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Positron Emission Tomography (PET) - Basics
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Positron Emission Tomography in a nutshell
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tracer injection

120 - 300 MBq (e.g. [18F]FDG)

1012 molecules (ca 10-6 g)

18F half-life 2h

tracer uptake

metabolism

time

5s p.i. 10s p.i. 15s p.i. 20s p.i. 40min p.i. 50min p.i.



PET image contrast determined by radiotracers
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[18F]FDG PET 
malign lymphoma

[18F]NaF PET 
bone metastases

[15O]H2O PET 
brain perfusion

• tracer specificity + sensitivity

• photon detection system (scanner)

• image reconstruction

• image analysis

key factors for diagnostic image quality



PET data acquisition principle
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d1 d2

r

• detection and localization of annihilation photon pairs including 
arrival time difference (TOF) 
→ SOTA: 3-6cm FHWM 
→ leads to variance reduction in reconstruction

•  (optional) histogramming of data into “TOF sinograms”

Time-of-Flight (TOF)

measurement of “attenuated (TOF) X-ray transform”



PET coincidences types
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Figure adapted from Cherry: “Physics in Nuclear Medicine”



PET reconstruction as an inverse problem
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data fidelity
neg. Poisson logL

prior knowledge
about solution

forward model of acquisition physics
object dependent because of attenuation

scatter and random usually “pre-estimated”

acquired emission data y
reconstructed image x

• high data noise levels 

• limited resolution of data

• accurate modelling of acquisition physics 
(e.g. scatter and resolution effects)

• data size and recon speed

• expressing prior knowledge 

Fundamental recon challenges



PET compared to CT and MRI
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(TOF) PET (proton) MRI at 1.5/3T (energy integrating helical) CT

data SNR “low” “high” “high”

noise model Poisson Gaussian complicated mix

resolution “low” (4-5mm) “high” (~1mm) “high”

sampling highly over sampled
especially with TOF

usually under sampled 
(for speed up)

“usually” fully sampled
but also sparse view CT

contrast tracers / metabolism acq. sequence / anatomy / 
metabolism

Photon attenuation
contrast agents

dimensionality
(static acq.)

5D TOF sinograms and
3D images

2D and 3D acq. and recons 4D sinograms, 3D images

images are quantitative
activity concentration 
[kBq/ml]



From signals to images to decisions
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Listmode file

- det 24, det 135, 

  dt = 128ps

- det 432, det 17, 

  dt = -340ps

symmetry
pattern

intensity
texture

...

observer

raw signals / data images features decisions

reconstruction 

image processing 

feature extraction
Diseased / healthy?

Apply / change / stop
therapy?

...



Challenges in PET imaging
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Noise / Data size / Data sparsity
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Alberts  et al. Clinical performance of long axial field of view PET/CT: a head-to-head intra-individual comparison of the Biograph Vision Quadra with the Biograph Vision PET/CT. Eur J Nucl Med Mol Imaging 48

• high noise levels because of limits in 
injected activity 
acquisition time 
detection sensitivity

• TOF histogrammed data is huge (10-100 GB)
but extremely sparse

• evaluation of full forward model can be 
extremely slow (several minutes)



Resolution
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• Finite detector size

• scanner radius (photon acolinearity)

• parallax effect

• (positron range)

PET spatial resolution is “low” because

Vision600
ca 4mm res.

NeuroExplorer
ca 2mm res.

NeuroExplorer Vision600

Carson et al. “Exceptional PET Images from the First Human Scan on the NeuroEXPLORER, a next-generation ultra-high performance brain PET imager”, JNM  2023

FLAIR MRI



Motion
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(static) 00-20min no motion correction

(static) 00-20min UI camera-based motion correction

• PET needs long acquisition times 
5 – 90min

• motion → resolution degradation

• true “high-resolution” PET needs 
motion tracking and compensation

• same for respiratory and cardiac 
motion



Quantitative ”corrections” in the forward model
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“Improving scatter estimation in PET will bring our kids through college.”
C. Stearns GE Healthcare

Wangerin et al. “Clinical Evaluation of 68Ga-PSMA-II and 68Ga-RM2 PET Images Reconstructed With an Improved Scatter Correction Algorithm”, Am J Roent, 2018



AI/DL/ML in PET imaging
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From signals to images to decisions – with AI/DL/ML?
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Listmode file

- det 24, det 135, 

  dt = 128ps

- det 432, det 17, 

  dt = -340ps

symmetry
pattern

intensity
texture

...

observer

raw signals / data images features decisions

reconstruction 

image processing 

feature extraction
Diseased / healthy?

Apply / change / stop
therapy?

...



Detector level signal processing

18use of photon properties + gradient-boosted decision trees to improve coincidence time resolution



Denoising
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ML during PET reconstruction
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FastPET
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Super resolution
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Supervised vs self supervised?
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• denoising if high count scan is available
→ subsample LM file for virtual lower 
count scan

• paired scans of same subject (e.g. on 
different scanners) available
→ very rare 

Supervised PET DL possible for

• “high count” scans also contain noise 
(depending on scanner / acq. type)

• ”paired acquisitions” suffer from motion / 
differences in tracer kinetics …

• the amount of PET scans is very small 
compared to CT and MR scans
(foundational models?)

Need for self-supervised DL



Attenuation correction
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DL NAC PET to pCT DL NAC PET to AC PET

DL-aided joint estimation of
activity and attenuation



DL-based scatter estimation
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Opportunities enabled by new PET scanners
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New “high-resolution” PET scanners (NeuroExplorer)
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standard of care PET
(ca 4mm resolution)

NeuroExplorer high-res brain PET
(ca 2mm resolution) T1 weighted MR

unique opportunities for super-resolution research



New high-sensitivity PET scanners (large axial FOV)
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• PET systems with high solid angle coverage ”long 
scanners (>1m)” and detectors with “decent” 
stopping power (large axial FOV)

• ca. 3-12x higher noise equivalent count rate for 
70cm phantom

• drawback: high price

High sensitivity PET scanners

unique opportunities for denoising research!



Large axial FOV data for denoising
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full counts 1/10 counts 1/100 counts

• high count scans (e.g. 3 MBq/kg + 10min) from WB 
systems are unique source of low noise and high 
resolution data sets for supervised learning

• allows critical evaluation of denoising / processing 
algorithms with true “ground truth / gold standard” 
images

• data of immense values for data-driven research

• see Ultra-Low Dose PET Imaging Challenge 2025
https://udpet-challenge.github.io/

unique opportunities for denoising research

https://udpet-challenge.github.io/
https://udpet-challenge.github.io/
https://udpet-challenge.github.io/
https://udpet-challenge.github.io/
https://udpet-challenge.github.io/


Taming the wild west (AI in PET / nuclear medicine)
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Taming AI in medical imaging in the wild west according 
to chat GPT 5.2



Recommendations by German radiation protection commission
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Application of artificial intelligence in image reconstruction and 
processing in radiology and nuclear medicine

Recommendation of the Radiation Protection Commission (2026)

• AI methods must not remove or distort 
diagnostically relevant structures, must not 
generate artificial structures, and must preserve 
quantification

• dose reduction only if diagnostic performance is 
preserved

• (also) validate performance with export human 
observers

• independent and external validation of methods

• strong developer disclosure obligations to better 
define training distribution + methods

• keep conventional (non-AI) methods available as a 
fallback/reference



Which image quality metrics matter?
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• penalization of task-irrelevant perceptual 
information

• inability to detect local errors and structural 
details

• misjudgement of overall visual appearance

• undesired sensitivity to small spatial 
changes (PSNR, SSIM)

Problems of PSNR/SSIM/LPIPS IQ metrics



Experience from 2025 low dose denoising challenge (logSUV)
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interpolation to 
1.65 isotropic 

voxels
+ RAS 

orientation

Balancing / 
weighting of 

training data set

(sub selection of 
300 / 1000 

cases)

conversion to 
SUV units

compression of 
high dynamic 

range

log(1 + SUV)

creation of 
sampling map 

to exclude 
background

Simplistic and fast 3D Unet + clever data preprocessing + classification of training data enough for 2d place!
→ data curation probably more important that DL method / architectures



Experience from 2025 low dose denoising challenge
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full count  (target)1/4 counts (denoised)1/10 counts (denoised)1/20 counts (denoised)1/50 counts (denoised)1/100 counts (denoised)

results from runner-up contribution of 2025 low dose challenge
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You cannot beat physics / Poisson statistics …

Full counts 1/10 counts 1/100 counts

Total lesion activity 160 Bq 16 Bq 1.6 Bq

Emitted photon pairs 
in 10min

96,000 9,600 960

Detected true 
coincidences

1,600 160 16

small lesion: A = 2 kBq/ml = 2000 Bq/ml at full dose  V = 0.08 ml (sphere with diameter 0.53cm)



Summary
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Discussion, Summary, Thoughts
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• PET imaging challenges somehow similar, but also very 
different MR and CT 

• PET images can be very diverse (many different tracers, 
contrasts, short or long acquisitions …)
noise is usually main problem

• AI / DL / ML is applied in all steps of the PET image 
(decision) pipeline – at least in research

• methods / creativity is not the bottle neck 
→ high quality big open data sets and careful validation is

• understanding where benefit comes from
(new methods or better data) is hard

• taming AI (meaningful regulation / QC) is hard

• “robustness over peak performance” for clinical use
(problem for academia)

• outliers and incidental findings matter!



https://xkcd.com/3180/

Time for questions

Georg Schramm, Department of Imaging & Pathology, Division of Nuclear Medicine

For all experts in convex optimization

https://xkcd.com/3180/
https://xkcd.com/3180/
https://xkcd.com/3180/
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