
This is what you should know after this lecture + own work:

1. Explain why one needs to perform attenuation correction in emission imaging
2. For a gamma camera or a PET scanner estimate count rate given activity and 
attenuation distribution. In simple cases, from the count rate and attenuation map 
estimate the activity distribution.
3. Describe how SPECT imaging works 
4. Describe the rationale behind PET imaging
5. List the different kinds of coincidences in PET acquisition
6. List the main components of a PET scanner and describe how different detector 
designs influence image quality.
7. Explain why using different isotopes in both SPE and PET influences image quality



Emission 3
(SPECT and PET)



snabb sammanfattning av tidigare avsnitt



i bästa möjliga fall:

scintillator

kollimator

objekt (mask)

# counts motsvarar summan
av

aktivitet

längslinjen

goal: aktivitetesfördelning (aktivitet och position)



Några problem

objekt jag vill avbilda

in med radiotracer

olik attenuering

bild

... och radiotracer går inte 
BARA vart jag vill!

Viktigt med radiotracers som är organspecifika!

Viktigt med attenueringskorrektion (CT) 



Ett enkelt exempel av: från räknehastigheten och 
attenuering bestäm aktivitet



Vad är “imaging task” i emission?
(och i “Single Photon Emission” avbildning i synnerhet)

Vi startar enkelt:

99mTc punktkälla

ga
m
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Under 100 s fås 10000 counts i ett område på kameran på 50 pixels. 
Uppskatta källans aktivitet och position.

Kom ihåg de “stora” stegen i lösningen:

1. Källans aktivitet.

räknehastighet —————> utstrålade fotoner/s —————-> aktivitet

hur många counts
fås (i snitt) per 
utstrålade
foton?

hur många 
fotoner
utstrålas (i snitt) 
per sönderfall?

Att göra: effektivitet 
måste mätas eller 
uppskattas

Att göra: kolla 
sönderfallsschemat



räknehastighet —
—
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-> aktivitet

99mTc punktkälla
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Under 100 s fås 10000 counts

Räknehastighet, r, är 100 cps (antal counts/insamlingstid)

Hur stor andel utstrålade fotoner träffar detektor?

Utnyttjar att effektivitet är oberoende av avståndet
och väljer att uppskatta den i följande fall:

andel prop mot( )2
hålets bredd, bh

hålets längd, lh

Låt oss antaga att hålen är fyrkantiga, vi kan uppskatta geometriska effektivitet till: 

⌘geo ⇡
b2h
4⇡l2h

<latexit sha1_base64="ELhPgkYKda3on8aBM7uox4WFg0M="></latexit>

Nu tittar vi på fotoner som har träffat kristallen. Hur stor andel detekteras?
(denna andel kallas intrinsic efficiency)

kristallens tjocklek, tk

⌘int ⇡ 1� e�µ(E�)tk

<latexit sha1_base64="R9+PgZ+RIPt67Z8kFP4BIZSCLoI="></latexit>

Låt oss antaga att bara 50% växelverkar via PE, då är intrinsic efficiency vid photopeak:

⌘PP
int ⇡ 0, 5(1� e�µ(E�)tk)

<latexit sha1_base64="dB54n9AkNr66XNY1nm2Dzq/4Okk="></latexit>

Vi kan då uppskatta antal utstrålade fotoner/s, ufps, till: 
ufps ⇡

r

⌘geo⌘PP
int

⇡ r
b2h

4⇡l2h
· 0, 5(1� e�µ(E�)tk)

<latexit sha1_base64="34CiImvgNWziiEGKmOqqcij/YlQ="></latexit>



räknehastighet —
—
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> utstrålade fotoner/s —
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-> aktivitet

99mTc punktkälla
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Under 100 s fås 1 Mcounts

Räknehastighet, r, är 100 cps (antal counts/insamlingstid)

ufps ⇡
r

⌘geo⌘PP
int

⇡ r
b2h

4⇡l2h
· 0, 5(1� e�µ(E�)tk)

<latexit sha1_base64="34CiImvgNWziiEGKmOqqcij/YlQ="></latexit>

Antal utstrålade fotoner/s, ufps

För 99mTc är antal utstrålade fotoner/s = aktivitet

Om vi tar :
Kristall: CsI, 8 mm tjock
Kollimator: hålbredd 0,8 mm, hållängd 20 mm

Källans aktivitet ≈ 1,7 MBq



Vad är “imaging task” i emission?
(och i “Single Photon Emission” avbildning i synnerhet)

Vi startar enkelt:

punktkälla

ga
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Under 100 s fås 10000 counts i ett område på kameran på 50 pixels. 
Uppskatta källans aktivitet och position.

2. Källans position.

någonstans längs riktningen som kollimatorn
tillåter

projektion på detektor motsvarar 
50 px => längden är cirka 7 px



Vad är “imaging task” i emission?
(och i “Single Photon Emission” avbildning i synnerhet)

Under 100 s fås 10000 counts i ett område på kameran på 50 pixels. 
Uppskatta källans aktivitet och position.

Kom ihåg de “stora” stegen i lösningen:

1. Källans aktivitet.

räknehastighet —————> utstrålade fotoner/s —————-> aktivitet

hur många counts
fås (i snitt) per 
utstrålade
foton?

hur många 
fotoner
utstrålas (i snitt) 
per sönderfall?

Att göra: effektivitet 
måste mätas eller 
uppskattas

Att göra: kolla 
sönderfallsschemat

Vi fortsätter med mindre enkelt:

99mTc punktkälla
i mitten på vattensfär ga

m
m

ak
am
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a

hur stor andel utstrålade 
fotoner
(i snitt) går genom 
vattensfär
foton?

Att göra: 
attenueringsfaktor
måste uppskattas 



Vad är “imaging task” i emission?
(och i “Single Photon Emission” avbildning i synnerhet)

Vi fortsätter med mindre enkelt:

99mTc punktkälla
i mitten på vattensfär ga

m
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Under 100 s fås 10000 counts i ett område på kameran på 50 pixels. 
Uppskatta källans aktivitet och position.

Kom ihåg de “stora” stegen i lösningen:

1. Källans aktivitet.

räknehastighet —————> utstrålade fotoner/s —————-> aktivitet

hur många counts
fås (i snitt) per utstrålade
foton som har gått genom 
vattensfär?

hur många 
fotoner
utstrålas (i snitt) 
per sönderfall?

Att göra: effektivitet 
måste mätas eller 
uppskattas

Att göra: kolla 
sönderfallsschemat

hur stor andel utstrålade 
fotoner
(i snitt) går genom 
vattensfär
foton?



Vi fortsätter med mindre enkelt:

99mTc punktkälla
i mitten på vattensfär ga

m
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Utan att ta hänsyn till att källan var i en vattensfär hade vi 
uppskattat dess aktivitet till 1,7 MBq. Men källan var i en 
vattensfär och därför är det riktiga aktivitet:

1. Lägre än 1,7 MBq 
2. 1,7 MBq, vi har ju precis räknat ut det!
3. Högre än 1,7 MBq
4. Det går inte att säga något



Vi fortsätter med mindre enkelt:

99mTc punktkälla
i mitten på vattensfär ga

m
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Låt oss säga att vattensfär har en radie på 5 cm. Uppskatta 
källans aktivitet som, utan attenueringskorrektion, 
uppskattades till 1,7 MBq.

NIST-tabell 
för vatten

Antal fotoner som når detektor har attenuerats med:

e�0,146 cm2

g ·1 g

cm3 ·5cm ⇡ 0, 48

<latexit sha1_base64="cUD5wdYSQJZhA2STIq4POIJ0P6w="></latexit>

Aktivitet uppskattas då till:

1, 7 MBq

0, 48
⇡ 3, 5 MBq

<latexit sha1_base64="Dl4gt3roEQqPL2pK85xuxpT8R1M="></latexit>



Ett mindre enkelt exempel av: från räknehastigheten 
och attenuering bestäm aktivitet



OK mamo, jättekul med punktkällor men, please, ge 
oss någon form av klinisk relevans!!!!!!!1111211221212
(jag skall göra mitt bästa, men måste ändå förenkla så att det går att enkelt räkna på, OK?)
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projektion 
(100 s insamlingstid)

Vi kommer ihåg från tidigare lösning att kamerans effektivitet 
var 100 cps / 1,7 MBq, vi kan därför “räkna bild” från projektion:

pixelvärde i projektion

insamlingstid
. 1

effektivitet
= pixelvärde i bild
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lung tissue, 2 cm

ben,  2 cm

0,74

0,58

0,58
0,74

0,74
0,58
0,74

0,74
0,58

attenueringsfaktor
(NIST + Beers lag)

7,5

5,8

2,9
11

7,5
0,5
3,7

3,7
5,8

aktivitet [kBq]

attenueringskorrektion

7,5/0,74

5,8/0,58

2,9/0,58

11/0,74

7,5/0,74

0,5/0,58

3,7/0,74

3,7/0,74

5,8/0,58

aktivitet [kBq]

bild

bild med
attenuerings-
korrektion



Single Photon Emission Computed Tomography



Single Emission Computed Tomography
(ofta gör man också en CT för attenuation korrektion)



Låt oss säga att vi vill göra SPECT

(bildsupplösning -bredd- 300 px)

objekt



Vad händer om jag gör upplösning 2 ggr bättre?
(detektor pixellisering 1/2 så stor, bilpixellisering 1/2 stor => 

600 px)
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Vad händer om jag halverar insamlingstid?
du
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Attenuation correction in SPECT



multi vs single head spect

bättre sensitivity vs 
resolution trade off

bättre uniformity
enklare mekanik



Positron Emission Tomography



Outline

1. PET basic idea
2. “electronic” collimation
3. sensitivity (vs resolution)
4. cyclotron (production of isotopes for PET)
5. comparison emission vs transmission



Positron Emission Tomography

β+ range ~ 1-3 mm

depends on β+ energy and “material”
1-3 mm for 18F in tissue



x

Basic idea

LOR



many counts/s!!!!!!





I PET kan ett sönderfall som bäst placeras:

1. med en precision som beror 
bara på detektorn
2. med en precision som beror 
på fotonernas energi. 
3. med en precision som beror 
på positron range
 



All projections at the same time!

+ no rotation gantry
- risk for paralysis!



i bästa möjliga fall:

scintillator

kollimator

objekt (mask)

# counts proportionelig summan
av

aktivitet

längslinjen



6 m colarieti tosti

a
b z

x

y

(axial)

ring

(transaxial)

(transaxial)
(sometimes a ring 

might refer to a ring 
of the width of the  
axial extension of 1 

crystal element, instead)

Figure 1: Geometry for a typical cylindrical PET scanner

scanner. However, one can decide to limit the allowed coincidences
among scintillation crystals so that only coincidences of the sort like
type a in figure 1 are considered. This way of acquiring data is then
called 2D PET. Let me point out once more, that this will not result
into 2D images, but only in data which is going to be divided into
2D sinograms that will then be stacked together to give a 3D volume.
Also, one has to remember that rings have a finite axial extent, so that
the 2D acquisition are alway a slice of finite thickness confounded
into a 2D image.

The reason to confine the acquisition to 2D slices is for reducing
the influence of scatter and random coincidences as well as for count
rate constraints. These effects were especially relevant in the past.
Nowadays I believe that most scanners operate mostly in 3D acquisi-
tion mode.

Data is collected usually in the form of a sinogram, since PET is
inherently 3D some definitions are needed.

2D case

Let me start with the description of a sinogram in the 2D case (note:
here I am referring to a 2D object, not to the 2D acquisition mode!).
The situation is depicted in figure 2. Suppose your scanner registers
the LOR indicated as a thick red line in fig. 2. The reference system

LOR a mellan kristaller inom samma ring
LOR b mellan kristaller i olika ringar

PET geometri och data

Hur många parametrar behövs för 
att bestämma en linje i rummet?

1. axial coordinate
2. vinkel i xy-plan
3. avstånd från centrum av FOV
4. vinkel i xz-plan (ringskillnad) 

PET data är 4D! 1-3 ger sinogram(er)



6 m colarieti tosti

a
b z

x
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(axial)

ring

(transaxial)

(transaxial)
(sometimes a ring 

might refer to a ring 
of the width of the  
axial extension of 1 

crystal element, instead)

Figure 1: Geometry for a typical cylindrical PET scanner

scanner. However, one can decide to limit the allowed coincidences
among scintillation crystals so that only coincidences of the sort like
type a in figure 1 are considered. This way of acquiring data is then
called 2D PET. Let me point out once more, that this will not result
into 2D images, but only in data which is going to be divided into
2D sinograms that will then be stacked together to give a 3D volume.
Also, one has to remember that rings have a finite axial extent, so that
the 2D acquisition are alway a slice of finite thickness confounded
into a 2D image.

The reason to confine the acquisition to 2D slices is for reducing
the influence of scatter and random coincidences as well as for count
rate constraints. These effects were especially relevant in the past.
Nowadays I believe that most scanners operate mostly in 3D acquisi-
tion mode.

Data is collected usually in the form of a sinogram, since PET is
inherently 3D some definitions are needed.

2D case

Let me start with the description of a sinogram in the 2D case (note:
here I am referring to a 2D object, not to the 2D acquisition mode!).
The situation is depicted in figure 2. Suppose your scanner registers
the LOR indicated as a thick red line in fig. 2. The reference system

direct sinogram 
LOR:s inom samma ring

oblique sinogram 
LOR:s mellan olika ringar



6 m colarieti tosti

a
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x
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(axial)

ring

(transaxial)

(transaxial)
(sometimes a ring 

might refer to a ring 
of the width of the  
axial extension of 1 

crystal element, instead)

Figure 1: Geometry for a typical cylindrical PET scanner

scanner. However, one can decide to limit the allowed coincidences
among scintillation crystals so that only coincidences of the sort like
type a in figure 1 are considered. This way of acquiring data is then
called 2D PET. Let me point out once more, that this will not result
into 2D images, but only in data which is going to be divided into
2D sinograms that will then be stacked together to give a 3D volume.
Also, one has to remember that rings have a finite axial extent, so that
the 2D acquisition are alway a slice of finite thickness confounded
into a 2D image.

The reason to confine the acquisition to 2D slices is for reducing
the influence of scatter and random coincidences as well as for count
rate constraints. These effects were especially relevant in the past.
Nowadays I believe that most scanners operate mostly in 3D acquisi-
tion mode.

Data is collected usually in the form of a sinogram, since PET is
inherently 3D some definitions are needed.

2D case

Let me start with the description of a sinogram in the 2D case (note:
here I am referring to a 2D object, not to the 2D acquisition mode!).
The situation is depicted in figure 2. Suppose your scanner registers
the LOR indicated as a thick red line in fig. 2. The reference system

Attenueringskorrektion för PET 
är (relativt) enkelt om man har 

attenuation map (dvs CT)



Common modern detector design

LSO eller BGO
men CsF  for special cases

Many of this “detector blocks” are used to form a ring.



High Z, high density (511 keV)
Quick! (coincidence)





possible outcomes:

true coincidence scatter coincidence random coincidence

true = the detected gammas
come from same decay
=> true

not true!
(different decays)

which can be eliminated?



true coincidence scatter coincidence random coincidence

true = the detected gammas
come from same decay
=> true

not true!
(different decays)

are random coincidences many?

A. JA          B. NEJ

possible outcomes:



τtime window count rate R

a

event counted in a: under τ there will be Rτ counts somewhere on detector 

for every count -> Rτ possible pairs (one true(?) all other untrue)

Count rate random coincidences: R2τ



minimising random coincidences

only 
these

considered

as possible pairs



Other sources of image noise

Lower noise but lower efficiency!



NE

number of detected coincidences?

R

w

 2πRw
4πR2 = w/2Rhit detector:

attenuated:

μ

x    (1-e-μx)2hit detector
(both must be attenuated!)

Since NE α to activity => CCR α to activity 

accepted: attenuated ( )
2

NE  w (1-e-μx)2

2 2R

2

( )

Effektivitet i PET 



vanliga tidsfönster för PET med  BGO 12 ns, 
med LSO 4,5 ns

annihilation happens here

Is this a problem for coincidence timing?    
                            A. JA     B. NEJ

For Time Of Flight
PET one needs
time resolution
of order 100 ps

massimiliano colarieti tosti



sensitivity vs resolution

➙ spatial resolution is not the same
in periphery as in middle of FOV

resolution center vs periferi
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FIGURE 18-10 Apparent width of a 
detector element, d′, increases with 
increasing radial offset in a PET 
scanner consisting of a circular array 
of detector elements. Because the 
depths at which the γ rays interact 
within the scintillation crystal are 
unknown, the annihilation event for 
a pair of photons recorded in coinci-
dence could have occurred anywhere 
within the shaded volume. The mag-
nitude of the effect depends on the 
source location, the diameter of the 
scanner, D, the length of the crystal 
elements, x, and the width of the 
detector elements, d. 
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a degradation of resolution known as the 
depth of interaction (DOI) effect. Although the 
effect also occurs in the axial direction in 
scanners that use cross-plane coincidence 
detection for 3-D data acquisition (see Section 
C.2), the primary effect is in the radial direc-
tion, and the discussion focuses on this aspect 
of the problem.

Figure 18-10 illustrates the cause of the 
problem for a detector system that uses a 
circular array of elements, all or most ele-
ments of which operate in multicoincidence 
mode with other elements in the array. For a 
source located near the center of the scanner, 
spatial resolution is determined by the width 
of the detector element, Rdet = d/2, as described 
in Section A.3 and illustrated in Figure 18-4. 
However, for a source located away from the 
center, the apparent width of the detector 
element becomes

 ′ = +d d xcos sinθ θ  (18-4)

where d, x, and θ are as indicated in Figure 
18-10. The apparent change in width results 
from the angulation between the detectors 
and from lack of knowledge about the depth 

at which an interaction has occurred within 
the detector crystal. The spatial resolution 
(FWHM) then becomes R′det = d′/2. Using 
Equation 18-4, this can be written as

 
′ ≈ ( ) × + ( )[ ]

≈ × + ( )[ ]
R d x d

R x d
det sin/ cos /

cos / sindet

2 θ θ
θ θ  (18-5)

From this equation it can be seen that the 
DOI effect is described by a multiplicative 
factor applied to the value of detector resolu-
tion at the midpoint between a pair of directly 
opposed detectors.

Equation 18-5 is only an approximation 
because the thickness of detector material is 
not constant across the width of the detector 
element seen by the source. Note as well that, 
for thin detector elements [(x/d) << 1], it is 
possible that R′det < Rdet. The same would be 
true for a very efficient detector material (or 
a very thin detector) that would stop most of 
the annihilation photons in a thin layer at the 
entrance to the detector. However, these con-
ditions never apply in practice. Typically, x ~ 
2 to 3 cm and d ~ 0.3 to 0.6 cm. For a whole-
body PET scanner with 4-mm-wide detectors 
on a diameter of 80 cm, the DOI effect causes 
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FIGURE 18-10 Apparent width of a 
detector element, d′, increases with 
increasing radial offset in a PET 
scanner consisting of a circular array 
of detector elements. Because the 
depths at which the γ rays interact 
within the scintillation crystal are 
unknown, the annihilation event for 
a pair of photons recorded in coinci-
dence could have occurred anywhere 
within the shaded volume. The mag-
nitude of the effect depends on the 
source location, the diameter of the 
scanner, D, the length of the crystal 
elements, x, and the width of the 
detector elements, d. 
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a degradation of resolution known as the 
depth of interaction (DOI) effect. Although the 
effect also occurs in the axial direction in 
scanners that use cross-plane coincidence 
detection for 3-D data acquisition (see Section 
C.2), the primary effect is in the radial direc-
tion, and the discussion focuses on this aspect 
of the problem.

Figure 18-10 illustrates the cause of the 
problem for a detector system that uses a 
circular array of elements, all or most ele-
ments of which operate in multicoincidence 
mode with other elements in the array. For a 
source located near the center of the scanner, 
spatial resolution is determined by the width 
of the detector element, Rdet = d/2, as described 
in Section A.3 and illustrated in Figure 18-4. 
However, for a source located away from the 
center, the apparent width of the detector 
element becomes

 ′ = +d d xcos sinθ θ  (18-4)

where d, x, and θ are as indicated in Figure 
18-10. The apparent change in width results 
from the angulation between the detectors 
and from lack of knowledge about the depth 

at which an interaction has occurred within 
the detector crystal. The spatial resolution 
(FWHM) then becomes R′det = d′/2. Using 
Equation 18-4, this can be written as

 
′ ≈ ( ) × + ( )[ ]

≈ × + ( )[ ]
R d x d

R x d
det sin/ cos /

cos / sindet

2 θ θ
θ θ  (18-5)

From this equation it can be seen that the 
DOI effect is described by a multiplicative 
factor applied to the value of detector resolu-
tion at the midpoint between a pair of directly 
opposed detectors.

Equation 18-5 is only an approximation 
because the thickness of detector material is 
not constant across the width of the detector 
element seen by the source. Note as well that, 
for thin detector elements [(x/d) << 1], it is 
possible that R′det < Rdet. The same would be 
true for a very efficient detector material (or 
a very thin detector) that would stop most of 
the annihilation photons in a thin layer at the 
entrance to the detector. However, these con-
ditions never apply in practice. Typically, x ~ 
2 to 3 cm and d ~ 0.3 to 0.6 cm. For a whole-
body PET scanner with 4-mm-wide detectors 
on a diameter of 80 cm, the DOI effect causes 
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FIGURE 18-4 Spatial resolution of detector pair (Rdet) for coincidence detection. A, For discrete detectors, spatial reso-
lution is determined by the width of the detector element, d. At midplane, the coincidence response function is a triangle 
with full width at half maximum (FWHM) = d/2. As the source is moved closer to one of the detectors, the response 
function becomes trapezoidal in shape, eventually becoming a rectangle of width, d. B, For continuous detectors, spatial 
resolution is determined by the intrinsic resolution of the detector, Rint. At the midplane, the coincidence response 
function is approximately gaussian, with FWHM = Rint / 2. Near the face of a detector, it becomes FWHM = Rint. 

Discrete
detectors

Continuous
detectors

FWHM ! d /2

FWHM ! d

FWHM ! 3 d /4

d

Intrinsic resolution
FWHM ! R int

Intrinsic resolution
FWHM ! R int

FWHM ! R int

FWHM ! 0.85R int

Source

FWHM ! R int/  2

A B

resolution at different positions in FOV



Increasing crystal thickness:

improves spatial resolution

does not influence spatial resolution

worsen spatial resolution

improves efficiency

does not influence efficiency

worsen efficiency
does not influence spatial resolution in 
the exact centre of FOV

1

2

3

4

5

6

7



Assume a uniform linear attenuation
coefficient μ throughout the object

Attenuation factor for coincidences is:

A. B. C.(e-μx)2 e-μx e-μ(d-x) D. e-μd

More attenuation in PET or SPECT? Does attenuation disturb more in PET or SPECT?

massimiliano colarieti tosti



SPECT PET

collimator
(mechanical)

no collimator
(“electronic collimation”)

efficiency 10-3% efficiency up to 10%

gammas E ~100-200 keV gammas E = 511 keV



F-18-FDG oncology



brain activity imaging

rest music images



alzheimer’s disease

54 year old female, 68.2 kg (150 lbs)
Decreased glucose metabolism in posterior parietal association cortex in patient with 
memory problems.



isotopes for PET





Activity for PET: cyclotron

target

nuclear reaction


