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Estimationof doseandnot dosimery

» Dosimety is themeasurement of absabeddosein ergh
or Joukdkg. Thisisrt easly (or ethically) donein living
tisstes.Thus,useof theterm* dosmetry” is not
appropratein the contextof radiationtherapy.

» Gererally, we canonly esimate theinternalemitter
dose. Our limitationis similar to thatfound in extemal
beamwork. “Theydon't dodosiméry either’.

Outline

DoseEsimation FormulaD = S*A
Determinatio of Activity in the patiert: A(t)
a. At leastsix methods
b. Uncergaintiesin A

. Integraton of A to form A
a.VariousModels
b. Othermethods

. Changesn S dueto targe massvariability

Uncertaintesin doe dueto A, A, andSvariations

Doseis edimated;whatarethe
uncettaintiesin the estinates?
Uncertairty in the A measurement
Variahbili ty in integration of A to form A
Errorsin target organmassdetermination(S)

Wewill discusghesen theordergiven. Target
organmassuncetaintyis thelargestsourceof
doseestimaion error.




Forradiaton effeds, is dosethe only
answep

« Becausef biological effectivenessa QF (quality factor)
maybe multiplied by dose(Gray) valuesto yield a resut
in Sieverts Alpharaysare the bestexampe.

If thisis done,however the reademustbe shown both
values— not justthe equivalentdos (Sv).
Effectivedoseis not appropiate for specfic paientrisk
calcdationsandis intended asa comparsonparamegtr to
usefor stochasticcalculations.

Possible radionuclides of interest for internal
emitter therapy
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Theusualstrategyof internd emitter
doseestimaton
Dose=S* A
« WhereS contansthe spatial efficiencyof energy
depostionin Ehetarget massgiven the sourceés emssiors
and location. A is thetotd numberof souice decays(time
effects).

» Theformulais generallyappliedto whole organsources
andtargetslt shaild hold down to cellular-sized sysems.

» Space/timedichoomywill notholdif target mass
deperdsontime(t). Effect seenin lymphomatherapyat
LundU., U. C. Davis andU. of Michigan.

Examplesof tumor targeting agents

Agert MW Application  Label
MIBG 130Da  Neumendocrine 139
Antibody 20-150kDa  lymphoma Py
Antibody solidtumors %Y
SHALs 2kDa lymphoma 139
Nucleotides10kDa sold tumors ~ 9"Tc
Sphees  30uM Hepatic Py




Uptakesanticipatedin mouseor human biodistribution

Assumel00%of theinjecteddose(ID) were uniformly
distributedin a20 g mousenormalorganor tumor
“ tracerdensity” or uptakewould be:

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

Notethatwe havecorrectedfor labelradiodecy. A similar
resut occursfor theadult patientwith a denaminatorof 70 kg:

1.4%ID/ kg (human)

If we canexceedthes valuesfor tumors, we have eviderce of
targeting. Radiation doe rateis propotional to upteke values

Colon Cancer Image

Anterior Chest

Biodistributon motivationfor

internalemitter cancerthergy
6’GaCitrate;non-specific, 6% ID/g in mousetumars.
Thisresultis not too encouragingor Rx.
Liposomesnon-specific,30%I1D/g in mousetumor.
Antibodies;speific, 60%]ID/g in mouse tumor.
Predcted Human Tumor Uptake20%1D/kg.

Absorbeddoserate@ or 3 emitter) is proportonal to
%ID/g in tumor (or tissue).

Breast Cancer Image

Posterior Pelvis



Proteinsarethe posterchildrenfor . .

specifictumar-targeing agents Heavy chain
Antigen S <
bindirg )
» Spedfic to thetumorasso@tedantigen 2 \
« Canbelabeledwith different radionuclides = Rt
g ~+ Compiement hinding reglon
» Engineeredor molecularweight i = = Carbonydrats
meadiation

» Engineeredo be human-like
¢ Monoor multi-valent.
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FIGURE 2. Structure of IgG antibody. V. and V¥, denote the variable regions of the light
and heavy chains. C and C, denote the constant regions of the light and heavy chains.

Courtesy af reference 3

Bioengineered T84.66 Antibodies FDA-approvednternalemitter
therapies

Q : . !(‘ . . + SIR Sphees (plastic ¢ *Y) for liver mets.

» Therapheregglassc 2Y) for hepatoma.

Theseagentsrely on catheterplacementUse%™Tc- MAA to
define lung acawmuation andtoxicity. AAPM Taskgroup
144is reviewingtheseprotocols

e‘ a s' » BexxarTositumomak(*3Y) for B-Cdl Lymphoma.
3 « Zevalin Ibritumomab(*Y) for B-Cell Lymphoma.
diabody minibody v |u- . oY) . —
55K 80K Theseagants areinjectedlV andcirculate.

Intact lg (4 F(ab"), Fab
150K 120K 60K
w5




Tumordosesachieval viaiv injection

e Agent Disease Tumor RM Liver

e Zevalin  NHL 1484cGy 71cGy 532cGy
(61—24000) (18—221) (234—1856)

¢ Anti-CEA Colon 132 64 912
(46- 6400) (19-198) (534-1719)

Note similarity of values for each tissue. Both antibodies ¢ 2°Y

Internalemitter doseedimation.
In order of deaeasingdifficulty the processasthreesteps.

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

2. Nextmostdifficult: Integration of A(t) oververylong
times (o) timeto form A. Varioustechngues.

3. Leastdiffic ult (usuall): Conveting A to dose(D) via the
matix transfamation D = S* A. However,S mayneed
to be very different from OLINDA or MIRD standad
phartomvalues.UseCT or MRI daiato make correctons
for specific pdients.

Normal organtoxicity valuesfrom
externalbeamwork

Organ TD 5% TD 50% /5
complications/5|yrs
yrs

Kidney 23 Gy (whole |28 Gy(whole
organ) organ)

?1.5GyAcu
Effects

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

Two typesof internalemitter
absorbedloseesimatesin pdtients.

Typel: Legal/Sdentific: FDA regulationsfor Phase |
Trial in patientsHere,an OLINDA or MIRD phartomis
usedfor the S factor. A (from animals)is adjusted to suit
phantom.Uniform uptakeassumel in souce. Dose refers
to whole organ targes.

Typell: Patient-Spedfic:Evalude toxicity andtherapyin
clinical trials. Thus,anatomic(CT or MRI) datare
required.S facta is madeto be patientspedfic, A isused
directly from the patient.Uptake maybenornruniform.




“TheProblen” of Nuclear Medicine Stepl: Thereare at_IeastS|_x _meth)ds
for calculaing patientactivity (A).

« After 50 or moreyears,thereis no standard
techniqueto estmate activity (A) in apatient. Blood, surgcal and excretadirectsampling
Multiple mehodshavebeenpropose andused. Probe counss of surfacelesionsor wholebody
A typical clinical studywill probablyrequirea GeometridViean(GM) of two opposedriews
combination of techniqueoverthe 1 to 10 day CAMI metha

period allocated Error esimatesarenot easly Quanitative SPECT(QSPECT) from fused or
doneand areoftenunknown. hybrid (nuclea/CT) scaming

PETor PET/CT imaging with quantitativeSUV
results

The Nuclear Medicine Imaging Situation

Methodsto deermineA arenot
mutually exclusive!

In atypicd clinical study,datatakes will needto use2 to
3 simultaneais methodsor measuement of A. The most
importantare:

» Blood Sampling
§ * GM of wholebody (WB) images

Patient outline + Quantitatve SPECT(QSPECT)Hybrid Scannewor
Image Fusim). Thisis not quite acommercialoption




Direct samplingof blood (or tissues).

Blood valuesneededfor bonemarrow doseestimates.
Blood curvekineticsals gives patientsubgroup
determinatios. Patientsdo not fall on asingle Gawssan
curve.

Blood dataaretakenat eachimaging time point and
seveal timesover thefirst biological half-life.

Tissue samplemayprovidenormalizationof image
results;e.g, anOR specmen.

All arecountel with a standad fromtheradiopharmaist.

Onemethodto detemine RM mass

U of Florida predictstotal spongiosasolume
givenwhole bodyCT resultsvs only thosein
sacrum Twentycadaersusedin thestudy, 10 of
eachsex.

Accuracywas<10% for 50 to 70 % of subjects

Accuracy< 20 % for 70to 90 % of subjects

Pichardoetal in: JNM 48:1880-1883, 2007.

Bonemamrow doseestimation

e A(rm- rm)=f* A (blood)* 1500/500

Wheref is a coefficienton the orderof 0.3andthe

numeratorand denominatoare RM andwhole blood
massesegedively. Thisappoximationneglects
specific marrowuptakewhich mustbe hardled separatly
if preent. Cf. Siegel etal Antibody Immunocaj and
Radigpham. 3 213-2331990andSgourosJ. Nucl. Med.
34:689-6941993.

Single probecountng

May beusedon essentiaéxternalsitessuch as
melaroma,sarcoid or thyroid tissLes.

Attenuationandbackscattecorrectiongrobablly
notneeckdbut canbetested.

Inversesquae law neededor efficiency
correction.

May be usedfor wholebodycleararme.
Courting stardad is required.




Geometricnmean (GM) imaging

Typically usesanteriorposteior projection.

Tissueattenuationis correcedwith CT, MRI or
direct measuement(externalsource).

Shouldhavestandad sourcein thefield of view.

Suffersfrom possibleorganand tumor overlap.

May alsosuffer from observeiconfusion; hot
spotanteror image# hot spotposteriorimage.
Typical errorsare+/- 30 % (literature.

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

Total Organ Activities ( Ci of In-111)

@cami
W Dose Calibrator
O GM Comparison

Acitivities (uCi)

m
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Organs

CAMI method

UsesCT datato correctattenuatioralongrays of
interestthru the paient s majororgansystens.

May beusedfrom a singlewholebodyscan

Problemof acivity becomes setof activity
densities(kBg/cm) alongraysof interest.

Organsmayoverlap.
Problemis over-determned;leastsquaefitting.
Errors are+/- 10 % (literature).

QuantitativeSPECr

* RequireCT (MRI) anabmic datato corred for

atteruaion andotherfactors

» Commecia sysemsarebecomingavailable
» Foursauental stepsareidealin thealgorithm:

Attenuation

Saatter

Collimatorcorredion

Small Volumeremverycorredion




Commecial hybrid (SPECTCT)
sysems

GE Hawkeyel andll
SiemensSymbia
Philips Precedence

An optimal partial volume corredion is not
availalle.

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

QSPECTresultsfor Hawkeyel

MEGP MEGPII

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

Seveml of theresearclgroups
involved in quanttative SPECT
(QSPECT)

Johrs Hopkins University
Lund University (Sweden)

U of Michigan

U of Massa&huséts

PET/CT scanningo determine A

Advantages

SUV shoud () givean
accurateresult

No collimator required—
hene highe efficiency
comparedo cameaand
SPECT/CT.

Disadvantages

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

18F hasa 110m half life.

124 has100h, but only
23%emission of 511keV

64Cuis 12h and19%
86Y s 14.7h and33%




Probableoptimal mehodto
detemine A by Ken Koral

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

» Add oneQSPECTimagingsessiomearthe
maximum uptaketime point (24— 48 h for intact
antibodie}.

« Calibratethewhole-body GM datausingthe
QSPECTresultsatthe overlappingtime point

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

Repriseof thetalk sofar

Motivation for targetedtherapyof tumorsdueto a
largenumbe of novel agents- esp.proteins

Targetingis provenif uptake> uniformvalue
10X increaseseenin engineeedagents

Dose= S*A

Many waysto find A andhenceA
Optimalmethodfor activity quantitatonis
QSPEQ ard plana imaging( A error = +/- 7%)

Reasongor PK modeling

Integrationof A(t), via modelpamametersto form A.
Determinatim of kinetic variablesfor animalsand
patients Comparng suchdata.Patientsubpopulatons.
Checkingfor incorrectdata

Convertingfrom gammaemitte (Image) labd to the beta
emitter (Therapy)lakel. For example goingfrom 111In-
Antibody to 2Y-Antibody.
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Five Compartment City of Hope
Pharmacokinetic Human and Animal
Data Model

Note that A representslecay

Step3: Methodsto determineSin the
absorbedose (D = S*A) equation

OLINDA, MIRDOSE3or MIRDOSE2
Programs;S dependsipona given phantom.
Tradtional methal ; favored by regulatoy
agenciesind mostuses of radicectivity.
Voxetbasedcalculaion (MAV SK) ; Sis local.
Point-sourcekernels;Sis local.
CompleteMonte Carlo aralysis; nouse of S (!).

A. Patient 13 B. Patient 14
104 1.0 4

.U 50 100 150 200 250 300 350 .D 50 100 150 200 280 300 350
Hours Post Infusion Hours Post Infusion

Blood W Urine Liver Whaole Body — Residual —— Feces

Two correctionsto OLINDA
edimationsof absorbedlose.

« CorrectA (paient) to allow subsitution into a
standarc¢phantomcalculaton. Typel estmate.
Thisis the mostcommondoseestimate.

» CorrectS (OLINDA or MIRD) to allow patient
specificestmation of absorbedlose.Typell
estimate;rarely done.

11



Correction to patient activity for use in a
standard OLINDA dose calculation.

A(PHAN) = A(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.

Table of dosecorrecton results

Absobed S
DoseType

correc Changeby
m/M ratios

Changeby correct
m(PHAN)/m(pt)

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

Sep (PY) = Spp (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.

Example of the useof Type | doseesimation.
Reviewof MIRD Reports 1 through 12

Of thefirst12 MIRD Repots, it seemghattwo usedanexpicit
correction for the mass of source organsandthewhole body. These
wereReport 1 ( *Se-Methionine)and Repot 2 ( ¢’Ga Citrate).

In bothcase, autopsydatawere avalable for aralyses.

In thecaseof the other10 Reportsijt is unclearif anycorredion
wasmadefor organ mas/wholebody (m/M) massratios. Thus,
theseresultsareprobablynot of Typel.

12



Errorsin S dueto massvariaion

« In asetof colorect patientswe foundvariations
upto 3-fold in patientspleenand liver sizesas
conparea to MIRD phantoms. In 14 kidney
evaluatias, errorswere within a 1.5 factor.

« Someof thisvariation is physiologi@al andsome
is dueto diseasestate.

 CT or other anatomidmagingis requiredfor
accurates valuesfor major organsystems

Future dir ectionsin absorbed doseegimation.

1. Both typesof doseestimates will needto be made.The phantoms
will changento morehumanappeaing formsin OLINDA Thefirst
kind of correctian (A ) will continueto be usedto convertanimal or
otherdatainto phantan format.

2. Both Typesof Estimationwill increasingly be madewith Monte
Carlo calcuations by the user. Voxé or point sourcekernek instead
of Smatrices.Thiswill eliminae thenecessy of the2ndkind of
correction(S matrix) .

3. Dosevolumehistogramsratherthanonly whole organmeandoseswill
becanethe standad output of the patientcakculation.

4. For variablemasstargets,the doserateequaton shoutl beused
with mass givenasm(t). Total doseis thentheintegrd of doserate
overtime.

Errorsin absobeddos estimats.

¢ TheA valueis uncetainto +/- 30%in GM. CAMI yields
errors ontheorderof +/- 10%.QSPECTresultsarein
developmentbutarein therange+/- 5%to +/- 7%.

« A hasanadditial error of +/- 10%due to integraion
uncertanties.Thisis atopic thatis not studied suficiently.

» Stablescanbe incorrectby factors of two- or threefold due
to patienttarget organ mases.Thisis probably thelargest
possibleerrar in theD = S* A formula.

Somereferencedor internd emitte
doseestimaton

RIT: ThePrimer. AAPM ReportNo. 71,2001.
OLINDA: Stébin etal. INM 46:10231027,2005.

Bone Marrow DoseEstimatesSiegeletal. Antibod.
Immunocorj. Radopharm.3: 213-233,1990.

GM: Thomaset al. Med.Phys.3: 253-255,1976.
CAMI: Liu etal Med.Phys.23:19191928,1996.

QSPECT: Blarkespooretal IEEE TransNuc Sci43:
22632274,1996
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Thankyou for your
attention!

* Lwilliams@coh.og

Other Data of Interest to the FDA: Imaging Proof of

H Targeting; Nude Mouse Model with LS174T Human
Comparlsomf TWO RIT PrOtOCO|S' Colon Tumor. VFC with 2uCi Co-57.
CD20+ NHL. CEA + Solid Tumors 24h 48h 148 h

* ZevaincY-90 + cT84.66¢ Y-90.Protocols
91064 and91169.

Tumor: Not given « Tumor: 25cGy/mCi
VR LT « Liver:27cGymCi

ST S GE ] .+ RedMarrow: 3.1 cGy/mCi
RedMarrow: 2.4 cGy/mCi




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

CT Assisted Matrix Inversion Method (CAMI)

Mo

[H] " [a]

f_'_'_ﬁ‘_fj
Where C;is the counts recieved in pixel i [(&-’O
B; (x) is buildup factor. CF is camera calibration factor. i

nis the number of organs. /, ; and /5 ; are the distances
from the upper and lower boundary of the organ j
to the body surface, respectively. N is the number
of calculation points chosen.

Anterior Posterior(reversed)




