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Positron Emission Tomography

Section 1

Positron Emission Tomography
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Positron Emission Tomography Introduction

Positron Emission Tomography; the process

PET exploits photons generated in annihilation: e+ + e− → γ1 + γ2

β+ from decay scatters elastically off atomic electrons, loosing energy, until it annihilates

Annihilation assumed to be at rest. To conserve energy and momentum:

Photons produced back-to-back

Photon energies equal: Eγ1 = Eγ2 = Eγ = mc2 = 511 keV

Back-to-back topology localises annihilation signal to a line in 3D space

PET detectors use inorganic scintillators with large Z :

Eγ large compared to photons used in SPECT

So require dense scintillator with greater “stopping power” than NaI
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Positron Emission Tomography Introduction

Beta(+) decay, reprise by exampleDecay by b+ emission

• proton transformed into 
a positron (positively 
charged electron) and 
neutron

• positron ejected from 
nucleus along with 
neutrino

• p+ ® n + e+ + n + E
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Positron Emission Tomography Introduction

Positron emitting radionuclides
Positron emitting radionuclides
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Isotope Half-life b+ fraction Max. kinetic Average positron
energy range in water (mm)

C–11 20.3 mins 0.99 0.96 MeV 1.0 mm
N–13 9.96 mins 1.00 1.19 MeV 1.3 mm
O–15 123 secs 1.00 1.72 MeV 2.0 mm
F–18 110 mins 0.97 0.64 MeV 0.6 mm
Ga–68 68.3 mins 0.88 1.90 MeV 1.2 mm
Rb–82 78 secs 0.95 3.35 MeV 2.8 mm
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Positron Emission Tomography Coincidence detection

Principle Annihilation coincidence detection
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Positron Emission Tomography Coincidence detection

Taking views in parallel

Multiple projections taken at the same time:

Schematic shows two projections

Ring of detectors can take all projections
simultaneously

→ An advantage over SPECT

“Annihilation Coincidence Detection” (ACD)

ACD localises events to a line;
“electronic collimation”

Eliminates need for absorptive septa

Enhances geometrical efficiency substantially

→ Another advantage over SPECT
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Positron Emission Tomography Coincidence detection

“Block detector” for PET

Cuts in scintillator:

Do not extend to full depth

Reflective material fills gaps

Light yield function of position

Example of “multiplexing”;
Reduces cost of optical readout

!"#$%&'()($)#*&+#*&,-.

!"#$%&&

! /&0" 1&# 2 $ 2 %3&4&0" 1&# 1&$ 1&%3

& /&0" 2 # 1&$ 2 %3&4&0" 1&# 1&$ 1&%3

5#6*&789:"(&$;<99("&
=;#)#>6")8="8(*&)6?(7

@(:>(9)('&?"#$%&#+&
!AB&#*&C@B 7$89)8""<)#*

D(+"($)#*&><)(*8<"&
?()E((9&7(:>(9)7

FG&$*H7)<"7I&G&=>)7J
'()*+,)$-+.#%/"0*12%1/%&3

$ "
% #

'

(

KL!L&89&);(&+#*>6"<&
#9&);87&7"8'(I&!
<9'&& <*(&
>(<76*('&*("<)8M(&
)#&);(&$)*+,) #+&
?"#$%&#+&G&,N.7

!"#$%&'()($)#*&+#*&,-.

!"#$%&&

! /&0" 1&# 2 $ 2 %3&4&0" 1&# 1&$ 1&%3

& /&0" 2 # 1&$ 2 %3&4&0" 1&# 1&$ 1&%3

5#6*&789:"(&$;<99("&
=;#)#>6")8="8(*&)6?(7

@(:>(9)('&?"#$%&#+&
!AB&#*&C@B 7$89)8""<)#*

D(+"($)#*&><)(*8<"&
?()E((9&7(:>(9)7

FG&$*H7)<"7I&G&=>)7J
'()*+,)$-+.#%/"0*12%1/%&3

$ "
% #

'

(

KL!L&89&);(&+#*>6"<&
#9&);87&7"8'(I&!
<9'&& <*(&
>(<76*('&*("<)8M(&
)#&);(&$)*+,) #+&
?"#$%&#+&G&,N.7

!"#$%&'()($)#*&+#*&,-.

!"#$%&&

! /&0" 1&# 2 $ 2 %3&4&0" 1&# 1&$ 1&%3

& /&0" 2 # 1&$ 2 %3&4&0" 1&# 1&$ 1&%3

5#6*&789:"(&$;<99("&
=;#)#>6")8="8(*&)6?(7

@(:>(9)('&?"#$%&#+&
!AB&#*&C@B 7$89)8""<)#*

D(+"($)#*&><)(*8<"&
?()E((9&7(:>(9)7

FG&$*H7)<"7I&G&=>)7J
'()*+,)$-+.#%/"0*12%1/%&3

$ "
% #

'

(

KL!L&89&);(&+#*>6"<&
#9&);87&7"8'(I&!
<9'&& <*(&
>(<76*('&*("<)8M(&
)#&);(&$)*+,) #+&
?"#$%&#+&G&,N.7

Example:

l

l

a, b, c, d are the number of counts in the 4 scintillators

l is the size of the PMT (approximated as the side of a square)
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Positron Emission Tomography Coincidence detection

“Block detector” for PET

Flood irradiation of block detector with 511 keV γs:

Spatial localisation of energy deposits

Non-linear response corrected with “look-up table”
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Positron Emission Tomography Coincidence detection

Forming the coincidencePrinciple of annihilation coincidence detection
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Principle of annihilation coincidence detection
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CFD: constant fraction discriminator
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Positron Emission Tomography Coincidence detection

Constant fraction discriminator (CFD)

Aside: constant fraction discriminator (CFD)

• electronic device for converting analogue 
pulse to digital signal

• provides precise timing information
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Zero-cross
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Aside: constant fraction discriminator (CFD)

• electronic device for converting analogue 
pulse to digital signal

• provides precise timing information
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Delay Inverter

Zero-cross
detector

Analogue input Digital output

Objective: determine arrival time of pulse that is largely independent of pulse height

Time at which signal reaches a fraction (e.g. 25%) of its peak amplitude
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Positron Emission Tomography Coincidence detection

Time-of-flight measurement

A: ACD configuration
B: No ToF: back-projection with equal probability
C: ToF: back-projection localised at ∆d

If time-of-arrival difference is ∆t, then:

∆d =
c∆t

2

where ∆d is measured w.r.t. the midpoint

Localises back projection to ∆d ± σ∆d

Requires fast scintillator, fast electronics to
yield ∆t ∼ 100− 200 ps

Leads to σ∆d ∼ 2− 3 cm

Of benefit in removal of ambiguities in
reconstruction
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Positron Emission Tomography Coincidence detection

Intrinsic spatial resolution

x
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Positron Emission Tomography Coincidence detection

Intrinsic spatial resolution

With coordinates defined above, projected
length l is given by:

l = d
h − y

y

Observations:

At fixed y , l is independent of x

Intensity recorded is a function of x

At fixed y :

PDF rises from 0 at x = 0 and x = d
Plateau in PDF reached when xP = d

h y

For y = h
2 no plateau because xP = d

2

Shown in LH column of figure
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Positron Emission Tomography Coincidence detection

Intrinsic spatial resolution

Referring now to RH column of figure . . .

Define FWHM at y = h: FWHM = Rint

Intrinsic resolution:

y = h: rectangular distribution
σint = Rint

2 = d√
12

y = h
2 : triangular distribution

σint = Rint

2
√

2
= d√

2
√

12

Intermediate y : “truncated triangle”
d√

2
√

12
≤ σint ≤ d√

12
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Positron Emission Tomography Coincidence detection

Measured intrinsic resolution

Measured “residuals” for:

2 detectors each with d = 17 mm

σint = 4.91 mm
⇒ FWHM = Rint = 9.81 mm

Resolution favourable cf SPECT with:

Conjugate sampling

Arithmetic mean position estimation

For equivalent position resolution PET is:

More efficient that SPECT (collimator)

Faster; all images taken at once
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Positron Emission Tomography System resolution

Factors that determine system resolution

Intrinsic resolution of PET system degraded by:

Fundamental physics:

Non-zero range of positron as it slows down prior to annihilation
Residual momentum of positron at annihilation results in non-colinear photons

Reconstruction:

Depth-of-interaction effect
Sampling effect
Filter effect
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Positron Emission Tomography System resolution

Fundamental physics: positron range

Effective range depends on:

Emax

Material, i.e. tissue

For relevant PET isotopes:

Emax in range 0.5–1.8 MeV

Results in e+ range in range 2–8 mm
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Positron Emission Tomography System resolution

Fundamental physics: positron range

End-point coordinate distribution falls
exponentially; certainly not Gaussian!

RMS of the effective range distribution used:
FWHM: Rrange; resolution: σrange

Resolution improves as Emax falls
18F gives improved resolution over other
commonly used isotopes
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Positron Emission Tomography System resolution

Fundamental physics: non-colinearity

Non-colinearity angular distribution:

Sufficiently Gaussian, use FWHM

FWHM approximately 0.5◦

Geometrically:

R180 =
D

2
× 0.25

π

180
= 0.0022× D

and so resolution is σ180 = R180
2

K. Long ND&MRI: Lecture 5; PET I Centre for the Clinical Application of Particles 21 / 27

https://www.imperial.ac.uk/clinical-application-of-particles/


Positron Emission Tomography System resolution

System resolution

System resolution, taken to be the resolution of the hardware, may now be evaluated:

In terms of FWHM:

Rsys =
√
R2
int + R2

range + R2
180

In terms of resolution:

σsys =
√
σ2
int + σ2

range + σ2
180

Example: clinical PET scanner:

5 mm scintillator: Rint = 2.5 mm
18F-labelled tracer: Rrange = 0.6 mm

800 mm diameter scanner: R180 = 1.8 mm

Yields:

Rsys = 3.1 mm
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Positron Emission Tomography System resolution

Reconstruction: depth-of-interaction (DOI) effect

Thickness of scintillator used to stop 511 keV γ
introduces a reconstruction uncertainty

For the case sketched, the apparent width of
the detector, d ′, is given by:

d ′ = d cos θ + x sin θ

Can now use d ′ in the formulæ for, e.g., Rint

In a typical system, the DOI effect causes a
degradation of ∼ 40% in the resolution at a
distance of 100 mm from the centre
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Positron Emission Tomography System resolution

Reconstruction: sampling effect

The intrinsic resolution is determined by the detector size, d

A) Sampling “frequency” determined by spacing, also d
Limits minimum feature size that can be resolved

B) Record neighbouring coincidences
Improved sampling; can reduce minimum feature size

c) Treat “neighbouring coincidences” (B) as additional samples
Implementation leads to improvement in detail in image
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Positron Emission Tomography System resolution

Reconstruction: filter effect

Image reconstruction exploits techniques such as filtered back projection

Filters are used to suppress noise, but, removing frequencies from the Fourier transform of the
image can also remove detail from the image

Image-processing strategies need to be tailored to the situation, e.g. brain scans may require
different strategies to abdominal scans
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Positron Emission Tomography Sensitivity

Sensitivity

Sensitivity is determined primarily by detector efficiency and solid angle coverage

True coincidence count rate RTrue for a positron-emitting source in air near midpoint between
a pair of detectors is:

RTrue = Re+ε2G exp (−µT )

where:

Re+ is the rate of positron emission (positrons/sec)

ε is the intrinsic detector efficiency
(no of γ-rays recorded by detector)/(no of γ-rays ‘hitting’ detector)

G is the geometric efficiency of an individual detector
G = 2Adet

3πD2

µ is the linear attenuation coefficient, T the total thickness
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Positron Emission Tomography Sensitivity

Sensitivity

Intrinsic detector efficiency for a variety of scintillators

Sensitivity continued…
• e very important - enters as squared term: e = 1 – exp(–µscintillatorx)
• scintillators for PET

• PET scintillators must be thick (2 cm or greater) for high 
sensitivity

Scintillator µscintillator
(cm-1)

e (2 cm) e2 (2 cm) Photon yield
(per keV)

NaI (Tl) 0.34 0.49 0.24 38
BGO 0.95 0.85 0.72 8
LSO 0.88 0.83 0.69 20-30
GSO 0.70 0.75 0.57 12-15
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