose (3.26 GBq (88 mCi)) were administered to patients, toxicity grades
3-4 were observed; otherwise, one third of patients showed very good tolerance
for normal doses. An efficiency of 86% was observed for pain relief, with an
average duration of >7 weeks. The whole study demonstrated the suitability of
_u—EDTMP as a safe and effective bone pain palliative agent.

Based on the encouraging dosimetry and toxicity data for *’"Lu-EDTMP,
a phase Il clinical trial was performed in several countries [8, 9, 248]. The
radiopharmaceutical was administered intravenously as a single administration
of 1.3-3.7 GBq (35-100 mCi) and early onset of pain relief was observed
within one week. The pain free survival period was maintained for a period of
2—-4 months. The clinical studies performed with the agent to date documented
a positive response in 77-95% of patients. A recent clinical study carried out
in patients with painful skeletal metastases using either ’Lu-EDTMP or
153Sm—EDTMP on an equidose basis showed that both agents have similar pain
response efficacy [249].

The radionuclide decay characteristics of and easy production logistics
for Y’LLu are the major plus points for 1’/Lu based theranostic agents. Moderate
energy S~ particle emission reduces the possibility of bone marrow suppression
and subsequent myelotoxicity. The low energy, low abundance gamma photons
are useful for scintigraphic and dosimetric evaluation without causing more
irradiation of the patients. The relatively long half-life of *Lu is advantageous
because there is sufficient time for the production and radiochemical processing of
171y, as well as the formulation and supply of Y’Lu based radiopharmaceuticals
across the globe, without much loss of radioactivity.

The very high thermal neutron capture cross-section of ®Lu (¢ = 2100
b) ensures the production of *’’Lu with high radionuclidic purity and adequate
specific activity for the preparation of bone pain palliation agents. Natural
Lu,O, targets can be used in medium flux reactors for the production of *'’Lu
with adequate specific activity for the preparation of bone pain palliation
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agents. Moreover, the ease with which the patient dose of Y’’Lu-EDTMP can be
formulated, either by following the wet chemistry protocol or by using freeze-
dried EDTMP kits, makes it an attractive agent for bone pain palliation [154].

7.3.4. Y"Lu-DOTMP

Lutetium-177 labelled DOTMP has been reported as another potential
agent for metastatic bone pain palliation [56, 250]. Macrocyclic chelators have
advantages over their acyclic counterparts for radiolabelling with lanthanide
isotopes such as *"’Lu, as these complexes are kinetically and thermodynamically
more stable [101, 251]. Compared to the two amine groups in EDTMP, the four
amine groups available in these ligands favour better complexation properties.
The agent can be prepared at a hospital radiopharmacy, either by a wet chemistry
method or by using a freeze-dried DOTMP kit following simple procedures
[252, 253]. Preliminary biological studies in small animal models indicated
faster clearance of activity from blood and lower retention of activity in the non-
target organs for ’Lu-DOTMP compared to Y""Lu-EDTMP under identical
conditions [254]. Higher animal studies in dogs involving the administration
of Y"Lu-DOTMP at high activities did not exhibit any clinical toxicity [255].
Clinical studies with the agent reported successful administration of up to 3.7
GBq (100 mCi) of the preparation in cancer patients with preferential localization
of the radiotracer in the osteoblastic lesions and almost no uptake in soft tissue or
any other major non-target organs [256].

7.35. ¥Sm-DOTMP

Samarium forms a very stable complex with the DOTMP ligand and
hence **Sm-DOTMP is also one of the potential radiopharmaceuticals for bone
pain palliation [252, 254, 255]. Lanthanide complexes with the cyclic ligand,
DOTMP, can be prepared with a much lower ligand concentration as compared
to the acyclic ligand, EDTMP. Hence, low specific activity ***Sm will suffice for
the preparation of **Sm-DOTMP.

198Sm-DOTMP is under commercial development under the trade name
CycloSam. It uses a 3 : 1 ligand to metal ratio, although a 1 : 1 ratio is only
required for complex formation in high yields. Quadramet, when manufactured
commercially, requires a 300 : 1 ligand to samarium ratio to ensure that samarium
remains chelated to EDTMP in vivo. CycloSam only localizes in bone with almost
no uptake elsewhere in the body and it clears quickly through the renal system.
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7.3.6. “Tm-EDTMP

Thulium-170 is a medium energy (E;., = 968 keV) g~ particle emitting
radionuclide and is an interesting choice for developing agents for bone pain
palliation. It has a half-life of 128.4 days, which is considerably longer than that
of the radionuclides currently used for bone pain palliation; the longest lived
of these is 8°Sr, with a half-life of 50 days. The medium energy §~ particle is
beneficial, as it is expected to spare bone marrow irradiation. The gamma rays can
be used for SPECT imaging to study the pharmacokinetics and dosimetry. This
radionuclide was originally proposed by Das et al., who prepared *°Tm-EDTMP
and studied its pharmacokinetics in Wistar rats [79]. The ®Tm used in these
studies was produced by thermal neutron bombardment of a natural Tm,O, target
for a period of 60 days at a flux of 6 x 10* n.cm™.s™'. The specific activity
of the product was 6.36 GBqg (170 mCi)/mg and the radionuclidic purity was
close to 100%.

Thulium-170-labelled EDTMP was prepared by incubating 1 mg of
EDTMP, dissolved in bicarbonate buffer, with 111-185 MBq (3-5 mCi) of
Y0TmClI, at room temperature. The radiolabelled complex was obtained with
>99% radiochemical purity and exhibited excellent stability for several days at
room temperature. Biological evaluation involving biodistribution studies and
scintigraphic imaging, performed in normal Wistar rats, showed significant
accumulation of the radiotracer in the skeleton (50-55% of the administered
activity) along with prolonged bone retention for the duration of the studies up
to 60 days post-administration. Dosimetric evaluation revealed that the agent
delivered a dose of 4.3 Gy/MBq to the skeleton, while the corresponding absorbed
dose to the red bone marrow was only ~0.5 uGy/MBg. These studies indicated
that “Tm-EDTMP has excellent biological features and favourable dosimetric
values, making it a promising agent for metastatic bone pain palliation.

The developers suggested the use of Y°Tm-EDTMP as a cost effective
alternative to ¥SrCl,. Unlike with ®Sr, large quantities of *°Tm can even be
prepared at medium flux research reactors, while thulium is monoisotopic and
thus enrichment is not necessary [79].

A single clinical study of Y*Tm-EDTMP in a 68 year old patient with
metastatic prostate cancer was reported [257]. Afreeze-dried kit for the preparation
of Y"Lu-EDTMP was used for the preparation of the radiopharmaceutical [246].
The Kit, containing 35 mg of EDTMP, 14.1 mg of NaOH and 5.8 mg of Ca*",
was reconstituted in 1 mL of sterile saline and incubated with **TmCl, at room
temperature for 15 min. Figure 20 shows serial images of a patient injected with
370 MBq (10 mCi) of ®*Tm-EDTMP. The images were taken at 7 days (b), one
month (c) and two months (d) post-administration, whereas (a) shows an image
with *™Tc—MDP in the same patient prior to Y°Tm-EDTMP administration. It is
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evident from these images that the distribution of Y°Tm-EDTMP is concordant
with the ®™Tc-MDP uptake, both in physiological areas of distribution and
at the sites of metastases. The images show high skeletal accumulation of
OTm—-EDTMP with high tumour to normal bone uptake ratios and selective
retention therein for a long period. The images also indicated the theranostic
potential of the agent, whereby extended dosimetric studies can be carried out to
optimize the absorbed dose delivered to the tumour for adequate and prolonged
pain relief while limiting the associated bone marrow suppression.

Because it is a long lived radionuclide, the specific activity of 1"°Tm used in
the radiopharmaceutical is moderate at 6.36 GBg/mg (170 mCi/mg). The amount
of thulium in 370 MBq (10 mCi) of Y®Tm activity will be less than 0.1 mg,
even when the specific activity is only ~370 MBg/mg (100 mCi/mg). A detailed
toxicity study of thulium and other rare earth elements such as terbium and
ytterbium has been reported [258]. The LD, value in mice is 485 (466.3-504.4)
mg/kg for intraperitoneal administration and 6700 (6374.9-7041.7)
mg/kg for oral administration. Hence, <0.1 mg of thulium injected as part of the
radiopharmaceutical preparation is not likely to result in any adverse toxic effects
in patients. Approximately 50% of the radiopharmaceutical injected is taken up
by the bone, from where it is not released to circulation, as evident from Fig. 20,
and the remainder is excreted through the renal system. Hence, the probability
of free thulium circulating in the blood and thereby inducing any toxicity is low.

Thulium-170 complexes with several other polyaminopolyphosphonic acid
ligands have also reported; °Tm DOTMP showed the best pharmacokinetics
as a bone agent [59]. The main advantage of 1®Tm is that it can be prepared in
large quantities with adequate specific activity. Being a long lived radionuclide,
it can be shipped to distant locations and also retained for use as and when
patients need it.

Thulium-170 radiopharmaceuticals have the potential to be used for
metastatic bone pain palliation either alone or alongside short lived radionuclides
such as 3Sm or *’Lu, where the short lived radionuclide provides immediate
pain relief and sustained pain relief is obtained from the long lived °Tm. The
combination radiopharmaceuticals *°Tm-3Sm or Y*Tm-""Lu can be prepared
by adding the required activities of the individual radionuclides to the same
freeze-dried Kit.

7.4. BONE PAIN PALLIATION AGENTS RADIOLABELLED USING
BIFUNCTIONAL CHELATING AGENTS (BFCAs)

Most of the bone pain palliation radiopharmaceuticals discussed above
were radiolabelled with metallic radionuclides directly, taking advantage of the
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(A) (e) (< (D)

FIG. 20. A series of images representing whole body scintigraphic scans of a female patient
suffering from metastatic breast cancer. (a) Diagnostic scan recorded with *°"Tc-MDP.
(b—d) Diagnostic scans for the same patient after the administration of 370 MBq (10 mCi) of
Tm-EDTMP at 1 week (b), 1 month (c) and 2 months (d) post-administration, respectively
(courtesy of M.R.A. Pillai, Molecular Group of Companies).

complexation properties of the phosphate group present in the phosphonates.
While this approach has been highly successful, an evolving strategy is to utilize
the BFCA approach, in which the chelate is used to complex both diagnostic and
therapeutic radionuclides, while a pendant bisphosphonate is conjugated to the
BFCA for targeting.

Bisphosphonates have emerged as effective drugs for the treatment
of various metabolic bone diseases, including bone metastases [15, 259,
260]. Bisphosphonates are biologically more stable chemical analogues
compared to naturally occurring pyrophosphates. The labile P-O-P motif
present in pyrophosphates is replaced by the more stable P-C—P unit in
bisphosphonates (Fig. 21).

Bisphosphonates exhibit very high binding affinity for crystallized HA
(Ca,((PO,)s(OH),, Ca/P = 1.66), which is the main component of the inorganic
matrix of bone. This high affinity is presumably owing to binding of the
deprotonated phosphonate units with the Ca?* present on the surface of crystalline

84



o OH ¢ OH
\/ \/
R4 ~—OH ~—OH
o «
R, P/QH \ _~0OH
X/\OH /\OH
(o] o
Geminal bisphosphonic acid Pyrophosphoric acid

FIG. 21. Generic structures of geminal bisphosphonic acid and pyrophosphoric acid (courtesy
of M.R.A. Pillai, Molecular Group of Companies).
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FIG. 22. Structures of the most common bisphosphonates synthesized and biologically
evaluated (courtesy of M.R.A. Pillai, Molecular Group of Companies).

HA, likely in bidentate fashion [198]. In vitro and in vivo studies have shown
that such binding of a bisphosphonate moiety to HA on the bone surface prevents
both crystal growth and destruction of HA [198]. It is pertinent to note that when
the R, substituent is modified for complexation with the radiometal, the nature
of the R, substituent of the bisphosphonate moiety (Fig. 21) plays a major role
in determining the potency of these molecules as drugs [32, 198, 261, 262]. The
chemical structures of the most commonly synthesized and biologically evaluated
bisphosphonates are shown in Fig. 22.
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Management of painful skeletal metastases requires a multifaceted approach
involving the use of systemic analgesic drugs, steroids, chemotherapeutic
drugs, external beam radiation, radiofrequency ablation and therapeutic
radiopharmaceuticals. Systemic internal radionuclide therapy using « and
S~ emitting radionuclides, such as ?2Ra, *2P, 8°Sr, 1*Sm, ®Re and ’Lu, has been
proven to be the most effective modality with the fewest side effects, especially
in the case of extensive multifocal osseous metastases [6, 137, 198, 204, 263].
Taking into consideration the high affinity and enhanced accumulation of the
bisphosphonates to the bone matrix with abnormal osteoblast and osteoclast
mediated activities, this class of molecules has been utilized effectively as
molecular vectors for the delivery of radionuclides to the metastatic lesion sites.

The following section gives an account of the recent research and
development on bisphosphonate ligands, which are modified with the addition of
a BFCA to complex with radiometals as radiopharmaceuticals for palliative care
of painful bone metastases.

7.4.1. Y"Lu-BPAMD

The first BFCA conjugated bisphosphonate ligand to be used successfully
in the clinic was the bisphosphonate amide of DOTA, namely BPAMD
((4-{[(bis(phosphonomethyl))carbamoyl]methyl}-7,10-bis(carboxymethyl)-
1,4,7,10-tetraaza-cyclododec-1-yl) acetic acid)). In order to develop this
molecule, the bisphosphonate moiety is conjugated to DOTA through amide
linkage (Fig. 23).

Initially, the ligand BPAMD was complexed with %®Ga and the resultant
radiotracer showed utility in terms of high bone accumulation in small animal
PET experiments [264]. The %Ga-BPAMD complex also showed excellent
pharmacokinetics and good target localization in clinical investigations [265].
The promising results obtained in diagnostic examinations using ®Ga-BPAMD
eventually led to the clinical application of "Lu-BPAMD. A comparative
biodistribution study between ’Lu-BPAMD and ’Lu-EDTMP indicated
higher skeletal accumulation as well as a higher target to background ratio for
7L y-BPAMD [266]. This is attributed to two factors, namely, superior in vivo
kinetic stability of the Lu-BPAMD complex compared to its EDTMP counterpart
and non-involvement of phosphonate groups in the radiometal chelation process,
which renders them fully available for binding with Ca?* present on the surface
of mineralized bone. Due to its lower stability, a much larger quantity of ligand
is required for the preparation of "Lu-EDTMP, which leads to potential
target blocking. Preliminary human clinical investigations carried out using
the Y"Lu-BPAMD formulation demonstrated that it has good potential as a
radiopharmaceutical for bone targeted endo-radiotherapy [267]. Meckel et al.
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FIG. 23. Structures of DOTA coupled bisphosphonates: (a) BPAMD and (b) DOTA™ (courtesy
of M.R.A. Pillai, Molecular Group of Companies).

reported a kit type synthesis protocol and an automated radiolabelling module
suitable for the routine formulation of the agent in a hospital radiopharmacy [268].

7.4.2. YLu-DOTA™

Despite the promising clinical results obtained in palliative radiotherapy
using *"’Lu-BPAMD, there remains further scope for improvement with respect
to enhancing the accumulation of the radiotracer in metastatic bone lesions and
simultaneous reduction of the uptake in the non-target organs. The side arms of
the central carbon atom in the bisphosphonate structure play a crucial role in
determining the skeletal uptake of radiolabelled bisphosphonates. It has been
reported that when an —OH group (such as R, in Fig. 22(c)) is introduced in the
bisphosphonate moiety, the affinity of the bisphosphonate towards hydroxyapatite
is enhanced and consequently the accumulation of the agent in the skeleton is
augmented [198]. Additionally, the availability of an aromatic nitrogen atom in
the R, side chain helps in the formation of hydrogen bonds, which also eventually
enhance the accumulation of the agent in bony metastases [269]. Zoledronic acid
(Fig. 22(e)) is an example of one such bisphosphonate. These molecules have
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also been reported to influence the associated biochemical processes whereby
they exert an inhibiting effect on the enzyme.

Keeping in mind the factors mentioned above, the potential of radiolabelled
DOTA conjugated zoledronate (DOTA™!, Fig. 21(b)) was evaluated as a bone
targeting agent. The molecule was synthesized, radiolabelled with ®Ga—'""Lu and
subsequently evaluated by means of biodistribution as well as small animal PET
studies. A comparison of biodistribution patterns of ®Ga-DOTAZ® with [**F]NaF
and %8Ga-BPAMD showed that ®Ga-DOTAZ® has superior bone accumulation
with minimal uptake in the soft tissues. On the other hand, biodistribution
studies of ¥"Lu-DOTAZ in normal healthy Wistar rats revealed high skeletal
accumulation (3.43 + 0.40%ID/g) and low uptake in the other non-target
organs/tissues (blood: 0.07 + 0.01%ID/g; muscle: 0.02 £ 0.00%ID/g) within
1 h of administration. These studies indicated that both ®Ga and *"Lu labelled
DOTAZ have favourable in vivo properties, such as excellent accumulation in
skeletons and desirable pharmacokinetics, which may enable the application of
these two agents as a radiotheranostic pair for bone pain palliation.

Preliminary clinical investigations of Y/Lu-DOTA® have been carried
out in four patients with bone metastases for pharmacokinetics and dosimetry
studies [270]. Whole body scintigraphic images of the patients acquired at
different post-administration time points showed excellent targeting of metastatic
skeletal lesion sites, fast renal clearance and a high target to background
ratio. Further, preliminary dosimetry studies have shown that ’Lu-DOTAX
also resulted in significantly lower bone marrow absorbed dose compared
to Y’Lu-EDTMP, which in turn would allow the administration of a higher
therapeutic dose of Y/Lu-DOTA® in patients as compared to *”’Lu~EDTMP.

7.4.3. 2> Ac-DOTAX for targeted alpha therapy

The LET (in the range of 100 keV/um) and short tissue range (50 to 100
um, covering approximately two to three cell diameters) of « particles are
advantageous in a therapeutic context. Localized energy deposition is possible,
while the energy deposited per unit mass of an o particle is nearly 100 times
greater than that of a f~ particle [271]. The radiation resistance of cells caused by
cross-fire effect of the 5~ particle emitters is also reduced with a emitters [272].

Among the group of a emitting radionuclides used for in vivo targeted
therapy, 2®Ac has been considered to be one of the most promising candidates
due to its 10 day half-life and emission of four high energy o particles during
its successive decay [273]. The first human clinical investigation using **Ac
labelled PSMA inhibitor PSMA-617 in two prostate cancer patients was reported
by Kratochwil et al. [65]. *""Lu-PSMA-617 resistance was observed in one
patient, but both patients showed a positive response to therapy. Subsequently,
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more elaborate clinical studies with > Ac-PSMA-617 have been performed in
a larger group of patients with advanced stage, metastatic castration resistant
prostate carcinoma with a PSMA positive tumour phenotype, with good clinical
response, albeit with significant salivary gland uptake [274]. These advantages
of ®Ac targeted o therapy could also be utilized in alleviating pain in cancer
patients with minimal side effects using macrocyclic bisphosphonates, which
will not have salivary involvement.

Pfannkuchen et al. [275] were the first to report the synthesis, quality control
and in vivo evaluation in animal models of *Ac-DOTAZ'. Biodistribution
studies of ?Ac-DOTAX in healthy Wistar rats showed high femur uptake
(SUV = 486 £ 0.3 at 1 day and 4.99 £ 0.97 at 10 days post administration),
which is comparable to ¥’Lu-DOTA® (SUV = 4.18 + 0.36 at 1 day and 4.63
+ 0.36 at 8 days post-administration). The authors documented that no clinical
toxicity was observed in the animals up to two months post-treatment. These
preliminary investigations showed the promise of 2°Ac-DOTA? as a future
generation radiopharmaceutical for therapeutic use in painful bone metastases.

7.5. CONCLUSION

The development of radiopharmaceuticals based on %P and ®Sr was a
major advance in alleviating the pain of patients suffering from metastatic bone
pain. Both these radiopharmaceuticals suffered from disadvantages. While 2P
could be made in large quantities for therapy, its high energy g~ particles induced
bone marrow toxicity. Strontium-89 was very useful for therapy, with less bone
marrow toxicity; however, its lack of availability is a drawback. The introduction
of 1*3Sm-EDTMP by the University of Missouri, Columbia, was a great step
forward, using phosphonate ligands and radionuclides that can be prepared in
large quantities using medium flux research reactors. Nevertheless, the short
half-life of 1°3Sm (47 h) did not allow its worldwide use.

The use of Y"Lu offers several advantages, such as the ability to be
produced in large quantities, a reasonably long half-life of 6.73 days, lower bone
marrow toxicity due to low energy £ particles, and the ability to make stable
complexes with both polyaminopolyphosphonates (e.g. EDTMP, DOTMP) and
polyaminopolycarbonate ligands (e.g. DOTA). The haematotoxicity — which is
the main limitation of radionuclide therapy — is much reduced in the case of
171y, as the energy of g particles is sufficiently low and does not affect bone
marrow tissue. The higher accumulation and retention of *’’Lu complexes in bone
spares the other non-target organs from receiving unnecessary radiation dose,
which adds to the therapeutic advantages of these bone pain palliative agents.
The IAEA support for the clinical trials for Y"Lu-EDTMP was a milestone
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towards the approval of *”’Lu-EDTMP for use as a radiopharmaceutical for bone
pain palliation in some Member States.

Although not many clinical studies have yet been reported, **Tm based
radiopharmaceuticals for bone pain palliation offer a great opportunity. The
radionuclide can be prepared in large quantities and the long half-life even allows
for a stock of °Tm activity to be retained in nuclear medicine departments for
the reconstitution of freeze-dried kits as and when a patient needs a therapeutic
administration. A ‘cocktail’ therapy, or a mixed radionuclide therapy using *’°Tm
and Y"Lu labelled phosphonates, may be advantageous to provide both short
and long term pain relief from a single administration of a radiopharmaceutical.
Adding the required amount of activity of both the radionuclides to a single freeze-
dried kit of a phosphonate will be sufficient to make the two radiopharmaceuticals
in the same vial.

Guerra Liberal et al. [68] carried out studies investigating the cellular
effect of 11 different § particle emitting radionuclides: 32P, sr, *y, 17mgp,
185m, %8Hg, 10Tm, 7Lu, ¥Re and ®®Re. The computational models they
used were able to estimate DNA damage and the probability of repair of DNA
was accurately predicted. Their results showed maximum cell death when cells
were exposed to "°Tm and "Lu [68]. The results of this study are significant in
enhancing the use of these two radionuclides for bone pain palliation in addition
to o particle emitting radionuclides.

The latest development of coupling BFCA molecules to geminal
bisphosphonates is also a significant addition to the ongoing research and
development for bone seeking radiopharmaceuticals. The phosphonate groups
are involved in binding with the calcium HA in the bone matrix and the release
of these groups from coordination with radiometals is an intelligent approach.
The ‘zoledronate’ based ’Lu-DOTA® is found to be more potent, with
improved pharmacological properties and higher accumulation in bone lesions
in preliminary clinical studies. Replacing the 5~ emitter *”/Lu with the a emitter
25A¢ led to the development of 22°Ac-DOTA?, with the potential for targeted o
therapy of skeletal metastases with almost no bone marrow toxicity.
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8. TARGET SPECIFIC
RADIOPHARMACEUTICALS (TSRs)

8.1. TARGETED RADIONUCLIDE THERAPY

For the last two decades, most of the research in the radiopharmaceutical
sciences has been focused on biomolecular chemistry. Consequently, there is
extensive knowledge related to the chemical, biochemical and biokinetic behaviour
of TSRs, which have been positioned as one of the best therapeutic options for
certain advanced diseases [2, 99, 276].

TSRs are unique in their ability to detect characteristic phenotypes in vivo,
when cells overexpress distinctive receptor proteins involved in the pathology. In
general, therapeutic radiopharmaceuticals are composed of a metallic radionuclide,
a BCFA and a bioactive fragment [276]. Specific bioactive molecules or biological
vectors used as target seeking pharmacophores include peptides, enzyme inhibitors,
aptamers, humanized or chimeric antibodies, antibody fragments, peptidomimetics,
non-peptide receptor ligands and DNA analogues. The molecular weight influences
the in vivo pharmacokinetics and it is expected that clearance from the blood and
non-target organs and accumulation in the target tissue of interest is faster for small
biomolecules, such as organic drugs and peptides, as compared to larger molecular
weight proteins and antibodies. Hence, radiopharmaceuticals that are based on small
carrier molecules are likely to provide better contrast in diagnostic images and deliver
a lower radiation dose to non-target tissues in the case of therapeutic products.

Figure 24 illustrates the general approach for developing TSRs [277]. The
identification of the suitable target and validation of the presence of that target for the
disease of interest is the first step for any drug or radiopharmaceutical development.
Cancer cells are now known to express various proteins at much higher magnitudes
than their original normal cell type. Several such receptor proteins serve as a target
and a large number of ligands or synthetic molecules capable of binding to such
targets are identified, synthesized and screened, and selected ones are further taken
for drug development. For radiopharmaceutical development, these selected target
seeking molecules are modified through the addition of a suitable BFCA molecule,
as metallic radionuclides are generally used for diagnosis (®Ga or *™Tc) or therapy
(%Y, Y7Lu or ?®Ac) [278]. A spacer group encompassing a carbon backbone and
at times modified with aromatic rings or hydrophilic groups (e.g. alcohols) is
sometimes introduced in the design of a radiopharmaceutical to conserve the
biological activity of the carrier molecule by distancing it from the radionuclide
chelating moieties. The choice of different spacer groups allows modulation of the
lipophilicity parameters, when necessary [277]. (®®Ga or *™Tc) or therapy (*°Y,
7y or 25Ac) [278]. A spacer group encompassing a carbon backbone and at times
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FIG. 24. An illustration of a TSR. The target is a cellular molecule that is commonly present
on the surface of cancer cells in higher numbers than on that of normal cells. A target seeking
molecule with high affinity is attached to a radionuclide via chemical modifications. The
radionuclide is either a diagnostic one ( %Ga or ®™Tc) or a therapeutic one ( *°Y, *"’Lu or ?2°Ac)
and forms a stable complex with BFCA; in order not to lose molecular recognition, a spacer
is introduced between the target seeking molecule and the BFCA that carries the radionuclide
(reproduced from Ref. [277] with permission).

modified with aromatic rings or hydrophilic groups (e.g. alcohols) is sometimes
introduced in the design of a radiopharmaceutical to conserve the biological activity
of the carrier molecule by distancing it from the radionuclide chelating moieties. The
choice of different spacer groups allows modulation of the lipophilicity parameters,
when necessary [277].

8.2. DESIRABLE FEATURES OF TARGET SEEKING
RADIOPHARMACEUTICALS FOR THERAPY

Ideally, a TSR used for therapy ought to not only alleviate pain in patients
with advanced cancer, but also induce a significant survival rate. For this purpose,
a destructive effect on malignant cells ought to be induced without exceeding the
maximum tolerated absorbed dose to bone marrow and other critical organs. The
following characteristics are desirable for a TSR:

(a) High affinity for the target molecules overexpressed in cancer cells;
(b) Fast elimination from non-target organs and tissues;
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(c) High in vivo stability;

(d) High internalization rate in cancer cells;

(e) High LET radiation to induce DNA double strand breaks;

(f)  Short range particulate radiation for destruction of tumour cells with low
damage to surrounding normal tissue;

(g) Ablative effect independent of cellular oxygenation in order to eliminate
hypoxic tumour cells.

8.3. TARGET SPECIFIC RADIOPHARMACEUTICALS FOR
PROSTATE CANCER

Prostate and many other types of cancers overexpress an enzyme
known by multiple names, such as carboxypeptidase (GCP II),
N-acetyl-L-aspartyl-L-glutamate peptidase |, N-acetyl-L-aspartyl-L-glutamate
peptidase and prostate specific membrane antigen (PSMA) [279]. The
overexpression of PSMA in prostate cancer cells has been reported [279, 280].
PSMA was used as a target for the development of TSRs for the theragnosis
of prostate cancer using monoclonal antibodies [62, 281, 282]. Although most
authors have referred to the enzyme as PSMA, it is expressed in several other
cancers other than that of the prostate.

8.3.1. PSMA enzyme and its action

Enzymes are proteins and many enzymes contain metal ions that are known
as metalloenzymes; PSMA is one such metalloenzyme protein with zinc, having
a molecular weight of 100-104 kDa [283]. The protein structure of PSMA shows
an arrangement of 750 amino acids, in which 24 amino acids are located in the
cell membrane site, 19 are intracellular and the major part (707 amino acids) are
found in the extracellular portion (Fig. 25). Most of the enzyme resides in the
extracellular space and is not secreted to the bloodstream [284-287]. As PSMA
is overexpressed in several types of cancers, it is used as a target to develop
radiopharmaceuticals for the diagnosis and therapy of such cancers [277].

PSMA is shown to have enzyme activity like other zinc metallopeptidases.
PSMA uses different substrate molecules in different tissues, but its main role
is linked to cellular folate (vitamin B9) levels. In the intestines poly-gamma
glutamate folate acts as a substrate and gamma linked glutamate is removed
by PSMA, making folate available for cellular activity. Overexpression of
PSMA on many tumour tissues is thought to be linked with this mechanism.
PSMA converts the poly-gamma glutamate folate from dying tumour
cells and folate is made available to healthy cells in the vicinity, which
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FIG. 25. Schematic representation of PSMA enzyme that consists of an extracellular portion of
707 amino acids, a transmembrane portion of 24 amino acids and an intracellular portion of
19 amino acids (reproduced from Ref. [286] with permission).
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triggers excessive proliferation and tumour growth. The PSMA also acts by
hydrolyzing N-acetyl-L-aspartyl-L-glutamate, where aspartate and glutamate are
produced (Fig. 26).

With enzymes such as PSMA being proteins, they can be targeted using
specific monoclonal antibodies, which was the basis for the development of
the first approved target specific radiopharmaceutical using a BFCA, namely
prostascint [288]. Efforts to develop therapeutic radiopharmaceuticals using
monoclonal antibodies had very limited success, mainly because of the large
molecular weight of the antibodies or fragments and consequently the time taken
by them to accumulate in the target.

The action of an enzyme is initiated by binding to its specific substrates.
Molecules that mimic these substrates can bind to enzymes, but they do not
trigger further enzymatic signalling actions. Several drugs act by this mechanism
of enzyme inhibition. The anticancer drug methotrexate is one such commonly
used enzyme inhibitor of dihydrofolate reductase that inhibits nucleotide
synthesis and prevents further cell proliferation [289]. PSMA is a valid target
for prostate and some other types of cancer and several molecules with potential
inhibitory action against the enzymatic activity of PSMA have been reported and
reviewed in the literature [290, 291].

8.3.2. TSRs based on the enzyme activity of PSMA and prostate cancer
imaging

The use of ‘inhibitor’ ligands targeting PSMA as a target molecule is a
major development in radiopharmaceutical chemistry. The radiopharmaceutical
%¥Ga-PSMA-11  (%Ga labelled  Glu-NH-CO-NH-Lys-(Ahx)-HBED-CC)
(Fig. 27), first reported for PET-CT imaging of prostate cancer in 2013, is the
culmination of a series of research initiatives concerning the development of
radiopharmaceuticals with enzyme inhibitors [292-297]. ®®Ga-PSMA-11 is a
successful tracer used for imaging not only prostate cancer but several other types
of neoplasm, such as hepatocarcinoma, glioma, clear cell renal cell carcinoma,
papillary carcinoma of the thyroid and adenocarcinoma of the intestine [277].

PSMA-11 uses the ligand GIlu-NH-CO-NH-Lys (Glu-Urea-Lys),
a PSMA enzyme inhibitor molecule, which is conjugated with the
chelating agent HBED-CC  (N,N'-bis[2-hydroxy-5-(carboxyethyl)benzyl]
ethylenediamine-V,N'-diacetic acid) at the lysine end through a spacer
molecule [296]. In the Glu-Urea-Lys/PSMA interaction, three —COOH groups
of Glu and Lys in the ligand interact electrostatically with peptides located in
the enzyme active centre, and the oxygen is coordinated to zinc ions. However,
in the Glu-Urea-Lys molecule, an additional lipophilic site is added to facilitate
the reaction with the hydrophobic central pocket of the enzyme. Figure 28 shows
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PET-CT images of patients with (a) suspected disease, (b) a single lesion in the
iliac bone and (c) extensive soft tissue and bone metastases [277]. The images
have excellent contrast, with very high tumour to background ratios. The activity
seen in the salivary and lachrymal glands is a normal uptake pattern for this tracer.

8.3.3. PSMA inhibitor ligands for therapy of prostate cancer
8.3.3.1. '"Lu-PSMA therapy

HBED-CC is an amine phenol ligand with very high affinity for ®®Ga and
thus forms stable complexes with very small amounts of ligand [298]. However,
it is not useful as a chelating agent for any of the lanthanide radiometals.
Lutetium is known to form stable complexes with the DOTA ligand, which is
conjugated to the pharmacophore Lys-Urea—Glu for developing "’Lu based
therapeutic radiopharmaceuticals. DOTA is a hydrophilic chelating agent and
spacer molecules are synthesized with benzene, pyridine or cyclohexane rings
to increase the lipophilicity needed for enzyme interactions. The therapeutic
application of three different *’’Lu labelled PSMA inhibitors (*"'Lu-PSMA-617,
U y—PSMA-I&T and Y’Lu-iPSMA) (Fig. 29) has been reported [299-301].
All three molecules have the same pharmacophore (Lys—Urea—Glu) and BFCA
(DOTA) and differ only in the spacer molecules used. Among the three PSMA
ligands mentioned, PSMA-617 is the most widely used for therapy, as it is
commercially available (Fig. 29(a)).

PSMA containstwo zincions inits active centre. In the Glu-Urea—Lys/PSMA
interaction, the three —COOH groups of Glu and Lys in the ligand interact
electrostatically with the amino acids located in the enzyme active centre, and the
oxygen from the carbonyl is coordinated to zinc ions [284]. The lipophilic sites
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FIG. 27. PSMA-11 ligand (Glu-CO-Lys(Ahx)-HBED-CC or Glu-NH-CO-NH-Lys(Ahx)-HBED-
CC) (courtesy of M.R.A. Pillai, Molecular Group of Companies).
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FIG. 28. [®Ga]PSMA-11 PET-CT imaging performed 1 h after administration in three
patients. (a) A patient suspected to have prostate cancer; hard nodule in right lobe of prostate
on digital rectal examination, however no disease detected in PET-CT imaging. No prostate
cancer was detected. Uptake seen in kidneys, salivary glands, parotid glands and lachrymal
glands. (b) A 76 year old prostate cancer patient having undergone orchidectomy and on
hormonal therapy. A single lesion is seen in the iliac bone. (c) A 45 year old patient diagnosed
with adenocarcinoma of the prostate with soft tissue and extensive bone metastasis (reproduced
from Ref. [277] with permission).

introduced in the PSMA ligands are necessary for coupling with the hydrophobic
central pocket of the enzyme. The probable sites where substrate and inhibitors
bind to the enzyme are predicted from the enzyme structure, which is a tunnel
like structure ~20 A deep from the surface of the enzyme [287]. Apparently, this
is the reason for introducing a long spacer molecule between the pharmacophore
(Glu-Urea-Lys) and the chelate. The aliphatic and aromatic groups added to
the Glu—Urea-Lys molecule account for the differences in chemical properties
among the ’Lu-PSMA inhibitors reported so far (Table 3).

Since the minimum energies associated with optimal structural geometry
reveal the stability of a molecule (a high value of steric energy is an indication of
instability), theoretical calculations (BioMedCAChe Work System) showed that
Lu-PSMA-I&T and Lu-iPSMA molecules are more stable than Lu-PSMA-617
(Table 3). However, as Table 3 also demonstrates, the order of magnitude of
the related energy in the most stable conformers is inverse to their ClogP
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values (Lu—PSMA-617 > Lu-iPSMA > Lu-PSMA-1&T), which suggests that
Lu-PSMA-617 and Lu-iPSMA could have better biological properties than
Lu-PSMA-I&T for coupling to the hydrophobic central pocket of the PSMA
enzyme. The lower number of conformers and the higher angle bending energy
values for Lu—-iPSMA when compared to Lu—-PSMA-617 indicate that HYNIC in
Lu—-iPSMA possibly acts as a more rigid spacer than the hexane in Lu—-PSMA-
617, promoting a better spatial orientation of the Glu-NH-CO-NH-Lys-(Nal)
fragment for biological interaction with the PSMA active centre. Nevertheless, the
clinical applications of ’"Lu-PSMA-617, *""Lu-PSMA-I&T and *"’Lu-iPSMA
radiotracers (Fig. 29) have shown that there is apparently no significant difference
among their therapeutic efficacies. This result is as expected, since the main
effect for pain relief and reduction of metastatic lesions is governed by *"’Lu.
Figure 30 presents ®Ga—-PSMA-11 PET-CT images for a patient with bone
metastases (a) prior to therapy and (b) two months after the administration of
L u—iPSMA (5.55 GBq or 150 mCi). A decrease in metastatic tumour masses
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FIG.29. Chemical structures of (a) 1’ Lu-PSMA-617, (b) *"’Lu-PSMA-I&T and (c¢) "’Lu-iPSMA
(courtesy of G. Ferro-Flores, Instituto Nacional de Investigaciones Nucleares).
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post-therapy can be visualized, which also resulted in complete pain relief for the
patient. The patient was therefore prescribed a few more administrations of the
radiopharmaceutical in order to improve quality of life and prolong survival.

In general, targeted radionuclide therapy with all three ’Lu-PSMA
inhibitors discussed above is well tolerated, safe and provides a significant

TABLE 3. CHEMICAL PROPERTIES OF DIFFERENT PSMA INHIBITOR
LIGANDS

Lu-PSMA-617 LU-PSMA I&T Lu-iPSMA
CLogP: (kcal/mol) 2.4634 CLogP: 2.1342 CLogP: 2.26716
Energy -33.7 -81.0 ~76.4
Electrostatic charge 27.1 355 19.9
Hydrogen bond -197.9 -210.8 -206.8
Stretch 10.2 50.1 26.9
Angle 36.2 143.6 84.6
Torsion stretch -1.9 -6.2 -3.269
Bend 0.8 85 3.044
Energy of the most —48.2 -275.0 —76.241
stable conformer
Number of conformers 46 9 24

FIG. 30. (a) %®Ga-PSMA-11 PET-CT image for a patient with bone metastases and
unbearable pain. (b) ®¥Ga-PSMA-11 PET-CT image for the same patient two months after
the administration of ’"Lu-iPSMA (5.55 GBq, 150 mCi) (courtesy of G. Ferro Flores Instituto
Nacional de Investigaciones Nucleares).
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reduction in PSMA levels, as well as a decrease in metastatic progression and
a pain relief response in patients with advanced prostate cancer. However, more
randomized trials to evaluate the therapeutic effect of PSMA inhibitor based
Y7_u radiopharmaceuticals on patient survival are needed.

8.3.3.2. 2Ac—PSMA therapy

It is well known that the deposition of DNA damaging energy by « particles
is ~100 times greater than that by f particles [302]. Radiolabelling of PSMA
ligands with « emitting radionuclides is an interesting proposition for developing
TSRs. Targeted a therapy with 2Ac-PSMA-617 has shown impressive results
with significant benefits for patients with advanced stage prostate cancer [65,
303]. Figure 31 shows a ®Ga-PSMA PET image of a patient with metastatic
prostate cancer before (left) and after (right) treatment with 22Ac-PSMA.
Actinium therapy was shown to be particularly effective against visceral
metastases, as seen in the case of this patient. The superior efficacy of *Ac
therapy can be attributed to the high LET of the four « particles emitted by
actinium and its three progenies during the radionuclide decay chain. Hence, a
single 22Ac decaying inside a cancer cell is equivalent to around 400-500 *""Lu
atoms in terms of energy delivered. In addition, only a part of the energy of -
particles emitted by "’Lu is received in a single cell due to its relatively long
maximum path length of 1-2 mm.

The choice of radionuclide between ’Lu and ?Ac is currently linked to
the severity of the disease, the availability of the radionuclide and affordability.
7 y—PSMA has a favourable dosimetry and a convincing response in terms
of decrease in serum PSA level and RECIST (response evaluation criteria for
reduction of the tumour mass in solid tumours) data. Nevertheless, ~30% of
patients do not respond to *"’Lu labelled PSMA, despite good tolerance. Patients
with a greater metastatic disease can benefit more from *>Ac-PSMA. For the
patient in Fig. 32(b), "’Lu therapy is considered to be adequate, while the patient
Fig. 32(a) with extensive bone metastasis is expected to benefit more from
25\c-PSMA therapy.

The undesirable effects of targeted therapy with radiolabelled PSMA
ligands are mainly related to xerostomia, due to the salivary fixation of the tracer.
The toxicity of salivary and lachrymal glands is expected to be more severe
with ?2Ac than with ’Lu due to the high LET and consequently large energy
deposition of 22Ac. Thus, the activity administered may have to be limited based
on this undesirable side effect.

Currently, new PSMA inhibitors with better lipophilic properties are under
development for labelling with **Ac or *""Lu. Selective uptake of a radioligand
by cancer cells is sufficient to obtain images that are adequate for diagnosis.
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FIG. 31. %Ga—PSMA PET images of a patient with metastatic prostate cancer, before (left),
after three sessions (centre) and at the end of treatment (right) with 2>Ac-PSMA-617. Maximum
intensity projection (MIP) images present a progressive response in virtually all target lesions.
Note also the diminishing physiological uptake in parotid glands (black arrow) (reproduced
from Ref. [304] with permission).

However, to provide efficient therapy, a high rate of radiopharmaceutical
internalization is necessary in order to delay the exposure of cancer cells to
alpha or beta particle emissions during radionuclide disintegration [305]. This
point is critical in the development of new ?*Ac-PSMA inhibitors, in which
the recoil energy of the **Ac nucleus during decay can cause the release of the
decay radionuclide and its progeny (?2*Fr, 2t'At, 2*Bi, 23Po, 29°T1, 2°°Po) due to
the breaking of the chemical bonds [302]. Other approaches for improving the
efficacy of therapy are the encapsulation of ?*Ac in target specific nanoparticles
and the development of new chelators that form highly stable actinium complexes
that are internalized [306].

Although #*RaCl, is not a TSR, it is an alpha emitter (half-life of 11.43
days) approved for human use for the treatment of prostate cancer induced bone
metastases [307]. 2 RaCl, is taken up by bone with accumulation in metastases
due to its calcium mimetic behaviour, while Ac-PSMA-617 is taken up by
cancer cells because it is recognized by the PSMA enzyme present in them. Even
though the two radiopharmaceuticals are alpha emitters, with the same number
of alpha particle emissions (four) and high LET, more damage to cancer cells
at the same radiation absorbed dose in tumours is expected from ?2>Ac-PSMA-
617 than from ??*RaCl, because ?**Ac remains within the cancer cells, while
223Ra stays in the bone compartment. However, the relative uptake of the two
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FIG. 32. Therapeutic strategy is based on %Ga—PSMA-11 PET-CT scans obtained during
diagnosis. The patient in panel (a) is considered to be suitable for treatment with 225Ac-PSMA
therapy, whereas for the patient in panel (b) treatment with Y’’Lu-PSMA is preferred (reproduced
from Ref. [65] with permission).

radiopharmaceuticals by metastatic bone could vary and thus the comparative
benefit needs to be estimated.

It is important to note a problem related to the nucleus recoil energy of
257c-PSMA-617, which can cause the release of the decay radionuclides from
the PSMA-617 molecule. However, the decay of the first two radionuclides, 22*Fr
(T,, = 4.9 min) and *’At (T,,, = 32 ms), occurs within a few minutes; only the
disintegration of ***Bi (T,, = 47 min) has a longer half-life and takes place at
a later stage. It is highly probable that all the 2>Ac progenies will remain in the
bone tissues once the TSR is internalized. Even if the progeny is released, it is
likely to be close to the target cancer cells from which it was released. However,
detailed studies are needed to assess these assumptions.
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8.3.4. Synthesis of PMSA ligands

In general, Glu-Urea-Lys is synthesized through a reaction between the
di-tert-butyl ester of glutamic acid and carbonyl diimidazole (CDI) to form
the acyl imidazole derivative, which reacts with the (S)-tert-butyl-2-amino-6-
(benzyloxycarbonylamine) hexanoate (Chz-Lys-Ot-Bu); after Cbz deprotection,
Glu-Urea—Lys is obtained. Thereafter, several modifications can be made; for
example, the addition of g-naphthyl alanine, followed by the incorporation of
hydrazinepyridin-3-carboxylic acid (HYNIC) or cyclohexane, and the DOTA
chelator [301, 308]. Finally, chemical characterization is carried out by *H NMR,
IR and mass spectroscopies.

8.4. TSRs BASED ON CHEMOKINE RECEPTOR-4 (CXCR-4)
LIGANDS

Another interesting approach for the preparation of TSRs is the development
of DOTA-CXCR4 (chemokine-4) ligands that bind specifically with chemokine
receptors on cancer cells [309-311]. Chemokine receptors are G protein coupled
receptors that mediate chemotaxis. Chemotaxis is the movement of an organism
in response to a chemical stimulus. The chemokine receptor subtype CXCR4
triggers its biological effect by binding to the CXCL12 ligand. CXCR4 is
overexpressed in more than 70% of human solid tumours, including breast and
prostate cancer, cervical adenocarcinoma, B-cell lymphoma, melanoma, glioma
and neuroblastoma, among others [3]. CXCR4 is involved in primary tumour
growth, cancer cell migration and metastatic sites.

Cyclic pentapeptides have been successfully designed as ligands
for CXCR4 [312]. In the sequence cyclo(p-Tyr-[NMe]-p-Orn(DOTA-4-
aminomethylbenzoyl)-Arg-2-Nal-Gly) (pentixafor), the side chains of arginine
and ornithine, as well as the methyl groups, contribute significantly to the binding
affinity (Fig. 33). This derivative can be labelled with the theranostic ®Ga-""Lu
pair. The development of new CXCR4 radioligands to be labelled with beta and
alpha emitters is an important field of research into obtaining efficient TSRs
for the management of primary cancer as well as palliation of bone pain due to
metastases. These radiopharmaceuticals will also be useful for the management of
prostate cancer [313]. Radiolabelled CXCR4 targeting ligands are an interesting
addition to the armamentarium of peptide receptor radionuclide therapy [314].
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FIG. 33. The pentaxifor ligand, cyclo(p-Tyr-[NMe]-D-Orn(DOTA-4-aminomethylbenzoyl)-
Arg-2-Nal-Gly), used for radiolabelling with metallic radionuclides for the development of
theranostic radiopharmaceuticals.

8.5. TSRs BASED ON FAP INHIBITOR LIGANDS

The use of PSMA ligands was a significant step in radiopharmaceutical
development as it was the first time an inhibitor molecule had been used as a
pharmacophore in a radiopharmaceutical. A rigorous search for more such
inhibitor molecules that are suitable for the development of TSRs is likely
to continue. The use of fibroblast activation protein (FAP) inhibitors as the
pharmacophore in the development of theranostic radiopharmaceuticals is
becoming another success story [315].

It has been reported that FAP expression promotes tumour growth. FAP
is a type Il serine protease enzyme that cleaves peptides located after proline
residues [316]. Inhibition of the FAP enzyme activity can help to increase the
antitumour immune response. The FAP enzyme is overexpressed on the cell
surface of the activated stromal fibroblasts present in most human epithelial
tumours, but not in normal fibroblasts [316]. Hence, developing TSRs using FAP
inhibitor (FAPI) ligands is an important strategy. Like PSMA inhibitor ligands,
FAPIs are small molecules that can be modified suitably with a BFCA for
radiolabelling with diagnostic and therapeutic radionuclides.
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Jansen et al. reported the synthesis of 67 novel FAPIs to explore the
structure—activity relationship of the 4-quinolinoyl-Gly-cyanopyrrolidine
scaffold with the FAP enzyme [317, 318]. Poplawski et al. also designed and
characterized more than 20 boronic acid based inhibitors for FAP [319]. Based on
their studies, some of the best FAPIs, which have low inhibitory potency, were
identified — two are shown in Fig. 34.

Loktev et al. and Lindner et al. conjugated DOTA to the
4-quinolinoyl-Gly-cyanopyrrolidine scaffold in order to label it with radionuclides
for imaging and therapeutic purposes [320, 321]. Fifteen derivatives were
developed using several approaches to conjugate DOTA to the 4-quinolinoyl-
Gly-cyanopyrrolidine scaffold in different positions to improve both tumour
uptake and the retention time of the radiolabelled FAPISs.

The FAPI moieties were radiolabelled with %8Ga as well as Y'’Lu (Fig. 35).
The %Ga complexes formed needed purification prior to administration to
patients for PET-CT imaging. This is obvious, as DOTA is not the best chelate for
gallium, and larger amounts of ligand are required to achieve high complexation
yields.?’Lu FAPI complexes were obtained with high RC yields and could be
used directly for in vitro and in vivo experiments. *’’Lu FAPI complexes were
stable when incubated in human serum for 24 h.

The first FAPIs used in humans for diagnostic PET-CT scans were
8Ga—-FAPI-02 and *®Ga-FAPI-04. Loktev et al. used ®®Ga-FAPI-02 to compare
its potential for tumour detection with the [*®F]JFDG radiotracer [320]. PET-CT
images obtained after the administration of both radiotracers in a patient with
locally advanced lung adenocarcinoma revealed that ®Ga—FAPI-02 is superior,
because its accumulation is significantly higher in FAP expressing tumours than
[*®F]FDG. A proof of concept approach, using %8Ga-FAPI-04 in two patients
with metastasized breast cancer, demonstrated high accumulation of the tracer
in cancer metastases and low uptake in normal tissues. In addition, a dose of
OY_FAPI-04 (2.9 GBq, 78 mCi) significantly reduced the pain in a patient with
metastasized breast cancer [321].

A) B)

FIG. 34. FAPIs based on the 4-quinolinoyl-Gly-cyanopyrrolidine scaffold.
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FIG. 35. %Ga and Y"Lu labelled FAPIs based on the 4-quinolinoyl-Gly-
cyanopyrrolidine scaffold.
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Giesel et al. [322] performed biodistribution and dosimetric studies for
both ®8Ga—-FAPI-02 and ®®Ga—FAPI-04 complexes in patients with different kinds
of cancer; in particular, pancreatic, head and neck, colon, lung and breast cancer.
Imaging studies demonstrated that ®Ga—FAPI-02 was cleared from the tumour
site more quickly than %Ga-FAPI-04 [322]. The tumour to background ratios
were better in PET-CT images acquired 1 h post-injection of ®Ga-FAPI-02 or
8Ga—FAPI-04 than in images acquired after injecting [*F]FDG.

A clinical study employing %Ga—FAPI-04 in 80 patients with 22 different
types of tumour was reported by Kratochwil et al. [323]. The highest uptake was
found in sarcoma, breast, cholangiocarcinoma, lung and oesophageal cancers,
while differentiated thyroid, pheochromocytoma, adenoid cystic, renal cell and
gastric cancer presented the lowest ®®Ga—FAPI-04 uptake [313]. The uptake of
the tracer in muscle and the blood pool was low, which increased the tumour to
background contrast ratios. Recently, 2°Ac—FAPI-04 was used to treat pancreatic
cancer [324]. Alpha therapy that targets the fibroblast activation protein will be a
new strategy for the treatment of cancers overexpressing FAP enzyme.
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8.6. CONCLUSION

Sodium iodide (*31) is the classic target specific radiopharmaceutical, as
it is specifically transported to the follicular cells of the thyroid by an active
process in which sodium iodide symporter plays an important role [325]. The
iodine accumulated in the thyroid gland has a very high biological half-life, as
it is stored in tyrosine residues of the thyroglobulin present in the thyroid gland.
Treatment of thyroid cancer by the administration of a large activity of *!l is a
practice that has been in use for around 75 years. However, there was no other
similar radionuclide or radiopharmaceutical that could be used for the treatment
of any other form of primary cancer and bone metastases for a long time.

The development of receptor binding radiotracers as a new class of
radiopharmaceuticals was suggested as early as 1979 by Eckelman et al. [326].
The localization of endocrine related tumours with a radioiodinated analogue of
somatostatin was a significant development, which initiated the theranostic use
of peptides as receptor targeting agents in any type of cancer [327]. As of today,
7 u-DOTA-TATE is a first line therapy for the management of neuroendocrine
tumours [328]. The DOTA-TATE molecule contains the BFCA chelate DOTA,
which can be used for chelating both diagnostic and therapeutic radionuclides.
Peptide receptor radionuclide therapy shows great promise, as a large number
of receptor molecules are overexpressed in different cancers. The development
of pentixafor to target the CXCR4 receptor, which is overexpressed in the
metastatic processes of more than 23 types of cancer that we know of, is another
major step towards the development of theranostic radiopharmaceuticals for
the management of those cancers [3]. Peptide receptor radionuclide therapy is
expected to grow further in the coming years by identifying new receptor targets
and their corresponding radiolabelled peptides [314].

The use of radiolabelled inhibitor molecules targeting PSMA was a
milestone in radiopharmaceutical science and occurred thanks to the efforts of
a large number of scientists [277]. Inhibitors are synthetically produced small
molecules that resemble the substrate of the enzyme but do not undergo further
metabolism after binding with the enzyme. Radiolabelled enzyme inhibitors can
accumulate on the enzyme surface without further metabolism, unlike substrates.
As inhibitors are small molecules, the unbound tracer is cleared through the renal
system very quickly. Hence, high contrast images can be obtained when using
inhibitors for diagnostic imaging. Further, large absorbed doses can be delivered
to the target without affecting the healthy organs when using radiolabelled
inhibitors in therapy.

The development of radiolabelled inhibitor molecules as TSRs was a great
opportunity for radiopharmaceutical science and nuclear medicine. More than
75 000 enzymes are thought to exist in the human body, which are responsible for

107



the body’s metabolism. Surely many of them will be overexpressed in different
diseases. It is likely that many more enzymes that are overexpressed in cancers
will be identified in the future. Synthesizing enzyme inhibitors, studying their
structure—activity relations and developing TSRs for cancer theranostics will be
very interesting radiopharmaceutical research areas in the future.

The TSRs discussed in this section are useful not only for treating primary
cancer, but also for treating metastases anywhere in the body, including in
the bone. Clinical studies with large numbers of patients will be essential to
identify whether such TSRs will be more advantageous than bone seeking
radiopharmaceuticals for bone pain palliation.

9. FORMULATION OF BONE SEEKING
RADIOPHARMACEUTICALS

The introduction of ready to use freeze-dried Kits in the
1970s was a major step in diagnostic imaging using %™Tc
radiopharmaceuticals [329]. The IAEA published Technical Report Series
No. 466, Technetium-99m Radiopharmaceuticals: Manufacture of Kits, in
2008 [330]. This publication provided details about preparing freeze-dried Kits
for the formulation of 23 different *™Tc radiopharmaceuticals used for SPECT
imaging [330]. The freeze-dried kits developed ought to be robust and able to
provide radiopharmaceuticals with high yields, purity and safety for human
administration. There is an interest in developing ready to use freeze-dried Kits
for making radiopharmaceuticals for bone pain palliation.

This section gives the protocol for preparing freeze-dried kits for the
production of bone seeking therapeutic radiopharmaceuticals. The protocol for
the formulation of therapeutic doses of ’Lu-PSMA-617 and ?**Ac-PSMA-
617 at hospital radiopharmacies is also provided at the end of the section. These
protocols can be used as guidance for the formulation of these products in nuclear
medicine departments.

The formulations described below have to be carried out in facilities with
good laboratory practices, taking care of both radiation safety and pharmaceutical
safety. Guidance on the type of facilities needed for the manufacture of kits and
formulation of radiopharmaceuticals is provided in relevant IAEA technical
documents [330, 331]. All operations involving radioactivity ought to be carried
out with adequate shielding and safety precautions.
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9.1. HEDP (ETIDRONATE)

The kit formulation given below is the same as that used for the clinical use
of 18Re—HEDP (etidronate), published by Mallia et al. [226].

9.1.1. Reagents

— HEDP;

— SnCl,-2H,0;

— Ammonium perrhenate;
— Anhydrous sodium acetate;
— Gentisic acid.

9.1.2. Chemical composition of kit

— HEDP: 9 mg;

— SnCl,-2H,0: 4 mg;

— Ammonium perrhenate: 1 mg;
— Gentisic acid: 3 mg.

9.1.3. Manufacturing formula for 22 vials

— HEDP: 198 mg;

— SnCl,-2H,0: 88 mg;

— Gentisic acid: 66 mg;
— Final volume: 22 mL.

9.1.4. Preparation of kit solution for a batch of 20 vials of HEDP kits

— Use water for injection bubbled with nitrogen gas for all dilutions.

— Solution A: dissolve 198 mg of HEDP and 66 mg of gentisic acid in 20 mL
of nitrogen purged autoclaved water.

— Solution B: dissolve 132 mg of SnCl,-2H,0 in 500 pL of concentrated HCI
by gentle heating until a clear solution is obtained. Add 2.5 mL of nitrogen
purged water to achieve a final concentration of 44 mg/mL.

— Add 2 mL of solution B to solution A and mix thoroughly. The solution is
passed through a sterile 0.22 um filter.

— Dispense 1 mL of this solution into 22 autoclaved glass vials with 10 mL
capacity.

— Close the vials partially with sterile slotted rubber closures. Freeze the
contents of the vials. Freeze-dry.
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— Seal the freeze-dried vials under vacuum and store at 2-8°C after affixing
the label.

— Solution C: dissolve 27 mg (~100 pmol) of ammonium perrhenate in 10 mL
of nitrogen purged autoclaved water. Pass it through a 0.22 pm filter and
dispense 0.4 mL each in 22 sterile vials.

— Solution D: dissolve 2.0 g of anhydrous sodium acetate in 25 mL of nitrogen
purged autoclaved water such that a final concentration of 80 mg/mL is
obtained. Pass it through a 0.22 pm filter and dispense 1 mL each in 22 vials.

9.1.5. Storage of HEDP kits and Solution C and D

— 2-8°C in a refrigerator;
— Shelf life of 1 year.

9.1.6. Radiolabelling

Add 100 pL of solution C (ammonium perrhenate, 1 pmol) to 1 mL of
freshly eluted Na'®ReO, solution (3.7 GBg, 100 mCi). Transfer it to the HEDP
kit vial and keep in a boiling water bath for 20 min. Allow the vials to come to
room temperature. Add 0.5 mL of solution D (sodium acetate, 40 mg) to the kit
vial. Mix well to obtain the clinical dose of *®Re-HEDP. Total volume is 1.5 ml.

9.1.7. Quality control

Hydrolyzed or reduced '®8ReO, and free *®ReQ, that are not complexed
with the ligand are the two impurities that can occur during radiolabelling. Paper
chromatography with Whatman No. 1 paper and two different eluting solvents
— normal saline and acetone — are used for radiochemical determination of
188Re—HEDP. In the saline system, ®Re-HEDP and free *®ReO, both migrate
to the solvent front and reduced **®ReO, remains at the point of application. By
contrast, when acetone is used as the eluting solvent, *¥Re-HEDP and reduced
188Re0, remain at the point of application and free *®ReOQ, migrates to the solvent
front. ¥Re-HEDP can be prepared to >98% radiochemical purity.

9.1.8. Shelf life of ¥Re—HEDP prepared using freeze-dried HEDP Kits
It is recommended that the agent be administered to patients immediately
after preparation. The radiochemical purity of '%8Re-HEDP prepared using

freeze-dried HEDP kits usually remains unaltered for several hours when stored
at temperatures below 30°C.
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9.2. EDTMP

The protocol given below was developed for the clinical trial of
Y y-EDTMP conducted by the IAEA through CRPs [154, 246]. The kit
composition is identical to that of the commercially supplied quadramet. This Kit
was also employed for the clinical use of Y°Tm-EDTMP [257].

9.2.1. Reagents

— EDTMP;
— CaCoOg;
— NaOH.

9.2.2. Chemical composition of kit

— EDTMP: 35 mg;
— NaOH: 14.1 mg;
— CaCOg: 10.21mg.

9.2.3. Manufacturing formula for 100 EDTMP kit vials

— EDTMP: 3500 mg;
— NaOH: 1410 mg;

— CaCOg: 1021 mg;

— Final volume:100 mL.

9.2.4. Preparation of kit solution for a batch of 22 vials of EDTMP Kits

— Use HPLC grade water for all dilutions.

— Solution A: weigh 1021 mg CaCO, and transfer it to a 250 mL conical flask.
Add 40 mL HPLC grade water to it and mix for about 5 min until it is
completely dissolved.

— Add 3.5 g of EDTMP to the above solution and mix well until completely
dissolved.

— Solution B: weigh 1410 mg of NaOH and transfer it to a beaker. Dissolve it
in 20 mL of HPLC grade water.

— Add solution B to solution A in a dropwise manner. The solution initially
becomes turbid with the addition of solution B. The turbidity disappears
when the dropwise addition of solution B is continued further. The addition
of solution B is continued until the pH of the reaction mixture becomes 7.
Stir the resulting mixture for about 5 min.
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— Add HPLC grade water to make up the volume of the solution to 100 mL.

— Filter the solution through the 022 p Millipore filter paper.

— Dispense 1 mL aliquots of the solution into sterile glass vials, and then close
them loosely with sterile rubber closures.

— Freeze the vials at —20°C overnight.

— Freeze-dry the vials under sterile conditions for 24 h. Seal the vials under
vacuum.

9.2.5. Storage of EDTMP kits

— 2-8°C in a refrigerator;
— Shelf life ~1 year.

9.2.6. Formulation of patient dose of ***Sm/*"*Tm/*""Lu-EDTMP

Allow the freeze-dried EDTMP Kkits to be at ambient temperature. Add
1 mL of normal saline followed by the required volume (100-200 pL) of
13SmCl,, Y°TmCl, or *’LuCl, solution. The activity used is 1.85-3.70 GBq
(50-100 mCi) for **3Sm and *"’LLu, whereas 370 MBq (10 mCi) is used for /°Tm.
The reagents are incubated for 15 min at room temperature to provide ready to
use formulations of ***Sm-EDTMP, *""Lu-EDTMP or Y*Tm-EDTMP suitable
for human administration. All three complexes could be prepared with >98%
radiochemical purity using the lyophilized EDTMP Kits.

9.2.7. Quality control

Freeze-dried EDMPT Kits are useful for preparing either **3Sm or 1°Tm or
Y"Lu~EDTMP injection. Paper chromatography with normal saline as the eluting
solvent is used to estimate the radiochemical purity of these radiopharmaceutical
products. 3Sm/*9Tm/*"Lu-EDTMP migrate to the solvent front, showing
clear demarcation with *3Sm/*°Tm/*’Lu chloride, which remain at the point
of application. The ***Sm/"°Tm/*’Lu-EDTMP complexes can be prepared with
>98% radiochemical purity using the lyophilized EDTMP kits when normal
saline is used as the mobile phase with Whatman No. 1 paper.

9.2.8. Shelf life of °Sm/"*Tm/*""Lu-EDTMP prepared using freeze-
dried kits

It is recommended that the agent be administered to patients immediately
after preparation. The radiochemical purity of the radiopharmaceuticals prepared
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using freeze-dried EDTMP kits usually remains unaltered for several hours when
stored at temperatures below 30°C.

9.3. DOTMP

DOTMP is a cyclic tetraamine tetraphosphonate ligand, which gives
stable complexes with lanthanide radionuclides [252, 253]. The potential of
138¥Sm-DOTMP and *"Lu-DOTMP for bone pain palliation applications is
well studied and limited clinical evaluation with Y"Lu-DOTMP has already
been documented [256]. Freeze-dried DOTMP Kits, suitable for the formulation
of patient doses of ***Sm/*°Tm/*""Lu-DOTMP, can be prepared following the
methodology given below. The procedure is the same as that documented by
Das et al. [252].

9.3.1. Reagents

— DOTMP;
— NaOH.

9.3.2. Chemical composition of kit

— DOTMP: 20 mg;
— NaOH: 8.75 mg.

9.3.3. Manufacturing formula for 100 DOTMP Kit vials

— DOTMP: 2000 mg;
— NaOH: 875 mg;
— Final volume:100 ml.

9.3.4. Preparation of kit solution for a batch of 100 vials of DOTMP Kits

— Use HPLC grade water for all dilution.

— Solution A: weigh 2 g of DOTMP and transfer it to a 250 mL conical flask.
Add 40 mL HPLC grade water to it and mix for ~5 min until it is dissolved.

— Solution B: weigh 875 mg of NaOH and add to a beaker. Dissolve in 30 mL
of HPLC grade water.

— Add solution B in a dropwise manner to solution A containing DOTMP until
the pH of the reaction mixture reaches 7. Stir the solution for a further 5
min. Make up the volume to 100 mL using HPLC grade water.
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— Filter the solution through the 0.22 p Millipore filter paper.

— Dispense 1 mL aliquots of the solution into sterile glass vials, and then close
them loosely with sterile rubber closures.

— Freeze the vials at —20°C overnight prior to freeze-drying.

— Freeze-dry the vials under sterile conditions for 24 h. Seal the vials under
vacuum.

9.3.5. Storage of DOTMP kits

— 2-8°C in a refrigerator;
— Shelf life of 1 year.

9.3.6. Formulation of patient dose of ***Sm/*"’Lu-DOTMP

Allow the freeze-dried DOTMP kits to come to ambient temperature. Add
1 mL of normal saline followed by the required volume (100-200 pL) of the
13SmCl, or "’LuCl, solution. The activity used is 1.85-3.70 GBq (50-100 mCi)
for 3Sm and *"’Lu. The reagents are incubated for 15 min at room temperature to
provide ready to use formulations of **Sm-DOTMP or ’Lu-DOTMP suitable
for human administration. The ***Sm-DOTMP or ’Lu-DOTMP complexes can
be prepared with >98% radiochemical purity using the lyophilized DOTMP Kkits.

9.3.7. Quality control

The radiochemical purity of the Sm/"Lu-DOTMP complex
prepared using the freeze-dried DOTMP Kit is determined by ascending paper
chromatography using normal saline as the eluting solvent, where the R; of
133Sm/H"Lu-DOTMP is 0.8-1.0 and the R; of free **3Sm/*""Lu chloride is 0.0.
The ¥3Sm-DOTMP or Y"Lu-DOTMP complexes can be prepared with >98%
radiochemical purity using the lyophilized DOTMP Kits.

9.3.8. Shelf life of Sm/*""Lu-DOTMP prepared using freeze-dried kits
It is recommended that the agent be administered to patients immediately
after preparation. The radiochemical purity of the radiopharmaceuticals prepared

using the freeze-dried DOTMP kits usually remains unaltered for several hours
when stored at temperatures below 30°C.
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9.4. PREPARATION OF Y"LU-PSMA-617 INJECTABLE SOLUTION

Lutetium-177 labelled PSMA ligands have been used to manage castration
resistant prostate cancer since their first use in 2016 [332]. A protocol for the
preparation of 1’"Lu-PSMA-617 is provided below [80]. As the other two ligands
used (PSMA-I&T and iPSMA) have the same chelating molecule, DOTA, the
labelling protocol described below ought to be equally applicable.

9.4.1. Reagents and materials

— PSMA-617;

— Y7LuCl, (NCA, specific activity >3.7 GBq/ug (>100 mCi/ug));
— Ascorbic acid;

— Sodium ascorbate;

— Hydrochloric acid (30%, supra-pure);
— Ethanol (EMSURE);

— Trisodium citrate dihydrate (empura);
— Water (EMSURE);

— Acetonitrile;

— pH paper (pH 0-6);

— C18 light cartridges;

— 0.22 pum pore size syringe filters;

— 5 mL syringes (3 numbers);

— Sterile vials, 10 mL (3 numbers).

9.4.2. Preparation of reagents
9.4.2.1. PSMA-617

Dissolve 1 mg of PSMA-617 in 1 mL of EMSURE water and add aliquots
of 100 pL (100 pg, 96 nmol) in 1 mL Eppendorf tubes. Freeze at —20°C. One
aliquot is used for each preparation.

9.4.2.2. Ascorbic acid buffer

Dissolve 100 mg of ascorbic acid and 400 mg of sodium ascorbate in 5 mL
of EMSURE water. The pH of the resultant solution is ~4.5.
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9.4.2.3. Citrate buffer for quality control

Dissolve 1.47 g of trisodium citrate in 50 mL of EMSURE water; add 500
uL of 30% HCI to this solution to obtain a final pH ~5.

9.4.3. Preparation of Y"’Lu-PSMA

— Transfer the PSMA ligand (100 pl, 100 pg) to a 10 mL autoclaved vial;

— Add 1 mL of ascorbate buffer to the above vial;

— Add ""LuCl, (200400 uL) containing 925 MBq (250 mCi) to the above
solution;

— Check the pH of the solution; it ought to be ~4.5-5; if needed add buffer in
0.1 mL increments;

— Heat the vial in a water bath for 30 min at 95 °C.

9.4.4. Purification

— Condition a C18 cartridge by passing 5 mL of 70% ethanol followed by 10
mL of EMSURE water.

— Condition the Millipore membrane filter (0.22 m) by passing through 2 mL
of 60% ethanol. Pass 5 mL of air through using a syringe to feel the pressure
to test the integrity of the filter and remove excess ethanol in it. Fit a needle
to it and plunge into an autoclaved vial marked product.

— Pass the reaction mixture through the cartridge and collect the effluent in
a closed vial fitted with a needle as a vent and marked ‘waste’. Pass 5 mL
of saline solution through the cartridge and collect the wash solution in the
waste vial.

— Remove the cartridge from the waste vial and affix the syringe filter to the
receiving end of the cartridge.

— Plunge a needle in the rubber closure of the vial marked “product’.

— Plunge the needle fitted to the syringe filter and cartridge into the product
vial.

— Push 1 mL of 70% ethanol through the cartridge using a 5 mL syringe.

— Push 5 mL of 0.9% saline solution to elute the product.

— Measure the activity in the product, waste and cartridge in a dose calibrator.

9.4.5. Quality control
The radiochemical purity of the Y’Lu-PSMA-617 injectable solution is

determined either by ascending paper chromatography using Whatman 3 MM
paper and a (1 : 1) mixture of acetonitrile : water as the eluting solvent, where
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the R; of "Lu-PSMA\is 0.8-1.0 and the R; of free *'’Lu chloride is 0.0. Another
system in which silica gets thin layer chromatography is used with sodium citrate
buffer as the mobile phase and shows migration of free 1’"Lu to the solvent front
(R; 0.8-1.0) and *"’Lu-PSMA remains at the point of application (R; 0.0). The
7 y—PSMA-617 complex can be prepared with >98% radiochemical purity
using the above described method.

9.4.6. Preparation of '""Lu-PSMA-617 with CA-'""Lu

1 u-PSMA-617 can also be prepared with CA-*"’Lu with a specific
activity >740 MBg/mg (20 mCi/mg). The amount of peptide used will have to
be adjusted such that a ligand : metal ratio of >3 : 1 is maintained to obtain a
good radiolabelling yield. SPECT images of a patient treated with *"’Lu-PSMA-
617 prepared by using CA-'""Lu following the protocol described above are
presented in Fig. 36 [80].

(A) (8) (©) (D)

FIG. 36. [*®Ga]PSMA-11 PET-CT image of a patient with multiple metastases (a). Whole-
body SPECT images after administration of 4.74 GBq (128 mCi) of [Y"Lu]PSMA after 24 h (b),
72 h (c) and 7 d (d) (reproduced from Ref. [80] with permission).
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9.5. PREPARATION OF **AC-PSMA-617

Alpha therapy using ?>Ac-PSMA-617 is very effective for the treatment of
metastatic prostate cancer and is increasingly used [274]. The protocol developed
for the formulation of ""Lu-PSMA-617 can be adapted for the preparation
of 25 Ac-PSMA.

Actinium-225 is delivered in 2 mL vials as a solution of 0.1 M hydrochloric
acid in an approximate volume of 0.1 mL. The batch is prepared with 10 MBq
(270 pCi) in order to achieve a final dose of 100 kBg/kg body weight of the
patient. The reaction is performed for ~25 min and the radiochemical yield
will be better than 70%. The purification and quality control are performed as
described for the preparation of *’’Lu-PSMA-617.

Quality control tests need to be performed as quickly as possible after
radiopharmaceutical preparation. This is essential because the decay products of
BN (22, 2YAt, 22Bi) could be free from the chelate and hence will not move
with the labelled peptide in the chromatography. The estimated RC purity could
be lower than the actual purity.
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ABBREVIATIONS

BFCA bifunctional chelating agent

BPAMD (4-{[(bis(phosphonomethyl))carbamoyl]methyl}-7,10-
bis(carboxymethyl)-1,4,7,10-tetraaza-cyclododec-1-yl)
acetic acid)

CRP coordinated research project

CT computed tomography

CXCR4 chemokine-4 receptor

DBMP demineralized bone matrix particle

DNA deoxyribonucleic acid

DOTA 1,4,710-tetraazacyclododecane-1,4,7,10-tetraacetic acid

DOTMP 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetramethylene
phosphonic acid

DTPA diethylenetriaminepentaacetic acid

EBRT external beam radiation therapy

EDTMP ethylene diamine tetramethylene phosphonic acid

FAP fibroblast activation protein

FAPI FAP inhibitor

HA hydroxyapatite

HEDP hydroxyethylidene diphosphonic acid

HPLC high performance liquid chromatography

LDH lactate dehydrogenase

LET linear energy transfer

MDP methylene diphosphonic

NCA no carrier added

PET positron emission tomography

PSMA prostate specific membrane antigen

SOP standard operating procedure

SPECT single photon emission computed tomography

SUV standard uptake value

TRT targeted radionuclide therapy

TSR target specific radiopharmaceutical
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