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• Explain the main components of a gamma-camera/SPECT
device and its functioning.

• Explain the working principle of different dosimetric devices
(activimeter, dose rate meter, spectrometer, contamination
monitor).

• Identify the different fields of clinical and radiological
protection applications.

Learning objectives



Part 1 – Dosimetric devices
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How to choose an instrument?

• It depends on:

• Quantity to measure:
• Dose, activity, presence of contamination, ...

• Type of decay:
• alpha, beta, gamma, neutrons, ...

• Type and purpose of the measure:
• geometry, instantaneous information, individual measurement, 

estimation vs. precise quantification, 

• Other considerations: portability, duration, measurement 
conditions (e.g. background noise).

Source: Dr. Claude Bailat (IRA/CHUV); https://tenor.com/fr/view/idk-sassy-toddler-i-dont-know-cute-gif-8627751121540245010



Detectors

• Quantify (and sometimes characterize) ionizing radiation.

• Ionization: process by which electrons are removed from or 

added to an electrically neutral atom, that becomes a charge 

carrier.

• An instrument that measures ionizing radiation generally 

measures the electric current generated by ionization inside 

the detector.

• The available radiation information is not the same for all 

types of detectors.

• Different detectors have different fields of application.
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1. Gas detectors

– Ionization chambers

– Proportional counters

– Geiger-Müller counters

2. Semiconductor detectors

3. Scintillation detectors

– Inorganic

– Organic

6



• A volume of gas is contained between two electrodes (anode and cathode) which are kept at 

different voltages.

• An electric field is thus established between the electrodes.

• The gas filling the detector is an insulator, and there is normally no electrical current flowing 

between the electrodes.

• When radiation interacts with the gas, it ionizes it (strips off electrons).

• Ionization can be direct or indirect (e.g. generated by secondary electrons).

• Under the influence of the electric field, negatively charged electrons are attracted to the anode 

(+), while the positively charged atoms of the ionized gas are attracted to the cathode (-).

• This creates an electric current, which can be detected (sometimes after amplification).
7

Gas detectors – operating principle
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Gas detectors – operating principle

Source: Dr. Claude Bailat (IRA/CHUV)

And if the voltage is too low?
Recombination between ions (+) and electrons (-), no charge collection, no signal.



Gas detectors – types
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Fast enough charge collection to avoid
recombination in the volume

Principle
• Measurement of the primary 

ionization produced in a gas

Characteristics
• Recombination at low voltages
• Global measurement (no spectrum)
• Low sensitivity
• Largely independent of radiation 

type and energy

Typical applications
• Absorbed dose measurement
• Activimeter

Source: Dr. Claude Bailat (IRA/CHUV); Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 

Gas detectors – ionization chamber
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Gas detectors – ionization chamber



• Clinical dosimetry, field strength meters, activimeters.
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• Gives information about the activity (Bq) of a sample (e.g. syringe, vial).

• To do this, a conversion factor between current and activity must be applied.

• The factor depends on the radionuclide and is strongly influenced by the measurement

geometry (vial factor ≠ syringe).

• Sealed chamber containing pressurized Ar 

(to limit the influence of ambient pressure).

• does not identify a radionuclide (no 

info on energy!)

• Always specify the radionuclide being

measured and respect the geometry

used during the calibration!
Source: Dr. Claude Bailat (IRA/CHUV); https://commons.wikimedia.org/wiki/File:Dose_Calibrator_Diagram.png

signal ↦ activity (Bq)

Gas detectors – ionization chamber (application)



• Ionization chamber: the voltage between anode and cathode is just sufficient to collect the 
charges released by the direct action of radiation.

• If the voltage is increased, the electrons generated by the ionization events themselves gain 
enough energy to create other ionizations within the gas, and so on.

• Amplification process (Townsend avalanche) in gas → 1 ionization = 1 avalanche.

• Quantifiable by the amplification factor, which increases with the voltage applied between the 
electrodes (up to a factor of 106).

• Total charge ionization energy (a few eV) x amplification factor.

• The charge produced (and hence the current and signal detected) is proportional to the total 
energy deposited in the detector by the ionizing radiation.

13

Gas detectors – proportional counters
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• True proportionality
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Gas detectors – proportional counters

Source: Dr. Claude Bailat (IRA/CHUV); Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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Source: Dr. Claude Bailat (IRA/CHUV); Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 

Principle
• Measurement of secondary ionization 

produced by acceleration of primary 
charges produced

Features
• Relatively high voltage
• Output signal ∝ to primary charge produced
• Pulse measurement
• High sensitivity

Typical applications
• Surface contamination monitor
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Surface activity = x Bq/cm2

• Applications: field measurement, surface contamination monitor,
  Low-energy X-ray detection and spectrometry

• Count rate proportional to surface activity (Bq/cm2)

• Units: “counts per second” or “impulses per second”  → “cps”, “ips” or “s-1”.

• A certified laboratory (e.g. IRA, PSI) delivers a certificate:

• The instrument is exposed to a set of sources with a known surface 
activity (Bq/cm2)

• The count rate corresponding to the known surface activity is recorded in 
the verification certificate for each radionuclide used.

• The verification certificate gives the correspondence between the cps 
(displayed by the instrument) and the surface contamination (Bq/cm2).

Gas detectors – proportional counters

signal ↦ Bq/cm2



• During the handling of I-124 (outside a controlled area), a drop 
of solution falls of the ground.

• The contamination monitor indicates 12 counts per second 
(net).

• Is this contamination above the limit set by the Swiss Radiation 
Protection Ordinance (i.e. 10 Bq/cm2 for I-124)?

Quiz - Gas detectors – proportional counters



18

Quiz - Gas detectors – proportional counters



• Excited molecules return to their ground state, releasing energy in the

form of visible or UV light.

• UV photons → photoelectric effect with gas or anode material.

• The electron thus released can generate a new avalanche of events.

• The amplitude of the collected signal is large and independent of the applied voltage.

• Individual events can be counted. 

• The amplitude of the outgoing signal is constant → no energy discrimination!

Gas detectors – Geiger-Müller counters

Incoming radiation creates ion pairs via direct ionization and 
secondary δ rays. These pairs trigger an avalanche multiplication 
process, further amplified by UV photon emission.
The process self-terminates when positive ions
accumulate near the anode, reducing the local
electric field due to space charge effects.

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

• Purpose: to maximize signal amplification (up to 1010).

• Big voltage ≠ between anode (+, central rod) and cathode (-, outer cylinder).

• Sealed cylinder, rare gas mixture + quenching gas. 

• During ionization, e- is attracted to the anode + amplification process

(cf. proportional counters).

• The e- can also induce the excitation of gas molecules by collision.
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Principle
• Maximum signal amplification 

(avalanche) 

Features
• Signal independent of primary 

charge produced
• Pulse measurement
• Large dead time 

Applications
• Ambient dosimeter
• Robust device

Gas detectors – Geiger-Müller counters



Features of GM counter:

• High voltage

• Output signal independent of the primary ionization

• Spectroscopy not possible

• Dead-time → Quenching gas stops the avalanche.

Application domain: plateau

… And if you increase the tension even further?

• domain of spontaneous discharge.

• The tension is so high→ spontaneous ionizations.

• No useful information in this domain! 

Main applications→measurement of the dose rate
Count rate ↦ ambient equivalent
dose rate H*(10) (µSv/h)

Gas detectors – Geiger-Müller counters

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



• Scintillation: property of certain materials to emit light 
when they return to their ground state after 
interacting with ionizing radiation.

• The amount of light emitted is proportional to the 
energy of the radiation.

• The light is converted into an electrical signal and then 
amplified (e.g. photomultiplier tube PMT).

Amount of scintillation light ∝ deposited energy→ spectroscopy possible!

Scintillation detectors

Scintillation 
detector

Types of scintillators:

Organic (liquid, plastic)

Inorganic (crystals)

• NaI(Tl), BGO, LSO, 

LYSO, CsI, LaBr3(Ce) 

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



electron multiplication factor per dynode: x6
for a PMT tube with 10 dynodes= 610

Scintillation detectors

Principle

• Interaction btw radiation and matter
• De-excitation of atoms
• Light emission

Characteristics

• Crystals of Nal (Ti), ZnS, etc...
• Strong variation with radiation 

energy

Applications

• Contamination measurement
• Spectro γ
• Liquid scintillation for measuring β

cf. rest of the course for one of its main applications → the gamma camera
Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 



• The materials used (Si, Ge) are not particularly conductive. 
– perfect crystalline structure (covalent) that leaves no room for e- movements.

• Their behaviour can be changed by adding impurities (doping).

• N-type (e.g. P, As): 5 e-, they insert themselves into the structure, leaving one e- free (-).

• P-type (e.g. B, Ga): 3 e-, they fit into the structure, leaving a free hole (+).

• Putting together materials of type P and N we obtain:

Semiconductor detectors

At the junction, some of the free e- from the n-type move towards the p-type (random

thermal migration)→ in the p-type, they combine with holes and cancel each other out.

At the junction, some p-type holes (+) move towards the n-type → they combine with

free electrons and cancel each other out.

Dopant atoms in the n-type (electron donors) are part of the crystal and cannot move

→ in the n-type, a region close to the junction becomes "+".

Doping atoms in the p-type (electron acceptors) are part of the crystal and cannot move

→ in the p-type, a region close to the junction becomes "-".

Depletion layer: region close to the junction which acts to repel mobile charges away

from the junction thanks to the electric field these charged regions create.

Source: https://www.circuitbread.com/tutorials/how-does-a-diode-work-part-1-the-pn-junction



https://www.researchgate.net/figure/Figure-2-2-Principle-of-a-semiconductor-detector-72_fig4_304677185;
https://www.globalspec.com/learnmore/sensors_transducers_detectors/environmental_sensors/radiation_detectors, Image Credit: Texas A&M University / Nuclear Safeguards Education 

Principle
• Creation of charges in the pn junction of 

a semiconductor material (solid)
• Current is detected in the form of pulses.
• # of pulses → radiation intensity.
• amplitude of the pulse → energy 

deposited

Features
• Small counting volume
• Strong variation of response with 

radiation energy

Applications
• Diagnostic dosimetry
• High-resolution γ spectro

+

-

electrons
holes

Semiconductor detectors



https://www.researchgate.net/figure/Figure-2-2-Principle-of-a-semiconductor-detector-72_fig4_304677185;
https://www.globalspec.com/learnmore/sensors_transducers_detectors/environmental_sensors/radiation_detectors, Image Credit: Texas A&M University / Nuclear Safeguards Education 

Principle
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• Small counting volume
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Semiconductor detectors



• Some semiconductor detectors are excellent options when an unknown γ source 
needs to be identified (e.g. HPGe, high purity germanium). 

→ gamma spectroscopy

• But they also have certain disadvantages (for HPGe):
• High prices

• No large crystals (limited efficiency)

• Fragility

• Cooling (few portable options) → not the case with CZTs!

NaI (scintillator) HPGe (semiconductor)

Semiconductor detectors - applications

Source: https://www.isus.de/low-energy-spectrometer

Source: https://repository.cern/records/71bjf-gb626
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Source: https://www.ortec-online.com/-/media/ametekortec/technical%20papers/homeland%20security%20applications%20and%20chemical%
20weapons%20assay%20pins/whyhighpuritygermaniumhpgeradiationdetectiontechnologysuperiorotherdetectortechnologiesisotopeidentification.pdf?la=en 
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Semiconductor detectors - applications
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Luminescence



• The material used has imperfections (impurities, mechanical stress, etc.)

• The material is initially in equilibrium (ground state).

• Ionizing radiation excites the e- of the material, which go to a higher (excited) energetic state.

• Most of the e- return to their initial state, but some remain trapped in the material’s impurities.

• When energy is supplied (e.g., light or heat), the e- can then be released from the traps.

• The energy released usually manifests itself in the form of (measurable) light.

• The amount of light detected is ∝ to the # of trapped electrons ... and thus to the dose.

Luminescence – applications: passive dosimeters

Source: https://radioactivity.eu.com/articles/questions_of_doses/osl_dosimeters; https://radetco.com/wearing-and-maintaining-an-x-ray-badge/; https://www.mirion.com/products/medical/occupational-dosimetry/dosimetry-
services/ring-extremity-dosimeters/extremity-dosimeters-ring-dose-measurement ; https://www.landauer.co.uk/produit/vision-discrete-and-versatile-multi-support-lens-dosimeter/

badge

ring

eye
lens



Passive:

• Retrospective dose indication.

• Used to measure individual doses.

• Satisfy the requirements set by the Swiss Ordinance on 
Dosimetry (linearity, energy response, dose range…).

• Have to be read by an accredited laboratory.

• Background is subtracted by the laboratory.

• Typical dose accumulation interval = 1 month.

• Individual doses are recorded in the dosimetric registry.

• Examples : 
– TLD: destructive reading (can only be read once)

– OSL / RPD : non-destructive reading

Passive vs. active dosimeters
Active:

• Real-time reading.

• Used for optimization (in point-like interventions).

• Can give a real-time dose/ dose-rate information.

• User-defined alarms can be set.

• Do not generally satisfy the requirements set by the 
Swiss Ordinance on Dosimetry (linearity, energy 
response, dose range…).

• No background subtraction.

• The dose is not recorded.

• Example : 

– Solid state semiconductors

Source: https://tacda.org/product/dmc-3000-electronic-personal-dosimeter-x-ray-gamma/?srsltid=AfmBOooiyTqBEkzwfbtXbtP1kDht3Ndlsp4A-_gFKTYK1Sy7BoaBMEjF



• The functioning of each RP device − dose rate meter, surface 
contamination monitor, activimeter − has to be checked prior its 
use → control source (long-lived, e.g. Cs-137).

• Additionally, other QC may be required:
– Dose rate meter / surface contamination monitor

• Verification by accredited laboratory every 3 years

– Activimeter checks
• Daily (Cs-137 source, Cs-137 factor)

• Weekly (Cs-137 source, measuring common factors)

• 6 months: linearity

• Every year : intercomparison / verification or calibration

RP devices – QC (quality control)

Source: https://www.pinestar.com/products/detail/580?dept=1&cat=400; https://www.ezag.com/products/isotope-products/isotrak-calibration-sources/education-and-training/

Active elements
(20 mL resin matrix)

https://www.youtube.com/watch?v=Km0RRj3z1Hs
https://www.youtube.com/watch?v=DdBWVJYWVzg
https://www.youtube.com/watch?v=rj63qrz-axs


Part 2 – The gamma camera



Gamma camera & SPECT

Source: https://www.dr-w-koch.de/index.php/Nuklearmedizin-und-Radiologie/Methoden-und-Strahlenexposition/die-gamma-kamera-spect-kamera.html 



Rectilinear scanner by B. Cassen (1950)

Developed for planar images with I-131.

Scintillator counter scanning the area of interest.

Ink intensity ∝ measured photon count-rate.

Long imaging times due to limited field of view.

First Gamma Camera by

H. Anger (1958), using

Tc-99m Pertechnetate. 

Brain scan of a patient with glioma. 
35

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-
1416051985;
CANCER BIOTHERAPY & RADIOPHARMACEUTICALS-Volume 15-
Number 5-2000-Mary Ann Liebert, Inc. “Benedict Cassen: The Father 
ofBody Organ Imaging»; 
https://doi.org/10.21019/9781582122830.ch6 ;
Kemp HBS, Johns DL, McAlister J, Goodlee JN. The role of fl uorine-
18 and strontium-87m scintigraphy in the management of infective
spondylitis. J Bone Joint Surg. 1973;55:301–11.; 
https://en.wikipedia.org/wiki/Hal_Anger 

Historical background



Gamma camera: main components

Emission imaging is based 
on scintillation detection

(W, Pb)

Parallel hole collimator
36

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



Scintillation material
Organic (liquids)

Inorganic (crystals: NaI(Tl), BGO, LSO, GSO, CsI, LaBr3, plastic,…)

99mTc  E=140 keV → scintillation photon yield = 38 ∙ 140 = 5320

37

Amount of scintillation light ∝ deposited energy 
→ energy discrimination possible

Recap : scintillation detectors

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



Advantages of NaI detectors:

✓Reasonably dense and contains I (relatively high atomic number):

 - good absorber and efficient for penetrating radiations → ideal 50-250 keV photons.

 - predominant interaction in this range → photoelectric effect.

✓Efficient scintillator (high photon yield).

✓Transparent to its own scintillation (limited light loss due to self-absorption).

✓Relatively inexpensive to grow in large plates.

✓Scintillation light emitted by NaI is optimal (good wavelength) for PMT operation.

Disadvantages of NaI detectors:

Crystal is fragile and easily fractured by mechanical or thermal stress

(fractures = reduced amount of light reaching the photocathode).

NaI is hygroscopic (humidity creates yellowish stains → impair light transmission)

At energies > 250 keV, Compton effect is predominant.
38

Scintillation detectors – sodium iodide (NaI)



Gamma camera: event localization

A) Valid event (useful for correct localization on the imaged region)
B) Scatter within the detector
C) Scatter within the patient
D) Septal penetration

Incorrect source localization !
(+ loss of contrast, blurring)

39

Important for high energy γ emitters / 
high-resolution collimators (thin septa)

scatter = diffusion
Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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the photomultiplier tube 
response

 PMT response does not vary linearly with the interaction position 

+ other non-uniformities (crystal inhomogeneities, light reflections,

pulse-height spectrum ≠ among PMT …).

In digital cameras, output signal of each PMT is digitalized and event 

position is calculated by a software → take into account for non-

linearity.

1 dimension

30-100 PMT

Gamma camera: event localization
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Gamma camera: energy determination

43

Why is energy discrimination so important ?
Scattered photons are undesirable : no useful information of the source distribution!
They also lose energy along their path → can be discriminated from using the pulse-height 
analyser (PHA) present on each PMT (signal amplitude ∝ scintillation light ∝ deposited energy in 
the crystal).

PE effect : 

they mostly result in full deposition 

of the photons in the detector 

(photopeak).

Compton : 

part of the energy is transferred to 

the detector via the recoil e-, the 

scattered photon may either be 

detected or escape the detector.

→ Only PE or Compton scattered at

     small angles should be accepted!

(= patient)

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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• Two (or more) energy windows: one for scattering and one for the photoelectric peak.

• The goal: to detect only those photons that have not scattered (= deviated from the path).

• For each projection, subtraction of the scattered events that fall into the window of the photopeak.

Diffusion, reduced contrast, 
overestimation of activity.

127- 153 keV92-125 keV

Gamma camera: energy determination → scatter correction

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



Spatial resolution

45

What defines the spatial resolution of an imaging device?

Ability to distinguish two adjacent structures as separate (sharpness/detail).

Small FWHM =
Better resolution!

Source: https://astronuclphysics.info/Fantomy.htm



Intrinsic spatial resolution: achievable by the detector itself and electronics (no collimator). Depends on:

• γ-ray energy : low energy γ produce less scintillation photons per event→ statistical fluctuations. 

• crystal thickness : thicker detectors are more efficient in detecting radiation (spoiler), but:

- Increased light spreading before reaching PMT 

- Greater probability of detecting multiple Compton-scattered events 

For modern cameras: ~ 3 – 4.5 mm (of FWHM for Tc-99m)

Intrinsic resolution ∝ Τ1 𝐸 γ ray

thin
crystal

PMT

γ ray

thick
crystal

PMT
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Typical thickness: 6-13 mm

Spatial resolution

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



Extrinsic spatial resolution : also influenced by linear and angular sampling, reconstruction 
algorithm (incl. spatial smoothing) and mostly by the presence of collimators.

Collimators : 
•  improve source distribution localisation by selectively allowing only photons travelling in 

specific directions to hit the detector (absorptive collimation)

•  degrade spatial resolution (weak link for the camera performance!). 

47

Parallel-hole
Image of the same 

size and orientation 
(most common)

Converging
Noninverted image,
generally magnified

(for small objects, e.g. 
thyroid, mice)

Diverging
Minified, noninverted image 

(for big objects on small 
cameras, e.g. liver)

Pinhole
Inverted image, magnified 

or minified
(usually for small objects)

Distortion 

Spatial resolution

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



Collimator efficiency : fraction of γ striking the collimator that reach the detector.
Collimator resolution: sharpness of detail of the object projected on the detector.

Both influenced by (1) septal penetration and (2) geometry of the collimator holes:

1)  Septal penetration should be reasonably small (< 5%) → thinner septa as possible
 (better resolution and efficiency) using highly absorbing material (Pb, W, Ta). 

   Septa thickness depends on γ energy
       → low- (< 140 keV), medium- (~ 300 keV) & high-energy collimators (> 300 keV) available!

48

(γ = 364 keV)

Spatial resolution

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



Quiz: which configuration provides a better spatial resolution?

49

Spatial resolution

Source: https://www.researchgate.net/publication/268350544_NOVEL_COMPUTATIONAL_METHODS_FOR_IMAGE_ANALYSIS_AND_QUANTIFICATION_USING_POSITION_SENSITIVE_RADIATION_DETECTORS
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Spatial resolution

Source: https://www.researchgate.net/publication/268350544_NOVEL_COMPUTATIONAL_METHODS_FOR_IMAGE_ANALYSIS_AND_QUANTIFICATION_USING_POSITION_SENSITIVE_RADIATION_DETECTORS

Quiz: which configuration provides a better spatial resolution?



Collimator efficiency : fraction of γ striking the collimator that reach the detector.
Collimator resolution: sharpness of detail of the object projected on the detector.

Both influenced by (1) septal penetration and (2) geometry of the collimator holes:

2)  Geometry (shape, length, diameter) and distance from the source.

       𝑅𝑐𝑜𝑙𝑙 ≈ 𝑑 𝑙 + 𝑏 / 𝑙

51*In equation, 𝑙 should be the effective length 𝑙eff of the collimator holes (slightly smaller than the physical one to take into account
   the effect of septal penetration, especially higher-energies collimators). Here it is referred as «𝑙» for the sake of simplicity.

Typical 𝑅𝑐𝑜𝑙𝑙 ~ 10 mm (7 – 13 mm)

for a point source @ 10 cm from the 
collimator surface

Spatial resolution

Source: Physics in 

Nuclear Medicine, 
4th edition, ISBN: 
978-1416051985 



The gamma camera total resolution (or system resolution) is mainly 
influenced by the intrinsic resolution (detector and electronics) and 
collimator resolution.

𝑅𝑠𝑦𝑠 = 𝑅𝑖𝑛𝑡
2 + 𝑅𝑐𝑜𝑙𝑙

2

• It provides a metric of the “real” (clinically-significant) resolution.

• It depends on the source-to-collimator distance (𝑅𝑐𝑜𝑙𝑙).

• For distances of 5-10 cm (typical organ depth), it is governed by 𝑅𝑐𝑜𝑙𝑙.

• It is degraded by scattered radiation.

Q: What is the system resolution of a typical gamma camera ?
𝑅𝑠𝑦𝑠 = 3.5 𝑚𝑚 2 + 10 𝑚𝑚 2 = 10.6 𝑚𝑚

Finite resolution is partly responsible 
for partial volume effects :

52

Spatial resolution

Source: DOI: 10.2967/jnumed.106.035774, adapted from Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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Efficiency: ability to detect incoming radiation. Influenced by detector and collimator.

• Thicker detectors have higher intrinsic efficiency (more volume allowing the radiation to 
deposit energy within the crystal) BUT loss in spatial resolution.

• Tradeoff: acceptable detection efficiency and high intrinsic spatial resolution in the energy 
range of 100 - 200 keV.

Typical thickness: 6-13 mm

Efficiency

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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Efficiency: ability to detect incoming radiation. Influenced by detector and collimator.

• Fraction of γ rays striking the collimator that pass through it.
• Efficiency (as resolution) is also influenced by the collimator geometry.
• Low-energy collimators have thinner septa and thus increased efficiency.
• Tradeoff: high efficiency results in degraded spatial resolution. 

1 photon out of 10’000:
absorptive collimation 
inherently inefficient!

(cf. with PET next week )

Efficiency

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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The properties of the gamma camera may be either intrinsic (due to the 
detector) or extrinsic (due to the influence of the collimators).

The collimators are necessary as they allow for the correct localisation of the 
source distribution within the patient, but degrade overall system efficiency.

Thick crystal
without
collimator

Thin crystal, 
highly selective
collimator

Loss of localisation
(and spatial resolution)

Loss of signal (loss
of efficiency)

efficiency spatial resolution

Spatial resolution & efficiency

Source: https://www.nuclearfields.com/collimators-nuclear-medicine.htm; https://commons.wikimedia.org/wiki/File:Balanza.svg 



Part 3 – SPECT



Limitations:
• Signal from overlapping regions !
• No 3D information !

57

• Use the gamma camera detection principle to image activity distribution within the patient.
• Planar images can be used for both:

- static studies (activity distribution at a given given time).
- dynamic studies (evolution over time) → e.g. kidney function.

From planar scintigraphy to SPECT

Source: https://www.usz.ch/fachbereich/nuklearmedizin/angebot/nierenszintigrafie-mit-mag3-dtpa-oder-dmsa/ ; DOI:10.1259/bjr/29163167 
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SPECT / PET
ECT: emission

computed tomography

CT
TCT: transmission

computed tomography
≠

Introduction to tomography in nuclear medicine

Source: https://makeagif.com/gif/spectct-2-gdo18P; https://commons.wikimedia.org/wiki/File:Mouse_SPECT_scan_-_circulation_of_radiolabeled_nanoparticles.gif; https://spectrum-dynamics.com/case-study/case-12/  



Projections in a simple 1-D detector case 

Spatial activity distribution

Imaged object

Collimator

Detector

Measured 
projection 

profile
Signal proportional to the summed activity

 along the line of response 
(assumption of no attenuation and scatter)

Head rotation around the imaged object

Many projections at different angles are obtained

59

Introduction to tomography in nuclear medicine

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985; https://www.biotypos.gr/tmimata/tmima-pyrinikis-iatrikis/  



1-D projections of a unknown activity distribution f(x,y)

60

Imaged object
Activity distribution

f(x,y)

unknown



Bruyant et al, JNM, 2002

Principle of (forward) projection for one 3×3 slice at angle 𝜙= 0 and 𝜙 = 90°. 
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Forward projection



(x,y) → (r,𝜙) 

N projections are recorded around the emitting
object (0-360 deg)

N projections p(r,) 

Angular spacing is As = 360/N deg

Typically As = 3 deg for N = 120 projections

Dual-head camera → 60 acquisition steps

15 sec per step → 15 minutes image acquisition 

base for sinogram 

representation:

set of projection data in the 

form of a 2D matrix p(r,𝜙)

Projection data p are arranged in (r, 𝜙) 

coordinate system: tilted of angle 𝜙 wrt 

(x,y) and fixed wrt gamma camera

Obtain an image starting from projections

dual-head camera = 2 projections per step

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 ; https://www.oncologysystems.com/fr/inventory/medical-equipment-for-sale/used-spect-system/siemens-symbia-s-spect-system/  
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 = 90 deg

 = 135 deg

Each row () in the sinogram displays the intensity profile measured in the corresponding projection

 = 45 deg

Each row () corresponds to each projection angle
Each column (r) corresponds to the position on the camera

1D Projection data are arranged in a 2D (r,) sinogram representation

1 slice = N projections  N angular samples  N sinogram lines
Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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 = 90 deg

 = 135 deg

Each row () in the sinogram displays the intensity profile measured in the corresponding projection

 = 45 deg

Each row () corresponds to each projection angle
Each column (r) corresponds to the position on the camera

1D Projection data are arranged in a 2D (r,) sinogram representation

1 slice = N projections  N angular samples  N sinogram lines
Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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 = 90 deg

 = 135 deg

Each row () in the sinogram displays the intensity profile measured in the corresponding projection

 = 45 deg

Each row () corresponds to each projection angle
Each column (r) corresponds to the position on the camera

1D Projection data are arranged in a 2D (r,) sinogram representation

1 slice = N projections  N angular samples  N sinogram lines

each slice has its 
own sinogram

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



What we want: Recover the unknown (true) activity distribution f(x,y) !

By reconstructing our image, we can access 
the activity distribution f’(x,y) 

in a 2D plane of discrete pixels.

Matrix dimension in SPECT is 
typically 128 x 128

What we have:
a discrete number of measured projections p(r,) arranged in a sinogram

p(r, =0°)

r

r

p
(r

, 
=9

0
°)
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Reconstruction



the unknown activity distribution is reconstructed 
by spreading the measured intensity back across 
the (pixelized/finite) construction plane.

Point-like
activity 

distribution

Backprojection of intensity 
profile at  = 0° across the 

reconstruction plane

𝑓(𝑥, 𝑦) 
(true image)

Simple backprojection results in a 
blurred reconstructed image

1/r blurring
(blurring reduces radially from the centre of the source)
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f’(x,y) f’(x,y) f’(x,y) 

Counts are attributed 
outside the true 

location

𝑓′ 𝑥, 𝑦 = 𝑓(𝑥, 𝑦) ∗ ( Τ1 𝑟)

reconstructed
source distribution 

original (true)
source distribution

Simple backprojection

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



Phantom to test reconstruction 
algorithms (simulated).
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Simulated sinogram
(256 projection angles).

Simple backprojection 
reconstruction.

degradation of sharper details (edges).
1/r blurring

degradation of contrast.

the unknown activity distribution is reconstructed 
by spreading the measured intensity back across 
the (pixelized/finite) construction plane.

Simple backprojection

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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Simple backprojection of an activity distribution in brain

Simple backprojection results in a blurred reconstructed image

Simple backprojection



1. Acquire N projection profiles p(r, ) (sinogram)

2. Compute the FT of each profile (sinogram row).

3. Apply a filter to each profile in frequency 𝑘-space → 𝑘𝑟 .

4. Compute the inverse FT of each filtered profile to obtain a modified projection profile.

5. Perform conventional backprojection with the new (filtered) profiles to compute the image. 70

𝑃′ 𝑘𝑟 , 𝜙 = 𝑘𝑟 𝑃(𝑘𝑟 , 𝜙)

𝑓 𝑥, 𝑦 =
1

𝑁
෍

𝑖=1

𝑁

𝑝′(𝑥 𝑐𝑜𝑠𝜙𝑖 + 𝑦 𝑠𝑖𝑛𝜙𝑖 , 𝜙𝑖)

conventional BP

• Image (real) and frequency space are related by the Fourier transform (FT).

• FT provides another method to represent spatially varying data:
- 1D image profile can be represented as Σ of cos and sin with ≠ spatial frequencies 𝑘.

1. 
2. 

3. 

4. 

5. 𝑝′ 𝑟, 𝜙 = ℱ−1 𝑘𝑟 𝑃(𝑘𝑟 , 𝜙)

Filtered backprojection (FBP)

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985; DOI:10.21608/JEST.2022.216105



• Filtering in 𝑘-space precedes
backprojection into object (image) space.

• Ramp filter

✓ Low frequency damping

✓ Removes 1/r blurring + sharpens detail.

• High frequency selected

 High frequency noise amplified.

 Degradation of signal to noise ratio (SNR).

• FBP images appear sharper but noisier than simple BP.

• Other filters can be used to mitigate this effect (“rounded shape” filters).

71

Filtered backprojection (FBP)

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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If noiseless projections and virtually 
infinite angles views are available

Quantitative true activity 
distribution reconstruction

Fitered Backprojection (FBP) of an activity distribution in brain

Filtered backprojection (FBP)



Advantages :

• Accurate if noise-free measurements and completely sampled data.

• Fast and easy to implement.

Limitations :

• Major artifacts if data is measured incompletely.

• Still noisy → can only be partially mitigated by filters.

• No natural way to implement corrections for:

- Spatial resolution

- Scattering

- Attenuation

iterative reconstruction
techniques !

Example: FBP with Shepp-Logan filter and different cutoffs → tradeoff between SNR and image sharpness/detail. 73

Filtered backprojection (FBP)

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



more computationally intensive than FBP, 
but standard nowadays.

m
easu

red
 d

ata set
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iterative reco
n

stru
ctio

n
 p

ro
cess

Image space 
(activity 

distribution)

emission computed tomography-
measured projections p(r,)



r

Iterative reconstruction

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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True activity distribution f(x,y) is estimated by successive approximations f*(x,y):

1. Start with a simple initial image estimation f*(x,y) (e.g. uniform activity distribution in the FOV or FBP).

2. Compute (forward) projections to calculate estimated sinogram.

3. Compare measured and computed sinogram.

4. If no convergence is reached, compute correction factors.

5. Refresh the image estimate and continue iterating until convergence.

Iterative reconstruction

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

stru
ctio

n
 p

ro
cess

Image space 
(activity 

distribution)

emission computed tomography-
measured projections p(r,)



r

?

Iterative reconstruction

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

stru
ctio

n
 p

ro
cess

Image space 
(activity 

distribution)

emission computed tomography-
measured projections p(r,)



r

?

Animations from:
Floris HP van Velden, PhD

Iterative reconstruction

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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Iterative reconstruction is based on:

1. Comparing estimated vs. measured data

 

2. Updating the image estimate

→ Maximum-likelihood expectation maximization algorithm (MLEM)
Compute the maximum-likelihood source distribution that would result 
in the measured projection data (sinograms).

Iterative reconstruction is more computationally intensive than FBP:

• Needs several iterations to converge.

• Reconstruction algorithms allow to include specific characteristics of the imaging modality:

- attenuation,
- scatter,
- finite resolution, system geometry.

• Speed-up solution → ordered subsets (OSEM) : only a small number of projections (angles) are used in 
the first iteration steps (time per iteration ∝ # projection profiles to compute).

Iterative reconstruction

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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Small structures need more iterative step to reach convergence!
(but noise amplification with # iterations)

Iterative reconstruction = nowadays standard

= hot contrast

Sphere size

Test object :
phantom with spherical inserts

Source: https://www.diagnomatic.com/devices/pro-nm-nema-nu2
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Small structures need more iterative step to reach convergence!
(but noise amplification with # iterations)

= hot contrast

Sphere size

Source: https://www.diagnomatic.com/devices/pro-nm-nema-nu2

Iterative reconstruction = nowadays standard



40 it
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Small structures need
more iterative step to 
reach convergence!
(but noise amplification 
with # iterations)

Iterative reconstruction = nowadays standard



Single head Double head Triple head

Tomographic 
reconstruction

2D axial slices 
stacked in a 3D array 

(3D volume image)

Acquisition: 2D array of 1D-projections 
        → 2D planar image

http://meditronics.wordpress.com/spect/

82

Single Photon Emission Computer Thomography: SPECT

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 ; https://radiologykey.com/operational-characteristics-and-quality-control-of-a-scintillation-camera/; https://www.cerimed-web.eu/clinical-deptt/?lang=en Prakash, D. (2014). 
Introduction to Nuclear Medicine. In: Nuclear Medicine. Springer, New Delhi. https://doi.org/10.1007/978-81-322-1826-5_1    



Multiple detection heads
→ increased detection sensitivity 
→ reduced acquisition time

Acquisition orbit 
→ as close as possible to the objet (patient) contour
→ minimize resolution degradation with distance 

Automatic patient detection systems

fixed circular orbit
∅ ~ 60 cm

Special designs: neuro, cardiac and preclinical imaging
83

automatic 
adaptative orbit
∅ ~ 34 cm

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

Source: Quality Assurance in Gamma Camera & SPECT Systems, James R. Halama



SPECT 84

Angular undersampling (number of sampled angles) → streak-like artifacts.

how projections should be acquired ?

Artefacts

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



SPECT

Projections acquired over less than 180° → artifacts.

85

Projections not covering the whole object → artifacts Missing projection (part of detector kaputt) → artifacts

how projections should be acquired ?

Artefacts

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



Effect of attenuation :

• Attenuation is the inverse of transmission.

• It depends on the distance the photons need to travel through the tissue.

• Attenuation coefficient 𝝁 depend on density, atomic number Z and energy.

86

𝑇 = 𝑒−𝜇𝑥

𝜇: linear attenuation coefficient (in cm-1)

𝜇soft tissue 140 𝑘𝑒𝑉 = 0.155 𝑐𝑚−1

𝜇bone 140 𝑘𝑒𝑉 = 0.25 𝑐𝑚−1

↓ degradation of spatial 
resolution due to source-

to-collimator distance

99Tc-line source response in air 99Tc-line source response in water

↓ degradation of spatial resolution
due to source-to-collimator
distance and attenuation

Attenuation

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985 
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Attenuation correction
The attenuation correction is
influenced by:

- the energy of the photons

- the size/density of the 
structure to be crossed

Attenuation correction :

- Corrects (brings back) the pixel values according to the 
attenuation that the photons experience on their way.

Expected Measured (NAC)

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



SPECT : rotating gamma camera heads

CT gantry

CT-based attenuation map 
is used for attenuation 

correction of SPECT data

88

Concept : use more reliable attenuation 
values for better AC correction.

Measure tissue attenuation from 
transmission scan (CT).

CT for AC purposes are low-dose! 

CT-AC is standard in modern hybrid SPECT/CT devices

reasonably good temporal and spatial correlation !

Hybrid systems and attenuation correction (AC)

Source: Physics in Nuclear Medicine, 4th edition, ISBN: 978-1416051985; https://yperman.net/volumes/files/Brochures/78.002F-%20SPECT-CT.pdf?v=1592987677 



Vacuum tube with cathode (filament heated through an electrical current).

e- are liberated and accelerated by a bias voltage towards the anode 

(generally, rotating tungsten plate). 

Production of continuous Bremmstrahlung radiation + discrete 

characteristic X-rays (anode material).

Tube current → # of emitted e-

89

Voltage → energy spectrum of X-rays (max =kVp) and #

X-ray beam collimated and filtered.

CT provide a map of the attenuation coefficient 𝜇 within the body

Conversion of the map of 𝜇 acquired with the CT transmission photon 

energy (e.g. effective energy 90 keV) to the SPECT emission photon energy 

(e.g. 140 keV for 99m Tc).

Hybrid systems and attenuation correction (AC)

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



Attenuation correction (AC) 

+ diagnostic reference levels (DRL / DRW / NRD) 

90Source: https://jnm.snmjournals.org/content/jnumed/49/8/1305.full.pdf;
https://www.bag.admin.ch/dam/fr/sd-web/vbgI4F9d1cK5/drw-nuk.pdf

with attenuation
correction (AC)

without attenuation
correction (NAC)



Attenuation correction (AC) 

+ diagnostic reference levels (DRL / DRW / NRD) 

91Source: https://jnm.snmjournals.org/content/jnumed/49/8/1305.full.pdf;
https://www.bag.admin.ch/dam/fr/sd-web/vbgI4F9d1cK5/drw-nuk.pdf

Directive BAG/OFSP :

Diagnostic reference levels for

the administered activity and 

CT for attenuation correction



After handling unsealed radioactive sources, workers 
must perform a screening measurement to verify the 
absence of significant (accidental) radionuclide intake.

A nuclear medicine technologist worked with the 
following radionuclides: Ga-68 and I-131.

Which radiation protection instruments would you 
recommend to perform the screening measurement?

Quiz

Source: AI generated pictures (Copilot)



From the Swiss dosimetry ordinance (814.501.43)



From the Swiss dosimetry ordinance (814.501.43)



Result interpretation

Source: AI generated pictures (Copilot) based on images of the following instruments: Berthold LB 124 and Automess AD6; https://www.smrtinc.com/news/considerations-in-
navigating-radiopharmaceutical-facility-design/

when I placed the 
instrument close to 

my belly, it displayed
«1.1 μSv/h»

when I placed the 
instrument close to my

thyroid, it displayed «5.4 
counts per second (net)»

Did you
subtract the 
background?

How can you
interpret this

result?



Result interpretation



The nuclear medicine service recently bought this 

instrument to check for the absence of external and 

internal contamination when leaving the controlled area. 

You lack technical details on the probe placed in front of 

the thyroid, thus decide to perform a radiography.

Which kind of detector is it?

Quiz

Source: https://fr.wikipedia.org/wiki/D%C3%A9tecteur_%C3%A0_scintillation



The nuclear medicine technologist is 

contaminated, but he/she handled several 

unsealed sources today.

How would you proceed?

Quiz

Source: https://www.freepik.com/free-vector/flat-illustration-person-shrugging_24014014.htm#fromView=search&page=1&position=30&uuid=02faa368-3ed7-4438-8de9-
2a080f94656f&query=Confused+WOMAN+cartoon

Did you think 
about the available 
instruments @ the 

workplace?

CERN



This instrument:

1. Measures the radioactive concentration of a solution

(e.g. urine sample)

2. Measures contamination of a surface (e.g. gloves)

3. Measures the dose rate of a sample (e.g. a syringe)

4. Can be used to measure α radiation

99

Quiz



My passive dosimeter shows 0 mSv at the end of the month

1. It fulfilled its role to protect me from radiation!

2. This can be completely normal

3. My active dosimeter indicated 102 μSv = 0.1 mSv. I stop using 

the passive dosimeter because, obviously, it doesn't work

100

Ordinance on dosimetry

Quiz

Source: https://simpsons.fandom.com/fr/wiki/Radioactive_Man_(personnage), adapted from : 
https://fr.mirion.com/hubfs/1_Microsites/French%20Website/Nuclear/Spec%20Sheets/Protection%20du%20Personnel/DMC%203000%20Beta%20Module_Spec%20Sheet_SPC-232-
FR-A.pdf?hsLang=fr  



A surface contamination monitor

1. Typically identifies the radionuclide responsible for the 

contamination

2. Usually measures in counts per second

3. Can never measure α radiation

4. Is always unusable in a nuclear medicine department

(Background too high→ impossible to measure a contaminated surface)

101

Quiz

Source: https://graetz.com/en/products/contamination-detection-equipment/contamination-detector-graetz-como-170-f/ ; https://www.suva.ch/fr-ch/prevention/par-danger/materiaux-
rayonnements-et-situations-a-risque/rayonnement-et-radioactivite/rayonnement-ionisant/controle-de-letancheite-des-sources-de-rayonnements-scellees#state=%5Banchor-CF8180D4-
ED13-4C13-B867-AE1225A4C860%5D 



A surface contamination monitor

1. Typically identifies the radionuclide responsible for the 

contamination

2. Usually measures in counts per second

3. Can never measure α radiation

4. Is always unusable in a nuclear medicine department

(Background too high→ impossible to measure a contaminated surface)

102

wipe test

Quiz

Source: https://graetz.com/en/products/contamination-detection-equipment/contamination-detector-graetz-como-170-f/ ; https://www.suva.ch/fr-ch/prevention/par-danger/materiaux-
rayonnements-et-situations-a-risque/rayonnement-et-radioactivite/rayonnement-ionisant/controle-de-letancheite-des-sources-de-rayonnements-scellees#state=%5Banchor-CF8180D4-
ED13-4C13-B867-AE1225A4C860%5D 



Summary

• Explain the main components of a gamma-camera/SPECT 
device and its functioning. 

• Explain the working principle of different dosimetric devices 
(activimeter, dose rate meter, spectrometer, contamination 
monitor). 

• Identify the different fields of clinical and radiological 
protection applications.
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