This 1s what you should know after this lecture + own work:

|. 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 SPEC
4, Describe the rationa

| Imaging works
e behind PET imaging

5. List the different kinc

s of coincidences In PET acquisrtion

6. List the main components of a PET scanner and describe how different detector

designs influence iImage

quality.

/. Explain why using different isotopes in both SPE and PET influences image quality



Emission 3
(SPECT and PET)



snabb sammanfattning av tidigare avsnitt



| basta mgyliga fall:

# counts motsvarar

o 07@
scintillator 7
: oY)
kollimator <
X
’§.
2
%%09.\

usluy)

objekt (mask)

ooal: aktivitetestordelning (aktivitet och position)



Nagra problem

bild

objekt jag vill avbilda olik attenuering

in med radiotracer °

.. och radiotracer gar inte
BARA vart jag vill!

Viktigt med radiotracers som ar organspecifikal

Viktigt med attenueringskorrektion (CT)




't enkelt exempel av: fran raknehastigheten och
tenuering bestam aktivitet




Vad ar “imaging task™ I emission!?
(och 17SIngle Photon Emission™ avbildning | synnerhet)

VI startar enkelt:

gammakamera

?9mTc punktkalla
Under 100 s fas 10000 counts i ett omrade pa kameran pa 50 pixels.

Uppskatta kallans aktivitet och position.

|. Kallans aktivitet.

Kom ihag de “'stora” stegen 1 [Gsningen:

raknehastighet T > utstralade fotoner/s T > aktivitet
hur manga counts hur manga
fas (I snitt) per fotoner
utstralade utstralas (i snitt)
foton? per sonderfall?

Att gora: effektivitet
maste matas eller
uppskattas

Att gora: kolla
sonderfallsschemat



Raknehastighet, r, ar 100 cps (antal counts/insamlingstid)

. y )
9mTc punktkilla Hur stor andel utstralade fotoner traffar detektor:

O
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Under 100 s fas 10000 courits Utnyt.t.lelr att effektivitet ar obetc?ende av lavstandet
_och aIJer att uppskatta den i foljande fall:

halets bredd, bn

" § I:> andel prop mot ( >

halets langd, I
kristallens tjocklek, t, e
[

— . Lat oss antaga att hdlen ar fyrkantiga, vi kan uppskatta geometriska effektivitet till:
2
bh
2
4rly

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

Ngeo ~

Mint ~ 1 — e_M(EW)tk
Ldt oss antaga att bara 50% vaxelverkar via PE, da ar intrinsic efficiency vid photopeak:
n.- ~0,5(1— 6_“(E7)t"’)

Vi kan dd uppskatta antal utstrdlade fotoner/s, ufps, till:
Ufps ~

r T

(a4

Meoollob  _Lh .0,5(1 — e—r(By)tx)

47Tl%
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Raknehastighet, r, ar 100 cps (antal counts/insamlingstid)

Antal utstralade fotoner/s, ups

O
O
£
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00

?9mTc punktkalla
r r

o Upps X ————— &
Under 100 s fas | Mcounts Ip NeooNNEE b, .0,5(1 — e—H(E)t)

47rl%b

For 29mTc ar antal utstralade fotoner/s = aktivitet

PMo (T, = 66 hours)

By (31%)
B, (1.3%)
By (17%)

9 other betas
multiple gammas

\

.. \_.. gngC (TI.FZ =6.02 hquS)

e (Typ=2.14x 10° years)

\‘. By (100%) .
LA - — * %Ry (stable)

The decay of “Mo to *Ru via " Tc and “Tc presented as a simplified energy level

diagram.
Om vi tar:

Kristall: Csl, 8 mm tjock |:> Kallans aktivitet = |,7 MBqg
Kollimator: halbredd 0,8 mm, hallangd 20 mm

19y3nseyausel

S/JUO10} SPB[BNSIN <
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Vad ar “imaging task™ I emission!?
(och 17SIngle Photon Emission™ avbildning | synnerhet)

VI startar enkelt:

punktkalla

gammakamera

Under 100 s fas 10000 counts i ett omrade pa kameran pa 50 pixels.
Uppskatta kallans aktivitet och position.

2. Kallans position. e .
P projektion pa detektor motsvarar

50 px => langden dr cirka / px

nagonstans langs riktningen som kollimatorn
tillater




Vad ar “imaging task™ I emission!?
(och 17SIngle Photon Emission™ avbildning | synnerhet)

Vi fortsatter med mindre enkelt:

?9mTc punktkalla
| mitten pa vattensfar

gammakamera

Under 100 s fas 10000 counts i ett omrade pa kameran pa 50 pixels.
Uppskatta kallans aktivitet och position.

: y hur stor andel utstralad -
|. K&llans aktivitet. ur stor andel utstralade  Att gora

fotoner attenueringsfaktor
oo Y y e . (i snitt) gar genom maste uppskattas
Kom ihdg de “stora” stegen 1 |&sningen: attensfir
foton?
raknehastighet T > utstralade fotoner/s T > aktivitet
hur manga counts hur manga
fas (I snitt) per fotoner
utstralade utstralas (i snitt)
foton? per sonderfall?
Att gora: Vi 3
tt gora: effektivitet Att gora: kolla

maste matas eller

sOnderfallsschemat
uppskattas



Vad ar “imaging task™ I emission!?
(och 17SIngle Photon Emission™ avbildning | synnerhet)

Vi fortsatter med mindre enkelt:

?9mTc punktkalla
| mitten pa vattensfar

gammakamera

Under 100 s fas 10000 counts i ett omrade pa kameran pa 50 pixels.
Uppskatta kallans aktivitet och position.

. . hur stor andel utstralade
|. Kallans aktivitet.

fotoner
Kom his de “stora” st 15en . (i snitt) gar genom
om Inag de stora stegen | I0sningen: attensfir
foton?
raknehastighet T > utstralade fotoner/s T > aktivitet
hur manga counts hur manga
fds (i snitt) per utstrdlade fotoner
foton som har gatt genom utstrdlas (i snitt)
vattensfar? per sonderfall?

Att gora: effektivitet
maste matas eller
uppskattas

Att gora: kolla
sonderfallsschemat



Vi fortsatter med mindre enkelt:

?9mTc punktkalla
| mitten pa vattensfar

gammakamera

Utan att ta hansyn till att kdllan var 1 en vattensfar hade vi
uppskattat dess aktivitet tll |,7 MBag. Men kallan var 1 en
vattensfar och darfor ar det riktiga aktivitet:

|. Lagre an |,/ MBq
2. 1,7 MBgq, vi har ju precis raknat ut det!

3. Hogre an |,/ MBq
4. Det gar inte att saga ndgot



Vi fortsatter med mindre enkelt:

»mTc punktkalla
| mitten pa vattensfar

gammakamera

Lat oss sdga att vattensfar har en radie pa 5 cm. Uppskatta
kallans aktivitet som, utan attenueringskorrektion,
uppskattades till 1,7 MBa.

Antal fotoner som nar detektor har attenuerats med:

Cm2
6—0,146 o -1cri3-5cm ~ O, 48
Aktivitet uppskattas da till:

1,7 MBq
0,48

~ 3,5 MBq

NIST-tabell

for vatten
Energy ulo
(MeV) (cm2/g)

1.00000E-03  4.078E+03
1.50000E-03  1.376E+03
2.00000E-03  6.173E+02
3.00000E-03  1.929E+02
4.00000E-03  8.278E+01
5.00000E-03  4.258E+01
6.00000E-03  2.464E+01
8.00000E-03  1.037E+01
1.00000E-02  5.329E+00
1.50000E-02  1.673E+00
2.00000E-02 8.096E-01
3.00000E-02 3.756E-01
4.00000E-02 2.683E-01
5.00000E-02 2.269E-01
6.00000E-02 2.059E-01
8.00000E-02 1.837E-01
1.00000E-01 1.707E-01
1.50000E-01 1.505E-01
2.00000E-01 1.370E-01
3.00000E-01 1.186E-01
4.00000E-01 1.061E-01
5.00000E-01 9.687E-02
6.00000E-01 8.956E-02
8.00000E-01 7.865E-02
1.00000E+00 7.072E-02
1.25000E+00 6.323E-02
1.50000E+00 5.754E-02
2.00000E+00 4 942E-02
3.00000E+00 3.969E-02

3.403E-02

oY oV aVaVat =] .

.Y E .. 5



Ett mindre enkelt exempel av: fran raknehastigheten
och attenuering bestam aktivitet



OK mamo, jattekul med punktkdllor men, please, ge

attenueringskorrektion

bild med
projektion attenuerings-
(100 s insamlingstid) bild korrektion
0,74 75 7,5/0,74
0,58 29 2.9/058

O
~
N

1 1/0,74

0.58 58 5,8/0,58
[07+]

o
U
o

0,5/0,58

0,5 |
37 |
58 |
3,7
aktivitet [kBq]

O
~
N

3,7/0,74

attenueringsférdelﬁ'i-ﬁé

pl
~
N

O
U
QO

5,8/0,58

det riktiga aktivitetsfordelning I lungan

o
~
N

3,7/0,74

attenueringsfaktor aktivitet [kBq]

(NIST + Beers lag)

Vi kommer Ihag fran tidigare |6sning att kamerans effektivitet
var 100 cps/ I,7 MBq, vi kan darfér “rakna bild” fran projektion:

pixelvarde | projektion |
. — . — = pixelvdrde 1 bild
insamlingstid effektivitet




Single Photon Emission Computed Tomography



Single Emission Computed Tomography
(ofta gdr man ocksa en CT 16r attenuation korrektion)

Circular orbit Body contouring orbit

M FIGURE 19-3 Circular (A) and body-contouring (B} orbits.

180-degree cardiac orbit.

LPO .
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Vad hander om jag gor upplosning 2 geor battre!
(detektor pixellisering /2 sa stor, bilpixellisering /2 stor =>

600 px)

Reconstruction from noisy data/ noisy image
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Vad hander om jag halverar insamlingstid?

Reconstruction from noisy data/ noisy image

baseline

Reconstruction from noisy data/ noisy image

dubbelt sa bra
temporal uppldsning

— 20.73

4.99
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6.86
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Attenuation correction in SPECT

No Attenuation Attenuation Coefficient Attenuation Coefficient
Correction 0.12cm™ 1cm?

M FIGURE 19-7 Attenuation correction. On the left is a reconstructed transverse image slice of a cylindrical
phantom containing a well-mixed radionuclide solution. This image shows a decrease in activity toward the
center due to attenuation. (A small ring artifact, unrelated to the attenuation, is also visible in the center of the
image.) In the center is the same image corrected by the Chang method, using a linear attenuation coefficient

of 0.12 cm™', demonstrating proper attenuation correction. On the right is the same image, corrected by the
Chang method using an excessively large attenuation coefficient.



VS nead spect

battre uniformity

battre sensitivity vs enklare mekanik

resolution trade off




Positron Emission lomography



Qutline

|. PET basic idea

2. "electronic” collimation

3. sensitivity (vs resolution)

4. cyclotron (production of isotopes for PET)
D. COmMparison emission vs transmission




Posritron Emission lomography

depends on 3T energy and “material”

|-3 mm for | 8F in tissue
1\

B* range ~ -3 mm

M

~J 7 0511 MeV

Annihilation Radiation

~T -180°

Shaa . . A____JM‘
Excitation and lonization -~ 0511 Mev

&

B FIGURE 15-7 Annihilation radiation.



Basic 1dea




o /!
‘L -\

(LR

Q“’/\ \IV~><<
PR /NN "
- v

many counts/s!!!!!






| PET kan ett sonderfall som bast placeras:

|. med en precision som beror
bara pa detektorn

2. med en
pa fotoner
3. med en

Drecisio
nas ene

Drecisio

DA positron range

Excitation and lonization

N som beror
rgl.

N som beror

~J

~J7 0,511 Mev

Annihilation Radiation

~180°

]
_~ 0.511 MeV

B FIGURE 15-7 Annihilation radiation.
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+ no rotation gantry
- risk for paralysis!




| basta mojliga fall:

# counts proportionelig

¢
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scintillator - 2
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Q
&
-
?
gdﬂV ~
M1 qHE S
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PET geometri och data

. (sometimes a ring
[l ﬂg might refer to a ring

X |
: of the width of the
(transaXIal) axial extension of 1
A crystal element, instead)

Hur manga parametrar behoévs for
att bestdémma en linje i rummet?

1. axial coordinate

2. vinkel I xy-plan

3. avstand fran centrum av FOV
4. vinkel i xz-plan (ringskillnad)

LOR a mellan kristaller inom samma ring

LOR b mellan kristaller i olika ringar _‘ .



X
(transaxial)

. (sometimes a ring
[l ng might refer to a ring
of the width of the
axial extension of 1

crystal element, instead)

Realistic Sinogram no attenuation / data

10 20 30 40 50

slice23

.—#

T 4321.9568

2161.0000

0.0432

T 6092.9391

3046.5000

0.0609

direct sinogram
LOR:s inom samma ring

obligue sinogram
LOR:s mellan olika ringar



. (sometimes a ring

[l ng might refer to a ring
of the width of the
axial extension of 1

crystal element, instead)

X .
(transaxial)

A
Attenuation Phantom
T 0.74
e 50
40
/ 0 0.37
(axial) .
' Attenueringskorrektion t6r PET -
ra ar (relativt) enkelt om man har
attenuation map (dvs CT)
Activity Phantom
T 15.00
Realistic Sinogram no attenuation / data Realistic Sinogram / data
T 4321.9568 T 7.42
50 50
40 40 7.50
30 30
2161.0000 371
20 20
10 10 0.00
’ 0 10 20 30 40 50 pos ’ 0 10 20 30 40 50 000 -
Reconstruction MLEM, from non attenuated data 1493 6312 anstruction MLEM, from attenuated data, no attenuation corr<39ct|on Reconstruction MLEM, from attenuated data, attenuation co_r[eigtégn
— 1493 6 —
50 50 50
40 a0 40
* 746.8231 o D 117 > 8.20
20 20 20
10 10 10
) ) 0 0.00
°0 10 20 30 40 50 pores 0 0.00 )




Common modern detector design

2 by 2 array

//‘ /
Slits cut into

crystal

AN
Scintillation crystal / —SO e”er BGO
men Csk for special cases

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



Scintillation and Optical Properties of Some Common Scintillator Crystals

Primary decay Secondary decay Relative emission Emission Index of

Crystal constant (ns) constant (ns) intensity wavelength (nm) refraction
BaF; 0.8 600 12 220 and 310 1.49
CsF 4 5 390 1.48
Lu,SiOs(Ce) (LSO) 40 75 420 1.82
Gd,SiOs(Ce) (GSO) 60 600 30 430 1.85
Nal(T1) 230 ~10,000 100 410 1.85
BisGe;0,2 (BGO) 300 15 480 2.15
Csl(Na) 630 75 420 1.84
CaF,(Eu) 900 40 435 1.44
Csl(T1) 1000 45 565 1.80
CdwWO, 5000 ~20,000 20 480 2.20

Physical Properties of Some Common Scintillator Crystals

Effective
Density atomic Hygro- - - -
Crystal (gcm’®)  number  scopic Rugged H|gh Z, hlgh deﬂSITy (5 | | |<e\/)
CdWO, 7.90 64 No No (cleaves . | . .
easily)

LS04C) Quick! (coincidence)

(LSO) 7.40 65 No Yes
Bi4663012

(BGO) 7.13 75 No Yes
Gd,SiOs(Ce) 6.71 59 No No (cleaves

(GSO) easily)
BaF, 4.88 53 No Yes
CsF 4.64 53 Very No
Csl(Na) 4.51 54 Yes Yes
Csl(T) 4.51 54 Slightly Yes
Nal(TI) 3.67 51 Yes No

CaF,(Eu) 3.18 17 No No




Properties of the Ideal Scintillation Crystal for PET

Crystal property Purpose

High density High +y-ray detection efficiency

High atomic number High y-ray detection efficiency

Short decay time Good coincidence timing

High light output Allows large number of crystal
elements per photodetector

Good energy resolution Clear identification of full
energy events

Emission wavelength near Good match to photomultiplier

400 nm tube response
Transparent at emission Allows light to travel unim-
wavelength peded to photomultiplier

tube

Index of refraction near 1.5 Good transmission of light
from crystal to photomulti-
plier tube

Radiation hard Stable crystal performance

Nonhygroscopic Simplifies packaging

Rugged Allows fabrication of smaller
crystal elements

Economic growth process Reasonable cost




possible outcomes:

true coincidence scatter coincidence random coincidence
true = the detected gammas not truel
come from same decay (different decays)
== 1rue

which can be eliminated!?



possible outcomes:

true coincidence scatter coincidence random coincidence
true = the detected gammas not truel
come from same decay (different decays)
=> true

are random coincidences many?

A A 3. NE



time window T count rate R

event counted In a: under T there will be RT counts somewhere on detector

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

Count rate random coincidences: R2T




mMinimising random coincidences

PoIspIsuoy asayy  MUO



Other sources of Image noise

Detector elements Detector elements

( §| Axial septa

Lower noise but lower efficiency!



—flektivitet 1 PE

number of detected coincidences!?

hit detector: ZHRW = W/ZR

41IR2

attenuated: hit detector (1 _e-uX)Z
(both must be attenuated!)

2

IJ accepted: attenuated (M)
2

Since N A to activity => CCR a to activity




vanliga tidstonster for PET med BGO |2 ns,
med LSO 4.5 ns

-or Time Of Flight
°ET one needs
time resolution
of order |00 ps

annjhilgtion happens here

s this a problem for coincidence timing?
A JA  B.NE


massimiliano colarieti tosti


resolution center vs periferi

sensitivity vs resolution

|

grystal tﬁﬁkness\

7 T v \

—> spatial resolution Is not the same
in periphery as in middle of FOV



\ FWHM = d

-
=
I
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U
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IS

Discrete
A detectors

resolution at different positions in FOV

Intrinsic resolution
FWHM = R

{ E FWHM = R
{ E FWHM =~ 0.85R s

J\ FWHM = R;/[2

Source

Intrinsic resolution
FWHM = R

Continuous
B detectors

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 y 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.

A
d
_\“
7

0

D
d'—» <«
_//// i
l
-—/

d’=dcosO+xsin0



Increasing crystal thickness:

| improves spatial resolution

does not influence spatial resolution
worsen spatial resolution

improves efficiency

does not influence efficiency

worsen efficiency

~ (@)Y U S w N)

does not Influence spatial resolution In
the exact centre of FOV




Assume a uniform linear attenuation A Annihilation

. . hoton
coefficient U throughout the object P
d
d-x,
K ,
p e
/ 2 Patient
7 X,
Annihilation
photon
Attenuation factor for coincidences is:
A (eHx)2 B. €Mx c. e-Hdx) D. eid

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


massimiliano colarieti tosti


SPECT PET

collimator no collimator
(mechanical) (“electronic collimation™)

efficiency 10-3% efficiency up to 10%

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



F-18-FDG oncology




brain activity imaging

Images



alzheimer’s disease

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



sotopes for PE T



Radio- T B Max % Resolution
. 1 .
isotopes 2 |Energy (MeV) Ratio | (mm rms)
11 .

C 20 min 0.96 100 0.92
13 .

N 10 min 1.2 100 1.35
PO | 122 sec 1.7 100 2.4
F | 110 min 0.64 97 0.54

“Cu | 12.8h 0.65 18 0.55
“Ga | 68 min 1.9 89 2.8
“Rb | 76 sec 3.4 95 6.1
Physiological Main
Isotope Iracer Process Application
''C Methionine Protein Synthesis Oncology
T ) Movement
C Raclopride D2 Receptor Disorder
“N Ammonia Blood Perfusion Myocar.dlal
Perfusion
0 Water/Dioxise Blood Perfusion | Brain Activation
'°F Fluorine Ion Bone Metabolism Oncology
Oncology
8 Fluorine Glucose
F deoxyglucose Metabolism Neurology
Cardiology




Activity for PET: cyclotron

Magnetic field
Deflector (D)
Dee(vacuum) Electrode
)/ ’,7’—.—:_:“\\\
Attemating T A AN N, [Exit window (W)
Voltage ™\ \ NS E=R-L L .
S T ToTarget
= target
/ Dee(vacuum) *+
lon Source (S)
Todine-123 production: Top and bottom magnet removed
1 (p,5n) ' Xe ﬁ’ 1 or Magnetic field .
l \ \\ nuclear reaction
124 Xe(p,20)'2Cs 'll‘icmia*‘ 128y, EC 123
12 sec lv;l}lr N m P l
orth Pole
Vacuum
'3
Indium-111 production: | I
"Ag (@,2n) "'In  or "Cd{p,n) "'In or "*Cd(p,2n)''In South Pole
Cobalt-57 production:
*Fe (d,n) "Co
Thallium-201 production: Side View
11 (p,3n)*" Ph — 4 *"'T1
Fluorine-18 production: O (p,n) "*F (T,, = 110 min)
Nitrogen-13 production: "*O(p,a) PN (T,, = 10 min)

Oxygen-15 production: *N (d,n) O or PN (p,n)”0 (T,, = 2.0 min)
Carbon-11 production: *N (p,a) ''C (T, = 20.4 min)



