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NUCLEAR MEDICINE IMAGES OF THE SAME PATIENT

(male, 68y, 65kg)
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NUCLEAR MEDICINE IMAGES OF THE SAME PATIENT

Planar scintigraphy SPECT & CT

(Projection) (Coronal slice)

(male, 68y, 65kg)

PET & CT

(Coronal slice)
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NUCLEAR MEDICINE IMAGES OF THE SAME PATIENT

Planar scintigraphy SPECT & CT

(Projection) (MIP*)

¢y

(male, 68y, 65kg) (*) MIP = Maximum intensity projection
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

OVERVIEW

Nuclear medicine? Why radiation?
Emission imaging

Tomographic image reconstruction
Multi modality imaging
Applications
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

WHY RADIATION?

Functional imaging:
Non-invasive

Image physiological processes on a
molecular basis

So?
We have to make the molecules visible

We need something that goes through matter
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

RADIATION IN NUCLEAR MEDICINE

Radioactive decay by emission of
a (He2*, 2 neutrons and 2 protons)

B (electron B- or positron B*)

y (photon)
a &
For utilization in therapy, chose nuclides that
cause high localized and (if possible) B o
low global damage to tissue (a or )
Y

For utilization in diagnosis, chose nuclides that

cause low local and low global damage
to tissue (B* orvy)

emit particles which escape subject

have short half life
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The interaction of radiation with matter —

lonizing photon radiation

Naturally produced from radioactive decay of (artificial) radioisotopes

* Particle emission due to radioactive decay
* Nuclear transitions following radioactive decay (typically few MeV)
« Annihilation gamma rays (511 keV)

T Anzahl der Protonen

bis zum Element 118*
268 stabile Nuklide
~ 2500 radioaktive Nuklide bekannt

Anzahl der Meutronen
_—




LUDWIG-
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UNIVERSITAT
MUNCHEN

Nuclides table

T Anzahl der Pratonen o
@
Fh
126
Sn
82
50
[+
28
] Anzahl der Meutronen
He| I
2 8

16




Decay law

Decay Cil_]:‘] = —ﬂN(t) = N()= Noe—/‘tt _ Noe—t/Z'

A : decay constant

7=1/4: mean lifetime

T,,=7In2 (=0.693 7): half-life

Activity A(t)=AN(¢t) = Aoe_/u
[Bgql=1/s (1 Ci=3.7*10"° Bq)
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Radioactive decay

Decay time Residual
n-T,, activity
1 50%
3 = 10%
6 = 1%
10 = 0.1%




Boning: Introduction to Nuclear Medicine Imaging (part 1)

RADIATION IN NUCLEAR MEDICINE:
NUCLIDES (BRIEFLY)

Energy Half-life
[MeV] (approx.)

99mTc 0.140 6 h Scintigraphy/SPECT
1231 Y 0.159 13 h Scintigraphy/SPECT
1241 B+ 0.8 -2.1 4 d PET

Y 0.6 -1.7
131] 3- 0.190 8 d Therapy

Y 0.364 (+Scintigraphy/SPECT)
1771y 3- 0.5 7 d Therapy

Y 0.113, 0.208 (+Scintigraphy/SPECT)
18F B+ 0.2 2 h PET
68Ga B+ 1 h PET
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

DOSE FROM IONIZING RADIATION (BRIEFLY)

Energy dose:

D = (deposited energy) / mass = E/ m; [Gy = ]J/kg]

Equivalent organ (i.e. target, ,t") dose:
H, = (organ energy dose) * (radiation factor ) = D, * w,; [Sv = J/kgd]

Examples: w, = 1; w,= 20

Effective Dose (,,all organs t and all radiation types r™):
E=2w*(Z w *D) = 2w ™ H; [Sv = J/kd]
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

DOSE FROM IONIZING RADIATION (BRIEFLY):

RADIATION SAFETY

Factors influencing radiation damage:
A: Activity (i.e. decays per second)
t: Time of exposure
r: Distance to radioactive substance

Schielding (i.e. lead, tungsten, ..)

Safety quick-guide:
Minimize activity (A)
Minimize time (t) of exposure to radiation

Maximize distance (r) to source

Don't panic! There is plenty of radiation in nature!

Cosmic radiation (mountains, plane, ..)

Radioactive matter (mountains, ..)

Radiation Dose

szA(t)dt.F

9T T 20

72

Equivalent Dose
Activity

Time

Distance
Coefficient
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

DOSE FROM EXPOSURE TO IONIZING RADIATION IN MEDICINE

CT abdomen 10 - 25
CT thorax or spine 6-10
CT head 2-4
Rontgen mammography 0.2 -0.6
Réntgen thorax 0.02 - 0.08
Thyroid scintigraphy (20 MBq 2°™Tc-pertechnetat) 0.7
Bone SPECT (250 MBq °°™Tc-phosphonat) 5
Myocard SPECT (30 MBq 2°1TI-chloride) 17

PET (200 - 370 MBq 8F-FDG) 4 -6

(BFS BJ2009)
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

DOSE FROM EXPOSURE TO IONIZING RADIATION
(WORLDWIDE MEAN)

Terrestrial radiation 0.5

Cosmic radiation 0.4

Internal radiation 1.5 (mainly inhalation of 222Rn)
Sum from natural radiation 2.4 (Germany approx. 2.1)
Sum from civil radiation 2.0 (mainly Rontgen diagn.)
Overall 4.5

Plane flight Europe - USA:
1 h flight (0.7 uSv/h) is approx equivalent to 1 d exposure (natural + civil.)
1 flight is approx. equivalent to 1 Rontgen thorax examination

Personal (in Nuclear Medicine):
1 - 6 mSv/a (max. allowed: 20 mSv/a)
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

THE RADIOPHARMACEUTICAL (,TRACER")

The “tracer” is a radioactive substance which couples to functionally
active molecules

2-fluoro- 32
Example: PET tracer 18F-FDG Acdacoy R uckes .
-~ Hydrogen

- .,

a sugar analogue (glucose)

8 K_,Carbon
Y

metabolic rate is _
abnormally high in Ocygen
malignant tissue

Fluorin/e“- 18

e

Maximum-Intesity-Projection (MIP) of '8F-FDG PET
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HOW CAN WE GENERATE EMISSION IMAGES?

All images: Detect radiation
(,forward projection®)

We need to detect and classify the incoming radiation

We need to know the direction of the detected radiation

— Collimation of the incoming gamma rays

Reconstruct image
(,back projection®)

Tomography:

From 2 views
For high resolution and image quality we need to '

acquire many angular views (projections)

— Rotating detectors or ring detector systems From 3 views
J;WL
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

HOW CAN WE GENERATE EMISSION IMAGES?

.Jomography" with 1 view

20 40 60 80 100 120 140 160 180 200
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

HOW CAN WE GENERATE EMISSION IMAGES?

Tomography with 4 views

100 120 140 160 180
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

HOW CAN WE GENERATE EMISSION IMAGES?

Tomography with 8 views

120 140 160 180
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

HOW CAN WE GENERATE EMISSION IMAGES?

Tomography with 15 views

80 100 120 140 160 180
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

HOW CAN WE GENERATE EMISSION IMAGES?

Tomography with 60 views

120 140 160 180
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

GAMMA RAY DETECTION

Interaction Light Photocathode Electrons Anode Electrical connectors
\ \
\
q e |
s % o\ —| Amplified
Incident il or™ R i,’>\ — | signal + High
photon w5 — v * \Voltage
) z
= ]
t \ \(0 \{) \o \—o =
\ [—a
\ — |
Focusin Dynode
electrode
Scintillator crystal Photomultiplier tube (PMT)

Signal amplitude (or AUC) ~ Light output ~ y-Energy

— o

I L L\

Interaction of a photon with the crystal (scatter, absorption)

During this interaction it transfers parts or all of its energy to crystal PMT
Crystal emits light (monochromatic, isotropic, intensity ~ to transferred energy)
Interaction of light and PMT
Light hits electrons out of photocathode
Electrons are accelerated by high voltage between dynodes
The electrons hit more electrons out of dynodes (= signal amplification)

Final signal is proportional to the energy transfer of the incident photon to the crystal
KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

INTERACTIONS OF PHOTONS WITH MATTER

Cross sections for Photo-effect (o,) and Compton-scattering (o.)
depend strongly on density distribution of free electrons (i.e.
atomic number Z) and on gamma energy (E)

Water Szintillator LSO

WQ [em*/g]

[—

o
S T T W T |
Lo R A S

10 Energie [keV1 L Energie [keV]
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

GAMMA RAY DETECTION

: Pedestrial of electronics

Spectrum of LSO crystal
exposed with 511 keV photons
: Backscatter peak M@ 3 @ 5) (6

|

: Lower threshold of electronics

: Compton edge

o

y

: Photopeak
: Estimated satter background
: Half of peak maximum

: AE or FWHM (Full Width at Half
Maximum); The energy resolution of a
detector at a given energy E is AE/E [%]
(here: 12%)

Anzahl der Ereignisse

O 0 N O »h W N

Energie (keV)
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

SCINTILLATION CRYSTAL

(*) for photons with 511 keV
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SCINTIGRAPHY

Planar scintigraphy
(Projection)

(male, 68y, 65kg)
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

SCINTILLATION CAMERA: THE ANGER CAMERA

Deposited energy:
Proportional to sum of all signals

E, = A- E 5
IS

Point of interaction:
The center-of-mass of all signals

Z x5, Z yi - 5

1y
-

State-of-the-art cameras:

PMT-signals digitized prior to
signal processing

Eintreffendes y-Quant

Kollimator

/ /
Isotrope Lichtaus—
breitung im Kristall

PMT

’ I I Z
| \/ v \/ \/

Ortsbestimmung mit gewichteten PMT-Signalen I

Energiebestimmung ‘

<]

v Yy v
[ Energiefenster (E1,E2) I & E ‘ & E2 l
l Projektionsmatrix zu E1 l: b

Projektionsmatrix zu E2
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

SCINTILLATION CAMERA: POSITION SENSITIVE PHOTON
DETECTION

“ Example: Siemens Bodyscan
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COLLIMATION

Problem: We can not easily determine the flight path of a single photon. Therefore we
need to limit the possible trajectories of incoming photons to a known direction

Solution: Collimation of pathways using lead plates with well defined holes

Effects of collimation:

Positive effect:
Photons reach detector only from allowed direction

Negative effect:
Great loss of sensitivity since most of the gamma rays
are rejected by the collimator

Remaining errors:
Photons being scattered in object (can be suppressed
by setting narrow energy windows around photo peak) Collimator Crystal

\‘IIIIIIIIIIIIIIIIII EETEE
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

COLLIMATOR: DISTANCE-DEPENDENT RESOLUTION

Distance of small large
object to detector

acceptance angle
Source

Collimator
Crystal

PMTs

Signal e
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

COLLIMATOR: DISTANCE-DEPENDENT RESOLUTION

Large object-to-detector distance Small object-to-detector distance

-
X ‘- Y.

(°*™Tc wholebody bone scintigraphy of the same patient)
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SINGLE-PHOTON EMISSION COMPUTED TOMOGRAPHY (SPECT)

SPECT & CT

(Coronal slice)
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SPECT: ROTATING ANGER CAMERA

Tomographic views in angular steps

A complete set of projections over at
least 180° is required for tomographic
image reconstruction!

Radioactive decay
and emission of a
gamma ray

Multiple detector heads

accelerate the measurements

reduce errors

Tomographic reconstruction of many
transaxial slices to form 3D volume

KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

SPECT: CAMERA WITH 2 DETECTOR HEADS IN 180° POSITION

Bsp.: Doppelkopfkamera in 90 Grad Position
90 Grad Rotation

1
1 notwendig
F) 2

Bsp.: Doppelkopfkamera in 180 Grad Position

180 Grad Rotation
notwendig

Bsp.: Dreikoptkamera

120 Grad Rotation

notwendig

N
w
iy

Siemens e.cam dual head camera

KLINIKUM DER UNIVERSITAT MUNCHEN® ssm—
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POSITRON EMISSION TOMOGRAPHY (PET)

PET & CT

(Coronal slice)

¢ P

KLINIKUM DER UNIVERSITAT MUNCHEN®
Klinik und Poliklinik fir Nuklearmedizin




Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET: CYCLOTRON PRODUCTION

Bombarding stable (fluidal, solid or gas) targets with charged particles (p, d
oder a)

Strahlrohr

Compound
. Kemn
et e

“Nip, o] 'C
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET: CYCLOTRON PRODUCTION

T,, (% B*) 204 m 10.0 m 20m
(99.8%) (100%) (99.9%)
Mean *-energy 0.33 MeV 0.43 MeV 0.70 MeV

Reaction “N(p,a) ""C  190(p,a) 3N 14N(d,n) 150
(Cyclotron) N(p,n)1>0

Target N,(O,) H,(1¢0) N,(O,)
N,(O,)

»In-target” product 1CO 1NH,* ['°010,
11C0, ['5010,

109.6 m
(979%0)

0.20 MeV

0.2 mm

80(p,n) '8F
20Ne(d, a)'8F

H,180
Ne(F,)
18Faq-
['8FIF,

Klinik und Poliklinik fir Nuklearmedizin



Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET: THE EMISSION PROCESS Ly o Lg%ty

Photon with 511keV

Radioactive nuclide

“non-colinearity”

------------- et*/e” annihilation

Photon with 511keV
Positron emission, B* travels through matter and loses energy
After having lost enough energy (mm or sub-mm path length) it can bind an electron
The positron-electron system is highly unstable, it annihilates within approx. 10-10 s
Very likely event:

The rest energies of et and e are preserved by emitting two 511 keV photons

The net impulse momentum of the positron-electron system is preserved by
non-colinear photon trajectories (approx. 0.5° mean deviation from 180°)

The two photons can then escape the object and be detected outside!

Other events (e.g more than two photons) can also occur, but are less likely

KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET: COLLIMATION BY COINCIDENCE DETECTION

Emission of two photons after e*/e- annihilation
which have approx. colinear trajectories and

which are emitted at exactly the same time

Coincident detection:

Search for photons who have been detected
approx. at the same time (coincidently)

Ring tomograph

Assume that the corresponding radioactive o ine
. ) Coincidenc
decay was on a line connecting the two _- >

—
detectors (line-of-response, LOR) /
*
2

Coincidence timing

Result:

Estimation of photon pathways without window: 3 to 15 ns
blocking of photons (high sensitivity) |

Counter

Coincidence detection

KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET COINCIDENCE DETECTION: GOOD AND BAD EVENTS

No error, correct detection: True event (,TRUES")

Lost event due to scattering or absorption in object (,ATTENUATION")
Wrong location due to non-colinearity

Wrong location due to scattering in object (,SCATTER")

Wrong location due to multiple singles detection (,RANDOMS")

S L A

Wrong location due to scattering in detectors
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET COINCIDENCE DETECTION: GOOD AND BAD EVENTS

Photon flux attenuation:

I = Iy- e(— Fru()dl) Nkorr gL+ $ru(D)dl)

Randoms detection rate:

-j ’ D =1 = - 7
.[_.\'!-r{-il - 2 o A %-\-r]b ) .Il_f\'i E;t‘\ ~ 2 ~T -.-lz

random coincidences are estimated by a second measurement
in a ,delayed" coincidence timing window

Trues estimation:

,true coincidences" =
,all measured coincidences" - , estimated random coincidences"
~JTRUES" = ,All measured coincidences" — ,RANDOMS"

KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET COINCIDENCE DETECTION: GOOD AND BAD EVENTS

Photon flux attenuation:
I o= Iy-el= @i yhor (4 (D)

Randoms detection rate:

+~RANDOMS"™: Random coincidences are estimated by simultaneous
measurement in a ,delayed" coincidence timing window

[‘j = j‘l‘
ar ot

~ 2T FNS NS ~ 207 A7

,Old-fashioned™ estimation of true coincidences:
~JRUES" = ,all measured coincidences" - ,RANDOMS"

,0Old-fashioned™ pre-correction for randoms, attenuation and scatter:
,DataToBeReconstructed" = ,TRUES" . ¢(+#n(0d) _ SCATTER"

KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET DETECTOR BLOCK

4 PMTs

ITEREREE
LAV

AENREREN
BAENERED
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET DEVICE

Crystal elements
and photomultiplier
tubes
Detector
ring
Detector block
Module
N array
I _1
Detector blocks | o
and front-end ®
electronics Detector module

KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

TOMOGRAPHIC IMAGE RECONSTRUCTION

Method 1: Analytical reconstruction (filtered backprojection)

Method 2: Iterative statistical reconstruction

ction to Nuclear Med

HOW CAN WE GENERATE EMISSION IMAGES?

All images:
We need to detect and classify the incoming radiation

We need to know the direction of the detected radiation

— Collimation of the incoming gamma rays

Tomography:

For high resolution and image quality we need to
acquire many angular views (projections)

— Rotating detectors or ring detector systems

Klinik und Poliklinik fiir Nuklearmediz

Detect radiation
(.forward projection)

Reconstruct image
(,back projection)

From 2 views

By

s

From 3 views

KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

TOMOGRAPHIC IMAGE RECONSTRUCTION

Analytical Image Reconstruction
(Filtered Backprojection, FBP):

+ +

Measurement: Simple description

with the Radon-Transform

Reconstruction: Analytical inversion

of the Radon-Transform
Easy implementation
Very fast

Treats all measured data (proxels)

equal
Treats all image data (pixels) equal

Does not take care of the " Physics”
of the measurement

Statistical Iterative Reconstruction:

e Measurement: Description with a set

of linear equations

e Reconstruction: No inversion possi-
ble, therefore iterative improvement

—  Slow

— Difficult to implement

+ Treats all measured data (proxels) and

image data (pixels) individually

— Coefficients can model the " Phy-

sics” of the measurement

KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

TOMOGRAPHIC IMAGE RECONSTRUCTION

Method 1: Analytical reconstruction (filtered backprojection)

Method 2: Iterative statistical reconstruction

HOW CAN WE GENERATE EMISSION IMAGES?

All images: Detect radiation
(.forward projection)

We need to detect and classify the incoming radiation

We need to know the direction of the detected radiation

— Collimation of the incoming gamma rays

Reconstruct image
(,back projection)
Tomography:

From 2 views
For high resolution and image quality we need to 3

acquire many angular views (projections)
( .....
— Rotating detectors or ring detector systems From 3 views

KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

THE RADON TRANSFORM

Mathematical description of the measurement by Johan Radon
(1917): ,unweighted line sum at a given angle"

A
L \\\
O@ﬁ;@ e

m(r,¢) = [Trif(z,y)}](r,¢)

Tmax

= / f(rcos® — usin @, rsin ¢ + ucos @) du.

—Tmax
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

THE SINOGRAM

The Radon transform for all projection angles for a given plane

Object Sinogram of
this plane
y ¢
127 ¢DU 180° |t
| 135°
————————— - - ———
" 90°
[ ] I
: 90°
0 IPIRO” o !
0 1277 x \ """"
:
o
0 127 °r =
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

y
THE FILTERED BACKPROJECTION (FBP) = 5;{,&\‘ v
o Sk
) (.~ Objekt (xy)
It is the inversion of the radon transform! How? d \\;f _
Central Slice Theorem: / '
The 2D Fourier transform of the image f(x,y) at \ “

angle equals the 1D Fourier transform of the measured
projection data m(r,phi) at that angle

Solve for f(x,y)

Coordinate transform introduces Jacobian determinant
which here reduces to the Ramp filter w,

f(z,y) = Fp{F(wswy)}

E %/ j Flw,, g)eirlzcosstysing) | 7| 4, dg

0 —ex

-
= / FpiM(wr, @) - |w|} do.
0

KLINIKUM DER UNIVERSITAT MUNCHEN®
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Boning: Introduction to Nuclear Medicine Imaging (part 1) y‘
THE FILTERED BACKPROJECTION (FBP) fo,;;\ v
-
5 - Objekt f(x.y)
The “Filtered Backprojection” method: d \‘“/,
-
The filter H is a combination of the Ramp filter /
function and an additional filter weighting function &
fle,y) = : /ﬂf‘l{"vﬂ ¢) - H(w,,wy, [P ter]) } do
Yyl = 5= 1p\w,, @ Wy, w,., | Parameter| :
0
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ANALYTICAL IMAGE RECONSTRUCTION:
THE FILTERED BACKPROJECTION (FBP)

Reconstruction example: SPECT of patient's brain

\o Ramp Shepp Hamming
Filter cutoff = 1.0 cutoff = 0.5 cutoff = 0.2

[
ias

Hamming
cutoff = 0.5

[
By|ip==
) ®
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

TOMOGRAPHIC IMAGE RECONSTRUCTION

Method 1: Analytical reconstruction (filtered backprojection)
Method 2: Iterative statistical reconstruction

ction to Nuclear Med

HOW CAN WE GENERATE EMISSION IMAGES?

All images:
We need to detect and classify the incoming radiation

We need to know the direction of the detected radiation

— Collimation of the incoming gamma rays

Tomography:

For high resolution and image quality we need to
acquire many angular views (projections)

— Rotating detectors or ring detector systems

Klinik und Poliklinik fiir Nuklearmediz

Detect radiation
(.forward projection)

Reconstruct image
(,back projection)

From 2 views

By

s

From 3 views
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

ITERATIVE STATISTICAL RECONSTRUCTION

Describe the measurement as set of linear equations connecting projection
data g and object f

Description of measurement:
J
9= Af or 9 = Y al) F(); Vi
j=1
Forward project image f* into projections:
J

gt=afk o g® =) alh) fO Vi

J=1

Bildmatrix

Matrix of detection probabilities:

a(i,j) = [A];; = P(photon are emitted in j and detected in i)

Note: Matrix A can contain detection probabilities at
any detail, e.qg. it can be based on

simplified geometry considerations as shown in the figure above

or on the precise modeling or measurement of physical processes of photons with
the detector system and even on known electronic properties of the scanner
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

ITERATIVE STATISTICAL RECONSTRUCTION
EXAMPLE: MLEM ALGORITHM

1. Aim of tomographic image reconstruction:
The reconstructed image fk shall appropriately represent the measured data g

2. Determine appropriate statistical model for the measurement process

The model-specific objective function calculates the match between a “sample” and
the “truth”

Example: The statistical model is Poisson (we perform a counting experiment)
The ,Likelihood" (objective) function represents the match between f« and g
Derive an update equation to maximize the “Likelihood” function
Iteratively perform the maximization steps: image fk+1 is update of image fk

Repeat until properties (quality, resolution, noise level) of fx meet requirements

This algorithm is called MLEM: ,,Maximum Likelihood Expectation Maximization™

1

: B g T 1 _ (i) - ald,J)
fel gk @b® (AT (A_ff-)) or f+ U] = f U] Eleﬂ,(i,j] ;E;f:l[@(@u}]f}‘(}]]
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

ITERATIVE STATISTICAL RECONSTRUCTION
EXAMPLE: MLEM ALGORITHM

Start with
initial image
where each

pixel is set to 1

o) =1Lk=0

\1, The MLEM algorithm:
=
Current image Estimated fk+1 _ fk AT g
estimate ﬁk — Afk projections — Afk
fk Forward project current image fq’k
g: measured projections
5" : estimated projections at iteration k
Sk g) f k: estimated image at iteration k
- - = S A: System matrix
k+1 _ 2k, £k k-k+1 ~k
ffrr=vtf g
Update current image Compare to measured data
Correction Ratio
image yk = ATﬁk projections
7" Backproject ratio projections ﬁk
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

EXAMPLES OF ITERATIVE RECONSTRUCTION ALGORITHMS:

1 Reconstruction Algorithms 1.3 RBI-EMML: “Rescaled Block-Tterative EMML ¢
1.1 MLEM: “Maximum-Likelihood Expectation-Maximization”
k+1
Also EN i = : - P |+ 1 . Pi;
Also EMML. i ( my, Z; J) m, ; (S‘_,‘ y Pazf )
" . 1 T i where
ottt = . — . P - i
! ,'1;1 i =1 ! 1=1 "‘Li M, = max %
! - 2 (Z ) Py
1€EBn
e 1 _ i . . p
= x‘-m-P 1(P:,i-‘k) 1.4 ART: “Algebraic Reconstruction Technique*
In some implementations the system matrix P is normalized, L = kP Yi— ZIJ 1 Paz{
& = z; + 5 ZJ p2
I=1" 4l

I
Y Py = 1,Yj
i=1

1.5 Naming conventions

which then reduces the MLEM equation to
k € (1, K) | Index of iteration

e S | i i € (1,1) | Index of element in (2D) projection data with total of I elements
T = - -P . ; : :

€ (1,J) | Index of element in (2D) image data with total of .J elements
n € (1,N) | Index of subsets (i.e. blocks) in total of N subsets
)

1.2 OSEM: “Ordered Subsets Expectation-Maximization” B, C(1,1) | The subgroup of all projection elements which belong to subset n

k41 ko
T = z; By
d J Z:EB ,EZB: ! (Zl y Pazf )

The OSEM algorithm is an accelerated version of the classical MLEM algorithm. The acceleration factor is approximately
proportional to the number of subsets (N subsets — approx. 1/N reconstruction time compared to MLEM).

KLINIKUM DER UNIVERSITAT MUNCHEN®
Klinik und Poliklinik fir Nuklearmedizin



Boning: Introduction to Nuclear Medicine Imaging (part 1)

STATISTICAL ITERATIVE RECONSTRUCTION: ADVANCED..

Experimental PET device

e 48 APD-LSO detectors
e 3.7 x 3.7 x 12 mm3 LSO chrystals
e System diameter: 86 mm

e Rotatable over 180°
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

STATISTICAL ITERATIVE RECONSTRUCTION: ADVANCED..

Monte Carlo (MC) simulation of a homogeneously emitting disk (@ = 84 mm)

v

Vertices of Vertices of
emitted detected
quantum pairs quantum pairs

Performed with "GEANT"”, (CERN, Ch).
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET: SPATIALLY VARIANT DETECTOR RESPONSE

Sensitivity profiles of detector pairs (here: determined from MC)

T T T T Temm T True sensitivity profiles (bold
position from simple models
(thin black with dots)

Transaxial Coordinate [mm]

P — artifacts
A4 LORE

ek Possible solution: integrate
(P ] into the system matrix A in
iterative reconstruction
"Tb
_ | T roRE . CAF &
“ -FOV e CAF £ | E .- Element P
f“ ‘Detektor- ) £ | E :
5. abstand | | ~Grundlinie | | !
N i der CAFE ||§
i N
P J D H{ES x" )
' ,C}.I.
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Boning: Introduction to Nuclear Medicine Imaging (part 1)

PET: SPATIALLY VARIANT DETECTOR RESPONSE
Calculation of coefficients a(i,j) from Monte Carlo simulation

y=yk - Remember: a(i,j) is the probability, that a
photon pair being emitted in voxel j is detected
in detector pair i

Solution:
TR pixeljwo) Send the same number of photon pairs
 |Lgf | Vertexv(u0) from each voxel j
f . count the number of detected
G TORS coincidences n(i,j) in each detector pair i

Matrix coefficients: a(i,j) ~ n(i,j)
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PET: SPATIALLY VARIANT DETECTOR RESPONSE
COMPARISON OF FBP AND ITERATIVE WITH MC SYSTEM MATRIX

o
(@]
2
o)
@)
©
o
| -
>
)
©
O
=

(Diameters in mm)

Reconstructed spatial resolution:
Measured line sources (!8F, =1 mm)

o0

€
Eel
C
_‘.(_‘_3 4 | ¥ Analytisch
=
® MCstat
@ 2
(O}
(n'd A
0 | | | | | | | | |
0 4 8 12 16 20 24 28 32 36 40
Distance to center [mm]
FBP: r = 23 mm+40.06-d
MCstat: r = 2.1 mm+40.02-d
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INTRODUCTION TO NUCLEAR MEDICINE
IMAGING (PART 1)

PD Dr. rer. nat. Guido Boning
Klinikum der Universitat Minchen
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