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• I am a full-time employee of TRIUMF
• TRIUMF is part owner of a spin-off company called ARTMS 

Products, Inc.
• I am compensated by ARTMS Products, Inc. and currently 

serve as Chief Technology Officer
• I am a listed inventor on patents in technology licensed to 

ARTMS
• To avoid bias, I will present updates on competing technologies 

and describe the benefits and drawbacks of each

Disclosure
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• Introduction:
• Isotopes, Isotope Production, Medical Imaging and 

Radionuclide Therapy
• R&D Summary of:

• Solid Targets for Accelerator Production of Isotopes
• Liquid Targets for Accelerator Production of Metallic 

Radionuclides
• Therapeutic Isotope Production

• Summary and Conclusions

Overview
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Considerations:

- Emission type/intended application

- Radiological properties: half-life, branching ratio(s)

- Chemical properties: compatibility with radiopharmaceutical 

process 

Isotopes in Medicine
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83-year-old man with biochemically recurrent prostate cancer

Isotopes enable functional imaging….

…and an understanding of our biology at the molecular level 
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BM Zeglis et al. Inorg. Chem. 2014, 53, 1880

Metallic Isotopes in Medicine



7

D
is

co
ve

ry
,

ac
ce

le
ra

te
d

Isotope toolkit

68Ga
t1/2 1.13 h

44Sc
t1/2 3.97 h

90Nb
t1/2 14.6 h

89Zr
t1/2 78.4 h

0.1 -50 KDa 50 -100 KDa 100 -150 KDa

hours   days  

Biological half life

213Bi
t1/2 0.76 h

225Ac
t1/2 238.1 h

64Cu
t1/2 12.7 h

86Y
t1/2 14.7 h

99mTc
t1/2 6.01 h

119Sb
t1/2 38.2 h
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• For SPECT

-emitters (100 – 250 keV)
99mTc, (steady use)
123I (increasing)
201Tl, 67Ga (declining)

Diagnostic Radionuclides

• For PET

+ emitters (511 keV photons)
11C, 13N, 15O, 18F, 82Sr (82Rb), 64Cu   (increasing use)
68Ge (68Ga) (rapidly increasing use)

Therapeutic Radionuclides

- --emitters (32P, 90Y, 131I, 153Sm, 177Lu)

- α-emitter (211At, 223Ra, 225Ac)

- Auger electron emitters (111In, 125I, 119Sb)

- X-ray emitter (103Pd)

(increasing significance)
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Generation 1: Simple: salts, diffusion-based, non-specific imaging
99mTcO4, 

99mTcMDP, 18F- (bone), colloid (liver)

Generation 2: Targeted, small molecule, metabolic
99mTcMIBI (heart), 99mTc-exametazime/ECD (brain), 18FDG (tumors)

Generation 3: Targeted, larger molecular weight (peptides, antibodies), binders

radiolabeled (111In, 68Ga) octreotide, octreotate, 99mTc TRODAT, PSMA

Generation 4(?): Theranostic, simultaneous or iso-pharmaceutical imaging/therapy

[223Ra]RaCl2 (Xofigo), 153Sm, 89Sr, 131I, [131I]Bexxar, [90Y]Zevalin
225Ac, 212Pb, 213Bi, 212Bi, 211At…targeted using Gen 3 vectors

2013 tracer count*: PET (all) = 622; (humans) = 122

SPECT (all) = 430; (humans) = 65

* MICAD Database – final year of online catalogue update
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Reactor Cyclotrons

(Accelerators)

Making Isotopes
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•Transportable, easy to use

•Some (68Ga) experiencing wait times, difficult and expensive to purchase

68Ge/68Ga

(271 d, 68 min)

82Sr/82Rb

(25.4 d, 1.3 min)

99Mo/99mTc

(66 hr, 6 hr)

Making Isotopes
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TRIUMF Life Sciences focuses on advancing accelerator-based 
technology for the development of isotopes that can improve life

Life Sciences

at TRIUMF

Nuclear ChemistryApplied Ion Beams Applied Isotopes
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This talk:
• Solid targets, accelerator production of 99mTc, 89Zr, 68Ga, 64Cu
• Liquid targets, accelerator production of 89Zr, 68Ga, others
• Therapeutic isotopes

Life Sciences

at TRIUMF

Nuclear ChemistryApplied Ion Beams Applied Isotopes
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Issues:

• Economics/subsidies

• Politics/misuse

• Social/environmental

• Single point of 

failure

Reactor Supply Model
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• Current 99Mo demand: 9,000 6d Ci/wk
• Require 35% buffer capacity for supply stability
• No fewer than 9 producers, 6 processors currently on-line

• 2 more producers, 1 additional processor expected on-line within 2 years
• Current 99Mo production capacity: ~17,300 6d Ci/wk

• Additional ~2500 6d Ci/wk capacity coming on-line <2 years
• Challenges continue:

• Push for full-cost recovery
• Anti-proliferation - conversion from HEU to LEU
• 6 of 9 reactors scheduled to end operations within 10 years
• Some products (60Co, 192Ir, 125I…) not easily produced by other methods
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Accelerator Supply Model

Cyclotron ClinicRadiopharmacy

Issues:

• Decentralized 

production/regulatory

• Complex compared to 

generator

• Shorter-lived isotopes
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P Schaffer, F. Benard, A. Berstein et al. Phys Proc. 2015, 66, 383.

Global Cyclotron Count
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F. Benard et al. J. Nucl. Med 2014, 55, 1017
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• Production yields of 99mTc
• GE PETTrace (16.5 MeV, 130 μA): 4.7 Ci in 6 hrs
• ACSI TR19 (18 MeV, 240 μA): 13.9 Ci in 6 hrs
• ACSI TR30 (24 MeV, 450 μA): ~39 Ci in 6 hrs

• Concurrent 18F production demonstrated successfully
• Purification efficiency: >93%
• 99Mo recycling efficiency: >95%
• Demonstration of other metals underway
• 60 patient clinical trial completed
• Regulatory filings for Canada, UK underway

ARTMS Target Systems:

Vancouver, London, Hamilton, Canada –

Tc-99m

Odense, Denmark – Cu-64

Zurich, Switzerland – Ga-68

Madison, Wisconsin – various

Upcoming: UK – Tc-99m
F. Benard et al. J. Nucl. Med 2014, 55, 1017
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Solid targets for other metallic isotopes

calculated yields
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• Hypothesis: Established cyclotron centers can obtain research, 
and possibly clinical quantities of various radiometals by 
irradiating salt solutions in modified liquid targets

• Leverage existing liquid target infrastructure for the production 
of other PET isotopes (18F)

• Allows for rapid biomolecule-isotope pairing and optimization

Accepted trade-off: 
Lower production yields in exchange for isotope versatility

Vogg ATJ, et al. Proceedings of the Sixth International Conference on Nuclear and Radiochemistry, 2004; Aachen, Germany. 
Jensen M, Clark J. Proceedings of the 13th International Workshop on Targetry and Target Chemistry, Roskilde, Denmark, July 26-28, 2010. 
DeGrado TR, et al. J Label Compound Radiopharm 2011. 54, S248

Making metals in a liquid target



24

D
is

co
ve

ry
,

ac
ce

le
ra

te
d

T1/2 = 68 min T1/2 = 3.9 h

T1/2 = 14.7 h T1/2 = 78.5 h

94Mo(p,n)94mTc
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• Manual vs. automated loading
• Cl vs NO3 metal salts

• Chemical compatibility
• Activation byproducts 

• Nitric acid (HNO3) 
• Counteract water radiolysis, gas evolution

• Cylindrical vs. Syphon target
• Allow for pressure oscillations during 

irradiation

High level considerations

C Hoehr et al. Nuc. Med. Biol. 2014, 41, 401
E. Oehlke et al. Nuc. Med. Biol. 2015, 42, 842
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C Hoehr et al. Nuc. Med. Biol. 2014, 41, 401
E. Oehlke et al. Nuc. Med. Biol. 2015, 42, 842
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C Hoehr et al. Nuc. Med. Biol. 2014, 41, 401
E. Oehlke et al. Nuc. Med. Biol. 2015, 42, 842
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89Zr

68Ga

Generator Liq. target

Solid target Liq. target
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Kratochwil et al., J. Nuc. Med. July 2016. (c) Copyright 2014 SNMMI; all rights reserved

Looking ahead: Therapeutic and Theranostic isotopes
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0.1 -50 KDa 50 -100 KDa 100 -150 KDa

hours                                                         days   

Biological half life

Research interests in alpha- and auger emitters

90Nb
t1/2 14.6 h

213Bi
t1/2 0.76 h

225Ac
t1/2 238.1 h

Looking Ahead: Implementing an Isotope Toolkit for Therapy

119Sb
t1/2 38.2 h
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Primary 225Ac sources: 

• 229Th/225Ac generator (t1/2 ~ 7880 y) sourced 

via legacy stockpile, ORNL, ITU

• DOE Tri-Lab efforts: 232Th(p,x) spallation

• Alternatives sought: 226Ra irradiation

Global production is ~1-2 Ci per year

(<5000 patients)

• Promising early clinical trial results

• Supply vs demand is out of balance, but 

market needs to be nurtured, and supply 

needs to increase and be reliable

• Efforts underway at TRIUMF to establish 

feasibility of producing bulk quantities of 
225Ac

J.W. Weidner et al. Appl. Radiat. Isotop. 2012, 70, 2602

A.R. Robertson et al. Current Radiopharmaceuticals, in press
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N.A. Thiele et al. Angew. Chem. Int. Ed. 2017, 56, 14712 –14717

Ac-225 isolated using TRIUMF ISOL facility
• Enabled feasibility purification, coordination studies
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225Ac at TRIUMF
▪ Th-232 irradiation on BL1A
▪ Safety review, irradiation completed

▪ 480 MeV, 85µA for 31 hrs
▪ Anticipated yield: ~12 mCi Ac-225
▪ Chemistry development underway

▪ Next irradiation: May-June 2018 (10 mCi)
▪ Scale-up to 100 mCi by Fall 2018
▪ Implement symbiotic target >2021
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Summary
• Global shift to higher-energy cyclotrons

- yesterday: low E (<16 MeV), low current 

(<100 µA)

- today: higher E (16 – 24 MeV), higher 

current (>100 to 1000 µA)

- Higher specific activity

• New approaches (i.e. salt target)

• Emerging solid target technologies enabling 

high power (E + µA) irradiation

• Improved handling and processing

• But…some isotopes can not be efficiently 

made by accelerator (60Co, 192Ir, 125I…)
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Follow us @TRIUMFLab
www.triumf.ca

Thank you
Merci
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(c) Copyright 2014 SNMMI; all rights reserved

3 x
225Ac-PSMA-617

α

3 x
177Lu-PSMA-617

β
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Proof-of-principle chemical separation with

irradiated thorium: 

• Most of the fission products follow thorium and were not retained on 
the cation column

• Ac and Ra retain on the column during loading and washes with 
trichloracetic acid

• Further, Ac and Ra (over 95%) eluted with 7 M HNO3 and directly 
loaded on anion exchange column

• Anion exchange column in 7 M HNO3 retains traces of thorium and Ac 
and Ra were passed trough without absorption 

• Ac and Ra were transferred to DGA for separation from each other 
and lanthanides using HCl

✓ Provide faster separation 

✓ Suitable for larger thorium masses

Collaboration effort with the Joint Institute for Nuclear Research

A. Baimukhanova et al. in preparation for submission to J. Chromatography A

225Ac Purification Chemistry
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Taken from: http://www.toolboxpro.org/classrooms/template.cfm?ID=1730&P=113563
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• Production of 99Mo via phototransmutation of 100Mo: 100Mo(,n)99Mo

Current players:

• Production of 99Mo via subcritical fission of 235U: 235U(n,F)99Mo

Current players:

• Direct production of 99mTc via proton irradiation of 100Mo: 100Mo(p,2n)99mTc

Current players:

Belgravia 
Tech, Inc.

Accelerators at origin of several emerging alternatives


