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• Briefly describe the most promising advanced techniques in
nuclear medicine

• Describe the different therapeutic applications of nuclear
medicine and theranostics

• Explain the workflow required to perform dosimetry in
nuclear medicine

Learning objectives



New trends in SPECT

Emission imaging is based 
on scintillation detection

(W, Pb)

Parallel hole collimator
3

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 



1. Detectors - from scintillators to solid-state detectors:

• Cadmium-zinc-telluride (CZT):

– More expensive than NaI(Tl)

– Improved energy response (improved scatter reduction)

– Improved spatial resolution:

• Direct conversion (CZT) vs. indirect conversion (NaI)

• Reduced signal spread

• Pixelated array → more precise signal localisation

• No need of PMT → more compact design

– Efficiency?

• CZT is denser than NaI (higher stopping power), but has limited manufacturing thickness

→ in clinical practice the difference is less pronounced

New trends in SPECT

Source: https://www.due2lab.com/en/product/sensors-czt/



Energy resolution comparison

Source: DOI 10.1007/s00259-016-3467-5



2. Collimators and design:

• Solid-state systems use specific design to 
maximise sensitivity:

• Special designs for cardiac imaging

– Static or dynamic collimation

– Multiple projections still allow for tomographic 
image reconstruction

– Close to the organ of interest
• Improved resolution

• Improved sensitivity

New trends in SPECT

Source: DOI: 10.2967/jnumed.118.220657 ; https://spectrum-dynamics.com/products/d-spect-series/ 

supine + prone position



2. Collimators and design:

• Special designs for whole-body imaging

– multiple CZT detectors (e.g. 12)

– Ring configuration around the patient

– Approach/retract to follow body contour

– Sweeping motion of the detectors

– Multiple projections still allow for 

tomographic image reconstruction

– Only a predefined collimator 

(independently on the energy)

– Close to the organ of interest

• Improved resolution

• Improved sensitivity

New trends in SPECT

Source: DOI: 10.2967/jnumed.118.220657 ; https://theicecommunity.com/ge-healthcare-starguide/ ; https://panorama.hug.ch/2023/les-hug-se-dotent-
dun-nouveau-dispositif-dimagerie-scintigraphique/ ; https://doi.org/10.1186/s40658-020-0284-5 
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3. Quantitative SPECT:

• Historically, SPECT has been qualitative : yes / no uptake,
often for relative metrics (lesion uptake vs background region).

• Improved corrections in SPECT (iterative methods, correction 
of partial volume effects, scatter and attenuation correction) 
allow to perform absolute quantification (cps / mL → Bq/mL).

• This allows to the use of standardized uptake value (SUV) 
metrics, as already the case for PET.

• Possible use in the clinics for monitoring of response, objective 
and multicentric comparison (i.e. independent on the centre 
acquisition/reconstruction algorithms).

• Need to define standardisation procedures!

New trends in SPECT

Source: https://snmmi.org/common/Uploaded%20files/Web/Research-Publications/Pathways/Pathways-2022-02.pdf



4. Artificial intelligence:

New trends in SPECT

Source: DOI: https://doi.org/10.2967/jnumed.121.263703
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A Deep-Learning–Based Partial-Volume Correction Method for Quantitative 177Lu SPECT/CT Imaging
J. Leube, et al. JNM 2024

deep learning assisted partial volume effect (PVE) correction
New trends in SPECT (AI examples)

(as in the clinics) (without PVE)

For small objects, PVE limits the accuracy of 
activity quantification.

Training : 10,000 random activity distributions 
(MC-generated phantoms).

Future deployment on clinical image data.



New trends in SPECT (AI examples)
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Fully automated AI-based organ segmentation

https://discourse.slicer.org/t/new-extension-fully-automatic-whole-body-ct-segmentation-in-2-minutes-using-totalsegmentator/26710

automatic organ segmentation



1. Increase axial field of view:
– Better patient coverage

– Higher sensitivity

– Lower dose / shorter time

2. From analog (PMT) to digital detectors (SIPMs)
– Improved sensitivity

– Better spatial localisation

– Better timing resolution (improved TOF)

3. Artificial intelligence

New trends in PET



New trends in PET

Source: https://doi.org/10.1007/s00259-023-06222-3 ; https://doi.org/10.1007/s00259-023-06534-4 



New trends in PET

Source: DOI: 10.1186/s13550-018-0448-7



New trends in PET

Source: https://www.siemens-healthineers.com/molecular-imaging/options-and-upgrades/software-applications/true-tof-technology



Attenuation correction without need to perform a CT
New trends in PET (AI examples)

Source: https://doi.org/10.1038/s41467-022-33562-9 ; https://freesvg.org/magnifying-glass-vector-image 



Attenuation correction without need to perform a CT
New trends in PET (AI examples)

Source: https://doi.org/10.1038/s41467-022-33562-9 ; https://freesvg.org/magnifying-glass-vector-image 



convolutional neural network denoising for low PET statistics
New trends in PET (AI examples)

Source: https://doi.org/10.1007/s00259-025-07259-2



• Inject down to 1% of the 
initial activity and use 
CNN to try to restore the 
original signal.

• Possible application : 
very low-dose lung 
screening.

convolutional neural network (CNN) denoising for low PET statistics
New trends in PET (AI examples)

Source: https://doi.org/10.1007/s00259-025-07259-2



deep learning-based time-of-flight (ToF) for non-ToF PET
New trends in PET (AI examples)

Source: https://doi.org/10.1007/s00259-025-07119-z



Therapeutic applications in NM



BONUS: radionuclide therapy, the future of NM?

68Ga-PSMA-11 PET/CT scans of patient B. In comparison to initial tumor spread (A), restaging after 2 cycles of β-emitting 177Lu-PSMA-617 presented 

progression (B). In contrast, restaging after second (C) and third (D) cycles of α-emitting 225Ac-PSMA-617 presented impressive response.

https://jnm.snmjournals.org/content/57/12/1941



VECTOR

Cell/Target tissue

Specific binding siteRadioisotope

radiopharmaeutical product

Vectors:

• Molecules, peptides, 
antobodies, microspheres, …

Radio-diagnostic and/or radio-therapeutic (if both: “theranostic”)

Recap : Radiopharmaceuticals

γ γ + β and/or α



Thyroid diseases
I-131 (T+SPECT)

I-124 (PET)
I-123 (SPECT)

Neuroendocrine tumors
Lu-177-peptide (T+SPECT)

Y-90-peptide
Ga-68/Sc-44-peptide (PET)

I-131-MIBG (T+SPECT)

Bone & joint pain
Sr-89 (T + Scintigraphy)
P-32 (T + Scintigraphy)

Sm-153-EDTMP (T + Scintigraphy)
Re-188-HEDP (T + Scintigraphy)

Y-90-HEDP
Ra-223 (T + Scintigraphy)

Y-90, Re-186, Er-169
Tc-99m DTPA

 

Liver tumors
Selective Internal

Radiotherapy (SIRT)
Y-90 microspheres 

(T+PET+SPECT)
Tc-99m-MAA (SPECT)

Prostate cancer
Lu-177-PSMA (T+SPECT)
Ga-68/Sc-44-PSMA (PET)

Lymphoma (NHL)
Y-90-mAb (T + Scintigraphy)
In-111 (SPECT)/Zr-89 (PET)

Oncology
F-18 FDG (PET)

Heart Disease
Rb-82 (PET)

Tl-201 (SPECT)
Tc-99m MIBI (SPECT)

Brain diseases
F-18 FET/FDG (PET)

I-123 DaTscan (SPECT)

Diagnostics
Therapy

… and many more!

VECTOR

target

linking siteradioisotope

radiotracer

Recap : Nuclear Medicine applications



Radiopharmaceuticals Emerging as New Cancer Therapy - NCI

Bases of therapy and dosimetry in NM

Radiopharmaceutical therapy (RPT)
Targeted radiotherapy (TRT)

Molecular Radiotherapy (MRT)
Radioligand therapy (RLT)
Radioisotope therapy …

Many names for similar principles!

External beam radiation therapy 
(EBRT)

Systemic administration

https://www.cancer.gov/news-events/cancer-currents-blog/2020/radiopharmaceuticals-cancer-radiation-therapy


Source: National Academies of Sciences, Engineering, and Medicine. 2007. Advancing Nuclear Medicine Through Innovation. Washington, DC: The National 
Academies Press. https://doi.org/10.17226/11985.  

Bases of therapy and dosimetry in NM

Systemic administration



Absorbed dose in target region rT [Gy]

𝑆 𝑟𝑇 ← 𝑟𝑆 = ෍

𝑖

Δ𝑖 𝜙(𝑟𝑇 ← 𝑟𝑆, 𝑖)

𝑀(𝑟𝑇)

S-factor [Gy/(Bq.s) ] :
Absorbed dose delivered to the 
target tissue rT per decay taking 

place in the source tissue rS

𝐷 𝑟𝑇 = ෍

𝑟𝑆

ሚ𝐴 𝑟𝑆 𝑆(𝑟𝑇 ← 𝑟𝑆)

rS : organs

Dosimetric models

ሚ𝐴(𝑟𝑆) = න
𝑡0

∞

𝐴 𝑟𝑆, 𝑡 𝑑𝑡

number of decays in rs

t0

෩𝑨

time [s]

Activity in 
source region

𝐴 𝑟𝑆 𝐵𝑞

Aadmin

Biokinetic model solving

or actual measurements

(time activity curves, TAC)

rT : thyroid

MIRD = Medical Internal Radiation Dosimetry (MIRD)

Dose calculation to a target 𝑟𝑇 – MIRD formalism



ሚ𝐴(𝑟𝑆) = න
𝑡0

∞

𝐴 𝑟𝑆, 𝑡  𝑑𝑡

Dose calculation to a target 𝑟𝑇 – MIRD formalism

t0

ሚ𝐴

𝑡𝑖𝑚𝑒 [𝑠]

activity in source region
𝐴(𝑟𝑆) 𝐵𝑞

t1 t2 t3

absorbed dose in rT [Gy]

A0

𝐷 𝑟𝑇 = ෍

𝑟𝑆

ሚ𝐴 𝑟𝑆 𝑆(𝑟𝑇 ← 𝑟𝑆)

TAC = time activity curve 
(number of decays in rS )

𝑆 𝑟𝑇 ← 𝑟𝑆 = ෍

𝑖

Δ𝑖 𝜙(𝑟𝑇 ← 𝑟𝑆, 𝑖)

𝑀(𝑟𝑇)

S-factor [ Gy/(Bq.s) ] :
absorbed dose delivered 
to rT per nuclear 
transformation in rS

(radiation weighted).



But WHY do we care about dose?



Bases of therapy and dosimetry in NM

𝑫(𝑮𝒚) =
𝑬𝒏𝒆𝒓𝒈𝒚 (𝑱)

𝑴𝒂𝒔𝒔 (𝒌𝒈)



Bases of therapy and dosimetry in NM

Under appropriate conditions 
the cell-killing probability is 

higher in tumor than in 
normal tissues  

Adapted from : https://oncohemakey.com/fractionation-radiobiological-principles-and-clinical-practice/ ; https://www.aapm.org/meetings/amos2/pdf/59-17233-14274-499.pdf

Model of cell survival under ionizing radiation (i.e. vs. radiation absorbed dose)  

late reacting normal tissue 
cells (acute exposure)

tumor cells
(acute exposure)

late reacting normal tissue 
cells (fractionation)

tumor cells
(fractionation)



Adapted from : https://doi.org/10.1007/978-3-031-08601-4_13

Bases of therapy and dosimetry in NM
Optimal treatment point:

- Sufficiently high tumor control probability (80%)
- Max. tolerable level of complication probability (15%) 
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Radiation dose
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Severe normal 
tissue complications

Therapeutic
window

The concept of dose is necessary to:

• determine whether the treatment will be effective 
in achieving the desired biological response.

• Predict possible toxicity to healthy tissue

• (ideally) individualize the treatment (by adjusting 
administered activity)

• comply with safety standards

• Dose – response relationship (?)

where do the data come from?
External beam
radiotherapy

difference



Bases of therapy and dosimetry in NM
Dose–Response Relationships

Source:https://doi.org/10.1016/j.clon.2021.09.004 

Dose-response for radionuclide therapy 

- in particular toxicity - can have significant 

differences with respect to external beam 

radiotherapy (EBRT) (cf. next lectures!) :

- Different spatial heterogeneity

- Different dose/rates

Need for more investigation!

Highly
inhomogeneous!
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Bases of therapy and dosimetry in NM

Toxicities in MRT (tissue):

- Hematotoxicity (red bone marrow)
- Renal toxicity
- Hepatotoxicity 
- Xerostomia (salivary glands)
- Pneumonia (lungs) 
- Fibrosis 

Adapted from : https://doi.org/10.1007/978-3-031-08601-4_13
Pictures:  https://www.freepik.com/icon/blood-cells_2096630; https://stock.adobe.com/search?k=unhealthy+kidney ; https://www.freepik.com/icon/liver_3390186#fromView=search&page=3&position=63&uuid=432c01c3-39a3-
4617-a16e-fb73304e6891; https://www.freepik.com/icon/pneumonia_5144364#fromView=search&page=1&position=33&uuid=8611fb2b-ba2b-4541-8768-ae62a875f936 ; 
https://www.freepik.com/icon/warning_11009128#fromView=search&page=2&position=32&uuid=1b3972ee-b122-467c-8506-bd36cde0da0a

https://doi.org/10.1007/978-3-031-08601-4_13


From «counts» to dose → activity quantification!

t0

ሚ𝐴

𝑡𝑖𝑚𝑒 [𝑠]

activity in source region
𝐴(𝑟𝑆) 𝑩𝒒

t1 t2 t3

A0

absorbed dose in rT [Gy]

Source: https://www.siemens-healthineers.com/molecular-imaging/mi-clinical-corner/clinical-case-studies/tumor-organ-dosimetry-sequential-quantitative-spect-ct ; DOI: 10.3390/jpm12020205  

Choosing wisely the timing of imaging post-administration is
fundamental to describe the time activity curve!
In this example : sequential imaging after Lu-177 PSMA injection.

𝐷 𝑟𝑇 = ෍

𝑟𝑆

ሚ𝐴 𝑟𝑆 𝑆(𝑟𝑇 ← 𝑟𝑆)
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Choosing wisely the timing of imaging post-administration is
fundamental to describe the time activity curve!
In this example : sequential imaging after Lu-177 PSMA injection.
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Optimal 
Acq./Recon. 
parameters 

Accurate 
quantitative
SPECT and 

PET 
calibration 

Realiable
A(Bq)

Activimeter

A(Bq/mL) → 
dosimetric 
models → 
Dose(Gy)

From Activity (Bq) in the syringe  
→ Activity concentration (Bq/mL) in the PET or SPECT image 

Quantitative PET and  SPECT: how to…



Optimal 
Acq./Recon. 
parameters 

Accurate 
quantitative

PET and 
SPECT 

calibration 

Realiable
A(Bq)

Activimeter
A(Bq)

A(Bq/mL) → 
dosimetric 
models → 
Dose(Gy)

Sources of quantitative bias and variability  

➢Activimeter/
      reference standard

➢ Calibration 
factor/geometry 

➢ System dead time

➢ Physical system 
modelling

➢ Scatter/attenuation
system resolution

➢ Number of views

➢ Time per view

➢ Recon. algorithm

➢ Filtering 

➢ Image 
registration

segmentation
➢ Integration
➢ Dose 

calculation 
method

➢ Point 
source

➢Volumetric 
phantom

Quantitative PET and  SPECT: how to…



From raw data to quantification (PET and SPECT)
Raw Sinogram Data 

remove randoms (PET only)

normalize detector responses

correct for deadtime

correct for scatter

correct for attenuationSinogram

Ready for Reconstruction

Image in kBq/ml

System calibration 

PVE correction

𝐴𝑅𝐶 =
𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐴𝑡𝑟𝑢𝑒



Source : workflow adapted from DOI: 10.3390/jpm12020205
Images: https://www.shutterstock.com/fr/image-vector/vector-radioactive-syringe-danger-death-dependence-666719677 ; https://cdn.shopify.com/s/files/1/1750/9895/t/2/assets/mega-menu-
6592-comecer-vdc606icon-2028035036_320x.png?10165514685249898252 ; https://www.dr-w-koch.de/index.php/Nuklearmedizin-und-Radiologie/Methoden-und-Strahlenexposition/die-
gamma-kamera-spect-kamera.html ; https://www.siemens-healthineers.com/molecular-imaging/mi-clinical-corner/clinical-case-studies/tumor-organ-dosimetry-sequential-quantitative-spect-ct ; 
https://www.siemens-healthineers.com/en-us/molecular-imaging/mi-clinical-corner/clinical-case-studies/tumor-organ-dosimetry-sequential-quantitative-spect-ct

Simplified dosimetry workflow

𝐷 𝑟𝑇 = ෍

𝑟𝑆

ሚ𝐴 𝑟𝑆 𝑆(𝑟𝑇 ← 𝑟𝑆)

e.g. MIRD formalism:



What kind of therapies exist in nuclear medicine?
(non exhaustive list)

Radioactive iodine 
therapy (RAI)

• Thyroid cancer

• Hyperthyroidism
(Graves’ disease)

Targeted radionuclide
therapy (TRT)

• Neuroendocrine (NET) 
tumors, meningiomas
and neuroblastomas
(vector : DOTA)

• Castration-resistant
prostate cancer
(vector: PSMA)

• Neuroendocrine (NET) 
tumors (vector: MIBG)

• Bone metastases (α)

Selective internal
radiotherapy (SIRT)

• Hepatocellular
carcinoma (liver tumor)

Radiosynoviorthesis

• Joint pain



What radionuclides for therapies in nuclear medicine?
(non exhaustive list)

I-131
T1/2=8 days
β- and γ
(RAI and NET)

Targeted radionuclide therapy (TRT)

Radioactive iodine
therapy (RAI)

Lu-177
T1/2= 6.6 days
β- and γ
(prostate and NET)

Ra-223
T1/2= 11.4 days
mainly α
(bone)

Y-90
T1/2= 2.7 days
β-, Bremmstrahlung
and a very small (1:32 mio)
probability of 2x 511 keV

SIRT 
(hepatocellular

carcinoma)

soon: Ac-225
T1/2= 9.92 days
mainly α
(prostate and NET)

Radiosynoviorthesis (joint pain)

Re-186
T1/2= 3.7 days
β- and γ

Er-169
T1/2= 9.4 days
β-



Targeted radionuclide therapy (TRT)

Radioactive iodine
therapy (RAI)

Lu-177
T1/2= 6.6 days
β- and γ
(prostate and NET)

Ra-223
T1/2= 11.4 days
mainly α
(bone)

Y-90
T1/2= 2.7 days
β-, Bremmstrahlung

SIRT 
(hepatocellular

carcinoma)

soon: Ac-225
T1/2= 9.92 days
mainly α
(prostate and NET)

Radiosynoviorthesis (joint pain)

Re-186
T1/2= 3.7 days
β- and γ

Er-169
T1/2= 9.4 days
β-

I-131
T1/2=8 days
β- and γ
(RAI and NET)

What radionuclides for therapies in nuclear medicine?
(non exhaustive list)



More detail about the therapies



• The thyroid is a gland located at the front of the neck and it’s part 
of the endocrine system, which produces hormones that regulate 
many body functions.

• It produces hormones that regulate metabolism, including heart 
rate, weight, body temperature and energy consumption.

• It has strong affinity for iodine (element).

• Some of the thyroid diseases include :

– Hypothyroidism: underactive thyroid → fatigue, weight gain, cold 
intolerance.

– Hyperthyroidism: overactive thyroid → weight loss, rapid heartbeat, 
anxiety, heat intolerance.

– Goiter: Enlarged thyroid, neck swelling, difficulty in 
breathing/swallowing.

– Thyroid nodules or cancer: benign or malignant growth.

Radioactive iodine therapy

Source : https://my.clevelandclinic.org/health/body/23188-thyroid



• Hyperthyroidism and thyroid cancer can be treated with RAI.

• Hyperthyroidism : pre-therapy dosimetry is done either with

– I-123 (diagnostic, costly, lower energy gammas)

– small activities of I-131 (therapeutic, high energy gammas)

– → both are imaged with SPECT

• The pre-therapy scan is used to evaluate thyroid function.

• The activity to be delivered to the patient is then individually determined 
based on the clinical purpose:

– Functional dose concept → reverse hyperthyroidism, reach euthyroidism

• 100-150 Gy 

– Ablative dose concept → achieve hypothyroidism as soon as possible

• 200-300 Gy

Source : https://www.draymanabdelhameed.com/surgical-oncology/thyroid-tumors/hyperthyroidism/

Aa :   activity administered to the patient
M :    thyroid mass
D :     target dose
ത𝐸:      mean energy deposited in the thyroid per I-131 decay (fixed)
RIU :  radioiodine uptake =fraction (unitless) of the administered activity in M
           at a given time t after the administration

Typical activities : from 10-15 mCi up to 30-50 mCi of I-131

Radioactive iodine therapy



• Hyperthyroidism and thyroid cancer can be treated with RAI.

• The activity administered depends on the treatment type.

– Remnant ablation : the thyroid has been removed, I-131 is given afterwards to kill 

any remnant thyroid cells in low-risk of recurrence patients → typical : 30-50 mCi

– Adjuvant therapy the thyroid has been removed, I-131 is given afterwards to kill 

any remnant thyroid cells in high-risk of recurrence patients → typical 50-100 mCi.
.

– Metastatic disease: → typical 100-150 mCi. Escalation possible up to 200 mCi if 

supported by personalized dosimetry.

• Target doses are typically in the order of 100-300 Gy to remnants and 

metastasis. 

• Limiting organ (radiotoxicity) in RAI? 

– Bone marrow → hematotoxicity

– Blood as surrogate : maximum dose = 2 Gy

Source : https://my.clevelandclinic.org/health/diseases/12210-thyroid-cancer

Radioactive iodine therapy



• Special conditions on patient release apply to radionuclide therapy in NM.

• In Switzerland, ambulatory (in-hospital) treatment with I-131 can be 
performed up to 200 MBq.

• Beyond this activity, the patient needs to be hospitalized in special 
therapy rooms.

• Every object or waste (including biological waste, urine, feces, bed 
sheets,…) needs to be collected and checked.

• Release criteria?

– At least 2 days of hospitalization and

– Dose rate measured 1 meter away from the patient < 10 uSv/h

Radioactive iodine therapy and radiation protection

Source : https://www.bag.admin.ch/dam/fr/sd-web/vsVYUlb8caju/V2_250624_Strahlenschutz_Wegleitung_Radionuklidtherapie_FR.pdf



Source : https://www.bag.admin.ch/dam/fr/sd-web/vsVYUlb8caju/V2_250624_Strahlenschutz_Wegleitung_Radionuklidtherapie_FR.pdf

• Even after release, patients are provided with specific recommendations to follow to reduce public exposure.

Radioactive iodine therapy and radiation protection



Source : https://www.bag.admin.ch/dam/fr/sd-web/vsVYUlb8caju/V2_250624_Strahlenschutz_Wegleitung_Radionuklidtherapie_FR.pdf

During 2 weeks, sleep alone.
Wait at least 6 months before
conceiving

Keep a distance of two meters
for 1 week with family and 
collgagues and for 3 weeks with
pregnant women and children

For 3 weeks, flush the toilet
twice and clean any drops with
toilet paper.

For 3 weeks, keep the waste bin 
containing urinary pads in low frequented
areas (basement, balcony) until the next
waste collection day

During 3 weeks, if you need to be
hospitalized, inform the healthcare
professionals of your iodine treatment

During 1 week, limit your commuting
using public transports to less than 4 h. 
When you are at home or at work, 
maximise distance with family and friends

• Even after release, patients are provided with specific recommendations to follow to reduce public exposure.

Radioactive iodine therapy and radiation protection
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Radioligand therapy is a particular case of targeted radionuclide therapy.
It targets disease by using a combination of a ligand (targeting molecule) and a radioisotope.

Sources for pictures and texts: Novartis :https://www.rltinstitute.novartis.com/foundations-of-theranostics/emerging-pillar/what-are-radioligands/ 

Targeted radionuclide therapy
(the case of radioligand therapy)
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Sources for pictures and texts: Novartis :https://www.rltinstitute.novartis.com/foundations-of-theranostics/emerging-pillar/what-are-radioligands/ 

Targeted radionuclide therapy
(the case of radioligand therapy)

Radioligand therapy is a particular case of targeted radionuclide therapy.
It targets disease by using a combination of a ligand (targeting molecule) and a radioisotope.
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Sources for pictures and texts: Novartis :https://www.rltinstitute.novartis.com/foundations-of-theranostics/emerging-pillar/what-are-radioligands/ 

Targeted radionuclide therapy
(the case of radioligand therapy)

Radioligand therapy is a particular case of targeted radionuclide therapy.
It targets disease by using a combination of a ligand (targeting molecule) and a radioisotope.
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Sources for pictures and texts: Novartis :https://www.rltinstitute.novartis.com/foundations-of-theranostics/emerging-pillar/what-are-radioligands/ 

Targeted radionuclide therapy
(the case of radioligand therapy)

Radioligand therapy is a particular case of targeted radionuclide therapy.
It targets disease by using a combination of a ligand (targeting molecule) and a radioisotope.
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Sources for pictures and texts: Novartis :https://www.rltinstitute.novartis.com/foundations-of-theranostics/emerging-pillar/what-are-radioligands/ 

Targeted radionuclide therapy
(the case of radioligand therapy)

Radioligand therapy is a particular case of targeted radionuclide therapy.
It targets disease by using a combination of a ligand (targeting molecule) and a radioisotope.
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Radioligand therapy is a particular case of radiopharmaceutical therapy (RPT).
It targets disease by using a combination of a ligand (targeting molecule) and a radioisotope.

Targeted radionuclide therapy
(the case of radioligand therapy)

Source: https://doi.org/10.3390/ph15101292

Lu-177 DOTA
(neuroendocrine tumors)



Metastatic Castration Resistant Prostate Cancer (mCRPC) patients

Metastatic sites→ primarily bone metastases 

Prostate cancer overexpress prostate-specific membrane antigen (PSMA)

Treatment with 177Lu-PSMA (prostate specific membrane antigen) 

O. Sator et al, N Engl J Med 2021

A. Cimadamore et al, Front. Oncol 2018

Targeted radionuclide therapy
(radioligand therapy with Lu-177 PSMA)



mCRPC

7.4 GBq of
177Lu PSMA
(therapy)

6 X

Radioligand

Slide courtesy : R. Jaccard. Patient: https://doi.org/10.1007/s13629-020-00300-z

Pre-treatment 
PET scan with 

68Ga PSMA
(diagnostics)

Post-treatment 
SPECT scan of

177Lu PSMA

if eligible for 
therapy

Targeted radionuclide therapy
(radioligand therapy with Lu-177 PSMA)
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Patients: https://doi.org/10.1007/s13629-020-00300-z

Targeted radionuclide therapy
(radioligand therapy with Lu-177 PSMA)



• Theranostic pair : Ga-68 (diagnostics) and Lu-177 (therapy)

• Pre-therapy scan with Ga-68 to ensure eligibility to therapy and for assessing response to 
therapy in next treatment cycles.

• At present, a fixed amount of activity (200 mCi = 7.4 GBq) is generally prescribed to the 
patients (reduced activities in case of pre-existing renal dysfunction)

• Post-treatment image(s) can be acquired to ensure expected uptake of Lu-177 in lesions.

• Limiting organ (radiotoxicity) for Lu-177-based therapies ? → kidneys

• A generally accepted value for kidney toxicity → 23 Gy

– Where does it come from? → external beam radiotherapy!  

– Same dose, but different delivery pattern : can we really expect the same degree of toxicity in nuclear medicine?

Slide courtesy : R. Jaccard. Patients: https://doi.org/10.1007/s13629-020-00300-z

Targeted radionuclide therapy
(radioligand therapy with Lu-177 PSMA)
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• Limiting organ (radiotoxicity) for Lu-177-based therapies ? → kidneys

• A generally accepted value for kidney toxicity → 23 Gy

– Where does it come from? → external beam radiotherapy!  

– Same dose, but different delivery pattern : can we really expect the same degree of toxicity in nuclear medicine?

Slide courtesy : R. Jaccard. Patients: https://doi.org/10.1007/s13629-020-00300-z

Targeted radionuclide therapy
(radioligand therapy with Lu-177 PSMA)
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Mader, N. et al. Extended therapy with [177Lu]Lu-PSMA-617 in responding patients with high-volume metastatic castration-resistant prostate cancer. EJNMMI (2023). https://doi.org/10.1007/s00259-023-06119-1

Extended radioligand therapy is a feasible beyond 6 cycles of [177Lu]Lu-PSMA-617. 
Improved survival and acceptable safety justify more investigation on additional 
cycles / increased activity per cycle in selected patients.

Targeted radionuclide therapy
(radioligand therapy with Lu-177 PSMA : Dose–Response relationships)

eGFR (estimated
glomerular filtration rate)
is used as an indicator of

kidney function



Targeted radionuclide therapy
(radioligand therapy with Lu-177 DOTA)

Source: doi: 10.3389/fonc.2018.00663

• Another type of radionuclide therapy with 
radioligands, that selectively targets 
somatostatin receptors.

• Somatostatin is a peptide hormone,  typically 
overexpressed in neuroendocrine tumors 
(NET).

• NET : cancers form neuroendocrine cells, that 
have common characteristics with nerve cells 
(neurons) and endocrine cells (that secrete 
hormones). They are found in organs such as 
lungs, gastrointestinal tract, pancreas.

• This therapy is sometimes referred to as 
«peptide reception radionuclide therapy» 
(PRRT).
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Potentially important margins for optimization
- Activity per cycle
- Number of cycles

Why 7.4 GBq/cycle? → (200 mCi)
As for Lu-177 PSMA : kidney toxicity from EBRT is set to 23 Gy

Targeted radionuclide therapy
(radioligand therapy with Lu-177 DOTA)

Source : K Hebert, et al. JNM 2024, 65 (6) 923-930; DOI: https://doi.org/10.2967/jnumed.123.267023



Targeted radionuclide therapy
(radioligand therapy with Lu-177 DOTA : Dose–Response relationships)

Source : K Hebert, et al. JNM 2024, 65 (6) 923-930; DOI: https://doi.org/10.2967/jnumed.123.267023 ; https://freesvg.org/magnifying-glass-vector-image  

«The absorbed dose by the bone marrow was negatively 
and significantly (P < 0.0001) correlated with variations, 
compared with baseline values, of neutrophil, lymphocyte, 
leukocyte, and platelet counts.»

« Kaplan–Meier estimates of overall survival are shown as 
function of lowest total absorbed dose in each patient’s 

course of treatment (n =35). »
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Sources: https://doi.org/10.1186/s13550-019-0548-z ; https://doi.org/10.1007/s00259-022-05727-7 

Haematologic toxicity

- Grade 3–4 toxicity, most often thrombocytopenia, has 

been observed in 10–15% of patients treated with 

[177Lu]Lu-DOTA and in approximately 10% of those 

treated with [177Lu]Lu-PSMA.

- The occurrence of secondary myelodysplastic syndrome 

or acute leukaemia has been observed several years after 

treatment with [177Lu]Lu-DOTA.

Targeted radionuclide therapy with Lu-177
(Dose–Response relationships : toxicity)

3D Monte Carlo bone marrow dosimetry in 
Lu-PSMA therapy and  platelets counts  



• Offer high linear energy transfer (LET) radiation with short path length

• Ideal for micrometastases - opening up new potential for therapies

• However, dosimetry remains complex

Source: https://doi.org/10.3390/ph17010076

Decay type
Therapeutic

isotope
Half-life

Emean/max 

(MeV)
Rmax

(mm)
R90

(mm)LET (keV/mm)

- Y-90 2.7 d 0.94/2.28 11 5.5

LET~0.1–2 I-131 8 d 0.18/0.6 2 0.9
Lu-177 6.7 d 0.13/0.5 1.5 0.6

α At-211 7.2 h 7.5 70 ~ Rmax

LET ~50-300 Bi-213 46 min 8.4 85 ~Rmax

Ac-225 9 d 5.9 47 ~Rmax

Targeted alpha therapy (TAT)
(potential)
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Source: https://doi.org/10.3390/ph17010076

Targeted alpha therapy (TAT)
(candidates)
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Targeted alpha therapy (TAT)
(imaging challenges)

Source: https://doi.org/10.3390/ph17010076



Sources: https://doi.org/10.1007/s00259-024-06681-2 ; https://doi.org/10.1007/s00259-022-06092-1 

Bi-213 X-rays 

Dosimetry for α emitters is challenging:

• Low gamma yield

• Long chains, several radionuclides at 
equilibrium

• The daughters may detach from the 
radiopharmaceutical vector and follow 
their own biokinetics inside the body! 

       → potential toxicity

• Possible to use Lu-177 PSMA to predict 
the activity distribution (and thus the 
dose) of Ac-225 PSMA

Targeted alpha therapy (TAT)
(dosimetry challenges)



Dosimetry optimization in Y-90 radioembolization

Yttrium-90 microsphere radioembolization is 
a valuable therapeutic option in unresectable 
hepatocellular carcinoma (HCC) and hepatic 
metastases.

It is based on the selective vascularization of 
the liver : tumor (mainly hepatic artery) vs. 
non tumor (mainly portal vein).

The spheres (~30 um) are implanted in the 
liver as medical devices (no biokinetic 
behavior).

Radioactivity thus follows the physical decay 
of Y-90 (β-).

Source: DOI 10.1186/s40658-015-0113-4; adapted from https://mplsvascular.com/services/cancer-care/preparatory-angiogram-mapping-radioembolization-sirspheres/ 

Selective Internal Radiation Therapy (SIRT)
(transarterial radioembolization)



Dosimetry optimization in Y-90 radioembolization

Dose planning can be performed using Tc-99m-labelled 
macro aggregated albumin (MAA):

1. Fluoroscopically-guided pre-therapy (Tc-99m MAA).

2. The predictive dosimetry based on the Tc-99m SPECT.

3. Single-time point dosimetry is done, allowing to 
determine patient-specific activity administration of 
Y-90 microspheres.

4. Fluoroscopically-guided therapy (Y-90).

5. Post-treatment verification (e.g. with Y-90 PET)

Source: DOI: https://doi.org/10.2967/jnumed.116.173104

Selective Internal Radiation Therapy (SIRT)
(transarterial radioembolization)



Dosimetry optimization in Y-90 radioembolization

Source: https://doi.org/10.1016/S2468-1253(20)30290-9

Study on ~30 patients per category

Selective Internal Radiation Therapy (SIRT)
(dose-response relationship)



• Compute the activity of Y-90 microspheres to 
be administered to a HCC patient:

– Tumor target dose = 210 Gy

– Tumor volume = 1 kg

– Y-90 physical half-life = 64.1 h

– Mean β- energy = 0.93 MeV

Selective Internal Radiation Therapy (SIRT)
(oversimplified calculation / orders of magnitude)

Source:https://www.ukbonn.de/site/assets/files/26965/spect-aufnahme-des-leberlappens.png.webp 

Hint : start computing the number of decays of Y-90 for 1 GBq

Reminder : 𝐴(𝑡) = 𝐴0 ∙ 𝑒−𝜆𝑡 where 𝜆 = ln(2) / Thalf life

*

*not clinically pertinent, just an exercice



• Compute the activity of Y-90 microspheres to 
be administered to a HCC patient:

Selective Internal Radiation Therapy (SIRT)
(oversimplified calculation / orders of magnitude)

Source:https://www.ukbonn.de/site/assets/files/26965/spect-aufnahme-des-leberlappens.png.webp 

𝐴 𝑡 = 𝐴0 ∙ 𝑒−𝜆𝑡

ሚ𝐴 𝑟𝑆 = න
𝑡0

∞

𝐴 𝑡 𝑑𝑡 = න
𝑡0

∞

𝐴0 ∙ 𝑒−𝜆𝑡 𝑑𝑡

ሚ𝐴(𝑟𝑆) =
𝐴0

𝜆

ሚ𝐴 𝑟𝑆 =
𝐴0

𝜆
=

109 𝐵𝑞

3∙10−6 𝑠−1 = 3.3 ∙ 1014 𝑑𝑒𝑐𝑎𝑦𝑠

𝐸 𝐽 = 3.3 ∙ 1014𝑑𝑒𝑐𝑎𝑦𝑠 ∙ 0.93 ∙ 106𝑒𝑉 ∙ 1.6 ∙ 10−19 𝐽/𝑒𝑉 = 49.5 𝐽



• Compute the activity of Y-90 microspheres to 
be administered to a HCC patient:

Selective Internal Radiation Therapy (SIRT)
(oversimplified calculation / orders of magnitude)

Source:https://www.ukbonn.de/site/assets/files/26965/spect-aufnahme-des-leberlappens.png.webp 

𝐷 𝐺𝑦 = 𝐽/𝑘𝑔 = 49.5 𝐺𝑦

so for 1 kg of tumor tissue

→ 49.5 𝐺𝑦 𝑝𝑒𝑟 𝐺𝐵𝑞

𝑡𝑜 𝑟𝑒𝑎𝑐ℎ 210 𝐺𝑦 → 4.2 𝐺𝐵𝑞



• Joint pain may result from synovitis

(i.e. inflammation of the synovial membrane).

• Synovitis may appear in case of osteoarthritis, rheumatoid 

arthritis, hemophilic arthropathy.

• β- emitters are injected in the joint cavity.

• Radiopharmaceuticals are phagocytized by the macrophages of 

the synovial membrane.

• Radiation induces fibrosis and sclerosis in the synovial membrane.

• Reduce of inflammation and thus joint pain, quality of life 

improvement.  

Radiosynoviorthesis
(joint pain)

Source:https://physioflowpt.com/transient-synovitis-of-the-hip-in-children/ 



Radiosynoviorthesis
(joint pain)

Source: https://www.hopkinsmedicine.org/radiology/vctn/radiosynoviorthesis

• Joint pain may result from synovitis

(i.e. inflammation of the synovial membrane).

• Synovitis may appear in case of osteoarthritis, rheumatoid 

arthritis, hemophilic arthropathy.

• β- emitters are injected in the joint cavity.

• Radiopharmaceuticals are phagocytized by the macrophages of 

the synovial membrane.

• Radiation induces fibrosis and sclerosis in the synovial membrane.

• Reduce of inflammation and thus joint pain, quality of life 

improvement.  



Theranostics

Source: https://doi.org/10.48550/arXiv.2107.13913 ; https://www.misrradiologycenter.com/theranostics/lutetium-dotatate/ 

Recap from lecture 6:

Same vector (i.e. biodistribution) but different radionuclide (i.e. dose delivery)!



Theranostics in Nuclear Medicine: Emerging and Re-emerging Integrated Imaging and Therapies in the Era of Precision Oncology | RadioGraphics

Theranostic pairs
Assuming comparable biokinetic → Use of diagnostic isotopes (e.g., Ga-68) 

with therapeutic analogs (e.g., Lu-177) enables individualized therapy planning.

https://pubs.rsna.org/doi/10.1148/rg.2020200021


Adapted from : https://doi.org/10.3390/jpm12020205

Theranostic pairs



Theranostic pairs and personalized dosimetry
• Combining diagnostic isotopes (e.g., Ga-68) with therapeutic analogs (e.g., Lu-177) enables personalized treatment 

planning to maximize efficacy and minimize toxicity. 

Dose–Response Relationships
• Evidence shows absorbed dose correlates with tumor control and toxicity (kidneys, bone marrow), supporting rational, 

dose-guided therapy. 

Alpha Emitters
• Isotopes like Ac-225 and Bi-213 deliver high LET radiation with short range, ideal for micrometastases and potentially 

curative approaches, though imaging and dosimetry remain challenging. 

Artificial Intelligence & Automation
• AI supports automated segmentation, rapid image processing, and predictive modelling for individualized treatment 

planning. 

Advanced Imaging Techniques
• Improved SPECT/CT and PET/CT allow better activity quantification and spatial resolution for accurate dose estimation. 

Advanced dosimetry techniques
• Development of methods to take into account for dose inhomogeneities and prediction of biological response.

Therapy – Dosimetry : opportunities



 Therapy – Dosimetry : challenges
Time & Data & Resource Constraints
• Full dosimetry requires multiple imaging sessions over several days, making it burdensome for patients and clinics. Many centers 

lack specialized software, skilled personnel, and comprehensive datasets for validation. 

Biological Uncertainty
• Variability in tumor uptake, clearance, and radiosensitivity reduces outcome predictability, even with precise dose calculations. 

Alpha Particle Dosimetry Limitations
• Extremely difficult due to short range and high toxicity; current imaging methods often cannot track alpha emitters effectively. 

Regulatory Inertia
• Standardized dosimetry-based prescribing is not mandated, slowing widespread adoption. 

Dose Constraints for Critical Organs
• Kidneys, liver, and bone marrow remain dose-limiting; thresholds are debated and lack personalization. 

Lack of Standardization
• No universal protocols for dose calculation, imaging time points, or quantification methods, leading to variability across centers. 

Quantification Issues
• Errors from partial volume effects, organ motion, and calibration compromise dose accuracy. 



• Briefly describe the most promising advanced techniques in 
nuclear medicine

• Describe the different therapeutic applications of nuclear 
medicine and theranostics

• Explain the workflow required to perform dosimetry in 
nuclear medicine

Summary



Additional slides
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fast SPECT using AI-generated synthetic projections

88Leube J, et al. EJNMMI Phys. 2022

New trends in SPECT (AI examples)

Train a deep learning algorithm to generate 
missing projections

Create (with Monte Carlo) a comprehensive 
database of projections

potential for accelerating SPECT/CT imaging
(only acquire a sub-sample of the original data)



Theranostic pairs (advantages)

Assuming comparable biokinetic

→ Use of diagnostic isotopes (e.g., Ga-68) with therapeutic analogs (e.g., Lu-177) enables 
individualized therapy planning.

A single time point [68Ga]Ga-PSMA-PET used to predict 
the absorbed dose of [177Lu]Lu-PSMA therapy to 
organs, and (to a limited extent) to lesions. 

Simple treatment planning for personalization of 
[177Lu]Lu-PSMA therapy.

Peters SMB, Hofferber R, Privé BM, de Bakker M, Gotthardt M, Janssen M, de Lange F, Muselaers CHJ, Mehra N, Witjes JA, Costa PF, Nagarajah J, Konijnenberg MW, Jentzen W. [68Ga]Ga-PSMA-11 PET 
imaging as a predictor for absorbed doses in organs at risk and small lesions in [177Lu]Lu-PSMA-617 treatment. Eur J Nucl Med Mol Imaging. 2022 Mar;49(4):1101-1112. doi: 10.1007/s00259-021-05538-2.

• ~10% accuracy in normal organs
− More predictable biokinetic behavior
− More consistent anatomical segmentation

• ~30% accuracy in lesions 
− More variable biokinetic behavior
− Segmentation challenging (PVE)



Diagnostic/therapeutic radiometal are used
Not identical biological properties or binding affinities to the same chelator. 

→ differences in biodistribution between the  diagnostic vs therapeutic compounds  

The typically short half-life of diagnostic vs therapeutic radionuclides 
ex. Ga-68 (~1h) vs Lu-177 (160h)  

→ diagnostic information for only few hours post-injection 

→ Difficult /suboptimal extrapolation to therapeutic relevant times (days)

→ Challenging predictive dosimetry from diagnostic compound

Theranostic pairs
(disadvantages)



• Back-projection vs. forward projection.
• The operations g1 to g6 are forward projections : find projections starting from pixel values (easy, if 

we know the pixel values = the activity distribution inside our object/patient).

• In reality, in SPECT or PET, we only have access to the ensemble of measured (finite) projections 
themselves, under the form of sinograms. We thus we have to find mathematical solutions 
(backprojection, filtered-backprojections and iterative reconstruction algorithms) to «reconstruct 
back» the «real» activity distribution inside our object/patient.

Some questions

Source: https://rigaku.com/products/imaging-ndt/x-ray-ct/learning/blog/how-does-ct-reconstruction-work 

• Forward projections are used in iterative
reconstruction algorithms to generate a 
sinogram starting from an initial «guess» 
image. The sinogram generated from forward
projection is compared in an interative
process with the (real) measured one, until
convergence criteria are met.
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• Back-projection vs. forward projection.
• The operations g1 to g6 are forward projections : find projections starting from pixel values (easy, if 

we know the pixel values = the activity distribution inside our object/patient).

• In reality, in SPECT or PET, we only have access to the ensemble of measured (finite) projections 
themselves, under the form of sinograms. We thus we have to find mathematical solutions 
(backprojection, filtered-backprojections and iterative reconstruction algorithms) to «reconstruct 
back» the «real» activity distribution inside our object/patient.

Some questions

• Forward projections are used in iterative 
reconstruction algorithms to generate a 
sinogram starting from an initial «guess» 
image. The sinogram generated from forward 
projection is compared in an interative 
process with the (real) measured one, until 
convergence criteria are met.

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 



• The collimators in the gamma camera

Some questions

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 

Collimators are necessary, as indeed, they are 
fundamental for event localisation in the gamma 
camera.

However, the fact of adding them (independently on 
their shape) worsen the spatial resolution that could 
be achievable intrinsically (by the detector and 
electronics alone). In fact, we add geometric 
limitations (hole size, length, septa thickness)

Intrinsic resolution is better than extrinsic, BUT we 
need the collimators for event localization.

The big disadvantage is on the efficiency (absorptive 
collimation results in a huge loss of photons)!
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The big disadvantage is on the efficiency (absorptive 
collimation results in a huge loss of photons)!



Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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Some questions

Source; https://oncologymedicalphysics.com/scintillation-camera-design-and-operation/;  https://quizlet.com/582283746/medical-applications-of-nuclear-physics-flash-cards/



Figure 1C shows a flood image for 1 PMT region (with part of adjacent PMT regions seen in the corners). 
Very good crystal discrimination is obtained. The gaps that appear between PMTs are due to the 
nonlinear behavior of the local centroid algorithm in positioning an event near the boundary of a PMT, 
because in this region the position calculation is sensitive to which PMT cluster is chosen for the event

Source; Performance of a Brain PET Camera Based on Anger-Logic Gadolinium Oxyorthosilicate Detectors

Joel S. Karp, Suleman Surti, Margaret E. Daube-Witherspoon, Richard Freifelder, Christopher A. Cardi, Lars-Eric Adam, Kilian Bilger and Gerd Muehllehner
Journal of Nuclear Medicine August 2003, 44 (8) 1340-1349;

Some questions
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