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Outline
1. DoseEstimation FormulaD = S*Ã

2. Determination of Activity in thepatient: A(t)

a. At leastsix methods

b. Uncertainties in A

3. Integration of A to form Ã

a.VariousModels

b. Othermethods

4. Changesin S dueto target massvariability

5. Uncertaintiesin dose dueto A, Ã, andS variations

Estimationof doseandnot dosimetry

• Dosimetry is themeasurement of absorbeddosein erg/g
or Joules/kg. This isn’ t easily (or ethically) donein livi ng
tissues.Thus,useof theterm“ dosimetry” is not
appropriatein thecontextof radiationtherapy.

• Generally,we canonly estimate theinternalemitter
dose.Our limitation is similar to thatfound in external
beamwork. “Theydon’ t do dosimetry either”.

Doseis estimated;whatarethe
uncertaintiesin theestimates?

• Uncertainty in the A measurement

• Variabili ty in integration of A to form Ã

• Errors in target organmassdetermination(S)

• We will discussthesein theordergiven.Target
organmassuncertainty is thelargestsourceof
doseestimation error.
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For radiation effects, is dosetheonly
answer?

• Becauseof biologicaleffectiveness,a QF(quality factor)
maybe multipliedby dose(Gray) valuesto yield a result
in Sieverts.Alpharaysare thebestexample.

• If this is done,however, thereadermustbeshown both
values– not just theequivalentdose (Sv).

• Effectivedoseis not appropriate for specific patient risk
calculationsand is intended asa comparisonparameter to
usefor stochasticcalculations.

Theusualstrategyof internal emitter
doseestimation

Dose= S * Ã

• WhereS contains thespatialefficiencyof energy
deposition in thetarget massgiven thesource’s emissions
and location. Ã is thetotal numberof sourcedecays(time
effects).

• Theformulais generallyappliedto wholeorgansources
and targets.It should hold down to cellular-sized systems.

• Space/timedichotomy will not hold if target mass
dependson time(t). Effect seenin lymphoma therapyat
Lund U., U. C. Davis andU. of Michigan.

103(29%)1.9d40.81Sm-153

None14 d81.70P-32

113(6%)6.7d20.50Lu-177

155(15%)17 h102.12Re-188

137(9%)3.7d51.07Re-186

None2.7d112.27Y-90

360(80%)8 days2.0 mm0.61MeVI-131

Gamma (keV)T1/2RangeBeta (MeV)Nuclide

Possible radionuclides of interest for internal
emitter therapy Examplesof tumor targeting agents

Agent MW Application Label

MIBG 130Da Neuroendocrine 131I

Antibody 20-150 kDa lymphoma 90Y

Antibody “ solid tumors 90Y

SHALs 2 kDa lymphoma 131I

Nucleotides10 kDa solid tumors 99mTc

Spheres 30 µM Hepatic 90Y
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Uptakesanticipated in mouseor human biodistribution

Assume100%of theinjecteddose(ID) were uniformly
distributedin a 20 g mouse,normalorganor tumor
“ tracerdensity” or uptakewould be:

100%ID/20 g = 5 % ID/g (mouse)

Notethat we havecorrectedfor label radiodecay. A similar
result occursfor theadult patientwith a denominatorof 70 kg:

1.4%ID/ kg (human)

If we canexceedthese valuesfor tumors,we have evidenceof
targeting. Radiation dose rateis proportional to uptake values.

Biodistribution motivationfor
internalemitter cancertherapy

• 67GaCitrate;non-specific, 6% ID/g in mousetumors.
This resultis not too encouragingfor Rx.

• Liposomes;non-specific,30%ID/g in mousetumor.

• Antibodies;specific, 60%ID/g in mouse tumor.

• PredictedHuman TumorUptake≅ 20%ID/kg.

• Absorbeddoserate(α or β emitter) is proportional to
%ID/g in tumor (or tissue).
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Proteinsaretheposterchildrenfor
specifictumor-targeting agents

• Specific to thetumor-associatedantigen

• Canbelabeledwith different radionuclides

• Engineeredfor molecularweight

• Engineeredto behuman-like

• Monoor multi-valent.

FDA-approvedinternalemitter
therapies

• SIR Spheres (plastic c 90Y) for liver mets.

• Theraspheres(glassc 90Y) for hepatoma.

Theseagents rely on catheterplacement.Use99mTc- MAA to
define lung accumulation andtoxicity. AAPM Taskgroup
144 is reviewingtheseprotocols.

• BexxarTositumomab(131I) for B-Cell Lymphoma.

• Zevalin Ibritumomab(90Y) for B-Cell Lymphoma.

Theseagents areinjectedIV andcirculate.
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Tumordosesachieved via iv injection

• Agent Disease Tumor RM Liver

• Zevalin NHL 1484cGy 71 cGy 532cGy
(61 – 24000) (18 – 221) (234– 1856)

• Anti-CEA Colon 1320 64 912
(46- 6400) (19 – 198) (534–1719)

Note similarity of values for each tissue. Both antibodies c 90Y

Normal organtoxicity valuesfrom
externalbeamwork

?2.0 Gy?1.5 Gy Acute
Effects

Bonemarrow

28 Gy(whole
organ)

23 Gy (whole
organ)

Kidney

40 Gy30 GyLiver

TD 50% /5
yrs

TD 5%
complications/5
yrs

Organ

Emami et al Int. J. Rad. Oncol. Biol. Phys. 21: 109-122, 1991

Internalemitter doseestimation.

In order of decreasingdifficulty theprocesshasthreesteps.

1. Most diff icult: Determinationof activity (A) in tissuesof
interestat varioustimes (t). Manymethods.

2. Next mostdifficult: Integration of A(t) oververy long
times (∞) timeto form Ã. Varioustechniques.

3. Leastdiffic ult (usually): Converting Ã to dose(D) via the
matrix transformation D = S * Ã. However,S mayneed
to be verydifferent from OLINDA or MIRD standard
phantom values.UseCT or MRI data to make corrections
for specific patients.

Two typesof internalemitter
absorbeddoseestimatesin patients.

• TypeI: Legal/Scientific: FDA regulationsfor Phase I
Trial in patients.Here,anOLINDA or MIRD phantom is
usedfor theS factor. Ã (from animals)is adjusted to suit
phantom.Uniform uptakeassumed in source.Dose refers
to whole organ targets.

• TypeII: Patient-Specific:Evaluate toxicity andtherapyin
clinical trials.Thus,anatomic(CT or MRI) data are
required.S factor is madeto bepatient-specif ic, Ã is used
directly from thepatient.Uptake maybenon-uniform.
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“TheProblem” of Nuclear Medicine

• After 50 or moreyears,thereis no standard
techniqueto estimate activity (A) in apatient.
Multiple methodshavebeenproposed andused.
A typical clinical studywill probablyrequirea
combination of techniquesoverthe1 to 10 day
period allocated.Error estimatesarenot easily
doneand areoftenunknown.

Step1: Thereare at leastsix methods
for calculating patientactivity (A).

• Blood,surgical and excretadirectsampling
• Probe counts of surfacelesionsor wholebody
• GeometricMean(GM) of two opposedviews
• CAMI method
• Quantitative SPECT(QSPECT) from fused or

hybrid (nuclear/CT) scanning
• PETor PET/CT imaging with quantitativeSUV

results

Ray 1 Ray 2

Patient outline

The Nuclear Medicine Imaging Situation Methodsto determineA arenot
mutually exclusive!

In a typical clinical study,datatakers will needto use2 to
3 simultaneousmethodsfor measurement of A. The most
importantare:

• Blood Sampling

• GM of wholebody (WB) images

• Quantitative SPECT(QSPECT)Hybrid Scanneror
ImageFusion). This is not quite a commercialoption
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Direct samplingof blood (or tissues).

• Blood valuesneededfor bonemarrow doseestimates.

• Blood curvekineticsalso gives patientsubgroup
determinations.Patientsdo not fall on a single Gaussian
curve.

• Blood dataaretakenat each imaging time point and
several timesover thefirst biological half-life.

• Tissue samplemayprovidenormalizationof image
results;e.g., anOR specimen.

• All arecounted with a standard from theradiopharmacist.

Bonemarrow doseestimation

• Ã (rm→ rm) = f * Ã (blood)* 1500/5000

Where f is a coefficient on theorderof 0.3andthe
numeratorand denominator are RM andwholeblood
massesrespectively. This approximationneglects
specific marrowuptakewhich mustbehandledseparately
if present. Cf. Siegel et al Antibody Immunoconj and
Radiopharm. 3 213-2331990andSgourosJ.Nucl. Med.
34: 689-6941993.

Onemethodto determine RM mass

• U of Floridapredictstotal spongiosavolume
givenwholebodyCT resultsvs only thosein
sacrum. Twentycadaversusedin thestudy; 10 of
eachsex.

• Accuracywas<10 % for 50 to 70 % of subjects
• Accuracy< 20 % for 70 to 90 % of subjects

• Pichardoet al in: JNM 48: 1880-1888, 2007.

Singleprobecounting

• May beusedon essentialexternalsitessuch as
melanoma,sarcoid or thyroid tissues.

• Attenuationandbackscattercorrectionsprobably
not neededbut canbetested.

• Inversesquare law neededfor efficiency
correction.

• May beusedfor wholebodyclearance.
• Counting standard is required.
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Geometricmean(GM) imaging

• Typically usesanterior-posterior projection.
• Tissueattenuationis correctedwith CT, MRI or

direct measurement(externalsource).
• Shouldhavestandard sourcein thefield of view.
• Suffersfrom possibleorganand tumor overlap.
• May alsosuffer from observerconfusion; hot

spotanterior image≠ hot spotposteriorimage.
• Typical errorsare+/- 30 % (literature).

CAMI method

• UsesCT data to correctattenuationalongrays of
interestthru thepatient’s majororgansystems.

• May beusedfroma singlewholebodyscan.
• Problemof activi ty becomesa setof activity

densities(kBq/cm) alongraysof interest.
• Organsmayoverlap.
• Problemis over-determined;least-square fitting.
• Errors are+/- 10 % (literature).

Radioactivity estimation with CAMI and GM method
Two overlapping organs (pancreas and right kidney)

Total Organ Activ ities ( µµµµCi of In-111)
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QuantitativeSPECT

• RequiresCT (MRI) anatomic datato correct for
attenuation andother factors

• Commercial systemsarebecomingavailable
• Foursequential stepsareidealin thealgorithm:

Attenuation
Scatter
Collimatorcorrection
Small Volumerecoverycorrection
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Commercial hybrid (SPECT/CT)
systems

• GE HawkeyeI andII
• SiemensSymbia
• Philips Precedence

• An optimalpartial volume correction is not
available.

• CT Imagesmay beinferior to stand-aloneCT.
• OrganMotion betweenCT and SPECT

Several of theresearchgroups
involved in quantitativeSPECT

(QSPECT)

• Johns Hopkins University

• Lund University (Sweden)

• U of Michigan

• U of Massachusetts

QSPECTresultsfor HawkeyeI

- 6 %- 7.5 %Average

-3, -3 %-7, -6 %Lungs(R,L)

- 14 %- 11 %Kidney

- 4 % error- 6 % errorLiver

MEGPIIMEGPOrgan

In-111 in a RSD torso Phantom with 3 JH Corrections

PET/CT scanningto determine A

• SUV should (!) give an
accurateresult.

• No collimator required–
hence higher efficiency
comparedto camera and
SPECT/CT.

• In practice multiple SUV
valuesarecited.Which
oneis bestfor A(t)?

• 18F hasa 110m half life.
• 124I has100h, but only

23%emission of 511keV
• 64Cu is 12 h and19%
• 86Y is 14.7h and33%

Advantages Disadvantages
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Probableoptimal methodto
determineA by Ken Koral

• Obtainwhole-body imagesat all importanttime
points - includingt = 0. Requiredby radiologist.

• Add oneQSPECTimagingsessionnearthe
maximum uptaketime point (24 – 48 h for intact
antibodies).

• Calibratethewhole-bodyGM datausingthe
QSPECTresultsat theoverlappingtime point.

Repriseof thetalk sofar

• Motivation for targetedtherapyof tumorsdueto a
largenumber of novel agents– esp.proteins

• Targetingis provenif uptake> uniformvalue
10X increaseseenin engineeredagents

• Dose= S*Ã
• Many waysto find A andhenceÃ
• Optimalmethodfor activity quantitation is

QSPECT and planar imaging( A error = +/- 7%)

Step 2: Pharmacokinetic (PK)
analysis to determine Ã given A(t).

1. Simple Model uses separate multiple-exponential
fits to tumor, blood and other tissues. These
represent eigenfunctions of the differential
equations.

2. Multi-Compartmental model with connected
organs. Blood-organ interactions are seen more
clearly in this mammillary format.

Reasonsfor PK modeling

• Integrationof A(t), via modelparameters,to form Ã.

• Determination of kinetic variablesfor animalsand
patients. Comparing suchdata.Patientsub-populations.

• Checkingfor incorrectdata.

• Convertingfrom gammaemitter (Image) label to thebeta
emitter (Therapy)label. For example, goingfrom 111In-
Antibody to 90Y-Antibody.
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Five Compartment City of Hope
Pharmacokinetic Human and Animal

Data Model

Note that λ representsdecay

Step3: Methodsto determineS in the
absorbedDose(D = S*Ã) equation

• OLINDA, MIRDOSE3or MIRDOSE2
Programs;S dependsupona given phantom.
Traditional method ; favored by regulatory
agenciesand mostusers of radioactivity.

• Voxel-basedcalculation (MAV SK) ; S is local.

• Point-sourcekernels;S is local.

• CompleteMonteCarlo analysis; no useof S (!).

Two correctionsto OLINDA
estimationsof absorbeddose.

• CorrectÃ (patient) to allow substitution into a
standardphantomcalculation.TypeI estimate.
This is the mostcommondoseestimate.

• CorrectS (OLINDA or MIRD) to allow patient-
specificestimation of absorbeddose.TypeII
estimate;rarely done.
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Correction to patient activity for use in a
standard OLINDA dose calculation.

Ã(PHAN) = Ã(pt) * m(PHAN)/M(PHAN)

m(pt)/M(pt)

where m is organ mass and M total body mass. PHAN refers to the
phantom, Pt refers to the patient . Here, we assume use of standard
phantom S values for use in a legal/scientific context such as an FDA
application. Same correction as used by Jeff Siegel in the original
red marrow analysis.

Correction for organ S values in OLINDA to
compute a patient-specific absorbed dose.

Snp (pt) = Snp (PHAN) * m(PHAN)/ m(pt)

here, m refers to organ mass and np implies non-penetrating
radiation such as beta or alpha rays. We assume no cross-organ
doses due to short range of the particles.

Table of dosecorrection results

Absorbed
DoseType

S Ã

I correct Changeby
m/M ratios

II Changeby
m(PHAN)/m(pt)

correct

Example of the useof Type I doseestimation.
Reviewof MIRD Reports 1 through 12

Of the fi rst 12 MIRD Reports, it seemsthattwo usedanexplicit
correction for themass of source organsandthewhole body. These
wereReport 1 ( 75Se-Methionine)and Report 2 ( 67Ga Citrate).
In bothcases,autopsydatawere available for analyses.

In thecaseof theother10 Reports,it is unclearif anycorrection
wasmadefor organmass/wholebody(m/M) massratios. Thus,
theseresultsareprobablynot of TypeI.
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Errors in S dueto massvariation

• In a setof colorectal patients,we foundvariations
up to 3-fold in patientspleenand liver sizesas
compared to MIRD phantoms. In 14 kidney
evaluations,errorswere within a1.5 factor.

• Someof this variation is physiological andsome
is dueto diseasestate.

• CT or other anatomicimagingis requiredfor
accurateS valuesfor major organsystems.

Errorsin absorbeddose estimates.
• TheA valueis uncertain to +/- 30%in GM. CAMI yields

errors on theorderof +/- 10%.QSPECTresultsarein
development,but arein therange+/- 5% to +/- 7%.

• Ã hasanadditional error of +/- 10%due to integration
uncertainties.This is a topic thatis not studiedsuff iciently.

• S tablescanbe incorrectby factorsof two- or three-fold due
to patienttarget organmasses.This is probably thelargest
possibleerror in theD = S* Ã formula.

Future dir ectionsin absorbed doseestimation.

1. Both typesof doseestimates will needto bemade.Thephantoms
will changeinto morehuman-appearing forms in OLINDA Thefirst
kind of correction (Ã ) will continueto beusedto convertanimal or
otherdatainto phantom format.

2. Both Typesof Estimationwil l increasingly bemadewith Monte
Carlo calculations by theuser.Voxel or point sourcekernels instead
of Smatrices.This will eliminate thenecessity of the2ndkind of
correction(Smatrix) .

3. Dose-volumehistogramsratherthanonly wholeorganmeandoseswill
becomethestandard output of thepatientcalculation.

4. For variablemasstargets,thedoserateequation should beused
with mass givenasm(t). Total doseis thentheintegral of doserate
overtime.

Somereferencesfor internal emitter
doseestimation

• RIT: ThePrimer. AAPM ReportNo. 71,2001.

• OLINDA: Stabin et al. JNM 46: 1023-1027,2005.

• BoneMarrow DoseEstimates:Siegelet al. Antibod.
Immunoconj. Radiopharm.3: 213-233,1990.

• GM: Thomaset al. Med.Phys.3: 253-255,1976.

• CAMI: Liu et al Med.Phys.23: 1919-1928,1996.

• QSPECT: Blankespooret al IEEE TransNucSci 43:
2263-2274,1996
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Thankyou for your
attention!

• Lwilliams@coh.org

Comparisonof Two RIT Protocols.

CD20 + NHL.
• Zevalin c Y-90

• Tumor: Not given
• Liver:17 cGy/mCi
• Spleen:27 cGy/mCi
• RedMarrow: 2.4 cGy/mCi

CEA + Solid Tumors.
• cT84.66c Y-90.Protocols

91064 and91169.

• Tumor: 25 cGy/mCi

• Liver:27 cGy/mCi

• RedMarrow: 3.1 cGy/mCi

Other Data of Interest to the FDA: Imaging Proof of
Targeting; Nude Mouse Model with LS174T Human
Colon Tumor. VFC with 2µCi Co-57.

24 h 48 h 148 h
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Radioactivity estimation with CAMI and GM method
Two overlapping organs (pancreas and right kidney)

Posterior(reversed)Anterior


