Advanced Imaging for Physicists

Introduction

Uulke van der Heide




Radiotherapy before image guidance

« Radiotherapy was essentially not

image based
e Delineation on 2D X-rays




Radiotherapy before image guidance

54 \,:;;\a mm (Cal.)

Classical paradigm in radiotherapy
» Treat a large volume of normal tissue with a tumour somewhere inside
* Dose is limited by normal tissue tolerance




A revolution in radiotherapy
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Imaging in the treatment room
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Radiotherapy in the era of advanced delivery
techniques and image guidance

New paradigm in radiotherapy
» Extremely conformal treatment of the tumor
* Dose is determined by characteristics of the tumor




Target is defined on a planning CT scan




Imaging for radiotherapy

Imaging for radiotherapy is primarilly CT-based

CT scanners specifically developed for radiotherapy treatment
planning

— Big bore CT scanners
— Flat table tops
— Laser systems

Cone-beam CT for imaging in the treatment room
— kV and MV

Hybrid devices combining imaging and treatment
— tomotherapy




Inter-observer variations in delineation due to
limited soft-tissue contrast
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Leunens et al. 1993; Radiother. Fiorino et al. 1998; Radiother. Oncol. 47:285-292
Oncol. 29:169-175

UMC Utrecht data:
5 observers delineate
prostate on CT; standard

deviations of up to 4 mm



Soft-tissue contrast of cone-beam CT limits
registration accuracy

" Cone-beam

Smitsmans et al. 2005; Int J Radiat Oncol Biol Phys. 63:975-984




MRI has superior soft tissue contrast

T1 3D-TFE sequence of healthy volunteer




A wide variety of contrasts

patient with glioblastoma multiforme




Imaging of function with MRI and PET

DCE-CT DW-MRI s

MR spectroscopy




Outline

What can we do with imaging in radiotherapy?

Why should medical physicists in radiotherapy worry about imaging
technology?

Structure of the course




The potential of advanced imaging for
radiotherapy

Target definition
Tissue characterization
Image guidance
Treatment monitoring




Impact of MRI on target definition
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Inter-observer variation

Delineation of nasopharynx tumor

Left: CT, with MRI available, not fused
Right: CT, with fused MRI
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Significant differences in
delineation of prostate on CT and
MRI

Rasch et al. 2005; Semin. Radiat. Oncol. 15:136-145




Impact of MRI on target definition

Direction Scalar difference (mm) Vector difference (mm)

Mcan = 1SD Range  Mean £ ISD Range Comparison of delineation
Left 5070 06297 33:85 (0127 RiueldycyeiReaille
Right 3.3+25 07-13.1  (-)0.3+38 ()13.1-10.3 BRI

Anterior 49+ 39 0.6-19.8 1.1 + 5.8 (—)11.2-19.8

Posterior 45+ 5.0 0.5-24.6 1.5+ 6.4 (—)10.4-24.6
(—) indicates the extent of the MR outline is less than that of the CT
outline.

Improved visualization of
tumor in bone leads to
larger volumes on MRI

Khoo et al. 2000; Int. J. Radiat.
Oncol. Biol. Phys. 46:1309-1317



FDG-PET for tumor delineation

Coronal Sagittal

FDG-PET provides a
more reliable GTV
than CT in laryngeal
tumors

Baardwijk et al. 2007; Int J Radiat Oncol Biol
| . ek Daisne et al. 2004; Radiol. 233:93-100
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The potential of advanced imaging for
radiotherapy

Target definition
Tissue characterization
Image guidance
Treatment monitoring




Tissue characterization

« improved visualization of Blologlcal Target Volume"
anatomy and pathology allows im0 . -
better targeting of the tumor o : PET _;: ;‘}fﬂ'{,'::sfﬁ“,m .

_ : ] _ _ L Eo el ::__-..Twﬁurdm i
visualization of biological L e
function may help defining the

right dose for the tumor

What properties can be
imaged?

Ling et al. 2000, Int. J. Radiat. Oncol. Biol. Phys.
47:551-556



Cell density
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Ross et al. 2003, Mol. Canc. Ther.
2:581-587

Figure 3. A 59-year-old male with prostate cancer (moderately differentiated adenocarcinoma, Gleason’s score 3 + 4 = 7, capsule
invasion (). When T2W was used, a low intensity area is noted in the left lobe of the prostate (a, arrow). DWI (b, arrow) and ADC map
(¢, arrow) clearly demonstrate decreased diffusion. The lesion is well enhanced in the early phase of dynamic study (d, arrow). In
delayed phase, the lesion showed washout (e, arrow). The minimum ADC of the lesion is 0.60 x 10~ mm?/second. During image
interpretation sessions, a rank of 5 was assigned for all three protocols. A histopathological H&E stain section showed the cancerous
area corresponding to the MR image findings (f, arrows).

Tanimoto et al. 2007, JMRI 25:146-152



Characteristics of capillary bed

Start
. . CT/MR trast injecti
Micro-vessel density images . "”ec -
Organization / regularity of { H| ‘ ‘ ‘ ‘
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Vaupel, 2004; Semin. Radiat. Oncol. 14:198-206



Hypoxia

Head-neck tumor imaged with
FDG-PET F-Miso-PET

NOrmoxic

hypoxic

Gagel et al. 2007; BMC Cancer 7:113




Oxygenation
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Blood Oxygen Level Dependent (BOLD) MRI

Hoskin et al. 2007, Int. J. Radiat. Oncol. Biol. Phys. 68:1065-1071




The potential of advanced imaging for
radiotherapy

Target definition
Tissue characterization
Image guidance
Treatment monitoring




Cone-beam CT on the linac

J

Cone-beam CT




Integrated MRI-linac

Raaymakers et al., 2009; PMB 54:N409-15




MRI-guided brachytherapy




The potential of advanced imaging for
radiotherapy

Target definition
Tissue characterization
Image guidance
Treatment monitoring




Treatment monitoring
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Minimum rectum filling Maximum rectum filling

5 successive MRI scans of the prostate in volunteers

Kerkhof et al. 2008, Phys. Med. Biol., 53:5623-5634




Treatment monitoring
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weekly MRI scans of the cervix and uterus in
patients with cervical cancer X
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Van de Bunt et al. 2008. Radioth. Oncol 88:233-240 time [days]




PET for identifying residual disease

pre-radiotherapy
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« FDG-PET-CT images pre- and post-radiotherapy

Aerts et al. 2009; Radioth. Oncol. 91:386-392




We can do many things with imaging in
radiotherapy!

Target definition
Tissue characterization
Image guidance
Treatment monitoring




Why should medical physicists in RT worry
about imaging technology?

« Radiotherapy asks other questions than standard diagnostics:
— Not if a patient has cancer, but where the tumor starts and ends

« Radiotherapy poses specific demands on imaging
— Patient positioning
— High resolution imaging
— Geometrical accuracy

* The use of MRI poses specific demands on radiotherapy
— How to deal effectively with all the images during delineation
— How to deal with conflicting information
— How to deal with changes during treatment




Adaptation of scan protocols:
patient positioning

Positioning devices must be MRI
compatible

Regular RF coils may not be
compatible with positioning devices

Position must fit in narrow PET bore




Selection of coils for MRI
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Integrated body coil quadrature head coil multi-element hn-coil two-element flexible
surface coil

T1-weighted MRI of healthy volunteer

Verduijn et al. 2009; Int. J. Radiat.
Oncol. Biol. Phys. 74:630-636




Diagnostic protocols are not always
the best for radiotherapy




Geometrical distortions

Image distortion and
correctionona 0.23 T
open MRI scanner

Mah et al. 2002 Int. J. Radiat. Oncol. Biol. Phys. 53 (3), 757-765




Impact of imaging artifacts in radiotherapy

Read-out gradient 0.54 and -0.54 mT/m
WFS = 9 and -9 mm




Combining multiple imaging modalities

Ktrans

Combining multiple imaging modalities tends to increase sensitivity
and specificity of an exam

Do the techniques identify the same voxels as target?
|dentification of volumes depends on threshold setting

|s there a combination of thresholds for which overlap between ADC
and K'a"s js high?
Groenendaal et al. Radiother Oncol; 2010; 95:185-190




Treatment monitoring

MRI of
cervix cancer

during

DCE

-beam

external
radiotherapy
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Follow-up

DCE-MRI of patient with PSA relapse after
radiotherapy (top), compared with similar
patient without PSA relapse (bottom)

Changes in imaging characteristics after
radiotherapy

— Normal tissue reaction
— Recurrence




Learning objectives

Generate sufficient knowledge to be able to work effectively with experts
in radiology and nuclear medicine

Improve the understanding of physics principles of MRI, PET and CT

Understand the key technical challenges and solutions unique to the
application of these imaging techniques in radiotherapy

Explore the potential of the imaging techniques in clinical practice

Explore the potential and challenges of biological imaging methods in
radiotherapy treatment planning and follow-up




Physics principles of MRI, PET and CT

MRI physics:
— Basic principles, contrast formation, space encoding
— Equipment
— Fast scanning, volume sequences
PET physics:
— Basic principles
— Image reconstruction, SUV, thresholding
CT physics:
— Basic principles
— 4D, dynamic acquisitions, cone-beam CT
Case studies: MRI contrast formation
Case studies: PET
Case studies: MRI artifacts




Issues specific to application in radiotherapy

 MRI geometrical accuracy
— Theory
— Experimental procedures
* In-room imaging
— Physics of the MRI accelerator
— Physics of cone-beam CT
 MRI interventions




Potential of (functional) imaging for
radiotherapy

Physics of functional imaging on MRI

« Diffusion-weighted imaging

« Dynamic contrast-enhanced imaging
 MRI spectroscopy

PET with other tracers than FDG

Clinical applications
e brain

* gynecology

* head-neck

* lung




Voting system

Question 1: What is your current job?

1: medical physicist

2: resident (trainee) medical physicist
3: physician

4: RTT

5: student

6: other




Access to scanning equipment

Question 2: How does your department use MRI in the
radiotherapy workflow?

. have no access to MRI
. use standard MRI scans from other departments

. use dedicated MRI scans from the radiology
department

. the department has its own dedicated scan slots on
an MRI in the radiology department

. the department has its own MRI scanner




Access to scanning equipment

Question 3: How does your department use PET or PET-
CT in the radiotherapy workflow?

. have no access to PET
. use standard PET scans from other departments

. use dedicated PET scans from the nuclear medicine
department

. the department has its own dedicated scan slots on a
PET in the nuclear medicine department

. the department has its own PET scanner




Prior knowledge

Question 4: Do you have had earlier training/courses on

1. MRI
2. PET
3. both




More courses on imaging physics

Application of imaging to
radiotherapy

PET physics and clinical
application

N= MRI physics and clinical
COMMUNITY : :
ARD SCIENTISTS application




Imaging has a bright future in radiotherapy




Imaging has a bright future in radiotherapy
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The future is NOW!

Physical Biological
Conformality Conformality

| !

Evidence-Based
Multi-Dimensional
Conformal Therapy

Radiation Therapy 20107




UiO ¢ Department of Physics

University of Oslo

& Oslo ,
" University Hospital

MRI physics -
basic principles

Eirik Malinen




Background

o All clinical applications of MRI today are based
on magnetic properties of the hydrogen nucleus

e Body tissues contains lots of water and fat, and
hence hydrogen

" THE HUMAN BODY

BIVAIN
8550\/(\/?3?& \ \\-\ 1 74.5% Wafer

‘g F (‘b
KDNEYS o VUSCLES

.. 83% Water UVER N T N ey
86% Water
CONNECTIVE ' ™) BONES

TISSUE Y 22% Water
60% Water & FAT

_oKIN 2 20% Water
/0% Water c\

Oslo

UiO ¢ Department of Physics
University Hospital

University of Oslo



Nuclear magnetic moment

e Stern-Gerlach experiment:

Classical
prediction What was

actually observed Sliver atoms £

' N / Otto Stern
..rf\ @ '

l\ % Furnace

Inhomogeneous |
magnetic field Walter Gerlach

— Atomic nuclei has a quantized magnetic
moment

UiO ¢ Department of Physics c\ Oslo
University of Oslo University Hospital



Magnetic moment and spin

e Consider charge g in circular motion:

Current:
A \\IV . Aq qv
'\I\ r—%: q . At 2mr
Magnetic moment:
T u:iA:qL , L=mvr
2m

e Rotating charged sphere with uniform charge:

Spin!

UiO ¢ Department of Physics (\ Oslo
University of Oslo University Hospital




Quantized nuclear spin

e Nuclear spin is a form of angular momentum

e Nuclear spin, I, is quantized in units of 7

e Nuclear quantum number depends on nuclear
configuration; I=1/2, 1...

e Hydrogen has spin I=1/2, with spin projection
numbers m;=+1/2,-1/2; spin ‘up’ or ‘down’

e Magnetic moment is pu=yl
I\
Gyromagnetic ratio

UiO ¢ Department of Physics (\ Oslo
University of Oslo University Hospital



Unpaired nucleons, spin and vy

Nucleus

H
’H
31p
23Na
14N
13C
19F

UiO ¢ Department of Physics

University of Oslo

Unpaired
Protons

1

_ O P |k =

Unpaired
Neutrons

0

O R R N O -

Spin

1/2
1
1/2
3/2
1
1/2
1/2

Y
(MHz/T)

42.58
6.54
17.25
11.27
3.08
10.71
40.08

‘ . Oslo
University Hospital



Potential energy in magnetic field

e In an external magnetic field, the potential

energy 1s:
Epot — —,Ll ) B
1

= —yhm,B = 5 vhB

E

pot

/

N\

1
+—vhB
2Y

T

— Two energy states are possible

e Zeeman effect

Uios Dprtm t fPhy

UBIVRISIty 6 Pieter Zeeman

> B

1
——vhB
2Y

o
University Hospital



Magnetic resonance

e Spin system under an external magnetic field
exposed to electromagnetic radiation

SYATAYAY

ho
[sidor Isaac Rabi

e Transitions from spin down to spin up or vice
versa may occur if o = AE , = y7B

UiO ¢ Department of Physics (\ Oslo
University of Oslo University Hospital



Magnetic resonance

+ o = yhB — w=yB; resonance condition

bopobe 2074

Without external field With external field With external field +
electromagnetic radiation

e Resonance frequency, 'H, B=1T: ®~43 MHz
— radiofrequency !

UiO ¢ Department of Physics c\ Oslo
University of Oslo University Hospital



Macroscopic considerations

e Spin transition probability is equal for
up —down and down—-up

e How can a net energy absorption be observed?

e Distribution of spins follows Boltzmann:

ﬂ — e_AEpot/kT — e—h]/B/kT
Ny
e Difference increases with B W
and decreases with T

UiO ¢ Department of Physics (\ Oslo
University of Oslo U



Macroscopic magnetization

e Population difference generates a net
magnetization
MO

se0—_ 1
$664

e The more spins, the stronger the magnetization

e Torque exerted on a magnet by a magnetic field:

TIdM_Q/N[XB

UiO $ Department of Physics d l‘ (\ Oslo
University of Oslo University Hospital



Bloch equations

dM
T=—=yMxB
dt
dM
— dMX :,YBM , y :_YBMX , sz _ O
dt ’ dt dt
—
M _(t)=M>cos(w, t) , M, (t) = Mgsin(mLt)
M, (t) =M,

e o, =YB; Larmor frequency

Joseph Larmor

e Set of equations describing a precession
around the axis defined by B (z-axis)

UiO ¢ Department of Physics c\ Oslo
University Hospital

University of Oslo



Spin precession

VAN A A A A A A




Spin precession

> X
. All spins in phase with
Spins out of phase b b
same Larmor frequency
. Bzeggglffnotsg Physics (\ Bﬁ%\?ersity Hospital



Introducing the RF field

e How can the magnetization be altered?

e Introduce oscillating (RF) magnetic field in the
xy-plane |

S |
> X > X
/ B,=B,cos(ot) /
) y

y

UiO ¢ Department of Physics (\ Oslo
University of Oslo U




Flip angle

e The degree of which the magnetization is
tipped relative to B, due to an excitation pulse

e From Bloch’s considerations:
0 =2my1B,

e t: duration of pulse

e B1: ~RF power

><V

UiO ¢ Department of Physics (\ Oslo
University of Oslo niver

ospital



T1 relaxation

e Fluctuating magnetic fields from the molecular
environment may have Larmor frequency—
stimulated transitions may occur

e After an RF-pulse, the z-component of M
relaxes back to equilibrium via such stimulated
transitions

e Longitudinal relaxation, Spin lattice relaxation,
T1 relaxation

e Rate of relaxation: R1=1/T1

/

UiO ¢ Department of Physics Varies between tissues ( \ 0slo .
University of Oslo University Hospital



T2 relaxation

e The transverse component of the
magnetization also decays

e Local, microscopic field inhomogeneities
causes each spin to precess with a frequency
slightly different from o,

e An excitation pulse initially causes all spins to
precess in phase, but a dephasing then occurs

e transverse- or spin-spin relaxation; T2
e T2<T1

UiO ¢ Department of Physics (\ Oslo | ‘
University of Oslo University Hospital



T2 relaxation cont'd

e However, transverse relaxation is also caused
by B, inhomogeneities and tissue magnetic
susceptibility

e Actual T2 time is denoted T2*:

1 |

= —+vAB
Tox T2 1000

o T2*<T2

UiO ¢ Department of Physics (\ Oslo | ‘
University of Oslo Universit y Hospital



time

UiO ¢ Department of Physics

University of Oslo

Relaxation

/

90 ° pulse

A\

/\y AZ

Transversal

Longitudinal

f%\ 12" T \; -

(\ Oslo
University Hospital



Relaxation — 90° pulse and T1

Uio @ De_partment of Physics (+ SﬁESersity Hospital

University of Oslo



Relaxation - 90° pulse and T2

Uio @ De_partment of Physics (+ SﬁESersity Hospital

University of Oslo



Relaxation dynamics

e Bloch's equations expanded with relaxation
components; M, /T2* and (M,-M,)/T1

1.0F

e May be shown that: 0st

0.6F

N

M (t)=M,1-e"™) — " /" | oom

0.2F

t=T1 = M,=0.63M, Moo 07 or o8 08 10

Time (s)

1.0F
0.8 0,

. 06F\%  T2*=100ms

M, (t) = MXy,Oe_”Tz* L 3

0.4E
t=T2*% = M_ =0.37M o2
- = Xy ~ °° xy,0 oot . e ]
0.0 0.2 0.4 0.6 0.8 1.0
Time (s)
UiO ¢ Department of Physics Oslo

University of Oslo University Hospital



Relaxation times

Water/CSF 1|
Gray matter Relaxation
Muscle Time
Liver
T2
Fat /
Tendon
Proteins slow I fast
Ice Molecular “Tumbling” Rate
large molecules small molecules
solids liquids
“bound” “free”

UuiosD rt t of Physi . . O Osl
i Allen D. Elster, http://mriquestions.com/ University Hospital


http://mriquestions.com/

Relaxation dynamics and contrast

1O T ]

0.8} .

0.6F ]

Mz

0.4F | .
02F 4 ‘ :
0.0k ]

Brain T1-weighted
—— CSF

o~ _
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Mxy

0.4F | :
0.2} ] ‘& Mol S
0.0t . ' . ! & 0
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T2- hted
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UiO ¢ Department of Physics c\ Oslo
University of Oslo University Hospital



Detection

 Changes in magnetization give rise to a current
in a wire loop (Faraday’s law of induction)

e Receiver coil perpendicular to B,:

A Coil signal; “FID”

relaxation A

A

90 ° pulse
coil

ﬂﬂﬂﬂﬂﬂAnﬂnn .

ik

v
>



Free induction decay
e Envelope of FID describes the T2*-decay:

mmmmm




Summary

Etahc magnehc f|E||:| E"D Amplified signal Signal vs
Y vs fime fregquancy
m Wu .' . m Fourier /\
RF excitation | F'rr:rtr:m_ —tirme Transform frequency
to raise prﬂmn CoH B BB relaxation

- : Proton NMR signal
spins to upper signal received

lewvel.
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MRI physics: Contrast
formation

Tufve Nyholm




Precession

Spin’s precession around the local magnetic field:

Larmor frequency

w = —yB

42.576 MHz/T Magnetic field



Spin’s precession around the local magnetic field:

Larmor frequency

w = —yB

42.576 MHz/T Magnetic field




Relaxation

T1 relaxation Rotating coordiante system

T2 relaxation
Parallel plane

HERSESEIRIERE

The transversal component gives signal




T1 relaxation

* Spin-lattice or longitudinal relaxation
* Restoring longitudinal magnetization after RF excitation
 T1-Time until 63% of the initial magnetization MO is restored

Adipose tissue — 240ms Larmor frequency
Spinal fluid — 4300ms N ..n
Gray matter — 980ms

White matter — 780ms

Muscles — 880ms

T T T T T
500 1000 1500 2000 2500 3000




T2 relaxation

e Spin-spin or transversial relaxation
* Loss of transversial magnetization after RF excitation
* T2 -time until 63% of the transversal magnetization is lost

Adipose tissue — 70ms

Spinal fluid — 2200ms

Gray matter — 100ms M(t), = r)rzoe_t/TZ
White matter —90ms

Muscles — 50ms T2

- 1

500 1000 1500 2000 2500 3000 3500




T2* relaxation

Higher field

Lower field

o 1 1

500 1000 1500 2000 2500 3000 3500




Spin-Echo sequence

* 180 degree pulse refocus the spins
e Signal independent of T2*




Spin-Echo sequence

=== Parallel component
Transversal component




Spin-Echo sequence

T1 relaxation T2 relaxation

M(t), = M, [1 — e_t/Tll M(t), = r,t:Oe_t/Tz

Signal equation

Constant depending on S=kp (1 —e TR/T1) e_TE/Tz
* Coils

* Temperature
* etc

Proton density

[

90




T2 contrast

S=kp (1 _ e_TR/Tl) o~ TE/rs

Minimize influence Focus
i.e. Long TR
Transversal component

Tissue 1
Tissue 2



Short T2




T2 contrast




Adipose tissue — 70ms

Examp les Spinal fluid — 2200ms

Gray matter — 100ms
T2 Contrast White matter — 90ms

Muscles — 50ms

TE=90ms




T1 contrast

Tissue with shorter T1
Tissue with longer T1




T1 contrast

= Parallel component

Transversal component




T1 Contrast

S=kp (1 _ e_TR/Tl) o~ TE/rs

Focus Minimize influence
i.e. Short TE

Parallel component

Tissue 1

Tissue 2




Short T1







Examples
T1 contrast

Adipose tissue — 240ms
Spinal fluid —4300ms
Gray matter — 980ms
White matter — 780ms
Muscles — 880ms




Inversion-recovery (IR)

TR







et - short Tt




Long T2 SR Shore 71




Example Inversion recovery

FLAIR
Dark fluid




T1 contrast

TE - Short
TR — Optimized

Inversion recovery
Tl - Optimized

e Use for anatomical imaging
* For pathology together with
contrast agent

Summary

T2 contrast

TE - Optimized
TR —Long

Use for pathology
Use for anatomical imaging




Proton contrast

S =kp (1 — e_TR/Tl) e~ /T2

Minimize infludence  Minimize influence
i.e. Long TR i.e. Short TE




Turbo spin echo

Fast spin echo
180




Gradient echo sequences

* No refocusing puls = sensitive to T2*
* Gradients used to generate an echo
* Main benefit: Faster than Spin-Echo




Gradient echo (T2%*)

TR
\

Gradient




Gradient echo (T2%*)

Gradient




Spooling




Spooling




Gradient echo

: —-TE 1—e‘TR@H
S~p(sin(f)e /Tz*)

—-TR
1—cos(0)e /T1

Small angle - reduces T1 weighting and yielding proton density weighting
Large flip - yields T1 weighting

Short TR - increases T2* weighting (residual transverse magnetization is dominant)
Long TR - enhances T1 weighting

Short TE - reduces T2* weighting and increases T1 or PD weighting
Long TE - enhances T2* weighting

7/ _TR
Or,nst = COS™1 (e /Tl)




Optimal flip angle

Very small angle

- Parallel component
Transversal component

Small angle

s e i inaniiiensdfinnsfs

Very large angle




Phase contrast

Phase Real

Phase~TE * AB

A little bit more about phase in the DCE lecture




Summary again

Maximizing T1 = short TR
Minimizing T2 - short TE

Maximizing T2 = long TE
Minimizing T1 - long TR

Minimizing T2 = short TE
Minimizing T1 - long TR
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MRI Physics: Space Encoding

A/Prof Gary Liney

18th September 2016
ESTRO Imaging for Physicists

ESTRO
School




Introduction

* MRI extremely flexible spatial localisation
Orientation easily altered

* Gradients used to modulate phase and
frequency
In-plane directions always ‘phase’ and ‘frequency’

* Signal is reconstructed with 2D or 3D
Fourier Transformation
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Spin Echo Sequence

90° 180°

=

Signal |
B TE
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The Image So Far..
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Spin Echo Sequence

‘Slice Selection ‘

‘Phase Encoding ‘ G, _.

‘Frequency Encoding ‘ G, —.

Signal |
|, TE

An axial image.. ESTRO
School




Fourier Transform (FT)

* Time signal can be decomposed into sum of
sinusoids of different frequencies, phases and

amplitudes

s(t) = ag + a;SIin(w,t + ;) + a,Sin(w,t + @,) + ...

* Fourier series may be represented by frequency
spectrum

* Time and frequency domain data can be thought
of as FT pairs

ESTRO
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Fourier Transform (FT)

3.5
2.5

1.5 -
05 +

-0.5
-1.5
-2.5
-3.5

S3

» S1 has amplitude a
and frequency f

> S2 has a/2 and 3f
> S3=S1+8S2

» S3 is two sine waves
of different frequency
and amplitude

The FT I1s shown
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Sinusoid

Sinc

{\f\/\f\ .
VAR

e)jeQ

JeH doj,
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e Recall that the resonant frequency 0y = 7Bo
IS proportional to field strength

g :dB%
* Magnetic gradient changes B, field X d

strength over distance

* In MRI a linear gradient changes the< G = dBo
resonant frequency in a given y
direction

o =1(B+xG)| | |6,=%B

ESTRO
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Slice Selection

isocentre
\
B0
Y,
=
X
BO
)
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Slice Selection

Gradient in z-direction

Isocentre G,

|

Bandwidth of frequencies

+ Special Shaped €

' B, Bo+AB

w, @otA®
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Slice Selection

Only this sectiow be ‘seen’ by the coll

Y,

ST
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Slice Selection | | f

* Gradient used to change resonant frequency
In slice direction

e EXxcite spins using (sinc-shaped) 90° RF
pulse containing a bandwidth of frequencies

* Only a particular section of spins are excited
Into transverse plane

* Signal has been discriminated in one
dimension

e Can change orientation, slice thickness and
position

ESTRO
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Slice Selection

) frequency

VA \I

RF pulse length/Bandwidth
Centre frequency

/\/\} V\A \ Slice thickness z

Slice positions ESTRO
School




Phase & Frequency Encoding

* Need to still encode signal in remaining directions

(X &y)
» Use changes of frequency & phase

* When a gradient is applied the spins will be at
different phases once the gradient has been
turned off

* This is the role of the phase encoding gradient

* Used in combination with frequency encoding
gradient in the 2"d direction...
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In-plane Encoding
.. Initially, all spins

have
same frequency

X ESTRO
School




In-plane Encoding

* Apply a gradient left to
right
* Linear change in B,
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In-plane Encoding
* After gradient is
removed

* Spins revert to same
frequency

* Phase is different
between columns

* This gradient is applied
n times with different
amplitudes

ESTRO
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In-plane Encoding

@

Apply a further gradient
bottom to top

This gradient is applied
once

Sample the data m
times

Create mxn pixel image
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Phase Encoding

* Each pixel is assigned a unique phase and
frequency

* FT decodes unique frequency but only measures
summation of phase

* Individual phase contributions cannot be detected

* Need multiple increments of PE gradient to provide
enough information about phase changes

* Number of PE increments depends on image
matrix

ESTRO
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Spin Echo Sequence

W = 7(80 + ZGz)

90° /m80°
Resonance condition
- ”\”{/\3 il

a =
4
SR

AR
ESTRO
School




Spin Echo Sequence

Increment gradient
after RF pulse and
before read-out

180°

>}
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Spin Echo Sequence

180°

Apply gradient during
read-out

*)
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Multi-Slice Imaging

* Period between the echo and the next RF
pulse Is called dead time

* Used to excite a separate slice
* Multiple slices are acquired in each TR

* Slice profiles are not rectangular leading to
Cross-excitation

* Slices are acquired with gaps or
iInterleaved

ESTRO
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* Freguency encoding done at time of echo
* Phase encoding done over many TRs
* Time between TR-TE is dead time

slice loop ESJI}O




‘3D’ Sequences

* True 3D volume rather than multiple 2D slices
* A slab or multiple-slabs are selected

* Phase encoding also in the ‘slice’ dimension

Through-plane resolution can be comparable to in-
plane

Phase wrap in ‘slice’ direction
* SNR is improved, scan time longer:

Npe x TR x NEX x N

ESTRO
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Volumetric Imaging

same volume

Typical gradient resolution parameters (45 mT/m):
(2D) in-plane 0.012 mm,; slice thickness 0.1 mm

(3D) partition 0.05 mm ESJI?O




What is k-space?

* ‘k’Is wave-number: number of cycles per unit
distance

» Spatial analogue to ‘cycles per second’ (frequency)

* k-space is the raw data
» An array of numbers whose FT is the MR image

* Each row in k-space corresponds to the echo data
obtained from a single application of the PE gradient

» Rows near centre correspond to low-order PE steps (smalll
gradients)

» Rows at edges correspond to high-order steps

ESTRO
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k-space and image-space of the brain

& ESTRO
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What is k-space?

Phase encoding increments |
[l
|

Frequency encoding gradient ESTRO
School




* All of k-space needs to be filled to create an
Image

v’ Centre: bulk signal/contrast_information
v'Edge: image detail

* |Individual cells do not correspond one-to-one
with individual pixels in image
* Each cell has information about every image

pixel: explains why motion artefacts propagate
through whole image

ESTRO
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FOV = 1/Ak
AX = 1/FOV,

ESTRO
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FOV = 1/Ak

AX = 1/FOV, _A¥ ESTRO



Full k-space Centre k-space Edge k-space




One line per TR Partial Data

.
.
.

.
sxgmmunsd®

Multiple lines per TR ' Skip lines -
P P Radial PIN®S :STRO
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One line per TR Single-Shot Partial Data

Multiple lines per TR Skip lines -
P P Radial " om, STRO
School
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RF Cage

°* MRI inherently low (RF) signal technique

* Faraday cage
» All 6 sides enclosed in copper
» Electromagnetic shielding
» Examples microwave oven, coax cable

° Integrity must be maintained
Penetration panel
Mesh window, waveguide
Closed scan room door, no fluorescent lights

ESTRO
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RF Cage Construction

Waveguides e i | Penetration
¥ Panel

Mesh Window  poor surround




The MRI Controlled Area

Quench pipe

Control Room Pressure release hatch ESTRO



The Inner Controlled Area

Scan Room
30 Gauss

ESTRO
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Cabinet (Equipment) Room

Heat Exchanger o

MNS

ESTRO
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MRI Equipment: Overview

Gradient coils

RF coils

Plus:

Peripheral equipment
RT Specific equipment
Test Objects

Main magnet

ESTRO
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Patient Bore

_ short & wide bore
music

internal lighting

and
ventilation
panic
button shielding ~ windings in cryostat
&
intercom

Vacuum
detachable table

RF body coil



Example Specifications

Shielding

Passive and active

Homogeneity (ppm)

0.2 (40 cm DSV)

Field stability (ppm/hr)

<0.1

Cooling Liquid helium only
Boil-off (I/hr) 0

Helium refill 10 years

Shim plates 16 x 15

Active shim 3 linear terms (20 coils)

5 2"d order (32 coils)

Mass (tonnes)

5.5

Radial (x,y) 5 Gauss 2.5
Axial (z) 5 Gauss 4.0
Minimum area (m?) <30

ESTRO
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Example Specifications

RF channels 8,18,32
Bandwidth (MHz) 1

Gradient amplitude (mT/m) 33, 40, 45

Slew rate (mT/m/ms) 125-200

Host computer 2 x Pentium IV
Memory (GB) 2

Hard drive (GB) 73 GB (images)
Image processor speed 2.2 GHz
Reconstruction (ips 2562 matrix) | 1002

ESTRO
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Application

Whole body (head only) &
peripheral systems

Type
Permanent, resistive,
superconducting

Orientation
Horizontal, vertical field

Design

Tunnel-short & wide bore
Open

Philips’ vertical HFO System



‘Open-ness’

Whole-body systems
..shorter & wider

Field Strength




Static Field (B,)

* Low sensitivity requires high field

* 1 Tesla =10,000 Gauss
0.3-0.7 G Earth’s field

* Projectile effect

* Mostly superconductors
field decay: 5-10 G y-*
field stability: <0.1 ppm h-" y

B

\

ESTRO
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Superconductors

Niobium-Titanium
* Cryostat

Double dewar with nitrogen/helium
Cryoshielding helium only

* Cryogens
Replenish due to Boil off
zero boil off/cryogen free

* Quench
Expensive & safety risk!
Vent pipe, oxygen monitor

ESTRO
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Homogeneity

Off-centre
imaging?
RT Planning?

40 cm

A
y

e.g. DSV, ., = 0.2 ppm

Ocm

(at1.5T):
0.2 x63.87 MHz = 12.8 HZ

B o] i 1.
http://en.wikipedia.org/wiki/File:Finite_Length_So
lenoid_field_radius_1_length_1.jpg#/media/File:
Finite_Length_Solenoid_field_radius_1_length_
1jpg

* Magnet is shimmed at installation- additional (dynamic)

shimming may be required ECS’IL{O
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shim demo shim demo
shim demo zhim demo

SlhtA1 S SihiA 101
20952013 2092013

o
E= I I T A A T A A
o
E= I IO N N I A A A

oy
=]
=
=]

TP O TP O

SP F13.2 SPF13.2

F ot 2607250 F o 2607250
Tra Tra

Demo

shim demo 140171990 TA: 212 Pi: REF Yoxel size: 1.0=%1.0%5.0 mm Fel. SNF: 1.00

Coils Miscellaneous  Adjustments  Adjust Yolume pTx Volumes

. . : =
localizer I Position

| Drientation
| Rotation

IR ==L i

IF==H mm

I A ==P i




shim demo

Sl dami Manual Adjustments

5IMA 141
309/2013 Mo | Amplitude [V Int|P| T2 [ms F¥WHM [Hz Tendenc
¥

14 500.0 183,719 31 2386 -
18 500.0 183,061 31 237 0
16 S00.0 154,757 24 287 -
17 200.0 132,204 21 333 =
18 500.0 118,137 17 38.6 -

8 500.0 372,366 65 113

Coil |Combined  Bd| Apc & K2 Armplitude [v]

|Max| 5,456

Receiver Gain

i FPhysio Triggering

Save Uncombined [On

Increment  Min ——JJ Mane

Temporary System
F1ADD 1123244429 123244429
XA F31 48 -43 .91
i derne [Max| 107,083 Y/ B11 FiiE 06 -1178.06
FWHM [Hz] 386 ZIA10 (372358 372.38 Load Tune-Up
221 AZ0 669 -6.69
2] ZX A2 BOET 6087
123,243,929 123044027 ZY/B21 1988 -19.88 Load Best
Xayz{ A22 HIS68
XY 1B22 M52

512

|
taf

Load System

Reset Best

5
1

1
1

-1,750.00 1,750.00

Frequency Transmitter 3D Shim Inter. Shim B1 Shim
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Fringe (stray) Field

Scanner ‘footprint’
Credit cards erased at 10 G
Safety limit is ‘five gauss line’

[ Tesla scanner has 23 m
5 G line

Passive & Active shielding

Radial & axial components
Typically axial 1.6 times larger

May be measured with
handheld gaussmeter

>30G

Stainless steel, non-
ferromagnetic objects

Credit cards, x-ray tubes

Pacemakers, general
public

<3G

Moving cars etc

<1G

TVs, CT & PET scanners

<05G

Railways, gamma
cameras

ESTRO
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-LI F f FFP?

Fliter Cupboard
with Intemnal
Shelving

# ——

T

Chilled Water
Lines encased

in protective Xffx’f
pipe over top

of RF Cabin

5 G line with Examipration
Active shielding Rgom
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% 0,15

1.04 ’
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.,I'r
1.15-48
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Gradients (db/dt)

e 3 orthogonal orin
combination

* High amplitudes
-Resolution
-DTI

* Fast switching rates
-Faster scans

isocentre G, = dBy/dz

w, @ otA ®

ESTRO
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* Gradient waveform trapezoidal

* Amplitude, Rise time, Slew rate

e.g. 10-50 mT/m, 200 us & 20-150 T/m/s
° Linearity

Distortion for RT planning?

GradWarp or similar in 2D/3D

Max amplitude plateau

Slew Rate (T/m/s) = Amplitude (mT/m)
Rise Time (us)

ESTRO
School
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Rise time




Maxwell Pair
Separation = rv3

(a) z-direction

Golay Colls

Linear between central
arcs

Y i

Optimised inductance

fingerprint’ coils ESTRO
School



Manufacturer Field SPL
Strength | (dB(A
* Eddy currents degrade e | EA
imaging Philips 15 112
pre-emphasis Siemens 1.5 106
(compensation) GE 1.5 110
Active shielding Varian 5.0 18
Bruker 3.0 113
* Lorentz force causes
vibrations _
Noise & reduction methods ) I
thu Mbt' Field / »>>
otion
N

B/ N
y ~ seCond
urrent

ESTRO
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Peripheral Nerve Stimulation (PNS)

* Faster switching =
faster imaging

* Stimulation real issue
* Reilly estimates (right)
* Solutions:

Parallel imaging (‘Coil
Encoding’)

Twin gradients

10000

-
o
o
L]

100

dB/dt Threshold (T/s)
o

—L

\ cardiac
~

-\.-h

nerve

-
o

100 1000
Rise Time (pus)

10000

ESTRO
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RF Coils (B,)

* Coil Usage:

Transmit and/or receive at
resonance

* Properties

Cable loss, loading
Q factor (ow/Aw)
Efficiency 1-Q,/Q,
Filling factor

Temperature ( °C)

* RF heating effects (SAR)

L

WWW

——— Core

= Skin

0 5 10 15 20 25

ESTRO
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» DAC

Turns digital signal to analogue for RF transmission

» Double balanced mixer
Produces amplitude modulated RF waveform

» RF power amplifier
» RF Coil(s) transmit/receive signal
» Pre-Amp

» Phase sensitive demodulator
Removes RF waveform from detected signal

» Low Pass Filter
> ADC

Digitisers signal to be processed by computer

ESTRO
School



RF Coils: Signal Characteristics

Excellent SNR
close to coill

Poor uniformity

Surface Coil:

Bod

Poor SNR

Excellent
uniformity

Distance

Finite Element Modelling used for
complicated designs

ESTRO
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RF Coil Designs

* Surface coils

* Cylindrical coils
Sinusoidal currents around surface gives homogenous B,
Saddle, birdcage (‘distributed capacitance’) with more
conductors approximate this

* Solenoid useful in vertical fields (Philips HFO)

I (EE
L &

solenoid surface birdcage

—

saddle

ESTRO
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RF Coils

* Typical Scanner Configuration:
v Integrated body coil
v’ Head coils (linear for QA)
v’ Torso Coil
v Surface coil
v’ Specialist coils e.g. wrist, breast

ESTRO
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* Extend surface coil coverage
Small coil excellent SNR

* Qverlap to prevent mutual
iInductance

* Separate Rx channels

Noise not correlated, further increase
SNR

* Can be used in parallel imaging®

*Covered in ‘fast scanning, volume sequences’ o ESTRO
School



Quadrature Coils

: L. imaginary
* Linear polarisation- only

half RF power effective -

* Circularly polarised
Orthogonal coils at 90° phase

* Efficient transmission
Power halved (RF heating)

* Receiver colils

. real
SNR increases V2

ESTRO
School



RF Coils: Other

° Dual Tuned
Multi-nuclear spectroscopy
proton MRI & other MRS
Broadband amplifier

* Optical RF Chain
e.g. GE’s OpTix system
Digitised in scan room, optical
transmission
SNR increase by 27%

ESTRO
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o

* Surface coil uniformity problematic (ER coil prostate)
* Commercial correction methods (e.g. SCIC)

* In-house method: PD-W image to divide out
Inhomogeneites

original corrected

"ESTRO
: . School



Dielectric Effect

At 3T A= 26 cm,
comparable to patient

* Conductive/resonance
effect
‘B, Doming’
* Dielectric pad, test objects
Body imaging restored (right)
* Dual transmit body coil

ESTRO
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RT Specific Equipment

» Increase in sophistication from ‘making do’ to
dedicated equipment

Couch: Flat table-top (?RF coil in table)
Magnet: wide bore

RF coils: Use of diagnostic and/or dedicated
equipment

External lasers in MRI room
Associated devices- markers, MR applicators...

ESTRO
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RT Planning Scans




Dedicated System (MR Simulator)

ESTRO
School




H&N

Flex coils (2 x 4), table coil (32)
plus long cabled body coil (18)

Improved SNR & coverage

ESTRO
School




The Future

Higher field strength
* More RF channels
* |ncrease in MR-Simulators

° Hybrld MR-Linac SYStemS 7 Tesla system
| Bt == W |

—————

b 4

64 channel H&N coil

The Australian MR-Linac ESTRO
School
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Molecular Imaging with Positron
Emission Tomography (PET)

PET imaging adds molecular information to morphology and 4 UKT
function imaged with CT and/or MRI.

[(8Ga]DOTATOC
T2w MRI and PET (BrainPET) show small satellite in dorsal area of frontal sinus

(detected on PET). Boss et al, JNM 2010; 51.

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 2



Basic principle of PET

» Positron emitters (B+) used as
biomarkers

» Positron-electron annihilation
= Two y-quanta with 511 keV
each are emitted under approx.
180°

511 keV
y-quant

Posﬂron‘Q/
511 keV /

y-quant

Radioactive
Isotope

Electron

» Coincidence detection in a
detector ring

1

Al
RN

&
|
|

‘Yz

%
F
[

J

%, o
".. l“‘ PET
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Today Combmed PETICT

PET/CT:
combination of
structure and
function

-

L |

First clinical PET/CT

prototype (mid 1990s) [3]

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles



State-of-the-art PET/CT Designs

(a) (b) (c)

|
| |
Gemini series, Philips Biograph series, Siemens Discovery series,
Healthcare Systems Healthcare Solutions GE Héalthcare
(d) (e) (f)
. . . -
: \
. L \ :
&L | ; d
5 1
Aquiduo series, Toshiba Sceptre series, Hitachi Anyscan series,
Medical Systems Medical Systems Mediso

, All PET/CT tomographs combine diagnostic PET and CT ,

s components and a dedicated patient support system. H
Courtesy T. Beyer,

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles cmi-experts Zlirich®



PET/CT

PET PET/CT

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 6



Raw data stored in sinograms

Sinograms: A UKT
Measurement of the activity distribution of a radioactive tracer.

line of response (LOR)

x = offset

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 7



Radial Sampling

S Da
%@ : 23] Mapping from
& 2 Ring m [T sampling projections
& Y | to sinograms [2].
] ]
2/ E Ol —=
n S Y
"’JZZ// X@’ [ Rina ™
Db{min] E Db[max}
J TOMOGRAPH
-— Transaxial field of
( i) . .
"4bmin N tomograph is defined
- " by the acceptance
- angle in the plane.
E Y(Dd[b[max})

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 8



2D-/3D-PET

2D-PET

Geometric
collimation with
septa

-Data sampling
only with 6=0°

°_ower overall
sensitivity

Lower fraction
of scattered
photons

3D-PET

*Projections at
polar angles 6>0°
measured

°I[ncreased
sensitivity

*Higher scatter
fraction

*Special
reconstruction
algorithms are
necessary

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles




2D/3D-PET acquisition

2D acquisition: the O™
entire FOV is
sampled.

Measured lines of response

3D acquisition:
truncation of
projections occurs for
0 >0°.

This results in loss of
data corresponding 4
the ends of the
tomograph [2]. b

Detectors Obiject Detectors Projections

d, =6 Measured

> Unmeasured

15

max -

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 10



Axial Sensitivity

Relative Sensitivity

1 \ . \ .
8 I.'\\ I,l'la ",I f i .'II IlI Ilr\ |l.'I I'.I Il'ln"'-.
I‘\ ,l \ S

AVAVAVA /" \ A ,f VA%

o8 vV
E

06 - |
- III

04 -
)

_I‘I
02}

{} .- i L i i i 1 . i i i 1 i i i 1 i L L i
1 5 10 15 20 25

Sinogram

2D axial sensitivity profile for a
line source in air in a 16-ring
tomograph [2].

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles

Restriction of
max. acceptance

Relative Sensitivity

PR TR TR T NN TN TN SN SN (NN TN N SN SN NN ST SN SRS HNNT SR TR T SO A S N S S |
0 5 10 15 20 25 30
Plane Location

Axial sensitivity variation for 3D
acquisition in a 16-ring tomograph

2].

11



Image Formation

Emizszion

Correction for random coincidences
-‘— E
and deadtime calculated

Blank

Transmission
b y

ERY

Apply
attenuation
correction

Apply
detector i
normalization s

F.
Reconstructed Image

Filtered Back projection

(1) Emission scan

(2) Normalization scans (one
per plane in 2D) to correct
for differential detector
efficiencies and geometric
effects related to the
detector ring

(3) Set of sinograms of
attenuation correction
factors to correct of photon
attenuation (self-
absorption or scattering)
by the object

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 12



Radiation detection

Desired for PET:
1. High stopping efficiency

_ T
2. Good energy resolution Scintillation detectors

* Inorganic crystal that emits visible light photons after
interaction of photons with detector.

«  # of scintillation photons is proportional to the energy
deposited in the crystal.

 Important properties for application in PET:
«  Stopping power for 511 keV photons
« Signal decay time
« Light output
* Intrinsic energy resolution

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 13



Properties of scintillaton detectors
applied in PET

nnnnnnn

Property Nal(Tl) BGO LSO YSO GSO
Density (g/cnn) 367 @ 713 @ 74 @ 153 6.71
ffective £ T 506 ~74.2 65.5 342 58.6
Attenuation length 2.88 1.05 1.16 258 1.43
_Deca',r constant (ns) 230 @ 300 @ LU 70 60
Light output {photons/keV) 18 b 24 46 10
Relative light output 100% @ 15% @ 75% 118% 25%
Wavelength Alnm) 410 480 420 420 440
Intrinsic AEVE (%) 5.8 REE 91 @ 7.5 4.6
AE/E (%) 6.0 10.2 10 12.5 8.5
Index of refraction 1.85 2.15 1.82 1.8 1.9
Hygroscopic? Yes Mo Mo No No
Rugged? No Yes Yes Yes No
u (em™) 0.3411 0.9496 0.8658 0.3875 0.6978
ufp{cm"fgm] 0.0948 0.1332 0.117 0853 0.104

Nal(Tl): sodium iodide deoped with thallium

BGO: bismuth germanate (Bi,Ge;0,,) New: LY.
LSO:  lutetium oxyorthosilicate doped with cerium(Lu,SiO;:Ce) ew: LYSO
YSO:  yttrium oxyorthosilicate doped with cerium(Y,SiOz:Ce)

GSO: gadolinium oxyorthosilicate doped with cerium(Gd,SiO;:Ce)

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 14



Photo-multiplier tubes (PMTs)

rrrrrrrrrrrrrrrrrrrrrrrrrr

PMTs: photo-detectors used in scintillation
detectors for PET

(1) Incoming photon deposits its

energy at the photocathode,
anode release of a photo-electron

(2) Applied electric field
accelerates the electron to
the first dynode

(3) Emission of multiple
secondary electrons due to

increased electron energy
dynodes (4)

|

7

Impinging ray transformed ‘ ) i i
into electron g Good signal-to-noise ratio (SNR)
g Low quantum efficiency (QE) ~
25%

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 15



Detector Designs used in PET

4 UKT
One-to-one coupling:
_ piing S Individual Coupling
- Single crystals glued to individual
§ 3-10 mm wide
D hoto-detector Scintillator Crystal (usually BGO) ‘e*m B
. Spatial resolution limited by discr as
. P mm long
crystal size %
Photomultiplier Tube (PMT)
(10 mm minimum size)

Block detector design:

*  Rectangular scintillator L BGO Cuystals
block sectioned by <] Stotted Lightguide |
. |
partial saw cuts of e
. . ~{—PMT
different depth into °
discrete elements Standard PMT |k N
«  Usually 4 attached PMTs block detector
e design . |
*  Anger positioning scheme (fom _ ./ _ i
[2]) T

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 16



Anger detector:

. Large scintillator crystal glued to
array of PMTs

Weighted centroid positioning
algorithm used to estimate
interaction position within the
detector

4 Photomulitiplier Tubes

s X = (B+D){A+C)
- A+B+C+D

_ (A+B)(C+D)
Scintillator Block (8 x 8 detectors) A+B+C+D

_ Block detector Siemens-CTl ECAT 951,
Block detector system + Anger logic [3] 8x8 block BGO with 4 PMTs (from [2])

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 17



Timing Resolution and Coincidence

Detection

Coincidence time window: 2t

DETECTORA
A
4
i
kV, L Time
V| - SIGNAL A

SIGNAL B

COINCIDENCE
WINDOW

W\/‘\Am—

DETECTOR B
B
b
kv, |} Time
v, |
v

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 18



Time-of-flight (TOF) PET

* |n addition to the
coincidence
information, the
difference in flight time

IS registered

At =22

C
* Better SNR

(a) Localization without TOF,
(b) with TOF. Townsend, PMB 2008 [3]

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 19



Detected Events in PET

» Detection event is valid (= prompt event) if
e Two photons are detected in coincidence window
e LOR is within valid acceptance angle
e Energy of both photons within selected energy window

21t=10ns

True coincidence (A), scattered coincidence (B) random coincidence (C)

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 20



Prompt Events

» Single event
e single photon is counted by detector (1-10%)

» True coincidence

e event derives from single positron-electron
annihilation

e Dboth photons reach tomograph without
interaction
» Random coincidence
e two nuclei decay at approximately the same
time
e random event count rate (R,,) between two
detectors a and b:

Ras =27+ NaNp oc N

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles

True

Random

21



Prompt Events (ll)

» Scattered events

e One or both photons detected have &
undergone a Compton interaction Jf
e Loss in energy and change in direction Tf f
e Due to poor energy resolution, many —
scattered photons cannot be discriminated
e Wrong LOR assigned / Scatter
» Multiple (triple) events
e Three events from two annihilations detected &
e Eventis disregarded | f:”r N
e Proportional to count rate :’ﬁ
Erzj
# S
’;.

Multiple

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 22



Performance of PET Systems

» Sensitivity ) 4 UK
& counts
S=—-=
t-A |seckBq

e Good systems reach S=7-9 counts/(sec.kBq)
Spatial Resolution

Energy Resolution

Count Rate Performance

Scatter Fraction

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 23



Performance of PET Systems:

Spatial Resolution

Determined by full width half maximum (FWHM) of point
spread function (PSF): FWHM =.[8In(20)

Resolution Factors

Anger Logic

180° + 0.25° 3 F >

Photon Noncolinearity

-

Positron Range

Reconstruction Algorithm

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles

Shape

SRR

multiplicative factor

FWHM

d/2

0 (individual coupling)
2.2 mm (Anger logic)*

*empirically determined
from published data

1.3 mm (head)
2.1 mm (heart)

0.5 mm (18F)
4.5 mm (52Rb)

1.25 (in-plane)
1.0 (axial)

24



Performance of PET Systems:
Energy Resolution

rrrrrrrrrrrrrrrrrrrrrrrr

to limited light yield of scintillator crystal

» Two methods for determination of energy resolution:
e Single event energy resolution
e C(Coincidence (i.e. both events) energy resolution

100000 T
| /
80000 T %;
3 § l,.'":l .'III
- /4
Z 60000 T /’j"f? \
_g i Di’;mhm‘::i/w/),-*’f:'a FWHM\= 16.4/19.6/21.6%
& - Source 4
S N o .
d 40000 TSN A J'/ /
5 e e / Energy spectra for
Z "
s g f_,/*’ﬂf single photons for a
#Y o m ek BGO PET system [2].
A ey
100 200 300 400 500 600 700 800

ke'V
ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 25



Performance of PET Systems:
Count Rate Performance

rrrrrrrrrrrrrrrrrrrrrrrr

» Processing of detected photons takes finite time

: : i 2 T: trues
» Noise Equivalent Count Rate: |, .o T S seattered

T'+S+2fR|R: randoms

f- rel. area of
object on
proj. surface

200000

-Expected

150000 =
—  Count rate curves for
_ SR true,_random e_md
100000 - multiple coincidences.
Derived curves for
ol expected and noise

50000 - _ \ equivalent count rate

Counts per Second

_ [2]. Data recorded on a
 Muligles oW image—  CT] ECAT 953B PET
=== .. ... .. contrast | ysinga"C-filled

0% 2 ' E T . .
"”Noisy ihage 0 o e >0 cylinder in water.
Activity (kBg/cc)
ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 26
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Performance of PET Systems:
Scatter Fraction

4 ,,,,,,,,,,,,,,,,,,,,,,,,

» Fraction of the total coincidences recorded in the A UKT
photopeak window that have been scattered

» Sources of scattering

e Scattering within the object containing the radionuclide

e Scattering off the gantry components (lead septa/side shields)
e Scattering within the detectors

ﬂ 1] '

150 200 e

Projection Bin Projection Bin
Log-lin count rate profiles of line source in air/water show additive scatter
component outside of central peak [2].

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles
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Performance of PET Systems:
Scatter Fraction

» Fraction of the total coincidences recorded in the A UKT
photopeak window that have been scattered

» Sources of scattering
e Scattering within the object containing the radionuclide
e Scattering off the gantry components (lead septa/side shields)
e Scattering within the detectors

» Scatter fraction can be reduced by

TOF

Usage of a powerful iterative reconstruction method
Shielding of scattered photons by septa and endshiels
Small coincidence window

Good energy resolution

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 28



» Positron emitter used as
radioactive tracer in the patient

\ « Use of collimators to generate

,image slices’

« Detection of y-quanta in
scintillation crystal

« Better resolution due to Anger
logic

« Signal amplification using PMTs

* Image reconstruction

collimator

scintillation
crystal

photomultiplier
tubes

Analog-to-digital converter

!

Computer

ESTRO Teaching Course Advanced Imaging: PET — Basic Principles 29
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Artifacts in MRI




Artifacts in MRI

 Animage artifact is any property or effect observed in an image that
does not appear in the original object

 Images can be distorted in many ways
— Signal loss
— Deformations
— Poor resolution
— Ghosting
— Aliasing

« Consequences for use
— Interpretation is difficult
— Geometrical accuracy may be compromised



Outline

Lecture 1

« Origin of geometrical artifacts
— Fold-over artifacts
— Ringing
— Impact of field distortions

Lecture 2

 Measurements for characterizing geometrical accuracy
— Phantom design
— Characterizing gradient errors

« Examples

* Practical consequences

e« Summary



Origin of various artifacts

« Sampling of k-space
— Sample k-space in too large steps
— Don’t sample high k-values

e Magnetic field errors
— Inhomogeneous B, field
— non-linear gradients
— Susceptibility
— Chemical shift

e Motion



Imaging artifact

« T,-weighted SE image of a brain
 What is wrong?




Sampling the MR signal

* Nyquist criterium:
signal must be
sampled at at least
twice the rate of the
highest frequency
component




Sampling the MR signal

e Nyquist criterium:
signal must be
sampled at at least
twice the rate of the
highest frequency
component

:sampling IS not

» If the signal contains higher frequency components, aliasing occurs




Resolve aliasing by increasing sampling
frequency

* Nyquist criterium:
signal must be
sampled at at least
twice the rate of the
highest frequency
component

* By increasing the sample frequency, the higher frequency
components can be resolved and aliasing is avoided




Field Of View covers entire object: no fold-over




Question: field of view

 What happens with the distance between lines in k-space, if you
reduce the field of view by a factor of 27

1. The distance between k-lines is increased by a factor of 2
2. The distance between k-lines is reduced by a factor of 2

3. The distance between k-lines remains the same (but the extent of
k-space is reduced by a factor of 2



Field Of View covers entire object: no fold-over




FOV too small: fold-over

1/FOV

F‘

S N I



How to suppress fold-over artifacts?

* If NSA>1: Measure all k-lines (full FOV), but reconstruct only half of
the image




How to suppress fold-over artifacts?

* If NSA>1: Measure all k-lines (full FOV), but reconstruct only half of
the image



How to suppress fold-over artifacts?

= '. ‘

REST slab ™

REST slab

o If NSA=1: Saturate the signal from outside the field-of-view with
REST slabs




Saturate signal from outside FOV




Imaging artifact

« T,-weighted SE image of a brain
 What is the difference between the left and right image?



Imaging artifact

« T,-weighted SE image of a brain
 What is the difference between the left and right image?



Truncation errors (ringing)

* Imaging sharp edges requires high frequency components in k-space
« Cutting off the high-frequency k-lines causes oscillations in the image




How to avoid truncation errors (Ringing)

» sample k-space up to sufficiently high frequencies (use sufficiently
small voxels during acquisition)

» filtering; the ringing may disappear, but the spatial resolution of the
Image, and sharpness of edges tends to be compromised



Sampling of k-space

Aliasing/Fold-over artifact:
* Fold-over of signal from outside field-of-view into the image
« Appears in phase-encoding direction

What to do about it:

* Increase FOV in phase-encoding direction
— (decrease the distance between k-lines)

« Suppress signal from outside FOV



Sampling of k-space

Ringing artifact:
» Oscillating pattern next to sharp edges in an image

What to do about it:
 Decrease voxel size

— (sample higher k-values)
* Filter the image



Sampling k-space in practice

e Let's assume we sample k-space well. Do we \'|
really sample, what we thought we sampled? "

« Spatial encoding occurs by switching gradients to i
modulate frequency and phase -

« How can this process lead to artifacts?

Linear magnetic gradient fields (X, y, z) create
spatial differentation of the signals

— 3D images



Position encoding in a spin-echo sequence

RF pulse

Slice selection gradient

Phase encoding gradient

Frequency encoding gradient

Signal detection

G,
| S—|
-:---Ty»--:-
6, BEEH! N;-4G,
HEHEEF
= zE™>
G_,, ________ Ga:c G:c -------- __________ L
: A5 N,?-At ..... _




Slice selection: transversal

Resonance condition

W = 7/(BO+ ZGz)




Phase encoding

Apply gradient after RF pulse and
before read-out

--------
-




Phase encoding

Y-direction—

time —




Phase encoding

Y-direction—

time —



Phase encoding

Y-direction—

time —



Frequency encoding (read-out)

Apply gradient during read-out




Frequency encoding (read-out)

w =y (Bo+xG,)

x-direction—

time —



Position encoding in a spin-echo sequence

2D Fourier transform imaging

nt" time sample of the signal after the mt
phase encoding step:

T Y

S(n.m)e

|||||||||||||||||
lllllllllllllllll

gives complex image A'(u,v).



A spin-echo sequence in k-space

HEEEE NN
BN NNE




A spin-echo sequence in k-space

|||||||||||||||||



A spin-echo sequence in k-space




Phase evolution

 The phase shift depends on the strength and duration of the gradient
applied;

* For the phase-encoding (y) and read-out (x) gradients, this means:

A(Dm = 7/ymAGyTy and Aq)n = 7/XGXnATX

* In a spin-echo sequence, the spins flip 180° during the 180° pulse.
Thus, a phase difference created before the 180° pulse has the opposite
effect during read-out




Phase evolution

O(x,y, 2,n,m) = —72G; The + 3G, (n + =2) At — yymAG,T,,.

With a balanced read-out gradient: o

And in the absence of field inhomogenetities: < Toe>

$(x,y.z,n,m) = yrGnAt — yymAG,T,.

with

ne [—l_;ﬂ- l;ﬁ — 1] and m € [—%‘-

echo centered in the acquisition window at t=0 (n=0, m=0)



A spin-echo sequence in k-space

K, = ¥XG,nAT,




Do we really sample k-space the way we think

we do?

Many reasons why the phase evolution can be distorted

 Hardware

— non-linear gradients
o Patient

— chemical shift

— Susceptibility



Imperfections of B, and gradient fields

electrical current

Imperfect magnetic field homogeneity:

« divergence of the magnetic field lines at the end of the coll

« Iimperfect winding the superconducting wire

« variations of current densities in the wire

» Distortion of the magnetic field by metal close to the scanner



Non-linear gradients cause position distortions

linear gradient

................. 7 non-linear gradient

A~-BG' (.’L‘) //:

E o B T R




Magnetic susceptibility

Magnetic susceptibility ¥ : M=yH
M = magnetization, H = magnetic field
— diamagnetic materials: y< O (tissues ca. -9.10°)
— paramagnetic materials: y > 0
— ferromagnetic materials: very large susceptibility
— air:x =0



Water-fat shift

Magnetic field at the nucleus depends on magnetic shielding of
surrounding electron clouds, depends on molecular environment

example:
resonant frequencies of protons in fat and water differ by 3.4 ppm

Signal intensity

Fat

A\

-3 0 3
Chemical Shift (ppm)




Erroneous sampling of k-space

|||||||||||||||||



Position errors: slice selection

A deviation of the magnetic
field during the 90° pulse
results in a shift in the
selected slice:




Distortion of phase evolution

DU (x 'y, z,n,m)=d(x,y,z,n,m)

+ yAB, (X, Y, Z)nAt
+7AB; (X, Y, Z)nAt

- 7’mABAGy (X’ Y Z)Ty

With:
@distorted - the distorted phase evolution
O the ideal phase evolution: <N O

-----------------

®(X, Yy, z,n,m)=xG, NAt — ymAG, T,




Impact on geometrical accuracy

Interpretation of the effect of disturbances:

DI (x y,z,n,m)=d(x,, y,,2,n,m)

Group x-terms for distortions in read-out direction:

XG,NAt + yAB, (X, Y, Z)NAt + yAB; (X, Y, Z)NAt = px,G,nAt

and solve for x;

AB, (X, Y,2) . AB; (X,Y,2)
G G

X X

X, = X+




Impact on geometrical accuracy

Group y-terms for distortions in fase-encoding direction:

— WmAGyTy — WABAGy (X1 y1 Z)Ty — _WlmAGyTy

and solve for y,

Assuming that the errors in the gradient are independent of the gradient
step, this is equal to




Result: geometrical distortion in spin-echo
iImaging

In the frequency-encoding direction, both the non-linearity of the frequency-
encoding gradient and static field inhomogeneity cause geometric
distortions

In the phase-encoding direction, distortions are solely caused by the non-
linearity of the phase-encoding gradient



Question: water-fat shift

Water and fat have a slightly different resonance frequency. This
results in a shift between the water and the fat in an image, called
‘water-fat shift’

 |n what direction does this shift occur?
1. Slice direction

2. Phase-encoding direction
3. Read-out direction



Result: geometrical distortion in spin-echo
iImaging

ABy(x,Y,2) | ABg (X,Y,2)

X, = X+
G

X

frequency-encoding (read-out) direction: G| |

* non-linearity of the gradient o
« static field inhomogeneity - =Ty
(= static difference in resonance frequency) G, [EEEEY Np- AG,
: S L) :
o dgE >
a1 Gze Gy

. Y

t -

phase-encoding direction:
 non-linearity of the gradient



Distortions in a Gradient Echo sequence

In Gradient Echo imaging, the \/\/\N—
RF : _
same distortions occur. ﬁ/\/ i

However, in the frequency- G. ’
encoding direction also N
dephasing occurs, resulting in . < T-
signal loss: G EI“NPAG;:;
AD(X,y,z)=yTEAB,(X, Y, 2)
G Gs
_________ - _
T
t {NSAt}



Dephasing due to static field inhomogeneities




Rephasing in a Spin Echo sequence




Continued dephasing in a Gradient Echo
sequence




Phantom experiments

Some qualitative experiments with coaxial cylinder
(water air susceptibility difference):

,read-out

- " |
- - - ‘ |
a b c
,read-out
a b c

air

water

water water

d
d

alr

air: y =0
water: y ~ -9.10°



Dephasing effects increase with TE in

gradient echo imaging

“read-out
a b C d
TE: 7.5 ms 15 ms 22.5 ms 30 ms

» Dephasing artifacts increase with Echo Time



Dephasing effects increase with TE in
gradient echo imaging

TE30ms -

e 3T scanner
 FFE sequence; TR = 100 ms, FA 45°



Summary 1

 Many reasons exists for artifacts in images
— Erroneous sampling of k-space
« Aliasing
* Ringing
— Magnetic field errors
« Gradient artifacts
« Susceptibility artifacts
« Water-fat shift

« Geometrical artifacts show up in a particular direction
— Phase encoding direction: aliasing

— Read-out direction: susceptibility, water-fat shift

 Dephasing results in signal loss in gradient echo sequences



Outline lecture 2

 Measurements for characterizing geometrical accuracy
— Phantom design
— Characterizing gradient errors

« Examples

* Practical consequences

e Summary



Imaging For Physicists
Artifacts 2

Uulke van der Heide



Many reasons for artifacts

Erroneous sampling
of k-space

Aliasing
Ringing




Many reasons for artifacts

 Magnetic field errors
— Gradient artifacts
— Susceptibility artifacts
— Water-fat shift

« Geometrical artifacts show
up in a particular direction




Many reasons for artifacts

« Field distortions lead to signal loss in gradient echo sequences due to
dephasing
 Dephasing is proportional to echo time



Outline lecture 2

 Measurements for characterizing geometrical accuracy
— Phantom design
— Characterizing gradient errors

« Examples

* Practical consequences

e Summary



Homogeneity of the main magnetic field

Gradient coils

e.g. uniformity in diameter of
spherical volume DSV, = 0.2

ppm

(at1.5T):
0.2x63.87 MHz=12.8 Hz

* Magnet is shimmed at installation- additional (dynamic)
shimming may be required



Gradient fields

radient Col

G,
—
X

, ,

—

Linear changes in B, in each orthogonal direction



Correction of imperfect B, and gradient fields

Image distortion and
correctionon a 0.23 T

open MRI scanner

Er i ML —— e
PR TR Y P T bk g T Y D B T A Y P P
= -

Mah et al. 2002 Int. J. Radiat. Oncol.
Biol. Phys. 53 (3), 757-765




Phantoms

t:l A T

o IR
T
© i AT 1
U TR ST i

T A T TR
‘i-l'*]
e

¥
lmn-ﬂ:u Ll

WS n“nu "

2
PO

Commercial: Quasar, Modus

SIEMENS

‘sprueres positions ‘Spher=s posivons

-
N

Torfeh 2015 Walker 2015 Vendor: GE




Design of a phantom for field-error

1.0
—_ (a)
0.5 | L=0.5D :
00 Focm e e e e ; e
E -0.5 I|I II
2 -1.0 | |
“““““““““ 3 15[ — | || e
@ 2.0 | |
-2.5 || _ |
-3.0 VTN
_35 e - PR i I L | i
-128 -96 -64 -32 4] az 64 96 128
position [mm)]
A schematic overview of the eylinder with respect to By (D is the diameter and L the length). 1.0 "
0.5 L=4.0D N

e Use tubes that are long relative
to their diameter

B-field [ppm]

- - D

oo O

b
R

- L [ 1 L 1 N 1 " 1 . L L 1
-128 -96 -64 =32 0 32 64 a6 128
position [mm]

Cross-section of calculated B-field in ppm
along the cylinder axis

Baghwandien et al. 1994 Magn. Res. Imag.
12:101-107



Setup of experiments to characterize magnetic

field iInhomogeneity and gradient non-linearity

Experiment 1.
 phase encoding along y
 Frequency encoding along x

Experiment 2:
* phase encoding along x
* Frequency encoding along y

ABy(%,Y.2) AB; (X,Y,2)
G G

y y

Y, =Y+




Distortion mapping

.....
.......
'''''''

ROt Gradient reversal and subtraction

distortion| (mm) distortion, (mim)
2,000 2,650 3,300, 2.000) 2,650,

Frequency
encoding:

Residual gradient B, component

Walker et al. Med Phys 2015;42:1982-1991



Continuous or stepped table measurement

distortion (mm) distorfion (mm)
2,000 4500 7000 2,000 4,500 /000

Restrict volume Move table through isocentre

Walker et al. Med Phys 2015;42:1982-1991



Gradient corrections

distortion (mm) disfortion (mm)
2,000 4.555

2D correction 3D correction

* 3D correction introduced circa 2006 and adopted by vendors



System measurements

Vermandel 2014 (Head) 24 cm Various 3.0T & 1.5T
Glide-Hurst 2014 2500 points, 1.0T Panorama
40 x 40 x 40 cm
Balter 2014 4689 points, 3.0T Skyra
46 x 35 x17 cm
Walker 2015 5830 points, 3.0T Skyra
50 x 38 x 51 cm
Torfeh 2015 357 rods, 1.5T GE 450w

40 x40 x 19 cm

Mean 1 mm uncorrected,
0.5 mm corrected

24% > 3mm at 150-200 mm
radius

<1 mm at 17 cm radius (60
mm z)

250 mm radial, 200 mm z
29-87% of phantom <2mm

95% <1mm at 200 mm
radial



Characterizing geometrical distortions

e Currently no standard phantom/QA
* (Good resolution of points

* Large coverage (X,Y,2)

* Flexible design (weight)

* CT compatible

* Rods Vv points (susceptibility)

* Positive/negative signal material

* Semi-automated measurements



Magnetic susceptibility

Paramagnetic
v >0

Diamagnetic
v <0

S N
—-< AB, —
— _—

Alllllllllllllllllllllll:lllll'

Local field
variation AB,, R eEEEEEERARARRTRRee” JERRAN
. HEEE " ANEN
superimposes
linear gradient

Off-resonance effects: distortion and signal variations (voids & hyperintensity)
Ferromagnetic material (y>>0) has severe effect



Susceptibility artifacts

» Markers around head

Moerland, PhD thesis 1996



Susceptibility artifacts

» Markers without head

Moerland, PhD thesis 1996



Susceptibility artifacts

* Overlay of images

¥ " ; L W
" i 1 .
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i :

L] r‘ [ |
L] S i
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L »
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’
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] i »
[ . L]
- »
[ ] ]

Moerland, PhD thesis 1996



Calculation of field distortions

b +5.8 ppm

2.8 ppm

* -4.0 ppm

I +2.0 ppm

Moerland et al. 1996; Phys.
Med. Biol. 40:1651-1664



Susceptibility artifact in read-out direction

AB, (X, Y,2) . AB; (X,Y,2)

X, = X+
G

X

Moerland et al. 1996;
Phys. Med. Biol. 40:1651-



Shimming

s (ewso Manual Adjustments
SMA 151
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BO mapping

Magnitude Phase-(TEl) Phase (TE_2) leference

» Airftissue interfaces problematic
e Dynamic & HO shimming

 May be measured/corrected:
e Image at two different TEs Maximum 34 Hz (0.3 ppm)
» Reconstruct phase difference | —

 Bhagwandien measured -5 to
+6ppm i.e. nearly twice WFS

% NB Maximum

| 203 Hz (1.6
N |[Pm@SD




BO mapping

Male volunteer. Notice B,
variations near the rectum
due to susceptibility effects of
rectal gas

el
Such a map can be used to :: :
calculate the distortion of the iy
Image, and in some cases
correct for it

BO-map =



Examples of artifacts

e Susceptibility artifacts

o Water-fat shift

 Motion

 DbSSFP artifacts (bTFE, bFFE, trueFISP)
* EPI artifacts



Example from clinical practice.
What is wrong?

« MRI exam of patient with cervical cancer

« T2-SE sequences shows large area with
signal loss

« T1lw-THRIVE sequence shows dark ring




CT scan of same patient

e No obvious metal
 However: a small ferro-magnetic button in her clothes
e Solution: remove metal



Patient with hip prosthesis

A metal hip prosthesis (titanium)
« Verified that it is safe for the patient
« Big artifact on bSSFP sequence




Patient with hip prosthesis

 The T,-SE sequence and T,-TSE
sequence show a void a the location of the
hip, but minimal distortions




Susceptibility artifact

Artifact:
e Geometrical distortions
e Signal loss

What to do about it:

* Avoid metal, as much as you can

* Minimize pockets of air if possible

* minimize band-width (maximize gradient strength)
 Avoid GE sequences, use SE

e Use short echo times



Water-Fat Shift

Electron shielding different between molecules

B'=Bx(l-0)

Water-fat shift ( WFS) =220 Hz at 1.5 T

¢ e e e e s e e e e
o g
(S S S S S S S S i

&
|

»
»

Hz/pixel @~ SeSSSSSSSSSSSSSSSSSSSSSSEEEEE

* Produces characteristic signal misregistration
* Assign enough ‘Hz' across each pixel..increase BW



Water-fat shift

Magnetic field at the nucleus depends on magnetic shielding of
surrounding electron clouds, depends on molecular environment

example:
resonant frequencies of protons in fat and water differ by 220 Hz

220Hz =3 4ppmatl5T
3.4 10°.1.5T=5.1uT at15T
=5.1uT/3mT/m=1.7mm atl.5Tand read out gradient 3 mT/m

£ * artifact
S Fat — increases with B
‘ — decreases with gradient

strength

-6 -3 0 3
Chemical Shift (ppm)




Water-fat shift

Small read out gradient Composite image
0.54 mT/m SlifEE
4
/ TR i, : /) % ug‘,fv? |
i} t , P *’_NJ\J |
A ' &t . \ \ -"L- e .* ;,t
b ‘? '. J 1I _"r-"f: £

Water-fat shift ~ 9 mm
Contour distortions
marker position error

Distortions due to AB, (water fat shift, susceptibility) can be reduced to < 1mm
by increasing gradient strength, However: gradient errors remain!



Water-fat shift

Artifact:
e Geometrical distortions
e Signal loss

What to do about it:
* Minimize band-width (maximize gradient strength)
* Fat suppression



Question: motion artifacts

 Motion of a patient in the MRI scanner results in an artifact. What is
the appearance of this artifact?

1. Blurring of the image in each slice
2. Ghost images in each slice, overlaying the ‘true’ image
3. Shifts between the slices



Motion artifacts

Ghost images

* Interference at periodical intervals
along phase encoding axis

e A small motion may result in large
offsets




Motion artifacts

 Motion artifacts propagate mainly in the phase-encoding direction.
Motion between phase encoding steps will corrupt the phase-encoding,
resulting in ghosts

« Signal sampling in the read-out direction is usually faster than
physiological motion and may produce only some spatial blurring



What to do about i1t?

« Fixation
— Breath hold
 Fastimaging, cine MRI
* Respiratory gating, cardiac gating etc.
« Navigators, Propeller/MultiVane




Motion correction with a Propeller sequence

SE with MultiVane

Sample a set of lines in k-space repeatedly at a different orientation

— The central part is sampled each time, allowing for a phase correction
of the signal

— The outer part of k-space is sampled only by one of the vanes



Propeller sequence: Eye movement

SE with Mul

 The MultiVane sequence in a Philips 3T achieva scanner reduces the
ghosting artifact around the eyes

* Near blood vessels ‘streak’ artifacts show up, due to undersampling of the
outer part of k-space



bSSFP artifact

« Balanced Steady State Free Precession
also known as:

— bTFE, bFFE (Philips)
— trueFISP (Siemens)
— FIESTA (GE)

e Steady state depends on T, and T,

e Spins from many excitations create a steady
state of precessing spins |

« BO distortions (susceptibility) result in spins AV
that are off-resonance and don’t see the RF  pSSEP artifacts at rectum
pulses. Thus they don’t produce a signal prostate interface



bSSFP artifact

Artifact:
« A periodic pattern of dark bands in the image

What to do about it:

* Avoid metal, as much as you can

* Minimize pockets of air if possible

e Optimize shimming

« Change the center frequency f, (multiple series with shifted f;)



EPI artifacts

* Very fast switching of gradients because all phase-encoding is done
within one read-out

« A very narrow band width is used to collect the data rapidly (example
BW = 42 Hz per pixel)

« Therefore very sensitive to B, distortions



EPI artifact

Artifact:
e Geometrical distortion

What to do about it:
e Optimize shimming
« Use multi-shot EPI, rather than single shot



Geometrical artifacts

Artifact

axis

remedy

Fold-over (aliasing)
Ringing (truncation)
Susceptibility
Water-fat shift

Motion (ghosting)

phase encoding
both

read-out
read-out

phase encoding

Increase FOV
reduce voxel size
increase BW
increase BW

reduce motion
gating
fast scanning




Practical consequences

 The geometrical accuracy of MR images tends to be worse towards
the edges of the field of view

* Field distortions due to susceptibility differences are larges near
interfaces (body contour, air pockets)

« Devices used during interventions (brachytherapy) make cause
artifacts



Practical consequences

Largest distortions at the edges of
the MR bore

Markers on the skin not reliable as
reference for beam setup

Mah et al. 2002 Int. J. Radiat. Oncol. > RegiStration of planning CT and
Biol. Phys. 53 (3), 757-765 MRI



MRI-guided interventions: needles

Spin echo images of needles (18G/1.3 mm) in a 1.5 T BO field

O degrees with respect to Bo field 40 degrees

Stainless steel Plastic Titanium

AN (B o N

Distortions depend on material, shape and orientation



Summary 1

 Many reasons exists for artifacts in images
— Erroneous sampling of k-space
 Aliasing
* Ringing
— Magnetic field errors
« Gradient artifacts
» Susceptibility artifacts
« Water-fat shift

« Geometrical artifacts show up in a particular direction
— Phase encoding direction: aliasing

— Read-out direction: susceptibility, water-fat shift

 Dephasing results in signal loss in gradient echo sequences



Summary 2

« Characterizing geometrical distortions can be done with a phantom
— Avoid inducing additional susceptibility artifacts
— Distortions depend on specific sequence

 (Geometrical accuracy tends to deteriorate towards the body contour
and tends to be good in the center of the body

— Localization of external markers may be inaccurate

 Many possibilities exist to avoid artifacts or to minimize their impact.
It is important to be aware of possible artifacts



‘Every drawback has a benefit’

Artifacts are often exploited to create new contrast mechanisms

Artifact MRI technique

Susceptibility Dynamic Susceptibility Contrast MRI
Blood Oxygen Level Dependent (BOLD) MRI

Water-fat shift DIXON (separation of water and fat imaging)
MRI spectroscopy

In-flow artifacts MR angiography
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PET Image Formation

Universitiitsklinikum Tiibingen

Correction for random coincidences
——— .
and deadtime calculated

Blank

Transmission
I ;

_ Blank LE.U dr

Transmission —

1. Raw data
correction

2. Image
Reconstruction

Reconstructed Image
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Random Correction

Universitiitsklinikum Tiibingen

» Randoms: Ra =27 - NaNb oc N?

T
Correction Methods: HH‘
) Tail Fitting k2 4
e Estimate random distribution in the object - q_g‘
by fitting the tails outside the object ;’T
» Estimation from Single Rates [ Random

e Direct determination from single rates N, and N,

» Delayed Coincidence Channel Estimation

e Data stream containing signals from one channel is delayed for
several times the coincidence window

e Removal of all annihilation events
e Any coincidences detected are random
e Subtraction from coincidences in the prompt channel

ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 3



Normalization

Universititsklinikum Tubingen

» LORSs have different sensitivities
» Individual correction factor for each LOR

Correction Methods:

» Direct Normalization
e lllumination of all possible LORs with planar or rot. line source
e Long scan times necessary
e Sources must have very uniform activity distribution

Radial Profiles
1.2

951
062
1.1 4 — 5 dvance

: Mean radial geometric profiles for
\/ three block-detectors. Asymmetry
due to the fact that centre of rotation
&8 ' ' ' ' | of sources not coincident with center

45 -35 -25 -15 -5 5 15 25 35 45 .
LOR incidence angle (degrees) of detector I’Iﬂg (from [2])

» Component-based Model for Normalization
ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 4



Dead Time Correction

» Measurement of dead
time with ‘decaying
source’

e Uniform source (18F, 1C) of

known activitiy

e Measurements of singles,
prompt and random
coincidence rates

» Construction of look-up
tables for dead time
correction factors

2.0E+06 7

1.8E+06
1.6E+06
— 14E+06

=
1.2E+06

te (/s

© 1.0E+06

8.0E+05

Countr

6.0E+05

4.0E+05

2.0E+05

0.0E+00

= = Ideal trues

=— Measured trues

== Randoms

Universitiitsklinikum Tiibingen

T
40

T T
60 80

Activity (kBg/ml)

= = |deal trues
= |ntegration time = 700 ns

= |ntegration time = 100 ns

0

T
20

T
40

Activity (kBg/ml)

T
60

T
a0

10C

(a) Effect of dead time on count rate

linearity.

(b) Effect of shortening the signal

integration time (from [2]).
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Scatter Correction

Universitiitsklinikum Tiibingen

» Most likely: Compton scattering

» Compton equation E

E -

SC

1+

e (1-cosQ)
0

Relates photon energy before (E) and after scattering (E..) to
scattering angle Q

m,C?: resting energy of electron before scattering

3.50E+H07

= All events

Correction strateqgies:

Fitting scatter tails

Direct measurement

Dual energy window methods
Multiple energy window
methods

Simulation-based methods

Number of photons detected

3.00E+H07 7

2.50EHIT

2.00E+07

1.80E+07

1.00E+07

5.00E+06

0.00E+00

== =yunscattered
= = ®geattered once
— = scattered twice

— - scattered = twice

I
//\ h
A ;
= —— e
/ 2 g e f .
s TN e~ T
4] 100 00 300 400 500 600 700

ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring

Energy (keV)

Spectral distribution of scattered
511 keV photons [2].

6



Improved image quality due to
random and scatter correction

andoms randoms
andoms & &
& scatter scatter

scatter

i
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Attenuation Correction

Probability P, for quant y, to reach a AL
detector:

—T#(X)dx
Pl — k1 €
Accordingly P, for quant y.:
—Iu(X)dX
P,=k,-e™
Probabillity for a coincidence event:

X0

Accurate attenuation correction is possible if the line integral jy(x)dx
can be obtained from a transmission measurement. Xy
CT is used for attenuation correction!

ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 8



CT-based attenuation correction

Eberhard-Karls-Universitit

itiitsklinikum Tibingen

Emission  Attn-corr Emission

(a) 8Ge/*Ga positron source (b) ¥cs gamma-ray source (c) 120 kVp x-ray source
CT-transmission imaging: fast. low noise. not affected bv emission.

Kinahan et al, Sem Nucl Med 2003.
ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 9



Artifacts due to CT-based
attenuation correction

Breathing...

Mild - Severe

Beyer et al, EJNMMI 2005; 32: 1429-1439.
ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 10



...and their consequences

Universitiitsklinikum Tiibingen

Osmann et al,
JNM 2003; 44:
240-243.

FIGURE 2. Coronal (&) and traneaxial [B)
FET/CT fusion imeges of Tl-y-okd man
with colon cancer and MRI-prosven liver
metastasas (amew) but no lung lesiona, Le-
gion ie esan in Aght lung baes, but no bng
lasion ia ss=n on CT; on bath MAC and
GeAC images without CT fusion, lssion
wem comectly localized to liver. Fussd PET
CTAC-CT) = PET CTAC fussd with CT;

PET (CTAC) Fused (PET CTAC -CT)  fused PET GsAC-CT) - PET GeAC fussd

with CT.
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AD-PETI/CT

Universititsklinikum Tubingen

» Respiratory organ or lesion motion induces
degradation effects on PET/CT data

» 4D-PET/CT acquisition improves image guality and
guantitative accuracy

e Respiratory monitoring synchronized
to 4D-PET and 4D-CT
f Pressure sensor
Spirometry system, ...
e AD-PET
\ Preferentially recorded in 3D mode

U b W data sorted into different phases of the
100 breathing CyC|e

time [s] . |
» Prospective sorting
PET acquisition time: » Retrospective (list mode acq.)
T =Np,-t e 4D-CT for phase-sensitive attenuation

correction!
ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring

Breathing Signal:

amplitude [a.u.]

12



AD-PETI/CT vs. 3D-PETI/CT

Universitiitsklinikum Tiibingen

Aristophanous et al, IJROBP 2012; 82(1): €99-105.

3D PET 4D PET - 20% 4D PET - 60%
N -

| (' [ b
Lesion 18, MAN l f f
I_ _ | P b a

g 'J [
Lesion 7, SUV ‘ il Q]

e Comparison of PET-based GTV contouring on 3D- vs. 4D PET
(different phases: 20%, 60%)

e RT volumes contoured on 4D-PET (orange) were larger than 3D-
PET volumes (pink)

ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 13



Image Reconstruction

Universitiitsklinikum Tiibingen

sinogram Reconstructed image

1. Filtered Backprojection
2. lterative Reconstruction Methods

ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 14



Analogue to CT reconstruction:
Filtered Backprojection

- quxkr
t(?{-}r] p{qq(l)] uuuuuuuuuuuuuuuuuuuuuuuuuuuu
» Works well for lowe

noise environment of
brain

» Not optimal for
whole-body imaging

+ ¥, sing =s

pF(s,d)

Schematic representation
of FBP [1].
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Fourier Slice Theorem 4

Eberhard-Karls-Universitit

The Fourier transform of the projection equals the Fourier
transform of the density distribution along a line in polar
coordinates.
Fourier trensform v
h
"y }
k-]
¢
=
space domain frequency domain
16
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Filtered Backprojection (FBP)

Universitiitsklinikum Tiibingen

Projection:

)

/ and Backprojection

Note: Blurring effect of line integration!

ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 17



» Backprojection of all projections yields a blurred image.

» Unblurring Operation = convolution with an edge
enhancing filter

» 1D-convolution of the sinogram with a ramp filter that
enhances high frequencies (Linearity of projection
operation allows to convolve projection data with a
filter!)

ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 18



Filtered Backprojection

Universitiitsklinikum Tiibingen

To increase edge definition, the projections are convolved
with an edge enhancement filter:

filtered Sinogram o
(i
At
e
i

filtered Backprojection

[ ||I :I:I |
e
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Iterative reconstruction: ML-EM

Eberhard-Karls-Universitit

» lterative reconstruction =) 8
e Discrete representation of data and image

» Expectation maximization (EM) algorithm offers deter-
mination of maximum likelihood (ML) estimate of the image

Estimated
Projection

Forward

: projection
image

estimate Measured
Projection

uostredwo)

Back- Error
projection Projection
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ML-EM: noisy data introduce
Instabilities

4 Eberhard-Karls-Universitdt
NDiSe_f[‘ﬂE data - Nc.ls}r data ; l Hﬂlsk\imkummkﬁ[
2 44847 12000 2-44e+7 12000
Log likelihood Log like fhood
- 10000
- 10000 a7
2 428 +74 N
L 5000 - 8000
2 408 +7- 2,40e47
- "'D
L 6000 GHoN
7 388474 2.38e+71
F 4000 - 4000
o 2.36e+71
2. 3be+7= L
square - 2000 square error caoe
148
2. 34p+7 : o ?'”q"+';1 g .mﬂ
1 10 100

iteration

iteration

phantom

2D reconstruction of math. phantom with ML-EM. Poisson log-likelihood and square
reconstruction error with regard to reference image versus number of iterations [1].
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OSEM (ordered subset EM)

Universititsklinikum Tubingen

» Accelerated version of ML-EM
» LOR data are partitioned in S disjoint subsets
J,..dscl. .. N o]

» Commonly, projections are divided into subsets with
different views, or azimuthal angles

» ML-EM algorithm for data from one subset only

» Each subset processed in well-defined order

» Convergence accelerated by factor = S

ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 22



OSEM (ordered subset EM)

2 iterations,
4 subsets:

2 iterations,
8 subsets:

4 iterations,
8 subsets:

8 iterations,
8 subsets:

8 iterations,
16 subsets:

image

o
a

ESTRO Teaching Course Advan

profile

20

B

3 38 § &

histogram

o % & 8 8 & & B

:t 8 8 & @

g 8 8 8 B § §o @

= B &

ced Imaging: PET — Reconstruction, Contouring

Universitiitsklinikum Tiibingen

COI’]’[I’&S’[,

resolution,
noise ’
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3D Iterative Reconstruction

Universitiitsklinikum Tiibingen

» Fully 3D PET measurements and reconstruction
» Increasing computational demands
» Rebinning 3D data into 2D transaxial slices

2N;-1 transaxial
slices
z
slice by slice
3D acquisition 2D reconstruction
+ corrections

2N -1 rebinned
sinograms

—_—¥
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Time-of-Flight (TOF) PET

» Difference In flight time of
photons is registered

_ 2AX
C

At

» Probability of event
occurrence is limited to a
certain area along the LOR

» Better SNR &

e Especially in the abdomen / heavy

patients
TOF
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Resolution Modeling - PSF

Universitiitsklinikum Tiibingen

» Deconvolution of local
point-spread functions
(PSF) during iterative

R WMy, reconstruction
&
27N |8 i
G L\ » Enhanced resolution
% i -. | |
’//,I 5 | » Reduction of blurring and

W™ distortions

ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring 26



Ilterative reconstruction with
resolution modeling

Universititsklinikum Tubingen

Image space Projection space

Forward
projection

Estimated :
Projection e May introduce

Gibbs-artifacts

Current -
; + convolution
Image

g of PSF

estimate BN Measured

Projection « Not necessarily
activity conservation

+ deconvolu- [ERSJLEIedle]y
tion of PSF
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Improvement of PET/CT Image
Quality 4

UKT
[18F]-FDG PET study performed [18F]-FDG PET study performed on™
on a PET-only BGO system: a state-of-the art PET/CT system:
(A) (B) ©) (D)
S - — e B s ®
- . : Y °

o
- s
oy s e &

r
- -

FBP lterative lterative TOF+PSF

Reconstruction  Reconstruction Reconstruction lterative

Coutesy R. Boellaard, Amsterdam Reconstruction
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Summary: Reconstruction

4

Universitiitsklinikum Tbingen

Today, iterative reconstruction (IR) algorithms are
standard on all PET/CT systems

Superior image quality when compared to filtered back
projection

Iteratively reconstructed images are characterized by
e number of iterations and subsets

e matrix and voxel size

e Iimage zoom

e Iimage smoothing, smoothing filter size or kernel (FWHM).

IR methods employing a sufficient number of iterations

and subsets to ensure sufficient amount of convergence
are preferred.

Reconstructed with and without AC recommended to
allow inspection of AC artifacts.
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Quantitative analysis of PET images

Eberhard-Karls-Universitit

Universititsklinikum Tubingen

Tracer uptake Is frequently quantified by the

Standardized uptake value (SUV)

SUV :EW
A

with  C: tumor/voxel activity concentration [Bg/ml]
A: Injected activity [Bq]
w: body weight [g]

111 SUV=1 means that the tracer is equally distributed in the
whole body
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Radiotherapy target volume
delineation (TVD) based on PET

Eberhard-Karls-Universitit

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

» Most commonly use
for TVD: [*8F]FDG

» Image Registration /
Patient Positioning
very important issue

» Which is the correct
theshold to use?

Izocentre 1

Floor of mouth carcinoma, 45y, w
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Absolute Thresholding

PET image Line profile 44 UKT

Universitiitsklinikum Tbingen

t | SUV=4.3

EEEEEENERN Illlmg)‘.

signal intensity

position

» Fix SUV-threshold of 2.0/2.5

» Easy to implement

»  Often fails when the physiologic background activity lies above the
threshold

» Absolute SUVs are strongly influenced by various technical factors
(scan protocol, image acquisition, reconstruction, scanner
calibration, etc.)
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Relative Thresholding

PET image Line profile 44 UKT

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

2
[ ] -‘7)
c
a
£
g
S max
n
-, . » bg
position

Relative Threshold T, depending on the max. intensity
Commonly used: x=42% (40-50%)

Easy to implement

Calibration with phantom measurements possible
Frequently used in clinical routine

v Vv VvV Vv VW
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Iterative Thresholding

PET image Line profile 44 UKT

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

2
| g)
L
£
T — yO0
g T =X /O(Imax'lbg)
‘»
log
>
position

»  Background-subtracted relative threshold level

» Adjustable threshold x
» Iterative approach based on phantom measurements
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Source-to-Background Algorithms

PET image Line profile “ UKT

. P source
0
5
:% T= C'Isource+ Ibg
log
>
position
» Constant C determined from phantom measurements
»  Works very well for quasi-spherical lesions
» Value of C depending of different factors:
e Lesion size and shape
e Scanner type and calibration
° Reconstructhn protocol Schaefer et al, EINMMI 2008;
e Image analysis software 35(11): 1989-99.
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Comparison of different contouring
approaches

Contours created with different segmentation algorithms: manual delineation
(21.8 ccm), absolute threshold SUV=2.5 (35.0 ccm), relative threshold 42% of
maximum PET intensity (11.5 ccm),

ESTRO Teaching Course Advanced Imaging: PET — Reconstruction, Contouring



Gradient-based auto-contouring

4 | Eberhard-Karls-Universitat

Universitiitsklinikum Tiibingen

1. Image processing
» Denoising by bilateral edge-preserving filter

Fig. 2 Axial PET images from
a patient with a hypopharyngeal
tumour. On the left panel, the
PET image corresponds to the
raw image reconstructed with

3D OSEM algorithm. The ap- ”
plication of the bilateral filter
and the deconvolution algorithm
restored the intensity gradient
(right panel) in comparison with
the classical 4-mm Gaussian
filter (middle panel)

Geets et al, EJINMMI 2007; 34: 1427-1438.
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007; 34: 1427-1438

Gradient-based auto-segmentation

4 UKT
2. Gradient-based segmentation
» Derive a gradient-intensity image:
Plains & Plateaus — Mountain chains & Valleys
» Crest detection by applying Watershed Transformation
» Cluster analysis
PET image Line profile
>
| %
£ Image
T gradient

\ 4

position
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Gradient-based segmentation improves
_target volume definition in NSCLC 44

rrrrrrrrrrrrrrrrrrrrrrrrr

Axial Coronal Sagittal

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

Wanet M et al. Radiother
Oncol 2011:98:117-25.

® « N=10 NSCLC patients
e GTV delineation on

F CT+PET
g & TIPE . ' » Comparison with surgical
s - 2 Lo specimen

el ! '« PET yields more robust

delineation in poorly
S defined tumors

o Gradient based seg.
outper-formed threshold
method in terms of
accuracy and robustness

Macro

Fusion
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Activity Recovery, Partial Volume Effect:

The Smaller the Volume, the Darker it Appeara
<

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

68Ga Phantom measurements:

o
D
3
3

5" ¢ ¢
&)
8mm £ \ 4

S

OEI,E—

> L 2

@07

>

o

Gus &

x

3.2mm o7 05

= . 2

004 -

<

0,3 -

L 2
02 - ‘
0,1 - \ \

5 | 10 152IZIE:|53|EIEI5
‘\ object diameter [mm]
PET#contrast 1:0
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Influence of PET reconstruction

Universitiitsklinikum Tiibingen

Contrast 6:1, constant concentration
S
L]
e
OSEM 4i8s

L
. - — measured
:U ------ theoretical

Time-of-Flight + J N4 signal

res. modeling 2i21s
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Effect of reconstruction on PET-
based contouring

Q %
2i4s 4i8s 2i124s
49 ﬁ _____________ % & aﬂ ____________
TOF PSF TOF + PSF
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Comparison of auto-contouring methods
with ,intelligent” manual delineation

Universititsklinikum Tubingen

 GTVs contoured by
6 expertsusinga |
highly
standardized
protocol

« Autocontouring with |
SUV=25, 3.5, 4.0,
and 40% SUV

* Automatic
delineations differed
widely

* Visual contouring
protocol gave
reproducible results

max
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EARL: Standardization of clinical
PET scanners

Universititsklinikum Tubingen

Guideline of the EANM (European Assoc. of Nuclear Medicine:

“FDG PET and PET/CT: EANM procedure guideline for tumour
PET imaging: version 1.0.” (Boellaard R et al, EJNMMI 2010;
37(1):181-200)

Objectives of EARL.:

: to provide a minimum standard of PET/CT scanner performance in
order to harmonise the acquisition and interpretation of PET scans

: ensure similar performance of PET/CT systems within a multicentre
setting

: characterisation of imaging site by continuing quality control, making it
highly eligible as a participant in multicentre studies

: high quality of routine patient examinations
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EARL: Multicenter QC and
calibration

Universitiitsklinikum Tiibingen

= Calibration
. Minimum allowable deviation: +/- 10%

= SUVrecovery
. For SUV
. For SUV

max

mean

VOILAS0%, new lim 1t

im

sUvrsoovary oostolen t
FREEREERE -

B

[= B
-

gphsrs valums (mL)

http://www.earl.eanm.org
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Summary / Conclusion

Universititsklinikum Tubingen

» For quantitative PET imaging, raw data correction is
necessary
e Random, scatter and dead time correction
e Normalization
e Attenuation correction with CT!

» Image reconstruction
e FBP, ML-EM, OSEM, 3D-reconstruction protocols

» Automatic contouring algorithms for RT
Absolute / relative thresholding

Iterative thresholding
Source-to-background

Gradient-based algorithm
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Applications: MRI in Brain

Cynthia Ménard, M.D.
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e To develop a better ‘simulation procedure’
...(using MRI)

« Build ideal patient model for radiotherapy planning
(using MR1)?
— Accurate and precise depiction of target and organ

boundaries (reduce observer uncertainty, enable
autosegmentation)

— Representative of therapy conditions (+ motion)
— Geometrically accurate

— Inform on tissue composition / dose attenuation
— Bridge to online guidance tools

— Predictive of response (guide dose prescriptions)
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MRI Simulator
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Ellingson et al.: Consensus recommendations for a stondardized Brain Tumar Imaging Protocod (ETIP) in clinical trials

Table 3. Recormmended 15T protocal

3D Tlw Pre A 20 FLAIR MAx 20 DWI fix 20 T2w 30 Tiw Post®
Sequence [R-GRE™" TSE EFT' TSE IR-GRE™
Plane Sogittal’axal HAxicl Al Hxcial Sogittolioxial
Mode o Fli) Fl i) i in
TR ms] 2100° =E000 = 5000 =3500 og®
TE [ms] Min 100-140 Min 100-12] Min
T [rre] 1100" 2200 B 11000
Flip angle 10°-15*% GOPT=160° G B £= ol = 1 6O 10=-15%
Frequency =172 =256 128 E‘ =156 =172
Phaase: =172 =256 128 =156 =172
HEX =1 =1 =1 =1 =1
Fir 256 mm 260 rmm 2540 mmi E 250 mem 156 mm
Slice thickness =1.5mm =L mm <l mmi <l rmimi =15mm
Gop/spocng i i i o ]
Diffisicn options' b=, 500, ond 1000 st

=3 directions

Parale imaging Ho Upto 2x Up ta 2x Upta 2= ]
Soan time {oopradmote) S5-10min 4=5 min 1-5 min 3-S5 min 510 min

Abbreviotions: 30, 3-dimensional; 4/F, anterior to posterior; A0C, apparent diffusion coefficient; Ax, ouol; D], diffusor-weighted imoging; EFI,

echo-planor imaginag ALAIR, Auid-ottenuated imesrsion recovery; FOV, fidd of view; [B-G2E, inversion-recovery grodient—recolled echo; MPRAGE,

mognetizotion prepared mopid grodient-echio; REX, number of exdtotions or overoges; RYL, right ta left; TEE, turbo spin-echa.

0.1 mmeliig or up to 20 cc (single, full dose] of M2 controst.

Eppsbeontrost 20 axial T1-weighted imoges should be collected with identical parometers to precontrast 20 axial T1-weighted imoges.

“TSE = burbo spin-echa (Sermens & Philips) is eguivdent to FSE (fast spin-echo; GE, Hitachi, Toshiba).

“IR-GRE = imversion-recoveny grodient-recaled echo sequence is equivolent to MPRAGE = mognetization prepared ropid grodient-echo [Siemens

ond Hitochs) ond the imeersion recovery spoiled gradient -echo (I2-58GH or Fost SPGR with inversion octiaoted or BRAV, GE), 30 turbao field edho (TFE;

Philips), or 3D fost fiedld echo (30 Fast FE; Toshibal

*#& 3D ocguisition without imversion preporotion will result in different controst compared with MPR&GE or anather IR-prepped 30 T1-weighted

sequences ond therefore should be owoided.

'In the event of significont patient motion, o rodial coguisition scherme may be wsed (eg, BLADE [Siemens], PROPELLER [GE], Multvone [Philips],

RADAS [Hitachi], or JET [Foshiball; howeser, this acquisition scheme con couse significant differences in ADC guontificotion ond therefare should be

wsed anty if EP] is not an option

*Far Semens and Hitochi sconners. GE, Philips, and Toshiba sconners should vse o TR = 5-15 millizeconds for similor contrast, III

"Far Siemens ond Hitochi scanners. GE, Philips, and Tashiba sconners should use a T s 400 450 millissconds for similar conkrost,

Tider model MR scanners that are nat copable of =2 b-volues should vse b= 0 ond 1000 sfmm®. I
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Imaging Colls

GE SIEMENS
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MR imaging of cortical bone with Ultra-short TE

DRRs generated
from MR images

Philips Research b——



MR-Only Simulation

* Imaging e Dose calculation * IGRT
* Bone segmentation » Dose re-calculation

* Body contour segmentation
» Density override
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T1 CE @ 3rd week

T1 CE @ 3rd week RT + Cho/NAA map
T2 @ 3rd week RT T1 CE @ 3rd week RT + Cho/NAA map + +recurrent tumor
+recurrent tumor contour RT +recurrent tumor contour recurrent tumor contour +PTV45.0, PTV61.2 contours
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Figure 3. Identification of cryptic critical structures. In A) the
overlay of the Anatom-E atlas and planning CT is illustrated. In B), the
atlas image has been turmed off, leaving the structures alone
superimposed on the planning CT. Panel C shows the overlay with
the pre-treatment MREI, and Panel D depicts the atlas images turned off,
with the resultant contours on the planning CT.

doi:10.1371/journal. pone.0032098.g003
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Stereotactic Reference Deviation (T2)
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Resolved after 1.5T/(f)
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LdZhang et al. PMB 55:22:6601-6615, 2010
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Stereotactic Reference Deviation (T1)
Resolved after 1.5T/(9

hardware update
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Stereotactic Reference Deviation (Mean)

3T vs. 1.5T (Patient)
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Mean Deviation (mm)
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Clinical - Anatomic Landmark Displacer......
Relative to CT (16 Patients)

3.0 T
X-Direction
™ Y-Direction
A Z-Direction
1.0 = —A— O
.ll‘l
= ¢ sbaf ®
£ . s ‘.tilg!‘
£ R LI |
A A |
K -3.0 1.0 =277 1.0 3.0
1.0

Outliers from the same patient with
large deviation at both 3T and 1.5T

*Not likely due to imaging

s\Warrants investigation on frame
3.0 - stability

1.5T (mm) L

Zhanﬁ et al. PMB 55:22:6601-6615I 2010




QUALITE

INNOVATION COLLABORATION PERFORMANCE



0.5

o —
(LW} uoiuolsIp Xely

CHUM




Example — Clinical readout-segmented-DWl at 3 T

RESOLVE (Works-in-Progress, Siemens Medical Systems)

T2w image RESOLVE ADC Standard ADC

14

3T IMRIS Verio

1.5x1.5x3-mm voxels in 20 slices |||
4 b-values (0, 100, 600, 1000 s/mm?), 3 diffusion directions i

PERFORMANCE



« 1. System or scanner-related: BO inhomogeneity,
gradient non-linearities

— Correction: with grid phantom + image processing
software

— Issues of system drift, system upgrades...

o 2. Patient or device-induced: susceptibility or
chemical shift (fat)

— Correction: a) numerical sims (our approach) and exp by
acquiring additional image data with diff parameters (e.g.,
reversed gradient).

— Magnitude: a few mm depending on the interface, worst
for air-soft tissue.

— distortion ~ Gr/Bo; where Gr is the readout gradient
strength and BO main magnetic field.




B ke ko

MRI at day 21
overlaid with the
original plan
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T2 image T1 CE image MR Spectral Array Cho/NAA map
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Fig. 2. A 52-year-old man with GBM and disease progression at last follow-up shows an increase in tumor metabolic status
at 3 weeks of radiation therapy (RT) (tumor Cho/NAA ratio = voxel-based choline/N-acetylaspartate ratios [Cho/NAA]
mean =+ standard error 1.33 £+ 0.59 to 2.13 + 0.95). Note that the scaling for the spectroscopy for the pre-RT images and
third-week RT images are different and automatically assigned within the spectroscopy software. MR = magnetic resonance.
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ADC Response
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Tumor ]
(]

Water Mobility or “ADC”

Effective

[ =
Treatment- E
Induced -
Cell Death =

Water Mobility or “ADC"

1
Thoeny et al., IMRI 32:2-16, 2010 CHUM
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ADC at 3 Weeks ADC at 1 Weeks

ADC at 10 Weeks
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Progression
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Voxel Correspondence
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Registration: ADC =2 (T2 > T1)

-using normalized mutual information

Step

Istered

Step 2)
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DTl In RT

Several studies track FA and diffusivities longitudinally post-RT
in normal appearing white matter

Early DTI changes now being related to functional consequences

DTI & radiation effects DTI & late cognitive decline

Baseline

A (1075 mm )

10 wk post-RT

Nagesh, IJROBP, 2008; Chapman, IJROBP, 2012 )
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Tumoar Fraction < 209% [
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Applications: MRI In Prostate

Cynthia Ménard, M.D.
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MRI — Target Delineation

CHUM
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MRI Integration Improves Prostate
Delineation Accuracy?




Learning Curve
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Craig et al. CHUM
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Autosegmentation

Test Case(ld Test Case2] Test Case28

Fig. 5. Qualitative results on axial slices of 3 unseen PROMISEL2 challenge cases.

L Litgens et al., Med Imag Anal 2014
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Smaller CTV

B CT MR
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90

Volume (cc)
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o

30

0

Roach, M., 3rd, et al., Int J Radiat Oncol Biol Phys, 1996
Kagawa, K., et al., Int J Radiat Oncol Biol Phys, 1997

Debois et al., Int J Radiat Oncol Biol Phys, 1999 |
Rasch, C., et al., Int J Radiat Oncol Biol Phys, 1999 u
Smith, W.L., et al., Int J Radiat Oncol Biol Phys, 2007 CHUM
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Better Dosimetry

Sannazzari, G.L., et al., Br J Radiol, 2002. ®

Chen et al., 2004

Buyyounouski, M.K., et al., Int J Radiat Oncol Biol Phys, 2004 1
McLaughlin, P.W., et al., Int J Radiat Oncol Biol Phys, 2005 CHUM
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—@— CT-MR Plan
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eb AN, Al et al Practical Radiation Oncology: January-March 2013

Table 4 Comparison of acute rectal and GU toxicity rates for CT-MRI and CT-based plans

Acute toxicity Plan Acute grade 0 Acute grade 1 Acute grade 2 P value
ype No. % No. % No. %
For all patients
GU CT-MRI 7 25 7 25 14 50 024 *
CT 4 T.5 11 20.8 38 TL1.7
Rectal CT-MRI 11 393 g 2B.6 9 32.1 495 ®
CT 17 321 15 283 21 39.6
For those patients without lymph nodes treated
GU CT-MRI 4 26.7 3 20.0 8 533 211
CT 3 10.0 ] 20.0 21 70.0
Rectal CT-MRI ] 400 5 333 4 26.7 500
CT 12 400 5 16.7 13 433
CT, computed tomography: GU, genitourimary; MRIL, magnetic resonance imaging.
* Mantel-Haenszel x~ test.
CHUM
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Better Outcomes?

Table IV. Late overall rectal and urinary toxicity.

MRI (n=73) CT (n=72)

Grade n %, n %, p-value
Rectal

0 46 63 39 54.1 0.4

1 26 35.6 30 41.7

2 1 1.4 3 4.2
Urinary

0 29 39.7 25 34.7 0.5

1 32 43.8 38 52.8

2 12 16.4 9 12.5

Sander et al., Acta Oncol 2014 CHUM
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How To: An Approach

 Determine guidance / registration strategy up front

« Clarify Imaging Objectives
1. Prostate Boundary (CTV)
2. Implanted Markers (Guidance/registration surrogate)
3. Tumor-Dense Regions (GTV)

« Manage Prostate Motion
— Must not assume stable prostate geometry b/w acquisitions
— Trade off spatial resolution / acquisition time
— Repeat acquisition if motion blurring present
— +/- antiperistaltic agent + bowel prep
— Consider ERC

CHUM




CT-MRI Registration

CHUM




Image Registration

FULL VOLUME RV, R RV, R¥q
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Figure 1 Registration volumes. The figure demonstrates an MR as
image with the different ragistration volumes RVg (solid ling), RY,, W (r-l) wmyja-p) mziec]
RV, and RV (dotted lines). Figure 2 Registration results. Center of mass standard deviations
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Automated CT-MRI registration

Colinearity NCPP

ot
T (Var,) ﬁudluﬂnuunt]
Optimization

: Preprocossing ; F"'Imﬂ

Fig. 3: Overall workflow for the proposed registration method.

Commandeur et al., IEEE J Biomed Health Inform 2016 CHUM

INNOVATION COLLABORATION PERFORMANCE



Dual-Echo TSE, SPACE
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Accuracy the spatial position of gold markers in MR
Images

The charts below shows position deviations when switching : \
the frequency encoding direction in the image plane is

depicted for the 2D and 3D sequence. BO

0,4 -

0,2 -

02 0 200 400 600 800 1000 1200

0,4 -

-0,6 -
=y (freqy)

=07z (freq z)

Displacement of marker in
image (mm)

-0,8 -

1 Bandwidth (Hz/px) I I i

Tufve Nyholm, Umea University Hospital, Sweden CHUM




Motion and Image Quality

CHUM
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Deformable Registration




Registration

i

'gl.
-
Figure 2. Left: Section of a T2-weighted MR image showing the prostate (red) and focal lesion (blue). Right: Section of the planning CT image with prostate

(red) and rigidly registered focal contour (blue), which lies outside of the prostate volume. The result of non-rigidly registering the focal lesion (yellow) using
the same deformation pattern that the prostate has undergone between MR and CT acquisition places the focal lesion inside the prostate.

Published in: Yang Feng; Daniel Welsh; Kim McDonald; Linda Carruthers; Kun Cheng; Dean Montgomery; Jessica Lawrence; David J. Argyle; Stephen McLaughlin; Duncan B. McLaren; William H. Nailon;

Acta Oncologica 2015, 54, 1543-1550.
DOI: 10.3109/0284186X.2015.1063782
Copyright © 2015 Informa Healthcare
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MRSeries" Positioning Devices

MRSeries products are MRI compatible in 1.5 and 3T environments. All indexable MRSeries products are three-pin compatible.

7 .

1

The following MRI overlay options are available: Three-Pin Lok-Bars™
MRI Qverlay for: Dimensions Part Number Three-Pin Lok-Bars allow you to
Philips Panorama, 50cm wide 214x50x2.2cm | MTM3400 index MRI compatible devices to
Philips Panorama, 40cm wide 214 x 40 x 2.2cm MTM3401 your MRI couchtop. They. also he!p
_ prevent non-MRI compatible devices
GE Signa 208x50x4.8cm | MTM3300 from being used on an MRI machine.
GE Wide Bore 2134 x53x6.2cm | MTM3301

Siemens Magnetom Avanto, Magnetom
Espree, Magnetom Symphony A Tim System,
Magnetom Trio A Tim System 187 x 50 x 2.2cm MTM3000

i Siemens Magnetom Verio 187 x 50 x 2.2cm MTM3001

CHUM
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-1.65 cm (#7911 20) -1.69 cm (# 791 20)
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http://www.ro-journal.com/content/5/1/62/figure/F1

Pseudo-CT (pCT)

L. Andreasen et al., Med Phys 2016
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SCT (substitute CT) — multi Atlas

T2w MRI sCT from MRI Planning CT Difference
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Statistical Decomposition Algorithm
(Spectronic)

fem

Segmentation engine <::I
» SERERRRTRRRR AR L T P TN PR T P L é—[_emplate %
: database !

Warping engine {

Fusion engine

Siversson et al., 2015 CHUM
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Need to further improve radio-
therapeutic ratio in prostate
cancer

Cancer outcomes related to
gross tumor-bearing sub-regions

Approach — Tumor-targeting
Need — Accurate technigque

PERFORMANCE
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Imaging Tumours

L PIRADS v2.0, ACR,
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Diffusion technigques

CHUM

INNOVATION



Diffusion Imaging - Geometry

T2w ADC-ssEPI ADC-rsEPI

Fatient 1

-

Patient

Fig 3. ADC geometric performance in vive applied to prostate cancer for two patients, demonstrating extension of disease outside of the anatomic posterior boundary of the
prostae in ADC-ssEP| bur not with ADC-rsEPI (shown by the red armow). The red contour is the anatomic prostate boundary defined on T,~weighted images, copied across all

images. [n the top row, the green contour demarcates the mmor boundary in ADC-ssEM and rhe blue contour demarcates the tumor boundary in ADC-rsEPL The tumor
contours are left off the bottom row images to improve tumor viswalizaton relative to the posterior anatomic boundary.

CHUM
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Cancer 1s Not Confided to the Prostate
Gland




Independent Predictive Factor
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| ocal Faillure

Feiite lpmi e At

Figure 5 A 75-year-old male presented with a small nodule at the lefi base of the gland (le, dinieal T2a), PSA of 6 ngfml, and
Gleason Seore (GS)Y ol 7 (3 4 4) and was treaned with a prosiate brachyiherapy implany alone wo 144 Gy with 125-1 (A).
Postimplant dostmetry demonsimated a V100 = 97% and a D90 = 177 Gy, however, the lell midgland was not covered
with the 100% sodose line (A). The patient’s PSA reached a nadir ol 0.3 ng/ml 18 months after the sr:n|:l:LrLl. AL G years alter
treattnent, he had a PSA of 2.3 ng/ml with a PSA doubling time greater than 12 months (D). Multiparametrie 1.5T MREI
including T2W (B), W1 {(C), DCE(E), and ADC maps (F) localized the recurrence al the leit midgland. Metasianc 1.'.'|.1r|::|_1;$
showed negative resull. Blopsy of the keli midgland confirmed adenocarinoma with a G5 of 7 (4 4 3). ADC, apparent
diffusion coellicient. (Color version of hgure is available online.)

Tanderup et al., Sem Rad Oncol 2014 CHUM
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Impact on stage

Table ¥. WMumber of patients with extracapsular extensiaon or seminal wesicle imvasion ncorporated inbo @rgst volumes

nitial risk group Extracapsular extansion, n (X Seminal vesicle imvasion, n (X)

Comventional clinical T-staging Addiional MR T-staging Corwverntional clnical T-staging Additional MRI T-staging
Liren T = 7 0 3 1 [14) O 004 Lall ]
ntkarmediate - 31) 0 3 4 [13F) O 004 S | 1&)
Hightwery high [n= 77] IFF a8 41 [53) 3 1&121)
Tot@El n = 115] FF 33 s [0 3 i3 21 |18)

Chang JMIRO 2014 CHUM
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Volume of Tumor Burden on MRI and

Radiotherapy Outcomes

Metastatic fallure®

Variahle HRE (95% CI) i

Climical

Pretreatment PSA value 1.06 (0.99-1.13) 0.12

Gleason score 1.14 (0.45-2.87) 0,78

Percentage of positive biopsies .08 (0.98—-1.19) 0.10

D’ Amico risk category 1.02 (0.99-1.04) 0.23
MRIMRSI

MR tumor size 1.12 (1.02-1.2) 0.017

MEI tumor stage™ 0.34 (0.24-0.49) (.99

seminal vesicle invasion at MR 11.49 (3.23—40.88) 000027

YVolume of malignant metabolism at MESI 1.53 (1.08-2.16) 0.027

CHUM
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Contouring Variability
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Figure 3 KI-T2w and KI-DCE was significantly higher than
KI-DWI, *p = 0.01 (Cl: 0.02-0.18) and **p = 0.0027 (Cl: 0.2-0.04),
respectively.

Rischke et al., Radia Oncol, 2013 CHUM
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Figure 4: [t fromn S6-year-cld patient with pros-
e cancer: presurgical PS4 5. 52 ngiml (552 /L
dinkal stage, T1C; sungical Gleasen score 3+ 4:and
pathologictumoryolume. 4.77 cm®. Whale-mound
shep-section higopathokagic mapshows prosiate
gland. {a) Cnby one (o1 12) lices shown; umeor was
presenton seen slices, £h) Closestransverz= T2-
weighled magecorresponding to matching pathalagic
slice (o) ALC map of slice in b. id) Mask generated
from voeekthat satisty chuster requirerments (ADC
cukat, 0001 6 mm?sec). el ROl containing the vioe
duster that s3tifies all criteria (A0C culoff, 000G
mi/sec). Tumor volume was 5.1 1 om® messured on
Te-weinhied imapes and 421 o on combined T2-
weighled and DW MR images.

1
CHUM
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Scatterplots of tumor volume measurements made on basis of MR images (T2-weighted and
combined T2-weighted and DW MR images) versus histopathologic measurements

—
o
)

ADC Cutoff = 0.0016 mm?/sec

Combined T2-Weighted—-DW MRI Volume (cm?®)

0 .I T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Pathologic Volume (cm3)

Radiology CHUM

North America
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Box-and-whisker plot of ADCs of tumor lesions for three Gleason grades from 60 cancer
lesions in 42 patients
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| Radiology CHUM
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Neo-adjuvant Hormones
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Probability Maps — Path Validation
_“ SR |
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Voxel-Based Correspondence

Tumor probability vs pathology
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‘Wisdom of the crowd’

TP vs tumor detection by observers
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Dinh et al., Physica Medica 2016 CHUM
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Dosimetry Literature

+++ publications

Absolute modeled TCP achieved by SIB ranged from 2-
15% and generally achieved with similar or small
Increase to NTCP rectum

Ability to dose escalate was anatomy dependent; lesions
within 5mm of rectal wall were difficult to dose escalate

TCP/NTCP calculations highly dependent on accuracy of
GTV delineation

Ability to boost independent of technique (fixed field
IMRT vs. VMAT,; sequential vs. SIB) when considering
the effects of intra-fraction motion




Systematic Review — Tumor Boost

Records identified through Pubmed Additional records identified
Search through other sources
(n=176 ) (n=2 )
h 4 h

Records after duplicates removed

(n=178)
r
Records screened N Records excluded
(n=178 ) v (n=133 )

h

Full-text articles excluded:
Full-text articles assessed Dosimetry only n=22
for eligibility \ No GTV lesion defined n=4
(n=45) Review article n=1
Case report n=1
v Recurrent cancer n=4
Studies included in (n=32 )

qualitative synthesis
(n=13)

Bauman et al., Radiotherapy & Oncology 2013 CHUM

INNOVATION COLLABORATION PERFORMANCE




Systematic Review

* Thirteen papers describing 11 unique patient series and 833
patients in total were identified.

» Methods and details of GTV definition and treatment varied
substantially between series.

« GTV boosts were on average 8 Gy (range 3—35 Gy) for external
beam, or 150% for brachytherapy (range 130-155%) and GTV
volumes were small (<10 ml).

» Reported toxicity rates were low and may reflect the modest boost
doses, small volumes and conservative DVH constraints employed
In most studies.

Bauman et al., Radiotherapy & Oncology 2013 CHUM




Caution in De-escalation

Urinary HRQOL ’ : : ‘
y Biochemical Control
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4% 100 T ] [
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Figure 5 Biochemical Control after Urethral Sparing IMRT and
Standard IMRT.
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Real-Time TRUS-only Workflow
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First - MRI for LDR Post-Planning - 1997

Fig. 1. Transversal spin-echo (left) and gradient-echo (right) im-
age of the prostate, [-125 seeds are depicted as signal voids,

Moerland et al. Int J Radiat Oncol Biol Phys 1997
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Prostate Post-Plan

Prostate . , 4 Prostate . : - Prostate

External
Urinary
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MRI Post-Plan

a 100 985 91.3 b | 189 184
B iy 153

7S 150
: 5
Esn & 100

E p < 0.001 g
=

= 50 -

0 - 0

OTRUS 0OCT BEMRI-CT BTRUS OCT BEMRI-CT

Fig. 2. Mean Vg values {a) and Dy walues (b)) for the whole prostate, caleulated by using TRUS, postimplant CT alone, and postimplant MBI=CT fusion
{MRI—CT). The MRI-CT fusion scan revealed significantly lower mean D, and Vo values companed with the TRUS scans obtained before implantation and
standard dosimetry based on CT alone { p < (LO01). Vertical bars represent 95% confidence intervals. TRUS = transrectal ultasonography.
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Dosimetric Innacuracies - Quality

T2 ¥ Takiar er al. f Brackn

a Dy, (Gy) Comparison

BT
.*.*- = = =
T 8 B MRECT fusion
150 4L

¥ x

P 15
=

Proastate Apey fic fazp

Takiar et al. Brachytherapy 2014 CHUM
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MRI - GEC/ESTRO 2005 — 2013

T2 weighted MR images will provide optimal
anatomical definition but T1 weighted images will
provide more accurate catheter reconstruction

« CTV + plus any macroscopic extracapsular disease or
seminal vesicle involvement identified on diagnostic
Images expanded by 3 mm to encompass potential
microscopic disease

« GTV may be defined, CTV subvolumes may be defined

Hoskin et al. Radiot Oncol 2013 CHUM




Computational Integration of diagnostic
MRI to Online TRUS

CHUM




Registration to TRUS

Fig. 2. Three-way fusion of eMRI, intraoperative TRUS, and preoperative TRUS (eMRI prostate, green; TRUS prostate, red; and
DIL, blue). Note slight deformation of prostate by endorectal coil. eMRI = endorectal MRI; TRUS = transrectal ultrasound; DIL =
dominant...

CHUM

QUALITE

INNOVATION COLLABORATION PERFORMANCE



SLICER
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High-field MRI-only Workflow (HDR)
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InVivo — Philips — Sentinelle Endocoil Array

CHUM




e Set-up — median 25 min
* Imaging + catheter insertion — median 100 min
e Overall sedation 4.0 hours (2.1-6.9)

CHUM
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Registration to high-field MRI
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Needle Guidance — Anterior Tumours
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Mechatronic Robot — Princess Margaret

In}
CHUM
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UMCU robot

first clinical version

CHUM
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Tracking Colls
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APPLICATIONS:
PET/MRI IN HEAD & NECK

Piet Dirix MD, PhD
Dpt. of Radiation Oncology, Iridium Cancer Network
Associate Professor, University of Antwerp

www.iridiumkankernetwerk.be



http://www.iridiumkankernetwerk.be/

PET/MRI in radiotherapy for HNC

1. GTV delineation

2. CTV selection

3. Early response assessment
4. Dose-painting on a BTV

5. Follow-up

6. Organ-sparing

7. Pitfalls

ESTRO
School



Head and neck cancer (HNC)

Paranasal Sinus

Nasal Cavity .

Masopharynx

Pharynx

Cropharnynx

Hypopharynx |

Esophagus
Cral Cawvity

Larynx

Trachea
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Current standard: concomitant CRT

LRC
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1. GTV delineation becomes critical
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FDG-PET

Imaging provides several different representations of 1 ground truth (i.e. pathology)...
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Large intra/inter-observer variability on CT

mean volume of all fumors

P

2 — T T T .
session 1 session 2 session 3 session 4

Fig. 1. Graph showing the interaction of the mean
tumors (ml) and the four measurement sessions.

Hermans R. et al. Int J Radiat Oncol Biol Phys 1998.
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Images courtesy of Prof. R. Hermans.



Verduijn G.M. et al. Int J Radiat Oncol Biol Phys 20009. A
Webster G.J. et al. Br J Radiol 2009. . ESTRO

Ahmed M. et al. Radiother Oncol 2010. y School



Emami B. et al. Int J Radiat Oncol Biol Phys 2003.
Rasch C. et al. Radiat Oncol 2010.
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Sievers K. W. et al. Eur J Radiol 2000. i
Dirix P. et al. Int J Radiat Oncol Biol Phys 2010. _ . ESTRO
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Fig. 2. The axial CT scan of patient | (ethmoid tumor). In red, the
four contours as outlined on this scan by the four observers; in
green, the contours outlined on axial MRI. Note the difference in

the posterior border; on the CT either the clivus is entirely included
in the Gross Tumor Volume or not at all.

Rasch C. et al. Int J Radiat Oncol Biol Phys 1997.

Fig. 3. The axial MRI scan of patient | (ethmoid tumor), resampled
o fit the CT &can of Fig. 2. The contours outlined in the CT scan
are red; the contours drawn on this axial MRI are green. On the CT
scan, the observers outlined either the whaole clivos as tumor or did
pot include the clivus at all in their Gross Tumor Volume. On the
MRI, half of the clivus was included in the GTV

&’ ESTRO
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MR #1 (Sagittal)
Auial

CT # (Axial)
Slice Ho. 66 /151

140 Table 1

120 E; MRI and CT volumes for GTV, CTV and PTV and OAR. A difference between CT GTV and
03 MRI GTV was detected. This difference was confirmed to be significant following the
= 100 0a assessment of volumes delineated by other clinicians (p = 0.003).
E- 80 mref :
P Mean volume units Mean volume Mean volume VOI p value
5 & in cm® (SEM) on MR on CT
S 4w (cm®) + SE (cm?) £ SE
20 — GTV primary 222 (11.1) 9.5 (5.9) 0.34 0.05
oo [ i oy | o GTV primary for all clinicians ~ 24.6 (5.7) 14.4 (3.1) N/A 0.003
1 2 3 4 5 & 8 GTV primary and lymph nodes 30.2 16.2 0.5 0.05
2 40 GTV primary and lymph nodes 30.8 (8) 18.5 (4) N/A 0.01
: o4 for all clinicians
120 ‘ mz | GTV nodes only 58 (13) 58 (1.1) N/A 09
z 100 o3 — crv 301.2 (28.9) 3095 (27.7) 09 023
S @ P PTV 448 452 09 06
g o mref| Nodal CTV 53.8 53.9 06 1
g Nodal PTV 131 125 08 05
20 — Parotid volumes (n=16) 26.1+£1.9 229+22 0.7 0.01
o Ij . O m :E Brainstem (n=28) 248+1.2 30.2+22 0.8 0.002
1 5 5 4 5 g Spinal cord (n=8) 7.3 £0.5 11.9+1.1 0.7 0.002
patient

Ahmed M. et al. Radiother Oncol 2010.
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Table 1. Simal-w-nose aio (SNR) and contrast-o-nose
ratio (CNR) values of MR images of the larynx for various

recever conls
Recerver conl SNR (vocal cord)  CNR (cordfthyrowd)
Integrated transmit/ 34 59
MeCeIvVer
body coil
Four-channel phased 4.6 59
array coil
Cuadrature head coml f.2 123
Multi-clernent head 15.4 272
and-neck
coul with neck
coverage
Two-element flexible 194 434
surface corl (11-cm
diameter)
Two-clement lexible 1649 427

surface coal at 3.0T
(11-cm diametery®

#CNR and SNE for magnete field strength of 3.0 T, All other
values are determined for a field strength of 1.5 T,

Verduijn G. M. et al. Int J Radiat Oncol Biol Phys 2010. . ESTRO
~ " School



MRI for hypopharyngo-laryngeal cancer (2)

Table 3

Inter-observer and inter-modality (i.e. CT-based against MRI-based GTVs for every single observer) variability for laryngeal /hypopharyngeal
tumors (n=10)

cT MRI Inter-modality

Valume (ml) SEM Volume (mil) SEM variability®
CObserver 1 18.1 5.8 19.3 4.9 .
Observer 2 20.7 6.1 21.5 5.7 F=0.76
Observer 3 20.9 5.8 20.0 4.7 P=0.75
Observer 4 19.3 5.9 2.1 .6 F=0.44
Observer 5 21.9 6.1 21.8 5.3 FP=0.9%
Inter-observer variability** P=0.29 P=0.16

*P-values assessed by paired {-test or Wilcoxon rank test. **P-values assessed by ANOVA. *“Not assessed as CT-based and MR-based volume
delineation was performed by two different radiologists (see Materials and Methods for explanation).

Table 4

Inter-cbserver and inter-modality (i.e. CT-based against MRI-based volume for every single observer) variability for parotid glands (n=20)
cT MR Inter-modality
Volume (ml) 5D Volume (ml) 5D varkbRtty®

Observer 1 34.8 9.6 30.6 12.3 P< 0.001

Observer 2 29.4 8.7 27.9 9.5 P=0.11

Observer 3 26.8 9.3 20.4 8.0 P< 0.001

Inter-observer variability* P=<0.001 P<0.001

*P-values assessed by paired f-test or Wilcoxon rank test. *P-values assessed by ANOVA.

Geets X. et al. Radiother Oncol 2005.

ESTRO
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Axial Coronal Sagittal

CT-scan MC

FDG-PET

« In9laryngectomy patients: PET was most accurate modality.
e However, no modality depicted superficial tumor extension.

Daisne JF. et al. Radiology 2004. ‘ ESTRO
School



. Local in-field recurrences can occur outside the PET-GTV.

« FDG-PET is not suitable as an exclusive modality for GTV delineation.

 Inherently low spatial resolution functional imaging such as FDG-PET should not be
used as a surrogate for anatomical imaging.

 Functional imaging indicates tumor biology (proliferation, hypoxia,...), rather than the
exact tumor extension.

Soto D. et al. Radiother Oncol 2008. . ESTRO
~ "\ School



Belgian prospective trial on PET delineation

Tablke 3
Volume comparison.
Volumes PET (mean cm®) CT(meancm®) p
GV
All patients 28.8 40.4 <0.01 1.00-
Larynx and hypopharynx 9.9 15.8 0.03 '
Oropharynx and oral cavity 326 45.5 <0.01
Lille 389 49.7 0.01
Brussels 220 343 <0.01
Namur 30.3 41.7 0.05
CIVT70 0.75 4
All patients 53.5 731 <0.01
Larynx and hypopharynx 224 289 0.05
Oropharynx and oral cavity 61.0 837 <0.01 =
Lille 68.9 94.9 0.02 L
Brussels 44.1 60.8 <0.01 E
Namur 63.8 846 0.03 o 0504 n r—— -
CTV T 50 E [T | 1 il j
All patients 109.1 118.8 0.m
Larynx and hypopharynx 55.7 454 0.05 8
Oropharynx and oral cavity 121.9 136.4 <0.0005
Lille 185.4 191.0 03 -
Brussels 776 89.0 0.8 0.25
Namur 114.8 124.0 0.2
PTVT 70
All patients 94.6 124.7 <0.0001
Larynx and hypopharynx 50.1 642 0.046
Oropharynx and oral cavity 105.2 1393 <0.01 0.00 1 TEP - ORL
Lille 105.5 137.5 0.02 T T T T T l T T T T
Brussels 831 113.4 <0.01
Namur 116.0 143.9 0.03 0 6 12 18 zﬁ-ﬂ{]nt hin 36 42 48 >4
PTVT 50
All patients 189.7 202.6 0.02
Larynx and hypopharynx 113.7 1004 01 'At ris k
Oropharynx and oral cavity ~ 207.9 227.1 <0.01 41 33 27 22 18 15 8 4 3 0
Lille 286.2 286.4 07
Brussels 142.8 163.6 0.02
Namur 217.6 221.7 0.5

No marginal recurrences (in the CTV-CT but outside the CTV-PET) were observed.

Leclerc M. et al. Radiother Oncol 2015. ESTR.O
School



avoid geographic miss
& regional recurrence

optimize organ-sparing
e.g. salivary glands,
swallowing structures

e "Plan1ning-CT"'

& ESTRO
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Comparison Between CT and FDOG-FPET for Modal Stading

Site Sensitivity Specificity

CT (%)} FDG-PET (%) CT{%) FDG-PET (%}

Head and neck cancer 36-36 S0-95 SE-100 aE-100

Sensitivity: FN because limited spatial resolution (0.5 cm)
Specificity: FP due to inflammation

Very promising, especially PET/CT, but not yet standard.

Grégoire V. et al. Semin Radiat Oncol 2006.

ESTRO
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Materials and Methods

33 patients with advanced HNSCC planned for surgery with neck dissection:
7 Study DWI S




0.0025 -

- 198 LN could be evaluated:
0.0020 - ;
@ : 153 benign LN:
EGE‘ ADC = 0.00119 + 0.00022 mm?/sec
= 0.0015 -
= - ; 45 malignant LN:
o H
,% - ' ADC = 0.00085 + 0.00027 mm?/sec
20.0010 - ; ;
Q i E==EE p < 0.0001
< ;
0.0005 - -
Cut-off ADC value: 0.00094 mm?2/sec
0.0000 - '

Benign Malignant

ESTRO
School

Vandecaveye V. et al. Radiology 2009.



Nodal staging agreement between imaging results & pathology findings

Modality Kappa 95% ClI McNemar'’s test
CT/TSE 0.56 0.16 - 0.96 P =0.019
DWI 0.97 0.84-1.00

Sensitivity of 89% & specificity of 97% per LN.

DWI allows the radiation oncologist to very closely approach the true nodal target volume:
Dose-escalation (~ PPV of 91%)?
Organ-sparing (~ NPV of 97%)?

Preliminary results, require confirmation in a larger group...

Dirix P. et al. Int J Radiat Oncol Biol Phys 2010. ESTR.O
School



Clinical example of DWI for LN staging

Images courtesy of Dr. V. Vandecaveye. ESTRO
School



Similar results at Maastricht University
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1 e e e TR e TR e 0.2 T with ADC
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ADC cut-off: 0.0001 mm?/sec: sensitivity 92% and specificity 84%

de Bondt R.B.J. et al. Neuroradiology 2009. ESTRO
School



All reported results for ADC-based nodal staging

Wang et al. 1.13+0.43 1.56 + 0.51 0.002

Radiology 2001

Sumi et al. >1.0 0.41+0.11 0.30 £ 0.06 <0.01 0.4 52 97
J Neuroradiol 2003

Abdel Razeketal. 09-1.5 1.09+0.11 1.64 +0.16 <0.04 1.38 98 88
Eur Radiol 2006

Sumi et al. >1.0 1.17 £ 0.45 0.63+0.10 <0.001 0.74 86 94
AJR 2006

Vandecaveyeetal. 04-15 0.85+ 0.27 1.19+0.22 <0.0001 0.94 84 94
Radiology 2009

de Bondt et al. 0.5-3.0 0.85+0.19 1.2+0.24 < 0.05 1.0 92 84
Neuroradiology 2009

Holzapfel et al. >1.0 0.78 £ 0.09 1.24 £ 0.16 < 0.05 1.02 100 87
Eur J Radiol 2009

Perrone et al. NA 0.85 1.45 <0.01 1.03 100 93

Eur J Radiol 2011

Lambrecht M. et al. Expert Rev Anticancer Ther 2010. ESTRO
School



200 patients

‘ included
|
[ | 1
Arm A Arm B
(NID2Gy 40 Gy) (NID2Gy 50 Gy)
Study Arm 96 patiens * 97 patients * Control Arm

Microscopic tumor burden is probably low in cNO neck on FDG-PET & DWI, and could be
sterilized with lower doses than used to be necessary when only CT was used.

Nuyts S. et al. Radiother Oncol 2013. ) . ; ESTR.O
“ P School



Significantly less acute dysphagia

60%
= Study Arm

N ==== Control Arm

Timepoint | p-value
EOT 0.5

1 month 0.3

2 month 0.06

3 month 0.03

EOT 1 month 2 month 3 month

Nuyts S. et al. Radiother Oncol 2013. ESTRO
School



Regional recurrences

1.0
1| Estimated Regional Recurrence Rate (95% CI)
09 06y ———[506  ——--
0.5 year |7.4% (3.3%, 13.9%) |2.2% (0.4%, 7.0%)
084 | 1.0 year |11.8% (6.2%. 19.3%) |5.5% (2.0%, 11.6%)
1| 2.0 year |13.0% (7.1%, 20.8%) |5.5% (2.0%, 11.6%)
§ 0.7
8 061
& ] Gray's test:
5 05 p = 0.0801
g |
x ]
w 047
c ]
2 ]
P 03
(v ]
024
| T T T T | T T T T | T T T T | T T T T |
1.00 1.25 1.50 1.75 2.00
Years since End of Thearpy
Mumber at risk |
40 Gy 95 89 82 73 67 65 61 58 Table 5
50 Gy a4 90 85 79 73 70 67 64 Site of the regional recurrences,
Recurrence 40 Gy ARM 50 Gy ARM
GTV lymph node G 5
TV lymph node 1 0
Qutside planning volume 2 0
PTV elective 2 1

Nevens D. et al. Radiother Oncol 2016.
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FDG-PET at 8 weeks after RT

FOG-PET/CT CT

trir 1P T O O 1
Sensitivity (%) 6.5 S22
b oo n 'l

-!‘ E-\..'\. ":.I

Specificity (%)

13
Lo

Positive predictive value (%) 50.5

(=]
(M y]

Megative predictive value (%) &2.4

i
-

s

Accuracy (%) ao. 7

Promising, applicability mainly limited by the number of false negatives.

@ ESTRO
. School

Andrade R. et al. Int J Radiat Oncol Biol Phys 2006.



DWI as aresponse biomarker (1)

Cellular Furae
density water

|/\ rH
o 1 2 3

Water Mobility {ADC)

| — M
0 1 2 3
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= | — m
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Hamstra D.A. et al. J Clin Oncol 2007. ESTRO
School
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DWI as a response biomarker (2)

a A

: : : :
. True diffusion . . Troediffusion &
: E : ;
ADC E E ADO \ E E
™ . True diffusion : .
r - = '5' s
b0 b30o b1l PP, s

b1000 i 0 B1000

Vandecaveye V. et al. Neuroradiology 2010. ESTR.O
School



Materials and Methods

IIIIW llllﬁ IIIIW llll

before RT days 10 and 24 3 weeks after RT



Patient follow-up - 2 years: clinical/CT
Remission = continue follow-up

Lesion progression 2 biopsy (+) Streatment
=2 biopsy (-)2 continue follow-up

Lesion
Identification
Routine imaging

3 Months CT
Start End
CRT CRT P
Patient Baseline 3 weeks Correlation imaging-outcome
inclusion MRI MRI 2 years endpoint

staging



Results (1): DWI during CRT

100%

90% |

80% |

Loco-regional Control (LRC)

20% |

10% }

0%

At 2 weeks

70% |

60% |

50% |

40% |

30% |

b . .
I
|
|
]
-—+ High AADC
— Low AADC
p = 0.003
3 6 9 12 15 18 21 24

Follow-up (months)

%AADC = (ADC 2w — ADC base) / ADC base

Dirix P. et al. J Nucl Med 20089.
Vandecaveye V. et al. Eur Radiol 2010.

Loco-regional Control (LRC)

100%

90% f

80% |

70%

60% |

50% t

40% |

30% t

20%

10% |

0%

At 4 weeks

T
|
|
I
l
I
S \
I
|
|
I
l
b __
--- High AADC
— Low AADC
p < 0.0001
3 6 9 12 15 18 21 24

Follow-up (months)

%AADC = (ADC 4w — ADC base) / ADC base

ESTRO
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Results (2): DWI at 3 weeks after CRT

Primary tumor LN metastases
250 200
180
200 -
160 -
150 140 -
400 1 120 A
2 - 100 A
3 >0 880
I i
0 = é60 . _
Prim - Neg PrimJ: Pos 20 -
-50
20 -
-100 0 - | =
remission recurrence
%AADC = (ADC 9w — ADC base) / ADC base
Vandecaveye V. et al. Int J Radiat Oncol Biol Phys 2012. ESTRO

School



Color legend AADC:

-100% +100%

%AADC = (ADC 2w — ADC base) / ADC base

Lambrecht M. et al. Radiother Oncol 2014.
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Images courtesy of Prof. V. Vandecaveye.



Images courtesy of Prof. V. Vandecaveye. . ESTRO
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Clinical example of DWI for response assessment (3)

Images courtesy of Prof. V. Vandecaveye. ESTR.O
School



Similar results at the University of Pennsylvania

A
120} | ok |
Kk
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§ 80}
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sl T i
CR PR
Pre-Tx Wk1-Tx Post-Tx
D
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ADC normalized to Pre-Tx

*

Variable Cutoff Sensitivity  Specificity  ATC
value (%) (%)

Pre-Tx 111% 1072 65(44 81) 86(42.99) 0.80(062,
mm?'s 0.59)

Wki- 1.11 86(64,96) 83(36,99) 088(0.74,

TxPre-Tx 1.00)

Post- 1.11 8§2(56,95) 80(30,99) 0.80(0.57,

TxPre-Tx 1.00)

1] ' -, *
T ax -
| i = |
Wk1-Tx Post-Tx Wk1-Tx Post-Tx
Kim S. et al. Clin Cancer Res 2009.
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Similar results at the University of Michigan

ADC [%10°% mmfs] mid-treatment

0 50 100 150 200 250 300 350
ADC [x10° mm/s] before treatment

350

300
250
200
150
100

50

ADC [x10% mm?is] mid-treatment

0 . : : :
0 50 100 180 200 250 300 350
ADC [x10* mm?*/s] before treatment

Galban C.J. et al. Transl Oncol 2009.

Early Response of Volume and Tumor ADC Values at 3 Weeks after Treatment Initiation.

Volume [cm?] (SEM) ADC [x10° mm?/sec] (SEM)

Pretreatment  Midtreatment  Pretreatment  Midtreatment

Primary 28.8 (9.5) 19.3 (7.2) 1458 (11.3)  163.3 (10.6)
Lymph nodes ~ 43.7 (9.9) 29.6(10.2)  1225(5.0)  153.4(5.1)
CR 30.6 (5.9) 18.2 (5.4) 133.5(7.7)  162.9(6.3)
PR 57.8(22.3)  47.1(19.7)  1327(86)  1415(95)

ESTRO
School



Table 3 DWI in 20 patients with a residual post-treatment mass: accuracy of ADC for distinguishing between a residual cancer and a
benign post-treatment mass by using a fall in ADC in the early or later phase of treatment to indicate locoregional failure

TP TN FP FN Sens Spec NPV PPV Accuracy
n n n n % % %o % %o

6 months 7 12 | 0 100 92 100 88 95

12 months 7 11 | | 88 92 92 88 90

Total duration of study 8 10 0 2 80 100 83 100 90

TP true positive, TN true negative, FP false positive, FN false negative, Sens sensitivity, Spec specificity, NPV negative predictive value,
PPV positive predictive value

King A. D. et al. Transl| Oncol 2009. ESTRO
School



Cao Y. et al. Int J Radiat Oncol Biol Phys 2008. . ESTR.O
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4. Towards a biological target volume (BTV)?

« BTV derived from functional/biological imaging guides customized dose delivery to
various parts of the treatment volume.

« ="“dose-painting” or “dose-sculpting”.

Ling C. et al. Int J Radiat Oncol Biol Phys 2000. ESTRO
School



Anatomical PTV Biological PTV

FDG-PET

—

~ Fusion

ESTRO

Galvin J. & De Neve W. J Clin Oncol 2007. School



UZ Gent Phase | trial

Frescription-dose levels to the PTVs

NID
TV Dose per fraction (Gy) Db i 2Gy

(Gy) (Gy)
Fractions 1- Fractions 11-
10 32
PTV g = level | of dose escalation 25 216 725 Fo.2
PTW e = level | of dose escalation 3.0%* 218 T 6.7
Wﬁﬂ = macroscopic tumer + enlarged ymph nodes 718 216 8591 725
F"I"w.-"ﬂifs = rezected lymph nodes with capsule rupture 708 206 659 87 2
F"I"w.-"ﬂi2 = rezected hymph nodes without capsule rupture | g4 1.94 621 50.9
FTV g = elective lymph nodes iPS 1.75 5.0 1.1

« 23 pts dose level | (5.7 Gy), 18 pts dose level Il (14.2 Gy) in first 10 fractions.
» 2cases of DLT at dose level | (grade 4 dermitis & dysphagia).

« 1ltoxic death at dose level Il (not RT-related?).

« In 4 of 9relapsed patients, the site of relapse was in the PTV-PET.

« PET-guided dose escalation appears to be well-tolerated?

Madani I. et al. Int J Radiat Oncol Biol Phys 2007. ESTRO
Duprez F. et al. Int J Radiat Oncol Biol Phys 2011. School



Pretreatment ADC of the primary lesion

2.0 -
L ]
15 -
0
O
’ig 1.0 - a
=
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1 2 3 4
T stage

ESTRO

Hatakenaka M. et al. Int J Radiat Oncol Biol Phys 2011. School



ADC,;,, before RT correlates with outcome

1007 Number at risk (ADCrish < median):

1 80 59 51 31 21 8
90} Number at risk (ADCnigh > median):
— 1 81 45 42 32 18 6
X 8
~ ]
@ 707
Q ]
c ]
LY 601
5 =
O 50] ymi !
Q ] e
- ] e ———— 1
3 40
S a0 ’
n 3
0 Lo
10 —— ADCGChigh < median
05 """ ADChigh > median
0 1 2 3 4 5
Time (years)
Lambrecht M. et al. Radiother Oncol 2014. ESTRO

School



Age
Location
Tumour Volume
Nodal Volume

ADCmgbval ue

o6
Oropharynx
0,3dl:

0,05 dl:

11:x10* mm/s:

Recurrence probability:

42%

Lambrecht M. et al. Radiother Oncol 2014.
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&5,

mm /s)

1500f

S
< 1000
251
a
<
500(
N S— 10 15
(a) (b) SUV (a.u.)
Table 2 (C)
Overlap of the different targets with the SUV.y.,,..-target.
Volume (ml) Overlap (%)
Average Range Average Range
SUVsozmax 7.7 1.3-30.6 - -
SUVsozmax 5.1 09-225 100 100- 100
SUV 402max 11.2 2.1-38.3 67.9 51.1-80.2
ADCmean 18.4 2.7-61.2 30.2 8.0-68.1
ADC.nean—sp 46 09-124 27.0 3.9-72.5
ADC, 1ean 16.3 3.0-575 18.6 0.7-56.3

Houweling A.C. et al. Radiother Oncol 2013.

® ESTRO
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Combination of both can be valuable

o
—

08

06

Survival Probablilty
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= — AN S8 e SR TS
= AN —— S ) S, T e | L e s
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0 12 24 36 48 G0
MMonth=s

Preda L. et al. Eur Radiol 2016. ESTRO
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Pathology validation study

INCLUSION ?ta ndarlfl work-up
Patient with newly diagnosed resectable B T"_ﬂfOCO :
squamous cell carcinoma of the larynx, T3- -Clinical
4Nx, no metastasis -CT
-FDG-PET
-1w

d-1 | fMRI (extra scan)

Surgical resection do

1. Radiologically
guided biopsies
from specimen

specimen

3. MRI scan of
ressection

AV 4 specimen

Macroslices

Reconstruction

Registration

-l

Slide courtesy of Dr. D. Nevens ESTR.O
School



+ 5mm

Slide courtesy of Dr. D. Nevens ‘ ES}-!TI?O
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Pathology validation study

Slide courtesy of Dr. D. Nevens " ESTR.O
School




Association between ADC and pathology (1)

Driessen J.P. et al. Radiology 2015. ESTRO
School



Association between ADC and pathology (2)

Figure 5: Digitized whole-mount H-E section
(original magnification, > 10) of a T3 hypopharyn-
geal carcinoma. The tumor shows an intermediate
CD of 6188 cells per square millimeter, 38% nu-
clear area, 38% stromal area, NC ratio of 1.59, and
intermediate ADC of 1.19 < 102 mm?/sec.

Driessen J.P. et al. Radiology 2015.

Figure 6: Digitized whole-mount H-E section
(original magnification, »<10) of a T4a laryngeal
carcinoma. The tumor shows a high CD of 8050
cells per square millimeter, 65% nuclear area, 18%

stromal area, NC ratio of 4.14, and low ADC of 0.96
* 1073 mm#/sec.
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Correlation

Response
after CRT

6-month LC

2-year LRC

2-year LRC

2-year LC

2-year LRC

2-year outcome

2-year LC

Results

Baseline ADC of responders was significantly lower.

A significant increase in ADC was observed in responders
within 1 week of CRT which remained until after CRT.
Significant differences in ADC were observed between
patients with different outcomes.

The AADC 2 and 4 weeks after the start of CRT was
significantly lower in lesions with recurrence.

A significant correlation was found between local failure and
post-treatment ADC but not pre- or intra-treatment ADC.

Baseline ADC of responders was significantly lower.

The AADC of lesions with later recurrence was significantly
lower.
Baseline ADC of responders was significantly lower.

Baseline ADC showed no correlation with local failure.
During treatment, primary tumors showed a significantly
lower AADC for local failure.
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Shukla-Dave A. et al. Int J Radiat Oncol Biol Phys 2012.
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DCE-MRI FDG PET-CT

ADC = 0.88 (x10* mmis ) PF = 53.0 (ml/min/100mi) - SUV e = 119

Baseline

GTV =10, 3 GTV = 11.2em* ADC = 1.29 (k10 'mm®s7)
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Subesinghe M. et al. BMC cancer 2015. ’ ESTRO
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Yang Y. et al. Med Phys 2016.
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5. DWI during follow-up

DVI-MRI Boi ¥y B1ooo(T) aopcid)
True-positives at tisgue subsite 49 33 70
Falze-positivesz af tizzue zubsite &7 a8 7
Trus-negatives at tizzue zubsite  10£ 122 1584
Falze-negatives at tizzue 2ubsite 25 21 2
(c)"™ Sensitivity (%) 862 T16 94.6
000300
Specificity (%) 608 713 95.9
000250 4
,}_E. G0 Accuracy (%) 224 1.4 055
S i
§ 0.00150
0.00400 - | R S
000050
000000 T
SCC Post-RT
Vandecaveye V. et al. Int J Radiat Oncol Biol Phys 2007. ESTR-O

School



Clinical example of DWI during follow-up

Images courtesy of Prof. V. Vandecaveye ESTR.O
School



Similar results at Mansoura University (Egypt)

003 Variahble Range of ADC Value Mean ADC Value
Residual or recurrenttumor  (0.83-1.65)x 10~ mms 117 £ 0.33 x 10~ mm?s
Postreatment changes (1.10-244)x 10" mm?¥s 207 +025% 10~ mm?/s
002 Positive
Threshold of Predictive Megative
ADC Value Sensitivity  Specificity Accuracy  Value % Predictive
K10 mmis) % (niN) % (ni) % (niN) Value % (niN
<1.00 37 (7T19) 100 60 100 (717) 47 (11/23)
00 (11111)
<130 84 (16M19) 90 (10M11) 87 84 (1617) T6(10/13)
<150 B9 (16M19)  73(911) 83 85 (17120) 80 (810)
<200 100 45 (5M11) 80 T6(19/25) 100 (5/5)
(19/19)
0.000] , . <2 40 100 9(111) 66 65(19/29) 100 (1/1)
N 18 1 (1919)
ResidualiRecurent T Post-treat. changes
Abdel Razek A. A. et al. AJNR Am J Neuroradiol 2007. ESTRO

School



Pre-treatment DCE-MRI did not predict which SCC sites would fail treatment, but post-treatment
DCE-MRI showed potential for identifying residual masses that had failed treatment.

King A. et al. Plos One 2016. ‘ ESTRO
A School
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Xerostomia is one of the most common complications of RT for HNC.

Dirix P. et al. Cancer 2006.
Dirix P. et al. Lancet Oncol 2010. ‘ ESTRO
A School



Response to stimulation of the parotid glands of all
patients before and after RT.
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DWI: non-invasive evaluation of salivary gland function
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7. Pitfalls of DWI

Rapid evolution of body imaging protocols

Divergence among and between vendors on data measurements/analysis and
lack of transparency on how measurements are made

No accepted standards for measurements and analysis

Multiple data acquisition protocols depending on body part and usage of data
Qualitative to quantitative assessments

Lack of understanding of DW-MRI at a microscopic level

Multiexponential decay components which affect the calculated ADC values
Incomplete validation and documentation of reproducibility
Divergent nomenclature and symbols

Lack of multicenter working methodologies, accepted quality assurance (QA)
standards, and physiologically realistic phantoms

Padhani A.R. et al. Neoplasia 2009. ESTR.O
School



Registration (1)
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Registration (2)

Mean error SD Median error Maximal error
Original SSD 7.78 mm 4.15mm 7.10 mm 20.26 mm

Final SSD 2.10 mm 1.39mm 1.83 mm

DWI to T2 fegistrati

School



Registration (3)

9 -
------- Mean original error

sl — Mean registration error
— — — Linear regression

mean validation marker distance (in mm)
(8
|

4+
3 -
2 -
1 | | | | | |
0 5 10 15 20 25 30
varied number of registration markers per slice
Lambrecht M. et al. Radiother Oncol 2014. g ES-I.RO
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 Important role for anatomical MRI, especially in base of skull and oropharyngeal cancer.

« DWI and DCE-MRI could guide dose-painting and early response assessment.

« Standardisation of technique (b-values), interpretation, and registration.

Table 1 Key themes emerging from preclinical and clinical data on diffusion

MRI in cancer.
Key themes Strength

of evidence*
Apparent diffusion coefficient (ADC) maps generated with low 3
b-values are dominated by diffusion-related flow information
ADC maps provide information on the cellularity of tissues 3
that can be used for lesion characterization
Pretherapy ADC maps may indicate the outcome of therapy 2
There is a transient decrease in ADC at the start of therapy
that probably represents cellular swelling
Therapy-induced increases in ADC coincide with the onset of cell 4/2
lysis and necrosis, and changes in ADC values predict clinical
outcome for some tumors
Apoptotic cell removal and/or repopulation by resistant cells may 3

cause decreases in ADC at the end of therapy

*Strengih of evidence scale (1-5); weak-moderate—substantiaHirm—definite (scale based on
authors’ parceptions of the literature used for this Raview).

Patterson D.M. et al. Nat Clin Pract Oncol 2008.
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Introduction to Computed
Tomography
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German Cancer Research Center (DKFZ), Heidelberg, Germany
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Overview and Components

Computed tomography shows the spatial distribution of X-ray
attenuation in our body.

tube

pre-filtration

table

anti-scatter grid
detectors




Overview and Components

Detector index &
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Sinogram
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Single detector - Multi-detector
ranslation + rotation - Translation + rotation
20-30 min - 2min
Multi-detector - Full multi-detector
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Detector Coverage Along z-axis

Single Row || I Multiple Row
Detectors — . -« Detectors

Pitch value:

Table movement in one rotation
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Coverage




Nowadays CT

Procedure:
Transcatheter aortic
valve implantation (TAVI)

Patient age: 80 years

Tube voltage: 80 kV
Current: 340 ref mAs/rot

Rotation time: 0.25 s
Pitch: 3.2
Slice thickness: 0.75 mm
Scan length: 557 mm
Scan time: 0.76 s
Scan speed: 737 mm/s

Kernel : B40
Recon: ADMIRE 3

CTDlvol: 2.7 mGy
DLP: 162 mGy-cm
Effective dose: 2.3 mSv

Case information Axial slices, C =0 HU, W = 1500 HU Volume Rendering
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X-ray Spectrum Generation

Hot
cathode
filatnert

Flectron heam




X-ray Spectrum Generation
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X-ray Spectrum Generation
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X-ray Spectrum Generation
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X-ray Spectrum Generation
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X-ray Attenuation

e Beer’s law:

keVp L
I=1Iye” 550 Sy w(z,E)dz dE Used for filtered back-projection: | — J, e~ Jo n(x)da

» Attenuation coefficient:

po(E) = zpifr(E) + zp fp(E) + zc fo(E) + zppifrr(E)

Mass atteauation coefficients for soft tissues

Na

po(E) ~ PmA_ZifP(E) T Pa

Na

A:r; Za:fC (E)

Na 3 1
2(E) ~pr—2s | 2, = E
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Where f,, is the Klein-Nishina function
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X-ray Detection
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Rebinning:

All projections
from different
angles are re-
sorted in such a
way to be
parallel.

This means
only the central
projection is
considered for
each view angle
theta, while all
the others are
parallel to it and
come from
different
rotation steps.

Rotation angle ¢
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Sinogram Creation

 Lambert-Beer law is considered with some
semplifications:

1(6,€) = In(6, €) e~ Jo #Emadn

« Each detector ¢ measures the attenuated
intensity along the direction 6.

» Since for each angle and detector only the
structures along that path are responsible for the
attenuation, the coordinates x and y can be
expressed as:

£ = xcos(f) + ysin(9)
n = —zsin(f) + y cos(h)




Sinogram Creation

From the intensity domain, it is convenient to
move to projections domain, via division and
negative log operation:

1(9,€) = Io(9,€) e~ Jo n&mdn
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Sinogram Creation
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Sinogram Creation
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Sinogram Creation
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Slice Theorem
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Backprojection
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Backprojection

Developing the mathematics behind, one can see that via simple back-
projection a different image is obtained, which does not correspond to the
inital one (for example positive values are assigned also to pixels outside
of the object).

It turns out that a simple back-projection results in:

which means the original image is convolved with a point spread function
h(x,y).



Backprojection

Simple backprojection



Filtered Backprojection

For inverse Fourier transform we have:

oo o0

f(q/ y) = / / F(’U, v)e‘Z‘Jri(mfa.a+y'ﬁ)dud?/:

— o0 — 00

We saw from slice theorem, that for v =gqcos(d) and v=gsin(d)  we have
that F(u,v) equals Py(q).

We can move to polar coordinates and re-write

2T oo
f(i, :_U) — / / F((] COS(@), qsil.l(g))e‘zm(:z:q cos(f?)—l—yqsin(ﬂ))q dq df
0 —oo

which can be re-written as:

s o0
fla,y) = f f Py(q)e*™ "% |q| dg df
0 —co




Filtered Backprojection

i3 o0 T o @]
Flay) = / [ Po(q)e> 4 |q| dq df = f(z,y) = f f Py(q)e*™4€|q| dg d6
0 —co 0 —o0

simple backprojection filtered backprojection
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Filtered Backprojection

Simple backprojection Filtered backprojection



Filtered Backprojection

With FBP, not so much can be optimized, except for the reconstruction kernel,
which can be chosen to control the Modulation Transfer Function (i.e. the
spatial frequency response of the algorithm).

Smooth kernels reduce noise and spatial frequency.

Sharp kernels allow to see more fine structures, but introduce more noise in
the image.

Furthermore:

- all approximation done to solve the inverse problem might generate
artifacts,

- to reconstruct an image, the rotation must be at least 180° plus fan angle.



Algebraic Reconstructions

Algebraic reconstructions are much more flexible, but significantly slower.
They approach the problem as a set of linear equations to be solved.

wiaf(1) +wiof(2)+---+wi nf(N)=p

;wﬂ..-f,] J() +wrrof(2) + - +wnunf(N) =pum

Where:
- f(?) are the unknowns, i.e. the values of the image for each voxel 1 <i < N

- w(%,J) are the coefficients which are known and derived from system's
geometry. They indicate how much each voxel i falls* into the path of that
specific projection 1 <j <M

- p; are the measured projections.



Algebraic Reconstructions

{ w1 f(1) +wiof(2)+ - +wi nf(N) =

@w1,1f(1) +wnr2f(2) + - +Fwu Nf(N) =DM

In a matrix form we can write:

Normally the pseudo-solution is found as:

7 =argmin|A- f - pll3



Algebraic Reconstructions

The algorithm is very flexible and allows, for example, to weight each
projection according to how reliable it is, remembering that when very
few photons are measured, the signal to noise ratio of the projection
decreases.

This variation of the algorithm is known as penalized weighted least
sugare error (PWLYS):

f*=argmin (A f - p)"W A f—p))

Where the matrix W is a diagonal matrix containing the weights for
each projection.



Algebraic Reconstructions

- Total variation:

J*=argmin|A-f - pl3 + AV £l

- Nuclear norm (for correlated images):

f* = argmin|[A- f - pl} + A 7]l

- Prior-induce similarity:

f* = argmin | A~ f = pl3 + NR(f ~ g)]|2

- Dicitionary based:

f* = argmin||A- £ = pl3 + Al - Del3
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Noise

Theoretically, the number of photons that reach the detectors can be
described as a cascade of Bernoulli distribution, describing the
probability that a photon is emitted or not, absorbed from the patient or
not, detected or not etc. This cascade can be approximated with a
Poisson distribution and hence we can write:

n ~ P(N,N) SNR =

The noise is theoretically uncorrelated, but the cross-talk between
adjacent detectors, the logarithmic operation to obtain the sinogram,
and especially the filtering of the sinogram and backprojection

operations make such that the noise is spatially correlated in image
domain.



Motion Artifacts

Some of the possible ways to solve this issue
are:

- Improving scan speed
- Instructing the patient

- Acquiring data with less than 180° of rotation.
This would generate other types of artifacts
(namely truncation artifacts) since the data
are incomplete, but these new artifacts might
be easier to correct for.

- Reduce entropy in selected regions of the
Image




Beam Hardening Artifacts
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