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• In oncology,imagingstudiesplayingan
increasingly importantrole in assessingpatient’s
responseto treatment
– SerialCT scansareevaluatedfor changesin numberand

sizeof tumors

– SerialPET scansareassessedfor changesin metabolic
activity of the lesions

• Adventof combinedPET/CTsystemsstreamlines
thefusionof theseanatomic andfunctional images

Role of PET/CT Imaging
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Head and neck cancer SNM Image of the Year 1999

PET/CT scanner
University of Pittsburgh Medical Center

CT: 160 mAs; 130 kVp; pitch 1.6; 5 mm slices

PET: 7 mCi FDG; 2 x 15 min; 3.4 mm slices

Sagittal

Transverse

Image courtesy of Paul Kinahan
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PET scanner
LYSO : 4 x 4 x 22 mm3

28,338crystals,420PMTs

70-cm bore, 18-cm axial FOV

CT scanner
Brilliance16-slice

Spatial resolution: 4.8mm at 1cm
Sensitivity: 6.1cps/kcps/Mbq
Energyresolution: 12% FWHM
Scatterfractionat 440 keV:

29%for 20-cm x 70-cm cyl

UPenn Installation of Gemini TF: November 2005

NEMA PeakNEC:
97 kcps@ 0.42µCi/ml
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Confoun ding effects

• Trying to gleaninformationaboutpatient’s
diseasestate from quantitative measurementsof
imagedata

• However,therearemany confoundingeffectsthat
complicatequantification in PET/CT imaging.

• Sources of variability can begroupedinto three
categories:
– Patient-related
– Instrument-related
– Operator-related
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Patient -related facto rs affectin g quantifica tion

x body habitus(affects attenuation andscatter)
x patient’s flexibility (ability to hold armsoverhead)
x patient’s ability to hold still (pain, cognitive impairment)
x patient’s individual physiology(affectstracer distribution

within patient)
x for FDG imaging, bloodglucose level (4 to 6 hr fast)

<=200mg/dL or re-schedule(otherthresholds 180or even150)

Factorswe can’ t control:

The heavy patient problem

Slim 58 kg “Normal” 89 kg Heavy127kg
Object

diameter
Equivalent

pt. wt.
Relative

attenuation
Peak NEC ratio Peak NEC density

ratio

20 cm 41 kg 1 6 18

27 cm 71 kg 2.2 2.7 4.5

35 cm 106kg 4.3 1 1

Can’t compensate simply by increasing scan time!
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More patie nt -related factors

Factorswe CAN control:
• doseadministered

– weight-basedor doesonedosefit all?
– whataboutCT dose-- adjustmAs for attenuation-

correctionCT?

• uptake timebefore imaging
– standardizationfor FDG, e.g.50-70 minutewindow, then

+/- 5 minutesof thaton returnvisit
– copingwith unusual delays – match on return visit?

• imaging timeperbedposition
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Analysis of Weight-basedDoseProtocol:
Gemini TF PET– PhantomData

Analysis courtesy of Amy Perkins

Raptor Phantom NEC
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Effect ive Patie nt Phantom Activity Conc. Inj. Act.[Sc an 60 min PI]
Diame ter (cm) Weigh t (kg) at NEC Peak (uCi/cc) to Reach Peak NEC (mCi)

20 36 0.42 22.4
27 64 0.25 23.8
35 96 0.14 19.7

ChangeProtocol to AchieveOptimumNEC

14 Patients

Patien t Weight vs Effective Diameter

y = 3.9507x - 41.869

R2 = 0.9274
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More patient -related facto rs

Factors we CAN control:
• doseadministered

– weight-basedor does onedosefit all?
– what about CT dose-- adjustmAs of attenuation-correction

CT?

• for FDG, uptaketimebeforeimaging
– standardization,e.g. 50-70 minutewindow, then+/- 5 minutes

of thaton return visit
– coping with unusualdelays– match on returnvisit?

• imagingtimeper bedposition
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Slim 58 kg “Normal” 89 kg Heavy127kg

Dependence of Standard ized Uptake Value (SUV)
on FDG uptake tim e

Reference: Lowe VJ, Delong DM, Hoffman JM, Coleman RE. Optimum scanning protocol
for FDG-PET evaluation of pulmonary malignancy. J Nucl Med 1995;36:883-87.

The increase in SUVs with increasing uptake time motivates:
1) Some sites using 90-minute uptake periods instead of 60.
2) Sites performing second timepoint images of lesions to see by how
much the SUV has changed.
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Instrument -related factors affecti ng quantificatio n

x spatial andenergy resolution
– partialvolumeeffect

– discriminateagainstscatteredevents

x sensitivity: highersensitivi ty => lowerPoissonnoise
x dataacquisitionmodefor PET(2-D vs 3-D)

– 2-D reducesscatterandrandomsbut at costof sensitivity

x attenuationmethod
– using CT for AC vs.measuredAC (MAC)
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Transmission
Source

• Sourcerotatesaroundpatient

Measure d AC: Rotatin g rod /poin t sourc e

• Ratio of Transmission to Blank scansgives
correctionfactors: T/B=exp(-µd)
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Nakamoto Y. Osman M. Cohade C. Marshall LT. Links JM. Kohlmyer S. Wahl RL,
PET/CT: comparison of quantitative tracer uptake between germanium and CT
transmission attenuation-corrected images. J Nucl Med 2002;43(9):1137-43.

• “…CT-basedattenuationcorrection producedradioactivity
concentrationvaluessignificantly higherthanthe
germanium-basedcorrectedvalues. Theseeffects,
especially in radiodensetissues,shouldbenotedwhen
using and comparing quantitative PETanalysesfrom PET
and PET/CT systems.”

Switch to CTAC has effect on quantification
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Add itional issues wit h CT-based attenuation corr ection

Respiratory motion

CT truncated FOV

CT beam hardening

CT contrast media

Slide courtesy of Paul Kinahan
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Instrume nt-related factors con tin ued

• scatter correction method
– backgroundsubtraction method

– single-scattersimulation (model-based)

• additional instrumentcapabilities
– Time of Flight (TOF)

– respiratorymotion-correction

– cardiacgating

Time of Flight PET - Basic Conce pt

Localizesourcealong line of response-
dependson timing resolution∆t

∆ x = uncertaintyin positionalongLOR
= c . ∆t/2

TOF
weighted

Conventional
Back-projection

D

∆ x

Greatestpotential benefit is
for largestpatients
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Comparison of TOF and nonTOF images: heavy patient

56 year old male with a history of NHL
237 lbs, 37.2 BMI , 15 mCi FDG, 1 hr post-injection 

TOF lesion uptake to nonTOF = 1.6

p202s4

Standard clinical TOF protocol   Retrospective nonTOF protocol

Same patient data reconstructed differently.

1.7cm

A. Perkins et al, “ Clini cal optimization of the acquisition time of FDG time-of-fl ight PET” , SNM 2007.
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Comparison of TOF and nonTOF images: heavy patient

20 year old male recently diagnosed with Hodgkin’s lymphoma
255 lbs, 38.9 BMI, 15 mCi FDG, 2 hr post-injection

TOF lesion uptake to nonTOF = 2.1

Standard clinical TOF protocol   Retrospective nonTOF protocol
p504

1.1cm

Same patient data reconstructed differently.
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Operator -related facto rs affecti ng quantifica tion

• acquisitionandreconstructionprotocols

– armsup/down, imagingtimeperbedposition

– reconstruction protocolcan makea differencein SUVs
• Westerterp, M et al. Quantification of FDG PETstudiesusingstandardizeduptake

valuesin multicentre trials: effectsof imagereconstruction,resolution and ROI
definition parameters,Eur J Nucl MedMol Imaging(2007)34:392-404.

• instrumentqualitycontrol

– daily QC,air cals, PMT gains,energyresolution, timing
resolution checks

• instrumentcalibrations

– normalization,SUV cal, timing cal
• slow drifts overtimecharacteristicof PMT-basedsystems

July 26, 2007Quantification in 3-D PET/CT Imaging

500

520

540

560

580

600

620

640

660

680

700

0 20 40 60 80 100 120 140

days

xtalTime

F18

Timing resolution (FWHM) vs. time

12/05 1/06 2/06 3/06
3/20/06re-calibration->595 ps

Data from cylinders submitted to ACRIN for PET credentialing which indicate
that can’t assume interchangeability even between cameras of same make
and model.
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Operator -rela ted factors continued

• methodof imageanalysis - How to characterizepatient’s
disease?
– Whatto measure?How to measure?

• sizeof lesion?(2-D or 3-D)?
• maxSUV? averageSUV within a region?

– Vendor-specific SUVs

• non-uniform uptakewithin tumor(e.g.necrotic center)
– Importantif usingimagefor treatmentplanning
– CT not ashelpful in determining sizeof PETlesion asyou might think

• imageinterpretation
– Settinga semi-quantitative threshold for malignancyis difficul t (e.g. SUV

=>2.5)
– Imagedisplay/analysistools not optimizedfor measurement of change

overtime
– Intra- andInter-Readervariability

Slim 58 kg “Normal” 89 kg Heavy127kg

From talk by Larry Clark of NIH’s CIP at RSNA 2006 “Imaging as a Biomarker: Importance of Technique.”
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Operator -rela ted factors continu ed

• methodof imageanalysis - How to characterizepatient’s
disease?
– Whatto measure?How to measure?

• sizeof lesion?(2-D or 3-D)?
• maxSUV? averageSUV within a region?

– Vendor-specific SUVs dueto limitationsin current DICOM standard

• non-uniform uptakewithin tumor(e.g.necrotic center)
– Importantif usingimagefor treatmentplanning
– CT not ashelpful in determining sizeof PETlesion asyou might think

• imageinterpretation
– Settinga semi-quantitative threshold for malignancyis difficul t (e.g. SUV

=>2.5)
– Imagedisplay/analysistools not optimizedfor measurement of change

overtime
– Intra- andInter-Readervariability
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Take Home Messag es

1) Reducevariability in factorsyou cancontrol by standardizing everythingas
muchaspossible

2) Ensureconsistency by creatingStandardOperating Procedures(SOPs)
– ACRIN PETSOPsonline:http://www.acrin.org

– Shankaret al, ConsensusRecommendationsfor theUseof 18F-FDG PETasan
Indicatorof TherapeuticResponsein NCI Trials. J Nucl Med(2006);47(6):1059-
1006.

3) If makechangesin acquisitionandprocessing protocols,characterizethe
effecton quantification and communicate info to clinicians

4) Clearly labelimagesto denoteany differencesin acquisition and/or
processing

5) Communication is vital: betweentechnologist and readerof study, alsowith
referringphysicians,othersectionswithin Radiology andotherdepartments
within your institution.
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Future Challenges

• Increasing pressure for earlier feedback on
treatmentefficacy

• Expansion from diagnosis/stagingto
individualizedtreatment

• New tracers: hypoxia tracers like EF5, new
applications of existing tracers – FDOPAfor
infant hyperinsulinism

Questions?Email: saffer@mail.med.upenn.edu
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Complexities inhe rent in multi cente r tria ls

• Multiple instruments:Differencein performance
characteristics(resolution,sensitivity, scatter
fraction, countrateperformance)
– ACRIN – PET credentialingprogram

• 11% failure rate in first 53 applications

– SNM ValidationPhantomexercise
• IEC phantom(without lung insert)made of Ge-68

– AAPM Task Group145
• Whatphantom would helpin quantification of multicenter

trials?
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Additio nal comple xiti es in mul ticenter trials

• Multiple readers
– Corelab “over”-reads

• Multipleanalysistools
– Makes it difficult to specify a uniform measurementthat

all participantscan accomplish
• Westerterpet al (2007): “Small unavoidable differencesin

methodologycanbeaccommodatedby performinga phantom
studyto assessinter-institutecorrectionfactors.”

– RIDER initiative (ReferenceImageDatabaseto
EvaluateResponse)

• Standardized,open-sourcetools
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