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T(v Medical Application @ TRIUMF
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A))
(v Cancer

Cancer mortality prostate cancer, colorectal cancer,

Cancer occurence cojorectal cancer, bladder cancer. 7% 10%
' ° 8%

10%

non-Hodgkin

lymphoma, 5% pancreatic cancer,

6%
liver & intrahepatic
bile duct, 4%
leukemia, 4%

lung cancer, 15%
skin melanoma, 5%

kidney cancer, 4% lung cancer, 31%
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Cancer occurence colorectal cancer,
10% endometrial cancer, ; colorectal cancer,
lung cancer, 14% 70 Cancer mortality 99  rbancreatic cancer,
non-Hodgkin breast cancer, 15% 6%_
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v}
lymphoma, 4% non-Hodgkin
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uterine cancer, 3%
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Skin melanoma,
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liver & intrahepatic
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nervous system,

other, 25% 2%

ovarian cancer, 3%

kidney cancer, 3% lung cancer, 26%
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other, 22% leukemia, 3%
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T(v Cancer treatment
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* Holy grail of cancer research: Increase gap (therapeutic index/
window) as much as possible
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T(v Cancer treatment

e Surgery g
* Chemotherapy "g-,' U LI |
N CAREE - - "y
* lonizing radiation T I
* External }c —)
* Internal 4 —»'
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c [
1stdose 6" dose
PET Imaging

77Lu-SPECT (treatment doses)

Image courtesy Dr. Frangois Bénard (BC Cancer)

Targeted Radiation Therapy (TRT)

Theranostic - Therapy and Diagnostic
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T(v Medical isotope selection

* Exercise in compromise and balance

* Selection
e Different emitters - LET

P @ Low LET — photons, electrons, protons,
indirect damage via free radical formation

Interaction sites

High LET — ions, neutrons, electrons, protons,
direct damage

n capture photon DNA Segment

recoil
proton %
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T(v Medical isotope selection

* Exercise in compromise and balance
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e Selection

* Different emitters - RBE 6
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* Exercise in compromise and balance :; lonizing event ¥
a particle T
* Selection ¢ B- partic]e *f
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e Different emitters — LET, RBE, range s
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Auger electron
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T(v Medical isotope selection

* Exercise in compromise and balance : lonizing event ¥
a particle T
* Selection ¢ B- partic]e *.
=

e Different emitters — LET, RBE, range
Auger electron

225A¢

Kratochwil et al., J. Nuc. Med. 2016;57(12):1941-1944.
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T(v Medical isotope selection

* Exercise in compromise and balance

e Selection
e Different emitters — LET, RBE, range
* Dosimetry — theranostic, therapeutic window

Bremsstrahlen-GK 8.500 MBq Lu-177 PSMA

rior F
[ (TR bl




AL L .
T(v Medical isotope selection

* Exercise in compromise and balance

e Selection
e Different emitters — LET, RBE, range
* Dosimetry — theranostic, therapeutic window

* Production
e Sites and availability, delivery radius




AL L .
T(v Medical isotope selection

* Exercise in compromise and balance

e Selection
e Different emitters — LET, RBE, range
* Dosimetry — theranostic, therapeutic window

* Production
 Sites and availability, delivery radius
* Cross sections, contamination

cross section (mbarn)
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proton energy (MeV)

30 40
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T(v Medical isotope selection

* Exercise in compromise and balance

e Selection
e Different emitters — LET, RBE, range -
* Dosimetry — theranostic, therapeutic window =

* Production
e Sites and availability, delivery radius
* Cross sections, contamination
e Target availability and cost
* Target physical and chemical properties
* Labeling chemistry
* Radioactive waste
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T(v Low energy cyclotron

 Routine production of
11C and 18F
* Radiometals

Main Office
Building

R TRIUVE
l

-
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Wasbrook Mal

Padific Sprkt Park
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T(v Low energy cyclotron

* Gaseous Target — 11C, 18F

* Liquid target — 13N, 18F, 88Ga, 44Sc, >8Co, 61/64Cu,
86Y’ 89Zr’ 94mTC, 197Hg

A
80 Liquid target Solid target
M Liquid target
70
w Solid target
60
50
E0
S 40
*
30 :[
20
10 _ =
0 - = T i T i_ T T T

Blood Spleen Liver KidneysSKOV-3 Muscle Bone
tumour

 Solid target —44Sc, #°Ti, >2Mn, 61/64/67Cy, 68G3,
117/118/119Sb 132/135La 192|r 197Hg 203Pb
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T(v Low energy cyclotron — Therapeutic: Auger emitters

Solid target:

-—I-';—Beta (0.05-12 mm range) ® AU-197(p,n)Hg-197g/m
Theranostic pair

* Sn-nat(p,n)Sb-119
 Ho-165(p,n)Er-165

alpha (40-100 pm range)

Liquid target:
- Healthy tissue

. Tumour cell : ¢ Au-197(p,n)Hg-l97g/m
& Faiicirange i ol Theranostic pair

e Rh-103(p,n)Pb-103
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T(v Low energy cyclotron — Therapeutic: Alpha emitters

Target design with Ba salt

193.8 mg of
Ba(NO;),

Encapsulated

Irradiated at TR13

Ra-226(p,2n)Ac-225

Future Plans

Obtain external and internal
safety approval for working with
and irradiating 2%°Ra

Perform irradiation of ug
quantities of 22°Ra at TRIUMF

Perform complementary
measurements

Develop a separation &
purification with Ra/Ba/Ac, and
226R3a recycling scheme
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T(v Main Accelerator Program

ISAC
e 480 MeV, 10 pA, UCx targets

e Currently produces ~37 MBq
of 22°Ac per year via mass
separation
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T(v Isotope Separation On-Line

ISAC - ISOL
Low activity (kBg to MBq), high purity Saronader
* Actinide targets

e Feasibility chemistry, radiolabeling

to implantation
station

collimator
——

A (with current monitor)
—— '

211/209At,

225Ra/225Ac, 224Ra,
165Er, 155Tb

ionization &
extraction

10 pA arator

24
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T(v Main Accelerator Program

e 450-480 MeV, 60-150 pA

e Continuously receives beam
~7 months/year
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T(v Isotope Production Facility

S
TARGET TRANSFER

500 MeV — IPF (BL1A)
Intermediate activity (MBq), spallation
* Routine, independent production
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T(v Isotope Production Facility

S
TARGET TRANSFER

500 MeV — IPF (BL1A)
Intermediate activity (MBq), spallation
* Routine, independent production

25 6
20 5
) )
E {‘ Eas
8" - %
b Ss
% 40 ! EXFOR data $
. w
g ¢ this work 82 ' .
o = 5 higher energies important
5 EXFOR data: Ermolaey 2012, 1 g ¥ for #Ra and generator
Gauvin 1963, Griswald 2016, F 225A¢ production
Weddner 2012a, Weidner 2012b b}( L o)
% 200 400 600 800 % : 200 400 600 800 : : ;‘\
energy [MeV] energy [MeV] COHC RO e Ty H
t 1 N
| | i |
Typical beam: 65-85 WA, 454 MeV I I I I n W De
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T(v Isotope Production Facility

500 MeV — IPF (BL1A)

Intermediate activity (MBq), spallation
* Routine, independent production

S
TARGET TRANSFER
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Isotope Production Facility
A L L AL A A fo e = ",,xlx"-1E-2
Produgction rates for 480 MeV ]
“proton spallation of #?Th | i
(estimated by GEANT4) 1 4 |'&4
1 r11E-5
| B41E-6
—- 1E-7
| B1E-8
-:_ _ 1E-9
6 n 50 ......... 160 ......... 1‘;’0'—'
225Ac + 227 Ac
t12=9.9d t12=22y

concerns (from some) about 227Ac content and
impact on waste management

“direCﬂy-produced 227,225 A o1

A

225R3 + 228R3 + 224Ra + 226R3

t12=14.9d t12=58y t12=3.6d t1,2=1600y

-

224Rn  222Rn

\4

Robertson et al., Inorganic Chemistry 2020, 59, 12156

225/ o

t1,2=9.9d

“generator—produced 225 A o*”

=
29
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T(v Isotope Production Facility

Dissolve Th targetin 10M
HNO,/12.5mM HF (80mL)

h 4

Evaporate to dryness

Y

Redissolve in 1M HNO; (80mL)

|

Add 30% H,0, (80mL) for
percipitation

l

Filter and wash Precipitate
with 140mL H,0

AL, Ra,
Trace Th

Bulk Th [95-38% removed)

0.5M HNO,

&0mL 1M citricacid

20mL 8M HNG,

l

(pH2.0-2.2) —

S50mL O.5M HNOy—

Dowex 50X8 Resin (12g)

Ac, R
B.EMHNi}jWaEtE-(—‘ l b

13mL 120 HNOD; —

Dilute to 4M HNO;

Ac, Ra,
160mL 4 M HNO,

— g lraceTh
—= 0.5M HNO; Waste

DGA-normal (250 mg)

@

(D
!

Ra-225/Ac-225 generator for
producing second-pass Ac-225
with reduced Ac-227 content

\

First Pass Ac-225

(contains Ac-227, 0.1-
0.3% of the radioactivit
relative to Ac-225)

30
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Isotope Production Facility

Target Irradiation Actinium Production
Year In Beam Out of Beam Dose(pAh) i:tiii; ?&282(15) ?An::jtil\j?tsys (/:;22)5
2020-10-19 2020-10-20 1,191
2020 2020-11-13 2020-11-16 2,639
2020-11-18 2020-11-21 2,490
2021-07-29 2021-07-30 1,381
2021-09-09 2021-09-10 1,840 3.8
2021 2021-11-29 2021-11-29 760
2021-12-13 2021-12-20 12,461 715 74.85*
2021-12-13 2021-12-20 12,461 273 63.15*
2022-07-07 2022-07-12 7,456 293 84.5*
2022-08-22 2022-08-30 11,493 351 83.68*
2022 2022-09-16 2022-09-24 12,484 503.5 146.45*
2022-09-26 2022-10-03 11,110 26.3 15.54
2023-11-17 2023-11-24 10,145 3.90
2023 2023-12-11 2023-12-20 12,222 8.88
BWXT generator n/a 44.92*

*These figures represent the cumulative result of multiple generator elutions
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T(v Main Accelerator Program

ARIEL

e 480 MeV, 10 pA, Th targets
e Planned for 2027

.
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A))
T(v ARIEL - Advanced Rare Isotope Laboratory

ARIE L/H+ Backfill Air Line
|(Pneumatic System)
High activity (GBq), spallation
* Enable radiopharmaceutical development
and clinical trials - 400 mCi (15 GBq) 2?°Ac
per target

Top Cap
[Al-Br C954]

Cylindrical Casing
[Al-6061]

~150 mm Target Material

[232Th]

~75 mm

Target Vessel
[Al-6061]

Bottom Cap
[Al-Br C954]

Beam Axis
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T(v ARIEL - Advanced Rare Isotope Laboratory

ARIEL/H*
High activity (GBq), spallation

. . 15
* Enable radiopharmaceutical development =1 Frrsormm DT
. . . . | :
and clinical trials - 400 mCi (15 GBq) 2?°Ac o ot ISO}%SI}%E : 1F
| El O INO DU, — IR E
per target S s I
g 1013 3
S
[proton cm 2 ppp] g T L —
= 11
5: 1077 P L ]
£
10 | | |

100 200 300 400 500
Energy [MeV]

-25 0 25 50 75 100 125

| A

34




A)
(L\)/ IAMI - Institute for Advanced Medical Isotopes
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(L\)/ IAMI - Institute for Advanced Medical Isotopes
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(v NFRF-Transformation: Rare Isotopes to Transform Cancer Thera

« $23.7 mil over 6 years

"“‘===..0
o NPI: Bénard (UBC/BC Cancer)
=4, New Frontiers in Research Fund ' _
=‘=‘ Fonds Nouvelles frontiéres en recherche ~ ©  CO-Pl: Ramogida (SFU/TRIUMF)
c;‘%. ‘::-;_-__,__\.‘“ - TRIUMF Team: Hoehr, Radchenko, Schaffer, Yang
O
v f Ai:n 3 i
x Aim 2 v : ‘
Aim 1 Targetin : Aim 5
Isotope Che'lator S Mo?eculgJ Aim 4 Social Impact LLE es %
. « Multi-Modal |« oLl - Clinical - =7~ CAN e
Production & Opt t ca & Health ;
! . Bralae ptimization lati _ CER
Purification & Preclinical llransiation Economics Western
_ Development | Studi 3
A & __Studes . 2 TRIUMF
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(LV \ FB ; gv ‘\ | ZE« E - UNIVERSITY OF
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s e S UNIVERSITE DE
O(’)‘_g" SHERBROOKE

S
BC /N~
Children’s
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(v TRIUMF’s ‘hot kitchen’

1CPET

18F PET

44Sc PET

45Ti PET

>254Mn PET

>8Co Auger therapy

64Cu PET/ ®’Cu B~ therapy

68Ga PET

86Y PET

897r PET

99mTc SPECT/ %4™Tc PET

103pd Auger therapy

1195h Auger/!8Sb PET/117Sh SPECT
132/135| 3 PET / Auger

149,155,161Th / alpha / SPECT / B~ therapy
165Er Auger therapy

197Hg Auger therapy

203p/ 212pp SPECT / alpha therapy
223,224Ra alpha therapy

225Ac/?13Bi alpha therapy

230y /226Th alpha therapy

"lanthanoids

""actinoids




Thank you!
Merci!
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