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KITMHUYKN UCTIUTYBAHA

Abstract

In the last decade, the application of radiopharmaceuticals based on zirconium-89 (*Zr)
radiometal has increased in both preclinical and clinical studies. The most frequently used
®Zr-radiopharmaceutical is *Zr-trastuzumab used in the management of patients with
breast cancer. Breast cancer is the most common cancer among women in North Macedonia
and the most common cause of death from malignant neoplasms in this population;
therefore, the introduction of new nuclear medicine procedures in these patients might
improve the management of this disease. However, the introduction of radioisotope
and radiopharmaceutical production requires significant investments, both manpower
and financial. The purpose of this work is to present the design conceptualization of a
feasibility study for the establishment of production of zirconium-89 radioisotope and
implementation of ®Zr-radiopharmaceuticals in clinical practice in the Republic of North
Macedonia and to present the initial results from the first phases of the study. This
feasibility study is designed to include preliminary analysis, market research, technical
feasibility analysis, economic analysis, review and analysis of all data and feasibility
conclusion. The evaluation of the data from the analyses conducted in all study phases
is needed to identify the favourable and unfavourable factors and circumstances in order
to make a final assessment of the feasibility of establishing the zirconium-89 radioisotope
and ¥Zr-radiopharmaceuticals production and implementation of ®Zr-trastuzumab use in
nuclear medicine practice.
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V3Bamok

Bo mocneHata JielieHuja, pagmModapMaleBTCKuTe Tperaparid 1To COfpKar zirconium-89
(*9Zr) paZIon30TOM MMAAT 3roieMeHa MpUMeHa Kako BO TIPETKIMHIUKUTE, Taka U BO KIMHNY-
kure cryun. Hajuecto Kopueren “Zr-pagmodapmarieBrik e “Zr-trastuzumab Koj ce mpume-
HYBa BO HACOKA Ha IIIaHKpatbe Ha Teparyja Ha NalyeHT Co Pak Ha lojka. Pakot Ha Jiojkara e
HajuecTroT KapijuHOM Kaj keHuTe Bo CeBepHa Make/IoHMja 1 HajuecTa MPUUMHA 3a CMPT O]] Ma-
JITHY HEOIUIa3My Kaj 0Baa OIyJIaLija, 3aT0a BOBEyBabeTo HOBHU IMjarHOCTUUKY TTPOLeypH
BO HyK/IeapHaTa MeJIMIMHA MO3Ke Jla IPUIIoHece 3a Tofio0po TIaHMpatke Ha Teparnujata Kaj
oBye marenTr. Certak, BOCTIOCTABYBAIETO Ha MPOW3BO/ICTBO Ha PajHOM30TONN 1 pazmocdap-
MALIeBTHIM 6apa 3HAYUTENTH MHBECTUIY, (DUHAHCUCKY U KaIpOBCKu. []enTa Ha 0Boj Tpy[ e
71a TO TIPETCTaBU /IN3ajHOT Ha (GU3MOUIUTH CTY/IMjaTa 3a BOCTIOCTABYBatbe Ha TPOU3BO/ICTBO HA
zirconium-89 paMon30TON 1 MMITIeMeHTalja Ha *Zr-pauohapMarlieBTHIIN BO KIMHUUKATa
npakca Bo Peryomika Ceepra Make/ioHWja, KAKO 1 JIa 'Y TTPETCTABU PesyaTaThTe Off MoyeT-
Hute (asu Ha cryaujata. OBaa hu3MOMIMTH CTY]A e M3ajHIPaHa TaKa I1IT0 BKIIyUyBa ITPe-
MUHAapHA aHA/IN3a, UCTPKYBAE Ha [1a3apOT, aHaJIM3a Ha TeXHUUKA M3BOJUIMBOCT, CKOHOMCKA
aHaJM3a, IPervie]] 1 aHaJu3a Ha CUTe MOJIATOLM U 3aK/IYUOK 3a husubmiHoct. EBanyaimjara Ha
TIOIATOITITE O] AHAMM3MTE BO PAMKY Ha cuTe (hasu Ha CTyfujaTa e TIoTpeOHa 3a Jla ce MleHTH-
(buUKyBaaT MOBOHUTE U HETIOBONHUTE (hAKTOPU 1 OKOJHOCTH 32 JIa ce JIoHece KOHeUHa MpoLieH-
Ka Ha (hr3nOMIHOCTa 3a BOCTIOCTABYBambe Ha MPOM3BOZICTBO Ha zirconium-89 pasmon3ororn 1
897r-pamuochapmalieBTHIM U BoBeflyBatbe Ha Zr-trastuzumab Bo HyK/ieapHO-MeJIMIMHCKATA
TpaKca.



Introduction

Radiopharmaceutical preparations
or radiopharmaceuticals are medici-
nal products which, when ready for
use, contain one or more radionu-
clides (radioactive isotopes) included
for a medicinal purpose to diagnose,
stage a disease, monitor treatment,
or provide therapy.!?

Regarding the radiopharmaceuticals
used for positron emission tomogra-
phy (PET) imaging, the application
of radiometals in nuclear medicine
worldwide is progressing steadily.
Short-lived radiometals are suitable
for combination with ligands that
exhibit rapid pharmacokinetics (e.g.,
small molecules or peptides), while
long-lived radiometals are suitable
for visualizing slow biological pro-
cesses, such as antibody biodistribu-
tion (immuno-PET).3

Zirconium-89 is one of the radiomet-
als that in the last decade has been
increasingly used in both preclinical
and clinical studies.>* The zirconi-
um-89 half-life of 78.4 h corresponds
to the biological half-life of monoclo-
nal antibodies, making this radioiso-
tope suitable for immuno-PET im-
aging.>> Immuno-PET combines the
sensitivity of PET with the specific-
ity of antibodies. The use of %Zr is
promising for monitoring antibody-
based cancer therapies and a num-
ber of studies have been conducted
to investigate the feasibility of 8%Zr
immuno-PET imaging for predicting
the efficacy of radioimmunotherapy
and antibody therapies, imaging tar-
get expression, detecting target-ex-
pressing tumors, and monitoring of
anti-cancer chemotherapies.* There
are literature data on more than 90
clinical studies, of which already
completed studies involve more than

2

20 antibodies labelled with 89Zr.%

A common method for obtaining
zirconium-89 radioisotope is by ir-
radiating solid target material with
accelerated protons in medical cy-
clotrons, typically using energies of
10-18 MeV.Due to the easy availabil-
ity of the target material in natural
form, #Y(p, n)®*Zr is considered to
be the best nuclear reaction for the
production of #Zr in medical cyclo-
trons.>”?

Having in mind all the above, the po-
tential of #Zr-radiopharmaceuticals
to expand the possibilities in terms
of cancer management and research
development in North Macedonia, as
well as the fact that the only cyclo-
tron in the country is within the Uni-
versity Institute of Positron Emis-
sion Tomography (UI PET), the idea
of preparing a feasibility study for
the establishment of zirconium-89
radioisotope and #Zr-radiopharma-
ceuticals production in this institute
is rational.

The cyclotron at Ul PET, GE PET
trace 800 16.5 MeV, according to its
technical characteristics belongs to
the group of cyclotrons, which can
produce the radioisotope #Zr. UI
PET is the only site for producing
PET radioisotopes and radiopharma-
ceuticals in the country and also it
is a centre for molecular diagnostics
where 2,000 oncology patients are
scanned annually.

This study aims to present the design
of the feasibility study for the estab-
lishment of zirconium-89 radioiso-
tope production and the implemen-
tation of #Zr-radiopharmaceuticals
in clinical practice in the Republic of
North Macedonia and to present the
initial results from the first phases
of the study. The design is conceived



originally and structured taking into
consideration several aspects. The
results of the feasibility study will
provide an objective insight into all
aspects of the feasibility of this pro-
posed idea, as well as a conclusion
regarding the impact that radio-
pharmaceuticals based on this radio-
isotope may have on making clinical
decisions in the management of the
malignancies in the country.

Materials and Methods

The feasibility study to establish the
production of zirconium-89 radio-
isotope and 8°Zr- radiopharmaceuti-
cals is designed to cover the follow-
ing phases:

+ preliminary analysis;
+ market research;
+ technical feasibility analysis;

+ economic analysis (financial anal-
ysis and pharmacoeconomic anal-

ysis);
+ review and analysis of all data;

+ conclusion on feasibility.

Preliminary analysis
The preliminary analysis includes:

- review of statistical data regard-
ing malignant diseases in North
Macedonia;

- review of clinical applications
data of ®Zr-radiopharmaceuti-
cals.

The review of malignant disease
statistics is performed by literary
search of reference databases, inter-
national (Global Cancer Observatory)
and domestic (Mortality Register and
Cancer Register of Institute of Pub-

lic Health).112 These databases dis-
play statistics of malignant diseases,
such as total new cases per vyear,
most common cancers among new
cases - sex distribution, and mortal-
ity from malignant diseases in Mace-
donia (mortality rate and primary
localization).

The review of the application of #Zr-
radiopharmaceuticals in clinical tri-
als is based on a literature search,
that is, a reference database for clin-
ical trials. (ClinicalTrials.gov, a Web-
based resource maintained by the
U.S. National Library of Medicine).®

Market research

Within this step, searches are con-
ducted regarding:

- the distribution of medical cyclo-
trons in Europe;

- zirconium-89 radioisotope pro-
duction sites in Europe,;

- zirconium-89 radioisotope price,
and

- the potential possibilities for
placement of the produced radio-
isotopes at a cost-effective price.

The information on the distribution
of medical cyclotrons is obtained
from the International Atomic En-
ergy Agency (IAEA) Cyclotron Distri-
bution Database.® The research on
the production sites of zirconium-89
radioisotope in Europe is based on
a literature search of studies pub-
lished in scientific journals, data
on the production of these radio-
isotopes presented at professional
symposia and congresses, as well
as media available data from radio-
isotope manufacturers. The zirco-
nium-89 radioisotope price informa-
tion is based on data obtained from



manufacturers. The research of the
potential possibilities for placement
of the produced radioisotope at a
cost-effective price is based on the
obtained data on the needs and pos-
sibilities for use for clinical purposes
in our country and the region.

Technical feasibility analysis

The estimation of technical feasi-
bility is based on the analysis of the
technical capacities of Ul PET in
terms of space and equipment nec-
essary for the implementation of the
production of zirconium-89 radioiso-
tope and #Zr-radiopharmaceuticals.
As part of this phase of the feasibil-
ity study, it is also verified whether
additional equipment/apparatus is
needed to realize the production.

Economic analysis

The assessment of economic fea-
sibility is conducted in two phases
and includes financial analysis and
pharmacoeconomic analysis. Firstly,
the costs are defined (direct and in-
direct), and then they are calculated
according to data obtained by a lit-
erature search, as well as data from
UI PET.

For performing pharmacoeconomic
analyses, data collected by a litera-
ture search of clinical trials con-
ducted with these radiopharmaceu-
ticals have been applied. In order to
cover the initial clinical data and to
simulate the patterns of real prac-
tice, meta-analysis is applied which
is a systematic method for finding,
evaluating and combining the re-
sults of different scientific studies.™
A cost-effectiveness analysis is per-

formed, which is a systematic meth-
od that compares two or more alter-
native treatments by measuring the
cost of money (MKD) and the health
outcomes over the years, based on
the utility results presented in the
literature. The cost-benefit analysis
compares the net production costs
of both preparations with the bene-
fits arising from their use expressed
in monetary terms.”>" Depending on
the literature data obtained during
the research, the two analyses can
be combined.

Review and analysis of all data

The processing of the results of anal-
yses is one of the phases of the fea-
sibility study, during which the data
from all previously conducted analy-
ses are evaluated: preliminary analy-
sis, market research, technical feasi-
bility analysis and economic analysis.

Conclusion on feasibility

After conducting all the analyses, as
well as after reviewing all the ob-
tained data, a conclusion is made
about the feasibility of the proposed
idea, i.e., whether the process of
establishing production of zirconi-
um-89 radioisotope and 8°Zr-radio-
pharmaceuticals in UI PET is feasible.

Results

Given that the feasibility study is on-
going, this paper presents the results
of the analyses already done, the
preliminary analysis and the market
research (distribution of medical cy-
clotrons in Europe and zirconium-89
radioisotope production sites in Eu-
rope).



Preliminary analysis

+ Malignant diseases on a national
level

Neoplasms are the second leading
cause of death in Macedonia, after
circulatory system diseases. In 2020,
24.25 % of deaths in the popula-
tion aged 1 to 64 years and 12.68 %
of deaths in the population over 64
years were due to malignant diseas-
es.!t

In the period from 2011 to 2020, the
average mortality rate from malig-
nant neoplasms in both sexes was
180 per 100,000 population. For the
same ten-year period, the average
mortality rate from malignant neo-
plasms in men was 215 and in wom-
en 146 per 100,000 population. From
2011t0 2020, the most common cause
of death from malignant neoplasms
in men was malignant neoplasm of
the bronchi and lungs (average mor-
tality rate 63.9 per 100,000 men), and
in the same period, the most com-
mon cause of death from malignant
neoplasms in women was malignant
breast neoplasm (average mortality
rate 29.07 per 100,000 women)."?

In the period from 2011 to 2020, there
were an average of 6,808 new cases
of cancer per year or 328 cases per
100,000 inhabitants. About 87.8 % of
cancer cases were among the popu-
lation over the age of 50, of which
19.3 % were between the ages of 50
and 60 years. The most common
cancer diagnoses in the period of ten
years (2011-2020) in the entire popu-
lation were malignant neoplasms of
the bronchi and lungs with 13.12 % of
the total reported cases, followed by
malignant neoplasms of the breast,
other malignant neoplasms of the
skin, colon, stomach, prostate, liver
and intrahepatic bile ducts, rectum,

bladder, corpus uteri etc. In the male
population, the most common can-
cers in the period of 2011- 2020 were
malignant neoplasms of the bronchi
and lungs with 18.80 % of the total
reported cases, followed by malig-
nant neoplasms of the prostate, oth-
er malignant neoplasms of the skin,
stomach, colon, bladder, liver and
intrahepatic bile ducts, rectum, lar-
ynx, pancreas, etc. In the same ten
years period, the most common can-
cers in females were malignant neo-
plasms of the breast with 25.29 % of
the total reported cases, followed by
non-melanoma malignancies of the
skin, malignant neoplasms of corpus
uteri, bronchi and lungs, colon, cer-
vix uteri, stomach, ovaries, rectum,
liver and intrahepatic bile ducts,
etc.!?

According to the Global Cancer Ob-
servatory database, among 7,632 new
cases of cancer in 2020, the five most
common cancers in both sexes, with
the exception of non-melanoma skin
cancer, were cancers of the lung (14.9
%), breast (12.9 %), colorectum (12.4 %),
prostate (10.3 %), corpus uteri (4.8 %).
Among women, the most common
new cases in 2020 were cancers of
the breast (29.2 %), colorectum (14.4
%), corpus uteri (10.9 %), lung (7.2 %),
cervix uteri (3.3 %), and in men, the
most common were cancers of the
lung (21 %), prostate (18.5 %), colorec-
tum (10.9 %), bladder (7.0 %), stomach
(5.2 %). Regarding the mortality rate
from malignant diseases in 2020,
the first ten malignancies were can-
cers of the lung (23.3 %), breast (7.5
%), prostate (7.1 %), stomach (6.6 %),
pancreas (6.4 %), colon (6.0 %), brain,
central nervous system (6.0 %), rec-
tum (5.8 %), liver (4.4 %), and bladder
(3.1 %).10



897r-radiopharmaceuticals in clin-
ical trials

According to ClinicalTrials.gov, as of
May 9, 2021, there have been a total
of 93 clinical trials involving Zr-
radiopharmaceuticals, of which 48
studies have status completed, ter-
minated, or unknown. Most clinical
studies were conducted in the Neth-
erlands (28 studies), followed by the
United States (16 studies), Belgium
and China with 2 studies each, and
one clinical study each in Australia,
Sweden, Denmark, Korea, France
and Spain.°

897r-radiopharmaceuticals used in
these clinical trials were 89Zr-bevaci-
zumab (9 studies), 8Zr-trastuzumab
(6 studies), 8Zr-Df-IAB2M (3 studies),
897r-cetuximab (3 studies), 8Zr-pem-
brolizumab, 8%7Zr-J591, &Zr-panitu-
mumab, #Zr-girentuximab, #Zr-DFO-
pertuzumab each in 2 clinical trials
and %7Zr-Df-IAB22M2C, &Zr-KNO035,
897r-MMOTO0530A, 897r-AMG211,
897r-ABT806, 897r-daratumumab,
897r-Cripec Docetaxel, 8°Zr-GC1008,
897r-durvalumab, 897r-GSK3128349,
897r-GSK2849330, 89Zr-BI754111, 87Zr-
GSK2398852, 8%7r-RO5429083, 897Zr-
TAK-164, 89Zr-nanocoll, &Zr-DS-
8895a, 87r-RO5479599 each in one
clinical study.®

Market research

+ Distribution of medical cyclotrons
in Europe

A total of 1,266 cyclotrons are reg-
istered in the International Atomic
Energy Agency (IAEA) cyclotron da-
tabase, of which 356 are located in
Europe, Turkey and the Russian Fed-
eration (including its Asian part). In
Europe, the largest number of cyclo-
trons is in Italy - 45 cyclotrons, fol-
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lowed by Germany - 43, France - 32,
the United Kingdom - 28, Spain - 21,
the Netherlands - 13, Belgium - 13,
Denmark - 10, etc. There are 59 cy-
clotrons on the entire territory of
the Russian Federation, and 20 in
Turkey. As for the Balkan Peninsula,
Bulgaria and Romania have 4 cyclo-
trons each, Greece two and North
Macedonia and Croatia have one cy-
clotron each.b

+ Zirconium-89 radioisotope pro-
duction sites in Europe

In the Netherlands, there is GMP
(Good Manufacturing Practice)-
compliant production of 8Zr for the
research community. Research in-
house productions are registered in
Germany, Great Britain, Italy, Tur-
key, Belgium and Russia.

Technical feasibility analysis

The cyclotron at Ul PET, PETtrace
16.5 MeV GE Healthcare Cyclotron,
according to its technical character-
istics is convenient for the produc-
tion of 8Zr radioisotope. There are
commercially available #Zr purifi-
cation and labelling modules which
compatibility with existing Ul PET
systems is being evaluated.

Discussion

A feasibility study is an analysis of
the viability, that is, the sustain-
ability of a given idea. The feasibility
study aims to objectively and ratio-
nally reveal the strengths and weak-
nesses of the proposed venture, the
opportunities and threats present
in the environment, the necessary
resources to realize the idea and fi-
nally the prospects for success. The



feasibility study assesses the proj-
ect’s potential for success; there-
fore, perceived objectivity is an im-
portant factor in the credibility of
the study. For this reason, feasibility
studies should be conducted with an
objective, unbiased approach to pro-
vide information on which decisions
can be based. The goals of feasibility
studies are to thoroughly understand
all aspects of a given project, con-
cept or plan; to identify any poten-
tial problems that may arise during
the implementation of the project;
to determine whether, after consid-
ering all the important factors, the
project is feasible that is, worth un-
dertaking. Feasibility analysis covers
several aspects of feasibility: techni-
cal, economic, financial, regulatory,
operational, temporal, etc. The as-
pects covered in the study, i.e., the
design of the feasibility study itself
are based on the characteristics of
the project/idea that is proposed.'®
A preliminary analysis is also often
performed to determine if the proj-
ect/idea concept is justified.

However, the current literature is
very scarce regarding comprehen-
sive feasibility studies in the field of
radiopharmacy. There are literature
data for some radiopharmaceuticals
regarding the analysis of technical
feasibility for their production, but
there are no data about feasibility
studies that also analyze the effect
of their potential implementation in
routine clinical practice and further
research. As a result of technologi-
cal development, the designing and
development of new radiopharma-
ceuticals are progressing rapidly,
with a continuous expansion of per-
spectives regarding their use. For
developing countries, their intro-
duction into healthcare practice is a

challenge, and therefore an objective
assessment is needed that takes into
account not only the economic as-
pect but also the clinical impact and
development of research potential.

This feasibility study for the estab-
lishment of the production of zir-
conium-89 radioisotope and 8Zr-
radiopharmaceuticals is designed
originally and it includes preliminary
analysis, market research, technical
feasibility analysis, economic analy-
sis (financial and pharmacoeconom-
ic), review and analysis of all data
and feasibility conclusion.

The preliminary analysis aims to
assess whether there is a field for
the application of %Zr-radiophar-
maceuticals in our country and for
that purpose it includes a review of
statistical data regarding malignant
diseases on a national level and a re-
view of clinical applications data of
897r-radiopharmaceuticals.

The market research is conducted
in order to define the geographical
impact of the market. The market
competitiveness and the transport
cost are factors that affect the price
of the product - radioisotope. This is
especially important considering the
nature of radioactive preparations,
i.e., their short shelf life. The lon-
ger geographic distance of the pro-
duction site to the site of use hugely
contributes to a higher price of the
radioactive product. As the results
show, there is no #Zr production in
the Balkan countries.

The technical feasibility analysis
focuses on the technical resources
available to the organization imple-
menting the proposed idea and in-
cludes an assessment of the hard-
ware, software and other technical
requirements of the proposed sys-

7



tem. In the framework of this feasi-
bility study, the technical feasibility
analysis is being performed to deter-
mine whether the production pro-
cess of zirconium-89 radioisotope
and 8Zr-radiopharmaceuticals in Ul
PET is technically feasible in terms
of space and equipment.

The financial analysis, as the first
phase of the economic feasibil-
ity analysis, is carried out to deter-
mine the initial investment for the
establishment of zirconium-89 ra-
dioisotope production; financial in-
vestments (costs) in the process of
production of zirconium-89 radioiso-
tope and #Zr-radiopharmaceuticals
as well as the price of the product
(radioisotope and radiopharmaceu-
tical products).

The pharmacoeconomic analysis,
as the second phase of the eco-
nomic analysis, aims to assess the
justification for the implementa-
tion of 8Zr-radiopharmaceuticals in
clinical practice. The subject of the
pharmacoeconomic analysis is 89Zr-
trastuzumab, a radioimmunocon-
jugate containing the recombinant
humanized monoclonal antibody
trastuzumab radiolabeled with zir-
conium-89. 8#Zr-trastuzumab was
selected as the subject of pharma-
coeconomic analysis on the basis of
the preliminary analysis results. As
per statistics related to malignant
diseases, breast cancer is the most
common cancer among women in
Macedonia and the most common
cause of death from malignant neo-
plasms in this population. On the
other hand, #Zr-trastuzumab is one
of the most common #Zr-radiophar-
maceuticals in clinical trials.

897r-trastuzumab binds to the ex-
tracellular domain of human epi-

dermal growth factor receptor 2
(HER2), enabling visualization and
quantification of HER2-expressing
tumour cells, by positron-emission
tomography.* According to the lit-
erature data, PET imaging with 89Zr-
trastuzumab supports clinical deci-
sion-making in patients with breast
cancer when HER2 status cannot be
determined by standard workup.?0?!
897r-trastuzumab has the potential to
characterize the HER2 status of the
complete tumour burden in patients
with breast cancer, thus obviating
repeat or multiple tissue sampling
to assess intrapatient heterogene-
ity of HER2 status.?? HER2-PET im-
aging with #Zr-trastuzumab shows
excellent tumour tracer uptake and
can be used to detect HER2-positive
breast cancer metastases and quan-
tify 8Zr-trastuzumab uptake, non-
invasively.? PET scanning after ad-
ministration of #Zr-trastuzumab at
appropriate doses allows visualiza-
tion and quantification of uptake
in HER2-positive lesions in patients
with metastatic breast cancer.”

After completion of all the feasibil-
ity analyses, a review of all the data
is needed in order to identify fa-
vourable and unfavourable factors
and circumstances (internal and/
or external), that is, to determine
the favourable opportunities and/or
limitations for the implementation
of the proposed idea, as well as the
benefits of eventual realization. In
the end, after data evaluation, a con-
clusion on feasibility is made.

Conclusion

When designing feasibility studies,
the aspects important for the real-
ization of a given idea should first be
evaluated and consequently, based



on them, the necessary analyses
should be defined. We have designed
a feasibility study for the establish-
ment of production of zirconium-89
radioisotope and #Zr-radiopharma-
ceuticals that covers the elements
of feasibility related to the technical
and financial aspects of the produc-
tion process, research potentials,
but also includes an assessment of
the clinical impact of the eventual
implementation of %Zr-radiophar-
maceuticals in the management of
patients with malignant diseases in
the Republic of North Macedonia.
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