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Facility
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• 2 cyclotrons

• PET radiochemistry

• Biology

• Preclinical PET-CT

• Clinical PET-CT, MR, PET-MR

History 

• 2006 GlaxoSmithKline

• 2011 Imanova – MRC/London University 

• 2017 Invicro (US/UK)

• Serving pharma and academia

• PET ligand development

• Mostly (not all) neuroreceptor studies

Invicro
Imperial College campus
Hammersmith Hospital



Why Radiation Dosimetry
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Justify and Optimise medical exposures 
• EU Basic Safety Standards Directive 2013/59/Euratom 2013

• UK Ionising Radiation (Medical Exposure) Regulations 2017

Radiation dose to clinical subjects
• Probability of cancer, potential genetic effects

• Tissue effects (irrelevant for PET)

• Diagnostic Reference Levels for patients

• No dose limit

Ethical approval for research
• Equivalent background exposure

• Risk from radiation exposure

• Dose constraints and guidelines
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Radiation Dose
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• Energy transferred by radiation to subject

• Absorbed dose (SI unit gray, Gy) = Joules per kg of tissue

• Diagnostic imaging -> mGy



Radiation Risk

• Also depends on:

• Tissue / organs exposed

• Radiation sensitivity of tissue (WT)

• Breast, bone marrow, colon, lung, stomach, (gonads) higher

• Radiation type 

• X rays, gamma rays, beta, positron (WR=1)

• Effective dose ED = Sum over organs: Absorbed dose * WR * WT (sievert, Sv)

• UK background 2.3 mSv/year

• UK employee dose limit 20 mSv/year

• Lethal dose ~ 5 Sv

• Risk 1 mSv ~ 1/20000 (ICRP 103 - uncertain at low dose)
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Factors affecting PET doses
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• Activity, isotope, radioligand

• Biodistribution and excretion
• subject: age, sex, weight, health, habitus etc
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Standard Approach to PET dosimetry
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• Mathematical model 

• Simplified human ‘phantom’

• Uniform body distribution too inaccurate

• Organ activities from tissue samples (rodents) or imaging

• Compare medical exposures / PET drugs and estimate radiation risk

• Not accurate enough to plan or estimate individual doses 

• Organ doses are not measured!

Distribution 11C ED 

(µSv/MBq)

18F ED

Uniform 2.9 12.8

Model 6 20
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Time-integrated Activity Coefficients (TIACs)

• Used in most dosimetry calculations

• Measure activity concentration at different time points 

• Integrate specific activity concentration over time

• Multiply by standardised organ mass

• Specific total radioactive decays per organ ‘residence time’
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Mathematical model OLINDA/EXM www.doseinfo-radar.com
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Preclinical PET dosimetry
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• Give tracer to multiple subjects (IV)

• Sacrifice at set time points (e.g. 5, 15, 30, 60 mins)

• Harvest organs/tissue, weigh and count activity

• TIACs scale to human

• Input TIACs to OLINDA
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Clinical PET dosimetry
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• Give (IV) tracer to multiple subjects

• Scan repeatedly over 90 min / 4 hr period

• Outline organs with ROIs -> time activity curves

• Input TIACs to OLINDA

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

0.00 1.00 2.00 3.00

A
c

ti
v

it
y

 c
o

n
c

e
n

tr
a

ti
o

n
 (

B
q

/m
l)

Time (h)

Bladder

Kidneys

Stomach wall

Liver

Spleen

Small Intestine

Thyroid

Salivary glands

Lungs

Gonads

Whole stomach

Brain

Heart

Skeleton

Gallbladder

Bone marrow humeral head

Ascending colon

Descending colon

Muscle

Cortical bone



Our experience (Invicro London)
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• 24 dosimetry studies since 2012

• 2 Ligands with rat and human dosimetry

• 1 repeated rat study

Species n11C

Mean / 

range ED 

(µSv/MBq)

n18F

Mean / 

range ED 

(µSv/MBq)

Rat 9 5.5 / 4 - 7 9 25 / 18 - 35

Human 1 5.6 5 23 / 16 - 30

Species AVB6 ED (µSv/MBq) FPIA ED (µSv/MBq)

Rat 33.5 18.7

Human 21.7 15.9

Repeat number AVB6 ED (µSv/MBq)

1 33.5

2 35.2



Study timelines
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• Clinical: 4 subjects (2m, 2f), 8, 12, 24!
• Long process…

• Study development and funding – months

• Preclinical dosimetry – 1-2 months

• Ethics – 1-2 months

• Recruitment, scanning – easier for healthy volunteers than patients - months

• Analysis – 2+ weeks region drawing, analysis

• 8-12 months+

• Also far more expensive…

• Preclinical: 3 rats per time point, 4 time points
• Occasional outlier (repeat if needed)

• 3 scan days, few days data compilation, few days analysis

• Quick turnaround: e.g 11C-Deprenyl
• 29 Oct: “What is the fastest that we can do the dosimetry?” 

• 6, 8, 23 Nov: Experimental work

• 26 - 28 Nov: Analysis and results



Tracers used at Invicro London
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• In-house dosimetry: consistent techniques for 17 clinical ligands 

• Another 55 ligands used clinically – dosimetry from other sources
• Variable study quality/methodology

• Often based on old data from PET only scanners

• Different methodologies / models

• Human, baboon, rhesus monkey, macaque, pig, dog, cat

• Unknown details

• Organs, bladder voiding, healthy vs patients etc

• Are the differences due to methodology or metabolism?

Species n11C

Mean / 

range ED 

(µSv/MBq)

n18F

Mean / 

range ED 

(µSv/MBq)

Other 6 5.0 / 3.2-7.4 5 26 / 21-31

Rat 12 5.3 / 3.8-7.0 4 22 / 19-29

Human 15 5.7 / 3.9-7.7 29 24 / 12-33



Mixed results from pre-clinical to clinical translation
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• Preclinical estimates of effective dose can be lower or higher than human

• Example: IMAFIB studies all performed at Invicro London

• Methods seem to be repeatable, translation less so

Tracer Animal µSv/MBq Human µSv/MBq

[11C]MRB Baboon: 3.6 7.0

[11C]PHNO Rat 5.1 Rhesus: 6.5 2.6

[18F]IMAFIB Rat: 33.5 Repeat Rat: 35.2 21.7



Limitations of preclinical dosimetry
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Rodents

• Differences in metabolism – more rapid in smaller species

• Lack of gall bladder in rat can give higher small intestine dose 

• Renal excretion - need to translate to human voiding model

• Unreliable for human

Non-human primates

• Not generally performed in UK

• Still differences to human estimates

• Reduce animals used in research wherever possible (‘3Rs’)

• May indicate unusual kinetics / uptake

• Not reliable predictor for human dosimetry



Approaches to radiation protection: Europe vs US
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Europe (including UK) 

• ED typically < 10 mSv/year for healthy subjects 1

• Can exceed 10 mSv/year for reduced life expectancy or elderly subjects
• More justification for younger healthy subjects
• Pre-clinical data acceptable if no human
• Dosimetry usually in healthy subjects, ED < 10mSv/year (including CT in PET-CT)

US

• ED / organ doses < 50 mSv/year (30mSv/year more radiosensitive organs) 2

• Typically higher doses in US than Europe

1 Derives from ICRP 62
2 Derives from ICRP 26 



UK – ARSAC approves use of radiopharmaceuticals 



European guidance (draft)



Impact of dosimetry on research study design
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Typical clinical research brain study at Invicro London
• Most studies need small number of subjects ~10-20

Isotope CT dose (mSv) PET dose (mSv) PET-CT
total (mSv)

Number of scans
for 10 mSv

11C 0.3 0.006 * 300 = 1.8 2.1 4

18F 0.3 0.025 * 185 = 4.6 4.9 2

• Studies with a few 11C scans unlikely to reach 10 mSv



Alternatives
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Assume default conservative effective dose 
• Only a few outliers are higher (5%?)

• ~ 8 µSv/MBq for 11C tracers
• ~ 30 µSv/MBq for 18F tracers

Single whole body human scan to characterise uptake
• Potentially male and female, depending on study cohorts
• Representative? 

Perform human dosimetry if use could exceed ~20 subjects
• May not be needed for seldom used tracers including many 11C


