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In the beginning

Saul Hertz 
(endocrinologist) 
treated benign 
thyroid disease and 
thyroid cancer 80 
years ago.

Arthur Roberts 
(physicist) measured 
excretion and 
external count rates

Courtesy Barbara Hertz



Leo Marinelli – father of dosimetry & radiobiology

Courtesy Judith Marinelli
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‘Because the metastases were growing very rapidly, we very naively 
resorted to heroic measures and administered radioiodine in doses of 
61 mc. on April 10, 1947; 10 mc. on June 16, 1947; 93 mc. on Nov. 6, 
1947; 184 mc. on Dec. 31, 1947, and 250 mc. on May 29, 1948’.

Uses and misuses



Uses and misuses

‘Because the metastases were growing very rapidly, we very naively 
resorted to heroic measures and administered radioiodine in doses of 
61 mc. on April 10, 1947; 10 mc. on June 16, 1947; 93 mc. on Nov. 6, 
1947; 184 mc. on Dec. 31, 1947, and 250 mc. on May 29, 1948’.

‘Finally a pancytopenia developed and the patient died.’



Uses and misuses

‘Unfortunately, we are seeing patients who have been treated 
empirically with frequent comparatively small doses of radioactive 
iodine by the calendar rather than by considerations of the capacity of 
such tumors to concentrate radioiodine or of the radiosensitivity of the 
tumors’



Parker New Engl J Med 2013

Ra-223 (Xofigo)

The ALSYMPCA trial

55 kBq/kg x 6 over 6 months

3.6 months increase in overall survival



The changing landscape…
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The NETTER trial

4 x 7400 MBq over 6 months

Improvement in progression free survival

Lu-177 DOTATATE for midgut neuroendocrine tumours

Strosberg New Engl J Med 2017



The changing landscape…



The changing landscape…



The changing landscape…



The VISION trial

6 x 7400 MBq over 6 months

4 months survival compared with ‘permitted standard of care’

Currently under evaluation by FDA, EMA

Lu-177 PSMA for mCRPC

Sartor, de Bono New Engl J Med 2021



The changing landscape…

The therapeutic radiopharmaceutical market is 
expected to grow 26% annually between 2014 
and 2030



Where next?

• Many more radiotherapeutics on the way…

Nature article 2021 https://doi.org/10.1038/s41587-021-00954-z

• Can we do better?

• No imaging or dosimetry for any of these trials.

• Can we treat according to the radiation doses delivered as for 
radiotherapy? 

• What would be the cost/benefit?



Imaging therapeutic 
drugs in vivo in real time

Nuclear  medicine image 
provides information not 
available for ‘cold 
chemotherapeutics’

Imagng - The power of nuclear medicine

Bremstrahlung imaging

Dewaraja Med Phys 2017

Ra-223 imaging

Hindorf Nucl Med Comun 2012



Lu-177 PSMA 617 

Violet J Nuc Med 2019



Murray et al EJNMMI 2017
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Dosimetry for lesions – Ra-223

29 lesions identified in 6 patients

Tumour absorbed doses ranged from 0.6 – 44 Gy



Absorbed dose lesion response for Ra-223

Decrease in SUV as a function of absorbed dose. Below a ‘dose threshold’ 

the SUV increases.



Short term toxicity

Francesca Buffa
Eur J Nucl Med (2003)

WB dose correlates with 
drop in WCC, platelet 
count, alkaline 
phosphatase (p<0.05)

Short term toxicity

Dose-toxicity response for Re-186 HEDP



I-131 for benign thyroid disease

Hyer et al Nucl Med Commun 2018

After 10 years:

50% of patients needed more radioiodine
20% patients became hypothyroid
30% of patients naturally euthyroid

Solid lines: Graves
Dotted lines: Graves with nodules

RMH: Study of 300 patients treated to deliver 60 Gy. Mean administered activity ~ 100 
MBq, range of 17 – 1400 MBq).



Radioiodine for benign thyroid disease

Systematic review: 1122 papers mentioning 
dosimetry. Fifteen eligible for meta-analysis 
(>2000 patients)

Probability of euthyroid response highest at 
128 Gy (38%)

Range of activities to deliver the same 
radiation dose



Lu-177 PSMA

Violet J Nuc Med 2019

Tumour dose was associated with PSA response with a median dose of 14.1 Gy
in patients achieving a PSA decline of at least 50%, versus 9.6 Gy for those 
achieving a PSA decline of less than 50% (P , 0.01).



Transaxial SagittalCoronal

Treatment planning – pre-therapy

Predicted I-131 radiation dose map from I-123 tracer in 
neuroblastoma treated with I-131 mIBG



• F-18 Fluoride uptake correlates with the Ra-223 uptake
• Ra-223 uptake correlates with radiation dose
• Dose correlates with response

• F-18 Fluoride could predict outcome

Treatment planning – Ra-223
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Ra-223 - Red marrow absorbed dose: Main contribution from activity 
in bone, as blood activity disappears quickly: Range 1.7 – 7.7 Gy
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Prediction of whole-body doses from tracer
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• ESIOP phase 3 clinical trial for very 
high risk neuroblasoma: treatment 
with I-131 mIBG + topotecan vs 
High Dose Thiotepa.

• Wholebody absorbed dose 
calculated after first administration

• Second administration (2 weeks 
later) to deliver a total of 4 Gy

• Stem cell support

• 20 years to set up. No funding for 
physics.

ESIOP Veritas study (neuroblastoma)



Sel-i-metry

Aim of trial to investigate role of 
selumetinib in iodine negative thyroid 
cancer

Aim of physics: To collate imaging and 
dosimetry from 9 systems in 8 centres

Gamma cameras designed for diagnostic 
studies with 185 MBq Tc99m - Not for 
quantitative studies with GBq of 
therapeutic radionuclides!

Site visits to characterise each camera. 
Phantoms were scanned to see how 
many counts were recorded in response 
to levels of I-131

I-123 NaI pre-therapy dosimetry 
predicts I-131 dose delivered

I-131 dose at therapy predicted from pre-
therapy scans



Medirad

Horizon 2020 

Observational study of radioiodine treatment 
of low & intermediate risk thyroid cancer

European centres:

Marburg
Wurzburg
Toulouse
RMH London

Cameras of same make and model have the 
same response

Good network
100 patients recruited throughout COVID 
lockdowns

Partial volume effect of different systems



Ongoing work - Quantitative imaging

SPECT & PET acquire images of the radiopharmaceutical. Imaging of function, 
not form. 

Imaging is qualitative - (can we see abnormal uptake?)

For dosimetry we need to quantify these images - (how much uptake?)

Image improvements and analysis obtained from image processing. Hybrid 
imaging (CT, MR + SPECT/PET can be used to correct for photon scatter and 
attenuation)

Penalised DeconvolutionLocalising CT

Penalised Deconvolution 
Algorithm
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Dr Iain Murray



Uncertainties & errors

Chain of uncertainties in theragnostics and dosimetry
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Dose map (α) Dose map (β-γ)SegmentationHistology

Significant red marrow, 
bone and tumour 
irradiation from  beta 
emissions

Endosteal layer Trabecular bone Red marrow Tumour

Antigoni Divoli

Ongoing work – Monte Carlo microdosimetry
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Buffa FM et al: Eur J Nucl Med 2003;30:1114-1124

Plasma
Normal bone
Metastatic bone

Predictive markers – Re-186 HEDP

Compartmental modelling of transit of Re-186



2003: Estimated WB dose 
accurately predicted from pre-
therapy modelling based on kidney 
function, Alk Phos, patient weight

2016: WB dose correlates with 
survival

Can this be used for treatment 
planning?

Delivered dose

Treatment planning – modelling (Re-186 HEDP)



Cost / benefit analysis (Back Of The Envelope…)

Current cost of Lu-177 PSMA treatment:
€12000 per administration, total of €72000 for full course of 6 
treatments

Number of patients expected: 6000 per year

Total cost: €432m pa

Cost of 3 scans ~€600

Allow 1-2 days for dosimetry: Cost ~€400

Total cost for full dosimetry: €1000 per administration

- 10% cost of drug.

Full dosimetry for 6000 pts could cost ~€36m



Cost / benefit analysis (Back Of The Envelope…)

Would need to save ~10% of administrations to be cost 
neutral



Cost/benefit of Lu-177 PSMA imaging

J. Czernin: PERSONALIZED NUCLEAR MEDICINE: THE COST OF IT ALL 
(Czernin ppt 11102021 (brolbrolbrol.com))



Conclusions

Dosimetry-based treatments with radiotherapeutics offer a level of personalised 
treatment that is not possible with other cancer drugs.

Again at the same fork in the road

Significant investment needed:
• Reimbursement for imaging and dosimetry (as for EBRT)
• Introduction of routine dosimetry (as for EBRT)
• Support for clinical physics
• Resourcing for research physics and radiobiology
• Multi-centre investigator led clinical trials 

Aims:
• Characterise the radiation doses delivered
• Look for dose-effect correlations
• Develop dosimetry-based treatment planning

Potential huge benefit in cost savings and clinical efficacy

A great challenge (scientifically, logistically, politically) – but must be tried
Community effort! 


