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ABSTRACT

The use of gallium-68 for molecular imaging is gaining
momentum world-wide. While our understanding of %8Ga
chemistry, generators, and associated synthesis modules
appear to have advanced to a clinically-reliable stage,
uncertainty in the supply of radiopharmaceutically-suitable
parent is of significant concern. In this work, we examine the
current supply of %8Ge in an effort to better understand the
potential for expansion of manufacturing to meet an increasing
demand for %8Ga. Although specific information on sales and
demand of 88Ge is highly business sensitive and thus guarded,
our examination finds no shortage in the current supply of %3Ge.
On the other hand, increases in the use of %8Ge generators for
clinical applications in the United States point to the need for
continued support for production at DOE laboratories in the
United States to ensure a reliable supply and suggests that
new commercial facilities may be needed to meet the increasing
demand.
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INTRODUCTION

The use of gallium-68 (%8Ga) for molecular imaging of
disease has seen a marked increase over the last severa
years.'® Applications for ®Ga positron emission
tomography (PET) are emerging across a broad spectrum
of diagnostic imaging challenges including cancer,
cardiovascular disease, infection and inflammation.”*8 The
increase in enthusiasm for %Ga use can be ascribed to
severd factors, including: Superiority in achievable image
quality compared to other gamma-emitting radionuclides
(e.g. indium-111);° nuclear decay characteristics (i.e. half
life and positron emission branching ratio) that are
considered favorable for clinical molecular imaging; and
the potential for on-demand production viatheintroduction
of maturing-competitive generator and fluid handling

technologies that are now capable of providing reliable,
high-purity, on-demand ®Ga precursor in sufficient
quantitiesfor routine radiopharmaceutical productioninthe
absence of cyclotron operations.23%61420 These
characteristics promise an increasing role for ®Ga PET
imaging that has great potential to expand in the United
States and throughout the world. The advances of generator
technology for ®Ga production, chemistry of galliumwithin
the context of radiopharmaceuticals, and emerging
applications for ®8Ga radiopharmaceuticals have been
reviewed in detail by several authors recently.>>%62! The
observations of these authors provide evidence that the
future for %Ga appears bright. However, to accelerate the
use of these exciting new diagnostic agents for clinical
applications, concerted effort will be required to promote
the ‘promising’ status of gallium-68, as alluded to by
Breeman and Verbruggen,? to widespread routine clinical
usein the United States.

One area of development that has the potential to
significantly impact the trajectory of %8Ga for clinical
imaging in the United States revolves around uncertainty
as to the supply of generators and parent radionuclide
germanium-68 (%8Ge). A parallel can be made, in this
context, to recent challenges to the use of the long-time
dominant radionuclide technetium-99m (**™Tc) with theloss
of asingle supplier of parent molybdenum-99 (**Mo).23%*
While the potential advantages of ®Ga relative to *™Tc
can be debated,? the need for a reliable source of parent
radionuclide is critical to success. Thus, while %8Ga
chemistries and associated synthesis modul es appear to have
advanced to a clinically-reliable stage, uncertainty in the
supply of radiopharmaceutically suitable parent is of
significant concern. In this work, we examine the current
supply of ®Gein an effort to better understand the potential
for expansion of manufacturing to meet an increasing
demand for ®¥Ga.

MEETING AN INCREASED DEMAND FOR %Ga

As the potential for ®Ga-labeled compounds has become
evident, several commercial companies have advanced
generator technologies to meet the demand for reliable
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production of %Ga on a routine basis.® Several promising
technological platforms have been applied for the
development of these generators,” based on TiO,,2 SnO,,%°
nano-zirconia,?® and organic- or silica-based solid-phase
materials.?”-?° The first generators documented in the
literature were developed as early as the 1960s,>2%3 while
the commercial aternatives available today were initially
introduced inthe early 1980s. The technology improvements
of these commercial aternatives have played alargerolein
advancing the potential of %8Ga. Significant advances
included removing the need for complexing agents to
selectively remove %Ga from the generator-column and
reducing the acid concentration from as high as 1 M
hydrochloric acid (HCI) to as low as 0.1 M HCI eluate
concentration to remove %Ga as a cationic species. These
improvements facilitated more reliable pH adjustments for
the radiolabeling reaction with most chelator-modified
peptides and small molecules. Importantly for smooth
transition to routine clinical use, recently introduced
commercial generators are demonstrating excellent elution
yields (65-80%) and low initial breakthrough levels of ®Ge
parent on generator elution.>>®

While these findings and observations point to a
maturing technology, which is increasingly recognized
around theworld as suitablefor routine clinical operations,®
one area of concern for expanding operationsin the United
States (US) is the availability of parent %8Ge for
manufacturing of generatorsand the potential for ashortfall.
Specific information on the capability and capacity of
current production of ®Ge parent material is not entirely
transparent. However, there is documented capacity from
at least three major sourcesthat lend confidenceto the ability
of current manufacturing to maintain a stable inventory of
%8Gethat can meet near-term projected demand. Four major
centers which produce parent ®8Ge for generator
manufacturing currently are: iThemba laboratories (South
Africa), Brookhaven and Los Alamos National Laboratories
(USA) and Cyclotron Co Ltd (Obninsk, Russia). According
to a recent IAEA report, these facilities have production
capacities of approximately 0.5 to 2 Ci per run.*?

iThemba LABS (South Africa) has been producing
chemically processed %Ge commercially for many years.
The company reports production of unprocessed %8Ge by
standard irradiation of stable Gatargets (encapsuled in Nb)
via a cyclotron proton irradiation (iThemba-provided
communication). The raw %Ge material isthen purified by
way of volatilization and ion-exchange chemical processing
techniques to produce radiochemically pure %Ge that is
suitable for incorporation in %Ge/%Ga generators. The
manufacturing capacity under current capability at iThemba
Labsisestimated to be approximately 4-5 Ci (148-185 GBQ)

%Ge per year, with the ability using current facilities to
increase production to nearly 8 to 10 Ci (296-370 GBq) of
process-purified %Ge per year.

The second major source of %Ge parent material is the
United States, Department of Energy (DOE), which operates
production facilities at Los Alamos National Laboratory
(LANL; Los Alamos, NM) and Brookhaven National
Laboratory (BNL; Brookhaven, NY), in the United States.
Production facilities in the DOE have operated since 1954
with the inception of the US Atomic Energy Act, which
specified arolefor the US government in isotope production
and distribution.®® This program has grown to provide
domestic supply of about 300 different isotopes (stable and
radioactive), which the DOE sellsfor medical, commercial,
research and national security applications. In fiscal year
2009, the DOE reports programmatic repositioning of
isotope production to the Office of Science and revision of
the program’s mission to include maintenance of the
infrastructure required to produce and supply isotopes
(including %Ge) and related services. The revised mission
of the program further included investigation and
development of improved i sotope production and processing
techniquesthat can make new isotopes available. The DOE
| sotope Program relies on appropriations and revenuesfrom
isotope sales to fund its operations. Y early appropriations
and sales revenues are deposited in a revolving fund that
has flexibility for carryover from fiscal year to operate
facilities, pay salaries, produce isotopes and fund other
activities. Thevalue of thisflexibility to maintain operations
in an unconstrained manner was evidenced recently with a
steep declinein the use of strontium-82 (82Sr) in 2010, which
had accounted for over one-third of the programs total
revenues.> The decrease in orders for 82Sr declined steeply
and unexpectedly as a result of a recall of the cardiac
imaging devicethat represented the majority of theisotopes
use. Through use of the revolving fund, the program
demonstrated the ability to maintain continuous operations
in spite of significant loss of current revenues. Further
flexibility for production of ®Ge by the DOE is related to
the ability to produce at two independently operated sites
(i.e. Brookhaven and Los Alamos).

The published funding appropriation for the DOE
| sotope Program activitiestotaled nearly $20M USin fiscal
year (FY) 2011, with total revenues exceeding $26M.3* The
program sold isotopes and provided related servicesto over
100 customersin FY 2011 domestically and internationally.
Six of these customers account for more than 80% of sales
in FY 2011. More than 95% of the program revenues were
attributed to eight i sotopes: Strontium-82, californium-252,
helium-3, nickel-63, strontium-90, actinium-225,
lithium-6 and germanium-68. According to these reports,
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of total isotope sales, revenuesfor the DOE | sotope Program
associated with %Ge production were nearly $2M US for
FY 2011. Similar tothe production route at iThembaLABS,
the DOE has been irradiating Ga targets at its accelerator
sites at BNL and LANL to produce and purify raw ®Ge
material. Published values for ®Ge sales in radioactivity
unitsfrom the US DOE were over 10 Ci (370 GBq) and 11
Ci (407 GBq) in FY 2009 and FY 2010 respectively.
Interestingly, the modest increase in total ®Ge revenuesin
radioactivity units contrasts the total number of shipments,
which more than doubled from 26 in 2009 to 58 shipments
of %8Ge reported by the DOE in FY 2010. These sales are
attributed, in these reports, to PET calibration sources,
reflecting increased demand and economic dominance of
solid ®Ge/%®Ga calibration sources (in termsof total market
need for %Ge), relative to generators for ®GaPET imaging
applications. No documented shortages of %8Ge could be
found through our examination.®* These observations
suggest that the DOE has adopted strategies to increase
production of ®8Ge in response to an growing market
demand.

The third major source of parent %Ge material for
generator production is the Cyclotron Co Ltd (Obninsk,
Russia), which has operated production facilities for many
years. Recent reports by the |AEA suggest that high specific
activity material is routinely made available with capacity
of approximately 2 Ci per run.>*® The company reports
similar production methodol ogies, and produced over 6 Ci
(222 GBQ) in the calendar years 2010 and 2011. The
company further reported a significant increase (up to 11
Ci or 407 GBq) in shipments for the calendar year 2012
(Cyclotron provided communication). The company reports
that productswere destined for generator manufacturing and
calibration sources, although further breakdown of the use
of the produced Ge was not available at the time of this
writing. The company further reports that in response to
increased demand, the manufacturing facilitiesare currently
capable of producing up to 15 Ci (555 GBq) per year,
suggesting that the Obninsk operations are poised to respond
to an increased market demand.

SUMMARY AND CONCLUSION

Gallium-68 generators are a promising, maturing
technology, which is increasingly recognized around the
world as suitable for routine clinical applications. In this
brief perspective, the current production and availability of
parent %8Ge for manufacturing of generators has been
examined. Currently, the vast magjority of ®Ge s produced
in the Unites States, South Africaand Russia. Inthe United
States, the Department of Energy has been using their

acceleratorsat Brookhaven (BNL) and Los Alamos National
Laboratories (LANL) for the production and distribution
of ®Ge for many years. The operating cycles at these
facilities complement each other to enable continuous
production and distribution of %8Ge, with a current
production level of approximately 11 Ci (407 GBq). In South
Africa, iThemba LABS has been producing chemically
processed ®Gefor many years. The company reports current
manufacturing capacity to be approximately 4to 5 Ci (148-
185 GBq) ®Ge per annum, with ability using current
facilities to increase production to nearly 8 to 10 Ci (296-
370 GBq) of process-purified %8Ge per year. Current
production capacity of the third major supplier of %Ge
(Cyclotron Co, Obninsk, Russia) is reported to be up to
15 Ci (555 GBQq) per year, for atotal estimated production
capacity for the three major manufacturers of approximately
37 Ci (1369 GBq) per year. Although specific information
on sales and demand of %8Ge is highly business sensitive
and thusguarded, currently thereisno shortagein the supply
of 8Ge. On the other hand, increases in the use of ®Ge
generatorsfor clinical applicationsin the United States point
to the need for continued support for production at DOE
|aboratories in the United States to ensure areliable supply
and suggests that new commercial facilities may be needed
to meet the increasing demand.

ACKNOWLEDGMENTS

Support for thiswork was provided by Nuclear Regulatory
Commission (US NRC-HQ-12-G-38-0041; MKS), the
Department of Homeland Security, Domestic Nuclear
Detection Office and South Carolina University Research
and Education Fund (2012-DN-130-NF0001; MKS), The
National Institutes of Health (IRO1CA167632-01; MKYS),
The US Department of Energy (Battelle Research Alliance;
CR00131031), the University of lowa Holden
Comprehensive Cancer Center and the University of lowa
Dance Marathon.

REFERENCES

1. Breeman WA, de Jong M, de Blois E, Bernard BF,
Konijnenberg M, Krenning EP. Radiolabelling DOTA-peptides
with ®Ga. Eur JNucl Med Mol Imag 2005;32(4):478-85.

2. Decristoforo C. Gallium-68-A new opportunity for PET
available from a long shelf-life generator-automation and
applications. Curr Radiopharm 2012;5(3):212-20.

3. Fani M, AndreJP, Maecke HR. ®Ga-PET: A powerful generator-
based alternativeto cyclotron-based PET radiopharmaceuticals.
Contrast Media Mol Imag 2008;3(2):67-77.

4. Fani M, Maecke HR. Radiopharmaceutical development of
radiolabelled peptides. Eur INucl Med Mol Imag 2012;39 Suppl
1:11-30.

5. PrataMI. Gallium-68: A new trendin PET radiopharmacy. Curr
Radiopharm 2012;5(2):142-49.

28

%JAYPEE



JPMER

An Increasing Role for ®Ga PET Imaging: A Perspective on the Availability of Parent %3Ge Material

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Roesch F. Maturation of a key resource-the germanium-
68/gallium-68 generator: Development and new insights. Curr
Radiopharm 2012;5(3):202-11.

Afshar-Oromieh A, Haberkorn U, Eder M, Eisenhut M,
Zechmann C. [%Ga] Gallium-labelled PSMA ligand as superior
PET tracer for the diagnosis of prostate cancer: Comparison
with 18F-FECH. Eur J Nucl Med Mol Imag 2012 Jun;39(6):
1085-86.

Azad BB, Cho CF, Lewis JD, Luyt LG. Synthesis, radiometal
labeling and in vitro evaluation of atargeted PPIX derivative.
Appl Radiat Isot 2012;70(3):505-11.

Baum RP, Prasad V, Muller D, Schuchardt C, Orlova A,
Wennborg A, et a. Molecular imaging of HER2-expressing
malignant tumorsin breast cancer patientsusing synthetic 111In-
or ¥Ga-labeled affibody molecules. J Nucl Med 2010;51(6):
892-97.

De Decker M, Turner JH. Automated module radiolabeling of
peptides and antibodies with gallium-68, lutetium-177 and
iodine-131. Cancer Biother Radiopharm 2012;27(1):72-76.
Gemmel F, Van den Wyngaert H, Love C, Welling MM,
Gemmel P, Palestro CJ. Prosthetic joint infections: Radionuclide
state-of -the-art imaging. Eur J Nucl Med Mol Imag 2012 May;
39(5):892-909.

Ginj M, Maecke HR. Radiometallo-labeled peptides in tumor
diagnosis and therapy. Met lons Biol Syst 2004;42:109-42.
Gourni E, Demmer O, Schottelius M, D’ Alessandria C, Schulz
S, Dijkgraaf |, etal. PET of CXCR4 expression by a®Garlabeled
highly specific targeted contrast agent. JNucl Med 2011;52(11):
1803-10.

Maecke HR, Hofmann M, Haberkorn U. ®Ga-labeled peptides
in tumor imaging. J Nucl Med 2005;46(Suppl 1):172S-78.
Persson M, Madsen J, Ostergaard S, Ploug M, Kjaer A. 8Ga-
labeling and in vivo evaluation of auPAR binding DOTA- and
NODAGA-conjugated peptide for PET imaging of invasive
cancers. Nucl Med Biol 2012 May;39(4):560-69.

Simecek J, Schulz M, Notni J, Plutnar J, Kubicek V,
Havlickova J, et a. Complexation of metal ions with TRAP
(1,4, 7-triazacyclononane phosphinic acid) ligands and 1, 4, 7-
triazacyclononane-1, 4, 7-triacetic acid: Phosphinate-containing
ligands as unique chelators for trivalent gallium. Inorg Chem
2012;51(1):577-90.

Tarkia M, Saraste A, Saanijoki T, Oikonen V, Vahasilta T,
Strandberg M, et al. Evaluation of %Ga-labeled tracers for PET
imaging of myocardial perfusion in pigs. Nucl Med Biol 2012
Jul;39(5):715-23.

Roivainen A, Jalkanen S, Nanni C. Gallium-labelled peptides
for imaging of inflammation. Eur JNucl Med Mol Imag 2012;39
(Suppl 1):68-77.

Buchmann |, Henze M, Engelbrecht S, Eisenhut M, Runz A,
Schafer M, et a. Comparison of %Ga-DOTATOC PET and
111In-DTPAOC (Octreoscan) SPECT in patients with neuro-
endocrine tumours. Eur J Nucl Med Mol Imag 2007;34(10):
1617-26.

Meyer GJ, Macke H, Schuhmacher J, Knapp WH, Hofmann M.
88Ga-labelled DOTA-derivatised peptide ligands. Eur J Nucl
Med Mol Imag 2004;31(8):1097-1104.

Zhernosekov KP, Filosofov DV, Baum RP, Aschoff P, Bihl H,
Razbash AA, Jahn M, et a. Processing of generator-produced
8Gafor medical application. JNucl Med 2007;48(10):1741-48.
Breeman WA, Verbruggen AM. The ®Ge/%Ga generator has
high potential, but when can we use %Ga-labelled tracers in
clinical routine? Eur JNucl Med Mol Imag 2007;34(7):978-81.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

MaiaS, Ayachi Hatit N, PaychaF. Situation of supply and boom
of PET imaging: What is the future for technetium-99m in
nuclear medicine? Ann Pharm Fr 2011;69(3):155-64.
Marcassa C, Campini R, Zoccarato O, Calza P. Technetium-
99m supply shortage. Possible solutions in every day nuclear
cardiology practice. Quart J Nucl Med Mol Img 2011;55(1):
103-04.

de Blois E, Sze Chan H, Naidoo C, Prince D, Krenning EP,
Breeman WA. Characteristics of SnO,-based ®Ge/*®Ga
generator and aspects of radiolabelling DOTA-peptides. Appl
Radiat Isot 2011;69(2):308-15.

Chakravarty R, Shukla R, Ram R, Tyagi AK, Dash A,
Venkatesh M. Development of anano-zirconiabased $Ge/%Ga
generator for biomedical applications. Nucl Med Biol 2011,
38(4):575-83.

Blom E, Koziorowski J. ®Ga-autoclabeling of DOTA-TATE
and DOTA-NOC. Appl Rad Isot 2012;70(6):980-83.
Nakayama M, Haratake M, Ono M, Koiso T, Harada K,
NakayamaH, et al. A new %8Ge/®Gagenerator systemusing an
organic polymer containing N-methylglucamine groups as
adsorbent for ®Ge. Appl Rad Isot 2003;58(1):9-14.
Zhernosekov KP, Nikula T. Molecule for functionalizing a
support, attachment of a radionuclide to the support and
radionuclide generator for preparing the radionuclide and
preparation process. US Patent Application Publication, 2010.
US 2010/0202915 A1(August 12, 2010).

Gleason GI. A positron cow. Int J Appl Radiat Isot 1960;8:
90-94.

Yano Y, Anger HO. A gallium-68 positron cow for medical
use. J Nucl Med 1964;5:484-87.

IAEA. Production of long lived parent radionuclides for
generators: %Ge, 85, *°Sr and 188w, 2010. STI/PUB/1436.
The Atomic Energy Act. Science 1945;102(2653):441.

Office UGA. Managing critical isotopes: DOE’ sisotope program
needs better planning for setting prices and managing production
risks. GAO Report 2012;12-591.

Razbash AA, Krasnov NN, Sevastianov YG, Leonov Al,
Pavlikhin VE. Germanium-68 row of products. 5th International
Conference on | sotopes 2005;146-51.

ABOUT THE AUTHORS

Michael K Schultz (Corresponding Author)

Assistant Professor, Department of Radiology, Division of Nuclear
Medicine, Carver College of Medicine, The University of lowa, 500
Newton Drive MLB180 FRRB, lowa City, lowa-52242, USA
Phone: +1 (319) 335-8017, e-mail: michael-schultz@uiowa.edu

Patrick Donahue

President, Blackthorn Associates, LLC, 32 Falcon Ridge Dr
Hopkinton, Massachusetts, USA

Nannette | Musgrave

Manager, Department of Strategy and Portfolio Management
Mallinckrodt, The Pharmaceutical Business of Covidien, Hazelwood
Missouri, USA

Journal of Postgraduate Medicine, Education and Research, January-March 2013;47(1):26-30

29



Michael K Schultz et al

Konstantin Zhernosekov

Research Scientist, ITG Isotope Technologies Garching GmbH
Garching, Germany

Clive Naidoo

Head, Department of Radionuclide Production, iThembaL ABS, Cape
Town, South Africa

Anatolii Razbash

General Director, Cyclotron Co Ltd, Obninsk, Russia

Izabella Tworovska

Director, Department of Chemical Research and Drug Devel opment
RadioMedix, Inc, Houston, Texas, USA

David W Dick

Clinical Assistant Professor, Department of Radiology/Division of
Nuclear Medicine, The University of lowa, lowa City, lowa, USA

G Leonard Watkins

Clinical Professor, Department of Radiology/Division of Nuclear
Medicine, The University of lowa, lowa City, lowa, USA
Michael M Graham

Professor and Director, Department of Radiology/Division of Nuclear
Medicine, The University of lowa, lowa City, lowa, USA
Wolfgang Runde

Associate Director, National |sotope Development Center, US
Department of Energy, Los Alamos, New Mexico, USA

Jeffrey A Clanton

RPH, Department of Radiology and Radiological Sciences, Vanderbilt
University, Chattanooga, Tennessee, USA

John J Sunderland

Associate Professor, Department of Radiology, Division of Nuclear
Medicine, The University of lowa, lowa City, lowa, USA

30

%JAYPEE



