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The production and application of radioisotopes and radiopharmaceuticals is a ma-
jor peaceful application of nuclear science and technology and has opened new
gateways for nuclear medicine in critical human diseases. Advances in the produc-
tion of radioisotopes via nuclear reactors, accelerators, fission, etc. has facilitated
the access to these products for Member States. Mo, 3!, 7Lu are among the most
essential radioisotopes for nuclear medicine and human health and their produc-
tion and availability always has been an important theme for professional societies
and the International Atomic Energy Agency (IAEA). In the meantime, a large list
of theranostic radioisotopes including but not limited to #Zr, ¢8Ga, ?*°Ac, Cu-series,
Sc-series, Tb-series etc. has provided a powerful toolbox for clinicians and the IAEA
is taking steps to ensure their safe and appropriate application in radiopharmacy.
The Agency promotes the production and application routes, including research re-
actors, cyclotrons, linear accelerators, and other cutting-edge methods, according
to international and national guidelines and regulations. The IAEA also conducts
activities such as Coordinated Research Projects (CRPs), Technical Meetings (TMs),
national/regional training courses and conferences, to support and join forces with
international professional societies in the development of human resources and re-
search and development activities. Development of databases and freely available
publications for all Member States are other useful means to support Member States
in radiopharmaceutical sciences.
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Mpon3BOACTBO M MpUMEHEHME PaLMOHYKIMAOB U paavodapMaLeBTMHecKMx npena-
paToB — ApKMI NpUMEpP MUCMNOb30BaAHUSA SAEPHOM HAYKM U TEXHONOTMU B MUPHBIX Lie-
nax, ANg Tepanuu cepbesHbiX 3abonesaHui. [locTuxeHns B 061acT Npou3BOACTBA
pafMOoM30TONOB C NOMOLLbIO SAEPHbIX PEAKTOPOB, YyCKOpUTENen, AeNeHns 1 T.4. ynpo-
CTUNW ANS TOCYAAPCTB, BXOAAWMX B MexAyHapoaHOe areHTCTBO N0 aTOMHOM 3HEprumn
(MATAT3), mocTyn K paAaMou30ToNnHbIM npenapatam. Mo, 131, Y77Lu asnsaoTcs 0LHUMM
“3 Hanbonee BaXHbIX PAAMOM30TONOB AN AAEPHON MeAWLMHbI U 34P3aBOOXPAHEHMS,
M UX NPOU3BOACTBO M AOCTYMHOCTb BCeraa Obinv BaXKHOM TEMOM 0BCYXAEHUN BHYTPU
npodeccnoHanbHbix coobuwects u MATATS. TepaHocTUYeCcKkMe paguMom3oTonbl, B TOM
uncne ¥Zr, %8Ga, 2°Ac, Cu-cepuio, Sc-cepuio, Tb-cepuio u T. 4., TakKKe UMetT 6ObLLIOH
NoTeHLMaN MCMONb30BaHMA B KNIMHUYECKOM NpakTuke, n MATATD npeanpuHMMaeT mepsl
nns obecneyeHns ux 6€30MNacHOro M Haanexallero npuMeHeHus B pagnodapMaLeBTH-
Ke. MATAT3 co3paeT ycnoBus 419 UCNONb30BaHUS NepeaoBbiX METOA0B U TEXHONOMUIA,
TakKUX KaK MCCNeaoBaTeNbCKUE PEaKTOPbl, LMKIOTPOHbI, IMHEWHbIe YCKOPUTENU U Ap.,
B NPOW3BOACTBE WM NMPUMEHEHUU PAAMOM30TOMOB B COOTBETCTBUU C MEXAYHAPOAHbI-
MW M HALUMOHaNbHbIMKU PYKOBOACTBaMU U HopMamu. MATATS opraHusyeT U npoBoguT
COBMECTHblE UCCNEeA0BAHNS, TEXHUYECKME COBELLAHMS, HALMOHANbHbIe/pernoHabHble
yyebHble Kypcbl U KOHEpeHUMU B Lensix noadepXKuM MexAyHapoAHbIX npodeccuo-
HaNbHbIX coobLiecTB U 06beanHEHUS YyCUAWIA ANS pa3BUTUS KaApOBOro noTeHumana
W HAYyYHO-UCCNEen0BaTeIbCKOM AeaTeNnbHOCTU. DPDEKTUBHBIMM CNOCOBAMM NOALEPXKKM
paavodapMaLeBTMYECKOM HAYKM TakXKe SBNstoTCs pa3pabotka 6a3 aaHHbIX M obecne-

UEeHWe OTKPbLITOro JOCTYMNA K HAy4YHbIM Ny6AUKALMAM A1 BCEX FOCYAAPCTB-U/IEHOB.

Kntouesbie cnoBa: pagnocdapMaLeBTMYECKME NPEenapaThl; MONEKYSpHas BU3yanusaums; Tepanus; LMarHoCTUKa;

LMKJIOTPOH; uccnepoBaTenbckue peaktopbl; MATATD
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Introduction

As part of its service to its Member States in nu-
clear science and technology, the IAEA observes
and monitors worldwide developments in the field
of medical radioisotope and radiopharmaceutical
production, together with professional societ-
ies and private companies. The Agency supports
and helps its Member States training, technology
transfer as well as sustainable establishment of
radioisotope and radiopharmaceutical production,
quality control, and human application.

Medical radioisotopes and the role of IAEA

Strong national capabilities are necessary to sus-
tain and expand the beneficial applications of ra-
dionuclides and radiopharmaceuticals in Member
States’ health care systems. Over the years, IAEA

support in research and development (R&D) and
technical cooperation activities has significantly
enhanced capabilities in the field of medical iso-
tope production. Because of the rapid progress of
technologies, the majority of Member States still
lack trained and qualified personnel, appropriate
equipment and medical radioisotopes, and radio-
pharmaceutical production technology, and need
support to develop these locally to effectively
improve national health care systems and sustain
their economic development. Improving process-
ing methods, developing new products, and en-
hancing quality assurance is a worldwide effort
facilitated through IAEA coordination. Developing
Member States increasingly seek agency assis-
tance in harnessing the benefits of such technol-
ogy. The IAEA, through its Technical Cooperation
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Programme, helps Member States achieve self-suf-
ficiency in the production of medical radioisotopes
and radiopharmaceuticals, strengthen quality as-
surance practices and regulatory compliance as
well as facilitate human resource development?.
IAEA CRPs support applied research with the aim
of enhancing Member States’ capabilities of using
indigenous resources and support adaptive re-
search for effective technology growth and trans-
fer to developing Member States. Support is also
given by making available free of charge relevant
publications and implementing technical meetings,
workshops, symposia, and conferences dedicated
to the field. The Agency Radioisotope Products and
Radiation Technology Section is the focal point for
disseminating knowledge and experience in this
field among Member States.

The world supply of medical radioisotopes is
another concern. In particular, the shortage in
the supply of fission produced Mo and *°"Tc
generators during 2007-2010 and during trans-
port bottlenecks during the COVID pandemic
attracted international attention and directly af-
fected patient care, since more than 30 million
diagnosis investigations are carried out annually
worldwide using *°™Tc. In this context, the IAEA
has been working towards ensuring a sustained
supply of ®Mo to all Member States. Coordinated
efforts with the Organization for Economic Co-
operation and Development Nuclear Energy
Agency have been undertaken to address the
production of Mo on a large scale. The IAEA
is also exploring alternative technologies for
%mTc production. Specifically, the IAEA promotes
CRPs on cyclotron-based, direct production of
%mTc and the production of Mo by photo-nu-
clear reactions, as well as the corresponding new
materials to be used in °°Mo/**"Tc generators
loaded with low specific activity **Mo.

Radioisotopes for radiopharmaceuticals
Radioisotopes, as precursors for the preparation of
radiopharmaceuticals, can be prepared by various
means, such as research reactors, cyclotrons, gen-
erators, and recently linear accelerators. Based on
the application, they can be used for preparation
of diagnostic and/or therapeutic radiopharmaceu-
ticals.

Diagnostic radioisotopes. Diagnostic radioisotopes
usually emit photons that are used in the imaging
of human diseases, usually using Single Photon
Computed Emission Tomography (SPECT) systems
or Positron Emission Tomography (PET) Positron.
Most of these radionuclides are prepared by a
medical cyclotron. Some of the most regularly
used radioisotopes of this group are summarized
in Table 1 and 2.

Therapeutic radioisotopes. Several radioisotopes
emit energetic particles during their radioactive
decay process. The most well-known particles are
beta and alpha particles. A beta particle is literally
an electron expelled from radionuclide nucleolus
that has specific energy that is a “finger-print” of
any nuclide. While alpha particles are usually emit-
ted from specific fission products radionuclides;
they have the size of a He atom but with a 2+
charge. Both particles can be useful in bombard-
ment of unwanted cells in humans, if successfully
transferred near or inside the target cells. Usually
two cells types are targets to this kind of irradi-
ation, mostly cancerous cells and sometimes in-
flammatory cells in some human chronic diseases,
such as arthrorheumatoid diseases. In any case, the
choice of a suitable “carrier molecule” capable of
being attached to the radionuclide and also being
able to “seek and find“ the targeted malicious cell
is crucial. Fig. 1 depicts schematically a targeted
drug including the radionuclide, also called “tar-
geting radiopharmaceutical”.

Table 1. Some example radioisotopes used in Single Photon Computed Emission Tomography systems

Ta6nuya 1. lpumepsl paduou30monos, UcNoabL3yeMbix 8 cUcmemMax 00HOPOMOHHOL IMUCCUOHHOU KoMNbromepHoli momMozpaguu

Radioisotope Half-life

Paduousomon  [lepuod nonypacnada
LG 6h/uy
123 13.2h/vy
Hn 2.8d/cym
2017 3d/cym
57Ga 3.26d/cym

y Energy (keV) & Abundance (%)
Hepeus (k3B) u uHmeHcusHocmsb (%) y-K6aHmos

140 (89%)
159 (83.3%)
171.3 (91%)

135 (2.5%), 167 (10%)

93 (38%), 185 (21.4%)

Production route
Memood nonyyeHus

%Mo/?*"Tc generator / ceHepamop
24Xe (p, pn)*
12¢d (p, 2n)'n
25T |(p,3n)201Pb 21T
%8Zn (p,2n) ¢Ga

! Quality control in the production of radiopharmaceuticals. IAEA TECDOC. No. 1856. 2018. https://www.iaea.org/publications
13422/quality-control-in-the-production-of-radiopharmaceuticals

BepomocTn HayyHoro ueHTpa 3kcnepTu3bl CPeACcTB MEAULUHCKOTO NPUMEHEHMS.
PerynatopHble nccnenoBaHus u skcnepTu3sa nekapCcTBeHHbix cpeacTs. 2022. T. 12, N2 4


https://www.iaea.org/publications/13422/quality-control-in-the-production-of-radiopharmaceuticals
https://www.iaea.org/publications/13422/quality-control-in-the-production-of-radiopharmaceuticals

Lbwanunuan A., Kopde A., Cmaposotimosa B., Occy-mn. X., KoHuHe A., lMeccoa bappadaw H., Xopak K., leHeke M.
Pafnon30TOIHbIE TIpenapaThl ¥ MeauiuHa 6yayiero: B3rusg MATATD

Table 2. Short-lived radiopharmaceuticals produced in cyclotrons for Positron Emission Tomography applications?

Ta6nuua 2. Kopomkoxusywue paduogpapmayesmudeckue npenapamsi 05 NO3UMPOHHO-IMUCCUOHHOL MoMo2paguu, nosydeHHsie

Ha L{UK/IOmpOH(JXZ

Radiopharmaceutical

Paduogapmatesmuueckuli Identical (similar) molecule

HNdenmuyHas (cxodHas) Monekyna

npenapam
BEDG Glucose
[ntoko3a
15NH, NH,
*0-H,0 H,0
H1C-Acetate Acetate
Auemam
H1C-Choline Choline
XonuH

Somatostatin
ComamocmamuH

8Ga-DOTATATE/
DOTATOC

8Ga-PSMA

aHmueeH

Most of therapeutic radiopharmaceuticals are used
in the form of injections for the treatment of var-
ious cancers and malignancies. Successful agents
based on alpha and beta emitters have been de-
veloped based on clinical targets, such as soma-
tostatins (SSTR), prostate specific membrane anti-
gen (PSMA), fibroblast activated protein inhibitors
(FAPI). In rare cases, radiosynovectomy has been
applied for the treatment of arthrorheumatoid dis-
eases. Though this is a niche section in radiophar-
maceuticals sciences, IAEA has recently published
a detailed publication on the production, quality
control and clinical application of radiosynovec-
tomy agents?.

Beta emitters. Most therapeutic radiopharmaceu-
ticals used today are labeled with beta-emitting
isotopes due to reasonable tissue penetration
of these particles (less than a mm to few mm
depending on energy of the radioisotope). The
advantage of beta emitters compared to gamma
emitters is their short range, so they do not dam-
age the surrounding healthy tissue and are thus

Prostate specific membrane antigen
lpocmamcneyugudeckuli MeMOpaHHsiIl

Application
lMpumeneHue

Lung, breast, melanoma tumor and brain imaging
BU.?)/GHU.?GL(U,‘? J1eeKuXx, MOJI0YHOU Hesesbl, MeJIAHOMbI
U 20/108H020 M032a

Heart, brain or tumor; blood flow imaging
Cepdue, M032 Unu 0Nyxosb; 8U3YANU3AUUS KPOBOMOKA

Tumor and other tissues perfusion
lMepgy3us onyxoneli u Opyaux mraretli

Cell metabolism
KnemoyHeili Memaboauszm

Cell energy consumption
llompebneHue 3Hepauu Knemkamu

Gastrointestinal tumor imaging
Busyanuzayus onyxonell enyo0oyHo-KUWe4Ho20 mpakma

Prostate tumor imaging
Busyanuzayus onyxoneli npedcmamesibHol xene3sl

safer. Commonly used beta emitters in routine
nuclear oncology include Y7Lu (tissue pene-
tration: 0.5-2 mm) and ®°Y (tissue penetration:
2.5-11 mm) [1].

Alpha emitters. Due to higher alpha particle mass
and double positive charge, they have a limited
range in materials (including cells and tissues) and
they disseminate their kinetic energy faster to the
surrounding cell environment with higher damage
to the target cells at the sub-cellular scale. Despite
these limitations and present limited production,
various alpha emitters and related radiopharma-
ceuticals have been used in medicine. A recent
review article describes the production of the im-
portant alpha emitters [1]. Table 3 summarises the
properties of the most important alpha emitters
for use in medicine.

Theranostic radioisotopes. Therapeutic isotopes
provide either curative or palliative radiation
therapy to treat disease by killing cancerous cells.
Radioisotopes are often used to treat the prostate,

2 Cyclotron produced radionuclides: guidance on facility design and production of fluorodeoxyglucose (FDG). IAEA Radioisotopes
and Radiopharmaceuticals Series No. 3. 2012. https://www.iaea.org/publications/8529/cyclotron-produced-radionuclides-guid-

ance-on-facility-design-and-production-of-fluorodeoxyglucose-fdg

Production and quality control of Fluorine-18 labelled radiopharmaceuticals. IAEA TECDOC No. 1968. 2021. https:/www.iaea.
org/publications/14925/production-and-quality-control-of-fluorine-18-labelled-radiopharmaceuticals

Atlas of non-FDG PET-CT in diagnostic oncology. IAEA Human Health Series No. 38. 2021. https://www.iaea.org/publica-

tions/13581/atlas-of-non-fdg-pet-ct-in-diagnostic-oncology

3 Production, quality control and clinical applications of radiosynovectomy agents. IAEA Radioisotopes and Radiopharmaceuticals
Reports No. 3. 2021. https://www.iaea.org/publications/13500/production-quality-control-and-clinical-applications-of-radiosy-

novectomy-agents
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Radioisotope
Linker Paduousomon

JluHkep

N Targetting moiety
Hauenusarowuli ppazmeHm
Target
Cell -
Knemka-
MUWEHb 1
Targeted site
_J 9

Calim-muweHs

Fig. 1. An overview of targeting radiopharmaceutical

Puc. 1. Cxema mapeemHo020 paduogapmayesmuyeckoeo npenapama

the breast, the head, the neck, the thyroid, and the
skeletal system. These isotopes can be attached
to a molecule that targets diseased tissue, a so-
called radiopharmaceutical (see above), fabricated
into a device that implanted directly into a tumor
as part of brachytherapy, or incorporated into mi-
crospheres that become lodged in tumorous tissue
when introduced into a patient’s blood stream. The
theranostic approach, which couples diagnostic
imaging and therapy using the same molecule or
at least very similar molecules, is also possible.
Radioisotopes used for this are called theranostic.
For example, a combination of 12| (gamma emit-
ter) and 'l (gamma and beta emitters) can be used
for theranostic purposes — to image the cancerous
cells and to destroy them at the same time.

Radioisotopes for radiotherapy and brachytherapy.
One of the most common applications of radioac-
tive sources is radiotherapy — a widely used form
of cancer treatment [2]. Radiation, used alone or
in combination with surgery or chemotherapy, ef-
fectively destroys cancerous cells. External radio-
therapy, also known as teletherapy, is provided

Targetting Radiopharmaceutical

Paduogapmayesmuyeckuli npenapam HanpagneHHo20 Oelicmaus

by an external radiation source, usually cobalt-60,
which emits 1.1 MeV and 1.3 MeV gamma rays.
Brachytherapy, or internal radiotherapy, places
encapsuled radioactive sources inside the patient.
This technique has the advantage of using a highly
localized dose of radiation and significantly de-
creases the risk of radiation-induced second malig-
nancies. Radioactive implants, in the form of wires
or seeds, are inserted for hours, days, or, in some
cases, even permanently. Currently, brachytherapy
is predominantly used for localized tumors, such as
cancers of the prostate, cervix, and endometrium.
Mostly alpha- or beta-emitting radionuclides are
used for brachytherapy due to their short penetra-
tion into biological tissues and high linear energy
transfer. Among them are 131, 123], 192| 103pd 106Ry,

Radioisotope production

Radioisotopes are prepared via select nuclear re-
actions. Several approaches to isotope production
are available, including those using research reac-
tors, cyclotrons, and decay of other radioisotopes
(i.e. generators). Although these are the most im-
portant routes, other methods such as application

Table 3. Physical properties of important alpha emitters for use or potential use in medicine

Ta6nuya 3. Qusuyeckue cgolicmea HEKOMOPbIX ANbGa-usayyamened, UCNONLIYIOUUXCS 8 MeOUYUHE

Radioisotope Half life
Paduousomon lepuod nonypacnada
3B 46 min / MuH

“Tp 412h/y
WAL 7.2d/cym
2%4Ra 3.63d/cym
25Ac 10d/cym
223Ra 11.4d/cym
227Th 18.68 d / cym

Production routes Decay products
Memooe! nonyyeHus lpodykmel pacnada
227Ac decay chain 207

Llenoyka pacnada *?’Ac

1SZGd (p’ 4n) 149Tb 145Eu’ 1496d

209Bi(a’ 2n) leAt 207Bi’ lePo
228Th/?2*Ra generator 220Rpy
22Th/***Ra eeHepamop

227Ac decay chain mpep
Llenoy4ka pacnada *?Ac

27Ac decay chain 19Rn
Llenoy4ka pacnada *?’Ac

227Ac decay chain 3R,

Llenoyka pacnada **Ac
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of linacs and neutron generators are also gaining
attention in recent years.

Research reactors. Research reactors are facilities
capable of initiating a nuclear reaction to prepare
radioisotopes. Some production routes generate ra-
dioisotopes of the same target element via a neu-
tron capture reaction (n, y) or a new element in case
the neutron has enough energy to kick-out a proton
from the nucleus (n, p). The most interesting ex-
ample of such reactions are production of the well-
known beta emitter Y’Lu by irradiation of ’°Lu in a
research reactor with thermal neutrons, ¥¢Lu (n, y)
7Lu. Another nuclear reaction used in specific re-
search reactors for radioisotope production is initi-
ated by high energy/fast neutrons; the best example
is 32S(n,p)*?P. Probably the most important reaction
is fission using neutrons of fissionable targets such
as U to produce various important radionuclides for
use in humans such as *Mo, **! and *°Y. A detailed
IAEA publication in the production of reactor-based
radionuclides is available®.

Generators. Radionuclide generator systems are a
safe and user-friendly option for producing short-
lived radionuclides for busy hospital radiophar-
macies. Generator systems consist of parent radi-
onuclide, which decays to daughter radionuclide of
shorter half-life.

The differences in chemical properties of decay
daughter and isotope parent allows the separa-
tion of daughter from time to time. This principle
is used in the most used medical generator system
of #*Mo/**"Tc. Most of the current *?Mo/*°™Tc gen-
erators use the parent radionuclide **Mo (T, , 67h),
produced from the fission reaction of 2**U, where
high specific activity Mo in anionic molybdate
form is adsorbed on a positively charged acidic alu-
minum oxide column and the **™Tc daughter can be
conveniently eluted off.

Use of ¢8Ga radiopharmaceuticals is increasing and
the %Ge/®Ga generator is the convenient method
to obtain %GaCl, suitable for radiopharmaceuti-
cal preparations. The parent %Ge is produced in
a cyclotron. Absorbent materials such as titanium
dioxide are used for retaining ®Ge on the gen-
erator column. %Ge decays by electron capture
with a 275 days half-life to ¢®Ga. Based on secular
equilibrium, this generator system has relatively
long shelf life of around 6 to 9 months and %¢Ga

can be eluted every 4 h for radiopharmaceutical
synthesis.

82Sr/82Rb generators are another example based on
secular equilibrium, with the #2Sr parent (half-live:
5.5 days) and its #Rb the daughter radionuclide
half-life 76 seconds, decaying by positron emis-
sion. The monocationic ®?RbCl, useful for cardiac
PET imaging can be eluted every 10 min from the
generator for almost one month.

Cyclotrons. These particle accelerating systems
equipped with one or more solid, liquid, or gas tar-
get(s) are rapidly evolving and available machines
to produce artificial radioisotopes starting from
natural, enriched or radioactive target materials®.
Historically, conventional short-lived PET radio-
isotopes (**0, BN, *C and ®F) were the first used
to generate radiopharmaceuticals. 1C, *0 and N
radioisotopes had identical natural isotope pairs in
biological systems and were considered the best
surrogates to study and evaluate the metabolism
and fate of various natural substances comprised
of these atoms, such as H,0, NH, and all organic
biological molecules containing carbon atoms.
Table 2 shows the most important short half-lived
PET radiopharmaceuticals and their applications.
Although ®8F has almost no identical natural pair
in any biological system, its near identical size to
hydrogen atom, high polarity and longer half-life
(110 min) have made it evolve to be a major role
player in PET radiopharmacy.

In addition to the above-mentioned PET radiophar-
maceuticals prepared and used for several decades,
the need for imaging longer biological processes,
requiring detection periods greater than several
hours and possibly days, have led to many other
interesting PET radioisotopes being prepared and
employed in radiopharmaceutical production. For
instance, in order to visualise and follow antibody
fate and tumor detection using them, radionu-
clides with half-lives in the range of days should be
used, since the biological half-life of these biomol-
ecules are between 1-3 days. A recent IAEA pub-
lication covers the production of alternative and
emerging radioisotopes using medical cyclotrons®.
Table 4 represent a list of radioisotopes and radio-
pharmaceuticals that are emerging future PET.

Linacs. Linear accelerators can be used to produce
many radionuclides, many of which cannot be

4 Manual for reactor produced radioisotopes. IAEA. 2003. https:/www-pub.iaea.org/MTCD/publications/PDF/te_1340_web.pdf

> Cyclotron produced radionuclides: operation and maintenance of gas and liquid targets. IAEA Radioisotopes and Radiopharma-

ceuticals Series No. 4. 2012. https:

www.iaea.org/publications/8783/cyclotron-produced-radionuclides-operation-and-mainte-

nance-of-gas-and-liquid-targets

6 Alternative radionuclide production with a cyclotron. IAEA Radioisotopes and Radiopharmaceuticals Reports No. 4. 2021. https:/
www.iaea.org/publications/13649/alternative-radionuclide-production-with-a-cyclotron
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Fig. 2. Production of ®Mo using nuclear reactors
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Fig. 3. Production of *?Mo and *"Tc using partcile accelerators
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Table 4. Selected emerging PET radioisotopes and potential radiopharmaceuticals

Ta6nuua 4. Hekomopeie Ho8ble paduou3omons! U NomeHyuansHsle paduopapmayesmudeckue npenapamesi 045 13T

Radioisotope  Radiopharmaceuticals Half life

Paoduousomon  Paduogpapmnpenapamei  [lepuod nonypacnada

4Cu 64Cu SARTATE, ¢*Cu 127h/u

ATSM, ¢4Cu chloride /

Xn0pud
897r 897r trastuzumab 78h/u
8Zr mpacmy3syma6b

EaE 86Y peptides, #Y-mAbs 147h/y

8Y nenmuoei, Y -MAT
24 124 Nal, 14| MIBG 4.2d/cym

harvested with cyclotrons. For example, electron
accelerators equipped with a bremsstrahlung con-
verter can be used to generate intense photon flux
causing photonuclear reactions in the target ma-
terial. Such machines are used in several facilities
for photonuclear production of #Sc, ¢’Cu, and other
isotopes:

*8Ca(y,n)*Ca—>*'Sc
8Zn(y,p)¢’Cu
226Ra(y’ n)ZZS Ra—>225AC

Proton linacs can also be used for isotope produc-
tion. Unlike relatively inexpensive and compact
cyclotrons, high energy (>100 MeV) proton linacs
are rather complex and expensive machines and
are typically housed in national laboratories. While
their number is limited they open an opportunity
to produce some radioisotopes which are impos-
sible or extremely difficult to produce otherwise.
Examples of radioisotopes produced by these high
energy accelerators include %Ge, 82Sr,'%%Pd, 22°Ac,
and others.

Important radioisotopes in nuclear medicine
Mo. The most used °°"Tc radiopharmaceuticals
are prepared at hospital radiopharmacies using
pharmaceutical grade **™Tc eluted from **Mo/**"Tc
generators and approved cold kits. Mo is an es-
sential radioisotope used in at least 80% of an-
nual nuclear medicine procedures worldwide.
Various activities are supported and strengthened
by IAEA in the production and meeting the global

Application Reference
lpumeneHue UcmoyHuk
Neuroendocrine tumors, hypoxia, prostate and 7
brain tumors
Helipo3HOOKpUHHbIE oNnyX0aU, 2UNOKCUSs, ONyXoau
npedcmamenbHol xenessl U 20/108H020 M032a
Breast cancer [3]
Pak mosno4Hol xene3bl
Various cancers g
Paznu4Hble 8udsl paka
Thyroid imaging, Neuroendocrine tumors D

Busyanuzayus wumogudHol wenessl,
Helipo3HOOKPUHHbIEe onyXonu

demand of both *Mo and **"Tc. Using nuclear re-
actors various routes are possible for **Mo pro-
duction with various specific activities (Fig. 2).

Production of accelerator based (cyclotron or
linacs) **"Tc is another route when research reac-
tors are not in place or when transport or produc-
tion is diminished or paralyzed worldwide due to
technical, commercial, political, or supply prob-
lems. Figure 3 depicts the possible routes of Mo
or *Tc production using accelerators.

A recent, important IAEA action focused on the
production of *°"Tc using cyclotrons under an
IAEA CRP (2011-2015) with 18 participants from
16 Member States. In this CRP a technology was
successfully developed to produce >30 Ci **"Tc per
run in medical cyclotrons of energies (<24 MeV
proven). Successful clinical trials in Canada led to
regulatory approvals and a monograph approved
in Europe. Another recently concluded IAEA proj-
ect focused on the use of low specific activity Mo
for generator preparation via accelerator produc-
tion of Mo (®®Mo (y,n) reaction). Sixteen Member
States participants worked together to formulate
guidelines to enhance and strengthen the exper-
tise in this new method based on photodynamic
reaction.

31|, Historically the first therapeutic radiopharma-
ceutical/radioisotope used in medicine was **'| and
31| can be a diagnostic radioiodine as well when
used in low doses (185 MBq). It is produced locally
by countries having research reactor facilities via

7 Cyclotron produced radionuclides: emerging positron emitters for medical applications: 64Cu and 124l. IAEA Radioisotopes

and Radiopharmaceuticals Reports No. 1. 2016. https://www.iaea.org/publications/10791/cyclotron-produced-radionuclides-
emerging-positron-emitters-for-medical-applications-64cu-and-124i

& Production of emerging radionuclides towards theranostic applications: Copper-61, Scandium-43 and -44, and Yttrium-86. IAEA

TECDOC No. 1955. 2021. https:

www.iaea.org/publications/14857/production-of-emerging-radionuclides-towards-theranos-

tic-applications-copper-61-scandium-43-and-44-and-yttrium-86

® Manual for reactor produced radioisotopes. IAEA. 2003. https://www-pub.iaea.org/MTCD/publications/PDF/te_1340_web.pdf
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neutron capture on *°Te targets. | is also gener-
ated by *°Mo producers by isolation from their tar-
get fission products. Due to huge interests world-
wide and also importance in both diagnosis and
therapy of human thyroid diseases and some other
cancers. The supply chain is quite important for all
Member States and therefore the IAEA, together
with the other international organisations, contin-
ually scrutinizes its production and supply.

77l u. Currently the beta emitter ¥’Lu is the high-
est potential therapeutic radionuclide for use in
theranostic radiopharmacy in the forms of ’Lu-
DOTATATE and Y7Lu-PSMA. Y7Lu is produced via
two routes:
76Lu(n, y) Y7Lu : Y76Lu can be natural or enriched
(limitation of specific activity)
176Yb(n, y) Y"Yb—>'""Lu (high specific activity, no
carrier added)

IAEA supports the local production and distribu-
tion as well as commercial manufacturers supply of
pharmaceutical grade *’LuCl, suitable active prod-
uct ingredient or radiopharmaceutical preparation.
Two IAEA CRPs with the focus on the production
and quality control of ¥7Lu biomolecules and sim-
ple radiopharmaceuticals have concluded and the
results published®.

%Ga. %®Ga decays with a half-life of 67.71 min. It
has played a remarkable role in the worldwide
growth of clinical research and routine clinical
studies with PET over the last 20 years. %8Ga is
very well suited as a diagnostic isotope for pairing
with therapeutic radiometal isotopes, particularly
when targeting molecules can utilize the same
chelator for both ®Ga and the therapy isotope
(e.g. Y7Lu, 2%Ac). The most common method of
obtaining %Ga is currently via a ®®Ge/*®Ga gener-
ator. Generators are convenient for many appli-
cations because the long half-life of the parent
nuclide %8Ge (270.93 days) guarantees an ongoing
supply of Ga-68 for up to nine months. A former
IAEA CRP about generator-based Ga-68 radio-
pharmaceuticals has already been completed?!.
The usable %8Ga activity from current generators
is nevertheless limited by the amount of loaded
activity, the minimum interval between two
elutions, the maximum number of elutions, the

elution efficiency, and the possibility of parent
radionuclide breakthrough. Direct production of
®8Ga radionuclide using medical cyclotrons and
®8Zn targets!? is possible and a new IAEA project
is promoting this route as well suited for centers
with multiple patients and high expertise in cy-
clotron operations®.

8Z7r. Due to its attractive physicochemical proper-
ties, 89Zr (half-life 78.41 h) has attracted greater at-
tention, especially in the pharmacokinetics studies
and clinical evaluation of monoclonal antibodies
(mAbs) and large proteins. The additional gamma
emission from 8°Zr does not negatively impact im-
age quality obtained with in modern whole-body
PET/CT or PET/MR scanners. In terms of committed
dose per administered activity, #Zr is probably one
of the best choices for a late-stage PET imaging
agent. The production of #Zr radioisotope using
medical cyclotrons through the 2Y(p,n)®*Zr reac-
tion is rather straightforward and various radio-
pharmaceuticals have already been prepared. An
IAEA CRP started in 2019 for the development of
standardized production and quality control of #Zr
radioisotope as well as #°Zr radiopharmaceuticals
covering all preclinical stages for ultimate use in
diagnostic nuclear medicine.

2BAc. BAc (half-life 10 d) can be prepared with
various methods such as radiochemical extrac-
tion from 22°Th, irradiation of 2°Ra with medium
energy protons (16 MeV), irradiation of #2Th with
high energy protons, research reactor irradiation
of 22%Ra as well as photonuclear transmutation of
226Ra. The IAEA is continuously supporting and fol-
lowing the production and application of 22°Ac!“.
Due to the advances in the preparation and clinical
application of alpha-emitter radiopharmaceuticals,
especially 2°Ac, an IAEA project started in 2022 to
assist the member States with the development,
production, and quality control of 22°Ac therapeutic
radiopharmaceuticals®® (Fig. 4).

Tb-radioisotopes. Terbium is unique in that it has
four medically interesting radioisotopes, *°Tb,
2Tp, 5Tb and ¢'Tb. **Tb (half-life 5.32 d)
and *?Tb (half-life 17.5 h) can be used for SPECT
and PET, respectively. Both radioisotopes have
been produced and tested preclinically. **?Tb

0 Comparative evaluation of therapeutic radiopharmaceuticals. Technical Reports Series No. 458. ISEA. 2007. https:/www.iaea.
org/publications/7654/comparative-evaluation-of-therapeutic-radiopharmaceuticals

1t Development of Ga-68 based PET-radiopharmaceuticals for management of cancer and other chronic diseases.
2 Gallium-68 cyclotron production. https:/www.iaea.org/publications/1%484/gallium-68-cyclotron-production

3 Jallilian A. New CRP: production of cyclotron-based gallium-68 radioisotope and related radiopharmaceuticals (F22073).

https:

www.iaea.org/newscenter/news/new-crp-production-of-cyclotron-based-gallium-68-radioisotope-and-related-radio-

pharmaceuticals-f22073

* Report on joint IAEA-JRC workshop “Supply of Actinium-225". IAEA. 2018. http://www-naweb.iaea.org/napc/iachem/working_
materials/Report_Workshop%200n%20Supply%200f%20Ac-225_IAEA_JRC_October2018.pdf

5 Production and quality control of Ac-225 radiopharmaceuticals. https://www.iaea.org/projects/crp/f22075
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was the first Tb isotope that was tested (as *2Tb-
DOTATOC) in a patient. Both these radionuclides
may be of interest for dosimetry purposes, due
to photon and positron emission, suitable for ac-
cumulation studies, prior to the application of
radiolanthanide therapy. The decay properties
of *1Tb (half-life 6.89 d) are like "7Lu, but with
the co-emission of Auger electrons, which make it
attractive for a combined B-/Auger electron ther-
apy that has been demonstrated to be effective
in preclinical experiments. *Tb (half-life 4.1 h)
has been proposed for targeted a-therapy with
the possibility of PET imaging. In terms of pro-
duction, %!Tb and ***Tb are most promising to be
made available at the large quantities suitable for
future clinical translation. Due to interesting and
diverse application of the Tb radioisotopes for the
development of theranostic agents, IAEA intends
to hold various activities in this regard in 2022
onwards.

IAEA support to member states

in radiopharmaceutical science

Coordinated Research Projects (CRPs). The IAEA
supports and assists research on and develop-
ment and practical use of nuclear applications for
peaceful purposes throughout the world. It brings
together research institutions from its develop-
ing and developed Member States to collaborate
on research projects of common interest in IAEA
CRPs. Radioisotopes and radiopharmaceutical sci-
ences are a major component of atoms for peace
approach for all Member States and IAEA has sup-
ported them via this mechanism since the 1980’s.
These activities have resulted in sustainable and

successful production and application of radio-
pharmaceuticals in many Member States in all re-
gions. Table 5 shows IAEA CRPs on the production
and quality control of radioisotopes and radiophar-
maceuticals since 2010.

Information support

IAEA  Medical Cyclotron and Research Reactor
Databases. Advances in access and application of
web-based information sheets and worldwide ap-
plication of modules and live webpages supports
the accumulation, dissemination, and updating of
data. The IAEA database for “Cyclotrons used for
Radionuclide Production” was created as a fol-
low-up action to the older hard-copy “Directory
of Cyclotrons” developed in 1983 and updated in
1998 and 2006 by the IAEA and international ex-
perts. The database was established and is con-
stantly under revision in response to the request of
Member States and world-wide interest in the in-
stallation and application of cyclotrons for medical
radioisotope production. At present, information
of over 1300 cyclotrons from 89 MSs is uploaded
into the database. The database has an online data
query system as well as a mapping function of the
accumulated data’®.

The IAEA Research Reactor Database (RRDB)
is the most authoritative source of technical,
statistical, and historical information on research
reactors ever built, currently being constructed
or planned worldwide. Developed in 1984, some
of its information was made available online
in 2000. Since 2009, it is a fully web-based re-
source and was upgraded in 2021. RRDB contains
technical and administrative information on

6 Cyclotrons used for Radionuclide Production. https://nucleus.iaea.org/sites/accelerators/Pages/Cyclotron.aspx
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Table 5. An overview of IAEA CRPs on the production and application of radioisotopes and radiopharmaceuticals since 2010

Ta6nuya 5. 0630p npoekmog cosmecmHsix uccaedosaruli MATATI no npousgodcmay u npumeHeHuto paduousomonos u paduogpapmayes-

muyeckux npenapamos c 2010 e.

CRP title Code Timeline Status Outcome Member States Reference
Ha3eaHue npoekma Koo lMepuod,22. Cmamyc  Pe3ynemam Tocydapcmea-yneHsi Ucmouruk
Development of thera- F22042 2006- Closed Final Argentina, Austria, Brazil, Chile, W
peutic radiopharmaceut- 2010 3asepuwieH report China, Cuba, Czech Republic,
icals based on Y"’Lu for Umozoesiti  Hungary, India, Italy, Pakistan, Peru,
radionuclide therapy omyem Poland, Russian Federation, United
Paspabomka mepanesmu- States of America, Uruguay
yeckux paduogapmayes- Ascmpus, ApeeHmuHa, bpasunus,
muyeckux npenapamos Ha BeHepus, MHOus, Mmanus,
ocHoge Y7Lu 019 paduoHy- Kumadi, Ky6a, Makucmad, lepy,
KAUOHoU mepanuu lMonswa, Poccutickas @edepayus,
CoeduHeHHsbie LLImamebi AMepuKku,
Ypyesati, Yewckas Pecnybauka, Yunu
Development of ¢¢Ga F22050 2010- Closed Final Australia, Austria, Brazil, Chile, L
based PET-radiopharma- 2017 3asepweH report China, Cuba, Germany, India, Italy,
ceuticals for manage- Nmoezoswlli Mexico, Poland, Romania, Saudi
ment of cancer and other omyem Arabia, Singapore, South Africa,
chronic diseases Thailand, Uruguay
Paspabomka paduogap- Aecmpanus, Aecmpus, bpasunus,
Mayesmuyeckux npenapa- lepmaxus, MHous, Mmanus, Kumad,
mos 015 13T Ha ocHose Kyb6a, Mekcuka, lNonewa, PymeiHus,
%3Ga 019 neqeHus paka Caydosckas Apasus, CuHzanyp,
U Opyaux XpoHUYecKux TaunawHo, Ypyaead, Yunu, KOxHas
3a6onesaHuli Appuka
Production and utiliza- F22049 2010- Closed IAEA pub- Argentina, Brazil, Canada, China, ®
tion of emerging positron 2014 3asepweH lication Denmark, Finland, France, Italy,
emitters for medical My6nu- Japan, Republic of Korea, Saudi
applications with an em- Kayus Arabia, Syrian Arab Republic, Turkey,
phasis on ¢Cu and | MATATS United States of America
lpou3godcmeo u ucnosb- ApzeHmuHa, bpazunus, laHus,
308aHUE HOBbIX NO3UMPOH- Wmanus, Kanada, Kumati, Pecnybauka
HbIX U3nyyamesnel 015 me- Kopes, Caydosckas Apasus,
OUYUHCKO20 NpUMEHEHUS Cuputickas Apabckas Pecnybnuka,
Ha npumepe %*Cu and %] CoeduHeHHsbie LLImamesi AMepuku,
Typuyus, @uHngHOus, @paHyus,
SAnoHus
Accelerator-based F22062 2011- Closed IAEA pub- Armenia, Brazil, Canada, Germany, 2L
Alternatives to Non-HEU 2015 3asepwer lication® Hungary, India, Italy, Japan,
production of ®Mo/**"Tc My6nu- Malaysia, Poland, Republic of Korea,
Ucnone308aHue yckopu- Kayus Saudi Arabia, Syrian Arab Republic,
merneli 8 Ka4ecmeae alb- MATAT3?° Turkey, United States of America

mepHamueHbIX Memooos
npousgoocmea *’Mo/”"Tc
6e3 npumeHeHus BOY

ApmeHus, bpasunus, BeHnepus,
lepmarus, MHOus, Mmanus, KaHada,
Manaiisus, lMonswa, Pecnybauka
Kopes, Caydosckas Apasus,
Cuputickaa Apabckas Pecnybauka,
CoeduHeHHsble LLImamel AMepuKu,
Typyus, AnoHus

7 Development of therapeutic radiopharmaceuticals based on 177Lu for radionuclide therapy. https:/www.iaea.org/projects/crp/f22042

8 Development of Ga-68 based PET-radiopharmaceuticals for management of cancer and other chronic diseases.
https://www.iaea.org/projects/crp/f22050

¥ Production and utilisation of emerging positron emitters for medical applications with an emphasis on Cu-64 and [-124.
https://www.iaea.org/projects/crp/f22049

20 Cyclotron based production of Technetium-99m. IAEA Radioisotopes and Radiopharmaceuticals Reports No. 2. 2017.
https://www.iaea.org/publications/10990/cyclotron-based-production-of-technetium-99m

2 Jalilian A. CRP success story: F22062 accelerator-based alternatives to non-HEU production of M0-99/Tc-99m (2011-2015).
https:/www.iaea.org/newscenter/news/crp-success-story-f22062-accelerator-based-alternatives-to-non-heu-production-of-
mo-99/tc-99m-2011-2015
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Table 5 (continued)

lpodomueHue mabauysl 5

CRP title
HaseaHue npoekma

Code
Koo
Development and F22052
preclinical evaluations

of therapeutic radio-
pharmaceuticals based
on *7Lu and *°Y labeled
monoclonal antibodies
and peptides
Paspabomka u doknuHu4e-
cKas oueHka mepanesmu-
yeckux paduogapmayes-
muyeckux npenapamog Ha
0CHOBE MOHOKJ/IOHA/IbHbIX
aHmumesn u nenmuados,
MeyeHHbIx 7Lu u Y
Sharing and developing F23031
protocols to further min-
imize radioactive gaseous
releases to the environ-
ment in the manufacture
of medical radioisotopes,
as good manufacturing
practice

CosMecmHoe ucnosb308a-
Hue u pazpabomka npo-
mokonog 071 daneHeliwed
MUHUMU3auuU 8616p0cos
pPaouoaKmugHsIx 2308 8
OKpy#arwyw cpedy npu
npou3sgodcmee Meou-
YUHCKUX paduou3omonos —
8 kayecmee Hadnexaweli
npou3800cmeeHHol
npakmuku

Therapeutic radiophar- F22053
maceuticals labelled with

new emerging radionuc-

lides (¢’Cu, %¢Re, #'Sc)
Tepanesmuyeckue pa-
duogapmayesmuyeckue

npenapamsi, MeYyeHHble

HOBbIMU padUOHYKAUOAMU

(¥7Cu, %Re, #Sc)

New ways of producing F22068
%mTc and *™Tc gener-

ators

Hossle cnocobsl npous-

godcmea *"Tc u eeHepa-

mopos *"Tc

Timeline
Mepuoo, 22.

2011~
2015

2015-
2019

2016-
2020

2017-
2021

Status Outcome
Cmamyc  Pesynemam
Closed Final
3asepuweH report
Nmozoselli
omyem
Closed Final
3asepuweH report
Nmozossili
omyem
Closed IAEA pub-
3asepweH lication
My6nu-
Kauus
MATATS
Closed IAEA pub-
3asepwer lication (in
press)
My6nu-
Kayus
MATATS
(8 nesamu)

Member States
locyoapcmea-uneHol

Argentina, Austria, Brazil, China,
Cuba, Czech Republic, Hungary,
India, Iran, Italy, North Macedonia,
Poland, Saudi Arabia, Syrian Arab
Republic, Turkey, United States of
America
Ascmpus, ApeeHmuHa, bpasunus, Ben-
epus, Ihous, UpaH, Mmanus, Kumad,
Ky6a, lNonswa, Caydosckas Apasus,
CesepHas MakedoHus, Cupulickas
Apabckas Pecnybnuka, CoeOuHeHHble
LImamei Amepuku, Typyus, Yewckas
Pecny6nuka

Belgium, Canada, Germany, Indone-
sia, Pakistan, Poland, Republic of
Korea, United States of America
benveus, lepmaHus, MHOoHe3us,
KaHada, lMakucmaH, Monswa, Pecny6-
nuka Kopes, CoeduHeHHsle LLImamesl
Amepuku

Egypt, France, Hungary, India,
Iran, Italy, Japan, Malaysia, Poland,
Republic of Korea, Saudi Arabia,
Syrian Arab Republic, United States
of America
BeHepus, Eeunem, MHous, UpaH, Mma-
aus, Manatizus, Monswa, Pecnybnuka
Kopes, Caydosckas Apasus, Cupudi-
ckas Apabckas Pecny6nuka, Coedu-
HeHHble LlImamer AMepuku, @paHyus,
SAnoHus

Brazil, Canada, China, Egypt, India,
Indonesia, Iran, Japan, Morocco,
Pakistan, Peru, Poland, Romania,

South Africa, Ukraine, United States
of America

bpazunus, Ezunem, MHous, MHAoHe-

3usg, UpaH, Kanada, Kumatii, Mapokko,

Makucmat, lNepy, Monswa, PymbiHus,
CoeduHeHHsbie LLImamesi AMepuku,
YkpauHa, HOxHas Appuka, noHus

Reference
UcmoyHuk

22

23

24’ [4]

25

22 Development and preclinical evaluations of therapeutic radiopharmaceuticals based on Lu-177 and Y-90 labeled monoclonal
antibodies and peptides. https://www.iaea.org/projects/crp/f22052

% Sharing and developing protocols to further minimize radioactive gaseous releases to the environment in the manufacture of
medical radioisotopes, as Good Manufacturing Practice. https://www.iaea.org/projects/crp/f23031
24 Jalilian A. Concluded CRP — Coordinated Research Project (CRP F22053) on therapeutic radiopharmaceuticals labelled with new
emerging radionuclides (67Cu,186Re, 47Sc). https://www.iaea.org/newscenter/news/concluded-crp-coordinated-research-pro-

ject-crp-f22053-on-therapeutic-radiopharmaceuticals-labelled-with-new-emerging-radionuclides-67cul86re-47sc

%5 Osso Junior JA, Jalilian A. NEW CRP: New ways of producing Tc-99m and Tc-99m generators (F22068). https://www.iaea.org
newscenter/news/new-crp-new-ways-of-producing-tc-99m-and-tc-99m-generators-f22068
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Table 5 (continued)

lpodomueHue mabauysl 5

CRP title Code Timeline Status

Ha3seaHue npoekma Koo Mepuoo,22.  Cmamyc
4Cu radiopharmaceut- F22067 2016- Closed
icals for theranostic 2020 3asepuwieH
applications
Paduogapmauyesmuye-
ckue npenapamsi **Cu
0715 mepaHocmuy4ecko20
npumeHeHus
Nanosized delivery F22064 2014- Closed
systems for radiopharma- 2019 3asepuweH
ceuticals
HaHopa3zmepHeie cucmemsl
docmasku paduogpapma-
yesmuyeckux npenapamos
Production of #Zr and F22071 2019- Ongoing
development of 2°Zr 2023 B npo-
radiopharmaceuticals uecce
Monyyerue ¥Zr u pa3pa-
b6omka paduogapmaues-
muyeckux npenapamos
89Zr
Production of cy- F22073 2020- Ongoing
clotron-based ¢Ga 2024 B npo-
radioisotope and related yecce
radiopharmaceuticals
lMpou3sodcmeo paduou3so-
monog u paduogapmayes-
muyeckux npenapamos
%Ga Ha yuknompoHe
Production and quality F22075 2022- Initiated
control of 22°Ac radio- 2026 Hasam

pharmaceuticals
lpou3zgodcmeo u
KOHMpOoJb Kayecmsa
paduogpapmayesmuyeckux
npenapamos **Ac

841 research reactors in 70 countries, including
critical and subcritical assemblies and planned
reactors. The information is provided and up-
dated by Facility Data Providers designated by
IAEA Member States and reviewed by the IAEA.
Besides general information, such as facility lo-
cation, status, and contact data, the RRDB also
provides technical data such as reactor power
and flux, experimental facilities available, and
utilization of each research reactor. Utilization
for radioisotope production includes information

Outcome Member States Reference
Pesynbmam Tocydapcmea-yneHsi HcmouHuk
IAEA pub- Australia, Brazil, Canada, China, % 5]
lication Denmark, India, Iran, Mexico,
My6nu- Netherlands, Pakistan, Saudi Arabia,
Kayus Syrian Arab Republic, United States
MATATS of America
Ascmpanus, bpasunus, AaHus, MHOuS,
UpaH, KaHada, Kumadi, Mekcuka,
Hudepnaroei, [Nakucmax, Caydosckas
Apasus, Cuputickas Apabckas Pecny6-
nuka, CoeduHeHHeble LLImamer AMepuku
IAEA pub-  Argentina, Brazil, Egypt, Iran, Italy, &
lication Malaysia, Mexico, Pakistan, Poland,
My6nu- Singapore, Thailand, United States
Kayus of America
MATATS ApeeHmuHa, bpa3zunus, Ezunem, UpaH,
Wmanus, Manatizus, Mekcuka, lNaku-
cmakH, Monswa, CuHeanyp, Taunaro,
CoeduHeHHeble LLImamel AMepuku
n.a. Canada, China, France, Germany, &
He npume- India, Iran, Italy, Japan, Mexico,
HUMO Poland, Portugal, Republic of Korea,
Romania, Saudi Arabia, South Africa,
United States of America
lepmanus, MHous, UpaH, Umanus,
Kanaoa, Kumati, Mekcuka, lNonbuwia,
lopmyaanus, Pecnybnuka Kopes,
PymbiHus, Caydosckas Apasus, Coedu-
HeHHble LLImamel AMepuku, @paHyus,
tOxHas Agpuka, AnoHus
n.a. Armenia, Brazil, Canada, Hungary, &
He npume-  India, Iran, Mexico, Portugal, Slov-
HUMO akia, Saudi Arabia, United States of
America
Apmenus, bpasunus, Benepus, HOus,
UpaH, Kanada, Mekcuka, [Topmyeaa-
sus, Caydosckas Apasus, Crogakusi,
CoeduHeHHsle LLimambi AMepuku
n.a. Open for proposals =0
He npume- lpuHumaromcs npednoxeHus
HUMO

for instance on the radioisotopes and respective
activity produced in a given research reactor.
Custom searches of the database can also easily
retrieve the research reactors involved in radio-
isotope production in each country or region.

Medical Isotope Browser App. In 2019, the |IAEA re-
leased the Medical Isotope Browser, a web-based
tool that makes it possible to directly predict the
production yield of a medical isotope based on
user input and the databases of nuclear reactions

2 Copper-64 radiopharmaceuticals for theranostic applications. https://www.iaea.org/projects/crp/f22067
27 Nanosized delivery systems for radiopharmaceuticals. https://www.iaea.org/projects/crp/f22064

28 Production of Zirconium-89 and the development of Zr-89 radiopharmaceuticals. https:/www.iaea.org/projects/crp/f22071
2 Production of cyclotron-based Gallium-68 radioisotope and related radiopharmaceuticals. https://www.iaea.org/projects/crp/f22073
39 Production and quality control of Ac-225 radiopharmaceuticals. https://www.iaea.org/projects/crp/f22075
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curated by the Agency. The Medical Isotope
Browser can be used by medical scientists and the
radiopharmaceutical industry to discover radioiso-
tope production routes not yet explored3:. The pro-
duction of medical isotopes for therapy or diagno-
sis depends on complex nuclear reaction processes,
which are only available to nuclear physicists via
measurements and nuclear reaction theories. The
Medical Isotope Browser makes this fundamen-
tal information accessible to many non-specialist
users through its graphical user interface. The
first version is restricted to isotopes produced by
charged-particle accelerators. Users can specify
the characteristics of the accelerator, such as the
projectile (proton, deuteron, tritium, helium-3 or
alpha particle), current in microamperes and the
incident and exit energy, as well as the target ma-
terial and the desired produced radioisotope. The
required isotopic yield as a function of irradiation
and cooling time as well as a complete description
of all the produced impurities can be obtained al-
most instantly. The simulations are based on the
TENDL nuclear data library augmented with evalu-
ated cross sections from the IAEA medical isotope
database. The next version will also include medi-
cal isotope production using research reactors and
electron beams.

IAEA-WHO collaborative activities

The IAEA and WHO collectively support Member
States through different activities, including those
in radiopharmaceuticals. Nuclear medicine is an
indispensable modality in current clinical settings
that fully depends on the availability of suitable ra-
diopharmaceutical products. The quality and safety
standards of radiopharmaceuticals, being drugs,
are significantly important. The IAEA support its
Member States through various activities to ensure
availability of good quality radiopharmaceuticals,
and hence also address heterogenous situations
among its various Member States related to health
regulations. The new developments in radiophar-
maceuticals, especially for detection and treatment
of cancer, are benefiting patients, hence there is in-
creasing interest in producing and using such prod-
ucts. The pharmacopoeias are the publications that
specify applicable drug quality standards; however
many radiopharmaceuticals products are currently
not included many of the national/regional phar-
macopoeia’s. The International Pharmacopoeia:
(Ph. Int.) is published by WHO with the aim to pro-
vide specifications and test methods for priority

medicines of major public health importance and is
widely refereed by drug producers, regulators, and
health care providers, policy makers, etc. from differ-
ent Member States. The |AEA is working with WHO
for inclusion of radiopharmaceutical product speci-
fications in the section on radiopharmaceuticals in
the Ph.Int. Similarly, combined efforts are underway
for publishing guidelines for manufacturing radio-
pharmaceutical products. The general guidelines on
good manufacturing practices for radiopharmaceu-
tical products is published in Ph.Int. Annex 232. The
drafts for specific guidelines for cold kit production
and investigational radiopharmaceuticals are under
review by expert committees.

Network of women

in radiopharmaceutical sciences

the IAEA being an international organization, em-
phasizes the need to be inclusive, which includes
nurturing an unbiased multicultural environment
and gender equality. Women professionals are
engaged in the radiopharmaceuticals field in
different regions of the World; even though the
IAEA always supports their participation in their
various events, the proportion of women is sig-
nificantly lower than that of the men. Enhanced
efforts are therefore needed to bring together
women scientists and professionals from dif-
ferent Member States through the IAEA plat-
form. Thus, with the goal of networking among
professionals, the ‘IAEA Network of Women in
Radiopharmaceutical Sciences, WRS’ was estab-
lished during IAEA symposium ISTR2019. This
Network is also the first interest group under
Women in Nuclear (WiN Global). WRS currently
has 166 members from 34 countries spread
across the globe and seven expert women pro-
fessionals in the field as an advisory group. The
WRS network includes physicists, chemists, biol-
ogists, pharmacists, and members with profiles
ranging from young researchers to senior profes-
sionals and program leaders, spanning academic
institutions, regulatory agencies, nuclear estab-
lishments, and commercial companies. The WRS
network aims at knowledge sharing, mentoring
young professionals, and helping/advising mem-
bers in specific challenging situations related to
their work in the area of radiopharmaceuticals,
recognizing the support needed for advancement
and advocacy of women to ascend to higher pro-
fessional roles in their careers.

31 Dixit A. On the spot: IAEA launches its first android app-isotope browser. 2013. https:/www.iaea.org/newscenter/news/spot-

iaea-launches-its-first-android-app-isotope-browser

32 International Atomic Energy Agency and World Health Organization guideline WHO Technical Report Series No. 1025, 2020,
93-108. https://apps.who.int/gb/ebwha/pdf files/EB147/B147_1(draft)-en.pdf
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