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The becquerel in nuclear medicine

Precision measurements of activity are the foundation for:

e Reliable administration of patient dosages -

B q * Quantitative molecular imaging

e Personalized dosimetry

Decays per second
(of a radionuclide)

e Multicenter trials
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Zimmerman et al., Z. Med. Phys. 27 (2017) 98. https://www.snmmi.org/NewsPublications/NewsDetail.aspx?ItemNumber=29483



Radionuclide metrology for medicine

NIST was measuring activity before there was a Bg. And
there’s always been a focus on medical applications.
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We'll call the last decade “recent”

* Imaging
 Challenges associated with EC branches
* Therapy
 Challenges associated with decay chain nuclides
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We'll call the last decade “recent”

* Imaging
* Challenges associated with EC branches

* Therapy

 Challenges associated with decay chain nuclides
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We'll call the last decade “recent”

* Imaging
* Challenges associated with EC branches
* Therapy
* Challenges associated with decay chain nuclides
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We'll call the last decade “recent”

* Imaging
* Challenges associated with EC branches
* Therapy
* Challenges associated with decay chain nuclides
* Dissemination
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Challenges associated with EC branches NIST

Decay by electron capture
competes with positron emission.

’
0.0 12.7003 (20) hours LEt S ta I k a bOUt
64-C- [ ° ®
y emission probabilities per // 297 1as \ (a ntI)COInCIdence
100 disintegrations P .
counting.
o 0.4742
2+ OF 1345.75‘/ * Primary method: N;=Ny(1-Y)
2848 * Need decay to an excited state
\ 0+ 0.0 _ s . Correctionsrequired when KLM
4353 617n., capture probabilities differ
/' between monitored and
17.52 Q =579.4 keV 1 1
sane O 0.0 « 7 b 35,40 contributing EC decays
SaNisg

Q* = 1675.03 keV
% B* + % € = 61.52

http://www.nucleide.org/DDEP_WG/Nuclides/Cu-64_tables.pdf



Challenges associated with EC branches NIST

Decay by electron capture
competes with positron emission.

64-C
y emission probabilities per // 29%Uss
* Primary method: N;s=Ny(1-Y)

100 disintegration
z - b‘
* Need decay to an excited state
00 » Corrections required when KLM
v capture probabilities differ
between monitored and
;'298" contributing EC decays
SeNise

Q* = 1675.03 keV
% B* + % € = 61.52

http://www.nucleide.org/DDEP_WG/Nuclides/Cu-64_tables.pdf

Let’s talk about
(anti)coincidence
counting.
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Monte Carlo corrections improve results  NIST

mmn&mm a5 e g/

Corr. Lin 0.9967 99.67 0.09
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ARI 134, 280-285 (2018).



Methods comparison — Cu-64

Normalized activity
o
(o]
(00]

| M
] : *
) :
LTAC TDCR CNET HPGe

LTAC with Monte Carlo
correction adopted as
primary standard.

Radionuclide calibrator
settings published.

Gamma-ray emission
intensities re-evaluated.

Difficulties with figure-of-
merit based model
observed.

ARI 134, 280-285 (2018); 139, 266-273 (2018);
129, 6-12 (2017).



Methods comparison — Cu-64

LTAC with Monte Carlo
correction adopted as
primary standard.

Radionuclide calibrator
settings published.

Gamma-ray emission
intensities re-evaluated.

Difficulties with figure-of-
06 b v A merit based model
0.75 0.8 0.85 /).9 0.95 1 observed.

¢ = efficiency; units TDCR
“counts per decay”

ARI 134, 280-285 (2018); 139, 266-273 (2018);
129, 6-12 (2017).




EC branches and TDCR Counting

In a system with three PMT which have equal quantum
detecp sciencies, the counting efficiency for triple coin-
I calculated according to

s —E-Q(E)\?
er = fS(E) (1 — 3 ) dE. 3)
0

the counting efficiency for the logical sum of double coin-
nces is given by

EI!'I'IHX
ep = f S(E) (3(1 — e EQENMY2 _ (| _ o=EQEN3M3)(F

0
(4)

Here also, the counting efficiencies depend on the free
parameter M. The free parameter of a given LS sample is
defined by the condition

er(M) Ry
ep(M)  Rp
where Rt and Rp are the experimentally determined net

counting rates in the triple and the double channels, respec-
tively. After determination of the free parameter, the counting

()

Metrologia 52, S172-5190 (2015).

Let’s talk about tiple-to-
double coincidence ratio
counting.

* Primary method
* Liquid scintillation counting

* Discreet electron energies from EC
decays make things tricky

Efficiencies depend on the
energy spectrum and the
energy-dependent quench
function



EC branches and TDCR Counting

R. Broda | Applied Radiation and Isotopes 38 (2003 ) 385-594

Let’s talk about tiple-to-

|
//_(L_,> * Primary method
|

double coincidence ratio
counting.

* Liquid scintillation counting

* Discreet electron energies from EC

decays make things tricky

| ~ With discreet peaks in the energy

spectrum, the weights of the peaks
dictate the shape of the efficiency
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An example of TDCR with EC

E(LSD)

1 Calculated TDCR

0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55
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0.84 0.85 0.86



An example of TDCR with EC

1 Re-calculate with EXPT TDCR values

095 newest decay data (EC
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An example of TDCR with EC

Add in the
0 experimental data

“ (normalized to fit)
Ol o e -
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An example of TDCR with EC

- ® M2-DDEP
0 95 C Shearman Branching
- — =— DDEP+A,B,C

0.9
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0.75
0.7
0.65 |
0.6 |
0.55 =t

0.81 0.82 0.83 0.84 0.85 0.86

E(LSD)




Wile E. Coyote & Cu-64

Standardization of ®*Cu using an improved decay scheme

095 M.N. Amiot®* M.M. Bé?, T. Branger?, P. Cassette®, M.C. Lépy*, Y. Ménesguen®, I. Da SilvaP®
: Nuclear Instruments and Methods in Physics Research A 684 (2012) 97-104
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LTAC works, TDCR comments on branching NIST
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Wile E. Coyote & I-124

e
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ARI 154, 108849 (2019).



Dealing with EC

0.

” Developed Monte Carlo tool to
estimate decay data uncertainties.

0.521 Density
15000
o
g 10000
0.48 5000
0
0.4
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1.01 |
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~ i
< 0.99

0.98

097 L

/\»,0006*

ARI 154, 108849 (2019).




Meeting the EC challenges

Always use multiple methods and designh measurements to
reduce sensitivity to decay data uncertainties

Work for improved decay data
Work for improved efficiency models
Realistic uncertainty estimates

| used two PET nuclides as examples. The NIST primary
standards were achieved with:
0.51 % combined standard uncertainty for Cu-64 activity
1.2 % combined standard uncertainty for 1-124 activity



Dissemination of activity standards

NIST activity standards are the

basis for:
 Benchmark radionuclide calibrator
settings
* Revised absolute gamma-ray
emission intensities
 Future calibrations

Nuclear
Original article c.:.mﬂfgfx?foﬁ
An update on ‘dose calibrator’ settings for nuclides used in

nuclear medicine
Denis E. Bergeron and Jeffrey T. Cessna

5;0 ' 6(I)O ' 6;0 ' 7('30 7;0 8(I)0
ARI 154, 108849 (2019). NMC 39, 500-504 (2018).



We'll call the last decade “recent”

* Imaging
* Challenges associated with EC branches
* Therapy
* Challenges associated with decay chain nuclides
* Dissemination
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NST

Medically important alpha emitters




(Some) Medically important alpha emitters NIST




LS counting efficiencies from decay data NIST

Triple-to-double Coincidence

, , We got about 5.65
Ratio (TDCR) counting

counts per *2Ra decay

5.70
5.69

TDCR = No/Nyp = g.le;, s

5.67

0 5.66
The MICELLE2 model* uses a W 565
Monte Carlo approach to 22‘3‘
calculate &; and g for 3~ decay e
b Fan Ch es 0.985 0.990 0.995 1.000

TDCR

*Kossert & Grau Carles, Appl. Radiat. Isotop. 68, 1482-1488 (2010).



24Ra decays by four a-emissions

=

-0

|«

06

Following Bateman (1908), concentrations
of isotopes in a decay chain are calculable
from initial concentrations and decay
constants (A)

dN
It —A1N4

dN; _

dr Ai1Ni1 —A4;N; (i =2,n)



**4Ra reaches equilibrium >6 d after t,,

O

1.0

——Ra-224

Rn-220
la 3.631(2) d 1 2
55.8(3) s 1.000178(1) © 05
@ 0.148(4) s 1.000178(1) ;
10.64(1) h 1.13928(15)
la 60.54(6) min  1.15263(15) 0.0
0 5 10 15 20
@ 3002)ns  0.7385(11) (t-t.)/d
3.058(6) min  0.4144(20)
l“ 10
S Most y-rays in the E e
decay chain come < os e
l < from 212Pb and 28TI  ° - iy
@ Pre-equilibrium activity 0 5 10 15 20

assays are tricky (t-teep) / d




Pre-equilibrium assay?

Aread / ATDCR

1.020
1.015
1.010
1.005
1.000
0.995
0.990
0.985
0.980
0.975

e VIC
55tR

(tmeas - tref) / d

NST

Most ionization chamber
response is from progeny

Response changes rapidly
during ingrowth

Pre-equilibrium assay
requires good t,,



Equilibration considerations

—Rn-220 —

Po-216

Pb-212 __

Bi-212
—Po-212

time / d

10

Separated from its parent,
212pp (longest-lived progeny is
?12Bi, T, ,, = 60.55 min) reaches
equilibrium in ~ 12 h.

Breakthrough of the parent
leads to “supported” ?*°Pb



Pb-212 radionuclide calibrator settings

eNeT] Thallium

SR2Rh Lead

IR Bismuth

212ph Lead

(Eab.?*'2Bj})
2128 Bismuth
(Egb.?'?2Pb)

212Pph Lead,
Eqb.

2123 Bismuth

224Rg Radium

2260 A T Radunim

846

571+2

101

489 X10

158

135

030 or
146 X2

646 X100

778

Vol

0.5

VoI v oD &

38Y

3.07M

10.6 H

60.5 M

3.64D

1622 Y

NwUI/y

NBS73

NM75

NM75

NM75

NM75

NBS73

Ret. for 1064, 569.7.76.7,.
1772 keV

Decays to 2'2Bi; eqb. after 1
hr. See App. Il

Eqb. after 8 hrs. Reading
gives Act. of Phin eqb.
sample.

Reading gives Act. of Biin
eqb. sample.

Reading gives Total Act. of
Pb & Biin eqb. sample.

Readmg in grams. Com-

. cabmcemcd bma Aan DA

Capintec Inc, 1986. Radionuclide Calibrator Owner's Manual, Revision E. Ramsey. Capintec Inc, NJ.




Pb-212 radionuclide calibrator settings

= Viarv & NWI /U
7B Bismuth 846 -

1.7 38Y NBS73 Ret. for 1064, 569.7. 76.7,

nucliae 1n 1solation ana as mZz wnen in cLLILDII
A Thallium 5712

212
212pp e a IC model Pb
DS /% s/ % m
Ll =t Bismuth 489x10 |
212pp o or CRC-55tR 662 2.7 3.4 10
) ea 1
(Egb. 2'2Bi) CRC-25R 662 5.7 3.4
212g; Bk 135 Napoli et al., ARI 166,-1'09362 (2020).
(Egb.?'?2Pb) eqgb. sample.
22Ph Lead, 030 or - iy
EQD. 146 X2 Reading gives Total Act. of
Pb & Biin eqb. sample.

2128 Bismuth
22¢R3 e 646 X100 3.64 D NM75
S T 778 0.5 1622 Y NBS73 | Readingin grams. Com-

Capintec Inc, 1986. Radionuclide Calibrator Owner's Manual, Revision E. Ramsey. Capintec Inc, NJ.



Pb-212 radionuclide calibrator settings

l nnnnn I I i SOURT U0 NUI /U

Seems Caplntec settings neglect | '7 L 38 Y NBS73 L Ret. for 1064, 569.7,76.7, l

progeny beyond 212g; nucliae In isolartion ana as mZ Wnen 1n equilibrit
IC model 212pp

The 2.6 MeV y-ray from 208TI Hene

accounts for much of the overall DS uc/% ua/% m

ionization chamber response to CRC.55R 662 5.7 3.4 10

212pp and its progeny CRC-25R 662 5.7 3.4

especially, users should take
care when referencing

theoretically-determined Settings result in 3x to 8x errors.
radionuclide calibrator settings

For decay chain nuclides | | Napoli et al., ARI 166, 109362 (2020).

eqb. sample. ‘

3.64 D NM75

Readmg in grams. Com-

i ecalmcead bAa A~ 'DaA

| 25603 " Radiinm | 778 l | 015 1622°Y NBS73
Capintec Inc, 1986. Radionuclide Calibrator Owner's Manual, Revision E. Ramsey. Capintec Inc, NJ.



Plenty to consider with alpha emitters

Applied Radiation and Isotopes 184 (2022) 110161

Contents lists available at ScienceDirect = o ad

Applied Radiation and Isotopes

ELSEVIER journal homepage: www.elsevier.com/locate/apradiso

Review ,.)

Check for
u|

Realization and dissemination of activity standards for medically important |
alpha-emitting radionuclides

Denis E. Bergeron ™ , Karsten Kossert ® Sean M. Collins ©“, Andrew J. Fenwick °

* Physical Measurement Laborarory, Nadonal Insrtiture of Standards and Technology, Gaithersburg, MD, 20899-8462, USA

® physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116, Braunschweig, Germany

° National Physical Laboratory, Hampton Road, Teddingron, Middlesex, TW11 OLW, UK

4 Department of Physics, University of Surrey, Stag Hill, Guildford, GU2 7XH, UK

ARTICLE INFO ABSTRACT

Keywords: Interest in targeted cancer therapy with alpha-emitting radionuelides is growing. To evaluate emerging radio-
Liquid scintillation counting therapeutic agents requires precise activity measurements for consistent dose-response relationships and patient-

Coincidence counting

specific dosimetry. National metrology institutes around the world have reported on the development and
Gamma-ray spectrometry

comparison of activity standards for medically important alpha emitters. This review describes the relevant

Ra-223 o A ) )

Ra-224 methods and models underpinning these standards, the generation of new nuclear decay data, and the impacts on
Ac-295 preclinical and clinical activity assays using radionuclide calibrators and y-ray spectrometry.

Th-227

Decay chain
Activity calibration
HPGe

Dose calibrator




Summary

* Challenges with medical nuclides

* ECbranches and decay data uncertainties
 Decay chain nuclides and pre-equilibrium measurements

 Demand for standards is high

 Era of theranostics and targeted molecular radiotherapy
e We are hiring
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NIST Nuclear Medicine Project Team

Brian E. Zimmerman (lead), Jeffrey T. Cessna
Ryan Fitzgerald, Leticia Pibida, Lizbeth
Laureano-Pérez, Ron Collé

Questions about our research or

postdoc opportunities?

Contact: denis.bergeron@nist.gov
P



Backup slides



NIST AT A GLANCE
Industry’s National Laboratory
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Calibration Services

https://www.nist.gov/calibrations

Contact: jeffrey.cessna@nist.gov


https://www.nist.gov/calibrations

