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Physicsof PETandPET-CT

Coincidene detection of two 0.511MeV photors
Annihilationradiationfrom positon-electronpar

Photondirectionsat 180 at amihilation point -
diff erert from decaypoint > rangeof positron

Positronemitterswith biological compatibility
Low Z (typically), protonrich, shorthdf-lives
“Local’” productonwith acyclotron
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Physicsof PETandPET-CT
Oncologylmagingwith FDG PET
PETandRadiationTreadmert Plaming
Non-FDG PET Oncobgy Imaging

— Bioanatomidmaging andTreatment
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PET Radionudides

biologicaly compatitte, shot half-life Coincidences:

DetectedEvents
Radionwlide Half-Life

Fluorine 18 (*8F) 110min ) Subject

Carbon11 (HC) 20 min [ _
Nitrogen 13 (*3N) 10 min « Random ’ -
Oxygen15 (**0) 122sec

Rubidium 82 (®2Ru) 75sec

(cardiac)

e

Adaptedrom Rohren Turkington,
Coleman,Radiology2004;
231:305332

PET DeviceParaméers Charaterisics of Detedor Crystds

3 R _ 3 Crystal Photoelectric| Energy
Resolvmgtlme detecior matrial Common Effect Resdution

Spatialresolution— nominaly, detectorsize Numeer | Probabilty (%)
— 4 to 6 mm (voxel side)
Tempaal resolution— acqusition time, gating (?)
Number of detectors— SNR, spetial resdution
Aperturesize— 70 cmmax— large bore?
2D or 3D acquisitbn modes— both are volumes
Desirabé: Low decaytime

Seveal others,inter-related Impads: Detedor deadtime (affectsscantime); allows shorter
coinddencewindow for betterrejedion of randomeverts




Effectof PositronRarge AttenuationCorrectionUsing
inheren lossof spatialresoluion

Transmissiorimages

Isotope Tom Ep+ Resolution * » Emissionphotonintensty must be carrectedfor attenuation
(MeV) (mm) thatoccurredalongthe pathlength from anorigin
-m « A rotatingsourceof phatonsis usedto obtaina CT-like

e ettt one. nee
i i — Original method: rotatingradioiotope, nea 511keV enagy

— Recentmethal: CT scan eg with a hybrid scanner
131Cs () 662keV

* 2.35 x rms of distribution - related to the positron range

CT image

Phantomwith

With-Without AttenuationCorrection
‘normal’ upteke

; ¢ Intensties unde-estmatedatdeph
/ ﬁ);csz?rti;rzzlg:gthat « Intensties over-estimatedon surface
spherical* hot tumor - « Intensties over-estimatedfor low-density objeds (lung)

With Without b Taa

TR _ - z P -‘{’\“‘

non-correctedPET CT-atenuatectorreced Csattenated corrected FromRohrenTurkington, Coleman Radology 2004;231:305332




Why PET Oncologylmaging?

Distributionof activity is imaged

— Physiology, function, biology
Comgementaryto (~anatomg) CT and MR
Increasedsensitiviy comparedo CT alone
Indicaions approvedfor reimbursement

— Most approvedindicationsarefor oncology
Devicesavaileble

Imagehandling toolsetsmaturing still new

Oncologylmagingwith FDG PET

Diagnais—lesscommon
Staging - yes
TargetDefinition

— Radidion treatment

— Other“targeted therapy

Restagng —yes

- Treatnent Evaluation
WAKE FORE!

Why PET?
A Picture of the Patient

MR “Radograpt / t . -
I 41 <
PET-avid tumor I | *I

registeredwith

CT obtained at 4 CT-PETHybrid Imaging
. " for TumorDiagnaisand|
the sametime Treatmem Planning:
(CourtesyGeneraElectiic
Healthcae)

>
]

re
" r"
L

MR “Radbgraph
with boneadde -
the MR is changed
intoaCT-like
radiograjh

© JD Bourlard

The mostimportantpostron-emitting radiotrace for oncologytodayis 2-

18F-fluoro-2-deoxyD-glucose(FDG)
Glucoseandoguetaggedwith 18Fluorine

Many malignant tisstesareassocated with increaedglycolysisard thus

demorstrateincreasediptakeof FDG
FDG-PET imagesare mapsof glucosemetatolism




Exampek: Non-Small Cdl Lung Cance Exampk: ColonCance

Diagnosis Staging Re-Staging Initial Staging Initial Staghg Re-Staging

From Rohren Turkington, Coleman:Radology 2004;231:305332 FromRohren Turkington, Coleman Radiolagy 2004;231:305-332

Exampk: Head& NeckCaner
Diagnosis Staging ResSiaging
‘ p -

X

[comeesr | x| x|

R S S
Caveat: A summary: Restrictionsand latest information on:

From Rohren Turkington, Coleman:Radology 2004;231:305332 http://cms hhs gov/imanuals/103_cov_detan/ncd103cl_Partt pdf




Clinical Imaging(FDG) with PET

18F-FluorodeoxyglucoséDG) only
Imaging of tumorglucosemetabdi sm: glycolysis
Non-specific imagingagent— metatwlically acive sites

Staging re-stagingof lung, breastcolon, cervical,
headned, melanomalymphana. Somediagnosis.

Difficulties with smalltumors(< 3 — 10 mmdiameter)
Useincreasing- 200PET-CT scamersin 2 years*
PET-CT hybrid scaners: regstration sdved

*FromBradkey, Thorstad Mutic, etal., IJROBP 59(1):78-86,2004.

ColonCancerPossibleTreatmentFields

Initial Staging Initial Stagng Re-Staging
13 1

SimpleField No Treatment

Adaptedfrom Rohren Turkington, Coleman: Radiology2004; 231:305332

PETandRadiationTreadment Plannng

Main contribution— Staging:TargetLocalization
— Veryimportant:stagedeeminestreatmentapproach
— Binaryresults:presence/absencé diseasemetastasis
Dramatic differences possible
— Treatmenimode:reamg chemqg beamo(EG Shaw)

« none,one,al three?10-30%NSCLC patients stagechanges
— Radiation treatmenfields:ie, inclusion of nodes

« Estimation- beter coverageof targetwith PETin 30— 60%of
patientsreceiving definitive radiationtreatment*

*FromBradley, Thorstad Mutic, etal., IJROBP59(1)78-86,2004.

Colon CancerPossibleTreamentFields

Initial Staging Initial Staghg Re-Staging
24
Field Includes No Treatment

Nodal Region

Adaptedfrom Rohren Turkington, Coleman: Radiology 2004; 231:305332



FDG PET andStaging,Localization

Changen stegebefore andafter PET-CT

From Koshy, Paulino, Howel etal., Head& Neck, 27:6494-502,2005.

PETandRadation TreatmentPlanning

» Secondry contribution— TargetDefinition
— Image-basedargetextert, shape — quanitative
— Importanttopic
— Subjectof investigatian: conceps, methodstools
Secondry contribution— TreatmentMonitoring
— Image-basedresporseand evaluaton of treatrment
— Importanttopic
— Subjectof investigatiom: conceps, methodstools

“Secondary” to become' Primary’ ?

Increasedose:Boaost High UptakeRegions

Dasetal. Med Phys. 2004 looked at feasibility of delivering
radigion dosein proportionto FDG distributionin 2 patients
Rationak: FDG-uptakeis correlatedo tumorcdl proliferation rate
PETfor targeing; SFECT (normallung perfusion)for avoidance
Comparediniform dosedistribution with non-uniform dose basel
on FDG distribution& IMRT

While feasibk, word of cauton, wasthatnorruniform dose
distributionsatemptingto increasedoseto high uptakeregions,
may resultin unacceptabledosevolumelevelsfor normal
structures.

PET for Planning NSCLC




FDG PETandRadiationTreatment

Changein PTV andprescrbeddose

Table 5. Surmary o nagament with FET-S1

Impacton sizeof PTV: CTvsPET/CT

Pre-PET-CT THM
Patiart o andl dhssasa st |AJCE slage,

* Relative changesanged
from0.40t0 1.86

TOMARA (NI}
* In 5 of 23 casespew
FDG nodesdetectedha AT TEAERMG VA | TEci A
increasd PTV

PTVcrros (cm®)

L S =]

* Obsener 1
u Obsener 2
4 Obsener 3 TENIMD il

600 N 800 1000 1200 gi i
PTVcr (cm”) Mah Caldwell,Unget al. IJROBP 52,2002 From Koshy, Paulno, Howell etal., Head& Neck, 27:6494-502,2005.

PET canminimize volume of nomal tissue

Ex: FDG-PET decrasedhetarget volume )
irradated

Reductionof radiation
volumedueto

better distinction between
tumorandatdectasis

Sparing of normal tissue
suchaslung will resultin
lessmorbidity andpossbly,
allow higherdoseto tumor

Purple Outline: CT only GreenOutline: PET/CT PTV basedonCTonly [




Ex: FDG-PETincreasedthetarget volune

Pre-PET : RLL lesionwith right
paratracheahode

PostPET:RLL lesbnwith right
paratrachealsukcarinal and hilar
lymphadenopy (some< 1 cm
onCT)

: GTV increasedo encompass
thesenodalregions.

GTV: CTv PET-CT
Useof PET-CT mayreduceGTV/CTV
GTV-CT GTV-PET-CT

From Schwartz Ford, Rajendranetal., Head& Neck 27(6): 478487,2005.

Impactof PET-CT on RT Volume DelineationUsing
CombhnedPET-CT Scanrr: WashU Group

* Progectivestudy: 26 NSCLC patierts
— 8/26(31%) PET changedstaghg
— Of 24 still plannedradically
 In 3, PET/CTreduedvolumecomparedo CT alonedue to atelecass

« In 10, PET/CT increasedvolumeas unsugpeced nodaldisesewas
deteded

« In 1, newseparatéumourfocuswas found in same lung
— Overall PET/CT restuted in alteratbnsin radiationplannirg in
over50%of paientsby compaisonto CT alone.

Bradley, Jetal. IJROBP59, 2004

Proces: PETin Radation Treatmat

Cancerdiagnosis> biopgy, imaging
Treatnentposition immohlization
PETimagingin treamentposition
Expertimagereview
Imagetransfer— DICOM, other?
Imageregistration(if neead)
Targetlocalizationand definition
Treatrrentplanning




Radation Treatmen®Planningwith PET

PatientPositioningAnd Immobilization

& CT

* Setupreprodudbility the
primaryconcen -

« Poorsaup reproducitility Flat Tabletop ImmobilizationDevice
mayrequiredefornable b

Thesecanbe separateunits imageregistraion

or acombnedPET-CT

3-ModeFiducialMarkers . :
norhybrid PETscanning 3-Mode Fiducial Markers

« Forface mask
patients,markes
are atachedto the
mask
Forbodymould
patients,markes
are atachedto the
skin




PET-CT ImageRegistraion

WAKE FCRE

PET-CT Logistics

Onssite cyclotronfor FDG production

Deliveryto securdasotoperoom

Calibretion checkandsyringe preparéion

Injectionin Injecion Roaom, andwaiting there
Usually: CoaseCT, PET, hi-qualityCT

— Protocds math Radology protocols

— Researclprotocds — H/N chemoradiationtrial
Dosemonitoling to environs show no difficul ties
Approximaely five PET-CT patiens per week
Crosstrainad techndogists and Radiology facuty input
All scango institutionalPACSfor interpretationarchive
Peforming CT +C scanger Radiolog/ protocd

Hybrid PET-CT Scanne

Combnedhelical,
multislice CT scanner
mated to a PET scanner
Posibly threescans
acquiredduringprocedue
— Attenuation correcton CT
— PET: 2D or 3D acquisition
— TreatmenplanningCT +C




PET-CT

Adjacentcontrol, scaner,
injectwait, lab, andtoilet
1/8in Pb; contrd, scanner
— adjacentwaiting, scannebkg
1/2 in Pb; injectwait, toilet

Isotopeprepnearon-site
CT, PET-CT opeationis
quaity —future additional
QA testng

Shaed Virtual Smulation
Lase markng system

AutomatedPACSarchve,
sekdive pushto TPS

Normd accessecuity

Inject | wait
-Wait

jonuod 10-13d

Virtual
Sim

Office _§

Office

PatientAccess njectionRoom

View from OperatorEntry

=

o
T
-

Target Definition

 Qualitative: Expertclinical review
— Visual,inclusionof clinical history anddata
— Abovebackground

» Quanitative: Voxel intensty values
— 40-50% of peakintersity (abovebackground?)
— StanchrdizedUptakeValue (SWV) of ROI
* ie, SUV > 2.5indicatespositive for caner
— Regiondeterminedy PET, extert by CT




RadiationTreatmen®Planningwith PET

TargetDefinition
Samepatientimage:differert window andlevel!

Dependig onimagewindow andlevel setting, target
volumecanchangeby 50% Also:

a) SUV notapartof DICOM data
b) SUV utility unclear

RadiationTreatmen®Planningwith PET

TargetDefinition
Samepatientimage:differert window andlevel!

o >

In this exampe, Lt targetis largerthanRt
targetby factor of 1.2 (Lt v Rt), andshapeis
dightly different

Radiaton Treatmen®lanningwith PET

TargetDefinition
Same patientimage:diff erentwindow andlevel!

In this exanple, Lt targetis larger than Rt
target by factorof 1.2 (Lt v Rt), andshapds
slightly different

StandardizedptakeValue (SUV)

Semi-quantitative measue of glucosemetabolism
Essentially:Averagevoxel valuewithin anROI

— normalzedby activity and body weight

Relativeto anindividual patient

— Malignancyv benign

— Tumorgrade

— Treagmentresponse

— Prognosis(?)— biological mocels

In part from Rohren Turkington, Coleman:Radiology2004;231:305-332



SUV Limitations

Semi-quantitativemeasureof glucosemeabolism

Definition of theROI (CT?selfreferencing)andits
locationovertime (ie, scanto san)

Tumorhetepngeneity:necrogs, variablegrade
Tumorvolumechangewith time
Smdl tumors difficult to image(size—> resolutior)
Glucos load?

ConsasusQuantificationof FDG uptake?

In partfrom Greven: SemRadOnc14:2,2004.

Approachego PET-Target Definition

* 40-50% of peakintensity(abovebackgound?)
 Standatized UptakeValue (SUV) of ROI
—ie, SUV > 2.5indicatespositive for carcer
* Regiondetermiredby PET,extentby CT
« Calibratedmethodfor scanner?

In common- digital imagewith voxelintensities

SUV Phantominvestigdion

Thresold SUV-function canbe
detgminedvia measwvemert to enable
definition of anFDG PET-GTV .

Depenlson meantarget SUV

May be betterthanconstatvalued
SWV (ie, “2.5" or 50% FWHM)

Difficult for low SUVs(SUV < 2.0)
Testedn patiert popuation

FromBlack, Grills, Kestin etal., JROBP60(4)1272-1282,2004

The Digital Contour
A ThresholdProcess




TheDigital Contour The Digital Contour
A ThresholdProcess TargetConplexity

Threstold Threshodl
Value _ Value

- Study: Fixed Threshdds
TheDigital Contour Courtesy A Kirov (AAPM 2006)

Target Complexity

Sameimage: differentwindow andlevel

Threstold
Value
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ConceptuaFramework:imageBased

maging Pre, During, and Post Therapy: Ideal Timepoints

oo 3> e o

Pre-T En 1 mo post 3+ mo post
T T
Hypotheses for use of midpoint-RT imaging:
« Imaging will provide data for identifying early response and/or modifying therapy

« Imaging will provide data useful for therapy modification for no response

FDG PET andCT ImageRegistraion

Original CT defined
"; ; PIV

o

A\ & /'.0

Paraesophageal
node seen on
PET, but not CT

Coureey of A Kirov, MSKCC

PET-CT DoseAssessment

Whole-body PET-CT scanning(top of headto mid-thigh) s proposedor the evaluation of sqiamous
headheckcancerto betreatedby combinedmodalitychemoradiation.The PET-CT simulationsare a) PET-
CT, followedby b) CT + contrast

Doseassessmeis summarizecasfollows:

arType DoseEquivalent (rem (mSy) [per scan]
CTatenuabnscan  13rem  (13.4mSy)
PET scan(FDG, per 10 mCi) 0.7rem  (7mSy
CT + contrast highquality CT 2.1rem  (20.8mSy
Total doseequivalenper e of scansd.Lrem  (41.2mSy)
(Wholebody)
Assumptions
CT attenation scan:3.75 mmthicknes, 130mA, CTDI ~ 9.1 mGy
PETscan:18FFDG, per10 mCi
CT +C, highqualty scan2.5 mmthickness200mA, CTDI ~ 142 mGy
Note: CT scansbtainedwith automa; actualma varieswith bodythickness
Formulismis asfollowsL
D =G x CTDI, whereD[T] is doseandG[T] (“Ganma") istheorganspedfic dosecoefficent. Then,G[E]
‘u:‘s[EE?t_q égrrSFutsEffecﬂvs DosewhereG[E] = S(ATJi xw[T]i) (classioweightfactorsper orgar). So, D[

Thetotal corversioncoefficient,G [E], weightedoverall orgars, is1.47mSv/mGyl

Referenes
1. Brix, Lectel, etal, INM 46:6(8-613 2005.

FDG PETandCT ImageRegistration

Couresyof A Kirov, MSKCC




TargetVolume GTV-CT andGTV-PET
Diff erences Other Issue:Inter-observeNariation
PET

- Newtargetareanot
previously covered

- Changen targetvolume

- Unionof CT + PET

Tomlinson, Russo Bourlard: ASTRO2000 From Caldwel, Mah, Ung, etal., JROBP51(4):923-931,2001

Otherlssue:PET Artifact Neara Cavity PETin Brachytherapy

Applicators critical . 1
structuesandtumor Tilted Coronal View
contourel
Softwareplacessourcesat
predefned positionswith
resped to applicatortips
Source strengthsand
treamens times
optimized
Alterratively, deliver
conventionaldose
distributions
—
RT planningcontaursdispayedonregisered CT (left) and PET (right) imagesfroma 18 cGy/hr
PET/CT scan,showingPET signal appearing to originatefrom a~1 cm wide air cavity i

insidethetrachea
Coures of A Kirov, MSKCC




Does It Matter?
Indicatas of CancerDiagrosis Treatmer, and
Evaluationcan be Molecularlylmaged

Hypoxia: F-misonidazad (U Wash) Hypoxia andindicators/resits of hypoxia

Hypoxia: Cl-FATSM (WashU) Cdl proliferationandcell cyclesersitivity

Proliferation:C-Thymidine(U Wash) Apopotosis

Blood flow: Water Growth factors,stromaandvascular
environments

Radiosensitivityand radioresistane
Moleaular Signature

Non-FDG PET Oncolayy Imaging

Biological andMolecularimaging

Othes: permeability, DNA synthesistumor
receptors,chemotherapyrugs

Radopharmaeutial developmenimportant

IMT (Thymidine-SPECT/MRI: GBM
Proliferaton MethioninePET: Anaplastic Astro

(from Grosy Weberetal, Tedhnical University of Munich)

From Weber, Grosu* et al, Technical University of Munich

MRT (T2) FDG-PET Methionine-PET

* Grosu et al, ASTRO 2002: MET PET delivered additional information in 79% patients with
resected gliomas




Bioanatomidmaging and Treament
BAIT —WakeForestUniversity

Cantumorbiology beimaged?
—MR, MRs PET,SPECT fMR

Canimagebasdtumorbiology direct
“biologically correct’ cancertherapy

RTPhasbeen/isanatomicallybased
Whatwill molecularimagescontribue?

Patient 3: Bioanatont Imaging
F18Misonidazold®ETandMRI Spectoscopy
- 1 PETHypoxia

Applications
*3DRTP(IMRT)
« “Biologically targete” thergpy
+ Resposeassessment I '
1. .
WAKE FORE, : ,SpQ(?cqaie
. -~ sampleregon.

ParadigmShift for RadiationOncology

ashift to

BiologicalandMolecularTargetVolumes

Bio-physicalModeling

Custan DoseCoverageof TargetVolumes
madepossible by

Quartitative Useof Bio-molecuar Images

» Hi-Tech Radiation Treatmentgcalled:

Intensity Modulated Radiation Treatment
© JD Bourlard

Conforma RadiationTreatment

conventionaltreatment conformal

(rectamgular dose (dosemathes
distributon) targetshape)
> bioanatonic IMRT
(dosematchedarget
shapeandbiology)

© JD Bourland,WakeForestUniversiy




Theldeal Dose Distribution?
A “New’ Modd

Non-homogeneus
Thetargetmodelis wrong! dosedistribution

Higher
Dose

Isthe target mocel wrong? Position

BiologicalModding: Dose FunctionHistogram
SPECTLung Perfuson, Normal Tissue Injury

(Munley/Marks, Duke/\WFU) Normallung sparing
pretreatme_nt

Anatomic Bioanator

- post : N T

bioanatomé:

3w

© JD Bourland, WakeForestUniversity Dose ()

PET ImagingandBiological Models

MathematicalRepresentatins of Effect
Model Generation

— Theoretial modds: bio-physio-molecula principles
— Micro modes: fit of bio-moleculr obsavations

— Macromodes: fit of clinical observations

Model Application

— Predctive modds: guidance of therapeutiaecisbns
— Predctive modds: estimationof prognosis

Image-Based whatdoesvoxel intensitymean?

© JD Bourland,WakeForestUniversity

11C-MethioninePET
RegionalSalivary Gland Function

Rightside: meandose30Gy  Left side mean dose57 Gy

Buuset al, Radiotherapynd Oncolayy 73:28-296,(2004).



11C-Methionine PET
RegionalSalivary GlandFunctian

a) Volumeof distribution of 11C-methionine
b) K, thenetmetebolic clearane of 11G-methiorine

Buusetal, RadioherapyandOncology 73:28-296,(2004).

Digital ImagingandRTP
ImageContentandPixel Meaning

Imagesprovide 3D and4D
information. Thechallengeis to
extractthe morphologic,pathologic,
biologic, physologic, or metabolic
“meaning of theimage numbers. Other: What doesa pixel mean?

CT: electron density (attenuation, dose)

ImagingSciene Taks Imagng SdenceTasks
Classfi cation/Estimation Fouroutcones
Hypothesiof data, (tumor, kidney) « Truepositive (TP); Sensitivity(TPF)
Sampleobject « Falsepositive(FP); Specificity (1 - FPF)
- image: SNR, contras, ... « Truenegative(TN)
« Falsenegative(FN)

TheDigital ImagingProess
Acquisiion Mode/Device MR (MR MRs, pMR, fMR); PET
(FDG, hypoxia perfusion,
proliferation); SPECT;Optical (in
Vivo microsopy, tomograghy)
PostAcquisition Processing Reconstrution, Trander
Manipulation/Application Classfication, Localization,

Registration, Segmentation,

Measuremet [spdial, intensity],

PhysicalandBiologicalModels
Seconday ImageGeneration DRRs Conposte Images
Display Observatio, Evaluation

LimitationsandOpporturities
PET Oncologylmaging And Treament

Imageresolution, SNR, specificity, sersitivity
Scanspeedeffectsof motion, gaing

FDG and radiopharmaceutal development
Imageregistrationimageprocessng tools
Kinetic modeling

SUVs, equvalentreferencevalues

Patient positionirg

RTPtargetdelineaton

RTP dosecomparinens and resoluion




Why Image Pdients?
A Pictureof the Patient

« Thepatientis his own bestrepresergtion

« Animagesd isonly anapproxmaton

< Do we know whatthe nurbers mean?
“A picturetells ...”

A collageshowing
wheretumor has
regressd, stayedhe
sameor grown.

© JD Bourland
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Summary

Physcsof PET andPET-CT

PET oncologyimagng: impactis stagirg and
thustreatmenpathwayor approach

PET andRadiationTreatmen Plannihg

— Localizaion of regionsto betreated

— Targeting,contourdelineation,with limits

— Clinical trials important:H/N, Lung, G|
Non-FDG PET Oncologylmaging
Limitationsandoppotunitieswith PET
Paadigmshift for Radiation Oncdogy
Growth of PET,PET-CT in the RadOncclinic




