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Abstract

Background: Nuclear medicine has made enormous progress in the past dec-
ades. However, there are still significant inequalities in patient access among dif-
ferent countries, which could be mitigated by improving access to and availability
of radiopharmaceuticals.

Main body: This paper summarises major considerations for a suitable pharmaceuti-
cal regulatory framework to facilitate patient access to radiopharmaceuticals. These
include the distinct characteristics of radiopharmaceuticals which require dedicated
regulations, considering the impact of the variable complexity of radiopharmaceutical
preparation, personnel requirements, manufacturing practices and quality assurance,
regulatory authority interfaces, communication and training, as well as marketing
authorisation procedures to ensure availability of radiopharmaceuticals. Finally, domes-
tic and regional supply to ensure patient access via alternative regulatory pathways,
including in-house production of radiopharmaceuticals, is described, and an outlook
on regulatory challenges faced by new developments, such as the use of alpha emit-
ters, is provided.

Conclusions: All these considerations are an outcome of a dedicated Technical Meet-
ing organised by the IAEA in 2023 and represent the views and opinions of experts

in the field, not those of any regulatory authorities.

Keywords: Radiopharmaceutical, Regulations, Legislation, Regulatory framework,
GMP, Marketing authorisation

Background

Radiopharmaceuticals (RPs) are a special class of medicinal products. As suggested by
their name, RPs have two different components. One is a radioactive isotope (radio-
nuclide), which is responsible for the desired “action” of the RPs—i.e. emitting radia-
tion that can be detected by suitable equipment in the case of diagnostic RPs or causing
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intended damage and loss of viability to the cells in a pathological environment in the
case of therapeutic RPs. The other component of RPs is a suitable “vector” or “carrier
molecule” capable of carrying or delivering the radioactive nuclide to the desired loca-
tion, the targeted organ, tissue or lesion. The vector may be as simple as the radionuclide
itself or a complex chemical entity ranging from a small organic molecule to a large pep-
tide, antibody or nanoparticle (Lewis et al. 2019). The independent action of either of the
components is not sufficient to exert a diagnostic or therapeutic effect, but when com-
bined, they become a drug (or medicinal product).

Since its establishment in the early 1960s, nuclear medicine has made enormous pro-
gress for diagnosis and/or management of a wide variety of pathological conditions,
initially with Single Photon Emission Computed Tomography (SPECT) and later with
Positron Emission Tomography (PET), and over 40 million nuclear medicine procedures
are performed every year worldwide. However, there are still significant inequalities in
patient access, with more than 80% of the procedures performed in OECD (Organisa-
tion for Economic Co-operation and Development) countries (OECD, Nuclear Energy
Agency 2019), and there are entire regions of the world where the preparation and use of
RPs are still a prerogative of very few healthcare establishments, with technologies and
methodologies often being outdated.

Moreover, the field of nuclear medicine has seen dramatic changes and advances in the
last two decades; new diagnostic and therapeutic applications of novel radiopharmaceu-
ticals, which proved to be safe and clinically effective, have been approved and adopted
into clinical practice in a number of countries (Bodei et al. 2022; Sgouros et al. 2020;
Weber et al. 2020; Hricak et al. 2021). These developments highlight a clear need for ease
of access to proven and emerging radiopharmaceuticals to enable appropriate patient
treatment and improved clinical outcomes in many other regions of the world. The pace
of innovation and related benefit to patients might potentially be much faster if barriers
that still hamper the widespread availability of RPs are removed.

Several factors contribute to making the access to RPs challenging. Amongst these, the
pharmaceutical regulatory framework and associated guidelines play a very important
role in many ways. First, the peculiarity and uniqueness of RPs are often poorly (or not at
all) recognised and not adequately considered. This results in an unsustainable burden,
especially in regions with a well-structured regulatory framework and where the prep-
aration and use of RPs is quite common. Moreover, rules may significantly vary from
country to country, leading to a lack of harmonisation that further impacts the availabil-
ity of RPs. According to information gathered through the International Atomic Energy
Agency (IAEA) Regional Projects and Technical Meetings (TM), in some countries,
especially those with resource constraints, regulation of RPs may be very limited and/or
formal regulations may not be in place. This results in lack of clarity on the regulations
for RPs, such as their registration, import and compounding in hospital radiopharma-
cies, even though some RP products are routinely used for nuclear medicine procedures
worldwide.

Another challenge in regulating radiopharmaceuticals is an overlap of pharmaceutical
and radiation safety requirements, which may lead to apparently conflicting demands of
infrastructure provisions (e.g. ventilation requirements in formulation areas); such a sit-

uation can be exacerbated by pharmaceutical regulators often having limited knowledge
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of radionuclide production and radiopharmaceutical preparation. Similarly, radiation
safety regulators may not necessarily have the required understanding of and experience
in pharmaceutical safety aspects and health care outcomes of the use of RPs. The result
is that even for countries where both conventional drug and radioactive material use are
adequately regulated individually, it is often demanding to consolidate the two for regu-
latory oversight of RPs.

Sharing harmonised, simple and adequate guidance, along with any available good
practices in regulation, would be very beneficial for most of the national stakeholders.
The IAEA provides guidance and advice to its member states (MS) on various aspects of
the regulation of radioactive materials, including medical radioisotopes and RPs, such as
suitable standards for safe handling and transport of radioactive materials and technical
guidance documents on the state-of-the-art equipment and methodologies for prepara-
tion and quality control of radionuclides and RPs. The IAEA and World Health Organi-
zation (WHO) are collaboratively engaged in preparing Good Manufacturing Practice
(GMP) guidance documents and monographs for RPs. Various MS have requested to
extend this guidance to include a regulatory framework for RPs. Hence, a multidisci-
plinary TM was held at the IAEA headquarters, Vienna, during 6-10 March 2023,
titled”Health/pharmaceutical regulations for radiopharmaceuticals” The TM, conducted
in hybrid mode, brought together 37 experts in radiopharmaceuticals, including regula-
tors, producers, researchers and clinicians from 19 MS, in addition to WHO, IAEA and
OECD representatives. The TM captured the current overview of regulatory practices
for RPs in participating MS and discussions focused on the regulatory challenges for
small-scale RP production (at nuclear medicine centres and radiopharmacies, includ-
ing those linked to medical cyclotrons, national labs or enterprises, etc.). This requires
special considerations based on clinical demands, expertise, infrastructure and other
resources, any associated risks and ensuring patient’s ease of timely access to safe and
effective radiopharmaceuticals with appropriate or requisite quality.

Some countries would like to have guidance for strengthening or formalising the phar-
maceutical regulatory framework for RPs in routine use elsewhere, while many others
seek faster access to new and emerging RPs to deliver timely benefits to patients in need.
While recognizing the need for the former (already partly addressed by other IAEA
events and documents), the focus of the TM was directed to enabling and ensuring early
access to emerging RPs (especially cyclotron-produced RPs for PET/CT imaging and
RPs for targeted therapy) as well as”first-time-in-the-country” RPs. The contents below
reflect the opinion of experts in the field of radiopharmaceuticals and have been com-
piled for the benefit of the relevant stakeholders including both professionals and regula-
tors. However, these views and opinions are not attributable to the individual expert’s
country or organisation. Some national authorities may have a different view or interpre-

tation on certain aspects.

Main text

Distinct characteristics of radiopharmaceuticals—necessity of dedicated regulation
Radiopharmaceuticals require special regulatory consideration due to their distinct
characteristics, which are outlined in this section.
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Radioactivity and radiation safety requirements

Emission of ionizing radiation is the defining attribute of radiopharmaceuticals and
their principal mechanism of action. Radionuclides with gamma or positron emis-
sions are used for diagnostic purposes (photon emission), while therapeutic radiop-
harmaceuticals contain beta or alpha emitting radionuclides (charged particles).

The use of radioactive materials is strictly regulated in almost all MS. As a con-
sequence, the production and use of radiopharmaceuticals are subject to a dual
regulation from the authorities responsible for radiation protection and authorities
responsible for pharmaceuticals or medicines. The requirements for the processes,
work-flows and facilities from a radiation safety and a pharmaceutical safety point
of view are contradictory in some respects. For example, the air pressure cascade for
clean rooms where materials of high radioactivity are handled must address not just
protection of the product, as is common in conventional pharmaceutical manufac-
turing, but also the radiation safety of the personnel in production and quality con-
trol areas. Another example is that sterility testing is constrained by radiation license
requirements for transport to and sample processing in microbiology laboratories.

The radiation exposure of patients during diagnostic procedures is well below the
threshold of deterministic harmful effects. Nevertheless, the radiation burden to
achieve the required diagnostic image quality should be kept as low as reasonably
achievable to minimise the risk for non-deterministic health effects. For therapeutic
use, the cell killing effect of the radiation in tumours must be maximised, whereas the
damage to healthy tissues and excretory organs must be minimised. Consequently,
radiation dosimetry for organs and tissues is an important aspect in clinical trials as
well as for routine clinical use (Konijnenberg et al. 2021). Pharmaceutical regulators
are usually not familiar with dosimetry, radiobiology and imaging optimisation. In
some countries, experts from radiation protection authorities support the pharma-
ceutical authorities in the assessment of these important aspects, or other external
experts from academic or medical institutions are officially commissioned to assist.

Therefore, overlapping roles and responsibilities of the involved regulatory authori-
ties require coordination, communication and streamlined requirements and pro-
cesses to address these unique challenges smoothly.

Low amount of active pharmaceutical substance in patient dose

A great advantage of using radioactivity in medicine is the very low amount (often in
the range of nanomoles) of active pharmaceutical substance required to supply suf-
ficient radioactivity for the purpose. From a pharmaceutical risk-based point of view,
the administration of a radiopharmaceutical is often far below the dosage required
to produce any pharmacological effect (tracer principle). Therefore, chemical toxicity
and pharmacological effects of radiopharmaceuticals are much less critical compared
to conventional pharmaceutical substances (normally administered in the range of
millimoles or higher) and are usually not pronounced at all. In addition, radiophar-
maceuticals are typically applied only once or a few times in a patient’s life span for
the intended investigation or treatment and in a highly controlled manner. This is
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reflected in substantially reduced requirements for pre-clinical and clinical testing in
several guidelines (Korde et al. 2022).

In contrast, a small amount of active substance makes the synthesis processes vul-
nerable to the presence of even trace impurities in starting substances and materials
(e.g. metal ions in metallic radionuclides) or to process deficiencies (e.g. incomplete
drying during azeotropic evaporation, or slight variation in pH). Consequently,
radiochemical reactions are extremely sensitive and must be performed under strict
control and using starting materials of the highest quality. The materials are often
prefilled in small single-use containers.

Short shelf life due to radioactive decay and radiolysis

The shelf life of radiopharmaceuticals is naturally limited by the physical half-life of
the radionuclide. The medical radionuclides in use today have half-lives in the range
of only a few minutes to approximately 10 days (European Pharmacopoeia), see
Table 1. Most PET tracers decay completely in a few hours.

The use of radionuclides of such short or very short physical half-life has medi-
cal reasons. For diagnostic purposes, a short half-life provides the intense radiation
required during image acquisition to achieve good quality images in a reasonable
time. All radioactivity remaining and decaying in the body after the completion of the
diagnostic procedure would have no use and would result in unnecessary radiation
burden; hence, the faster it decays, the better.

For therapeutic use, mainly in oncology by systemic administration, the physical
half-life of the radionuclide must fit into the ranges of the biological half-life of the
radiopharmaceutical in the tumours, organs and tissues, which is often shorter than a
few days and rarely more than a week (Kassis 2008).

The shelf-life limitation due to the decay of the radioactivity can be partly coun-
teracted by increasing the starting radioactivity; however, radiolytic degradation may
limit this strategy, especially in the case of a sensitive biological vector. For physical,
technical and radiation-safety reasons, the produced quantity of radioactivity also has
its limits. Technical capacities have increased during the last few decades, but the
starting quantity of radioactivity will remain a limiting factor for most radionuclides
and radiopharmaceuticals.

Table 1 Physical half-lives of some medical radionuclides for diagnostic and therapeutic use

Diagnostic use Therapeutic use

Gamma emitter Beta emitter

In-111 28d 131 80d
-123 133h Lu-177 66d
Tc-99 m 6.0h Y-90 27d
Positron emitter Alpha emitter

F-18 110 min Ra-223 114d
Ga-68 68 min Ac-225 100d

N-13 10 min Pb-212 106 h
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Due to the medical advantages of short-lived radionuclides, they will continue to be
preferred in clinical practice and, therefore, all challenges and limitations related to their
handling and production will continue to exist. However, the extemporaneous on-site
preparation of an RP that is necessary owing to the short-shelf life of most diagnostic
radiopharmaceuticals (Hendrikse et al. 2022; Decristoforo and Patt 2017) also results in
a reduction of the potential risk of microbial contamination, particularly when compared
to conventional sterile injectable products that are usually stored for weeks, months or

years.

Batches of small quantities and low volumes (small scale production)
Besides those mentioned above, there are several other factors that prescribe maximum
batch sizes and volumes.

+ The shipment of radiopharmaceuticals from external sources (commercial suppliers)
is limited for various reasons, one being the very short half-life or shelf-life of the
products. Due to this limitation, a major source of radiopharmaceuticals in routine
practice is those prepared in-house in small quantities.

+ Radiopharmaceuticals are often used for life threatening rare diseases not allowing
accumulation of patients over longer periods of time. In cases of extemporaneous
preparation, they are then often produced for a single patient only.

+ The injection of a radiopharmaceutical (with the exception of some therapeutic
applications) is usually performed as a short bolus for which the preferred injection
volume is below 10 ml.

+ The shielding requirements for handling the radiopharmaceutical in containers,
syringes and automated injectors increase tremendously with increasing amount of
radioactivity and volume.

As a consequence, only a limited number of patients are typically served with a single
batch, and, at the same time, a very limited product volume may be available for quality
control.

Absence of a classical stable “drug substance” that can be isolated
The classical pharmaceutical approach of separate manufacturing of

+ A “drug substance” (also called active pharmaceutical ingredient, API) (Food and
Drug Administration 2010) and

+ A “drug product” (the final formulation containing the drug substance and additional
substances such as excipients, stabilisers, solubility enhancers or buffers)

is hardly possible for radiopharmaceuticals, because the real drug substance, the radi-
oactive molecule or ion, cannot be isolated, characterised and tested prior to formula-
tion of the drug product (Fig. 1). Due to the very short shelf-life, the need to ensure
effective radiation protection and other process-related reasons, the production is usu-
ally performed in a continuous and highly integrated manner.
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Fig. 1 Comparison of the characterisation of drug substances and drug products in conventional (‘classic”)
medicines (left) versus in radiopharmaceuticals, where the drug substance cannot be isolated (right)

Table 2 Examples of drug substances, drug products and starting materials

Drug Substance / Abbrev

Drug Product

Starting materials / precursors

Radioactive Non-radioactive

[®MTc]Tc-3,3-diphosphono-
1,2-propanodicarboxylic acid
(™ Tc]Tc-DPD)

["®F]F-amino-3-[4-(2-fluoro-
ethoxy)phenyl]propanoic
acid (["®FIflucroethyltyrosine;
['°FIFET)

[*Ga]Ga-Edotreotide (*°Gal
Ga-DOTA-TOC)

['"7Lu]Lu-Edotreotide (['""Lu]
Lu-DOTA-TOC)

Aqueous solution of [*™Tc]
Tc-DPD, SnCl,, buffer, 4+ other
excipients

Aqueous solution of ['8F]
FET, EtOH, ascorbic acid,
buffer, 4 other excipients

Aqueous solution of ®Ga-
peptide, unlabelled excess
of the peptide, ascorbic acid,
buffer,+ other excipients

Aqueous solution of '/Lu-
peptide, unlabelled excess
of the peptide, ascorbic acid,
buffer,+ other excipients

3,3-Diphos-
phono-1,2-pro-
panodicarboxylic
acid (DPD)
O-tosyloxyethyl-
N-trityl-tyrosine
tert-butyl ester

Sodium *™c- pertechnetate
(Na[®™cITcO,)

Aqueous solution of ['6F]
fluoride

%8Ga-gallium chloride ([*8Ga]  DOTA-TOC
GaCly)
V7Ly-lutetium chloride DOTA-TOC

(["7LulLuCly)

Considering that the drug substance cannot be isolated and tested during radiophar-

maceutical preparation, risk-based controls are usually applied at the level of starting

materials or precursors, in-process controls and characterisation of final formulation to

the extent possible.

Examples of drug substances, drug products and starting materials are given in

Table 2.

Pre-manufactured starting materials

For all the reasons outlined above, in-house preparation has a very important share in

the supply of radiopharmaceuticals and may become even more significant (Hendrikse
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et al. 2022), see also Section "In-house production of radiopharmaceuticals, extempo-
raneous preparation”. Many of such small-scale preparation activities take place with a
high frequency, often daily or weekly in hundreds of sites worldwide. This demand has
led to the evolution of commercial production of pre-manufactured ready-to-use start-
ing materials for radiochemical synthesis and accompanying specialised small-scale
automated equipment to simplify the on-site preparation of finished products. In the
last 20 years, the industry has developed and introduced a number of innovative, dedi-
cated solutions for radiopharmaceutical production, as outlined below:

+ Precursors of GMP quality. They allow the reliance on the certified quality of the pre-
cursor for many of the essential quality control parameters for identity and purity.

+ Kits of GMP quality. A precursor is pre-formulated in a vial with rubber septum
together with excipients to allow a reliable labelling reaction by just adding a radio-
nuclide-containing solution.

+ Cassettes and reagent sets of defined quality. For more complex labelling processes,
single-use cassettes and pre-filled reagents of defined quality have been developed. If
they are combined with automated synthesis and dispensing systems, a high degree
of standardisation and simplification is possible, ensuring patient safety with reduced
requirements for quality control (for both incoming goods and end products).

Nevertheless, chemical precursors (Pijarowska-Kruszyna et al. 2021) and radionu-
clides (Neels et al. 2019) are not drug substances according to the common pharmaceu-
tical definitions, but can be viewed as starting materials. Regulation should reflect this
difference. Production according to GMP or a marketing authorisation (MA) for these
material categories should not necessarily be a general requirement.

Quality control limitations and requirements

Considering that the drug substance cannot be isolated and tested during radiopharma-
ceutical preparation, characterisation and risk-based controls (e.g. bioburden) are usu-
ally performed at the level of chemical precursors and other starting materials.

Some standard compendial methods are difficult, or even impossible, to carry out on
finished radiopharmaceutical products because the radionuclide half-life often limits
the time available to complete all quality control tests before product release. It should
be noted that, even with longer half-life radionuclides, radiopharmaceuticals may have
similar limitations because of their shelf-life being shorter than their physical half-life.
Radiation safety is also often a reason for substitution or post-release testing.

Where necessary and possible, alternative rapid methods are used (visual inspection
and assessment of colour and clarity instead of instrumental determination of particu-
late matter, use of pH paper instead of pH potentiometry, rapid endotoxin testing, etc.).

In almost all cases, sterility testing for injectable radiopharmaceuticals cannot be
completed prior to the administration of the product due to its high radioactivity,
short shelf-life and small batch volume. This is reflected in general exceptions, e.g. in
the European Pharmacopoeia (Council of Europe 2020) and in the regulatory provi-
sions of other jurisdictions. Aseptic procedures, microbiological process validation
and in-process controls (such as sterilising -filter integrity test) are used to ensure the
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sterile nature of the product to allow for preliminary release and retrospective steril-
ity testing. In addition, use of pre-formulated kits (for simple reconstitution or com-
pounding) and cassettes with prefilled reagents (for more complex syntheses) enables
a closed system process and constitutes an important risk mitigation strategy against
microbial contamination.

Testing for long-lived radionuclidic impurities requires allowing sufficient time to
lapse for the main radionuclide to decay. Otherwise, it will be impossible to identify and
quantify trace impurities due to the background radioactivity counts being too high,
which results in the underestimation of impurities.

In principle, quality control (QC) tests, except for the sterility test, should be com-
pleted before the RP release. A post-release test must be justified with technical reasons,
regulatory exceptions and a risk-based process validation. If justified, quality control
parameters may be tested only during process validation and revalidation, e.g. radionu-
clide purity if a new batch of target material for irradiation is used.

Quality and regulatory considerations based on the complexity of radiopharmaceutical
preparation

As discussed above, radiopharmaceuticals are a unique class of medicinal products and
in some aspects different to conventional drugs. In addition, from a regulatory stand-
point, radiopharmaceuticals themselves can be divided into sub-categories based on:

+ Type of application (diagnostic versus therapeutic)

+ Type of drug development stage (first-in-human safety trials versus more advanced
stages of clinical trials versus standard-of-practice clinical use)

+ Type of preparation (kit-based radiolabelling versus complex radiosynthesis and
purification)

« Intent to commercialise (to be placed on the market versus local use; industrial pro-
cesses and volumes versus small-scale in-house preparation techniques)

The type of preparation in particular has considerable impact on regulatory require-

ments, in terms of:

« Facility requirements (e.g. manufacturing permission/authorisation)

+ Type and extent of quality control methods

« Complexity and depth of quality assurance (QA) system

« Starting materials and precursors (quality, characterisation, testing)

+ Training of staft

+ Qualification of the personnel in charge of product release, management and general
oversight

Therefore, especially regarding in-house preparation, a clear differentiation between
two distinct types of radiopharmaceutical preparation shall be made (see also Fig. 2):

+ Kit-based radiopharmaceutical compounding
+ Complex radiopharmaceutical preparation
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Radiopharmaceutical Preparations

|
| |

Kit-based radiopharmaceutical compounding Complex radiopharmaceutical preparation
[ |
| | f }
Radioactive Non-radioactive
Radionuclide / (Cold) starting material starting material(s)
Radionuclide generator Kit I I

1
‘ /| ‘ Radiosynthesis ‘

|
I

Simplified quality c'ontrol according to ’

manufacturer’s instructions Purification ‘
I
|
Radiopharmaceutical
ready for use Formulation

|
Extensive quality control according to
pharmacopoeial (or equivalent) standards

Radiopharmaceutical
ready for use

Legend Marketing Authorisation ‘

No additional approval / registration needed |

Marketing Authorisation or alternative regulatory pathways (see see Section “Patient
access through alternative regulatory pathways”)

Fig. 2 Two types of preparation of radiopharmaceuticals: kit-based radiopharmaceutical compounding (left)
and complex radiopharmaceutical preparation (right). While kit-based radiopharmaceutical compounding

is based on regulatory approval of radionuclides or generators and kits, for complex preparations the final
product is subject to regulatory approval or other appropriate controls

A rationale and regulatory approaches, as well as other considerations resulting from
this distinction, are given below.

Starting materials
In kit-based compounding, the starting materials are two approved medicinal products,
usually one being a lyophilised mixture of non-radioactive substances (i.e. the kit for
radiolabelling), including a biologically or physiologically active molecule binding the
radionuclide, and the other a radionuclide generator eluate or another approved radio-
nuclide solution as described in the kit package insert.

For complex radiopharmaceutical preparations, the starting materials can be many. As
a minimum, a non-radioactive precursor for radiosynthesis, a radionuclide and a suit-
able solvent are required. Regulatory considerations with respect to radionuclides have
recently been summarised (Decristoforo et al. 2022). Depending on the radionuclide
production method and on the complexity of the synthesis and purification, a number
of other chemicals, solvents and reagents may be needed. All these incoming chemi-
cals are usually of a defined quality (identity and purity); GMP or pharmacopoeial grade
chemicals are advantageous due to their well-defined quality and traceability but are not
mandatory.

Radiolabelling or radiochemical synthesis

+ Kit-based radiopharmaceutical compounding
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A kit for radiolabelling is a non-radioactive pre-formulated combination of a pre-
cursor and suitable reagents that, once reconstituted or combined with a radionuclide
solution, yields the final radiopharmaceutical drug product. Conventionally, kits are
manufactured in a GMP-compliant manner and are supplied in a sterile form. In a kit
for radiolabelling, a precursor is filled in a vial together with reagents and excipients to
allow a reliable radiolabelling reaction by simply adding a radionuclide-containing solu-
tion, and simple additional steps such as brief heating or pH adjustment may potentially
be required. This procedure is designed as an aseptic process (no further sterilisation
required) and without purification steps. As a safety measure, a simple verification of the
radiolabelling efficiency is required as a quality control step, which is described in the
MA documentation and in the package insert or Summary of Product Characteristics
(SmPC), and users are requested to follow these instructions. Of note, the kit concept is
limited to simple radiolabelling reactions such as metal ion complexation reactions.

Kit-based radiopharmaceutical preparations can be carried out by hospital (radio)
pharmacists or nuclear medicine technologists (or other professionals, as permitted by
their scope of practice) in accordance with the instructions given in the accompanying
product information such as the SmPC or package insert. This is the type of preparation
that has been used historically from the beginning of Nuclear Medicine diagnostic appli-
cations (i.e. introduction of technetium-99m labelled radiopharmaceuticals).

In kit-based compounding, authorised or licensed kits are combined with authorised
or licensed radionuclides (often eluted from a generator, either at the hospital radiophar-
macy or at a central commercial radiopharmacy) in order to achieve the final radiophar-
maceutical. In a true reconstitution process, the final product already exists in the vial
and only addition of solvent or diluent is required. For kit-based compounding, the final
medicinal product, which is the formulated-for-human-use radiolabelled compound, is
generated in a radiolabelling reaction during the compounding process. However, from a
microbiological point of view, the processes are alike. Kit-based preparations of radiop-
harmaceuticals are treated in a special way by current legislation in many countries, as
such a procedure is considered to be a reconstitution or compounding rather than phar-
maceutical manufacturing. Therefore, the final radiopharmaceutical, as well as the site of
preparation, usually does not need additional approval or licensing when compounded
radiopharmaceuticals are prepared for in-house use.

+ Complex radiopharmaceutical preparation

Many radiopharmaceuticals, and in particular those containing fluorine-18 or car-
bon-11 for imaging with PET, are small organic molecules. Their preparation is much
more complex, similar to multi-step organic synthesis. The production steps may include
the radionuclide production in a cyclotron or elution from a generator, subsequent
radionuclide purification, radiochemical synthesis, purification of the radiolabelled
compound, formulation, sterilisation by filtration and dispensing. The radiosynthesis
reaction (binding of the radionuclide to the precursor) is designed to be as quick and
simple as possible. Precursors are typically synthetic molecules and are often produced
in a manner similar to an active pharmaceutical ingredient. To reduce the risk of pro-
ducing radiolabelled by-products and not being able to identify these during quality
control testing, the number of reagents used in a radiosynthesis is limited, the chemical
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transformation carefully designed and controlled and procedures are performed by
skilled and experienced personnel. During purification steps, unreacted chemicals and
solvents incompatible with administration to humans are removed, and the product is
formulated in a suitable matrix, often in 0.9% saline with or without stabilisers.

Complex radiolabelling procedures, which may involve a multi-step synthesis and
purification, are often carried out using pre-programmed and automated radiosynthe-
sis and filling equipment that use purpose-designed fluid paths by employing single-use
cassettes and pre-filled reagents of defined and controlled quality. While the initial aim
of these remotely-controlled systems was to avoid manual handling of large quantities
of radioactive materials for the sake of radiation protection, they also allow a significant
degree of standardisation and traceability.

In contrast to kit-based radiopharmaceutical compounding, starting materials for
complex radiopharmaceutical preparations are not as such subject to an approval or rec-
ognition process by a competent authority. However, the final labelled product (i.e. the
radiopharmaceutical) should be subject to some kind of regulation (see Section “Patient
access through alternative regulatory pathways”). The exact type of regulation dif-
fers among the individual countries. However, a common approach is that the product
should at least be described in a local or international pharmacopoeia, thus ensuring
that the product itself is scientifically established and has proven clinical efficacy and
benefit for the patient.

Formulation
Kit-based radiopharmaceuticals are pre-formulated and therefore used as such; the radi-
olabelling reaction is usually quantitative. The preparation is rejected if quality control
test results show insufficient radiolabelling efficiency (incomplete radiolabelling).
During complex radiopharmaceutical preparation, purification of the radiolabelled
compound is usually mandatory and may consist of more than one purification step
before formulation. The radiochemical yields in these types of radiolabelling reactions
are seldom quantitative. Therefore, the compound of interest usually needs to be sepa-
rated from unreacted starting materials, by-products and organic solvents incompatible
with physiological conditions. After this, the product is typically sterilised (usually by
filtration) and formulated.

Quality control

For kit-based products, the manufacturer of the kit prescribes quality control proce-
dures in the accompanying product information (SmPC, package insert, etc.). The test-
ing is usually limited to simple non-instrumental techniques, those that are feasible in a
pharmacy or a nuclear medicine department.

For complex radiopharmaceutical preparations, extensive quality control according
to pharmacopoeia or equivalent standards is required. The tests employ different ana-
lytical techniques, often using dedicated analytical instrumentation (high-performance
liquid chromatography, gas chromatography, gamma spectrometry, etc.), to assess the
parameters that are common for any conventional non-radioactive drugs (e.g. residual
solvents, chemical purity), as well as those that are attributable to the radioactive nature
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of this special type of pharmaceuticals (e.g. radiochemical purity, radionuclidic identity

and purity).

Documentation

For kit-based products, the documentation of the compounding itself can be restricted
to a control of the starting materials (i.e. kit and radionuclide or generator) and a prepa-
ration log with minimum information required to trace back the individual patient dose
or application to the corresponding preparation, such as date and time of the prepara-
tion, operator, lot numbers and results of quality controls.

For complex radiopharmaceutical preparations, a documentation system should be
established as part of an overall quality assurance system (e.g. Gillings et al. 2021). Risk
assessment of critical quality parameters, including starting materials, should be care-
fully considered and documented. Concrete mitigation strategies should be developed to
avoid product contamination and ensure product integrity and quality.

Some features of the laboratories or buildings where the production takes place, as
well as personnel qualification and behaviour, can also impact product quality, and
should therefore be included in the quality assurance documentation.

Testing laboratories and pharmacopoeias

In some countries, national pharmaceutical quality control laboratories support national
medicines regulatory authorities to verify that active pharmaceutical ingredients, excipi-
ents and pharmaceutical products meet the prescribed specifications (World Health
Organization 2014).

In the case of radiopharmaceuticals, it is very difficult and of limited effectiveness to
set up a centralised facility for analytical testing of the fast decaying finished products.
Quality control methods for radiopharmaceuticals include tests which are different from
those for conventional drugs, requiring very specific equipment and techniques (e.g.
gamma spectrometry), highly specialised personnel and a licence from a national nuclear
and radiation safety regulatory body. In addition, many pharmacopoeias, including The
International Pharmacopoeia (Ph. Int.) published by the WHO (The International Phar-
macopoeia 2023), contain general sections on radiopharmaceuticals that describe test-
ing methods, as well as monographs for specific radiopharmaceuticals. These sections,
together with general chapters on the standards for raw materials, intermediates and fin-
ished medicinal products, can be used as the scientific basis for quality control and qual-
ity assurance of radiopharmaceuticals during their development and production. When
a pharmacopoeia monograph is available, radiopharmaceuticals should be produced to
meet the specifications described within it. For many countries, national pharmacopoe-
ias are legally binding. The Ph. Int. is more recommendatory in nature, but it serves as a
benchmark for all countries. For the Ph. Int., the monographs on radiopharmaceuticals
were developed in collaboration with the IAEA.

Local regulatory oversight, including site visits to observe workflows and processes
at the production facility may provide sufficient assurance that ingredients and finished
products will meet the required specifications. If the existing national procedures still
require independent testing for registration or authorisation of a radiopharmaceutical,
expertise and infrastructure of the laboratories already existing in many countries can be
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considered for such testing purposes after ensuring the absence of a conflict of interest.
This will be similar to the technical support organisations used by many national nuclear
or radiation safety regulatory bodies (Global Nuclear, IAEA 2023).

Another useful approach is that for products that have MA in the country of origin,
testing as part of the authorisation process for importation should not be strictly nec-
essary. If required, sharing of original documents for review can be requested. This
becomes particularly relevant due to mutual agreements and cooperation between
the authorities of different regulatory jurisdictions. Adoption of this model as a “good
practice” (i.e. avoidable repetition of testing) should be encouraged for enhancing ease
of availability of RPs in a large number of countries. In conclusion, a national testing
laboratory for radiopharmaceuticals may be replaced by other supervision concepts, as
already implemented by some countries.

Personnel requirements

Personnel requirements for radiopharmaceutical production will depend on the work-
load and nature of the production method. In all cases it is important that appropriately
trained and experienced persons take responsibility for quality assurance, production
and quality control (PIC/S 2014). These may not necessarily be pharmacists, depend-
ing on the expertise required—e.g. production of more complex products may require
in-depth knowledge of radiochemistry, while radiopharmaceutical production from
kits may be undertaken by suitably qualified nuclear medicine technologists. Regulat-
ing authorities may have to consider exceptions to the requirements set for production
of conventional medicines. Allowing qualified nuclear medicine technologists to pre-
pare radiopharmaceuticals from kits using closed procedures is a safe and appropriate
approach that allows access to and availability of radiopharmaceuticals at small centres
or in countries with a limited number of radiopharmacists.

Training should specifically address radiopharmacy knowledge and include, amongst
other factors, radiation safety, radiochemistry, aseptic techniques, radioanalytical meth-
ods and quality management (World Health Organization 2014, 2010). At least the per-
son who oversees the whole production process and is responsible for the release of
radiopharmaceuticals (e.g. Responsible Person or Responsible Pharmacist) should have a
suitable specialist qualification and significant hands-on experience. Examples of quali-
fications offered include the Postgraduate Certificate Course in Radiopharmaceutical
Chemistry/Radiopharmacy of the European Association of Nuclear Medicine (EANM)
(EANM 2020), the recently launched the Society of Nuclear Medicine and Molecular
Imaging’s Qualified Systems Personnel Training Program (SNMMI 2022) and the Aus-
tralian Training, Education and Assessment Program (Australasian College and of Physi-
cal Scientists Engineers in Medicine 2023).

For manufacturing of products in relatively large scales for the open market (e.g. radio-
nuclide generators and kits), several highly qualified persons are required to take sepa-
rate responsibility for overall quality assurance, production and quality control. Where
the facility is small due to low demand for products, it may not be economically feasible
to employ separate deputies for each of the above positions. Some measure of taking
over responsibility across different functions may be required, e.g. appointing an indi-
vidual who can act as deputy for more than one of the functions at different times. The
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nature of the work, scheduling of tasks, and batch sizes should be taken into account.
However, for each production batch, it remains important to separate the responsibility
for production (i.e. synthesis) and quality control.

For in-house, small-scale production, the number of personnel that can be employed
will necessarily be low, and for the preparation of RPs from licensed kits and generators
often only one person performs the tasks. It is, however, still essential that the responsi-
bilities for production and release are clearly defined, even in small units (PIC/S 2014).

It is likely that mandatory stipulations for personnel qualifications in pharmaceuti-
cal production may not yet exist in some countries. It is desirable to institute eligibility
requirements that personnel should meet, including those with managerial responsibili-
ties, along with creating schemes for the staff to obtain formal qualifications and/or cer-
tification. Training and refresher or update events may be necessary and the IAEA may

consider providing suitable online and physical support in this context.

Requirements for manufacturing practices and quality assurance

In the production or preparation of any pharmaceuticals, including RPs, manufactur-
ing aspects are always of paramount importance, as they provide the necessary safety
and traceability framework, which ultimately guarantee that radiopharmaceuticals are
prepared with characteristics suitable for the intended purpose. In many countries,
the above framework is well known under the name of Good Manufacturing Practice
(GMP), which can be defined as “A set of practices, using a traceable process, which
ensures that radiopharmaceutical products are consistently produced and controlled
to the quality standards appropriate for their intended use and designed to consistently
yield the radiopharmaceutical product. Good Manufacturing Practices fall under the
umbrella of the overall Quality Management System” (European Commission 2017). This
definition embraces all the aspects of RP preparation, from recommendation on practi-
cal aspects, such as premises and facilities, equipment, production and in-process and
quality control aspects, to other quality assurance related topics like personnel, docu-
mentation, self-inspections, etc. Industrial manufacturing of RPs is highly regulated in
many countries, including a GMP framework defined by a set of guidelines, often legally
binding.

In case of non-industrial, “in-house” preparation of RPs, adherence to “industrial”
GMP may not be required, and implementation and extent of the Quality Management
system may be defined, based on a risk assessment of the practice, as is also recom-
mended by a resolution of the Council of Europe for pharmacy preparations (Scheepers
et al. 2017). For radiopharmaceuticals, such a risk assessment should be based on the

following criteria:

+ The degree of drug development, i.e. whether the RP is a well-established, routinely
used RP (e.g. [*™Tc]Tc-MDP for bone scans, ['*F]FDG) with clear clinical indica-
tions or an investigational RP, whose in vivo characterisation is still ongoing and pro-
duction process may be at a preliminary stage of development;

+ The complexity of the preparation, which may range from simple compounding of a
kit with the intended radionuclide, which may eventually be prepared manually, to
complex multistep radiosynthesis processes, whose preparation requires automated
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systems, may include purification apparatus (e.g. semi-preparative HPLC) and may
make use of multiple reagents or solvents, which increase complexity of quality con-
trols;

« The type of RP of concern, i.e. whether the RP is to be used for diagnostic vs thera-
peutic purposes; different types of RP preparations may require specific technicali-
ties, which in turn impact quality assurance implementation; for instance, quality
control equipment and procedures in the case of RPs labelled with a-emitters are
quite different from those typically used in the quality control of y or S emitting radi-
onuclides;

+ The production scale, i.e. whether the RP preparation is intended for use with a lim-
ited number of patients, possibly within the same healthcare establishment where
the RP is prepared (in-house preparations), or a large scale production, aimed to pro-
vide doses for a large number of patients, located in the same or in different hospi-
tals; the latter entails the distribution of the RP which, irrespective of commercial or
non-commercial production, poses additional safety issues;

+ Additionally, the microbiological risk should be considered and should prompt an
increased frequency of testing in case of preparations considered to be at high risk
(e.g. cell labelling);

+ Even the half-life of the intended radionuclide may impact the general design of
QA framework, e.g. due to the challenge in performing quality control before batch
release in case of short or very short half-lives, that further strengthens the need for a
robust QA system;

« Radiation protection aspects, although they are not intrinsically to be considered as
related to quality assurance, are always of concern and may have many impacts, from
the design of the HVAC system, where potentially opposite requirements may arise
and need to be properly implemented and harmonised to avoid potential conflicts, to
the design of production and dispensing hot cells, which also have to provide suitable
shielding for the operators while at the same time ensuring microbiological protec-
tion to the product.

The framework of GMP is a very well-established concept in the field of pharmaceu-
ticals, and many guidelines are publicly available. Although these guidelines were origi-
nally made to provide guidance to the conventional pharmaceutical industry, over the
years they became more and more tailored for the preparation of radiopharmaceuticals
and, at least in part, specifically address their uniqueness. For instance, dedicated chap-
ters and/or full guidelines may be found in EU (European Commission 2017), US (U.S.
Food & Drug Administraion 2023; FDA 2018) GMP guidelines, guidelines from WHO
(World Health Organization 2014) and the Pharmaceutical Inspectors Co-operation
Scheme (PIC/S) (PIC/S 2023a, b). In 2014, PIC/S released a document aimed to pro-
vide guidance for the preparation of medicinal products in healthcare establishments
(PIC/S 2014), which includes an annex specifically dedicated to the preparation of RPs.
Moreover, scientific associations such as the European Association of Nuclear Medi-
cine issued several guidelines that cover both general preparation of RPs on a small scale
(Gillings et al. 2021) and more specific aspects, such as the preparation of an Investiga-
tional Medicinal Product Dossier (IMPD), quality risk management or the validation of
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Table 3 Relevant guidelines and texts in relation to GMP for radiopharmaceuticals

Guideline/Text

Origin/ Organisation

Topic

References

General GMP guidelines

PE 009-17 Guide to Good
Manufacturing Practice for
Medicinal Products Part |
and Annexes (including
Annex 3 on “Manufacturing
of radiopharmaceuticals”)

WHO Good Manufacturing
Practices

Current Good Manufac-
turing Practice (cGMP)
Regulations

Volume 4 of "The rules gov-
erning medicinal products
in the European Union":
Good Manufacturing
Practice (GMP) guidelines
(including Annex 3 on
“Manufacturing of radiop-
harmaceuticals”)

PIC/S

WHO

FDA

EU

Specific GMP guidelines for radiopharmaceuticals

International Atomic Energy
Agency and World Health
Organization: guideline

on good manufacturing
practices for radiopharma-
ceutical products

PET Drugs — Current Good
Manufacturing Practice

PE010-4. Good practices for
the preparation of medicinal
products in healthcare
establishments

Guidelines on current good
radiopharmacy practice
(cGRPP) for the small-scale
preparation of radiopharma-
ceuticals

IAEA/WHO guideline on
good manufacturing
practices for investiga-
tional radiopharmaceutical
products

IAEA/WHO guideline on
good manufacturing
practices for in-house cold
kits for radiopharmaceutical
preparations

Other documents

EANM guidelines for the
preparation of an investi-
gational medicinal product
dossier (IMPD)

Guidelines on Radiophar-
maceuticals

Resolution CM/Res(2016)1
on quality and safety
assurance requirements for
medicinal products pre-
pared in pharmacies for the
special needs of patients

IAEA/WHO

FDA

PIC/S

EANM

IAEA/WHO

IAEA/WHO

EANM

EMA

Council of Europe

General GMP guidelines

General GMP guidelines

Official US GMP guidelines

Official EU GMP guidelines

General GMP guidelines on
RP preparation

GMP specific for PET RP
manufacturers

GMP recommendations for
pharmaceuticals (including
RPs) prepared in hospitals

cGRPP for the small scale
preparation of RPs

GMP for investigational RPs

GMP for in-house prepared
cold kits for RP preparations

Guideline for the prepara-
tion of an IMPD, including
practical examples

EU guidelines for MA
applicant
Requirements for the prepa-

ration of medicinal products
in pharmacies

PIC/S (20233, b)

World Health Organization
(2014, 2010)
U.S. Food & Drug Adminis-
traion (2023)

European Commission
(2017)

World Health Organization
(2020)

FDA (2018)

PIC/S (2014)

Gillings et al. (2021)

World Health Organization
(2022)

In progress

Todde et al. (2014)

EMA. European Medicines
Agency (2018)

Scheepers et al. (2017)
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processes and analytical procedures (Gillings et al. 2021, 2020, 2022; Todde et al. 2014,
2017). Although not legally binding, they provide useful recommendations that might
be considered in the implementation of an appropriate quality assurance setting. Finally,
the IAEA, in collaboration with the WHO, have recently published, or are in the pro-
cess of publishing, updated guidelines focused both on general GMP principles for RPs
(World Health Organization 2020) and dedicated to the preparation of more specific
types of RPs, such as investigational RPs (World Health Organization 2022) or the in-
house production of “cold” kits (WHO, in progress). This comprehensive body of docu-
mentation, summarised in Table 3, including the present document, combined with a
judicious risk analysis, provide a potential RP manufacturer with the necessary informa-
tion for implementation of their own QA/GMP system to the satisfaction of concerned
regulatory authorities.

Regulatory authorities: interfaces, communication and training

Interface between pharmaceutical and radiation safety regulations

The evaluation of safety and efficacy of radiopharmaceuticals, and approvals for clinical
use, requires a regulatory approach that incorporates a coordinated evaluation of both
the production and pharmacology of the radiopharmaceutical and the radiation safety
aspects of production and patient use. Pharmaceutical regulators and radiation safety
regulators should cooperate, possibly by forming joint committees, for the evaluation of
production premises or facilities and of applications for MA or other forms of permis-
sion for production. Only a combined approach can ensure that apparently conflicting
guidelines for radiation safety and pharmaceutical production are appropriately inter-
preted and implemented.

The use of radionuclides requires an appropriate and practical regulatory approach
to the evaluation of the pharmacological properties of radiopharmaceuticals, consider-
ing their short half-lives and trace amounts. This approach should apply to both routine
production and use of radiopharmaceuticals, and for the evaluation of radiopharmaceu-

ticals in clinical trials.

Other authorities

It is important that all types or pathways of radiopharmaceutical production are reg-
ulated, to ensure that all products are safe and effective. In some countries, certain
aspects of radiopharmaceutical preparation, like kit compounding, may not be subject
to regulation by the health or pharmaceutical regulatory authority but are regarded as
falling within the scope of practice of pharmacy and are therefore under the control of a
professional association such as a pharmacy council. If this is the case, regulation of such
facilities should not be neglected, but be overseen by the appropriate authority. Addi-
tionally, the professional council may add some valuable views regarding professional
responsibilities in the whole chain of development and production of radiopharmaceuti-
cals, together with the National Health and Radiological Regulatory Bodies.

Radiopharmaceutical regulator qualification and communication pathways
To ensure efficient regulation of radiopharmaceutical production, the persons respon-
sible for regulation must possess both regulatory training as well as expertise in
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radiopharmaceutical development and/or manufacture. Intimate knowledge of the
radiation emitting drugs’ unique characteristics is essential to make well informed deci-
sions. The regulators may obtain this expertise through a professional background (i.e.
regulators that have formerly been trained and have been involved in radiopharmaceuti-
cal development and production) or through having successfully completed a defined
training program on the principles governing the unique characteristics of RPs. Regu-
lators should also have a legal foundation to consult with independent expert groups
in situations where the specific matters are outside of the regulator’s primary expertise.
Creation of a standing expert panel for such assistance and guidance may be consid-
ered to strengthen or augment the regulatory practices at national level. It should be
emphasised that while the regulator qualification requirements described above apply
to medicinal agencies with subspecialty in radiopharmaceuticals, in some regions of the
world the responsibilities for radiopharmaceutical regulation may be relegated to agen-
cies that are normally responsible for general radioactive material handling, licensing
and safety, irrespective of use. In those instances, the regulators should consider adopt-
ing the recommendations provided in this guidance, in addition to their responsibili-
ties related to safe handling of radioactive materials, and cooperation with the medicines
regulatory authority is recommended.

Established mutual communication mechanisms between the regulators and pro-
ducers are also absolutely essential for effective regulation of radiopharmaceuticals for
human use. These communication pathways should be in the form of official communi-
cations and meetings between the regulators and a particular producer for the purpose
of addressing a specific question, as well as in the form of periodic meetings between
regulators and the producer community for the purposes of providing feedback and
information exchange. The ability to have two-way communication between the regula-
tor and the producer provides several key advantages to both parties. Individual meet-
ings with the regulators allow the producer to receive clear regulatory input on questions
that may not be adequately addressed in the existing regulations and guidance. Most
importantly, all these communication pathways yield regulators possessing the necessary
professional knowledge and understanding that enables them to make well-informed
decisions. Such decisions, based on appropriate risk assessment, facilitate patient access

to radiopharmaceuticals, while maintaining the appropriate measures of quality.

Facilitation of patient access to radiopharmaceuticals through the marketing authorisation
regulatory pathway

Regulatory mechanisms for access to radiopharmaceuticals, including MA, should
ensure timely patient access to safe and effective medicines and should be fit for purpose.
The uniqueness of radiopharmaceuticals requires various licensing pathways to protect
public health and ensure patients receive safe and effective diagnosis or treatment.

Marketing authorisation overview

As with all drugs, the MA for radiopharmaceuticals represents an approval, granted by
the designated medicines governing agency in a specific region, to sell the drug so that it
may be used in standard clinical care for a specific regulatory-approved indication. The
essence of MA is that the radiopharmaceutical can be sold for profit (i.e. marketed). The
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most challenging aspect of obtaining MA is for the producer, unless its clinical use is
already well established, to clearly demonstrate to the regulators the radiopharmaceuti-
cal safety and efficacy for the proposed indication, by conducting a series of clinical trials
in a specific patient population with a specific disease or medical condition.

From the regulatory standpoint, approved product labelling and drug quality are
the two additional components that are essential for obtaining MA. Product labelling
includes all documentation which provides instruction to clinicians on how the drug
should be used in patients, ensuring standardisation.

Product labelling not only includes the immediate container label, but also all of the
accompanying instructional documentation such as package inserts in the US or SmPC
in the EU. This standardisation helps to ensure that radiopharmaceuticals are used
appropriately by healthcare professionals and patients.

The drug quality aspects of MA for radiopharmaceuticals are similar to those for other
medicines but with some additional considerations due to their radioactive nature. As
stated in Section "Regulatory Authorities: Interfaces, communication and training" of
the present position paper, radiopharmaceuticals require a fine-tuned balance between
procedures or controls aimed at ensuring quality, and procedures or controls ensuring
radiation safety and handling.

Marketing authorisation can be granted to completely new agents with novel
approved indications, generic radiopharmaceuticals which are essentially copies of
already approved drugs and pharmaceutically equivalent radiopharmaceuticals, which
have minor differences in formulation from the already approved drug that do not alter
safety and efficacy. The MA approval process is comparatively long, costly and resource
demanding. However, in some circumstances, certain regulatory provisions should be
established that can reduce the burden on MA applicants in order to facilitate patient
access to MA approved radiopharmaceuticals, which are described below.

Local or regional marketing authorisation for generic and pharmaceutically bioequivalent
products

Analogous to all drugs, generic and pharmaceutically bioequivalent radiopharmaceu-
ticals offer several key benefits in regard to improving patients’ access to medicines.
In the context of this guidance, the biggest advantage of implementing the MA regu-
latory pathway for the domestic manufacture of generic and pharmaceutically bio-
equivalent radiopharmaceuticals is that it allows physical patient access to drugs in
certain regions of the world where the drugs manufactured by the respective primary
MA holders cannot be practically delivered. Unlike traditional pharmaceuticals, radi-
opharmaceuticals do not enter the drug distribution chain because of their relatively
short shelf-lives of several hours to several days. Due to these constraints, they must
be supplied directly from the production facility to the authorised end-user, and the
international supply is extremely challenging. Granting local MA for regional produc-
tion and supply addresses these challenges. Another significant advantage of estab-
lishing generic or pharmaceutically bioequivalent local radiopharmaceutical supply is
the significantly reduced cost of having access to these agents. The premise for hav-
ing such a supply is the availability of a proven measure of safety and efficacy for a
specific clinical indication, which ideally exists in the form of previously approved
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MA for the same drug product in other countries. Therefore, repetitive clinical trials
demonstrating clinical safety and efficacy may not be required, thus saving resources
and time and greatly facilitating integration of the agent into standard clinical care at
a reduced cost. Therefore, once implemented, the domestic or regional manufacture
of such radiopharmaceuticals is beneficial to patients by improving access. Lastly,
another potential benefit of establishing domestic production is increasing regional
economic growth, driven by domestic drug manufacturing entities.

Given the unique nature of radiopharmaceuticals, the regulatory mechanisms
applied for the approval of generic radiopharmaceuticals and pharmaceutical equiv-
alents may require several special considerations that, based on appropriate risk
assessment, provide adequate balance between product quality and allowing patient
access to these drugs.

In a first place, the process for granting local MA approvals for domestically pro-
duced radiopharmaceuticals that rely on the prior findings on safety and efficacy of
the referenced drug products should be clearly defined and should be made in con-
sultation with the national and/or regional multidisciplinary professional groups,
including medical doctors who will be responsible for using the drug in patients.

Next, as the field of molecular imaging and radionuclide therapy develops, relevant
regulatory recommendations need to be established.

Lastly, while region-specific MA radiopharmaceutical regulations may be prom-
ulgated by either a division of the regulatory body responsible for regulation of all
medicines in the region or a by a standalone regulatory entity specialising only in the
regulation of radiopharmaceutical production, the considerations that must be taken
into account when generating and implementing the regulations governing access to
MA radiopharmaceutical remain the same.

From the regulatory point of view, the more critical decision to be taken by the
regional regulators is whether the local MA application requires additional clinical
trials. In order to make that determination, the regulators first need to determine
whether the radiopharmaceutical named in the MA application qualifies as either a
true generic (i.e. the final drug product formulation is a duplicate copy of the refer-
enced drug product formulation) or a radiopharmaceutical that could be considered
pharmaceutically bioequivalent (i.e. some differences in inactive ingredients between
the proposed drug product formulation and the referenced drug product formulation
do exist, but these differences are minor and, based on provided scientific evidence,
will not affect the drug’s safety and efficacy when used clinically in an identical man-
ner as the referenced drug).

In the case of reviewing an MA application for generic radiopharmaceuticals, the
regulators should focus on ensuring that the proposed drug product formulation is
qualitatively and quantitatively identical to the referenced drug. In other words, both
drug product formulations should contain the same active ingredient and all of the
inactive ingredients in the same amounts. In addition, the regulators should ensure
that the proposed drug product will have the same clinical indication and will be used
in the clinic in an identical manner to the referenced drug. As long as these require-
ments are satisfied, no additional clinical trials should be required for generic radiop-
harmaceutical MA application approval.
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In case the proposed drug product differs from the reference drug product with
respect to inactive ingredients such as buffers, pH adjusters and antioxidants, it may
still be deemed to be pharmaceutically bioequivalent, not requiring additional clinical
studies for approval. However, pharmaceutical bioequivalence should be demonstrated
by additional suitable non-clinical studies, also known as “pharmaceutical cross bridg-
ing” studies, that may take advantage of existing scientific literature to support the
absence of impact on physicochemical properties from the differences in formulation.
The primary studies need to demonstrate pharmaceutical bioequivalence should be in
the form of conducting chemical bridging experiments and demonstrating that the dif-
ference in inactive ingredients between the proposed drug product and the referenced
product does not alter the physicochemical properties, and therefore the pharmaceutical
equivalence, of the drug. Additional studies, which may or may not be required, include
additional in-vitro studies demonstrating pharmacodynamic equivalence, and/or animal
in-vivo studies demonstrating pharmacologic equivalence. The extent of the required
number and the types of studies should be decided on a case-by-case basis. In particular,
flexibility should be allowed in terms of the types of antioxidants (also known as radio-
protectants, radical scavengers or radio-stabilisers) that may be used in the formulation
for autoradiolysis protection and stabilisations. For example, substitution of radiopro-
tectants with well-known radiopharmaceutical antioxidant properties, such as etha-
nol, gentisic acid, ascorbic acid or a combination thereof, should only require chemical
bridging studies to demonstrate that the physicochemical properties are unchanged and
that the two products are pharmaceutically equivalent. Once the pharmaceutical bio-
equivalence has been established through “cross bridging’, the same principles of relying
on prior findings of safety and efficacy as for generic radiopharmaceuticals apply.

Marketing authorisation with orphan drug designation

Orphan drug designation is granted to MA applications for new, generic or pharmaceu-
tically bioequivalent radiopharmaceuticals intended to treat rare diseases. Due to the
limited patient population, it may be challenging to meet the requirements for full MA,
or companies may have little financial incentive to invest in developing the products or
marketing such products in specific markets. In some jurisdictions, the orphan drug
designation provides the MA applicant incentives such as tax credits, reduced licence
fees, research grants, and extended exclusivity periods to encourage the development
of drugs for rare diseases; the extent of documentation requirements, however, usually
remain unchanged. The orphan drug designation benefits patients with rare diseases
as well, increasing the likelihood that treatments will be developed for their condition.
The regulatory authorities normally decide whether the orphan drug designation may be
granted and may indicate the conditions for which orphan drug designation is applica-
ble. For example, regulators may set a limit on specific disease prevalence which would
need to be met in order to qualify for this designation.

Import authorisations for radiopharmaceuticals with marketing authorisation in other regions
or countries, but are not approved locally

In some cases, the MA holder or manufacturer may not register their products in all
countries due to commercial reasons or small market sizes for specific products,
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especially in less developed regions and countries. Therefore, to ensure patients can still
access known or proven radiopharmaceuticals registered and available in other coun-
tries, there should be a mechanism to facilitate special use permits or authorisation from
the regulatory authority that allows the importation and use of radiopharmaceuticals for
a specific purpose or patient population. This option may require the demonstration of
a clear medical need and provision of information about the safety and efficacy of the
product or registration in other countries. In these cases, the healthcare professional
should ensure proper record-keeping, monitoring and reporting of adverse events to the
regulatory authorities. This mechanism should not be applicable in situations where a
product is locally registered and an available or viable alternative exists.

Marketing authorisation—conclusion

Once established, the MA pathway provides a robust mechanism for patient access to
safe and effective radiopharmaceuticals. However, it is important to consider that in
many regions of the world, MA is not the sole regulatory mechanism that allows the
use of the radiopharmaceuticals as part of standard clinical care. Under certain circum-
stances, specific radiopharmaceuticals may be used to diagnose and treat patients fol-
lowing an alternative licensing pathway that has been established and approved by the
local or regional medicines regulating agencies. The purpose of these alternative path-
ways is to ensure the best possible access of patients to these medicines while maintain-
ing appropriate quality. Some examples of these alternative pathways are provided in the
next section.

Patient access through alternative regulatory pathways

In-house production of radiopharmaceuticals, extemporaneous preparation

Even though for many radiopharmaceuticals MA is the preferred regulatory pathway, its
implementation may be both cost and resource prohibitive under certain circumstances.
Challenges may include limited available regulatory infrastructure and resources for
such implementation in certain regions or countries, as well as limited patient access
to MA approved agents due to very short shelf-life and geographical limitations.
Another challenge is a lack of economic viability for establishing a regional supply of
MA approved radiopharmaceuticals simply due to the small number of patients requir-
ing a certain radiopharmaceutical. Novel approved products in particular are often only
made available in major markets and therefore not available for many years in develop-
ing markets. Under such circumstances, the radiopharmaceutical should be produced
for local use utilizing a practice known as “in-house” production. Filing of a MA for in-
house produced RPs should, therefore, not be required. However, a mechanism must
exist where the local health regulatory authorities must be notified of, or approve of, the
producer’s intent to produce radiopharmaceuticals in-house for patient use.

This application to use “in-house” produced radiopharmaceuticals in patients could
be in the form of a simple document stating that the respective radiopharmaceuti-
cal already has a MA elsewhere, which satisfies the safety and efficacy requirement,
and is of equivalent quality to the referenced drug. Alternatively, the application may
state that use of the radiopharmaceutical is justified based on the fact that it follows the
established pharmacopoeial requirements recognised by local regulators. Moreover, in
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certain cases the use of radiopharmaceuticals may be justified even in the absence of
prior MA or pharmacopoeial monographs—e.g. when the use of a radiopharmaceuti-
cal in a specific patient population is well-established by the local medical community
or when a medical doctor decides to treat a specific patient with a radiopharmaceutical
based on professional judgement. The regulator’s decision to grant approval should be in
consultation with the relevant local medical doctor professional groups, and the use of
the in-house produced radiopharmaceutical in a given patient should be as per request
of the ordering medical doctor (similar to the magistral formulae approach). Communi-
cation mechanisms between the regulators and producers should be established, and the
producers may be subject to periodic audits by the local regulators.

The “in-house” produced radiopharmaceuticals may be produced either within a hos-
pital or a clinic for internal use or within a local production facility to be distributed
to local hospitals or clinics. The overall responsibilities for the production and use in
humans have to be clearly defined, including the responsibilities of the ordering medi-
cal doctor. Currently, the requirements for in-house production of radiopharmaceuticals
vary depending on the regulatory requirements in the country where the production
occurs. In many countries, this process is based on the pharmacy regulations in the
respective jurisdiction and is usually performed under the umbrella of the hospital phar-
macy. In others, hospitals and clinics must have a dedicated license or permit to produce
radiopharmaceuticals and adhere to strict quality and safety standards. Some examples
of specific regulations can be found in a publication of Decristoforo et al. (2017).

Additional advantages of in-house preparation of radiopharmaceuticals
+ DPersonalised patient treatment

One of the main purposes of in-house production of radiopharmaceuticals is to provide
patients with access to customised and timely radiopharmaceuticals for diagnostic and
therapeutic purposes. In-house production of radiopharmaceuticals means that the radi-
opharmaceuticals are produced on-site at a hospital or clinic rather than being outsourced
to a third-party manufacturer. Therefore, in-house production of radiopharmaceuticals
can benefit patients, allowing for greater flexibility and customisation in their treatment.
For example, radiopharmaceuticals can be tailored to the specific needs of individual
patients, such as adjusting the dose or the formulation. This can improve the accuracy
of diagnosis and the effectiveness of treatments, leading to better patient outcomes. This
mechanism has developed as a main pathway to provide patients access to novel radiop-
harmaceuticals over recent years, especially in Europe (Hendrikse et al. 2022).

+ Compassionate use

Another area where in-house compounding may address an unmet clinical need is
in the area of compassionate use of radiopharmaceuticals that are still en route to MA.
Compassionate use, also known as expanded access or pre-approval access, is a pathway
that allows patients with severe or life-threatening conditions to access investigational
drugs, including radiopharmaceuticals, outside of clinical trials when no other diag-
nostic or treatment options are available. The purpose of compassionate use for radi-
opharmaceuticals is to provide access to potentially beneficial treatments for patients
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who have exhausted all other options and are not eligible for clinical trials. This pathway
requires sufficient evidence that the investigational radiopharmaceutical may be effective
to treat or manage the condition, and there are no satisfactory alternative treatments.
The use of radiopharmaceuticals in compassionate use programs is typically guided
by a treatment protocol that outlines the dosing, administration and monitoring proce-
dures. The healthcare provider must follow the protocol and report any deviations to the
producer and regulatory authorities. The main challenging requirement of this pathway
is that the radiopharmaceutical has to be in active evaluation in clinical trials towards
MA, which, for many radiopharmaceuticals with rare indications, is not the case. Addi-
tionally, the proprietary radiopharmaceutical producers may not always be willing to
provide the radiopharmaceutical for compassionate use due to fears that it may nega-
tively impact their clinical trial safety and efficacy data. In-house preparation of such
radiopharmaceuticals for compassionate use addresses these challenges.

+ Addressing MA-approved drug shortages

As has been recently witnessed by the nuclear medicine communities in certain
regions of the world, the availability of the radiopharmaceuticals with MA in a cer-
tain region does not necessarily mean that the authorised producer will be able to
continuously supply the drug to patients. Disruptions in radionuclide supply, logisti-
cal challenges and compliance with regulatory and quality requirements may all lead
to temporary drug shortages from the commercial manufacturers. In those instances,
the in-house producers should be allowed to produce those radiopharmaceuticals for
the duration of the drug shortage in order to deliver these often life-saving medicines
to patients. Similar consideration should also be given when addressing cases of very
low or infrequent demand for MA-approved RPs faced in some countries. This neces-
sitates adoption of the in-house preparation option of such RPs (subject to availability
of an appropriate production facility and other resources), when deemed necessary for
patients by the responsible physician.

Foreseen regulatory challenges associated with new therapeutic radiopharmaceuticals
(e.g. alpha emitters): availability and cost related to regulatory submissions

The development of new therapeutic approaches to human disease with radiopharma-
ceuticals has principally been focused in oncology and where recent pivotal clinical trials
have demonstrated the safety and efficacy of these treatments (e.g. [”/Lu]Lu-DOTA-
TATE in patients with neuroendocrine tumours (NET) and [""Lu]Lu-PSMA ligand in
metastatic castration resistant prostate cancer patients) and (relatively faster) inclusion
in clinical practice guidelines (Bodei et al. 2022). The availability of these new radiop-
harmaceutical therapies is quite variable in different countries, and regulatory approv-
als have been achieved in only a small number of countries to date. This highlights an
important issue of access to and availability of these new therapies and the regulatory
processes for approval, when influenced by the small number of patients eligible for
treatment (e.g. NET patients), formal industry regulatory submissions may not be forth-
coming in most countries. In addition, the relatively high cost of formal regulatory sub-
missions may be a barrier to allowing access to these treatments. To ensure that such
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patients can access these vital radiopharmaceutical therapies, a regulatory approach
which facilitates access of patients to treatment in centres that have the laboratories and
clinical facilities appropriate for production and treatment with such radiopharmaceuti-
cals should be incorporated in the regulatory framework provisions.

The clinical development of radiopharmaceutical therapies which incorporate radionu-
clides that may not be currently used in licenced radiopharmaceuticals (e.g. copper-67,
actinium-225, bismuth-213, lead-212, astatine-211) also warrants due consideration. The
regulatory approaches should consider various aspects specific to each of such emerging
radionuclides, keeping focus on the unmet clinical need of patients for these treatments.
Certain regulatory challenges can be faced for actinium-225 labelled radiopharmaceuti-
cals due to the complex decay chain of this radionuclide as well as due to co-production
of the long-lived actinium-227 in some of the proposed production routes. It would be
helpful to implement a pragmatic regulatory approach in such cases to support effective
implementation of these innovative therapies. In the absence of such guidance, benefits
of emerging radiopharmaceutical therapies to eligible cancer patients may be hampered.

Summary and conclusion

There is a growing demand for utilisation of proven RPs for established and emerging
clinical applications all over the world, including in many mid-to-low-income countries.
Furthermore, recent developments in radiopharmaceuticals promise the emergence of
clinically significant products for diagnosis of different disorders and screening, char-
acterisation and targeted radionuclide therapy for certain cancers. The development of
theranostic approaches using paired radiopharmaceuticals has principally been focused
on in oncology and pivotal clinical trials have demonstrated the safety and efficacy of
such treatments for cancer patients. There are however many associated challenges for
translating such promising developments from bench to clinic and their wider deploy-
ment. Among the many challenges faced, obtaining timely regulatory approvals is a key
requirement. Current pharmaceutical regulation practices in different countries have var-
iable considerations for the distinct characteristics of RPs; in turn, different approaches
are followed towards translation and use of new RP products, and many countries request
guidance in this regard. This position paper is an outcome of a TM organised by the IAEA
comprising a number of experts in the field to find a common understanding about the

main considerations for RP regulations. These main considerations are:

« Various distinct characteristics of RPs and quality considerations based on their
complexity (and nature)

+ Requirements and mechanisms for licensing RPs, taking into account the limited
number of preparations required for certain applications and the need to facilitate
filing requirements to assure access to such RPs

+ Means for ensuring access by domestic or regional supply

+ Communication and a functional interface in regulatory bodies involved in RP regu-
lations, including ways to ensure appropriate qualifications

«+ Specific regulatory requirements for the personnel involved in production, including
those responsible for product release
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+ Appropriate quality assurance systems including GMP to meet the regulatory

requirements

All these considerations for an appropriate regulatory environment for RPs must be
reflected in the existing or the developing pharmaceutical regulatory framework in each
country. It is essential to always consider that the main purpose of the regulations is to
provide patients ease of access to “state-of-the-art” RPs with appropriate quality, safety
and efficacy.

The TM strongly advocated creating an international expert group to provide regu-
latory guidance on RPs for IAEA MS. The IAEA is encouraged to establish, together
with the WHO, such an expert group. Such a group could facilitate for many countries
a common understanding of the requirements and compliance and serve to limit poten-
tial hurdles or challenges due to disparate understanding and expectations among the
stakeholders.
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