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Precision measurements of activity are the foundation for:

The becquerel in nuclear medicine

• Reliable administration of patient dosages

• Quantitative molecular imaging

• Personalized dosimetry

• Multicenter trials

https://images.app.goo.gl/DEytSwNtUHjsYsov6

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



Radionuclide metrology for medicine

NIST was measuring activity before there was a Bq. And 
there’s always been a focus on medical applications. 

https://www.nist.gov/blogs/taking-measure/saving-marie-curies-last-radium-standard



• Imaging
• Challenges associated with EC branches

• Therapy
• Challenges associated with decay chain nuclides

We’ll call the last decade “recent”
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• Imaging
• Challenges associated with EC branches

• Therapy
• Challenges associated with decay chain nuclides

• Dissemination

We’ll call the last decade “recent”
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Challenges associated with EC branches

Decay by electron capture 
competes with positron emission.

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

Let’s talk about 
(anti)coincidence 
counting.
• Primary method:  NLS = N0(1 – Y)

• Need decay to an excited state

• Corrections required when KLM 
capture probabilities differ 
between monitored and 
contributing EC decays
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Monte Carlo corrections improve results

Method a2 a3 ELS Start ELS End Description (A/N0) / % F (A'/N0) / % uc / %

1 0 1 2 9 Corr. Lin 100 0.9967 99.67 0.09

2 0 1 2 9 Corr. Quad 99.19 1.0017 99.36 0.20

3 0.47 0.53 2 558 Corr. Lin 102.27 0.9789 100.12 1.39

4 0.47 0.53 2 558 Corr. Quad 103.53 0.9660 100.01 1.80

5 0 1 2 9 Scaling ---- ---- 99.78 0.02

6 0.47 0.53 2 558 Scaling ---- ---- 99.78 0.12

7 0.73 0.27 2 558 Scaling ---- ---- 99.96 0.03

100.49 AVE 99.81

2.01 SD 0.25
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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.

Methods comparison – Cu-64
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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.

Methods comparison – Cu-64

ARI 134, 280-285 (2018); 139, 266-273 (2018); 
129, 6-12 (2017). 
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EC branches and TDCR Counting

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

Metrologia 52, S172-S190 (2015).



EC branches and TDCR Counting

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

• 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 
curves.



An example of TDCR with EC
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EXPT TDCR values

An example of TDCR with EC
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An example of TDCR with EC

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

0.81 0.82 0.83 0.84 0.85 0.86

E(
LS

D
)

TDCR

M2 - DDEP

Shearman Branching

DDEP + A,B,C

DDEP - A,B,C

EXPT - DDEP

EXPT - Shearman

Add in the 
experimental data 
(normalized to fit)



0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

0.81 0.82 0.83 0.84 0.85 0.86

E(
LS

D
)

TDCR

M2 - DDEP

Shearman Branching

DDEP + A,B,C

DDEP - A,B,C

EXPT - DDEP

EXPT - Shearman

An example of TDCR with EC



Wile E. Coyote & Cu-64



LTAC works, TDCR comments on branching



Wile E. Coyote & I-124
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Dealing with EC 

Developed Monte Carlo tool to 
estimate decay data uncertainties.

ARI 154, 108849 (2019). 
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Always use multiple methods and design measurements to 
reduce sensitivity to decay data uncertainties

Work for improved decay data

Work for improved efficiency models

Realistic uncertainty estimates

Meeting the EC challenges

I 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 I-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

ARI 154, 108849 (2019). 

Iγ

NMC 39, 500-504 (2018). 



• Imaging
• Challenges associated with EC branches

• Therapy
• Challenges associated with decay chain nuclides

• Dissemination

We’ll call the last decade “recent”
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Medically important alpha emitters
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(Some) Medically important alpha emitters
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LS counting efficiencies from decay data

TDCR = NT/ND = εT/εD

The MICELLE2 model* uses a 
Monte Carlo approach to 
calculate εT and εD for β- decay 
branches

Triple-to-double Coincidence 
Ratio (TDCR) counting

5.62

5.63

5.64

5.65
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5.70

0.985 0.990 0.995 1.000

ε D

TDCR

We got about 5.65 
counts per 224Ra decay

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



224Ra decays by four α-emissions
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from initial concentrations and decay 
constants (λ)



Most γ-rays in the 
decay chain come 
from 212Pb and 208Tl
Pre-equilibrium activity 
assays are tricky

224Ra reaches equilibrium >6 d after tsep
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Most ionization chamber 
response is from progeny

Response changes rapidly 
during ingrowth

Pre-equilibrium assay 
requires good tsep

Pre-equilibrium assay?
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Equilibration considerations
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224Ra (longest-lived progeny is 
212Pb, T1/2 = 10.6 h) takes > 6 d 
to reach equilibrium

Separated from its parent, 
212Pb (longest-lived progeny is 
212Bi, T1/2 = 60.55 min) reaches 
equilibrium in ~ 12 h.

Breakthrough of the parent 
leads to “supported” 212Pb  



Pb-212 radionuclide calibrator settings

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



Pb-212 radionuclide calibrator settings

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

Napoli et al., ARI 166, 109362 (2020).



Pb-212 radionuclide calibrator settings

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

Napoli et al., ARI 166, 109362 (2020).

Seems Capintec settings neglect 
progeny beyond 212Bi

The 2.6 MeV γ-ray from 208Tl 
accounts for much of the overall 
ionization chamber response to 
212Pb and its progeny

For decay chain nuclides 
especially, users should take 
care when referencing 
theoretically-determined 
radionuclide calibrator settings

Settings result in 3x to 8x errors.



Plenty to consider with alpha emitters



• Challenges with medical nuclides
• EC branches and decay data uncertainties

• Decay chain nuclides and pre-equilibrium measurements

• Demand for standards is high
• Era of theranostics and targeted molecular radiotherapy

• We are hiring

Summary

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

PEC?



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



Backup slides
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https://www.nist.gov/calibrations

Calibration Services

Contact: jeffrey.cessna@nist.gov

https://www.nist.gov/calibrations

