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Summary

Radiopharmaceuticals are considered Medicinal Products, thereby they must be prepared and applied within
the regulated area of pharmaceuticals. This includes radionuclides, which have seen extraordinary
advancements in research and development over the last decade in regards to theranostics. The governing
EU directives and regulations, including regulatory guidance, cannot keep pace with this development.
PRISMAP, the European Medical Radionuclide Program, brings together key nuclear research centres and
leading clinical translational research facilities across Europe to provide a sustainable source of high purity
grade new radionuclides for the starting research community. One of PRISMAP’s paramount aims is to
standardise and harmonise research and development activities with novel radionuclides to cope with
pharmaceutical regulatory requirements and provide guidance for clinical translation. The PRISMAP
workshop: “Radionuclide Production to Nuclear Medicine Clinical Applications: Regulatory Standards and
Harmonisation of Quality and Safety”, held in February 2022, provided the basis for this document, which
gives guidance for the early phase clinical research with novel radionuclides. It describes the current
standards and a harmonised view of the European regulatory framework. The document complements the
existing regulatory framework and is not considered legally binding.

Six chapters cover different aspects in radiopharmaceutical development. Each chapter includes dedicated
guidelines and guidance documents from regulatory authorities and professional organisations, as well as
references to scientific publications on the respective topic.

An introduction of PRISMAP and the project scope is followed by a definition of terms and nomenclature for
specification of novel radionuclides within PRISMAP. The following chapter focuses on the production of
radionuclides and implementation of GMP in the radiopharmaceutical development process. It provides
relevant definitions and gives recommendations where GMP compliant processes should be introduced in
the production of novel radionuclides. Guidance for controls of radionuclides including starting materials,
process validation, in-process controls, chemical precursors and production of radiopharmaceuticals are
briefly addressed. The subsequent chapter covers quality specifications and quality control. It includes
details on relevant European Pharmacopoeia texts and guidance for compliance, summarises other
regulatory texts from the EMA and ICH, giving general considerations on specifications and specific guidance
for validation of analytical methods. It provides definitions on drug substance and drug product and
addresses all relevant specific quality criteria for novel radionuclides. The next chapter deals with metrology
and medical physics aspects in clinical translation. The relation to the Basic Safety Standards of the Council
Directive 2013/59/Euratom is described, which includes aspects of therapy planning and dosimetry for novel
radionuclides. Standardisation in relation to traceability is addressed in a dedicated part on Metrology. The
role of Medical Physics in the context of standardisation and harmonisation of the clinical use of novel
radionuclides for imaging equipment, image acquisition, processing parameters, and quality control
implementation of new technologies is summarised.

The final chapter covers Non-Clinical Safety and Pharmacology aspects and provides an overview of the
current guidance documents to assess preclinical dosimetry, toxicity (new EMA guideline specific for
radiopharmaceuticals), and pharmacology of radiopharmaceuticals, which are developed with the aim to be
used in human clinical trials. Recent specific guidance documents on this topic, particularly from the IAEA are
summarised and included.

This guidance document serves as an essential and comprehensive guide for radionuclide producers,
radiopharmaceutical translational scientists, clinical and hospital based radiopharmaceutical development
researchers through the complex jungle of pharmaceutical regulations and guidelines. It provides a
harmonised view to standardise data required for clinical translation of novel radionuclides.
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1. Introduction

1.1 Standardisation and harmonisation within PRISMAP

PRISMAP's main goal is to provide a sustainable source of high purity grade new radionuclides for nuclear
medicine, involving from the onset upcoming major European infrastructures, to provide a single-entry point
for all researchers active in this field including; SMEs, global pharma, nuclear centres, hospitals and
universities, using standardised access procedures. PRISMAP thus strives to create a paradigm shift in the
early phase research on radiopharmaceuticals, targeted drugs for cancer — one of the major diseases in
Europe — theranostics and personalised medicine, shaping the European medical radionuclide landmark as a
gold standard to accelerate the applications of novel radionuclides and the development of novel
radiopharmaceuticals, thereby ultimately leading to better healthcare for the improvement of our citizens’
life.

To reach the final goal of clinical application of emerging medical radionuclides, already at early stages of
development, the pharmaceutical regulatory environment for the translational process from basic research
to clinical application must be considered. Therefore, the PRISMAP consortium had to find consensus
defining common pharmaceutical standards applicable for all production (WP2-TNA2) and translational
research activities (WP3-TNA3) considering the existing quality frameworks such as Good Manufacturing
Practices (GMP), European Pharmacopoeia and Good Laboratory Practices (GLP). This activity led by MUI, is
the main goal of WP4, NA1 “Harmonisation and Standardisation” within PRISMAP. This WP is composed of
radionuclide producers (WP2-TNA2: ARRONAX, CERN, ILL, SCK CEN, NCBJ, PSI, DTU, JRC), translational
research hubs for preclinical and clinical studies (WP3-TNA3: CHUV, TUM, NCBJ, SCK CEN), and KULeuven in
relation to radionuclide metrology and calibration standardisation of clinical equipment.

1.2 Scope of deliverable 4.1

The overall scope of this document is to provide harmonised standards for production of radionuclides and
generation of data in radiopharmaceutical research suitable for clinical translation. In the very initial phase
of the project the potential pathways for clinical translation were discussed and the specific scope clearly
defined. The Pharmaceutical Directive 2001/83 EC, but also pharmaceutical legislation in non-EU members
in Europe, unequivocally defines radiopharmaceuticals as Medicinal Products, independently of the
radionuclide used or the potential application (diagnostic or therapeutic). For final routine clinical use based
on Marketing Authorization of these products clinical trials have to be conducted, which have to follow the
new Clinical Trial Regulation (Regulation (EU) No 536/2014) within the EU. Many recent developments in
radiopharmaceuticals, particularly related to theranostics, were initially clinically applied outside clinical
trials, based on certain national pathways (1) and typically direct preparation of radiopharmaceuticals within
hospitals (2). This document only refers to processes of clinical translation following the Clinical Trials
Regulation or respective legislation in non-EU member-states, as for national pathways often no clear
regulatory framework exists. However, even if the clinical application of novel radiopharmaceuticals may not
necessarily follow this legislation, it should be stressed that the basic principles to ensure the quality and
safety of novel radionuclides and radiopharmaceuticals, described herein, have to be followed independently
of the legal framework applied. This is also true for users outside Europe, where regulatory standards may
be different (3,4). Therefore, this document provides guidance for the whole PRISMAP Consortium and Users
of PRISMAP’s services in the way to accelerate the applications of novel radionuclides and development of
novel radiopharmaceuticals, without impairing quality and safety.
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Clinical Trials Regulation

Content of the IMPD 536/2014

Radiopharmaceutical

CHEMICAL AND PHARMACEUTICAL DATA/QUALITY NON-CLINICAL DATA

2.1.5 DRUG SUBSTANCE PHARMACOLOGY

Precursor
PHARMACOKINETICS

Radionuclide:

General description TOXICOLOGY [Competent Authonty]
Manufacturing process

Control of Materials Ethic’s +
Pharmaceutical evaluation

Radiopharmaceutical

approval

2.1.P DRUG PRODUCT

Clinical Trial
Production, analytical methods, Validation, Stability............

Figure 1. Main content of an Investigational Medicinal Product Dossier (IMPD) with major parameters related to novel
radionuclides (left). Clinical Trial application (CTA) and approval process involving radiopharmaceuticals according to
the Clinical Trials regulation (right, modified from (1))

The application process for a clinical trial in Europe following the new Clinical Trial Regulation (Regulation
(EU) No 536/2014) is outlined in Figure 1. The clinical trial application must include detailed documentation
on the novel radiopharmaceuticals in a so-called Investigational Medicinal Product Dossier (IMPD). The IMPD
structures the information of a Medicinal Product into data related to the chemical and pharmaceutical
quality and to safety and efficacy, in case of a first in-human application mainly non-clinical data. For chemical
and pharmaceutical data a dedicated, recently updated IMPD-guideline from EMA is available. Therefore, in
the process of developing new radiopharmaceuticals it should be considered that data generation either falls
in the category of “quality data” or into “safety and efficacy data”, in some cases they may serve both aims.
Figure 2 outlines the steps in radiopharmaceutical development and to which category the data can be
related to. In general, the pharmaceutical regulatory area defines “quality frameworks” or “good practices”
which should be considered in the clinical translation process.

Medicinal products in general are highly regulated. There are many legal texts and guidelines from different
legal players providing requirements and guidance for the development and evaluation of new drugs.
However, particularly for radiopharmaceuticals, dedicated regulatory guidance is scarce and often general
documents must be interpreted to meet the technical requirements for radionuclides and
radiopharmaceuticals. As a result, the interpretation by pharmaceutical assessors in regulatory authorities is
often a case-by-case scenario. Therefore, absolute guidance and legally based standardisation for novel
radionuclides and radiopharmaceuticals is not possible, and this document can only provide general guidance
and recommendations for users.



https://www.ema.europa.eu/en/human-regulatory/research-development/clinical-trials/clinical-trials-regulation
https://www.ema.europa.eu/en/human-regulatory/research-development/clinical-trials/clinical-trials-regulation
https://www.ema.europa.eu/en/requirements-chemical-pharmaceutical-quality-documentation-concerning-investigational-medicinal
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Figure 2. Pathway in the translation of novel radionuclides (left) requires generation of data related to quality or
safety and efficacy (middle). Data generation must consider different quality frameworks, when it comes to clinical
application, as defined in pharmaceutical regulatory texts, so called “Good Practices”

1.3 Workshop and deliverable Structure

To provide an appropriate interpretation of the current pharmaceutical framework in Europe, WP4 organised
a workshop entitled “Regulatory standards and harmonisation of quality and safety”, which was held as an
online event from February 8t — 10t 2022 with the intent to bring together different experts from regulatory
authorities, radionuclide production, radiopharmaceutical research, industry and professional organisations.
Representatives of regulatory authorities included EMA, EDQM and National Drug Authorities. PRISMAP
members embodied the technical expertise of radionuclide production and radiopharmaceutical research
and were complemented with colleagues from the US and Japan. The industrial perspective of radionuclide
production and radiopharmaceutical development were presented by two members of the PRISMAP
industrial board and professional organisation representatives from the EANM and IAEA provided insight on
their activities related to radiopharmaceutical development and regulatory framework from different
perspectives.

This workshop provided the major input for this deliverable on Standards and Harmonisation of novel

Radionuclides, which is structured in 5 topical domains, partly related to the data requirements from the

regulatory authority perspective (in particular the IMPD format):

= Terms and nomenclature used in specification of PRISMAP radionuclides

®  Quality — Production and GMP

®  Quality — Specifications and quality Control

= Metrology and medical physics for the support of clinical translation of novel radionuclides and
radiopharmaceuticals

®  Non-clinical safety & pharmacology

These topics are covered in the following chapters and provide PRISMAP's guidance for standardisation in
clinical translation of novel radionuclides and radiopharmaceuticals developed thereof. As the focus of
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PRISMAP lies in the application of novel radionuclides, in particular the topics related to quality are focussed
on the radionuclides themselves, as the radiopharmaceuticals developed may have a broad variety of
properties and may fall under very different classes of compounds, which may require a dedicated focus. For
the sake of harmonisation, it is recommended to develop monographs for the individual new radionuclides
in the further course of PRISMAP, which eventually could be adopted by the European Pharmacopoeia.

2. Harmonisation of terms and nomenclature used in specification of
PRISMAP radionuclides

The following statements are the basis to harmonise the terminology used for the radionuclides within the
PRISMAP activities and provide an appropriate nomenclature related to the specific properties of novel
radionuclides.

1) The word “radionuclide” should be used instead of “radioisotope”

2) The term “molar activity” should be used instead of “specific activity”. If deemed helpful, the historical
term “specific activity” can be added in parentheses.

3) Molar activity should be specified on our web site specifications with reference to a time close to time
of shipment. The reference time should be chosen to be equal to the reference time for the activity.

4) For a given batch, the molar activity should be expressed with reference to the time of its determination
and stated in this form on the Certificate of Analysis (CoA).

5) In the web site specifications of our radionuclides (from a given producer facility) can be designated as:
= Non-carrier-added (n.c.a.), or
®  Carrier-added (c.a.), or
= Mass separated

6) Radionuclides can be specified as delivered in solution, in dry form or implanted in a foil.

7) Wherever possible, the above three designations should be stated with the molar activity and its
fractional percentage of the theoretical maximal molar activity.

8) When the radionuclide is delivered in solution, a typical value for the radioactivity concentration can be
stated in the web specifications and the actual value for a given batch on the Certificate of Analysis (CoA).
The nature of the solvent should be stated. The term “specific activity” must not be used to designate
activity concentration.

9) The radionuclidic purity (RNP) should be stated as a number (percentage) and, where possible,
completed with a list of known radionuclidic impurities, together with a numerical expression of the
(maximum) fractional content of each impurity as part of the total activity.

10) The RNP and the impurities should be stated with reference to a time close to time of shipment, equal
to the time when activity and molar activity are specified.

11) For a given batch, the RNP and the known radionuclidic impurities should be stated with the respective
reference time (see point 3) and included in this CoA.

12) In the specifications name the expected chemical form of the radionuclide (stating for example ionic
form and solvent). For mass separated radionuclides, the term “implanted in gold” or equivalent can be
used.

13) A possible fractional chemical speciation (the radiochemical purity of the radionuclide) shall not be
stated.

14) Where possible, important chemical impurities (as for example residual target material or transition
metal impurities) can be stated as either molar concentration or in ppm (or equivalent).

15) The “apparent molar activity” can be included in the specification and on the CoA, but then always with
reference to a specific binding system and set of labelling conditions.
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3. Quality — Production and GMP

3.1 General remarks

This chapter focusses on the aspects related to production of novel radionuclides, regarding Good
Manufacturing Practices (GMP). The production of radiopharmaceuticals themselves and non-radioactive
precursors are only briefly addressed in major aspects related to the PRISMAP goals. The topic of quality and
specifications is covered in a separate chapter, even though it should be stressed that there is a strong link
between quality of a radionuclide and the production process requirements.

3.1.1 GMP requirements for radiopharmaceuticals and clinical trials

In general, the production of routine medicinal products holding a marketing authorization is required to
follow GMP as defined in the Pharmaceutical Directive 2001/83EC. GMP requires a Manufacturing
Authorization, which is granted by a_national competent authority (requirements may differ between
countries). The GMP guidelines for the European Union are outlined in Eudralex Vol.4. These general GMP
guidelines are divided into four parts (3 basic requirements and related documents) and 19 annexes. There
are no specific GMP documents for radionuclides, but a specific annex (Annex 3) for radiopharmaceuticals.
It should be considered that aspects of other annexes and texts may apply. Preclinical studies (in vitro, in
vivo) do not require GMP grade radiopharmaceuticals but GMP in principle is applicable for Investigational
Medicinal Products (IMPs) in clinical trials, which are covered in the Clinical Trials Regulation (EU) No
536/2014. A dedicated Annex 13 in GMP deals with specific requirements in clinical trials, this has come into
effect in January 2022. This new regulation, however, specifically exempts radiopharmaceuticals for
diagnostic applications from the requirements to comply with GMP and manufacturing authorization. As the
new regulation has just come into effect, the consequences of this new legislation cannot be predicted and
may vary in different EU member states. A detailed discussion on the impact of these changes, potential
national differences and relevance for therapeutic radiopharmaceuticals has been published over the last
years (5,6).

This reflects the current situation in many European countries, where radiopharmaceuticals are prepared
locally and used in-house without the requirement for a manufacturing authorization, which is connected
with GMP compliance. This is a strong segment in Nuclear Medicine practice and has been utilised for
widespread use of recently developed radiopharmaceuticals for theranostics, being strongly supported by
EANM (7,8).

To provide harmonisation and specific standards for this radiopharmaceutical preparation dedicated
guidelines have been released by EANM (Guideline on current good radiopharmacy practice (cGRPP) for the
small-scale preparation of radiopharmaceuticals)(9), and by the Pharmaceutical Inspection Co-operation
Scheme (PIC/S) has released a guideline for healthcare establishments with a dedicated annex 3 for
radiopharmaceuticals.. Also the European Pharmacopoeia has published a dedicated chapter on the
Extemporaneous Preparation of Radiopharmaceuticals (10) to address this specific practice, which may also
provide guidance in the use of novel radionuclides within PRISMAP.

More details on these topics can be found in review papers on regulations of radiopharmaceutical practice
in general (11) or on the translation of novel radiopharmaceuticals in the European regulatory environment
(1,12).

3.1.2 Regulatory definitions and radionuclides

Radionuclides used for radiolabelling, such as those provided within PRISMAP may be viewed differently from
a regulatory perspective. The pharmaceutical Directive 2001/83 on page 12, has a definition of a
“radionuclide precursor”, besides the definition of radiopharmaceuticals, radionuclide generators and kits.
This was intended to enable the routine preparation of radiopharmaceuticals by locally combining a
commercially available radionuclide precursor (or a radionuclide from a radionuclide generator) with a kit,
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resulting in the formation of the final radiopharmaceutical ready for administration without requirement of
the framework for pharmaceutical manufacturing. The radionuclide precursor and the kit require a marketing
authorization for this routine practice.

A different situation arises when the radionuclide is used within a more complex preparation process. In such
a case, it may not be defined legally as a radionuclide precursor. It is generally accepted that not all steps in
the production of the radionuclide itself must be covered by GMP. Considerations also have to be made in
the definition of the radionuclide that is produced and if it is considered a finished radiopharmaceutical (drug
product), an Active Pharmaceutical Ingredient (API) or an API starting material.

The definition of these terms can be found below. More on these definitions and their relevance in the
context of novel radionuclides and complex radiopharmaceutical preparations thereof can be found here
(13,14).

Definitions of terms relevant in the production of radionuclides

from Directive 2001/83 EC

®  Radiopharmaceutical: Any medicinal product which, when ready for use, contains one or more
radionuclides (radioactive isotopes) included for a medicinal purpose.

®  Radionuclide generator: Any system incorporating a fixed parent radionuclide from which is produced a
daughter radionuclide which is to be obtained by elution or by any other method and used in a
radiopharmaceutical.

®  Kit: Any preparation to be reconstituted or combined with radionuclides in the final radiopharmaceutical,
usually prior to its administration.

®  Radionuclide precursor: Any other radionuclide produced for the radio-labelling of another substance
prior to administration

Other:

= Drug substance or active substance: Any substance or mixture of substances intended to be used in the
manufacture of a drug (medicinal) product and that, when used in the production of a drug, becomes an
active ingredient of the drug product. Such substances are intended to furnish pharmacological activity
or other direct effect in the diagnosis, cure, mitigation, treatment, or prevention of disease or to affect
the structure and function of the body. From a regulatory perspective a Drug Substance is an API that is
used for manufacturing a Drug Product.

= Active Pharmaceutical Ingredient (API): : An APl is a drug substance in GMP grade. Typical APl are: a GMP
grade purified radionuclide solution, a GMP grade non-radioactive precursor, a labelled molecule in GMP
grade. It is the “regulated” form of an active substance.

= API starting material: Precursor of an APIl. An API starting material does not need to be in GMP grade.
Typical APl starting materials are: the target material, an irradiated target (or implantation foils
implanted at MEDICIS), a purified radionuclide solution, a chemical precursor for radiopharmaceutical
preparation.

®  Drug product (medicinal product): A formulated product manufactured with the combination of drug
substance (APIs) and excipient as applicable.

®  Medical device: see REGULATION (EU) 2017/745 (applicable e.g. for microspheres intended for intra-
arterial therapy)
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3.2 Production of radionuclides

3.2.1 Types and considerations

General routes of manufacturing radionuclides for use in radiopharmaceutical preparations are:

®  Nuclear fission produced radionuclides. Fission always produces a large diversity of radionuclides.
Therefore, radionuclides produced from such a process must be carefully controlled in order to assure
radionuclidic purity.

B Charged particle induced reactions: radionuclides may be produced by irradiating target materials with
charged particles (protons, deuterons, alphas, etc.) in particle accelerators such as cyclotrons. The
desired nuclear reaction will be influenced by the energy of the incident particle, the target thickness
and the radionuclidic composition after irradiation will depend on the duration of irradiation , cool down
time and the isotopic composition and chemical purity of the target material.

= Neutron induced reactions: radionuclides may be produced by irradiating target materials with neutrons
of different energies in nuclear reactors or other neutron sources. The desired nuclear reaction will be
influenced by the energy spectrum of the neutron flux and the radionuclidic composition after irradiation
will also depend on the duration of irradiation and isotopic composition and chemical purity of the target
material.

= Radionuclide generator systems: Radionuclides of short half-life may be produced by means of a
radionuclide generator system involving separation of the daughter radionuclide from a longer-lived
parent by chemical or physical separation.

3.2.2 Introduction of GMP during the production process of a radionuclide

In any production of a Medicinal Product, the quality framework of GMP is introduced at a certain step of
the manufacturing process. For the production of radionuclides, it has been clearly recognized that not all
steps can be covered by GMP. The following Table 1 can be found in the European GMP guidelines Eudralex
vol. 4 annex 3, page 3.

Table 1. GMP coverage in the process of manufacturing of radiopharmaceuticals (from (15))

Type of manufacture Non - GMP * GMP part Il & I (Increasing) including relevant annexes
Radiopharmaceuticals Reactor/Cyclotron | Chemical | Purification | Processing, Aseptic or final
PET Radiopharmaceuticals | Production synthesis |steps formulation and | sterilization
Radioactive Precursors dispensing
Radionuclide Generators Reactor/Cyclotron | Processing

Production

* Target and transfer system from cyclotron to synthesis rig may be considered as the first step of
active substance manufacture.

Notably, Annex 3 differentiates the requirements of these steps for the radionuclide manufacture, which are
directly carried out at a nuclear reactor or cyclotron (which can generally be described as “irradiation”) from
those which are related to the processing of radionuclides. While it is acceptable that “irradiation” is non-
GMP, the processing part should be covered by GMP. Annex 3 states that it is applicable to manufacturing
procedures employed by industrial manufacturers, nuclear centres/Institutes and PET centres for the
production of and quality control for (finished) radiopharmaceuticals, PET radiopharmaceuticals, radioactive
precursors for radiopharmaceuticals production and radionuclide generators. It must be stressed that
radiation protection must remain a priority in all processes. There has been a debate whether the term
industrial manufacturing excludes local, in- house production processes (8), national differences exist in this
interpretation. Also, for mass separation processes and processes combined with mass separation, no
guidelines are available and it remains a matter of interpretation where GMP compliance needs to be
covered but it is evident that mass separation is technologically very similar to cyclotrons, hence a
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classification similar to the latter (i.e. non-GMP) is clearly indicated. PRISMAP intends to be involved in setting
up the standards together with the competent authorities.

Two scenarios can be considered in relation to GMP compliance, depending on the product type:
1) Radionuclide defined as a drug product:

If the radionuclide is regarded as a finished product (a “radionuclide precursor”), then EudraLex Vol. 4 Part |
applies. The steps after radionuclide production (e.g. after leaving the cyclotron or reactor facility) then have
to comply with GMP. This includes the radiochemical separation processes and possibly chemical synthesis
steps involved as well as steps for final formulation and dispensing, and (if applicable) sterilisation. It is
important to note, that the target/ starting materials may not meet full GMP compatibility but should satisfy
certain quality requirements (see chapter 4).

This way is, of course, preferred by regulatory authorities, as there is direct oversight by pharmaceutical
inspectors over the radionuclide production process with GMP compatibility. The Marketing Authorisation
holder of the radionuclide precursor is then also responsible for quality and release by a qualified person and
may not necessarily have to disclose all information of the production process and quality controls to the
user, but may make this accessible for the regulatory authorities only. This pathway certainly is also
mandatory for commercial producers, as in case of routine use marketing authorization as a radionuclide
precursor can be approached, which then allows commercial distribution to any clinical user.

2) The radionuclide is considered as an API:

If the radionuclide is considered as drug substance or API, EudraLex Vol. 4 Part Il on Production of API's
applies. Application of GMP is outlined in Table 2 of this document.

Table 2. GMP coverage in the process of manufacturing of an API (extract from Eudralex Volume 4, part I, page 7)

Type of Application of this Guide to steps (shown in grey) used in this type of
Manufacturing manufacturing
Chemical Production | Introduction | Production of Isolation Physical
Manufacturing | of the API | of the API Intermediate(s) | and processing,
Starting Starting purification | and
Material Material into packaging
|:'jgoc.css

Thereby GMP does not apply for production of the API starting material but applies to all of the following

steps. The process of nuclear transformations is not listed and therefore supports exclusion from GMP

requirements. This allows a producer to provide a radionuclide from a non-fully GMP compliant process to a

producer of a radiopharmaceutical. This entity with a licence to produce radiopharmaceuticals then can

transform the delivered API starting material into an APl by

= defining specifications,

= defining quality control tests (own or contracted to a GLP or GMP-laboratory)

=  and possibly - own processing before it enters the APl manufacturing step.

= Knowledge about potential impurities is required and a risk analysis should be provided by the
producer of the API starting material.

This requires the responsible person producing the radiopharmaceutical to test every incoming batch of a
radionuclide to ensure API quality and holds responsibility for the quality of the radionuclide.

Options of potential declarations as APl versus API starting material (of radionuclides and other materials
required) are summarised in the following Table 3.
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Table 3. Potential options of declaration of the radionuclide and materials used in the preparation as API or API
starting material

API starting material API
Target material Purified radionuclide solution
Irradiated target material Chemical precursor for radiolabelling

(if not removed in the production process)
Radionuclide on solid support (foil) Radiolabelled molecule
(purified) radionuclide solution

Chemical precursor
(removed in the production process)

This process allows the introduction of novel radionuclides into a clinical application from a process that must
be performed in a facility that cannot qualify as a pharmaceutical producer. This is, of course, of utmost
importance within PRISMAP where several production routes (e.g. including mass separation) cannot be
performed under GMP conditions. Such a process has allowed for the introduction of novel radionuclides,
such as Ac-225, into a GMP compliant process for clinical application (16).

In any case, the manufacturer of the final radiopharmaceutical should describe and justify the steps for
manufacturing of the active substance and the final medicinal product, whereby GMP (part | or 1) applies for
the specific process/manufacturing steps, which is clearly stated in Annex 3.

3.2.3 Description of the manufacturing process and process controls

In general, the production process of new radionuclides in PRISMAP should be fully documented and
traceable. Specifications should be provided along with the product. Even if the radionuclide is considered
as an API starting material or intermediate, the radionuclide production process should be fully documented
and transparent. It is recommended to provide a schematic presentation of the radionuclide production
process, an example, how this can be presented is shown in Figure 3.

10


https://ec.europa.eu/health/medicinal-products/eudralex/eudralex-volume-4_de%23part-i---basic-requirements-for-medicinal-products
https://ec.europa.eu/health/system/files/2016-11/2014-08_gmp_part1_0.pdf
https://ec.europa.eu/health/medicinal-products/eudralex/eudralex-volume-4_de%23annexes

84N Elution
9M HCI
(2)

84Cu Elution
0.01M HCI

0.01 M HNO4

64Nij Electroplating

v

Irradiation 13 MeV, 60 pA

J

Target Dissolution
1. Conc. HCL
2. Heating 80°C

Resin (D«

Th target

Irradiation 190 MeV, 90 pA

\

Target Dissolution
7 M HNO;

v

LLE
2 X HDEHP in toluene

Z

DGA Resin

Ac, La, Ce, Nd,
Pm, in 3 M HNO,

TRU resin

|

225Ac

Load Solution (54Cu, ®Ni) in
9M HCI

Conditioned with 9M HCI

|

64Cu solution

(1)

owex 1x8)

54Nj waste

9M HCl (1 and 2)

Deliverable D4.1

Organic phase
accumalation of
223p,

223Ra containing

eluate

Th, Pa, Mo, Ru,

Ce, Cd, Zr, Nb, |

Ra, Ru, Sh, Ba,
Cs, Ag, Te

Figure 3. Schematic presentation of a production process exemplified for a typical Cu-64 manufacturing and Ac-225
wet chemistry. Please note that the actual production process can be technically different, the scheme serves as a

template.

Prismap

11



Deliverable D4.1

The activity with calibration time should be provided together with the batch formulation, radionuclidic
purity, and radiochemical purity, if technically possible. The molar activity (specific activity) and apparent
molar activity (if relevant for the intended use) are also recommended to state. A more detailed summary of
requirements can be found in (17), specifications are addressed in more detail in chapter 4.

The producer of a radionuclide as an API starting material should provide a risk analysis about the potential

impurities in the API starting material. Examples of an advantageous settings for external irradiation

processes minimising risks are summarised below:

B the target is a closed system of inert materials (filled quartz ampoule)

®  The target enclosure (e.g. quartz ampoule) is cleaned, filled and closed by the radionuclide
manufacturer within a well monitored and documented process

= the target filling material is well characterised (enrichment, impurities, stability)

= the target is irradiated under well-defined conditions

The nuclear reactions, as well as, some possible undesired nuclear reactions should be described and the
irradiation conditions should be given (MA/CHMP/QWP/545525/2017 Rev. 2). The further downstream part
of the manufacturing process will comply with GMP requirements, Eudralex Vol. 4 part Il and Annex 3.
Additional tests such as bacterial endotoxins and sterility tests become mandatory. For APl as pharmaceutical
grade products also the requirements for primary packaging (primary packaging refers to the materials that
make direct physical contact with your product) are regulated and specifically addressed in the
pharmacopoeia. Based on the Ph. Eur. monographs about *’Lu and *°Y (Ph. Eur. monographs No.1798 and
2803), the radionuclides produced as APl should be submitted with the following controls: pH, radionuclide
identification, chemical impurities, radionuclidic purity, radiochemical purity, bacterial endotoxins, and
sterility, which will be addressed in the following chapter 4.

3.2.4 Controls of critical steps and intermediates

In case of critical steps in the synthesis, tests and acceptance criteria for their control should be briefly
summarised (EMA/CHMP/QWP/545525/2017 recommendations for investigational medicinal products,
IMPs in clinical trials). The process controls can e.g. include radiation monitoring of a process, activity probes
in modules, filter testing etc. In general, all the steps of the production procedure should be traceable. For
reactor targets, a possible external contamination of the quartz ampoules should be considered. This can be
dealt with either by a dedicated washing process or via the subsequent chemical separation and QC
respectively. The selection of controls should then be discussed in a risk assessment.

3.2.5 Control of starting materials (target material)

The target material should be as pure as necessary to avoid the production of unwanted radioactive
impurities or deviations in the mass-separation process, especially long-lived radionuclides and radionuclides
posing dosimetry problems in the final radionuclide product. Purification of the target material prior to
preparing the target may be necessary. As an example (for no-carrier-added processes), an enriched element
used as target material may be contaminated with a small amount of an undesirable nuclide of the same
element or another element, which will remain in the target and/or can be activated by the nuclear reaction.
If the resulting nuclide belongs to the same element as the radionuclide to be produced this will dramatically
lower the molar activity (specific activity) of the produced radionuclide since the radioactive and non-
radioactive isotopes of the same element cannot be chemically separated during the purification steps. The
enrichment of the target material will need to be specified, along with the proposed radionuclidic
contaminants post irradiation/chemical separation. Likewise, the typical thick target composition for mass
separated isotopes, which may affect the mass separation process, should be stated.

It would be prudent to control the target material in use by recording its batch/lot number, have a record of
its Certificate of Analysis and, if possible, to create an in-house batch/target number as well an expiration
date.
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3.2.6 Process Validation

Before including data on the radionuclide production for IMPD submission, the production of a radionuclide
should be verified in technical batches. For process validation, in general, the three consecutive batches
produced should include: batch records, all the critical steps, the analytical methods (validated or Ph.Eur.
compliant), sterility and stability studies. More details on general issues related to process validation
involving radiopharmaceuticals can be found in a recent EANM guideline (18).

3.2.7 Batch formula

The batch formula of a radionuclide should contain all components (including excipients) and quantities,
including e.g. concentration (activity and volume), radionuclidic purity, chemical impurities.

3.3 Chemical precursor and production of radiopharmaceuticals

3.3.1 Chemical precursors for clinical trials

There are two types of radiopharmaceutical precursors [4]. A radionuclide precursor is a radionuclide
produced for radiolabelling of another substance prior to administration as outlined above. Chemical
precursors (for radiopharmaceutical preparations) are “non-radioactive substances obtained by chemical
synthesis for combination with a radionuclide” as defined in a general monograph of the European
Pharmacopoeia (N02902), whereas this term is not defined in the pharmaceutical directive or related legal
texts.

In likeness to radionuclides as API or API starting material, if the chemical precursor is considered as an API,
it must be produced under GMP, therefore final quality control requirements may be reduced. In the case
where the chemical precursor, which is not bound to the radionuclide, is removed in the radiopharmaceutical
preparation process (e.g. by HPLC separation), the chemical precursor may be considered as an API starting
material. Thereby, this API starting material may be used in non-GMP quality, however it then requires basic
testing to ensure the identity and purity of the final radiolabelled molecule (the API) in the drug product.

3.3.2 Production of radiopharmaceuticals from novel radionuclides

A radiopharmaceutical intended for use in clinical trials is expected to comply with GMP. As outlined at the
beginning the new Clinical Trials Regulation (EU) No 536/2014, national legislation may exempt diagnostic
radiopharmaceuticals used in clinical trials from the GMP requirements. However, in some countries this has
the consequence that for the starting materials more quality assurance measures are needed. Both the
radionuclide precursor and chemical precursor, may be requested in GMP quality, which can be challenging
with respect to some novel PRISMAP radionuclides.

Therefore, GMP compliant processes should be foreseen when using novel PRISMAP radionuclides. GMP
compliance is facilitated by implementing automated processes, although this is not mandatory. EANM
issued a specific guideline for good practices involving automated modules (19). Automation should thereby
be considered early on in the development of radiopharmaceuticals from novel radionuclides and can be
derived from existing, well-established processes and methods (e.g. (20)), in particular when considering
radiometals. Examples of automated GMP compliant processes involving PRISMAP radionuclides have been
reported e.g. for Ac-225 (21).

3.4 Guidelines

®  Directive 2001/83/EC of the European Parliament and of the Council of 6 November 2001 on the
Community code relating to medicinal products for human use. EUR-Lex - 32001L0083 - EN - EUR-Lex

geuroga.eu)

= Eudralex Vol. 4 Part |, Basic Requirements for Medicinal Products: EudraLex - Volume 4 (europa.eu)
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B Eudralex Vol. 4 part Il, Basic Requirements for Active Substances used as Starting EudralLex - Volume 4

geuroga.eu)

= Eudralex Vol. 4 annex 1, Manufacture of Sterile Medicinal products: 2008 11 25 gmp-anl.doc
(europa.eu)

®  Eudralex Vol. 4 annex 3, Manufacture of Radiopharmaceuticals 2008 11 25 gmp-anl.doc (europa.eu)

®  Eudralex Volume 4, annex 13, Detailed Commission guideline of 8 December 2017 on the good
manufacturing practice for investigational medicinal products pursuant to the second paragraph of the
Article 63(1) of Regulation (EU) No 536/2014 guideline adopted 1 en act partl v3 0.pdf (europa.eu)

B Requirements to the chemical and pharmaceutical quality documentation concerning investigational
medicinal products in clinical trials- EMA/CHMP/QWP/545525/2017 Rev. 2 Requirements to the
chemical and pharmaceutical quality documentation concerning investigational medicinal products in
clinical trials | European Medicines Agency (europa.eu)

®  European Pharmacopoeia, monograph No 2902: Chemical Precursors for radiopharmaceutical
preparations.

= European Pharmacopoeia, monograph No 0125: Radiopharmaceutical Preparations.

= Guideline on the requirements to the chemical and pharmaceutical quality documentation concerning
investigational medicinal products in clinical trials EMA/CHMP/QWP/545525/2017 Rev. 2

®  EANM- Guideline on current good radiopharmacy practice (cGRPP) for the small-scale preparation of
radiopharmaceuticals
European Pharmacopoeia, Extemporaneous Preparation of Radiopharmaceuticals

®  Pharmaceutical Inspection Co-operation Scheme (PIC/S), PIC/S GUIDE TO GOOD PRACTICES FOR THE
PREPARATION OF MEDICINAL PRODUCTS IN HEALTHCARE ESTABLISHMENTS

4. Quality — specifications and quality control

4.1 General remarks

4.1.1 Regulatory overview

As outlined above, radiopharmaceuticals are medicinal products, the regulatory view on these products is
rather complex. One major reason lies in the fact that the Active Pharmaceutical Ingredient (API) is not
available isolated on the shelf but only exists in the formulated product (drug product), i.e. in solution and in
minute quantities. Therefore, the closest available precursor, which is isolated in the process, is often
considered, and in a regulatory perspective, handled as an API. This is then usually the radionuclide
(radionuclide precursor) and the chemical precursor (e.g. peptide with chelator).

Applications for market authorization or clinical trials, require a product dossier, which has to include the
quality description of the drug substance (API) and drug product and it should follow the template provided
by ICH / Common Technical Document (CTD), a dedicated guideline laying down the specific requirements
for IMPs. The radionuclide and chemical precursor are documented in section 3.2.S (drug substance part),
one document for each. The product itself is described in the section 3.2.P.

The focus of this chapter is on the specifications and quality control of radionuclide precursors. Specifications
and quality control of radiopharmaceutical preparations are also considered when the quality of the
preparation is directly impacted by the quality of the radionuclide precursor.

4.1.2 Pharmacopoeia and radiopharmaceuticals

In the pharmaceutical regulatory environment, the Pharmacopoeia serves as the reference for quality control
of medicines. In Europe the European Pharmacopoeia (Ph.Eur.) provides official standards that are legally
binding in European Countries, not only the EU, but e.g. also Switzerland and Norway. Other compendial
standards exist, such as the International Pharmacopoeia or the US-Pharmacopoeia (USP), but are in general
less relevant for radiopharmaceuticals and in particular will not be covered within PRISMAP.
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Quality of radionuclides for pharmaceutical preparations (i.e. radioactive precursors) should be in
compliance with relevant texts from Ph.Eur.

Relevant texts in Ph.Eur are not only monographs on specific products, but also general monographs and
chapters. Even if certain parameters are not mentioned in a specific monograph, they still may be applicable
when included in a general text. This e.g. may be the case for Endotoxins, if the product is intended for
parenteral application. The product must then be tested for endotoxins even if it is not specifically mentioned
in the monograph. There are many interrelations, which are described in the “General Notices” of Ph.Eur. It
also should be stressed that not all texts are legally binding, this is e.g. true for general chapters, which only
become legally binding when cited in a monograph. Also, not all texts within a monograph are binding, e.g.
whereas the section on “production” is a requirement (i.e. one can only comply with a monograph when a
certain production pathway is followed), the section on “characters” is only descriptive and not binding.

Compliance with Ph.Eur. is also only valid if the product is prepared within “the framework of a suitable
quality system”, which is typically GMP, but may also be another suitable quality assurance system (see also
Chapter 3).

Table 4 gives an overview of the types of texts and examples for the context of radiopharmaceuticals.

Table 4. Types of Texts in the European Pharmacopoeia

Text Example Number Legally Content
Binding
General notices 10000 Yes General rules for interpretation of the

texts of the European Pharmacopoeia

Specific Lutetium (*”7Lu) Solution for 2798 yes Monograph of a radionuclide
monographs radiolabelling precursor

Specific Gallium (%8Ga) PSMA-11 3044 yes Monograph of a finished
monographs injection radiopharmaceutical

Specific Tetra-O-acetyl-Mannose 2294 yes Monograph of a chemical precursor
monographs triflate for radiopharmaceutical for radiopharmaceutical preparations

preparations

General Radiopharmaceutical 0125 yes General requirements for all
monographs Preparations radiopharmaceuticals (of a given class)
General Chemical Precursors for 2902 yes General requirements for all products
monographs radiopharmaceutical (of a given class)
preparations
General Liquid Chromatography 20229 (No) Description of HPLC, as the chapter is
chapters typically cited when an HPLC method
is described it becomes legally binding
General texts Extemporaneous Preparation 51900 No Standards of preparation of
of Radiopharmaceuticals radiopharmaceuticals of unlicensed
products

In any case, the quality control and definition of specification of novel radionuclides within PRISMAP should
follow the scope of existing specific monographs on radionuclides for radiolabelling, general monographs
and chapters as applicable and try to achieve Ph.Eur. compliance.

Conditions to achieve Pharmacopoeial compliance for radionuclides
®  Qualified/validated processes
® |n order to set quality standards for radionuclides, the irradiation/purification process should be
qualified/validated
®  Cyclotron/reactor/ mass separation:
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B Quality of target material and target material holder should be assessed and documented.
® |rradiation (mass-separation if applied) parameters should be defined

= Purification process:
®  Purification process should be qualified/validated.

= All validation and production processes should be documented

For the small-scale production of radiopharmaceutical preparations there is the Pharm. Eur general chapter
5.19. EXTEMPORANEQUS PREPARATION OF RADIOPHARMACEUTICALS. In this text a specific chapter 3-1.
deals with the PRODUCTION OF RADIONUCLIDES, that describes the elements that need to be evaluated
regarding the efficiency of the production in terms of quality and quantity of the radionuclide produced.

When there is a specific monograph on the Ph.Eur. for a substance/preparation, the monograph is mandatory
(both for regulators and for applicants) provided the applicant justifies that the monograph is suitable to
control that preparation. All the tests prescribed in a monograph for an active substance or for a finished
product should be conducted on a routine basis; periodic testing or skipping of testing has only been
authorised in exceptional cases based on sound justifications and suitable experimental development data
(Quality by design). The same applies to specifications of active substances and finished products
(irrespectively of who conducts the tests). Tests may be performed after the release of the product; this is
typically specified in a monograph. If in-house methods are used, they must be validated.

4.1.3 Other regulatory documents related to specifications and quality control

Additionally, to Ph.Eur., other guidelines related to quality should be taken into account.

The ICH provides a series of ICH-Quality guidelines including topics like stability, impurities or analytical
procedure development. A dedicated guideline deals with specifications for new drug substances and drug
products (ICH Q6A).

An important guideline in the context of quality control and specifications is the Guideline on
radiopharmaceuticals from EMA. It provides information based on the structure of the CTD. It is primarily
intended as a guidance, which information should be provided for marketing authorization application of
radiopharmaceuticals. It is also a useful reference in the clinical development, providing some guidance on
specifications, stability testing and controls for radioactive products. However, very little information is
provided for radionuclides. In radiopharmaceuticals, the active ingredient finally administered to the patient
is a radiolabelled substance (L-X*) that is present in minute amounts and that cannot be isolated and fully
characterised and controlled as a pure substance. It is tested in the finished product (identity, purity and
assay) but the level of assurance achieved with this testing is lower than in conventional medicinal products.
To ascertain the quality of the radiolabelled active substance in the product finally administered to the
patient it is the strategy to go back in the process to the closest ‘precursors’ of the radiolabelled active
ingredient that can be isolated, characterised and tested: the ligand L and the radionuclide precursor A-X*.
These are also the subject of specific Modules 3.2.S on the Drug Substance of the dossier.

Quality Guidelines (e.g. ICH) and recommendations from IAEA and EANM should also be considered,
depending on the scale of manufacture (e.g. industrial or hospital) and their scope of application (e.g. clinical
trial or compassionate use). IAEA provided a number of publications on specific topics in relation to
production and quality control, e.g. outcomes of coordinated research projects on Cu-64 or reports from
dedicated meetings (e.g. on Actinium-225), but also more general guidelines on Quality Control of
radiopharmaceuticals (22). IAEA also cooperates with WHO on developing quality guidelines for
radiopharmaceuticals within the International Pharmacopoeia.

The most important guideline from EANM in this respect is detailed in the next chapter on validation.

4.1.4 Validation of analytical methods

Analytical methods for quality control should be validated to demonstrate that they are suitable for their
intended purpose. In Europe analytical methods must be validated in early phase clinical trials, which may
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not be required in other countries, such as the US. Only methods described in the Pharmacopoeia do not
need to be validated, if they are suitable to control the particular material.

Validation of analytical methods is generally described for the pharmaceutical application in

(ICH Q2(R1) HARMONISED TRIPARTITE GUIDELINE VALIDATION OF ANALYTICAL PROCEDURES). Due to the
specifics of radiopharmaceuticals and the analytical tests involved, EDQM and EANM developed specific
guidance for the validation of analytical methods for radiopharmaceuticals (23) in a concerted effort,
elucidating the topic specifically for radioactive materials and preparations. It is an important source to plan
the validation of specific tests involving radioactivity. Table 5 provides an extract from this document
specifying the need for validation in dependence on the type of analytical method applied.

For the specific instrumentation required for pharmaceutical quality control of radiopharmaceuticals another
valuable resource is the Ph. Eur. Monograph 20266 on DETECTION AND MEASUREMENT OF RADIOACTIVITY.

Table 5. Validation of analytical methods for radiopharmaceuticals (from (23))

Type of analytical Radioactivi Radionucl Radionucli Radiochemi Radionucl Radionucli Radiochemical

procedure ty Content ide de identity calidentity idic purity dic purity purity*
(assay) identity  (spectrome (HPLC/TLC/ (limit test) (spectrom (HPLC/TLC/PC)
(approx. try) PC) etry after
T%) decay)

Characteristics
Accuracy ¥ = & ¥ + + +

Precision + + - - - (+) (+)
(repeatability)

Intermediary

precision

Specificity + + + + + + +
Detection limit - - - - + - -
Quantification limit - - - - - + +
Linearity + + - = - + +
Range + + - - - + +

* - radioenantiomeric purity measurements should be validated analogously

(+) - not always possible (e.g. short half-life, see text)

Furthermore, revalidation may be necessary in the following circumstances:
= changes in the synthesis of the drug substance;

= changes in the composition of the finished product;

= changes in the analytical procedure;

The degree of revalidation required depends on the nature of the changes. Certain other changes may
require validation as well.

4.1.5 Considerations regarding specifications

It is important to remember:

®  Quality and specifications alone do not mean anything if not related to safety and efficacy and that
quality is more than specifications.

=  Explain in a transparent and clear way what you have done and what you are proposing. Justify your
decisions/proposals in light of provisions of legal and regulatory requirements and on sound scientific
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grounds and always provide relevant supporting experimental results, in-house results or published
results

General principles and considerations

Specification should guarantee the safety for patients at the time of administration and ensure
reproducibility and consistency of the production process

It should be stressed that specifications alone do not mean anything if they are not related to safety and
efficacy. It must not necessarily be specified what is technically achievable and it must be transparent to
the end-users. Routes of preparation will also influence specifications and methods.

For radionuclides specifications also ensure appropriate labelling results and must be compatible with
the requirements for the user, but also have to consider the needs of the producer for long product shelf
life and efficient production.

Except individual monographs for specific solutions for radiolabelling or radiopharmaceutical
preparations, regulatory references do not provide specific requirements. Instead, they state which type
of tests should be addressed and some general principles for the justification of proposed limits.
Specifications must generally include tests for appearance, identity, assay (content or potency) and
purity. Specifications for radiopharmaceuticals additionally include: radionuclidic identity and purity,
radiochemical identity and purity and, where required, molar activity (specific activity).

The justification of the specific tests conducted, the impurities limited, and the proposed limits must be
made on safety and efficacy grounds and considering the batch results of representative batches
manufactured by the proposed method at the proposed site(s) used in pre-clinical and clinical batches
and in the validation of the process.

For Investigational medicinal products the same general principles apply, but the information to be
provided should include risk aspects considering the nature of the product, the state of
development/clinical phase, patient population, nature and severity of the illness. Available information
on comparable products is valuable as supporting information.

Radiochemical and radionuclidic purity

Radiochemical and radionuclidic purity must be justified on what is known on potential and actual
impurities considering the manufacturing process. Available biodistribution data and associated
dosimetry risks of these impurities must be considered in the risk assessment.

If no specific risks are identified and if supported by batch data, RCP above 95% and RNP above 99.9%
have usually been considered acceptable.

Radionuclidic purities between 99.0 and 99.9% could need data and a detailed discussion on the identity
of unwanted radionuclides and their impact on dosimetry (biodistribution data could be required).
Radiochemical purities between 90 and 95% can be acceptable if supported by preclinical studies with
such batches. Information on the identity of impurities could be asked for. In addition, sometimes,
references to other authorised products can be useful if it is justified that the risk is comparable.

Metallic impurities in radionuclide precursors

Chemical toxicity of metallic impurities is not expected in most cases (but a brief justification is always
valuable and should take into account the ICH Q3D(R1) (Guideline for elemental impurities)).

Not all ligands are equally sensitive to metal interferences. Considering that the preparation is foreseen
to radiolabel several different ligands a conservative approach should be taken to consider all metals
that are described in the literature as interfering and set limits for those that could be potentially present
considering the quality of raw materials and the purification processes. Alternatively, the determination
of the apparent molar activity (AMA) could be implemented (see below)

During pharmaceutical development it is expected that the applicant demonstrates the efficiency for
radiolabelling representative ligands (and, if available, authorised kits). Apparent Molar Activity (AMA)
can provide this information on radiolabelling and additionally can serve as surrogate of testing for metal
impurities.
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4.2 Quality control and specifications of Radionuclides

4.2.1 Identification (2 tests)

The radionuclide of interest should be declared as well as the daughter radionuclides (if applicable); in certain
circumstances time of separation of the radionuclides should be declared for the sake of quality control and
accuracy of activity measurement.

The radionuclide is generally identified by its half-life or by the nature and energy of its radiation or by both
as stated in the monograph. Radionuclidic identity needs to be established - e.g. by y or B ray spectrometry.

The radionuclide identity test should be performed after appropriate dilution to avoid dead time losses using
an ionisation chamber, a Geiger-Miiller counter, a scintillation counter or a semiconductor detector. The
activity must be sufficiently high to allow detection during several estimated half-lives. The measured half-
life should not deviate by more than 5% from the half-life stated in the individual monograph. For the
determination of the apparent half-life, which is done before release of the product a deviation of about 10%
is typically acceptable.

If needed, the oxidation state as well as the counterion may need to be identified, in particular if it is stated
in the name of the product or if it potentially impacts radiolabelling.

4.2.2 Radioactivity

The Ph.Eur gives the following definitions in Monograph No 0125 Radiopharmaceutical preparations:

= Radioactivity: generally, the term ‘radioactivity’ is used both to describe the phenomenon of
radioactive decay and to express the physical quantity of this phenomenon. The radioactivity of a
preparation is the number of nuclear disintegrations or transformations per unit time. In the
International System (SI), radioactivity is expressed in becquerel (Bg), which is 1 nuclear transformation
per second. Absolute radioactivity measurements require a specialised laboratory but identification of
radioactivity and quantitative measurement of radioactivity can be carried out relatively by comparing
the measured samples with standardised preparations provided by laboratories recognised by the
competent authority or by using a calibrated instrument.

In terms of pharmacopoeial compliance the radioactivity in a preparation (radionuclide or

radiopharmaceutical), must be stated at a specific time, i.e. the activity reference time (ART). It needs to be

ensured that the deviation of the actual activity over the stated radioactivity does not exceed 10%. In

particular cases, e.g. therapeutic applications, tighter limits could be foreseen, but may be limited by the

accuracy of the measurements.

4.2.3 Molar activity (specific activity)

Molar activity is defined as the activity (in Bqg) of the radionuclide of interest per mol of element of this
radionuclide present in a preparation. Here all isotopes (stable or radioactive) of this given element are
summed. Historically the term “specific activity” was more common which refers to the activity (in Bq) of the
radionuclide of interest per gram of element of this radionuclide present in a preparation. In theory a “carrier-
free” radionuclide, i.e. without admixture of other isotopes of the same element has the theoretical molar
activity of a pure radionuclide). When it decays by decay modes that change the proton number (i.e. electron
capture, beta or alpha decay) the daughter nuclide belongs to a different chemical element and the molar
activity is not affected by the decay, only the activity, activity concentration and molar concentration
decrease over time. However, in practice perfect “carrier-free” radionuclides are rare and a certain decrease
of molar activity over time may be observed. If a molar activity (specific activity) is guaranteed this should
apply until end of shelf life, or the time clearly be specified when it is applicable.

4.2.4 Radionuclidic purity

= The co-produced radionuclides contained in the final product must be declared
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= Radionuclidic purity limits must be set, a typical target radionuclidic purity 99.9%. However,
radionuclidic purity limits must be related to radiation dose of impurity, the acceptable additional
radiation dose due to the impurity must be justified on a case-by-case basis and may be dependent on
the application. In certain cases, the limit is set to ensure that not more than 10% additional radiation
dose to the patient results from the impurity.

= The specification of a radionuclidic purity should be valid from the time of release and until the end of
shelf life. The producers of the radiopharmaceuticals labelled with the radionuclides must ensure that
the limits are met until the end of shelf life of their product.

4.2.5 Radiochemical purity

Radiochemical purity (RCP) of a radionuclide is that percentage of the stated radionuclide that is present in
the stated chemical form. As radiochemical purity may change with time, mainly because of radiation
decomposition, the result of the radiochemical purity test should be stated at a given date and time. The
radiochemical purity limit must be valid at the time of the labelling process. In certain cases, the specification
of RCP of the radionuclide is not useful and should be omitted. E.g., radiolanthanides supplied in strongly
acidic media will always be in the form of the 3+ ion and determination of pH in these cases also ensures
RCP.

4.2.6 pH

The pH is a parameter that needs to be known as it can influence the stability and/or the labelling properties
of the radioisotope. In certain cases, pH also supports the identity and purity of the radionuclide (see above).
In many cases determination using pH paper is preferred over electrodes for radiation safety consideration,
this is also foreseen in many Ph.Eur.monographs.

4.2.7 Metals and metallic impurities
Current Ph. Eur. monographs provide a list of individual metals, each specified with a limit.

E.g. In the monograph on 68Ga, limits are set for Zn and Fe contained in 68Ga-chloride solutions for
radiolabelling. The specified elements are selected based on potential impurities (column material/HCI).
Limits are often set based on analytical capabilities, not on actual interference with the labelling, which limits
the validity of these tests.

Radiopharmaceuticals are exempted from general elemental impurity requirements. However, if there is a
toxicological concern of a specific metal, a limit should be set.

There are certain drawbacks of the determination of individual metals and specifying them:

®  Not all chelators have the same affinity for these metals, therefore it is difficult to select metals and to
define limits

= The cumulative effect of the different metals is not considered.

4.2.8 Apparent Molar Activity (AMA)

An AMA test assesses the effects of all metals on the labelling with a given chelator. If the radiometal solution
contains metallic impurities interfering with the radiolabelling by competing for ligand chelating sites, an
increased amount of ligand is necessary for complexation of the radiometal. In such a case, the chelation
curve would be shifted to the right and a greater quantity of ligand would be required for an equivalent
percentage of complexation. This therefore overcomes some disadvantages of the determination of
individual metals.

For more technical detail see: Annex 1 of IAEA-TECDOC-1863 Gallium-68 Cyclotron Production
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Proposed method:

At a given chelator/ligand concentration and activity of the radiometal, a minimum percentage of labelling
is specified. The chelator must be specified, preferably a ligand sensitive to other metallic impurities

Note: the method is under evaluation in the expert group on Radiopharmaceuticals of the EDQM/European
Pharmacopoeia and used within a comparative evaluation of PRISMAP radionuclides. PRISMAP will continue
to work towards defining where an AMA test is useful to replace or complement determination of individual
metals for the novel radionuclides in the project.

4.2.9 Chemical purity

Besides metallic impurities other chemical impurities may have to be considered. Such impurities will depend
on the nature of the production process, e.g. using certain solvents in the purification steps or additives in
production steps that are of toxicological concern. The pharmacopoeia provides guidance, e.g. with providing
limits for residual solvents. In case limits of certain chemical impurities are not described, the limit of an
impurity has to be specified in a risk-based approach, taking into account the toxicological profile.

Note: If during validation studies it has been shown that these are consistently much lower than the
Pharmacopoeial requirements, testing may be skipped (possibly subject to approval of the competent
authorities)

4.2.10 Sterility (Ph.Eur.)

A radioisotope for labelling may need to be sterile. In case sterilisation is not mandatory, control of bioburden
should be in place.

Radionuclides MUST be sterile in case of parenteral application if:
®  No downstream sterilisation takes place (one-pot chemistry/kit)
= Long shelf life, to prevent microbial proliferation and formation of endotoxins before use

Such radionuclide solutions are sterilised by a suitable method (see Ph.Eur. 5.8 Methods of sterilisation).

4.2.11 Endotoxins (Ph.Eur.)

= The radionuclide for labelling must be tested for endotoxins if no further purification takes place - the
limit must allow for endotoxin contribution of other sources (e.g., kits, cassettes)
®  Test may be performed post release only in case t% < 90 minutes

4.3 Radiopharmaceutical (drug product)

Quality considerations of radiopharmaceuticals from novel radionuclides are no different from established
radiopharmaceuticals. Specifications for radionuclidic purity should be valid throughout the shelf life of the
radionuclide solution which then becomes also the maximum shelf life of the product.

Validation of analytical methods for new radiopharmaceuticals recently has come into focus and has been
requested by authorities. Several reports can be found in recent literature (24—29), that also serves as a
good example for development and validations of analytical methods to be applied within PRISMAP.

4.4 Starting materials for radionuclide production

4.4.1 Target materials

The composition and purity of the target material, the nature and energy of the incident particle and the
duration of irradiation and decay after irradiation will determine the relative percentages of the principal
radionuclide and other potential radionuclides (radionuclidic impurities) and thus ultimately the radionuclidic
purity. For very short-lived radionuclides including the ones present in most positron emission tomography
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tracers (PET) the determination of the chemical state and purity of radionuclide before patient use is difficult.
Therefore, before clinical use of these radionuclides, extensive validations and strict operational conditions
are essential. Strict control of the range of specified quantity and quality are essential. Any subsequent
change in operational conditions should be re-validated. Each batch of target material must be tested and
validated in special production runs before its use in routine radionuclide production and manufacture of the
preparation, to ensure that under specified conditions, the target yields a radionuclide in the desired quantity
and quality.

It is important to stress, that the ultimate radionuclidic purity and molar activity (specific activity) can be
impacted by isotopic and chemical impurities of the starting material. However, often the exact relationship
between initial impurity and final effect on the produced radionuclide is not necessarily straightforward. It
may depend on irradiation conditions (energy spectra, target thickness, duration of irradiation, duration of
decay before chemical processing, etc.). In the interest of “robustness of the supply chain” an over-
specification of target material properties in regulatory documents should be avoided, else supply issues by
a single supplier or irradiator that is capable to match these requirements might put into jeopardy the entire
supply chain. Instead of listing exact specifications of qualities that happen to be commercially available
today it is generally preferable to provide minimum requirements (higher than, less than) with sufficient
margin with respect to presently used qualities. Ultimately it may be better to defer some characteristics to
the QC step of the radionuclide rather than specifying the target material.

4.5 Relevant guidelines

= Pharmacopoeial guidelines:
= European Pharmacopoeia (Ph. Eur.) 10th Edition: Monographs, chapters, general texts
The International Pharmacopoeia (Ph. Int.) - Radiopharmaceuticals
= |CH guidelines ICH Official web site : ICH
®  |CH/Common Technical Document (CTD)
®  |CH-Quality Guidelines
= |CH Q6A SPECIFICATIONS: Test procedures and acceptance criteria for new drug substances and new
drug products: chemical substances
= |CH Q3D(R1) (Guideline for elemental impurities)
®  |CH Q2(R1) Harmonized tripartive guideline validation of analytical procedures
=  EMA guidelines:
®  Guideline on radiopharmaceuticals from EMA
®  Guideline on the requirements to the chemical and pharmaceutical quality documentation
concerning investigational medicinal products in clinical trials
=  Professional organisations:
® |AEA Radioisotopes and Radiopharmaceuticals Reports Copper-64 Radiopharmaceuticals;
Production, Quality Control and Clinical Applications
= |AEA-TECDOC-1863 Gallium-68 Cyclotron Production
EANM guideline on the validation of analytical methods for radiopharmaceuticals (2020)

5. Metrology and medical physics for the support of clinical translation
of novel radionuclides and radiopharmaceutical

5.1 Introduction

5.1.1 Requirements of medical physics during radiopharmaceutical development

The development of a radiopharmaceutical goes through many phases. First, this kind of research and
development is not possible without a sustainable supply of medical radionuclides. Second, there are many
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development phases and stakeholders, such as authorities, regulators, suppliers, policies, quality assurance
procedures and GMP or safety aspects. Third, a personalised treatment approach and the use of dosimetry
techniques contributes to the optimization process of radionuclide therapy, enhanced patient management
and the evaluation determination of the patient response. The series of operations that investigate the
application of a new radiopharmaceutical, is known as the preclinical and clinical analysis of the activity
distribution in vivo, and dosimetry workflow (30). The steps that build up this dosimetry workflow, are

1) the calibration of equipment,

2) performing image acquisitions and activity uptake determination in living organisms,

3) applying data correction and image reconstruction techniques,

4) performing (multimodal) image registration and segmentation,

5) performing time-activity-curve (TAC) analysis and cumulated activity assessment,

6) and calculation of the absorbed dose.

The metrology and medical physics communities are providing improved solutions and better support to
complete dosimetry workflow, which is crucial in bringing radionuclide therapy applications to the clinic
However, the challenges in the field are huge, such as the application of quantitative imaging, internal
dosimetry methods, the development and clinical use of therapy planning software, calibration of
radionuclide calibrators and medical imaging equipment, and the installation of advanced quality assurance
and quality control procedures. One should as well apply an optimization strategy, as outlined in the Council
Directive 2013/59/Euratom of the European Commission.

Given the evolution in the field, we are convinced that the involvement of metrology and medical physics
will be an important contribution to the overall process of standardisation and harmonisation. Therefore, it
is of no coincidence that the European Commission proposed an action plan to help with the treatment and
care of cancer in Europe. This plan is called the Strategic Agenda for Medical lonising Radiation Applications
(SAMIRA) (31). The goals of the action plans are to ensure that the diagnostic and therapeutic use of ionising
radiation are in line with the highest standards, and important: synergies between disciplines are to be found!

5.1.2 Radionuclide therapy planning

Over the past decades, nuclear medicine has evolved considerably, with a growing interest in the field of
theranostics, and with the introduction and application of novel radionuclides for radionuclide therapy (32).
This evolution has brought an increased awareness that, with these novel radionuclides, and with the
development of new techniques and procedures, this field is progressing towards a more advanced and
sophisticated radiotherapy setting. In that context, the experiences that were built up in the past, particularly
in the field of external beam radiotherapy and brachytherapy, have shown that performing such an advanced
therapy requires a much higher level of multidisciplinary support and organisation along the translational
pathway and in the clinical application. For nuclear medicine, this means that at any step along the pathway,
and from the production through to the application of radionuclides in vivo, traceability and accurate
determination of radioactivity will be necessary for investigating the relationship between the radiation-
absorbed dose to tissue and the related biological effects. The recommendation to optimise the relationship
between tumour control probability and potential complications in normal organs and tissues was explicitly
stated by the International Commission on Radiological Protection in Publication 140 (33). It is essential for
this optimisation to quantify the radiation dose to both tumours and normal tissues. Multidisciplinary
cooperation between all involved areas of expertise towards standardisation and harmonisation in this
domain will be crucial for the study of the dose-effect relationships, and for further development of
radionuclide therapy in general.

5.1.3 Individual dosimetry requirements

In the context of medical exposures, radionuclide therapy should be patient-specific and optimised with prior
treatment planning. This optimization has been formalised in Council Directive 2013/59/Euratom of the
European Commission, which outlines the international Basic Safety Standards for protection against the
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dangers arising from exposures to ionising radiation. Article 56 of this Council Directive requires that “...
exposures of target volumes shall be individually planned, and their delivery appropriately verified taking into
account that doses to non-target volumes and tissues shall be as low as reasonably achievable and consistent
with the intended radiotherapeutic purpose of the exposure ...”. The optimization that is described in art. 56
of the EU Directive is unconditional, clear, and in practice will have a direct effect to the hospitals that are
providing radionuclide therapy to patients (34). Unfortunately, a European survey in 2015 showed that to
increase the implementation of individual dose planning and post-treatment verification in nuclear medicine
applications much needs to be addressed(35). Therefore, the challenges that lay ahead will require a more
systemic involvement of medical physics experts, as concluded in the report form a scientific seminar held in
2019 by the European Commission with a Group of Experts referred to by the Euratom Treaty (36). The
involvement of medical physic should occur much earlier in the translational pathway, and preferably from
the onset of the development of these novel radiopharmaceuticals.

The EANM recently published a position paper on Article 56 of the Council Directive and recommended three
levels for optimization and prescription of radionuclide therapy that should comply with the EU Directive
(37). The 3 levels are based on the prescription and reporting levels of absorbed doses in radiotherapy as
defined by the International Commission on Radiation Units and Measurements (ICRU).

The levels are:

= Level 1: activity-based prescription and patient-averaged dosimetry

= Level 2: activity-based prescription and patient-specific dosimetry

= Level 3: dosimetry-guided patient-specific prescription and verification

Level 1 should be the minimum requirement, and without that, therapy should not be performed. It is
important to guarantee that the appropriate activity is administered for optimized treatment. The EANM
emphasises the importance of metrology support in the context of radionuclide therapy. In ICRU Report 96,
the commission has progressed further on these levels of prescription, recording, and reporting, and
establishment of standardised terminology and nomenclature (38). Recent publications by international
authority organisations in radiation protection, such as the ICRP and the ICRU, illustrate the progression that
is being made towards advanced radionuclide therapy planning.

5.2 Metrology aspects

5.2.1 Standardization of measurements

Metrology is the domain of expertise that can provide standards, for the measurement of radioactivity and
radiation in the field of nuclear medicine. A primary standard in metrology is one that is sufficiently accurate
that it is not calibrated by, or subordinate to another standard. The primary and secondary derived
standardisations achieved by national metrology institutes (NMls) are necessary stepping stones for scientific
development of nuclear medicine. These standards are internationally compared and verified. They ensure
a global harmonisation and equivalency in their use. The importance of international standardisation
comparisons has been demonstrated by revisions of standardisations related to commonly used diagnostic
and therapeutic radionuclides (39,40). These standards are foundations, and the implications for science,
healthcare and economy can be immense when they are being questioned.
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Figure 4. The involvement of metrology in different steps of development and clinical translation of
radiopharmaceuticals

5.2.2 Accuracy of equipment

The research performed at NMIs and nuclear physics research laboratories provide physical parameters, such
as the half-life, or the branching ratio of a radionuclide for a particular decay mode. It is important that the
most recent findings for these physical parameters, and their achieved accuracy, are applied in a consistent
manner throughout the field. It is unfortunate that differences are observed in the used branching ratio or
half-life of some radionuclides in medical imaging equipment. The manufacturers that are involved in the
development of medical imaging equipment and associated software should apply the most up-to-date
nuclear data or allow for updates or adjustments when this information becomes available. If not, at least
detailed information about the implemented physical parameters should be provided to the end-user
community. Traceability of the activity to a primary or secondary standard and correct use of physical
quantities are crucial for the development of novel radionuclides in nuclear medicine, and they are very
important for the calibration of all the measurement equipment used in preclinical and clinical studies. It is
recommended that good communication exists between manufacturers and customers, and that there is
sufficient openness during the purchase, the intrinsic use of equipment, and the after sales service. It is also
recommended to update nuclear data much faster, especially for novel radionuclides. Working groups
dedicated to the application of radionuclide therapy would therefore be very useful at the level of the
standardisation organisations, such as the International Organisation for Standardisation (ISO), the
International Electrotechnical Commission (IEC), the National Electrical Manufacturers Association (NEMA),
and the Bureau International des Poids et Mesures (BIPM).

5.2.3 Traceability from preclinical to clinical applications

Preclinical studies are usually exploratory and investigate the very first use of a novel radionuclide in cells,
tissue slices or a living organism. At this stage of the translational pathway, aspects of metrology are mostly
absent, and NMls are rarely involved. Traceability becomes even more important when performing multi-
centre clinical studies, which are usually carried out across different countries around the globe. The use of
a common standard is the only way of ensuring that the collected data can be combined in a useful manner.
The clinical study or trial design should include details and practical implementation strategies for the use of
a common standard before the onset of the study. Preclinical investigations and clinical trials should be
performed with equipment that has been calibrated. During this early phase of development, experience
with techniques and equipment should be built up, so that later use in routine clinical environments is
correctly performed and traceable in an equivalent manner.
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Applying end-to-end metrology, from the production and supply up to the point of dosimetry, will ensure the
highest standards in the field, as mentioned by the SAMIRA action plans. Setting up a primary standard is not
cheap, and it is probably the main reason why NMlIs have rarely been involved at the start of a novel
radiopharmaceutical development. However, it is encouraging to see that this is changing, and
radiopharmaceutical research and industry is realising that it should start metrology and all aspects of
traceability much earlier in the process. After all, a systematic miscalibration of the equipment or activity
should be avoided and could be very detrimental for all subsequent applications (41). Suppliers should
provide details about the calibration of the activity, the influence of the shape and material of the used vials
or syringes, the exact time-of-separation for parent-progeny radionuclides, etc. (42,43). Traceability is a
regulatory issue, but unfortunately, it is usually not a regulatory requirement in most European countries.
The use of comparison exercises and (inter)national metrology campaigns for radionuclide calibrators, and
the equipment that depends on it, should be part of a good practice strategy (44,45). In that way, NMls can
provide essential services to the broad field of nuclear medicine.

5.2.4 Accuracy in diagnostics vs. therapeutic applications

It is generally accepted that the use of ionising radiation for therapeutic applications should be governed
with much more caution than for diagnostic applications (46). The reasons are of course the stochastic and
deterministic effects that are expected with diagnostic and therapeutic applications, respectively, and the
evidence showing the benefit of individual planning of radionuclide therapy (47).

Authorities have often aimed for a regulatory framework in which a certain accuracy must be achieved. For
example, with a maximum allowed deviation of 10% between the prescribed and administered activity, which
is the recommendation for reporting at Level 1 by the ICRU (38), which is in line with the pharmaceutical
requirements in the European Pharmacopoeia for the declared activity. It is however far from clear whether
this accuracy is achieved in clinical routine (41). More research is needed to assess this part of the
translational pathway.

5.3 Maedical physics support

5.3.1 Standardisation and harmonisation of the use of nuclear medicine imaging equipment

Nuclear medicine imaging equipment, such as gamma cameras, SPECT, PET, and derived hybrid imaging
modalities have become sophisticated devices. These devices usually consist of advanced radiation detector
technology that is designed to detect emitted or transmitted radiation as efficiently as possible. The acquired
data are typically stored in a digital format, and subsequent data processing and image visualisation
techniques are applied. Modalities that allow for tomography require additional challenges, such as data
correction and image reconstruction techniques. In the end, the modalities provide 3D image representations
of the spatial or spatiotemporal distribution of the activity that is measured in vivo. This equipment is
continuously evolving with the advancement of science and technology. Specific knowledge about the
operation and behaviour of these state-of-the-art devices is crucial for the investigation of novel
radionuclides that usually come with non-default practice or settings.

There is much room for standardisation and harmonisation of the use of nuclear medicine imaging
equipment supplied by different vendors in the field. The instrumentation requires careful installation,
thorough acceptance testing and use of a continuous quality assurance program. The devices also require
proper (cross) calibration and verification of the implemented system settings within the context of the
metrology framework that was addressed in previous sections. Calibration of the measurement system
should be performed with a traceability to primary or secondary standards. Only then, a more reliable use of
the equipment can make sure that the obtained data of clinical trials are comparable in a useful manner. For
these kind of specific tasks with the nuclear medicine imaging or measurement equipment, nuclear medicine
services should have the availability of a sufficiently large support group of medical physicists.
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5.3.2 The role of the Medical Physicist

Medical physics is the healthcare profession that applies the knowledge and methodologies of physics to all
aspects of medicine related to the diagnosis, treatment, and rehabilitation of human disease. The European
Federation of Organisations for Medical Physics (EFOMP) helps with the harmonisation and the professional,
clinical, and scientific advancement of medical physics. In cooperation with the EANM, and other
associations, the EFOMP has been extremely helpful with the training of medical physicists for the application
of radionuclide therapy.

The involvement and commitment of medical physicists is mostly found in the hospital environment. Medical
physicists usually focus on acceptance testing, quality assurance and quality control of the equipment, device
management, problem solving, technology and risk assessment, advanced image processing, software
development, performing dosimetry measurements and calculations for diagnostic and therapeutic
procedures, education of healthcare professionals and trainees, and innovation. Medical physicists are well
trained to bridge between different fields of science. They are very useful for the implementation of
principles from physics, engineering, mathematics, and statistics, into clinical applications in medicine,
(radio) pharmacy, biomedical and healthcare sciences. In the roadmap of clinical applications, it is therefore
recommended to broaden the involvement of medical physicists during the early phases of translational
research with novel radionuclides for radionuclide therapy. An appropriate medical physics support group
also requires the involvement of other supporting disciplines, such as service engineers, computer scientists,
and medical imaging and laboratory technologists.

5.3.3 Guidance from professional organisations

The nuclear medicine and medical physics communities have already contributed a considerable number of
publications to the field, such as standard operating procedures, guidelines and recommendations related to
acceptance testing and routine quality control of nuclear medicine instrumentation, the use of internal
dosimetry methods, and the education and training of medical physicists in nuclear medicine. During the last
decade, two joint research projects (MetroMRT and MRTDosimetry), driven by the European Association of
National Metrology Institutes (EURAMET), have focused on the advancement of medical physics and
metrology techniques, and implementation of dosimetry for radionuclide therapy.

5.3.4 Equipment setup

The workflow for measurements and calculations in radionuclide therapy is very extensive. To begin with,
the correct instrumentation and equipment, accepted by a medical physics expert, should be in place. From
a metrology perspective, quantitative measurements should be traceable, and the use of proper physical
guantities based on the latest knowledge that is available in the field. This means that all radionuclide
calibrators or activity metres that are used in the production, supply, research, clinical or preclinical
environment should be properly calibrated. Independently, whether these devices are used for diagnostic or
therapeutic applications, it should be known how accurate and traceable the determined activity is. These
devices are the basis for use in phantom measurements, or for the administration of activity in small animals,
as well as in patients. It is known that measurements with radionuclide calibrators are more reliable and
more accurate when the characteristics, composition, and geometry of the recipient, source volume, and
possible use of copper filters are considered for the used radionuclide (48). It is also clear that the accurate
determination of activity is very important in the overall picture of nuclear medicine applications. It usually
has a direct impact on all further steps, such as system calibration, image quantification, dosimetry, and the
derived dose-effect relationships.

Besides radionuclide calibrators, other medical radiological imaging equipment is involved. Before these
devices are used in a preclinical or clinical environment, they should go through a thorough acceptance
testing program, and their performance should be investigated and verified with respect to the nationally
required, or internationally recommended acceptability criteria (49,50). The calibration, fine-tuning and
settings of medical imaging equipment, such as SPECT/CT or PET/CT cameras, are extremely important for
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their (pre)clinical use, but also for all related clinical research. The acquisition and reconstruction parameter
settings can influence the image quality considerably. Therefore, clinical trials that want to use the acquired
data for quantification or dosimetry in the approval phase of new radiopharmaceuticals, are preceded by an
extensive performance or quality analysis program. Such an assessment might even lead to the adjustment
of the used equipment settings for a particular aim of the clinical study or trial. For that purpose, medical
physicists assess the system performance by means of quality control measures or image quality phantom
measurements. These technical investigations of the involved equipment, which can be equipment specific
and very detailed, can take a considerable amount of work and time, and is often not seen as an important
part of the preparatory process. This work should of course not slow down the progress of research with the
novel radionuclides. For that reason, it is very important that these investigations, and build-up of
experience, should commence as early as possible in the translational pathway, and in parallel with the
radiopharmaceutical development, to speed up the process.

5.3.5 Quantitative Imaging with novel radionuclides

There is a growing interest in quantitative imaging, which means that the obtained image data can be
quantified in relation to the administered activity and the in vivo observed activity distribution. The
guantitative information that is added to the image is of course very helpful for the application and
improvement of pharmacokinetic analysis and internal radiation dosimetry workflow. The EANM strives for
the harmonisation of quantitative imaging techniques by means of research initiatives, such as the EARL
accreditation in PET/CT (51). These accreditation efforts for PET/CT imaging have been shown to be
indispensable for the use of quantitative information in multi-centre clinical trials. Efforts are underway to
extend the EARL approach to other applications in PET/CT, and to prepare for a similar approach in SPECT/CT.
The latter is very important since many of the novel radionuclides allow for the use of SPECT/CT imaging.

Some radionuclides that recently found application in the field have complex decay schemes and commercial
imaging solutions have been shown to be inadequate for qualitative and quantitative imaging. The different
types of emitted radiation in these radionuclides brings considerable detection challenges and the
requirement for advanced data correction techniques. Nevertheless, some recent and successful studies
have shown that clinical imaging protocols and quantitative imaging can be achieved for some promising
radionuclides, like Ra-223, Ac-225, and Th-227 (52,53). For that, advanced image correction and specific
reconstruction techniques have been developed and evaluated with clinical examples. In the context of the
MRTDosimetry project, the feasibility of equipment calibration, and acquisition protocol harmonisation for
quantitative Lu-177 SPECT-CT was achieved and demonstrated in the field by means of (inter)national
comparison exercises (54).

5.3.6 Image acquisition and processing

Image processing methods and data correction techniques might come with a high computational burden
that can only be addressed with dedicated computational infrastructures that require specific
implementation and support. Fortunately, fast graphics processing unit or GPU-based Monte-Carlo
techniques have been shown to improve Lu-177 imaging (55). Recently, efforts have led to the establishment
of clinical SPECT/CT protocols for Th-161 as well (56). However, raw acquisition data that is exported for
offline processing using research tools, can bring extra challenges that are the result of the medical device
regulation (MDR; EU Regulation 2017/745 for medical devices). Software that is clinically used for medical
imaging research, can be considered a medical device, and therefore should go through a rigorous safety and
performance assessment and might require quality assurance, commissioning, clinical validation, risk
analysis, and surveillance.

It is important for the field to standardise the way medical images are being acquired or exchanged in
between imaging systems. Therefore, the Digital Imaging and Communications in Medicine (DICOM)
standard, also known as ISO standard 12052:2017, is the establishment of several agreements between
manufacturers, and it is very important in clinical practice. The unambiguous use of time references for
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acquired or reconstructed data, is an example of harmonisation over system design and development in
nuclear medicine. The use of clear time signatures is essential for nuclear medicine imaging data, since decay
correction, is dependent upon this, and it is part of the image quantification process, and most certainly for
short half-life radionuclides. The use of novel imaging techniques, such as quantitative SPECT/CT, will require
further application and development of this DICOM standard.

5.3.7 New technology

Technological improvements have allowed for a miniaturisation of nuclear medicine imaging equipment.
Dedicated SPECT, PET, and derived hybrid imaging modalities for small animals have revolutionised the
domain of biomedical research and allow for rapid development of novel radiopharmaceuticals that can be
analysed using small animals. Nowadays, dedicated preclinical facilities and small animal research
laboratories have emerged and work in close cooperation with pharmaceutical research fields and industry.
The dedicated preclinical instrumentation and research equipment is sometimes more open to customization
or adjustment of specific device settings, compared to clinical devices. Good cooperation with the device
manufacturer enhances insights and allows for a quicker response to technological challenges. In fact, just
being able to adjust specific parameters or system settings can be an advantage in a rapidly evolving domain,
like radiopharmaceutical research. It is also important to involve medical physics experts with these devices,
so they can tailor equipment calibration and usage with the clinical counterparts.

Many clinical devices, on the other hand, are limited or not open to the adjustment of system parameters,
and extraction of the acquired data in a raw supported format is not always possible, or even allowed.
Information is usually proprietary which makes the use of these devices for clinical research difficult,
especially when specific fine-tuning for the application of novel radionuclides is required. Good cooperation
with the manufacturers will be necessary for future challenges in radionuclide therapy applications. There
are some important manufacturing challenges to address, such as the compensation for high count-rate
measurements during therapy, the influence of dead-time effects at the detector level, and the consistent
use of nuclear data and physical quantities.

On the other hand, in conventional nuclear medicine, solid-state based detector technology, such as
cadmiume-zinc-telluride or CZT detectors, is revolutionising medical imaging equipment (57). Together with
innovative detector configurations, we expect that these devices will solve some of the challenges that were
mentioned above, such as high count-rate imaging during therapy (58). Some of these detectors also have
better energy resolution, which might be favourable for the application of data correction techniques, such
as scatter correction, and usefulness for image quantification.

5.3.8 Quality control

The calibration of nuclear medicine instrumentation also brings the need for periodic verification, which is
the purpose of quality control. All systems that have been calibrated at a certain moment in time, can
gradually or abruptly show signs of deviation or drift, and thus require verification of the calibration status
at regular intervals. The frequency of the quality control tests depends on the type of device or the purpose
of the application. A medical physicist should be involved to set up this continuous process of quality
assurance.

Quality assurance procedures might require a higher level of sophistication with the introduction of new
medical imaging equipment, radiation detection instrumentation, and the use of novel radionuclides. The
assessment of radionuclide impurities might not only be necessary for pharmaceutical quality assurance of
radiopharmaceutical products, but also to influence the calibration of imaging equipment and be of
importance for internal radiation dosimetry calculations. A more systematic involvement of gamma ray
spectrometry, that of course should be supported by a quality assurance framework as well, could be
essential for the long-term assessment of the stability of the calibration of equipment, such as radionuclide
calibrators, SPECT, and PET cameras.
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5.3.9 Image processing and dosimetry

The next step in the dosimetry workflow is to apply image processing to the acquired imaging data. For that,
standardisation of the different parts of the workflow might be very useful. First, it might be necessary to
spatially align or register the images that were acquired at different time points, from different imaging
modalities, for image fusion and comparison analysis, or to assess the uptake of activity in the same location
over time. During processing, regions can be defined for which image segmentation or delineation of
structures can be helpful. Nowadays, automated deformable image registration techniques exist, and
dedicated image segmentation methods based on artificial intelligence are useful software tools for lesion
or organ delineation in the context of radionuclide therapy planning (59). Advanced treatment planning
systems make use of structure sets that define regions-of-interest, and which allow for the computation of
quantifiable image intensities, such as activity concentration, or the volume and shape of delineated
structures. Using the DICOM standard, these structures can be exchanged between different morphological
and functional imaging data sets.

The committee on Medical Internal Radiation Dose (MIRD) of the Society of Nuclear Medicine and Molecular
Imaging (SNMM ) proposed a general scheme or formalism for the calculation of the absorbed dose from the
observed activity in indicated regions. The source and target regions in the MIRD formalism can be defined
at different levels, such as the cellular, voxel, (sub)organ, or even at the level of the whole body. Given the
activity distribution derived from images, the absorbed dose can also be determined using local energy
deposition methods, point-dose kernel convolution techniques, or by means of full Monte Carlo based
radiation transport calculations (60). Software programs for radionuclide therapy planning have evolved
from in-house developed research tools, to very advanced and CE marked solutions that are commercially
available (61-63).

Non-imaging data, such as sampled activity concentrations at different time points in blood, urine, or faeces,
can also be helpful for the purpose of internal dosimetry calculations. Usually, a gamma counter is used to
measure the activity concentration in these samples. As mentioned before, gamma counters should be
calibrated and verified, and they be included in the metrology framework supporting radionuclide therapy
planning, so that results can be expressed in traceable quantities of activity. Gamma counters can help with
the assessment of the long-term stability of equipment cross-calibrations (64). Gamma ray spectrometry
might be an indispensable technique to support the translation of novel radionuclides for radionuclide
therapy.

The EANM dosimetry committee provided a guidance document for good practice in clinical dosimetry
reporting (65). Advanced data and image processing software will require commissioning and validation
before use in the clinical environment. Moreover, all software and other tools that are used for calculation
and reporting will require thorough assessment of traceability as mentioned in the context of the end-to-end
metrology, and the uncertainty of the calculations should be analysed and reported with the results (66).

Currently, there is not a clear guideline on which radiation dosimetry approach is required for radionuclide
therapies, whether for (pre)clinical trials, or for clinical application (67). An extensive dosimetry assessment
that would include the acquisition of quantitative imaging over many time points, can require a lot of
resources and equipment time. Together with the personnel cost, this time can be expensive in a busy clinical
environment. For each nuclear medicine department, it might take quite some planning to merge the
dosimetry workflow for radionuclide therapy with the other ongoing clinical work. Indeed, the healthcare
infrastructure might pose a key challenge in the implementation of radionuclide therapy dosimetry (68).
Increased equipment and the need for dedicated staffing are difficult to justify in the absence of assured
reimbursement, which emphasises the need for dosimetry. Sufficient dosimetry data from preclinical and
early clinical trials, and personalised treatment planning should be a necessary requirement for obtaining a
marketing authorisation for new radiopharmaceuticals. The principle of optimization requires that toxicity is
expressed in terms of activity and absorbed dose to target volumes and organs-at-risk. Some of the novel
radionuclides, for example those that have a prevalent Auger cascade, have the potential to localise to the
cell nucleus and bind to the DNA. This special case for low-LET radiation, but also the introduction of alpha
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emitters, might need special attention and considerable effort in the translation pathway of these
radiopharmaceuticals.

6. Conclusion

The involvement of metrology and medical physics is of crucial importance for the overall process of
standardisation and harmonisation along the translational pathway of novel radiopharmaceuticals for
therapy. Below, we list some relevant guidelines for the calibration and quality assurance of equipment, and
the application of dosimetry.

6.1 Relevant Guidelines

6.1.1 Calibration and quality assurance of equipment

Protocol for establishing and maintaining the calibration of medical radionuclide calibrators and their
quality control. Measurement Good Practice Guide No. 93. Gadd R, Baker M, Nijran KS, Owens S, Thomas
W, Woods MJ, et al. Teddington: National Physical Laboratory; 2006.
https://www.npl.co.uk/gpgs/maintaining-the-calibration-medical-radionuclide

Criteria for acceptability of medical radiological equipment used in diagnostic radiology, nuclear
medicine and radiotherapy. European Commission, Directorate-General for Energy, (2013). Publications
Office. https://data.europa.eu/doi/10.2768/22561

AAPM Report No. 181 — The Selection, Use, Calibration, and Quality Assurance of Radionuclide
Calibrators Used in Nuclear Medicine (2012)

AAPM Report No. 126 — PET/CT Acceptance Testing and Quality Assurance (2019)

AAPM Report No. 177 — Acceptance Testing and Annual Physics Survey Recommendations for Gamma
Camera, SPECT, and SPECT/CT Systems (2019)

Acceptance testing for nuclear medicine instrumentation. Busemann Sokole, E., Ptachcinska, A., Britten,
A. et al. EurJ Nucl Med Mol Imaging 37, 672—681 (2010). https://doi.org/10.1007/s00259-009-1348-x
Routine quality control recommendations for nuclear medicine instrumentation. On behalf of the EANM
Physics Committee:., Busemann Sokole, E., Ptachcinska, A. et al. Eur J Nucl Med Mol Imaging 37, 662—
671 (2010). https://doi.org/10.1007/s00259-009-1347-y

EANM Technologist’s Guide: Quality Control of Nuclear Medicine Instrumentation and Protocol
Standardisation. Camoni, Luca & Rep, Sebastijan & Santos, Andrea & Attard, Marie. (2017).

European Commission. Medical Device Regulation (MDR). Regulation (EU) 2017/745 of the European
Parliament and of the Council of 5 April 2017 on medical devices, amending Directive 2001/83/EC,
Regulation (EC) No 178/2002 and Regulation (EC) No 1223/2009 and repealing Council Directives
90/385/EEC and 93/42/EEC. https://eur-lex.europa.eu/eli/reg/2017/745/2020-04-24

6.1.2 Dosimetry for radionuclide therapy

Council of the European Union. European Council Directive 2013/59/Euratom on basic safety standards
for protection against the dangers arising from exposure to ionising radiation and repealing Directives
89/618/Euratom, 90/641/Euratom, 96/29/Euratom, 97/43/Euratom and 2003/122/Euratom. Official
Journal of the EU. 2014;L13:1-73. https://eur-lex.europa.eu/eli/dir/2013/59/0j

ICRU REPORT 96, Dosimetry-Guided Radiopharmaceutical Therapy. Journal of the ICRU, Sgouros, G.,
Bolch, W. E., Chiti, A., Dewaraja, Y. K., Emfietzoglou, D., Hobbs, R. F., Konijnenberg, M., Sjogreen-Gleisner,
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= EANM Dosimetry Committee guidance document: good practice of clinical dosimetry reporting.
Lassmann, M., Chiesa, C., Flux, G. et al. Eur J Nucl Med Mol Imaging 38, 192-200 (2011).
https://doi.org/10.1007/s00259-010-1549-3

= EANM Dosimetry Committee guidelines for bone marrow and whole-body dosimetry. Hindorf, C.,
Glatting, G., Chiesa, C. et al. Eur J Nucl Med Mol Imaging 37, 1238-1250 (2010).
https://doi.org/10.1007/s00259-010-1422-4

=  EANM practical guidance on uncertainty analysis for molecular radiotherapy absorbed dose calculations.
Gear, J.I.,, Cox, M.G., Gustafsson, J. et al. Eur J Nucl Med Mol Imaging 45, 2456-2474 (2018).
https://doi.org/10.1007/s00259-018-4136-7

®  Bolch WE, Eckerman KF, Sgouros G, Thomas SR. MIRD pamphlet No. 21: a generalized schema for
radiopharmaceutical dosimetry--standardization of nomenclature. J Nucl Med. 2009 Mar;50(3):477-84.
doi: 10.2967/jnumed.108.056036. PMID: 19258258.

®  Sgouros, G., Roeske, J. C., McDevitt, M. R., Palm, S., Allen, B. J., Fisher, D. R., Brill, A. B., Song, H., Howell,
R. W., Akabani, G., SNM MIRD Committee, Bolch, W. E., Brill, A. B., Fisher, D. R., Howell, R. W., Meredith,
R. F., Sgouros, G., Wessels, B. W., & Zanzonico, P. B. (2010). MIRD Pamphlet No. 22 (abridged):
radiobiology and dosimetry of alpha-particle emitters for targeted radionuclide therapy. Journal of
nuclear medicine : official publication, Society of Nuclear Medicine, 51(2), 311-328.
https://doi.org/10.2967/jnumed.108.058651

=  Dewaraja, Y. K, Frey, E. C., Sgouros, G., Brill, A. B., Roberson, P., Zanzonico, P. B., & Ljungberg, M. (2012).
MIRD pamphlet No. 23: quantitative SPECT for patient-specific 3-dimensional dosimetry in internal
radionuclide therapy. Journal of nuclear medicine : official publication, Society of Nuclear Medicine,
53(8), 1310-1325. https://doi.org/10.2967/jnumed.111.100123

7. Non-clinical safety & pharmacology

7.1 General remarks

7.1.1 Radiopharmaceuticals and non-clinical studies

In order to proceed from preclinical development to clinical application, besides the need to define and
ensure the chemical and pharmaceutical quality of a new radiopharmaceutical in the context of PRISMAP's
novel radionuclides, it is essential to establish data to predict its behaviour in the human body by appropriate
preclinical tests. Such “non-clinical studies” include investigations on pharmacology and toxicology and
should establish a safety and efficacy profile of a new radiopharmaceutical. The type of data expected for
radiopharmaceuticals are outlined in Figure 5.

In European Directive 2001/83/EC, the annex | appreciates that toxicity of a radiopharmaceutical may be
associated to its radiation dose. In diagnosis, this is a side effect of the use of radiopharmaceuticals; in
therapy, it is the intended property. The evaluation of safety and efficacy of radiopharmaceuticals shall,
therefore, address requirements for medicinal products and radiation dosimetry aspects. Organ/tissue
exposure to radiation shall be documented. Absorbed radiation dose estimates shall be calculated according
to a specified, internationally accepted system by a particular route of administration.

Non-clinical studies not only show the safety profile in animals, but also provide important information about
the fate of radiopharmaceuticals in the body (Absorption, Distribution, Metabolism, Excretion, ADME,
whereby absorption typically plays a minor role for radiopharmaceuticals). Additional investigations such as
in vitro affinity studies, dynamic biodistribution in appropriate animal models additionally are included. All
of this information is used to decide if the candidate radiopharmaceutical can proceed into the first human
(clinical) study and, if so, what doses to use.

The importance of non-clinical data for assessment of clinical safety changes across the different phases of
drug development. It is highly important for the preparation of First-in-Human (FIH) studies and their

32


https://doi.org/10.1007/s00259-010-1549-3
https://doi.org/10.1007/s00259-018-4136-7
https://doi.org/10.2967/jnumed.108.058651
https://doi.org/10.2967/jnumed.111.100123
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32001L0083

Deliverable D4.1

importance decreases until marketing authorization except for carcinogenicity, mutagenicity and
developmental and reproductive toxicity. In this regard, radiopharmaceuticals are different. Due to
unavoidable and wanted radioactive properties, the added value of mutagenicity studies and long-term
carcinogenicity studies is not always given. Other European Directives, applying to radiopharmaceuticals may
also apply to non-clinical studies, related to radiation safety and Good Laboratory Practices.

»Non-Clinical Safety Data“ Requirements

Radio - Pharmaceutical
Dosimetry Toxicity
Radiation effects Pharmacology, Pharmacokinetics

Figure 5. Non-clinical Safety data of radiopharmaceuticals is comprised on the one hand of data related to the effects
of radiation including dosimetry, and on the other hand requires data on the toxicity effects of the non-radioactive
molecule, including pharmacology and pharmacokinetics

A recent publication (70) specifically addresses the aspects of non-clinical testing of radiopharmaceuticals
and gives practical considerations and detailed guidance on how to navigate the regulatory landscape. In the
following the major regulatory documents are listed with major aspect in relation to PRISMAP's activities.

7.1.2 Sources of guidance documents for non-clinical requirements of pharmaceutical
compounds

Generally, there are three main sources of guidance for non-clinical requirements for safety and
pharmacology, namely, the EMA scientific guidelines, reflection papers etc, the ICH (International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use) guidelines and the OECD
(Organisation for Economic Co-operation and Development) protocols, the latter of importance for definition
of Good Laboratory Practices (GLP) guidelines. The details of the European Public Assessment Reports
provided by the EMA Website for every centralised authorised product may also be helpful. It should be
noted that a dedicated guideline describes the information to be included in the summary of product
characteristics (SmPC) and package leaflet (PL) for radiopharmaceuticals.

The general non-clinical requirements for pharmaceuticals are given in the ICH M3 (R2) note for guidance for
all medicinal products e.g. regarding the timing requirements in the three different stages: before First-in-
Human studies, during clinical development and on marketing authorisation. In the same guideline, they
provide directions on the type and duration of non-clinical safety studies, their timing to support the conduct
of clinical trials and marketing authorisation for pharmaceuticals. For radiopharmaceuticals, this guidance
offers five different approaches for exploratory clinical trials: two different microdose approaches, single-
dose trials at sub therapeutic doses or into the anticipated therapeutic range and two approaches for
multiple dose trials. Although radiopharmaceuticals are covered by the EMEA/CHMP/QWP/306970/2007
Guideline on Radiopharmaceuticals, no EMA guidance was available to specifically support non-clinical
development of this type of medicinal product.
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Some indications on the recommended scope of the non-clinical testing specific to radiopharmaceuticals can
be found in the FDA guideline documents related to late radiation toxicity, exploratory IND studies,
Microdose Radiopharmaceutical Diagnostic Drugs, Oncology Therapeutic Radiopharmaceuticals,
Codevelopment of Two or More New Investigational Drugs and Designing and Conducting Toxicity Studies.

7.1.3 Preparation of a guideline for non-clinical requirements for radiopharmaceuticals

The history of work on guideline for non-clinical requirements for radiopharmaceuticals started in Vienna in
April 2014 (PAM) with the presentation on “Preclinical safety data for Radiopharmaceuticals” by C.
Decristoforo in line with the EANM Position paper on requirements for toxicological studies in the specific
case of radiopharmaceuticals (69). In June 2015 the work of the Safety Working Party (SWP) Drafting group
(DG) of EMA started, which generated a “Concept paper on the development of guidance on the non/clinical
evaluation of radiopharmaceuticals”, followed by a public consultation phase July 2017- October 2017. On
March 2018 the drafting of the guideline was started and published on 22/11/2018, with consultation dates
22/11/2018 to 30/06/2019; EMA/CHMP/SWP686140/2018). The business continuity plan had to consider
Brexit, the EMA relocation and COVID-19 and thus, this activity was suspended temporarily, hence the
guideline has not been adopted.

There were certain prerequisites taken into consideration in the development of such a specific guideline for
non-clinical requirements for radiopharmaceuticals. It needed to address a broad range of indications, half-
life from minutes to days, a broad range in molecular weight, radiodiagnostic and radiotherapeutic use as
well as radionuclide alone or linked to non-radioactive components. It needed to be in line with the general
guidance for timing and duration of non-clinical safety studies from ICH M3(R2) and the Directive 2010/63/EU
on the protection of animals used for scientific purposes. The guideline should provide guidance on the
required non-clinical data to support clinical development and approval of radiopharmaceuticals. It should
also complement currently available guidelines (such as ICH M3(R2), ICH S6(R1), ICH S9) or the EMA guideline
on "strategies to identify and mitigate risks for first-in-human clinical trials with investigational medicinal
products" and only "ready to use" radiopharmaceuticals were addressed. The new guideline is focused on
opportunities to targeted non-clinical programs for the non-radioactive part according to specific
development settings and product types and was not intended to duplicate guidance related to dosimetry.

7.1.4 Relevance to the PRISMAP Project

From the perspective of PRISMAP applying novel radionuclides including novel production modes one of the
main aims of non-clinical testing is to provide supportive data to determine the activities of the radionuclide
in question to use in a clinical trial. This decision will be driven not only by the physical characteristics of the
radionuclide but also by the molar activity of the radionuclide and the impurity profile resulting from the
selected production mode - which will determine the radiolabelling yields and radiochemical purity as well
as the molar activity of the radiolabelled molecule. For example, in therapeutic applications the activities of
a novel radionuclide required may result in masses of a targeting peptides (derivatives of regulatory peptides)
that may exert pharmacodynamic effects resulting in (severe) adverse effects and/or competitive occupancy
of the target.

In the radiopharmaceutical development phase, it is important that comparative evaluation of molecules
radiolabelled with various radionuclides is performed using standardised radiolabelling protocols and the
effect of mass of tested compounds is used for in vitro and in vivo studies. In this chapter we give an overview
of the current guidance documents to assess dosimetry, toxicity, pharmacology of radiopharmaceuticals,
which are developed with the aim to be used in clinical trials (71).
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7.2 Non-clinical safety studies

7.2.1 Radiation Ddosimetry as part of non-clinical safety

Radiation dosimetry aspect are covered by Guidance on medical exposures in medical and biomedical
research, and further in EURATOM Directives. Any radiopharmaceutical with a new radionuclide is a new
radiopharmaceutical from the regulatory perspective. In the application for a First-In-Human study, animal
studies are required to estimate the effective dose and organ doses in humans. Two major guidance
documents for dosimetry analysis are listed below.

7.2.2 Dosimetry Swiss perspective: ”"Guidance document Authorisation radiopharmaceutical
HMV4”

This guidance document states:

Internal dosimetry is the estimation of absorbed radiation by the organs and the total body deposited by the
incorporated radionuclide in the body. Pharmacokinetic information should be sufficient for calculating the
dosimetry of radiodiagnostic agents. Data from animal studies (extrapolated to estimated doses in humans)
should be confirmed as relevant or superseded by data measured in humans. The effects of age, clinical
condition and, importantly, impairment of hepatic or renal function should be factored into dose estimations.

Reference to the Medical Internal Radiation Dosimetry (MIRD) schedule is recommended when calculating
the absorbed doses. The model used to calculate cumulative activity (time integral of the activity) in the
source organs should be explained, and the data source (animal experiments or studies in humans) stated.
Physical parameters, e.g. absorbed dose in the target organ per unit of cumulative activity in the target organ
should be taken from the MIRD tables.

The weighting factors established by the International Commission on Radiological Protection (ICRP)
should be used when calculating the effective doses. Since these factors do not apply to children, pregnant
women or the elderly, appropriate adjustments should be made for these patient groups.

If other methods are used to calculate the doses absorbed by organs, corresponding details should be
provided and enclosed with the original reports.

The dose absorbed by the organ receiving the highest exposure and by all other organs relevant to the
calculation of the effective dose-equivalent should be stated (units: mGy/MBq, mGy per unit of activity). The
estimation of the radiation dose must be summarised in terms of the effective dose-equivalent in relation
to the ICRP weighting factors, stated in Sv/MBgq.

7.2.3 Guidance for Preclinical Studies with Radiopharmaceuticals by International Atomic
Energy Agency, Vienna (Austria)

This new IAEA document provides detailed guidance on the conduct of preclinical dosimetry testing. For
brevity, we only list below the topics addressed, for the whole text we refer the reader to the link of this IAEA
guidance.

Study design

MIRD principle for dosimetry calculations

Pharmacokinetic modelling of in vivo data to derive TAC

Biodistribution data organ concentrations

Quantitative data of small animal SPECT / PET imaging

Dosimetry phantoms for organ absorbed dose - S-values in small animals -
MOBY/ ROBY phantom dosimetry models

Voxel based dosimetry models
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= Small scale dosimetry models
= Extrapolation of animal dosimetry to human dosimetry

7.2.4 Toxicity

As stated above safety aspects related to the radionuclide are covered by dosimetry. The relevant guidelines
on the toxicity referring only to the non-radioactive component of radiopharmaceuticals are listed below.

7.2.5 Guideline on the non-clinical requirements for radiopharmaceuticals (not adopted yet)
(EMEA/CHMP/SWP/686140/2018)

This draft guideline by EMA allows a risk based, targeted approach for radiopharmaceuticals. For different
scenarios as outlined below, where evidence needs to be only partly generated, a targeted (in the sense of a
reduced) non-clinical programme for the non-radioactive part of the radiopharmaceutical can be considered:

a) Radionuclide changed in a known radiopharmaceutical
b) Radionuclide added to a known non-radioactive pharmaceutical
c) Minimal change of the non-radioactive part of a radiopharmaceutical

For these scenarios the guidance states that the main focus should be laid on the evaluation of the target
organs of biodistribution and possible persistence of the modified non-radioactive part possibly leading to so
far unknown toxic effects even if the change is claimed to be minimal. A biodistribution study in one species
with single application and integrated measurement of toxicity endpoints can be generally considered
sufficient. If off target binding is likely to be minimal from the results of the dosimetry study, histopathological
examination may be limited to target organs.

In the case of an exploratory trial with intended clinical dose of the radiopharmaceutical being a microdose
according to approach 1 or approach 2 as outlined in ICH M3 (R2) Non-clinical safety studies for the conduct
of human clinical trials for pharmaceuticals (see Table 7 in Appendix Il) and if, in addition, the absence of
pharmacological activity of the non-radioactive part could be demonstrated, such a biodistribution study
could be waived.

The recommendations for a non-clinical safety programme of a new radiopharmaceutical using microdose
are described as follows:

The majority of clinical trials performed with radiopharmaceuticals falls under the scope of exploratory trials.
Therefore, the microdose approach as outlined in ICH M3(R2) can be applied. According to the definition given
there, a microdose is a total dose < 100 ug (no inter-dose interval limitations) and total dose < 1/100th NOAEL
and <1/100th pharmacologically active dose (approach 1), or a total cumulative dose < 500 ug, maximum of
5 administrations with a washout between doses (6 or more actual or predicted half-lives) and each dose <
100 ug and each dose < 1/100th of the NOAEL and < 1/100th of the pharmacologically active dose (approach
2). Due to differences in molecular weights between biologicals and chemicals, and due to the fact that
pharmacological and toxicological effects are usually driven by the molar amount and not by the mass, a
maximum dose above 100 ug based on molar amount can be accepted for high molecular weight molecules
taking into account the potency of the molecule (approach 1 for biologicals). Approach 2 may be less relevant
for biologicals with a long elimination half-life. Accordingly, the minimal requirements for the non-clinical
development of a radiopharmaceutical carrying a new non-radioactive part using the microdose approach
are outlined below. This non-clinical package is usually also considered sufficient for marketing authorisation
applications using the same dosing regimen.

Recommendations for diagnostic radiopharmaceuticals:

In most cases microdose approach 1 of ICH M3(R2) will be used for radiodiagnostics since no pharmacological
effect is intended and only a very small mass dose is administered after single administration.
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7.2.6 Guidance for Preclinical Studies with Radiopharmaceuticals by the International Atomic
Energy Agency, Vienna (Austria)

As in the previous chapter for the sake of brevity, only the topics related to toxicology covered in this IAEA-
guidance are mentioned below:

Rationale and general principles

Existing guidelines and recommendations
Guidance on therapeutic radiopharmaceuticals
Calculation of human equivalent dose

7.2.7 Pharmacology

General guidance on safety pharmacology studies of pharmaceuticals can be found in ICH S7A. Specific
guidance for pharmacology assessment of radiopharmaceuticals can be found in the documents detailed
below.

7.2.8 Guideline on the non-clinical requirements for radiopharmaceuticals (not adopted yet)
(EMEA/CHMP/SWP/686140/2018)

Again, for the scenario of a known or minimally changed non- radioactive part of a new radiopharmaceutical
the following recommendations related to non-clinical pharmacology testing are given.

In case no reference is possible to previous applications or other public data using the identical non-
radioactive part of the investigational radiopharmaceutical, the reduced non-clinical programme outlined
below for a known or minimally changed non-radioactive part should be considered.

Pharmacology

The appropriate characterisation of pharmacology of the non-radioactive part alone is also expected in the
case where the non-radioactive part of an already known radiopharmaceutical is claimed to be minimally
changed. Emphasis should be on in vitro target/ receptor profiling. The selectivity and specificity of the non-
radioactive part as well as secondary pharmacodynamics, defined as effects on other than the desired
therapeutic targets, should be critically evaluated and documented. Measurable pharmacodynamic effects
are normally not expected to be seen from the non-radioactive part of most radiopharmaceuticals for
diagnostic or therapeutic purposes. However, evidence for the absence of pharmacodynamic effects is
expected, and should be supported by appropriate data. If no data are provided, the applicant must justify
the absence of in vitro/in vivo pharmacology data even in the case of a minimal change to the molecule.

Pharmacokinetics

For such minimally changed radiopharmaceuticals information on in vivo stability should be available. In
addition, the biodistribution study performed in healthy animals of a relevant species including dosimetry
should be thoroughly evaluated to detect any change in biodistribution and target organs related to the non-
radioactive part compared to the former, known molecule. For radiotherapeutics, the study may be
performed in an animal model of disease, if appropriate, to support that the targeted area organ will still be
reached adequately.

For new diagnostic radiopharmaceuticals the following recommendations are given:
Pharmacology

Radiodiagnostic agents are not intended to exert pharmacological activity, but evidence for the absence of
pharmacological activity of the non-radioactive part should be provided. In this context, in vitro target/
receptor profiling is usually sufficient.
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Pharmacokinetics

A biodistribution study including dosimetry should be performed with a single dose of the radiodiagnostic.
Information on in vivo stability, distribution and elimination should be available to allow estimation of tissue
and whole-body radiation doses in the clinic and to identify target organs for distribution and persistence of
the radiodiagnostic. If relevant, information should be provided on absorption and biotransformation

7.2.9 Guidance for Preclinical Studies with Radiopharmaceuticals, International Atomic Energy
Agency, Vienna (Austria)

Primary pharmacology evaluation, either in the form of animal testing or in vitro testing, should be conducted
to adequately elucidate the molecular mechanism of action. Additionally, a separate safety pharmacology
(i.e. the agent’s effects on vital organs and signs) evaluation is not necessary since these parameters are
normally evaluated either during the ligand induced toxicology study or the biodistribution study or both.

More details on this topic can also be found in (70).

7.3 Relevant Guidelines - non-clinical safety & pharmacology

®  Directive 2001/83/EC, “Community code relating to medicinal products for human use” as amended, in
particular Directive 2001/83/EC Art 10(4) and Part Il of the 100 Annex | of Directive 2001/83/EC, as
amended. 101

®  Directive 2013/59/Euratom Council Directive 2013/59/Euratom of 5 December 2013 laying down basic
safety standards for protection against the dangers arising from exposure to ionising radiation, and
repealing Directives 89/618/Euratom, 90/641/Euratom, 96/29/Euratom, 97/43/Euratom and
2003/122/Euratom.

u Directive 2004/10/EC on the harmonisation of laws, regulations and administrative provisions relating
to the application of the principles of good laboratory practice and the verification of their applications
for tests on chemical substances. European Commission, Directorate-General for Environment NS and
Civil Protection. Guidance on medical exposures in medical and biomedical research. Luxembourg:
OOPEC; 1999

® EMA/CHMP/167834/2011 - Core summary of product characteristics (SmPC) and package leaflet for
radiopharmaceuticals

= |CH M3 (R2) Note for guidance on non-clinical safety studies for the conduct of human clinical trials and
marketing authorization for pharmaceuticals, CPMP/ICH/286/95, European Medicines Agency,
http://www.ema.europa.eu/docs/en GB/document library/Scientific guideline/2009/09/WC5000029
41.pdf.

"  EMEA/CHMP/QWP/306970/2007 Guideline on Radiopharmaceuticals
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-radiopharmaceuticals-
revision-1 _en.pdf

=  FDA guidance 2011: Nonclinical Evaluation of Late Radiation Toxicity of Therapeutic
Radiopharmaceuticals. https://www.fda.gov/files/drugs/published/Nonclinical-Evaluation-of-Late-
Radiation-Toxicity-of-Therapeutic-Radiopharmaceuticals.pdf

®  FDA/ICH Guidance Document: “Guidance for Industry, Investigators, and Reviewers: Exploratory IND
Studies” https://www.fda.gov/files/Guidance-to-Industry-and-Reviewers---Exploratory-IND-Studies-
%28PDF%29.pdf

®  FDA Guidance Document: Microdose Radiopharmaceutical Diagnostic Drugs: Nonclinical Study
Recommendations, Guidance for Industry. https://www.fda.gov/media/107641/download

®  FDA/ICH Guidance Document: Oncology Therapeutic Radiopharmaceuticals: Non-Clinical Studies and
Labeling Recommendations, Guidance for Industry. https://www.fda.gov/media/129547/download

u FDA/ICH Guidance Document: “Guidance For Industry, Codevelopment of Two or More New
Investigational Drugs for Use in Combination” https://www.fda.gov/media/80100/download
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®  FDA/ICH Guidance Document: “Redbook 2000:1V.B.1 General Guidelines for Designing and Conducting
Toxicity Studies” https://www.fda.gov/regulatory-information/search-fda-guidance-
documents/redbook-2000-ivb1-general-guidelines-designing-and-conducting-toxicity-studies

®  EMA/CHMP/SWP/686140/2018: Guidance on nonclinical requirements for radiopharmaceuticals —
draft https://www.ema.europa.eu/en/non-clinical-requirements-radiopharmaceuticals (accessed
11.03.2022)

®  Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the
protection of animals used for scientific purposes. https://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2010:276:0033:0079:en:PDF

® |CH S6 (R1) Preclinical safety evaluation of biotechnology-derived pharmaceuticals [Internet]. European
Medicines Agency. 2018 [accessed 11.03.2022]. https://www.ema.europa.eu/en/ich-s6-rl1-preclinical-
safety-evaluation-biotechnology-derived-pharmaceuticals

®  |CH guideline S9 on nonclinical evaluation for anticancer pharmaceuticals, CHMP/ICH/646107/08,
European Medicines Agency,
http://www.ema.europa.eu/docs/en GB/document library/Scientific guideline/2010/01/WC5000434
71.pdf.

=  EMEA/CHMP/SWP/28367/07 (July 2017): "Guideline on strategies to identify and mitigate risks for first
in 106 human and early clinical trials with investigational medicinal products"
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-strategies-identify-mitigate-
risks-first-human-early-clinical-trials-investigational en.pdf

=  EMA/CHMP/QWP/834816/2015 “Guideline on the requirements to the chemical and pharmaceutical
quality documentation concerning investigational medicinal products in clinical trials”
https://www.ema.europa.eu/en/requirements-chemical-pharmaceutical-quality-documentation-
concerning-investigational-medicinal

®  European Commission, Directorate-General for Environment, Guidance on medical exposures in
medical and biomedical research, Publications Office, 1999, https://op.europa.eu/en/publication-
detail/-/publication/0be8f9c1-e923-4817-845f-29d0dc87183d

®  Guidance document Authorisation radiopharmaceutical HMV4 (Swiss authorities)
https://www.swissmedic.ch/dam/swissmedic/en/dokumente/zulassung/zl hmv iv/zI000 00 034d wl
zulassungvonradiopharmazeutika.pdf.download.pdf/ZLO00 00 034e WL%20Guidance%20document%
20Authorisation%20radiopharmaceutical.pdf

= |nternational Atomic Energy Agency, Vienna (Austria) (2021). Guidance for Preclinical Studies with
Radiopharmaceuticals (IAEA-PC--8628). International Atomic Energy Agency (IAEA)
https://inis.iaea.org/collection/NCLCollectionStore/ Public/52/073/52073217.pdf?r=1

= |CH S7A (June 2001): “Note for guidance on safety pharmacology studies for human 114
pharmaceuticals https://www.ema.europa.eu/en/documents/scientific-guideline/ich-s-7-safety-
pharmacology-studies-human-pharmaceuticals-step-5 en.pdf

®  QOECD-Good Laboratory Practices (GLP) guidelines

Conclusions

The lack of specific rules and guidelines applicable for the clinical translation of novel radionuclides provides
considerable room for interpretation by pharmaceutical regulatory authorities and the research community.
This deliverable provides an in-depth analysis of the current landscape for the European radiopharmaceutical
legal regulatory framework. To provide standardisation and harmonisation within PRISMAP it gives guidance
and recommendations for the production and radiopharmaceutical research and development process in the
application of novel radionuclides. The initial topics deal with quality data required for the translation
process. It was considered important to provide definitions of terms and nomenclature for the specifications
of PRISMAP radionuclides, and then touches more specifically on the production process when considering
GMP, keeping in mind the expectations of authorities in how the data should be presented. Quality control
and specifications are addressed separately with references to Ph.Eur., recent guidelines and
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recommendations from professional organisations. The involvement of metrology and medical physics is of
utmost importance in defining calibration standards for novel radionuclides. These data are needed to
support pre-clinical studies for the translational radiopharmaceutical development process. The final part
provides major documents and their relation to PRISMAP in the context of safety; involving “non-clinical
study” requirements, including important recommendations from EMA and IAEA, to create a harmonised
approach within PRISMAP.

This document provides guidance by defining general standards to meet regulatory requirements in the
clinical translation process. In the further course of PRISMAP these data must be complemented by quality
data for specific radionuclides, similar to monographs, based on the harmonised view provided in this
document. Additionally, safety data of novel radionuclides and their radiopharmaceuticals as well as
standards in relation to metrology and clinical equipment will be collected. These data will form a solid basis
to support both radionuclide producers and the translational research within and outside PRISMAP, while
providing a guide for pharmaceutical authorities in their evaluation process.
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Appendix 1: Standard template for quality requirements of novel

radionuclides

The following table should be a Standard Template for the compilation of specifications of novel

radionuclides

Table 6. Standard Template for the compilation of specifications of novel radionuclides

Parameter

Form

Appearance

Radionuclide identity (half-life)

Radionuclide identity (gamma spectrometry)
Radionuclidic purity (gamma spectrometry)
Chemical purity (ICP-OES)

Microbiological quality

Bacterial endotoxin

pH (pH strips)

Radioactive concentration (gamma spectrometry)
Molar activity (as measured by ICP-OES)
Chemical form

Production route

Decay

Processing

Primary Container Glass

Shelf-life

Requirements
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Appendix 2: Microdosing requirements according to ICH M3 (R2)

ICH guideline M3(R2) on non-clinical safety studies for the conduct of human clinical trials and marketing
authorisation for pharmaceuticals.

Table 7: Recommended Non-Clinical Studies to Support Exploratory Clinical Trials

Clinical

Dose to be Administered

Approach 1:

Total dose < 100 pg (no inter-
dose interval limitations)
AND

Total dose < 1/100th NOAEL
and <1/100th
pharmacologically active dose
(scaled on mg/kg for i.v. and
mg/m?2 for oral)

Approach 2:

Total cumulative dose

< 500 pg, maximum of 5
administrations with a
washout between doses (6 or
more actual or predicted half-
lives)

AND

each dose <100 pg AND
each dose < 1/100t of

the NOAEL and < 1/100th of
the pharmacologically active
dose

Approach 3

Single Dose Studies at Sub-
therapeutic Doses or into the
Anticipated Therapeutic Range

Start and Maximum
Doses

Maximal and starting
doses can be the same
but not exceed a total
accumulated dose of 100
ug

Maximal daily and
starting doses can be the
same, but not exceed 100
ug.

Starting dose should be
based on the types of
toxicity findings observed
in the most sensitive
species and a
consideration of the
pharmacologically active
dose.

For other considerations
on initial dosing in
humans, regional
guidance should be
consulted.

Maximum dose can be
that yielding up to %
NOAEL exposure in the
more sensitive species, in

Non clinical

Pharmacology

In vitro target/ receptor
profiling should be
conducted

Appropriate
characterization of primary
pharmacology (mode of
action and/or effects) in a
pharmacodynamically
relevant model should be
available to support human
dose selection.

In vitro target/receptor
profiling should be
conducted

Appropriate
characterization of primary
pharmacology (mode of
action and/or effects) in a
pharmacodynamically
relevant model should be
available to support human
dose selection.

In vitro target/receptor
profiling should be
conducted

Appropriate
characterization of primary
pharmacology (mode of
action and/or effects) in a
pharmacodynamically
relevant model should be
available to support human
dose selection.

Core battery of safety
pharmacology (see Section
2).

General Toxicity Studies ?

Extended single dose
toxicity study (see
footnotes c and d) in one
species, usually rodent, by
intended route of
administration with
toxicokinetic data, or via
the

i.v. route. A maximum
dose of 1000-fold the
clinical dose on a mg/kg
basis for i.v. and mg/m2
for oral administration can
be used.

7-day repeated-dose
toxicity study in one
species, usually rodent, by
intended route of
administration with
toxicokinetic data, or via
the

i.v. route. Hematology,
clinical chemistry,
necropsy, and
histopathology data
should be included. A
maximum dose of 1000-
fold the clinical dose on a
mg/kg basis for i.v. and
mg/m2 for oral
administration can be
used.

Extended single dose
toxicity studies in both the
rodent and non-rodent
(see footnote c) by
intended clinical route of
administration with
toxicokinetics,
haematology, clinical
chemistry, necropsy, and
histopathology data. For
this situation the top dose
should be MTD, MFD or
limit dose (see Section
1.5).

Genotoxicity ® / Other

Genotoxicity studies are
not recommended, but
any studies or SAR
assessments conducted
should be included in the
clinical trial application.
For highly radioactive
agents (e.g. PET imaging
agents), appropriate PK
and dosimetry estimates
should be submitted.

Genotoxicity studies are
not recommended, but
any studies or SAR
assessments conducted
should be included in the
clinical trial application.
For highly radioactive
agents (e.g. PET imaging
agents), appropriate PK
and dosimetry estimates
should be submitted.

Ames assay (or an
alternative assay if Ames
is inappropriate, for
example, for an
antibacterial product).
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Approach 4:

Dosing up to 14 days into the
therapeutic range but not
intended to evaluate clinical
MTD

cases where any relevant
toxicity observed in
animals is anticipated to
be monitorable and
reversible in humans.

With toxicity in both
species, follow
appropriate regional
guidance for clinical
starting dose. If toxicity is
not seen in either species
(i.e. the NOAELs are the
highest dose tested and
doses used were not
otherwise limited, e.g.
not an MFD), or is seen
only in one species, the
clinical starting dose
should be one that gives a
predicted clinical AUC
value (based on either
interspecies PK modelling
or mg/m2 conversion)
that is approximately
1/50th of the AUC at the
NOAEL from the species
yielding the lower

When only one species
demonstrates toxicity,
the exposure. For other
considerations on initial
dosing in humans, e.g.
predicted PD activity,
regional guidance should
be consulted.

Without toxicity in both
species, it is
recommended that the
maximum clinical dose
not exceed 1/10th the
lower exposure (AUC) in
either species at the
highest dose tested in the
animals.

In vitro target/receptor
profiling should be
conducted

Appropriate
characterization of primary
pharmacology (mode of
action and/or effects) in a
pharmacodynamically
relevant model should be
available to support human
dose selection.

Core battery of safety
pharmacology (see Section
2) using doses similar to
those used for the toxicity
studies.

2-week repeated-dose
toxicity studies in rodent
and non- rodent with
standard parameters
assessed and where dose
selection in animals is
based on exposure
multiples of anticipated
clinical AUC at maximum
dose.

Ames assay (or an
appropriate alternative
assay if Ames is
inappropriate, for
example, for an
antibacterial product) and
an assay (in vitro or in
vivo) capable of detecting
chromosomal damage in
a mammalian system
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Approach 5:

Dosing up to 14 days and not to
exceed duration of dosing in
non-rodent; into therapeutic
range but not intended to
evaluate clinical MTD.

Starting dose predicted
exposures should not
exceed 1/50th the NOAEL
in the more sensitive
species on a mg/m2 basis.

For other considerations
on initial dosing in
humans, regional
guidance  should be
consulted.

The maximum exposure in
humans should not be
higher than the AUCat the
NOAEL in the non- rodent
species or higher than %
the AUC at the NOAEL in
the rodent species,
whichever is lowere.

In vitro target/receptor
profiling should be
conducted

Appropriate characterization
of primary pharmacology
(mode of action and/or
effects) in a
pharmacodynamically
relevant model should be
available to support human
dose selection.

Core battery of safety
pharmacology (see Section
2) using doses similar to
those used for the toxicity
studies.

Standard 2-week
repeated- dose toxicity
study in rodents (with

justification of the rodent
as an appropriate species).
The top dose should be the
MTD, MFD or limit dose
(see Section 1.5).

Confirmatory study in non-
rodent (n=3) at the
anticipated NOAEL
exposure in rodent, with
duration of a minimum of
3 days and at least the

intended clinical study
duration.
Alternatively, an

escalating dose study in
the  non-rodent  with
duration of a minimum of
3 days and at least the
intended clinical study
duration at the anticipated
NOAEL exposure in the
rodent.

Ames assay (or an
appropriate  alternative
assay if  Ames is
inappropriate, for
example, for an

antibacterial product) and
an assay (in vitro or in vivo)
capable  of detecting
chromosomal damage in a
mammalian system. If an
in vivo assessment is used
then this could be part of
the rodent toxicity study.

a) General toxicity studies should be conducted according to GLP regulations.
b) See ICH Topic S2B Document “Genotoxicity: A Standard Battery for Genotoxicity Testing of Pharmaceuticals”.

c) Generally, extended single dose toxicity studies should be designed to evaluate hematology, clinical chemistry, necropsy, and
histopathology data (control and high dose only if no treatment-related pathology is seen at the high dose) after a single
administration, with further evaluations conducted 2 weeks later to assess delayed toxicity and/or recovery. The usual design for
rodents consists of 10 animals/sex/group to be assessed on the day following dosing, and 5 animals/sex at the dose level(s) selected
to be assessed on day 14 post-dose. The usual design for non-rodents consists of 3/sex/group for all groups on day 2 and 2/sex for
the dose level(s) assessed on day 14.
d) A single dose level to assess reversibility/delayed toxicity on day 14 can support the microdose approach. The dose level used
need not be the high dose but should be a dose that is at least 100 times the clinical dose.
e) In the absence of adverse effects in the clinical trial, escalation above this AUC can be appropriate if the findings in the toxicity
studies are anticipated to be monitorable, reversible, and of low severity in humans.
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