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• medical specialty that makes use of radiopharmaceuticals

for the diagnosis and staging of disease, for monitoring of 

a disease process, and for radionuclide therapy (RNT)

• used in basic sciences such as biology, drug discovery 

and in preclinical medicine.
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Nuclear Medicine (NM)

• clinical aspects

• radiopharmaceuticals

• instrumentation



• remarkable radiopharmaceutical market growth

• the NM journey looks like it has only begun and 

there are a lot … a lot of challenges ahead
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What are the trends in NM

Lau, J., et al. Cancers 2020, 12, 1312.

DOI: 10.3390/cancers12051312



• “personalized” or “precision” medicine

• tailor-made prevention, diagnosis and treatment

• theranostics – “see what you treat and treat what you see”

• sustainability, cut healthcare costs, avoid unnecessary …
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Increased demand for personalized medicine

Bodei, L., et al. Nat Rev Clin Oncol 19, 534–550 (2022).

68Ga-DOTATATE

pre/post 4 cycles 177Lu-DOTATATE



Personalized or precision nuclear medicine
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Hitchcock, A. (1960). Psycho.

Paramount Pictures.

A “directive” sets out a goal 

that EU countries must achieve



• search for novel radionuclides: theranostic pairs, triplets, quadruplets, … alpha emitters
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Trends in NM: theranostics & novel radionuclides

www.isotopes.govwww.isotopes.gov www.prismap.euwww.prismap.eu



• novel detector technology

• new gantry designs
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Technological advances in NM

First PET scanner – www.bnl.gov 

Pixelated CZT detector

LSO – SiPM

Total-body PET/CT

CZT based SPECT/CT



• targeted molecular imaging – NET

• [18F]-MFBG-PET / [123I]-MIBG-SPECT comparison

• for that: PET & SPECT quantification  Bq/ml
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Quantitative imaging

[123I]MIBG [18F]MFBG



• General aim: the absorbed dose to target region(s)
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Dosimetry and therapy planning

Source region, 

organ, tissue, …

Target region,

organ, tissue, …

Administered 

activity

Erick Mora-Ramirez et al., Med

Phys 47 (9), Sept 2020



Radionuclide Metrology for Nuclear Medicine – EURADOS School 2025 – K. Baete10
Andrew Robinson (NPL), 4th scientific 

workshop for stakeholders (2019)

Uncertainties



• early discovery and exploration

• nuclear physics & radiochemistry

• radiopharmacy & medical physics

• preclinical studies

• models, safety, translation

• clinical trials

• safety, efficacy, dosage

• effectiveness, response & comparison

• clinical routine

• protocols & procedures

• follow-up and optimization

• quality assurance & control

• patient-specific precision medicine
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The roadmap to clinical applications in NM
discovery & 
exploration

preclinical 
studies

clinical trials

clinical 
routine

FUP & 
optimization

clinical 

routine



• primary liver tumors: HCC, ICC

• liver predominant metastatic disease: mCRC, breast, NET

• SIRT portfolio @ UZ Leuven

• 90Y – SIR-Spheres – Sirtex Medical Europe GmbH

• 90Y – TheraSphere – Boston Scientific Benelux NV

• 166Ho – QuiremSpheres – Quirem Medical, Terumo

• patient selection & work-up (CBCT, SPECT)

• pre- & post-SIRT procedures & analysis
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Selective Internal Radiation Therapy (SIRT)

Kennedy, J Gastrointest Oncol. 

2014;5(3):178-189 
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Treatment planning

&

Treatment verification



Challenges: standardization

• the challenge of standardization is not new

• ell (ulna) – cubit (forearm)

• nuclear data, half-life, e.g. branching ratio for positron 

emission of 90Y in PET acquisition software

• device A : 32 × 10-6

• device B : 34 × 10-6

• imaging standards (DICOM, ISO-12052, …)

• time references & decay correction

• it looks like … there’s much more need for 

standardization, even before calibration !!!
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Mark H. Stone, “The Cubit: A History and 

Measurement Commentary”, Journal of 

Anthropology, vol. 2014, 489757, 11 pp, 2014

Branching Ratio

Bq  e+



• a quantified and traceable measure using an NM instrument

• numerical value – relative or absolute measure

• physical quantity – (SI) unit of measurement

• nuclear medicine (NM) instruments

• radionuclide calibrator or activity meter (Bq)

• gamma counter samples (Bq/ml)

• SPECT phantom (cps/voxel)

• quantitative PET/CT or SPECT/CT (Bq/ml)

• a calibration step

• conversion between units

• verification and follow-up

• QA & advanced QC
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Nuclear Medicine Equipment Standards



PET activity meter cross-calibration 
• uniform cylinder with 18F solution

• radionuclide calibrator (RC) measure (Bq)

• known cylinder volume (ml)

• known Bq/ml  measured cpm/voxel

• cross-calibration factor determined
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• same RC used for patient 

administration

• measured cpm/voxel

• converted to Bq/ml, SUV, …

Kinahan et al., Semin Ultrasound CT MRI 

(2010) 31:496-505



• problem for radionuclides with short T1/2

• 11C, 13N, 15O, 68Ga, …

• positron emitters -> narrow E window

• correction factor for positron branching ratio
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Additional calibration using gamma counter

 F-18 eff. (%) = 34.2 cps/positron

 Ge-68 eff. (%) = 33.2 cps/positron

Lodge et al., EJNMMI 

Physics (2015) 2:11



• 68Ge reference sources

• mean eff. (%) = 33.5 ± 0.4 cps/pos
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Quality assurance – gamma counter efficiency 
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Linearity analysis – gamma counter

linear range
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Standardization in PET and SPECT

• international effort  accreditation of PET

• SUV & image quality verification

• harmonization for multicenter trials
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Daisaki, H. et al., Sci Rep 11, 8517 (2021)

Kaalep, A. et al., EJNMMI 45, 1344–1361 (2018)



• crossing the valley of death – translational research

• global : regulatory – radioprotection – medicines agencies

• local : health physics – radiopharmacy – clinical environment 

• close gaps between radiopharmacy and medical physics

• use of standardised recipients : V-vial, 10R Type 1+ Schott vial, …

• approach manufacturers

• approach R-pharma suppliers

• approach EMA, FAGG, …
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Standardization challenges in NM

Special Publication (NIST SP) – 1247

https://doi.org/10.6028/NIST.SP.1247

Butler, D. Translational research: Crossing the 

valley of death. Nature 453, 840–842 (2008)



• the “calibration” problem is typically not intercepted by standard 

quality assurance measures in nuclear medicine (unfortunately)

• this can lead to significant inaccuracies with the determination of 

the activity [Bq] of a radiopharmaceutical

• more advanced quality control measures are therefore urgently 

required  medical physics experts & metrology experts

• theranostics: quantitative imaging for radionuclide therapy and

personalized dosimetry are based on this
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Calibration challenges in NM

TRS-374 – Calibration of 

Dosimeters Used in Radiotherapy

(IAEA, 1994)
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Traceability of radionuclide calibrators

Saldarriaga Vargas C, et al. 

Phys Med. 2018;45:134-142.



• results for Tc-99m

• use of Fidelis – secondary standard radionuclide calibrator
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Traceability of radionuclide calibrators

Saldarriaga Vargas C, et al. 

Phys Med. 2018;45:134-142.

• a suspension level for accuracy 

deviation > 5% for > 100 keV 

(RP-162, EC 2012 & NPL 2006)

± 10%

± 5%



• results for In-111 – “The Good, the Bad and the Ugly”
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Traceability of radionuclide calibrators

proxy for 90Y

Saldarriaga Vargas C, et al. 

Phys Med. 2018;45:134-142.

± 5%

± 10%



• SIRT = selective internal radiation therapy of liver cancer

• gamma spectrometry reveals that the 90Y primary SIR-

Spheres activity calibration appears to be a significant 

underestimate of true activity: 1.233 ± 0.030
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Accuracy of activity for 90Y-SIRT

Stephen A Graves, et al. 

JNM, Jan 2022, 

DOI: 10.2967/jnumed.121.262650



• confirmation of previous 

study and observations
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Accuracy of activity for 90Y-SIRT Silvano Gnesin, et al.

JNM, Nov 2022,

DOI: 10.2967/jnumed.122.264458

significant

uncertainty 

for therapy

Δ ~ 50%



• 2 activity meters, both 14 bar Argon, internal elevators

• VIK-202: well-type, for preparation & synthesis vial

• DVK-103: pass-through, for dispensed vials

• DVK-103 is most important for the end-user

• measurement of vial containing radiopharmaceutical for 

administration to patients or equipment calibration
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Synthesis and dispensing shielded isolator for cGMP
Phaedra Combo (Comecer, Italy)

VIK-202

DVK-103



• DVK pass-through chamber

• SAT by Comecer using 137Cs

• accuracy deviation:  3%

• MPE acceptance using 57Co

• accuracy deviation: 18%
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Problems encountered during acceptance testing

height dependency

DVK-103

• limited number of 

calibration factors

• suspected influence of 

the elevator

• no traceability



• influence of the wall, elevator, 

recipient holder
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Energy response
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• Comecer adjusted the gain of the DVK-103 for 57Co and 137Cs ref. sources

• deviation of the accuracy for 57Co changed from 18% to 0.1%  recalibration !!!

• involvement of the SCK Fidelis secondary standard radionuclide calibrator

• calibrated at a national metrological institute, traceable to primary standards

• reference geometry: 10R Schott type 1+ vial

• on-site calibration for 89Zr, 177Lu and 68Ga

• master solution with a fixed activity concentration (Bq/ml)

• mass derived reference and secondary geometries
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Performing on-site traceable calibration

M

SV25A

1 2 3

10R Schott type 1+

Phaedra Combo

VIK-202 & DVK-103

stand-alone

VIK-202

stand-alone

CRC-55tR

Fidelis

master solution reference geometries

With the help of Liviu-Cristian Mihailescu (SCK)



• calibration factors for

• the reference geometry

• 10R Schott vial (10 ml)

• 4 g solution
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Results content 4 g solution Factory IF / SF New IF / SF Diff (%)

CRC-55tR 499 × 1 (§) 462 × 1 -6.3%

VIK-202 (stand-alone) 786 × 1 770 × 1 -6.9%

VIK-202 (Phaedra) 773 × 1

DVK-103 (Phaedra) 692 × 1

IF = isotope factor  /  SF = scale factor  /  § = clinical trials

CRC-55tR 456 × 10 (§) 449 × 10 -1.3%

VIK-202 (stand-alone) 751 × 10 763 × 10 +5.2%

VIK-202 (Phaedra) 758 × 10

DVK-103 (Phaedra) 597 × 10

CRC-55tR 416 × 1 430 × 1 +2.7%

VIK-202 (stand-alone) 749 × 1 755 × 1 +2.4%

VIK-202 (Phaedra) 758 × 1

DVK-103 (Phaedra) 669 × 1

Calibration certificate

SCK – BELAC

ISO/IEC 17025:2017

With the help of Liviu-Cristian Mihailescu (SCK)



• calibration factors for

• an operational geometry

• SV25A vial (25 ml)

• performed for 177Lu

• influence content SV25A ~ 10% (~5  ~20 g)
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Results DVK-103 DVK-103 (Phaedra) IF / SF Re-calib Diff (%)

Schott 10R 4 g 597 × 10 566 × 10 -7.5%

SV25-A ~5 g 597 × 10 566 × 10 -7.5%

SV25-A ~10 g 597 × 10 582 × 10 -3.7%

SV25-A ~15 g 597 × 10 596 × 10 +0.2%

SV25-A ~20 g 597 × 10 608 × 10 +2.7%

~10%

Ref.

source

Schott

10R

SV25A



• European Union: 2013/59/EURATOM

• art. 56 – Optimisation: “…verification of administered activities …”

• Belgium: Medical Exposure Decree (2020)

• art. 9 – Optimisation: “… verification of administered activities …”

• art. 60 – Reporting: “… deviation of >10% of the intended activity”
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Value of metrology

• recipients often do not meet the calibration requirements

• Unknown calibration uncertainties on certificate of analysis

• lack of knowledge about the unbroken chain of traceability or 

calibration path for radioactivity prescription by a physician

• how to compare that to the concept of maximum permitted 

tolerance on “content” in the EU (76/211/EEC)       ???

Aswal, D.K. MAPAN 35, 139–150 (2020). 

doi.org/10.1007/s12647-020-00376-3

CSIR-National Physical Laboratory, New Delhi, India

Traceability pyramid



• production and supply chain of radiopharmaceuticals

• single or multi-“dose” vial

• on-site radiopharmaceutical preparation

• involvement of national metrology institute (NMI)

• clinical practice

• manufacturer settings of radionuclide calibrators

• clinical trials

• calibration of equipment towards the “trial standard”

• no control over the traceability of the manufacturer or the supplier
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Status of traceability in NM



• PRISMAP recommends the implementation of

• an end-to-end metrology methodology, and 

• the involvement of medical physics experts (MPE) 

for the standardization and harmonization of novel 

radiopharmaceuticals for imaging and therapy
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Standards for clinical translation

Clemens Decristoforo, et al. (2022). 

https://doi.org/10.5281/zenodo.6599181

This project has received funding from the European Union’s Horizon 2020 research 
and innovation program under grant agreement No 101008571 (PRISMAP).

www.prismap.eu
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