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1 Uvod

Ionizujici zateni (IZ) je definovéno jako tok ¢astic s nenulovou klidovou hmotnosti nebo jako
elektromagnetické vlny, které jsou schopny v dasledku interakci s hmotnym prostredim
vytvaret ionty. Objekt emitujici 1Z se obecné nazyva zdroj ionizujicitho zafeni. Objevy
rentgenového zateni (Wilhelm Rontgen - 1895) aradioaktivity (Henri Becquerel - 1896)
odstartovaly uziti zdroju ionizujiciho zéafeni v praktickych aplikacich. K nejvyznamnéjSim
patfila a patii rentgenova diagnostika. Jeji rozSifeni a v poc€atcich téméet neomezené pouziti
pfineslo poznatky o vedlejsich ti¢incich ionizujiciho zéafeni na lidsky organismus.

Pocatky radiacni ochrany lze datovat do roku 1915, kdy Britska Rontgenova spole¢nost pfijala
prvni rezoluci o ochrané pted pfiliSnym ozarenim lidi v disledku uzivani rentgenového zareni.
Prvnim cilem radiacni ochrany bylo zamezeni vzniku deterministickych uc¢inkti (radiacni
spaleniny, nekroza, epilace), které jsou Casto oznaCovany jako tkanové reakce. Postupem Casu
doslo k objevu stochastickych ucinki, konkrétné zvyseného vyskytu nadorovych onemocnéni
u ozafenych osob. Pokusy na zivych laboratornich organizmech (octomilka obecna, lat.
Drosophila melanogaster) vedly k objevu genetickych G¢inki zateni, které u lidi zatim nebyly
pozorovany. Nékteré stochastické ti¢inky byly pozorovany na lidech, a to predev§im u horniki
uranovych dolli aosob pfezivsich jaderné Utoky na Nagasaki a HiroSimu. Studie téchto
subjekt odhalila nartist vyskytu stochastickych ucinkl se zvysujici se davkou zafeni. Osoby
z obou skupin byly nebo jsou ozafovdny mnohondsobné vice neZ primérny obyvatel Zemé,
a proto je velmi obtizné extrapolovat dostupna data na béZnou expozicni troven. Obdobné je
tomu 1 v pokusech s laboratornimi organismy, u nichZ jsou U¢inky IZ pozorovany rovnéz az
u vyssich davek. Nedostatek dat v oblasti nizsich davek je feSen pracovni hypotézou linearni
extrapolace stochastickych U¢inkl s klesajici davkou k nule. Uvedeny piedpoklad je Casto
oznacovan jako linedrni bezprahovy model vztahu davky a (stochastickych) ucinkii. Linearni
bezprahovy model dodnes formuje radia¢ni ochranu, jejiz cile se daji formulovat nasledovné:

1) Zabranit vyskytu deterministickych u¢inka

2) Udrzovat ozéreni populace a pracovnikl s IZ tak nizko, jak je mozné rozumnym
zptisobem dosahnout.

3) Snizit pravdépodobnost a minimalizovat dopady nepldnovanych situaci (nehody,
zlovolné uziti 1Z)

Vyty€eného cile je dosahovano pomoci tiech nastroj:

1) Zdivodnéni — Kazda cinnost, pii které je pouzito ionizujici zafeni nebo
radionuklidového zdroje, musi pfinést jednotlivci nebo spolecnosti vice uzitku nez Skod
v dasledku nezddoucich Gc€inkl. Téz je nutno prokazat, Ze navrhovanou ¢innost nelze
rozumnym zpusobem provozovat bez uziti IZ.

2) Optimalizace — Musi se prokazat, Ze velikost individualnich davek, pocet ozatfenych
osob a pravdépodobnost ozareni tam, kde neni prakticky jisté, Ze k nému dojde, je tak
nizké, jak 1ze rozumné dosahnout pfi respektovani hospodatskych a socidlnich hledisek
(ALARA).

3) Limitovani — Zadny ¢&len populace nebo pracovnik s IZ nebude ozéafen vice, nez je
stanoveno patficnymi piedpisy.

Posledni uvedeny bod v sobé nese nutnost kontroly neptekroCeni stanovenych limiti.
To vytvaii pozadavek na veli¢inu nebo veli¢iny schopné hodnotit libovolné expozi¢ni situace.
Subjekt, pracovnik nebo ¢len populace, miize byt ozafovan z externich nebo internich zdroju,
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ato s riznym casovym prubéhem (jednorazove, periodicky, kontinudln€). Radia¢ni ochrana
k tomuto ucelu pouzivd komplikovany systém veliCin, ktery je pomérné dobie shrnut
v doporuceni mezindrodni komise pro radiacni ochranu (International Commission on
Radiological Protection, dale jen ICRP) [1] [2]. Zakladem vSech veli¢in uzivanych k limitovéani
ozéfeni je absorbovana davka. Ta je dana vztahem

ae

= — Rovnice 1
dm

kde d & je stiedni sdélend energie od ionizujiciho zafeni v malém objemu a dm je hmotnost
tohoto objemu. Rozmér této veliciny je Jxkg! a jednotka se nazyva gray (znacka Gy).

Absorbovana davka neni vétSinou pfimo piifaditelnd pozorovanému ucinku, nebot’ rizné druhy
IZ deponuji energii ve tkanich riznym zptisobem. Nestejny ucinek IZ pii stejné absorbované
davce se zohlednuje relativni biologickou ucinnosti, kterd je pro potfeby ochrany pred
stochastickymi ¢inky nahrazena radiacnim vahovym faktorem (wr). Vyndsobenim
absorbované davky radiatnim vahovym faktorem se stanovi ekvivalentni davka Hr. Ta ma
stejny rozmeér jako absorbovana davka, ale jeji jednotkou je sievert (znacka Sv). Ke zohlednéni
rizika stochastickych uc€inki na lidského jedince se zavadi efektivni davka

E=Y Hr Xwp =27 Wy X XR_1 Dp X wg, Rovnice 2

kde n je pocet vSech druhti zafeni, kterd ozatuji ¢lovéka, m je pocet tkani vyznamnych vzhledem
k ozateni, wr je tkaniovy vahovy faktor a zbylé symboly maji vySe uvedeny vyznam. Tkanovy
vahovy faktor wr, je bezrozmérny a zohlediiuje nestejnou citlivost organu na ozareni véetné
zavaznosti vzniklych a¢inkd.

Zde uvedeny popis efektivni aekvivalentni davky neni zdaleka uplny aslouzi jen
k ucelenéj§imu pohledu na problematiku. Podrobnéj$i rozbor obou veli¢in lze nalézt
v doporuceni ICRP [2].

1.1 Hodnoceni ozafeni

Ozareni lidi se dé€li na externi a interni. Externi ozafeni pusobi zdroji IZ mimo lidské télo.
Dobrym ptikladem je diagnostické rentgenové vySetfeni. Naproti tomu interni ozareni
zpusobuji radionuklidy (RN), které se nachazeji v téle jedince. Ozareni ze zdroji vné i uvnitt
téla je tfeba kvantitativné hodnotit. Znalost absorbované davky v orgdnu nebo organech je
nezbytnym krokem k odhadu ekvivalentni nebo efektivni ddvky Absorbovanou davku ve tkéni
nelze ptimo méfit, pro jeji stanoveni jsou nezbytné takzvané dozimetrické modely. Jedna se
o matematické popisy lidského téla pouzité v programech simulujicich transport zafeni. Nutnou
podminkou jakéhokoliv vypoctu neni jen model téla, ale také znalost zdroje zafeni.

Vypoclty potiebné k stanoveni absorbovanych davek z externiho ozéfeni uvazuji geometricky
rizné expozicni situace, naptiklad ptedozadni (AP), zadoptedni (PA), rota¢ni (ROT) apod. Tyto
vypoCty a odezva vhodného detektoru zpravidla postacuji ke stanoveni davkovych veli¢in.
V mnoha piipadech externiho ozafeni se davkové veliCiny aproximuji operacnimi veli¢inami
(osobni davkovy ekvivalent).

U interniho ozafeni je situace ponckud odliSna. Kazdy organ lidského téla se mize v disledku
pritomnosti radionuklidu stat zdrojem (oznaCovan pismenem S), ktery ozatfuje okolni organ
nebo organy (T).



Pro kazdou emitovanou castici s energii E a orgdny S a T je tfeba stanovit absorbovanou frakei
AF(T«S; E). Absorbovana frakce je podil energie absorbované v cilovém organu T z celkové
uvolnéné energie v organu S. Pro uplnost je tfeba dodat, Ze tento pfistup zahrnuje i samo-
ozatovani zdroje volbou T=S. Absorbovana davka v organu T z jedné pfemény v orgénu S se
stanovi pomoci rovnice 3

YXxE xAF (T < S; E;)
M, ’

Rovnice 3

SE(T «8)=>)

kde Y je vytézek Castice i-t€ho typu Castice (na jednu preménu), E; je energie i-té Castice (v
joulech), Mr je hmotnost organu T v kilogramech a AF(T«S;E;) je absorbovana frakce.
Vynasobeni kazdé emitované ¢astice jejim radiaénim vahovym faktorem wr vede k specifické
efektivni energii'

XY XE xAF(T < S, E))
M, ’

Rovnice 4

SEE(T « §)=Y &

Piikon ekvivalentni davky na organ T od v téle pfitomnych radionuklidi v Case t vznikne
seCtenim prispévkl vSech zdrojovych organi a jejich aktivit, jak je vidét z rovnice 5

HT(t)=Zqujj(t)><SEE(T(—S;t)j, Rovnice 5
S

kde g;s(t) je aktivita radionuklidu j pfitomna v organu S v Case t, a SEE je specificka efektivni
energie. Zavislost SEE na Case je vradiacni ochrané¢ vesmeés teoretickou zalezitosti, ktera
umoziiuje zohlednit naptiklad zménu hmotnosti organu nebo vzdalenosti zdroje a cile. Casovou
integraci rovnice 5 Ize vypocitat ekvivalentni davku. Integral je zpravidla omezeny na 50 let
pro pracovniky sIZ a 70 let pro obyvatelstvo. Vypoctena hodnota se oznacuje Ht(50)
respektive H(70) a nazyva se uvazkem ekvivalentni davky.

ty+AL to+At

H,(Af) = j H,(t)dt = j > qs ()< SEE(T < S;1) dt, Rovnice 6
J

ly ty S

kde At je bud’ 50 nebo 70 let. Pokud neni SEE funkci ¢asu, Ize rovnici 6 upravit na

to+At

H,(A) =" SEE(T < S;t), x j g, (Odt =Y > SEE(T < S;t),x Oy (At)  Rovnice 7
s A s J

kde Qs; je pocet vSech pfemén za uvazovany interval At. Pfimé stanoveni Qs; neni mozné,
musi se pouzit vypocetni metody naznacené v nasledujici podkapitole.

Uvazek efektivni davky pouzivany k limitovani interniho ozéateni vznikne dle rovnice 8 jako
soucet tivazki ekvivalentni davky nasobeny tkanovym vahovym faktorem wr.

E(A) = "w, x Y > SEE(T < S;1), x Qg (A1) Rovnice 8
T S

! Pieklad anglického vyrazu specific effective energy. Vzhledem k vyznamu by bylo vhodng&jsi pouzit termin
specificka ekvivalentni energie.



1.2 Hodnoceni interniho ozareni

Stanoveni efektivni nebo ekvivalentni davky z inkorporovanych radionuklidi je zavislé
na poctech pfemén radionuklidu v jednotlivych organech lidského téla (Qs; z rovnice 7). Zdroj
IZ ozatuje subjekt s Casem proménnou intenzitou, kterd odrazi nejen fyzikalni pfeménu RN, ale
i biologické procesy. Jinymi slovy, radioaktivni latka je v jednotlivych orgénech a celém
lidském téle distribuovana, zadrzovana nebo vylucovana v zavislosti na:

1) fyzikalni formé (plyn, aerosol, pevna latka),

2) chemickém slozeni (vaznost RN),

3) pritomnosti latek ovliviiujicich metabolismus subjektu (inhibitory, dekorporacni
Cinidla),

4) ceste¢, kudy do téla vstoupila (inhalace, ingesce, poranéni, injekce).

Pro tUplnost je nutno dodat, ze i veék apohlavi subjektu ovliviiuje, do jisté miry, chovani
nékterych latek v téle. Tyto rozdily jsou naptiklad dobie patrné pti srovnani dospélych jedinct
a kojenci.

Prvnim krokem k odhadu Qs; je stanoveni télem piijaté aktivity. Ptijem (anglicky intake) je
obecné chapan jako akt, pfi kterém do téla vstupuje radioaktivni substance. Dozimetrie
interniho ozareni tento termin pouziva i pro oznaceni celkové aktivity substance v becquerelech
(Bq), kterou subjekt pfijal. V nuklearni medicin€ jsou podavané aktivity pomérné dobie zndmy,
ale ve valné Casti pfipadi profesniho ozareni tomu tak neni. Odhad pifijmu se pak ziskava
z mefenych dat a modelu popisujiciho chovani latky v lidském téle.

1.2.1 Biokinetické modely

Popis biokinetickych modelli, nebo tézZ kompartmentovych modeli, uzivanych v radiacni
ochrané lze nalézt v Doporucenich ICRP [3] [4]. Zakladnim stavebnim prvkem modeli je
kompartment. To je vymezena oblast (Cast organismu, organ, tkan), o niz se piredpoklada, ze se
v ni zkoumana latka okamzité po vstupu homogenné rozlozi a mnozstvi latky vylucované z této
oblasti je imérné mnozstvi latky v ni aktudln€ ptitomné. K popisu prestupu latky z jednoho
kompartmentu do druhého se uziva kinetika prvniho fadu, atak vyslednou matematickou
formou je soustava linedrnich diferencidlnich rovnic prvniho fadu s pocate¢ni podminkou.
Pocate¢ni podminka ptedstavuje rozlozeni latky v jednotlivych organech v okamziku piijmu.
Nékteré organy lidského téla nebo fyziologické procesy se nefidi vySe zminénou kinetikou
prvniho fadu, a tak jsou v modelu nahrazeny vice kompartmenty. Obrazek 1 ukazuje obecnou
strukturu téchto modelt.

Biokinetické modely lze rozdélit do dvou skupin. Prvni skupinu tvofi modely vstupu.
Vyznacuji se stejnou strukturou a poctem kompartmentli pro vSechny radionuklidy. Rozdilné
chovani slou¢enin obsahujicich radioaktivni latky je respektovano jen zménou nékterych jejich
parametrid. Sem patii lidské modely dychaciho a traviciho traktu popisované v Doporucenich
ICRP [3] [5] [6]. Do druhé skupiny patii modely popisujici chovani radionuklidu po vstupu
do télnich tekutin, predevSim krve. Jejich struktura je zna¢né rozmanitda co do poctu
kompartmentt a tyto modely jsou jedinecné pro kazdy prvek, ptipadné skupinu prvkda.
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Obrazek 1 Obecny model biokinetiky dle ICRP

Vystupem modell jsou takzvané retencni, respektive exkrecni kiivky. Retencni kiivky popisuji
aktivitu konkrétniho organu nebo celého téla v zavislosti na ¢ase. Exkre¢ni kiivky udavaji
casovou zavislost vyloucené aktivity moci nebo stolici za definovany ¢asovy interval (zpravidla
1 den). Kfivky jsou pro praktické pouZiti Casto normalizovany na jednotkovy piijem (1 Bq)
radionuklidu.

1.2.2 Meéfeni pro potieby odhadu pfijmu

Mg¢éfeni potfebna ke stanoveni piijmu se déli do dvou skupin, na pfima a nepiimd. Mezi nepiima
méfeni patii tzv. in-vitro metody. Jedna se predevsim o stanovovani aktivity RN v biologickych
vzorcich (mo¢, stolice). Druhou skupinou piedstavuji pfima meéteni, nékdy t€z oznacovana
vyrazem in-vivo. Tato méfeni se provadi pomoci detektorti IZ umisténych okolo subjektu tak,
aby zaznamenavaly zafeni vychdzejici z celého téla (celotélové méteni) nebo nékteré jeho Casti
(napf. plice a jatra).

1.2.3 Invivo méreni

Celotélové méfeni je velmi uziteCnym nastrojem pro stanoveni aktivity radionuklida v lidském
téle. Pfednosti této metody spocivaji v relativné rychlém méfeni, které neni invazivni a pfinasi
aktualni informace o distribuci radionuklidu. In-vivo méteni maji i znacnd omezeni, mezi které
patii jejich nizsi pouzitelnost. Lze jimi stanovovat aktivity jen takovych radionuklidd, které
emituji pronikavé elektromagnetické zafeni nebo elektrony schopné generovat brzdné zareni
s dostatecnou energii. Za dostate¢né pronikavé lze povazovat fotony s energii vétsi nez cca
20 keV?. Dostate¢né energie elektronii pro tvorbu detekovatelného brzdného zéfeni je v fadu
stovek az tisict keV. Nutno dodat, Ze méfitelnost konkrétniho radionuklidu neni jen funkci
energie a typu emitovaného zaieni, ale i vytézku, respektive stanovované aktivity.

21eV =1,602x10"1]



V oblasti fotonového zatfeni s energii desitek keV je odezva detekéniho systému silné zavisla
na anatomickych proporcich méteného subjektu. Nizkoenergetické zéfeni je totiz pomérné
vyznamné zeslabovano v kostech 1mékkych tkdnich. Mezi radionuklidy emitujici
nizkoenergetické fotonové zareni patii napiiklad atomy s vétSim protonovym ¢islem neZ uran
(tzv. transurany), mimo jini **!Am nebo ?*°Pu. Stanovovani jejich aktivity pomoci in-vivo
méfeni je pomérné obtizné, nebot’ jsou v téle distribuovany velmi nehomogenné [7]. Oba prvky
se spole¢né s 2*’Np vyznamné akumuluji na povrchu kosti, proto je pro né v angli¢ting uzivan
termin bone-seeking. Existuji i prvky, které se ukladaji v kostnich objemech. Naptiklad olovo,
polonium nebo radium, avsak jejich distribuce v lidském téle je znacné rozdilna.

1.2.4 Kalibrace in-vivo detekcniho systému

In-vivo detek¢ni systém neni schopen poskytnout kvantitativni informace o pritomnosti RN bez
patficné kalibrace. Kalibrace se zpravidla provadéla pomoci fyzickych objektd, které maji
znamou aktivitu RN a tvarem se podobaji méfenému subjektu nebo jeho ¢asti. Takové objekty
se v bézné praxi oznacuji terminem kalibra¢ni fantomy. Kalibrace pomoci fyzikalnich fantomi
je sice pfimocara, ale ma i sva uskali. Konstrukce a vyroba fyzikéalnich fantomi neni snadna,
nebot’ se musi pracovat s otevienymi radionuklidovymi zafi¢i atkdnové ekvivalentnimi
materidly. Zaptjceni nebo pofizeni fantomu je financné a ¢asové narocné. Hlavni slabinou
fyzikalnich fantomil je jejich neménna velikost, svazanost s jednim uzitym radionuklidem
a omezend piesnost. Pravé posledni uvedené omezeni iniciovalo hledani jiné metody kalibrace.
Nejvice slibnou alternativou se ukéazala aplikace matematickych modeld a softwaru
simulujiciho transport zafeni metodou Monte Carlo (MC).

1.2.5 Matematické metody kalibrace a voxelové fantomy

Simulace transportu zafeni metodou Monte Carlo je uzivano v mnohych aplikacich jiz vice nez
60 let. V poslednich dvou dekadach doslo k pokusim vyuzit tuto metodu ipro potieby
kalibrace celotélovych pocitacl, coz bylo umoznéno rozvojem vypocetni techniky. Vétsi
operacni pamét’ a vykonnéjsi procesory umoznily piechod od relativné jednoduchych modelt
lidského téla definovanych pomoci analytickych kiivek ke komplexnéjSimu popisu pomoci
voxelové geometrie. Voxelova geometrie je zpravidla definovana pomoci trojdimenzionalni
miize. Mtizi se prostor rozd¢€li na elementarni objemy, tzv. voxely (z anglickych slov volume
pixel), které maji obvykle tvar krychle nebo kvadru. Libovolny objekt 1ze definovat skupinou
voxell s patfiénymi vlastnostmi, tj. obdobné obrazovym bodim u digitalni fotografie.
Geometrickd presnost takto reprezentovaného objektu je zdvisla na velikosti elementu.
Zmen$ovanim voxelu se model objektu blizi skutecnosti, ale zaroven roste mnozstvi voxeld,
a tedy potieba paméti a vypocetniho vykonu. Proto je vyhodné rozméry voxelu pro konkrétni
ulohy optimalizovat.

Voxelové fantomy lidského téla se vytvaieji na zéklad¢ dat z medicinskych zobrazovacich
modalit, jako jsou vypocetni tomografie (CT) a magnetickd rezonance (MRI). Minimalné
v jednom piipadé bylo uzito ifotografii fyzickych fezi subjektem [8], coZ demonstruje
pouzitelnost jinych vstupnich dat. V primarnich obrazovych datech jsou identifikovany
jednotlivé organy nebo jejich casti, ato bud automaticky, nebo ru¢né. Procesu pfifazeni
obrazovych bodii konkrétni tkani se fika segmentace. Automatickd segmentace je mnohem
mén¢ ¢asoveé narocnd, ale jeji vystupy je ve vétSing ptipadd nutno ruéné korigovat. Hlavni
slabinou segmentace je obtizna identifikace organu s tenkou sténou nebo malym rozdilem
oproti sousedni tkani.



V téchto piipadech, Sum zobrazovaci metody smyva jejich rozdily. Findlnim produktem
bez ohledu na segmentacni metodu je trojdimenziondlni matice, v niz je kazdému elementu
pfifazeno konkrétni ¢islo. Tuto matici je v dal§im kroku tfeba pievést do formy, s kterou dokaze
pracovat software simulujici transport zafeni.

Voxelové fantomy nejsou nejnovéjsim moznym matematickym popisem lidského téla. Realité
nejblizsi a zaroven flexibilngjsi jsou fantomy zalozené na polygonalnich sitich a NURB (Non-
uniform rational basis spline) [9], ale vétsina standardné pouzivaného softwaru s nimi zatim
neumi pracovat ptimo, proto se dosud uzivaji pouze ziidka. Oproti tomu s voxelovymi fantomy

nema veétSina MC programti problémy.

1.2.6 Odhad prFijmu
Odhad pfijmu radionuklidu z jedné métené hodnoty udava rovnice 9

]A m; (Z)
(1)’

Rovnice 9

kde 1 je odhad neznamého skutecného piijmu I, mi(t) je hodnota méfeni v Case t a qi(t) je
pfislusnd hodnota exkre¢ni nebo retenc¢ni funkce v €ase méfeni ziskand z biokinetického
modelu s jednotkovym pfijmem. Pokud je k dispozici vice métenych hodnot, je tfeba hledat
pfijem pomoci metody maximalni vérohodnosti, jenz popisuje napiiklad doporuceni IDEAS
[10]. Nejlepsi odhad ptijmu se zisk4 z rovnice 10

Z":ln(m (D) 4q,())
I= exp| — [ln(SF)] , Rovnice 10

Z [1n(SF)]

kde SF; vyjadiuje celkovou nejistotu méfeni i a ostatni symboly maji vySe uvedeny vyznam.
Scattering factor (SF) je dle aktudlniho pfistupu slozen ze dvou typl nejistot.
Nejistota spojend s pravdépodobnosti emise a detekce zareni se nazyva typ A a popisuje
se pomoci Poissonova rozdéleni. Ostatni nejistoty spojené s kalibraci se popisuji pomoci
lognormalni distribuce a jsou oznacovany jako typ B. Vypocet celkové hodnoty SF; 1ze provést
pomoci rovnice 11 za piedpokladu, Ze relativni nejistota typu A je bud’ mensi nez 30%, nebo
jeji podil na celkové nejistoté je maximalné jedna tietina [11].

SF, =expy/[In(SF )} +[In(SF,)} =exp \/[In(SFA)]Z +3 [in(SF, )] Rovnice 11

Dil¢i slozky SF; se vypoctou dle vztahu
SF;, = exp(sy), Rovnice 12

kde sk je relativni smérodatnd odchylka normalniho (pro nejistotu typu A) respektive
lognormalniho rozdéleni (typ B).

1.3 Stanovovani kostni aktivity transuran(
Stanoveni kostni aktivity transurani je komplikovano nehomogenni distribuci a pomérné
nizkou energii emitovanych fotont, kterd vyzaduje specialni detek¢ni uskupeni.
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To zahrnuje nejCastéji germaniovy polovodi¢ovy detektor, nejlépe s tenkym vnéj§im kontaktem
a tenkym vstupnim okénkem z beryllia nebo karbon-epoxidového kompozitu. Kosterni aktivita
se stanovuje na zéklad¢ in-vivo méteni dle rovnice 13

ng(At)

w, Rovnice 13
NXY XAt

Askel = Alepka X W =

kde m je spektrometricka detek¢ni ucinnost méticiho systému na jeden emitovany foton, Yk je
vytézek fotonti s energii E na 1 Bq radionuklidu, At je doba méfeni v sekundéch, ng(At) je pocet
impulst v ¢isté plose piku od fotont s energii E a w je koeficient davajici do poméru aktivitu
meéiené ¢asti kostry a celkovou kosterni aktivitu.

Pii méfeni jsou detektory nasmérovany do oblasti s vysokou koncentraci kostni tkdné. Métena
tkan musi byt geometricky kompaktni, s co nejtenci kryci vrstvou mekkych tkani aco
nejvzdalenéjsi od ostatnich organii akumulujicich nebo obsahujicich méfené radionuklidy
(napf. jatra, plice). Témto kritériim z lidské kostry nejvice vyhovuje lebka, loket a koleno.
Kazda z uvedenych oblasti ma své vyhody a nevyhody. Koleno a loket jsou velmi vzdaleny
ostatnim orgdntim, ale jde o ¢asti kostry s pomérn¢ vysokou metabolickou aktivitou, coZ neni
uplné zadouci. Dalsi obtiz spojend s témito castmi kostry je pfifaditelnost méfeného signalu
konkrétni kostni hmoté€. Naproti tomu lebka je z téméf 95 % tvorena kompaktni (kortikalni)
kostni tkani, coZ je vyhodné, nebot’ nedochdzi k rychlé vyméné latek, a tak je méteny signal
Casové stabilni. Dalsi ptihodnou vlastnosti je pomérné dobie definovany objem méfené tkang.
Nevyhodou tohoto organu je jeho znacna geometrickd slozitost a velka variabilita v ramci
populace (velikost a tvar), coz komplikuje kalibraci detekéniho systému. Jistou komplikaci
predstavuji 1kréni obratle, které v zavislosti na geometrii méfeni mohou piispivat
k pozorovanému signalu.

Vyse byly naértnuty obrysy in-vivo méfeni v kontextu radiaéni ochrany. Ustiednim tématem
habilita¢ni prace je zpresnéni kalibrace a detailni rozbor nejistot spojenych se stanovenim
kostni aktivity >*! Am prostfednictvim méfeni lebe¢ni aktivity. Piesn&jsi méfeni a znalost jeho
nejistoty nema vyznam jen pro odhad piijmu, respektive expozice konkrétniho jedince.
Nahodilé piipady s pfijmem 2*'Am jsou velice cenné pro tvorbu arevizi biokinetickych
modelll, nebot’ pokusy na zivych lidskych subjektech jsou vzacné. Hlavni piekazkou
systematickych studii s transurany je nemala radiacni zatézi pokusnych osob.

1.4 Motivace k vyzkumu

Primérni impuls zabyvat se problematiku kalibrace in-vivo detek¢nich systému ptiSel béhem
disertacni prace. Disertacni prace se zabyvala dlouhodobé sledovanymi ptipady vnitiniho
ozéfeni s >*! Am a byla vypracovana pod vedenim Ing. Ireny Malatove, CSc. ze Statniho Gistavu
radiaénich ochrany v Praze (SURO) [12]. Pii verifikaci dat z in-vivo méfeni se ukazalo,
ze kalibracni konstanty z riznych kalibra¢nich fantomi maji znacny vliv na stanoveni kosterni
aktivity 2*' Am. Takovy stav nebyl uspokojivy. Velky soubor dat méfeny na SURO vice nez
deset let byl a je unikatni moznosti jak studovat chovani **' Am v ¢asech vzdélenych piijmu.
Proto byla snaha odstranit nejistotu kalibrace a zvysit informacni hodnotu in-vivo dat. Toto
usili vedlo ke zkoumdni fyzikélnich kalibracnich fantomt. Vyzkum fyzikalnich fantomu
probihal nepfimo pomoci transportu zafeni metodou MC. Hlavnim divodem byl obtizny
pristup k fantomim (problematické zaptijceni a transport). To vedlo k pouziti matematickych
modeli a k fad¢ otazek na které bylo tieba poskytnout odpovédi.
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2 Materialy a metody

Tato kapitola je dé€lena do dvou podkapitol. Prvni pojednava o dostupném vybaveni
a standardnich metodéach. Druh4 shrnuje vysledky samostatné prace, které se staly, vzhledem
vyty¢enym ciliim, jen podpirnym materialem. Typickym piikladem je vytvoreni voxelového
nebo redlného fantomu, ktery po svém dokonceni slouZi jen jako material pro dalsi vyzkum.

2.1 Standardni metody a vybaveni

2.1.1 Celotélovy pocitac

V préci jsou prezentovana data, kterd byla namétfena pracovniky Statniho ustavu radiacni
ochrany (SURO) v Praze. Tamé&jsi celotélovy poéitad byl nejprve vybaven jen dvéma detektory
nizkoenergetickych fotonti od firmy Canberra. Tyto detektory mély aktivni plochu pouze 2000
mm? [13]. Postupem ¢asu byl detekéni systém rozsifen o dva novéjsi detektory firmy Ortec
s plochami 3826 mm? a 3903 mm?. Souhrnné informace o detektorech podava tabulka 1.

Tabulka 1 Oznaceni a zakladni parametry detektorii

oznaceni detektoru 36 35 20 13
vyrobce Ortec Ortec Canberra Canberra
model LX-70450-30P  LX-70450-30P-CW GL2020R GL2015R
material okénka beryllium kompozit? kompozit? kompozit?
tloustka okénka (mm) 0,50 0,76 0,50 0,50
neaktivni vrstva (um) 0,3 0,3 6,0° 6,0°
pramér krystalu (mm) 70,5 69,8 50,5 50,5
vzdalenost krystal-okénko (mm) 4 4 5 5
vyska krystalu (mm) 32,5 30,5 20,0 15,0

2 karbon-epoxidovy kompozit
® stanoveno experimentalné

StarSi detektory byly chlazeny kapalnym dusikem z malych Dewarovych nadob. Chlazeni
nov¢jsich detektorii obstarava technologie X-COOLER II (elektrické chlazeni). Detektory se
nachazeji v mistnosti stinéné platy ze staré oceli o tloust’ce 22 cm, jejiz vnitini povrch je
vylozen olovem a také médénym plechem.

2.1.2 Fyzikalni fantomy

Ke kalibraci celotélového pocitace bylo postupné pouZito celkem ctyt fyzikéalnich hlavovych
fantomu. Uzité fantomy lze rozdélit podle realisti€nosti do tii skupin. NejbliZe realité je fantom
BPAM-001, ktery byl vytvofen na zaklad¢ ptipadu 102 pozorovaného v USTUR [14].
Obsahuje jednu polovinu lidské lebky darce kontaminovaného >*'Am. Druha ¢ast lebky byla
radiochemicky zpracovana za uCelem stanoveni aktivity. Zpracovand polovina lebky byla
ve fantomu nahrazena neaktivni kostni tkani jiného subjektu. Mékké tkané byly substituovany
tkanovée ekvivalentnim materialem podle ICRU 44 [15], ktery odpovida svaltim.
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V druhé skupiné jsou fantomy UCIN (University of Cincinnati) [16] a BfS® (Bundesamt fiir
Strahlenschutz), které vznikly uméle. Nejprve byla na vnitini a vn&jsi stény neaktivnich lebek
nanesena znamd aktivita >*' Am a poté byly lebky vyplnény a obaleny tkanové ekvivalentnimi
materidly (UCIN) nebo parafinem (BfS).

Posledni fantom, ozna¢eny SURO, neni (ipIné realnym objektem. Kalibra¢ni konstanta vznikla
jako superpozice odezev plo$ného zdroje **! Am posouvaného po vnitinim a vnéj$im povrchu
realné lebky. Ziskana detekéni U€innost byla opravena na zeslabeni v mékkych tkanich hlavy
[17]. Fotografie vSech fantomt jsou na obrazku 2.

,{Ellfq
J T WO
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~

Obrdzek 2 Fotografie fyzikdlnich fantomii (zleva: BPAM-001, UCIN, BfS, SURO)

2.1.3 Voxelové fantomy

Doporuceni ICRP ¢islo 110 [18] obsahuje, mimo jin€, voxelové modely referenéniho muze
a zeny. Tyto modely byly primarné vyvinuty za ucelem vypoctu davkovych velicin, ale to
neznamend, Ze je nelze pouzit ipro kalibraci celotélového pocitace. Hlavové ¢€asti téchto
fantomil byly porovnany s vytvofenym voxelovym fantomem Linda (viz 2.2.3). Prostorové
rozliSeni, pocet voxell a dal§i parametry obou modell jsou uvedeny v tabulce 3, kterd shrnuje
zéakladni informace o vSech pouzitych voxelovych fantomech.

2.1.4 Transport zareni — MCNPX

V praci bylo pouzito transportniho kédu MCNPX (Monte Carlo N-Particle eXtended)
vyvijeného Narodni Laboratoii v Los Alamos (Los Alamos National Laboratory). Software
vyuziva metodu Monte Carlo k simulovani priichodu ¢astic hmotnym prostfedim. Program
dokaze simulovat 34 druha cCastic vcetné fotont, elektronii a neutroni. Mimo to umoznuje
transport vice nez 2000 tézkych iontl v Sirokém energetickém spektru. Detailni popis vSech
moznosti 1ze nalézt v manualu [19].

Program byl pouzivan nejcastéji k transportu fotond (mode p). Jejich prichod tlohou byl
simulovan detailné, tj. véetn¢ koherentniho rozptylu, s uzitim standardnich knihoven G¢innych
prufezii mcplibO4. Fotony byly sledovany, dokud jejich energie neklesla pod 1 keV.
V nékterych ptipadech, kdy bylo potieba ziskat vysledky jen pro konkrétni energii fotoni, bylo
uzito adaptabilniho odstranéni ¢astice, pokud jeji energie klesla pod zadany prah (moznost
ELPT).

3K fantomu existuje jen privodni dopis, ktery G. Laurer napsal W. Burkhartovi dne 8. 4. 1993.
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Ukonceni transportu castice se provadélo jen mimo buiiky detektoru a préah byl nastaven tak
nizko, aby neovlivnil ¢ast spektra s energii z4jmu. Vysledky zrychlujici metody byly pred
rutinnim pouzitim verifikovany porovnanim s vysledky ziskanymi pfi standardnim nastaveni.

V nékterych tlohach byly simulovdny mimo primérnich fotonti také sekundarné vzniklé
elektrony (mode p e). K jejich transportu bylo pouzito modelu kumulativnich srazek
a standardnich knihoven ucinnych prufezii el03. Spolecny transport fotonii a elektront
prodluzuje délku vypoctu ptiblizné tiikrat ajeho jedinym piinosem je vérngj$i simulace
nizkoenergetické ¢asti spektra, kterd neni v oblasti zdjmu, vyjma situace, kdy je porovnavano
simulované spektrum s méfenym.

Data prezentovana v habilitacni praci byla ziskana ve tfech verzich MCNPX, a to 2.5.0, 2.6.0
a2.7.0. Jednoducha geometrie s bodovym zafi¢em emitujicim fotony s energii 59,54 keV
a detektorem 36, spusténd ve vSech zminovanych verzich, poslouzila k ovéteni nezavislosti
vypoctl na uzité verzi. Geometrie tlohy a ziskana spektra jsou zndzornéna na obrazcich 3 a 4.

okénko (Be)

obal detektoru (Al)

‘ krystal detektor (Ge) }—

‘ elektroda (Cu) }\
drzak detektoru (Al)
| A

plastovy drzak ‘

zdroj ‘

obal zdroje ‘

vzduch ‘

vakuum

Maylarova folie

Obrazek 3 Simulovanad geometrie mereni bodového zdroje 5 cm od detektoru 36

Ve vétsing simulaci byly ze zdroje emitovany jen fotony s energii 59,54 keV*, coz odpovida
hlavni emisi y z pfemény 2*'!Am (vytézek 0,3592 fotonu na jednu pfeménu). Ostatni fotony
emitované z piemény tohoto jadra byly simulovany jen v ptipad¢ potieby celého energetického
spektra. Vytézky fotonii byly pievzaty z nejnovéjsich zdrojt [20] [21].

Odezva modelt detektort (viz 2.2.4) byla simulovdna pomoci skérovaci procedury (tally 8).
Ta simuluje distribuci impulsu v detektoru (pulse height) a umoziuje energetické de€leni.
Vysledky této tally, tj. energetickd spektra se zadanym energetickym délenim, jsou
normalizovany na jednu emitovanou castici ze zdroje (pocet impulsi na jeden emitovany
foton). VétSina v préaci prezentovanych vysledkli zachovava tuto normalizaci. Nékteré vysledky
jsou normovany na podet impulsii za sekundu a jeden becquerel (pocetxs'xBq!, CPS/Bq) tak,
aby rozmérové odpovidaly pozadavkiim zadéani (napt. vysledky mezinarodniho porovnani).

4V simulacich do roku 2010 byla pouZita energie 59,6 keV (méné piesna hodnota ze starych tabulek), ale pro
ucelenost textu je uvadéna jen hodnota 59,54 keV. Drobny rozdil v energii nema prakticky zadny dopad na
pozorované vysledky.
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Obrazek 4 Simulovana odezva detektoru 36 na bodovy monoenergeticky zdroj s energii
59,54 keV pro riizné verze a nastaveni MCNPX. Chybové usecky pro verzi 2.7.0 vymezuji
konfidencni interval v diisledku statistické povahy vypoctu na urovni 3o.

Program MOCNPX bé&Zzné nezohlediiuje energetické rozliSeni realného detektoru
a vyhodnocovaci elektroniky. Interaguje-li foton v simulovaném detektoru fotoefektem, je
zaznamenan do jediného energetického intervalu (kandlu, binu). Ve vétsiné piipadil je tato
vlastnost vyhodna, nebot” stanoveni Cisté plochy piku se redukuje na vycteni jediné hodnoty
z vystupniho souboru. Pokud se ale vysledky simulace maji srovnat s méfenim, je tieba
energeticka spektra patficné rozsitit (rozmyt). To lze ud¢€lat piimo v MCNPX volbou GEB
(gaussian energy broadening), ale neni to vyhodné, nebot’ rozmyti je provedeno ndhodnym
vzorkovanim Gaussovské distribuce. Rozsiteni pikli se provadélo analyticky mimo prostiedi
MCNPX (post processing), jen kdyz to povaha ulohy vyzadovala.

Vypocty byly provadény s takovym poctem primarnich ¢astic, aby bylo dosazeno rozumné
statistické presnosti vypoctu. Relativni standardni odchylka bodovych vypocti (pro jeden
energeticky interval spektra) byla zpravidla okolo 0,5% a nikdy nepiekrocila 1%. U simulaci
celych energetickych spekter byla celkova relativni odchylka pod 10%, pficemz nékteré
ojedinglé biny mohly vykazovat vyS$§i miru nejistoty.
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2.2 Vyvinuté materialy a metody

2.2.1 Stredni polomér hlavy
Stfedni polomér hlavy r byl zaveden jako parametr popisujici rozmér fyzikalnich a voxelovych
fantomt nebo realné osoby. Jeho zdkladem byly tfi rozméry:

A obvod hlavy
B vzdalenost od ucha k uchu pres temeno
C vzdalenost od ptile ¢ela po tylni hrbol.

Jednotlivé rozméry jsou vyznaceny na obrazku 5. Stfedni polomér hlavy se vypocte z rovnice
14

1 A
r=—x| —+B+C|, Rovnice 14
3z \ 2

kde A, B a C maji vyse uvedeny vyznam a jsou uvedeny v cm. Vstupni rozméry A, B a C
stanovujici stfedni polomér hlavy r nejsou idedlni parametry, ale vznikly s ohledem
k existujicim datim redlnych osob [12]. Pro voxelové fantomy nebo redlné fantomy
s dostupnou CT studii byl stfedni polomér hlavy stanoven jako aritmeticky primér Sitky, délky
a vysky hlavy, nebot’ tento pfistup je piesnéj$i. Vhodnéjsi metodou stanoveni stiedniho
poloméru hlavy u lidskych subjekta by bylo uziti obkro¢ného meétidla nebo digitalni fotografie
s méefitkem.

Obrazek 5 Rozmery lebky pro vypocet stiedniho poloméru hlavy (skica Leonardo da Vinci)

2.2.2 Fyzikalni fantom CSR

Skupinu fyzikalnich fantomt z kapitoly 2.1.2 doplnil v roce 2012 ¢aste¢né€ anatomicky fantom.
Ten byl vytvofen pro potfeby mezinarodniho porovnani, které zorganizovaly pracovni skupiny
vnitiniho ozateni (WG7) a vypocetni dozimetrie (WG6) sdruzeni EURADOS (European
Radiation Dosimetry Group). Jednim z tkolt tohoto porovnani bylo srovnat simulace in-vivo
detek¢éniho systému s redlnym méfenim. To by Slo provést i s fantomy BfS nebo BPAM-001,
ale utéchto fantomti chybi nékteré potfebné informace nebo nejsou znamy s rozumnou
piesnosti. Pfedev§im neni piesné znama prostorova distribuce 2! Am. Novy fantom vznikl ve
spolupraci kolegli z Ceské a Slovenské republiky, aproto je oznadovan zkratkou CSR.
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Detailni popis fantomu lze nalézt v ptfiloze [22]. Souhrnné informace o vSech pouzitych
fyzikalnich fantomech Ize nalézt v tabulce 2.

Tabulka 2 Oznaceni a zdakladni parametry fyzikalnich fantomii

material o o aktivita  nahrada mékkych voxelovy
fantom L. distribuce aktivity b L
kostni tkané (Bq) tkani model

BPAM-001 kost skutecna, 25 let po pfijmu 303 tkanim ekvivalentni Ano
UCIN kost povrchova?® 59000 tkanim ekvivalentni Ne
BfS kost povrchova? 5400 parafin Ano
NRPI kost plosny zdroj - neni Ano
CSR sadra+gaza povrchova 1000 polyurethan Ano

2 omezend informace, ° aktivita k datu vyroby

2.2.3 Voxelové fantomy

V pribéhu prace byly vytvoreny celkem Ctyii voxelové fantomy. Primarni data pro tvorbu
fantomu pochazela ze studii ziskanych vypocetni tomografii. Obrazky ve formatu DICOM byly
zbaveny Sumu a okolnich nezadoucich struktur, pfedevsim stolu a podpiirnych ¢i fixacnich
pomucek. Dal§im krokem zpracovani bylo potlaceni vysokohustotnich artefaktti. Suprese
hvézdicového efektu zplisobeného dentdlnimi ndhradami nebo jinymi kovovymi objekty je
po procesu rekonstrukce obrazu (v piivodnim zafizeni) zna¢né komplikovana, a proto jde vzdy
o0 jisty zdroj nejistoty. Vyc€istény a artefaktl prosty datovy soubor byl segmentovan za pouziti
morfologickych operatort pracujicich s bindrnimi nebo osmibitovymi obrazky (dilate, erode,
fill holes), prahovani (thresholding), ru¢ni editace a operatorii pracujicich s vice datovymi
soubory jedné studie (odecteni, secteni, rozdil).

Voxelovy fantom Linda vznikl jako prvni na zdkladé CT studie 38let¢ Zeny [23]. Data
pochazela z Institutu klinické a experimentalni mediciny (IKEM) a byla poskytnuta diky
laskavosti MUDr. Dany Kautzmerové, vedouci Oddéleni vypocetni tomografie. Rezy, celkem
880, byly pofizeny na zafizeni Siemens SOMATOM Sensation a jejich tloustka byla 0,6 mm
s posunem stolu 0,3 mm. SkuteCnost, ze se jednotlivé fezy piekryvaly, umoznila vyloucit
polovinu snimkil bez ztraty informace, coz snizilo celkovy objem zpracovanych dat. Velikost
jednoho voxelu reprezentovana jednim pixelem (obrazovym bodem) byla 0,4667x0,4667%0,6
mm (v pofadi X, y a z). S tak velkym poctem bunék (cca 6x107) nejsou schopny programy, jako
MCNP a MCNPX pracovat, nebot’ maximalni pocet bunék opakovanych struktur je pro né
limitovan hodnotou 2x107 [19]. Proto bylo pivodni rozliSeni zménéno tak, aby hrana
vysledného kubického voxelu byla 1 mm. Tato iprava redukovala pocet bunék na cca 1,1x10".
Segmentovany fantom obsahuje celkem sedm tkéni, ato kazi, kosterni svalstvo, mozek,
tukovou tkan, lebku, mandibulu a kréni obratle. U kazdé ¢asti kostry je samostatné oznacen jeji
objem apovrch. Dale jsou kostni regiony rozdéleny do tfi podoblasti podle zeslabeni
(elektronové hustoty) z piivodni CT studie. Hlavni motivaci pro dodate¢né déleni byla snaha
0 co nejveérnéjsi popis kostry vzhledem k zeslabeni fotont s energii do 60 keV. Plnad verze
fantomu je zna¢né narocna na pameét, a proto vznikla pro potieby nékterych vypocti i verze
s dvojndsobnou hranou voxelu. Fantom oznacovany jako Linda-simple ma i mensi pocet
segmentovanych oblasti, to jest dvé kostni a jednu nahrazujici mekké tkané.
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O nékolik let pozdé€ji vznikly matematické modely fyzikalnich fantomi BPAM-001 a BfS [24].
To bylo umoznéno uvolnénim CT studie fantomu BPAM-001 a zapijcenim fantomu BfS,
pro ktery byla zhotovena jeho CT studie. Model fantomu BPAM-001 je sloZen z cca 8,6x10°
voxell s hranou 0,95%0,95x1,25 mm. V modelu se uvazuji dva druhy kostni tkan¢ ozna¢ované
jako tvrdd a mé&kka kost. Toto rozliSeni nelze ztotoZilovat s kortikdlni a trabekuldrni kostni
tkani, ale odrazi elektronovou hustotu, atedy zeslabeni pozorované v primarni CT studii.
Kostni tkai je téZ délena podle toho, zda obsahuje nebo neobsahuje 2*! Am.

Model fantomu BfS je o poznani jednodusi. Jsou v ném segmentovany jen Ctyfi oblasti: kost,
kovové spojky a dvé rozdilné€ husté oblasti s parafinem. Kostni tkan byla dodatecné rozd€lena
na povrch a objem. Fantom je uvnitf vyplnén Cockovitymi objekty z parafinu. Okraje této
vyplné jsou mensi nez rozliSeni vypocetni tomografie, a tak je jim v CT studii pfifazena nizsi
hodnota zeslabeni vyjadienda Hounsfieldovou jednotkou (HU). Podil jednotky HU okraje
a zcela vyplnéného elementu se rovna jedné poloving. Piitomnost neuplné vyplnénych voxeli
je vyfesena rozd€lenim regionu s parafinem na dvé podoblasti s rozdilnou hustotou.

Posledni voxelovy model vznikl k CSR fantomu. Rovinné rozliSeni primdrni studie bylo
snizeno v obou osach (x a y) na polovinu, a tak vysledny voxel ma rozmeéry 0,7x0,75x0,7 mm.
Nestejna velikost hrany voxelu v ose x a y vznikla v disledku orientace fantomu pii CT studii
anemd zadny negativni vliv. Ve voxelovém fantomu jsou rozliSeny tfi rizné hustoty
polyurethanu a aktivni, respektive neaktivni sddrova ¢ast. Detailni popis a rozbor uzitych
materiali je uveden v [22].

Souhrnné informace o voxelovych fantomech poskytuje tabulka 3. Materialové slozeni fantomt
1ze nalézt v ptilozenych publikacich [23] [24] [22].

Tabulka 3 Prehled vytvorenych voxelovy fantomii

fantom rozliSeni voxelu pocet fyzikalni re
(mm) voxell (x,y,z) kostnich tkdni ostatnich tkani  fantom  (cm)
BfS 0,78x0,78x1,50 234x173x137 1 3 Ano 8,8
BPAM-001 0,95x0,95x1,25 228x204x186 4 3 Ano 10,0

CSR 0,70x0,75%x0,70  241x217x162 1 3 Ano -
Linda 1,00x1,00x1,00 187x223x257 9 4 Ne 9,4
Linda-simple  2,00x2,00x2,00 94x112x129 2 1 Ne 9,4
ICRP-female  1,78x1,78x4,84  111x129x50 12 35 Ne 9,4
ICRP-male 2,14x2,14%8,00 93x116x37 15 35 Ne 10,0

2 stfedni polomér hlavy

2.2.4 Modely detektort

Redlné detektory z kapitoly 2.1.1 byly modelovany na zakladé dostupnych dat od vyrobce
a n¢které jejich parametry byl stanoveny experimentalné. K témto parametrim patii naptiklad
energetické rozliSeni nebo tzv. mrtva vrstva. Obé veli€iny jsou funkci nastaveni aparatury
a mohou se s asem ménit. Mrtva vrstva je ¢ast krystalu, z které neni v ptipadé depozice energie
IZ sebran uziteCny signal. U starych detektori 13 a20 byla tato vrstva stanovena
experimentalné pomoci nékolika zafich emitujicich soucasné (minimalné) dva fotony
s dostate¢né rozdilnym zeslabenim v materidlu krystalu (germaniu).Dobrym piikladem je

napiiklad 2!°Pb (10,8 a 45,6 keV) nebo 2*'Am (13,9, 26,3 a 59,54 keV).
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Podil ploch dvou pikli s riznou energii po opravé na nestejny vytézek odrazi vliv zeslabeni
okénka a mrtvé vrstvy. Stejny podil ploch téchto pikti byl hledan v simulacich s proménnou
tloustkou neaktivni vrstvy a konstantnimi parametry okénka. Nejistota této metody stanoveni
mrtvé vrstvy, vyjadiena relativni smérodatnou odchylkou, zavisi na poctu pouzitych zdroj, ale
neni zpravidla nizsi nez 20%.

Trojdimenziondlni modely detektori jsou znazornény na obrazku 6 aneobsahuji ¢asti
za germaniovym krystalem.

‘ okénko (kompozit) ‘ obal (slitina Al)

‘ mylarovafolie ‘ krystal (Ge)

‘ drzak detektoru (Cu)

‘ krystal (Ge)

‘ elektroda (Cu) ‘okénko(kompozit)

Obrdzek 6 Modely redlnych detektorii (Ortec LX-70450-30P4- vievo, Canberra GL2020R —
vpravo)

Dlvody zjednoduSeni jsou dva. Vyrobce neposkytuje popis uchyceni a napojeni krystalu
na chladici systém. Chybéjici ¢ast ma mizivy vliv na zkoumanou veli¢inu (detekéni G¢innost)
a jen ¢astecné ovliviiuje spektrum rozptyleného zafeni. VSechny modely byly pied pouzitim
verifikovany vici vysledkim méteni s bodovymi zafici.
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3 Fyzikalni kalibraéni fantomy

Celot&lovy pocita¢ v SURO, vybaveny dvéma detektory 13 a 20 byl v prib&hu let kalibrovan
celkem c¢tyfmi fyzikalnimi kalibra¢ni fantomy. Kazdy z obou detektorti byl umistén 3 cm

od jedné spankové kosti, jak je mozno vidét na obrazku 7.

in W

Obrdzek 7 Geometrie méfeni aktivity vlebce — celotélovy pocitac SURO v Praze
na Vinohradech pred rekonstrukci

Méfenim stanovena detekcéni tcinnosti (obou detektoru) pro y zareni s energii 59,54 keV je
uvedena v tabulce 4.

Tabulka 4 Detekcni ucinnosti fyzikalnich fantomii merené detektorem 13 a 20

stfedni polomér hlavy r detekéni Ucinnost®
fantom Y . ,
(cm) (pocet na emitovany foton)
BPAM-0001 10,0 0,0055°
UCIN 9,9 0,0067
SURO 8,9 0,0110
BfS 8,8 0,0122

2 celkova ucinnost detekce fotond s energii 59,54 keV
b detekéni Ucinnost dFive uzivana v SURO jako vychozi

Z tabulky je patrno, ze minimalni a maximalni hodnota kalibra¢ni konstanty se 1i8i vice nez
dvojnasobné, coz vnasi nemalou nejistotu do vysledné stanovené aktivity lebky, respektive celé
kostry. Pozorovany nesoulad byl publikovan jiz v praci Malatové a kol. [13], ale zadné daty
podlozené vysvétleni nebylo podano. Tak zna¢na neshoda, pfedevsim mezi detekéni i¢innosti
fantomi BPAM-001 a BfS, iniciovala hledani jeji pficiny.

Jednim z moznych vysvétleni pozorovaného jevu mohla byt zavislost detekéni ucinnosti
na velikosti fantomu. Proto byl na zaklad¢ dostupnych dat zaveden stfedni polomér hlavy (viz
kapitola 2.2.1) a byla hleddana zéavislost detek¢éni ucinnosti na tomto parametru. Soubé&zné
s timto pfistupem se provadély simulace, v kterych se skutecna hlava ¢loveéka aproximovala
koncentrickymi koulemi.
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Sférické modely hlavy uvazovaly tloustku kosti 10 mm a mékké kryci tkdn€¢ 5 mm. Vnitini
prostor byl bezezbytku vyplnén materidlem stejného slozeni a hustoty jako lidsky mozek. Zdroj
byl simulovan homogenné v celém objemu reprezentujicim kost. Vysledky téchto simulaci
znazorhuje obrazek 8.

o fyzikdlnf fantomy
koneentrické koule

— - C:.. TR ORI

g 0,017 --+---fantom Linda s mékkymi tkanéni (objemovy zdroj)
:§ - . ——&—fantom Linda s mékkymi tkanéni (povrchovy zdroj)
5 = @ fantom Linda bez mékkych tkani (objemovy zdroj)
:qu_.,‘ -3 fantom Linda bez mékkych tkéni (povrchovy zdroj)
©

< 0,012

e
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=]
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—
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=

5o 0,007
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0,002 \ \ \ i
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Stiedni polomér lebky r (cm)

Obrazek 8 Zavislost sumarni detekcni ucinnosti detektorii 13 a 20 pro energii fotonu 59,54 keV’
na strednim poloméru hlavy

Pozorovany nesoulad vysledkii simulaci a méfeni mohl byt zptisoben nékolika faktory. Piedné
aproximace hlavy jednoduchymi objekty nemusela byt dostate¢na. Simulované materidly
a distribuce zdroje se liSily od skute¢nosti. Neposlednim vysvétlenim, které se také zvazovalo,
byla potencialni nedokonalost fyzikalnich fantomu. Pfimocarym feSenim, které Zel neslo v roce
2007 uskutecnit, by bylo vytvoteni voxelové verze fyzikalnich fantomt na zakladé CT studie.
Z nedostatku jinych moznosti vznikl voxelovy hlavovy fantom Linda. Jeho detek¢ni Gi¢innost
ani stiedni polomér hlavy se nepodobaly zddnému z fyzikalnich fantomu. Proto byl zvétSen,
respektive zmensen tak, aby se redlnym fantomim podobal. ZvétSeni, respektive zmenseni
fantomu se docililo zménou hrany voxelu. V disledku toho doslo ke zméné tloustky kryci
tkang, aproto se ziskané detekéni tucCinnosti kompenzovaly opravnym koeficientem.
V simulacich s fantomem Linda se uvazovaly dvé distribuce aktivity: homogenni distribuce
zdroje v kostnim objemu a rovnomeérné rozlozeni aktivity na povrchu kosti. Povrchovy zdroj
byl napodoben okrajovymi voxely kostnich tkani, z kterych byly v simulacich emitovany
primarni fotony. Ob¢ distribuce napodobuji ty, které je mozno sledovat na fyzikéalnich
fantomech (viz kapitola 2.1.2). Ttetim zkoumanym parametrem byl vliv mckké tkané
na detek¢éni u€innosti. Proto probehly jak simulace fantomu s veSkerou mekkou tkani, tak jen
samotné lebky. Uvazované konfigurace predstavuji mezni stavy fyzikélnich fantomu
a vysledky jsou vykresleny na obrazku 8. Tyto vysledky prokazuji nemaly vliv velikosti hlavy,
pritomnosti meékkych tkani a distribuce zdroje na detekéni UCinnost. Na druhé strané
neposkytuji pfimé vysvétleni rozdilné ucinnosti fyzikalnich fantomti BfS a BPAM-001 jakoz
1 voxelového fantomu Linda.
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3.1 Pfimé srovnani fyzikalnich fantomu a jejich voxelovych modell
Teprve uvolnéni CT dat fantomu BPAM-001 a zapiij¢eni fantomu BfS otevielo cestu k piimé

konfrontaci téchto fantomi s jejich voxelovymi reprezentacemi. Jiz letmy pohled na obrazek 9
s CT fezy obou fantoml poukazuje nanedostatecnou vyplii nahrazujici mozek nebo
na nerovnomeérnou tloustku povrchové kryci vrstvy fantomu BPAM-001. Detailnéj$i studium
odhalilo, Ze n&které uZzité materidly maji niz$i zeslabeni, nez by odpovidalo redlnym tkanim.
Napiiklad fantomy byly vyrobeny z vysuSenych kosti nebo bylo v ptipad¢ fantomu BfS uzito
parafinti jako ndhrady mékkych tkéni. U fantomu BPAM-001 se pfislo na rozdilnou velikost
a nepfesné sesazeni dvou polovin lebek, jak mozno pozorovat na obrazku 9.

Obrazek 9 Rezy fantomy BfS (vlevo) a BPAM-001 (vpravo) — obrdzky nejsou v mévitku

Zapujceny fantom BfS byl nejprve méfen pomoci vSech Ctyt detektorti v geometrii z obrazku
10 a stejné konfigurace byla téz simulovana.

Obrazek 10 Geometrie méreni fantomu BfS, cisla oznacuji detektor (vlevo) a jeji reprezentace
v simulaci (vpravo)
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Porovnani simulace a méteni shrnuje tabulka 5.
Tabulka 5 Srovnani merené a simulované detekcni ucinnosti ctyr detektoru pro fantom BfS

oznaceni detektoru

ucinnost® Celkem
13 20 35 36

méreni 0,0067 0,0064 0,0124 0,0158 0,0420

simulace 0,0065 0,0063 0,0127 0,0152 0,0407

simulace/méreni 0,97 0,98 1,02 0,96 0,97

2 pocet detekovanych impulst na jeden emitovany foton s energii 59,54 keV

Z uvedeného vyplyva, ze ptivodni kalibra¢ni konstanta fantomu BfS z tabulky 4 odpovida nové
naméiené hodnoté v ramci 10% nejistoty. Detekéni ucinnost ziskand simulaci se nelisi
od méfeni vice nez o £5%. Pozorovany rozdil v obou ptipadech spada do nejistoty nastaveni
pozice detektort, ktera byla odhadnuta z dlouhodobych méfeni subjektti na cca 10% [12].

Fantom BPAM-0001 byl simulovan a méfen v geometrii z obrazku 7. V simulacich se
uvazovaly tfi distribuce aktivity v kostfe ve snaze zjistit, do jaké miry tento parametr ovliviluje
detek¢ni ucinnost.

Tabulka 6 Srovnani mérené a simulovanych detekcnich ucinnosti pro fantom BPAM-001

plvod dat distribuce aktivity v kosti ucinnost®
méreni skutecnad 25 let po pfijmu 0,0055?
simulace homogenni v celém kostnim objemu 0,0059
simulace homogenni v objemu tvrdé kosti 0,0061
simulace homogenni v objemu mékké kosti 0,0051
pomeér (simulace s homogenni distribuci aktivy v celé kostfe/méreni) 1,065

2 pocet detekovanych impulsl na jeden emitovany foton s energii 59,54 keV

Podil simulované detekcni ucinnosti a méfeni se pro vSechna uvazovana rozlozeni aktivity
pohybuje do £7%, coz lze povazovat za velmi dobry vysledek. Redlna distribuce aktivity
ve fantomu BPAM-001 je castetné popsana v ¢lanku Mclnroye a spolupracovnikl [25].
Koncentrace aktivity na gram mokré tkdné€ byla na zaklad¢ uvedené publikace stanovena takto:
0,83 Bgxg! pro okcipitalni parietalni a vétsi ¢ast frontlni kosti, 0,78 Bqxg™! pro spankovou
kost, maxilu a ¢ast frontalni kosti. Nejnizsi koncentrace 0,55 Bqxg™' byla nalezena v mandibule.
Uvedené rozdily v koncentraci nejsou piili§ vyznamné s vyjimkou dolni celisti, kterd
predstavuje jen cca 9% celkové hmotnosti lebky a je pomérné vzdalena obéma detektortim.
Niz8i objemova aktivita mandibuly byla nasimulovdna v samostatném vypoctu. Vysledna
detekéni ucinnost byla srovnana s hodnotou, kterd byla ziskana ptfi homogennim rozloZenim
aktivity. Pozorovany rozdil £1% nelze povazovat za nevyznamny vzhledem k ostatnim
nejistotdm. Zminéné vysledky pro danou geometrii méteni naznacuji, ze homogenni distribuce
2Am v celém objemu aktivni poloviny lebky fantomu je rozumna aproximace skute¢né
distribuce radionuklidu. Pro méfeni s malym detektorem v tésné blizkosti povrchu uvedena
aproximace nemusi byt dostacujici, nebot’ rozdilné koncentrace aktivity v jednotlivych kostech
nabudou na vyznamu.
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Nedostatecné vyplné fantomtt BfS a BPAM-001 navysSuji méfenou detek¢éni t¢innost oproti
skutecné lidské hlavé. Kvantitativni vliv této nedokonalosti byl zkoumén ve dvou simulacich.
Hustota a sloZeni kostnich tkani fantomt byly nahrazeny realnymi hodnotami dle doporuceni
ICRP [26] [27] [28]. Chyb¢jici vnitini vypln jakoZ i jeji hustota a sloZeni byly opraveny tak,
aby se co nejvice blizily skute¢nosti. Ziskané detekéni t€innosti shrnuje tabulka 7 a 8.

Tabulka 7 Srovnani simulované detekcni ucinnosti ctyr detektorii pro piivodni a upraveny

fantom BfS

oznaceni detektoru

ucéinnost? celkem
13 20 35 36

pavodni® 0,0065 0,0063 0,0127 0,0152 0,0407

upraveny* 0,0055 0,0051 0,0098 0,0126 0,0335

pomér (upraveny/pavodni) 0,85 0,81 0,77 0,83 0,82

2@ pocet detekovanych impuls(i na jeden emitovany foton s energii 59,54 keV
® materialové sloZeni odpovidd Gdajim z CT studie
¢ modifikovan tak, aby se bliZil strukturou a sloZzenim realné hlavé

Tabulka 8 Srovnani simulované detekcni ucinnosti dvou detektorii pro pitvodni a upraveny
fantom BPAM-001

oznaceni detektoru

ucinnost® celkem
13¢ 20

pGvodni® 0,0008 0,0051 0,0059

upraveny® 0,0003 0,0042 0,0045

pomeér (upraveny/pavodni) 0,37 0,81 0,76

2 pocet detekovanych impulst na jeden emitovany foton s energii 59,54 keV
® materialové sloZeni odpovidé Gdajim z CT studie

¢ modifikovan tak, aby se bliZil strukturou a sloZenim redlné hlavé

4 detektor umistén na opalné strané lebky nez aktivni ¢ast

Vysledky obsazené v této kapitole poskytuji vysvétleni rozdilné uc¢innosti fantomtit BPAM-001
a BfS z tabulky 4. Monte Carlo vypocty jsou schopny vérné nasimulovat odezvu detekéniho
systému s voxelovou reprezentaci skute¢ného fantomu, a proto rozdil v odezvé obou fantomt
musi byt zplsoben jejich rozdilnou konstrukci. Hlavni pfi€iny rozdilné odezvy fantomi
BPAM-001 a BfS jsou: nestejna distribuce **' Am v kostni tkdni a také zna¢na diference ve
velikosti hlavy. Fantom BPAM-001 s obvodem 60 cm je spolehlivé za hranici 95 percentilu
a fantom BfS neptekracuje ani prvni percentil v dosp€lé populaci.
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Na zakladé téchto poznatki Ize konstatovat, ze ani jeden ze zkoumanych fantomt neni ideadlnim
nastrojem pro kalibraci detekéniho systému. Tuto situaci lze fesit bud’ vytvofenim vérnéjSiho
fyzikdlntho modelu hlavy, nebo pouzitim vypocetni kalibrace. Néavrh na vytvofeni
standardizovaného fyzikalniho kalibra¢niho fantomu byl podan v rdmci EURADOS, ale zatim
neni jasné, zda tento projekt bude podpoten. Piesto jiz lze na zdklad¢é vyse uvedenych studii
a praktickych poznatkli nacrtnout jeho potiebné vlastnosti:

1. Rozméry fantomu by mély odpovidat referenénimu jedinci, nebo primérnému tvaru
a velikosti lebky v populaci.

2. Uzité materidly by se mély podobat redlnym tkénim, ale fantom by nem¢l obsahovat
lidské ostatky (komplikace pii prepravé). Tyto materidly by mély vykazovat
dostatecnou tvarovou stalost pii teplotach docca 80 °C. Materidly by mély byt
dostate¢né trvanlivé a nemély pfili§ ménit své vlastnosti s Casem.

3. Aktivita >*' Am by méla byt rozlozena v celém kostnim objemu. Povrchova distribuce
radionuklidu vede k vyssi detekéni G¢innosti (viz obrazek 8), a tak hrozi podhodnoceni
stanovované aktivity hlavné u méfeni subjektii v Casech velmi vzdalenych okamziku
piijmu.

4. Aktivita fantomu by méla byt, pokud mozno, pod zproStovaci Grovni vétSiny stata (t;.
pod 1 Bgxg! dle Direktivy 2013/59/Euratom).

5. Povrch fantomu by mél byt omyvatelny a opatieny zamérnou siti, aby se mohla Iépe
definovat geometrie méfeni.

6. VSechny parametry fantomu by mély byt znamy s dostatecnou piesnosti pro sestaveni
matematického modelu.

Vytvoteni standardniho fyzikalniho fantomu neni vSeobjimajici feSeni problematické kalibrace
detek¢niho systému. Ani simulace metodou MC nejsou dostatecné vérohodné pro vétSinu
autorit zajist'ujici radiani ochranu. Idedlnim feSenim by mohla byt souc¢innost obou pfistupti.
Standardni fyzikalni fantom by slouzil k navazani simulaci na realitu, pfipadné poskytl zakladni
kalibraci pro stiedni velikost hlavy v laboratofich, které nedisponuji vypocetni metodou.
Simulace by rozsitily kalibraci za ramec moznosti fyzikalniho fantomu. Aplikace standardu by
odstranila systematické rozdily ve vysledcich riznych pracovist.
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4 Studium vlastnosti voxelovych fantom0 hlavy

K tomu, aby se dalo uzivat vypocetni kalibrace detekcniho systému pro stanoveni aktivity
241 Am je potieba prokazat, Zze voxelové fantomy jsou dostate¢né piesné v popisu skuteénych
hlav. VétSina publikaci s uZitim voxelovych fantomi neuvazuje jejich nejistoty. Ty l1ze rozdélit
do nasledujicich kategorii:

1. geometrickd ptesnost (rozliSeni)
2. nejistota segmentace
3. materidlové slozeni

4.1 Geometricka presnost

Voxelové fantomy jsou tvofeny z elementarnich objema konecné velikosti. Klicovou otazku
1ze formulovat nasledovné. Jaké rozliseni musi mit voxelovy fantom, naptiklad ke kalibraci in-
vivo detekéniho sytému stanovujiciho lebeéni aktivitu >*' Am, aby jeho pouziti signifikantné
neovlivitovalo simulované hodnoty.

Ve snaze zjistit, jaky vliv ma velikost voxelu (tj. rozliSeni fantomu) na simulovanou detek¢ni
ucinnost, bylo snizeno prostorové rozliSeni fantomu Linda. Velikost hrany voxelu byla zvétSena
z 1 mm na 2, 3 a4 mm. Pfi vzorkovani nebylo uzito spline funkce, jak je obvyklé. Aplikace
této metody, kterd interpoluje za pomoci polynomu (nejcastéji linearniho nebo kubického)
sousedni hodnoty, by znatn¢ zkomplikovala situaci, nebot’ vznikly obraz by bylo tieba
opétovné segmentovat, a proto bylo uzito jiného ptistupu. Z ptivodniho fantomu byla vzdy vzata
krychlova matice obsahujici 8 (pro fantom s hranou voxelu 2 mm), 27 nebo 64 voxeli. Pomoci
generatoru pseudondhodnych cisel s rovnomérné rozlozenou veli¢inou byl z matice vybran
jeden voxel. Tento voxel se pfenesl do zmenseného fantomu a vzorkovaci matice se posunula
na novou pozici v pivodnim fantomu. Posouvani vybérové matice probihalo, dokud nebyl
pokryt cely objem piivodniho fantomu. Rozdil ve vykresleni fantomu s riiznou velikosti voxelu
je znazornén na obrazku 11.

Obrazek 11 Vykresleni fantomu s voxely o hrané 1, 2 a 4 mm

Pro kazdou velikost voxelu bylo vygenerovano 100 reprezentaci fantomu. V simulacich se
vypocetly detekéni ucinnosti, z kterych byl vytvofen histogram na obrdzku 12. Primérnou
hodnotu ze vSech simulaci a jeji smérodatnou odchylkou shrnuje tabulka 9.
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06 W fantom s voxelem 2x2x2 mm
E fantom s voxelem 3x3x3 mm

0,5 [ fantom s voxelem 4x4x4 mm

0,4

relativni ¢etnost

0,3

0,2

0,1

0 -
5,05E-03 5,09E-03 5,13E-03 5,17E-03 5,21E-03 5,25E-03 5,29E-03

detekéni Uc€innost (pocet na jeden emitovany foton)

Obrazek 12 Distribuce detekcni ucinnosti (59,54 keV) simulované na nahodné sestavenych
fantomech s délkou hrany voxelu 2, 3 a 4 mm.

Tabulka 9 Stredni detekcni ucinnost a jeji smérodatna odchylka pro nahodné sestavené fantomy
s délkou hrany voxelu 2, 3 a 4 mm.

velikost hrany voxelu (mm)

veli¢ina
1° 2 3 4
stfedni detekéni G&innost® 5,10E-03 5,10E-03 5,12E-03 5,17E-03
smérodatna odchylka® n/a 1,09E-05 2,31E-05 3,58E-05

2 plivodni velikost fantomu
b po&et impuls(i na jeden emitovany foton s energii 59,54 keV
¢ v dlsledku ndhodného vybéru a zaménou velikosti voxelu

Z tabulky 9 je patrné, ze primérna detek¢ni ucinnost s rtistem velikosti voxelu mirné roste.
Roste 1hodnota smeérodatné odchylky (nejistota stanoveni), ale jeji relativni velikost
nepiekracuje +£1%. Simulované vysledky jsou zatizeny statistickou nejistotou vypocti. Jejich
relativni chyba, pti 5x107 primarné simulovanych fotonech, byla pfiblizné +0,2%. Nejistota
spojena se statistickou povahou vysledki MC mé gaussovské rozdéleni, a tak by neméla
ovlivitovat stfedni hodnotu simulované veli¢iny. To neodpovida vysledkiim z tabulky 9, a tak
lze ptedpokladat, ze posun stfedni hodnoty je zptisobem ndhodnym vybérem a zhorSenym
rozliSenim. Pfestoze pokles prostorového rozliSeni fantomu ma znacny vliv na grafickou
podobu zobrazovaného objektu, jeho vliv na detekéni Gi€innost je pro vyse pouzitou geometrii
pomérné maly. Maximalni relativni rozdil krajnich hodnot detek¢énich ucinnosti ziskanych

na fantomu s hranou voxelu 4 mm a vychozim fantomem (hrana voxelu 1 mm) neptekracuje
+3%.
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4.2 Nejistota segmentace

Ptimy odhad této nejistoty piedpoklada vytvoreni vice verzi fantomu zjednoho souboru
vstupnich dat. Vzhledem k pracnosti a ¢asové narocnosti neni takové teSeni piili§ redlné
proveditelné. Jisté povédomi o nejistoté poskytuje predesla kapitola 4.1. Hodnoty detekéni
ucinnosti ziskané na ndhodné sestaveném fantomu vSak napodobuji jen ndhodné chyby
v segmentaci (n€kolik chybné pfifazenych bodl). Systematickou chybu, tj. zaujaté pfirazovani
obrazovych bodi nékteré segmentované oblasti tento pfistup nepostihuje. Proto byl ucinén
pokus, jak v hrubych obrysech odhadnout systematickou nejistotu segmentace.

Morfologické operatory dilate a erode pracujici s 8bitovymi obrazky byly pouzity na jednotlivé
fezy fantomu Linda. VSechny Casti fantomu byly rozsifeny (dilatovany) respektive zuzeny
(erodovany) jednim nebo dvéma prichody operatoru. Piidanad nebo odebrana vrchni vrstva
hlavy byla upravena tak, aby se zachoval vnéj$i rozmeér pavodniho fantomu. Obrazek 7 ukazuje

zmény v zastoupeni jednotlivych regionti pro jeden vybrany fez fantomem Linda.

Obrazek 13 VIiv morfologickych operatorii na vybrany rez fantomu Linda (zleva: erode 2x,
erode Ix, pivodni, dilate Ix, dilate 2x)

V simulacich bylo okolo lebky rozmisténo osm stejnych detektorti 36, jak demonstruje obrazek
14 a podobnéji popisuje tabulka 10.

Obrazek 14 Rozmisteni detektoru 36 okolo fantomu Linda
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Tabulka 10 Popis pozic detektoru okolo fantomu Linda

pozice vzdalenost?® (cm) priblizny anatomicky popis
1 1 nad temenem posunuté dorsalné 1-2 cm od vrcholu lebky
2 1 namifen na spodni ¢ast okcipitalni kosti
3 3 levd spankova kost
4 3 prava spankova kost
5 1 mezi ¢elni a levou parietalni, pod uhlem 52°
6 1 mezi ¢elni a pravou parietalni, pod dhlem 52°
7 1 prostfedek celni kosti
8 1 mezi parietalnimi kostmi a nad okcipitalni kosti

2 vzdalenost stfedu okénka a fantomu v ose detektoru

Detekéni G€innosti pro fotony s energii 59,54 keV ziskané na takto upravenych fantomech
s objemovou distribuci **! Am v lebce byly porovnany s hodnotami z pivodniho fantomu.
Relativni srovnani pfinasi obrazek 15.

m dilate (2 prlichody)
m dilate (1 prdchod)

1,6 m erode (1 prichod)

t

m erode (2 prichody)

1,4

¢niucinos

v

1,2

relativni detek
=

4

5
pozice detektoru

Obrazek 15 Vliv morfologickych operdatori (simulujicich zaujatou segmentaci) na detekcni
ucinnost. Relativni hodnoty se vztahuji k odezvé z puvodniho fantomu Linda.

Z obrazku vyplivaji dvé zjisténi. Hodnoty detekénich tucinnosti u fantomu s dvakrat
aplikovanym operatorem se li$i od ptivodnich az o -30% a +70%. Dopad aplikovanych zmén
neni stejny pro vSechny pozice detektoru. Nejvice je ovlivnén detektor umistény nad temenem
(pozice 1). Naopak detektory namifené na spankové kosti (pozice 3 a 4) jsou ovlivnény jen
0 £8%. Tento jev zatim nebyl hloubéji zkouman, a tak neexistuje jasné vysvétleni.
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Ucinény pokus je pochopitelné¢ velmi hruby ajeho vysledky je nutno brat s patiicnym
nadhledem. Napftiklad dvoji prichod operatoru dilate (s kruhovym operatorem) vytvori
z osamoceného bodu souvislou oblast o tfindcti bodech, a tak jemné segmentované fantomy
s tenkymi strukturami jsou znacné ovlivnény. Neni pfili§ realné, ze by €lovek prehlédl nebo
Spatng urcil strukturu vétsi nez 3-4 body, coz je o néco méné¢, nez odpovida jednomu prichodu
operatoru. Na zakladé toho 1ze odhadnout chybu systematicky Spatné segmentace zhruba
na +15%.

4.3 Materialové slozeni

Skute¢né tkan€ jsou ve fyzikalnich fantomech nahrazovany tkanové ekvivalentnimi materialy
[15]. U voxelovych fantomt se materialové slozeni a hustota jednotlivych tkani ptebira
z doporuceni ICRP [26] [27]. Zde tabelované hodnoty zpravidla nemaji uvedenou nejistotu.
Vliv uzitého materidlu na detek¢ni ucinnost se da simulovat bud’ pomoci zmény jeho slozeni,
nebo hustoty. Vzhledem k charakteru feSenych uloh, kdy dualezitym jevem je jen zeslabeni
fotonti ve fantomu, postacuje zmena jednoho z vedenych parametri, a tak byla z praktickych
diivodi modifikovana hustota. Prvni odhady byly pro jednoduchou geometrii s dvéma
detektory 13 a 20 publikovany v roce 2007 [23], kde byl zkouman vliv primérné hustoty lebky
na detek¢ni uc¢innost. Hustota kostni tkan¢ byla ménéna s krokem 5% v rozsahu +10%, coz
ovlivnilo celkovou detek¢ni ti€innost jen o £2%, respektive o =4 %.

Komplexné&jsi analyza uvazovala zménu hustoty nejen pro kosti, ale i u mékkych tkani. Hustoty
meékkych tkani a kostry byly modifikovany v nezavislych simulacich v rozmezi £10% s krokem
5%. Ve vypoltech byla simulovdna odezva detektoru 36 umisténého v osmi pozicich
rozmisténych okolo hlavy. Zvolené pozice vychazely zvysledkli kapitoly 5.2 ajsou
vyobrazeny na obrazku 14. Vysledky provedenych vypoctt shrnuje tabulka 11 a 12.

Tabulka 11 Detekcni ucinnosti osmi detektorii vypocitané na originalnim fantomu Linda

pozice detektoru® 1 2 3 4 5 6 7 8

detekéni u¢innost® 0,0086 0,0051 0,0061 0,0058 0,0094 0,0079 0,0088 0,0083

2 podle obrazku 14, ® poéet na jeden emitovany foton

Tabulka 12 VIiv hustoty kosti a mekké tkané na detekcni ucinnost

pozice detektoru?® 1 2 3 4 5 6 7 8

material hustota (rel)® relativni detekcni ucinnost®

kost 0,90 1,05 1,04 1,04 1,04 1,05 1,05 1,05 1,04
kost 0,95 1,03 1,02 1,02 1,02 1,02 1,02 1,02 1,02
kost 1,05 0,98 0,98 0,98 0,98 0,98 0,98 0,98 0,98
kost 1,10 0,96 0,96 0,96 0,96 0,96 0,96 0,96 0,96
meékka tkan 0,90 1,04 1,06 1,04 1,04 1,03 1,04 1,03 1,03
mékka tkan 0,95 1,02 1,03 1,02 1,02 1,01 1,02 1,01 1,02
mékka tkan 1,05 0,99 0,97 0,98 0,98 0,99 0,98 0,99 0,98
meékka tkan 1,10 0,97 0,95 0,96 0,96 0,98 0,97 0,97 0,97

2 oznaceni podle obrazku 14
b podil pouzité a vychozi hustoty
¢ podil pozorované a vychozi ¢etnosti
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Z tabulky 12 je velmi dobte vidét, Ze zména hustoty obou tkani ovliviiuje detek¢ni ti€¢innost
srovnatelné. Pro jednu hustotu tkan¢ z tabulky 12 je relativni detekéni Gi€innost velmi malo
zavisla na poloze detektoru. Data jsou pro rozdilné tkané nezavisla, a tak lze stanovit odezvu
fantomu s libovolnou relativni hustotou kosti a mékké tkané prostym soucinem dvou hodnot.
Zavislost detekéni ucCinnosti na hustoté¢ je prakticky linearni, tj. mezi hodnotami lze
byly vypocteny a publikovany diive [23]. Zavérem lze konstatovat, ze slozeni materiald
pouzitych ve voxelovych fantomech vyznamnéji neovliviiuje detekéni ucinnost. Relativni
smérodatnd odchylka stanovena z priimérnych hodnot tabulky 12 nepiekracuje £6%.

4.4 Celkova nejistota

Voxelové fantomy s hranou voxelu do 2 mm jsou dostate¢né pfesnymi reprezentacemi realnych
hlav, pokud béhem jejich tvorby nedojde k systematicky zaujaté segmentaci. Hrub&j$i modely
1ze také pouzit, le€ jejich rozliSeni limituje pfesnost nastaveni detektort (vzdalenost detektor -
fantom). Celkova nejistota spravné segmentovaného fantomu, jenz je vyplnén materialy
s maximalni nejistotou v jejich hustoté do £10%, je +6,1%. Zde nastinény (konzervativni)
odhad nejistoty voxelovych fantomt je nizsi nez pro dostupné fyzikalni kalibracni fantomy.
Ptesnost pouzitych vypocetnich modelt hlavy je plné postacujici vzhledem k ostatnim jeviim
ovlivitujicim stanoveni aktivity *! Am v kostie (viz kapitola 6).
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5 PouZiti vypocetnich metod v praxi

V ptedeslych kapitoldch byly nastinény nékteré aspekty kalibrace celotélového pocitace
pro potieby stanoveni kostni aktivity *! Am. Nedokonalosti fyzikdlnich fantomi a zavislost
odezvy detekcniho systému na velikosti méfené hlavy vybizeji k uziti vypocetni kalibrace.

5.1 Staré pfipady vnitfniho ozareni

Vypocetni kalibrace se napiiklad pouzila pro zpiesnéni vysledki in-vivo méteni [29]. V SURO
je sledovana skupina pracovnikl s pfijmem 2*'!Am. Skupina se skladala z Sesti muzli a jedné
zeny. Tito pracovnici v 70. a 80. letech 20. stoleti zpracovavali americium dovezené
z tehdejsiho Sovétského svazu. Pivodni chemické slozeni materialu byl AmO,, coz nemusi byt
bezpodmineéné chemické slozeni kontaminujici latky, ikdyz je to nejvice pravdépodobné.
Celkovy pocet in-vivo méteni od roku 1995 do roku 2009 presahl 80. Navic byla provadéna in-
vitro méfeni aktivity vyluCované moci (237 meéfeni) a stolici (169 méfeni). Tak velky soubor
dat lze, pfinejmensim &astecné, vyuzit ke zkoumani biokinetiky 2*! Am v lidském téle v ¢asech
znacn¢ vzdalenych piijmu. Nejistota vSech méteni musi byt co nejmensi nebo dobfe znadma,
aby vyvozené vysledky mély néjaky smysl.

In-vivo méfeni byla provadéna v geometrii z obrazku 7. Ke stanoveni lebecni aktivity se
pted vypocetni metodou pouZzivala kalibra¢ni konstanta ziskédna z fantomu BPAM-001 (0,0055
impulst na jeden emitovany foton). Hodnota kalibra¢ni konstanty fantomu BPAM-001 byla
nahrazena kfivkou z obrazku 8, kterd byla vypoctena s fantomem Linda majicim mekké tkané
a homogenni objemovou aktivitu **' Am v kosti. Sou¢asné byl nahrazen faktor zohledfujici
aktivitu lebky vuci celé kostie (0,157) za realité bliz§i hodnotu (0,125) ziskanou z dat ¢lanku
[12]. Nové stanovené odhady kostnich aktivit vykazovaly oproti ptivodnim nartst o 20 az 60%.
Zptesnéné hodnoty byly uzity k analyze biokinetiky 2*'Am, z které vyplynuly zavéry
publikované v ¢asopise Health Physics [29].

5.2 Studium geometrie méreni

Celotélovy pocitat SURO byl ptivodné vybaven jen dvéma detektory 13 a20. Jejich staii
a pfedev§im malé detek¢ni plochy vedly k zakoupeni dvou vétSich detektort. Nové a staré
detektory bylo tfeba nastavit do méfici geometrie. Vhodné rozestavéni detektorti okolo hlavy
vySetfovaného subjektu bylo zkoumano pomoci MC simulaci. ReSena situace se ¢asteéné

ucinnost a zaroven, aby nejistota v jejich pozici mela maly vliv na detekéni ucinnost?

Prvni informace o moznych geometriich méfeni pochazely z publikaci jinych pracovist' [30]
[31]. Dalsi navrh pfineslo studium prostorového rozlozeni fluence fotoni s energii 59,54 keV
emitovanych z voxelového fantomu Linda. Ve vypoctu se zaznamenavaly fotony pomoci mesh
tally 1 (procedura sleduje fluenci Castic nezdvisle na geometrii ulohy) s kubickymi elementy
o hran¢ 5 mm. Dva fezy na obrazku 16 demonstruji, ze méteni ma smysl provadéet jen v horni
poloving hlavy. Souhrn vSech péti geometrii, véetné¢ dvou nové navrzenych, ukazuje obrazek
17.
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Obrazek 16 Fluence fotonii s energii 59,54 keV okolo voxelového fantomu Linda (sagitalni rez
vlevo, transverzalni rez vpravo).

r

Obrazek 17 Uvazované umisteni dvou,detektorﬁ vzhledem k fantomu Linda: A — dle [30], B —
vertikalni geometrie dle [31], Co — SURO geometrie dle [13] , Cn — modifikovand geometrie
SURO, D — predozadni geometrie

Nasledné vypocty byly provadény jen s modelem detektoru 36 (viz tabulka 1). Volba detektoru
nebyla ndhodna, nebot’ Slo o model, jehoz parametry jsou velmi podobné konkurenénimu
detektoru od firmy Canberra jak patrno z tabulky 13. Rozdil v tloust’ce krystalu stejné jako
tloustka a material okénka nejsou pro sledovanou energii 59,54 keV vyznamné.
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Rozdilnd vzdalenost krystal-okénko muze hrat roli u méteni v tésné blizkosti zdroje, ale je
srovnatelnd s pfesnosti umisténi detektort. Pro kontrolu byla simulovéna detekéni Gi€innost
obou detektorli ozatovanych bodovym zaficem vzdalenym 30 cm od stfedu jejich okének.
Model detektoru GL3825R byl ptevzat z prace [32]. Relativni rozdil vypoctenych odezev €inil
jen £0,6%. Uvedeny rozdil zahrnuje 1 nejistotu v disledku statistické povahy vysledkii metody
MC, atak lze vysledky z detektoru 36 zobecnit i1 na detektory s obdobnou konstrukci
a rozmérem krystalu.

Tabulka 13 Parametry detektorit LX-70450-30P4 a GL3825R

vlastnost Canberra (GL3825R) Ortec (LX-70450-30P4)
prameér krystalu (mm) 70 70

vyska krystalu (mm) 25 30

tloustka okna (mm) 0,6 0,5

FWHM @ 5,9 keV (eV) 475 450

FWHM @ 122 keV (eV) 750 725
vzdalenost krystal-okno (mm) 5 4

Nejprve byla simulovéana vychozi vzdalenosti detektorti od fantomu. Ziskané detek¢ni ucinnosti
jsou uvedeny v tabulce 14 spolecné s témi, které byly publikovany v pivodnich publikacich.
Uvedeni plvodnich dat ma cisté informativni charakter. Srovnani s nové vypoctenymi
hodnotami neni moc dobfe moZné, nebot’ se neshoduji pouzité fantomy a v nékterych ptipadech
1 pocty a velikosti detektort.

Tabulka 14 Porovnadni navrhovanych geometrii

L detekéni G€innost
oznacenl  yvzdalenost

) (pocet na emitovany foton) poznamka k pUvodni studii
geometrie  (cm)? y S -
nova plavodni
A ~1 0,0184 0,0187 2 detektory, Alderson fantom
B 4 0,0124 0,0192° 4 detektory, Zubal fantom
G 3 0,0105 0,0055 2 detektory s plochou 20 cm?, BPAM-001
Cm 3 0,0121
D 1 0,0178

2 vzdalenost mérend od stfedu okénka rovnobézné s osou detektoru k povrchu fantomu

b yzdalenost méFena od stiedu okénka k nejblizsimu bodu na fantomu

Mimo to byla vzdalenost fantom-detektor ménéna s krokem 1 cm v obou smérech, pokud to
geometrie povolovala. Nejvétsi simulovana vzdalenost nepiesahovala 4 cm, nebot’ umisténi
detektoru dale vede jiz k velmi malym detekénim ucinnostem. Vysledky téchto simulaci
poskytuje obrazek 18.
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Obrazek 18 Zavislost detekcni odezvy na vzdalenosti dvou detektorii 36 v geometriich z obrazku
16.

Detekéni ucinnost znaéné klesd se zvySujici se vzdalenosti detektoru od hlavy. Pfi stejné
vzdalenosti detektor-hlava poskytuji nejvyssi detekéni ucinnost dva detektory nad temenem
(pozice B). Tato konfigurace vSak neumoznuje posunout detektory blize nez 2 cm od hlavy,
nebot’ by doslo k jejich priniku do téla fantomu. Nejvyssi detekéni i¢innosti maji geometrie A

v

detek¢ni ucinnosti v celém intervalu sledovanych vzdalenosti.

Odpovéd na druhou Cast zadéni, tj. malou zavislost na dislokaci detektoru, se c¢astecné skryva
v predeslém obrazku, kde lze pozorovat vliv vzdalenosti. Nejprudceji klesd se vzdalenosti
detek¢ni ucinnost pro geometrii D, o néco méné¢ A a B, které s odstupem ndsleduje Cp.
Na vzdélenosti je nejméné zavislé uspofddani Co. Data zobrdzku 18 byly prolozeny
exponencialni funkci a z jeji smérnice byla odhadnuta nejistota v diisledku posunuti detektoru
0 +0,5 cm. Tuto analyzu doplnilo zkouméani vlivu posunuti detektoru v roviné€. V oblasti od -2
do 2 cm od spravné pozice v obou osach byla pocitdna detek¢ni ucinnost. Odezva nebyla
pocitana pro kazdy bod rovnomérné mtizky s krokem 1 cm, ale jen na diagonalach obsahujicich
centralni hodnotu nebo na diagonalach soubéznych. Z téchto hodnot byla stanovena relativni
standardni odchylka a scattering factor. Zadny z takto stanovenych parametrii (vliv vzdalenosti
a posunuti v roving) ani jejich kombinace nemély za cil absolutni odhad nejistoty pozice. Jejich
zavedeni slouZilo jen k relativnimu srovnani zkoumanych geometrii. Vysledky shrnuje tabulka
15, zkteré je patrné, Ze zéavislost detekéni uc€innosti na vzdalenosti je ptiblizn€ stejna
pro vSechny geometrie. Naopak vliv posunuti detektoru v rovin¢ jeho okénka je znacné
rozdilny.
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Tabulka 15 Relativni srovnani nejistoty zapricinené dislokaci detektorii pro uvazované
geometrie mereni s dvema detektory 36.

relativni ukazatel nejistoty

geometrie
vzdalenost detektor-fantom posun v roviné okénka celkovy
1,08 1,05 1,10
B 1,08 1,12 1,15
Co 1,07 1,09 1,11
Cm 1,07 1,04 1,08
D 1,09 1,05 1,10

Spojenim informaci o detek¢éni uc¢innosti a nejistoté v dusledku pozice lze nalézt vhodnou
geometrii méfeni se dvéma detektory. Nejlepsi pozici je geometrie A. Poskytuje nejvyssi
detek¢ni ucinnost a jeji odezva je ovlivnéna zménou pozice piijatelné. Velkou vyhodou oproti
nastaveni D je, Ze vySetfovana osoba nema detektor pied oblicejem, protoze to miize
u nékterych subjektd pisobit znacné komplikace. Pro Ctyti detektory se nabizi usporadani A+D.
Ptivodni geometrie ze SURO (Co) je nejméné zavisla na zméné vzdalenosti, ale posun v roving
je spojen s piiliSnou variabilitou v detekéni ucinnosti (méfeném signalu). Posun detektoru
03 cm smérem k temenu ao 2 cm vdorzalnim sméru (geometrie Cn) pfemistil detektor
do oblasti s vétSim vyskytem kostni tkané, ktera je navic rovnomeérnéji rozlozend. To se
pozitivné projevilo nejen na detekéni UCinnosti, ale 1 narovnomérnéjsi odezvé detektoru
v roviné. Geometrie B se zdala byt velmi slibnou, ale jeji nejvyssi citlivost na zménu pozice
detektoru pomérné znevazuje jeji vysledky. Nutno podotknout ze tato geometrie byla navrzena
pro 4 detektory primarné urcené k méfeni plicni aktivity, kdy kazdy par detektort je umistén
ve spolecném stinéni, coz neumoziuje nezavisly pohyb kazdého detektoru [31].

Nejen na zakladé dat z této kapitoly byla pro novou geometrii méfeni v SURO vybrana
kombinace Cy (detektory 13 a 20) a D (detektory 35 a 36). Zvolené feSeni neposkytuje nejvyssi
detek¢ni G¢innost ani stabilitu odezvy, ale bere v tivahu dalsi pozadavky nebo omezeni. Prvni
z nich je zachovani zpétné kompatibility vysledkl pti dlouhodobém sledovani osob. Zména
geometrie Co by zkomplikovala interpretaci diive namétenych vysledkd. Pohyb a nastaveni
redlnych detektorti celotélového pocitace (v t€ dobe€) nebyl uplné svobodny, a tak byla pouzita
geometrie, ktera se dala snadno nastavit. Pro nové ptipady s piijmem >*! Am lze pouzit geometrii
CmtD.

Clanek [33] byl a je jedinym srovnanim rozdilnych geometrii méfeni aktivity >*' Am v lebce.
Nova studie zahrnujici méfeni se stejnym fantomem byla provedena v roce 2011-2013 v ramci
mezindrodniho porovnani, ale tato data zatim nejsou dostupna. Hleddni vhodné geometrie nebo
tvaru detektoru na zakladé analyzy je pouzivanou metodou. Tento postup byl uZzit pro hledani
geometrického usporadani nového celotélového pocitace v Karlsruher Institut fiir Technologie
KIT [34].
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6 Nejistota stanoveni aktivity **Am v kostfe pomoci méreni lebky

Nejistota stanoveni kosterni aktivity **'Am je klicovym parametrem pro odhad piijmi,
predevsim pokud se ptijem vypocitava z vice druht dat (naptiklad spole¢né s vysledky exkrecni
analyzy). Aktuélni pfistup odhadu piijmu metodou maximalni vérohodnosti podle rovnice 10
pouziva celkové nejistoty kazdého méteni jako vahy (kapitola 1.2.6). Tento ptistup kombinuje

jednotlivé stanovené slozky celkové nejistoty do jedné hodnoty dle rovnice 11. V disertacni
praci [12] byla uvedena metodika pouzita k odhadu nejistoty stanoveni kostni aktivity 2*!Am
pomoci méieni lebecni aktivity v geometrii z obrazku 7. Piehled uvazovanych slozek, metodu

odhadu jejich ptispévku, jakoz i celkovou nejistotu shrnuje tabulka 16.

Tabulka 16 Odhad dilcich slozek a celkové nejistoty stanoveni kostni aktivity °*! Am

aktudlni studie Maldtova?®
zdroj nejistoty
metoda odhadu - poznamka SF SF

materialy voxelového MC studie se zménou hustoty £10% 1,03
fantomu
vypocet MCNPX z vystupniho souboru 1,01
ucinné prarezy MCNPX odhad 1,05
mikrodistribuce 2!Am v lebce  MC studie s nehomogennim zdrojem 1,01 1,35
vliv krénich obratli konzervativni odhad 1,05 N/A
pocet impuls( relativni smérodatnd odchylka 10% 1,1 1,1
vyhodnoceni spektra pokusy s reallnymosp(?ktrem . 1,08 N/A

vyhodnocenym rldznymi osobami

Y . + .

pozice detektori MC se zmenoulpozme .o 12 cmvroviné 113 N/A

a £1 cm ve vzdalenosti hlava-detektor

’ v P v o b

velikost hlavy odhaf:l' na %aklade rlnaleho poctu vzork 1,14C 138

vypocitany pomoci MC 1,28
pomér aktivity lebky k celé odhad na zdkladé malého poctu vzorki 116 135
kostre z literatury ! !
celkem pro hlavu se zndmym stfednim polomérem 1,32° N/A
pro hlavu s neznamym stfednim polomérem 1,42¢ 1,72

2dle [13]

b s pouzitim kalibra&ni kfivky zohledfujici velikost hlavy
¢ s pouzitim kalibrac¢ni konstanty pro prdmérné velikou hlavu

Druhy pfistup jak stanovit nejistotu je nasimulovat cely proces realného méfeni metodou MC.

Jednotlivé veli¢iny ovliviiujici detekéni u¢innost jsou v takovém vypoctu vybirany z vhodnych
distribuci. Algoritmus vypoctu je na obrazku 19, kde hranaté zavorky popisuji distribuci
a rozsah, ze kterého byly parametry vybirany. Rozsahy byly stejné jako pro vypocet metodou

IDEAS. Pokud nebyla zndma distribuce parametru, aplikoval se konzervativni pfistup (napf.
pouziti rovnomérné distribuce pro nejistotu pozice detektoru).
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Obrdazek 19 Algoritmus vypoctu nejistoty stanoveni kosterni aktivity **' Am pomoci metody MC

Posunuti detektorii se vztahovalo ke stiedu jejich okének a bylo vybirdno z rovnomérného
rozlozeni, a to od -2 do 2 cm v roving paralelni se spankovou kosti a od -1 do 1 cm v kolmém
sméru (vzdalenost detektor - hlava). Aktivita lebky byla vzorkovana z rovnomérné distribuce
od 3 do 100 Bqg. Spodni hranice intervalu zhruba odpovidé limitu detekce celotélového pocitace
pro tuto geometrii a detektory 13 a 20. Oproti tomu horni hodnota je tak vysoko, Ze se nejistota
v disledku poctu zaznamenanych impulsti stdvd margindlni. Pocet primarnich castic kazdé
ulohy odpovidal vygenerované aktivité vynasobené zastoupenim (0,359) a ¢asem méteni

(1800 s).
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Velikost hlavy byla simulovana lognormdlni distribuci se SF=1,08. Tato distribuce byla
omezena shora a zdola. Omezeni zajistovalo vyfazeni (zahozeni vygenerované tlohy) velikosti
hlavy s obvodem (kloboukovou mirou) mensim nez 44 cm (<1 percentil) a vétSim nez 67 cm
(>99 percentil). Pomér lebecni k celokosterni aktivité¢ byl vzorkovan z rovnomérné diskrétni
distribuce, ktera obsahovala &tyfi zndmé hodnoty vypozorované na piipadech s pifjmem **!Am
v United States Transuranium and Uranium Registries (USTUR) [35] [36].

Pfesna distribuce aktivity **! Am v kostech neni znama, nebot’ dochazi k remodelovani kosti.
Na této nejistot¢ se podili i fada metabolickych jevili, kam patii naptiklad retence a exkrece
aktivity z jater. Distribuce aktivity na kostnich povrSich spiSe odpovidd ¢asim blizkym
okamziku pfijmu. Naopak ve vzdalenéjSich Casech je objemova distribuce v kostech blize
skutecnosti (viz fantom BPAM-001). Binomické rozlozeni se stejnou pravdépodobnosti
povrchové a objemové distribuce aktivity >*' Am bylo pouZito ve snaze nezanedbat ani jedno
uvazované rozlozeni.

Nejistota spojend s transportem c¢astic a u€innymi prifezy je obtizné kvantifikovatelna.
Ve vypoctu byla zanedbana, nebot’ se obecné piedpokladd, Zze je pomérem mald. Limitace
voxelového fantomu, tj. jeho konecné rozliSeni a materialové slozeni, maji marginalni charakter
(viz kapitola 4.1), a tak nebyla ve vypoctu také zohlednéna. Pro kazdou velikost hlavy byla
oddélen¢ simulovana odezva detekéniho systému na aktivitu v krénich obratlich (pfidany
signal) alebce s mandibulou (pozadovany signal). Razné velikosti hlavy bylo dosazeno
zménou hrany voxelu, a proto simulované hodnoty byly opraveny na zeslabeni v krycich
tkanich.

Poslednim krokem vyhodnoceni redlného méfeni je stanoveni Cisté plochy piku (nebo piki).
Nejistota této veliCiny zavisi na po€tu impulst v piku a pozadi. V simulacich byla tato nejistota
popsana pomoci mocninné funkce, kterd vznikla prokladem experimentdlné stanovenych
hodnot. Prolozend experimentalni data méla na ose x plochy piku (pocet zaznamenanych
impulst) a relativni standardni odchylka stanoveni této plochy se nachazela na ose y. Program
nejprve zjistil, kolik bylo zaznamenéno impulst v binu totalni absorpce a z mocninné zavislosti
ziskal standardni relativni odchylku stanoveni plochy piku, kterou pak pouzil jako parametr
nahodného generatoru produkujiciho data s lognormalnim rozdélenim.

Pocet vytvotenych konfiguraci (s vygenerovanou velikosti hlavy, aktivitou, jeji distribuci
a pozici detektort) byl 10000 a pro kazdy ptipad byly provedeny dva vypocty. Tak vysoké ¢islo
bylo zvoleno ve snaze zachovat rozumnou statistiku i1 v pfipadé¢ vybéru podsouboru
s konkrétnim parametrem.

Celkovéa nejistota stanoveni aktivity *!Am ve skeletu vyjadiend pomoci SF a stanovend
metodologii z IDEAS Guidelines [10] je uvedena v tabulce 16. Dvé hodnoty, tj. 1,32 a 1,41,
berou v potaz, zda je, nebo neni u méfeného subjektu znam stiedni polomér hlavy. Pokud jsou
pouzity uplné rozsahy vSech simulovanych parametrt, poskytuje vypocet nejistoty metodou
MC velmi podobnou hodnotu, to jest 1,35.
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Pokud jsou analyzovany jen piipady s povrchovou distribuci *! Am v kostie, je scattering factor
o néco nizsi (SF = 1,31). Ptipady s homogennim rozlozenim aktivity v kostnim objemu vedou
k nejistoté rovné 1,35. Pokud se neuvazuje zévislost detekéni ucinnosti na velikosti hlavy, jak
bylo uzivano v minulosti, celkové nejistota vzroste na SF=1,42. Nejistotu jako funkci aktivity
a jejiho rozloZeni v kosti shrnuje tabulka 17 a histogramy distribuci ukazuje obrazek 20.

Tabulka 17 Celkova nejistota stanoveni kosterni aktivity **'Am jako funkce mérené aktivty
a jejiho rozlozeni

simulovana aktivita lebky (Bq) uvazovana distribuce zdroje
interval stfedni hodnota Povrchova objemova oboji®
3-20 11,8 1,54 1,65 1,61
50-100 74,4 1,23 1,24 1,27
3-100 51,6 1,31 1,35 1,36

@ povrchova a objemova distribuce se stejnym zastoupenim

02 02 0,2
distribuce: povrch distribuce: objem distribuce: oboji
& 015 aktivita: 3-20 Bg & 015 aktivita: 3-20 Bg § 0,15 aktivita: 3-20 Bq
£ g g
B ] 2
£ o E 01 £ 01
& = =1
o = s
£ g 2
0,05 0,05 0,05
0 o L 0
0 @5 1 15 2 35 3 35 o 05 1 15 2 25 3 35 35
pomér stanovené viidi otekdvané hodnoté pomér stanovené viiéi oéekavané hodnoté pomér sta é viidi ofekdvané hodnoté
02 02 0.2
distribuce: povrch distribuce: objem distribuce: oboji
aktivita: 50-100 Bg aktivita: 50-100 Bg aktivita: 50-100 Bq
£ 015 = 015 = 015
8 g 8
=1 £ £
3 3 2
s o £ 01 E o1
ki b =
- @ £
0,05 0,05 0,05
o= 0 oL
o 65 1 15 2 35 3 35 o 05 1 15 2 25 3 35 o 65 1 15 2 35 3 35
pomér st é viti otekdvané hodnoté pomér stanovené viiéi oéekdvané hodnoté pomér é viiti ofekdvané hodnoté
02 0,2 0.z
distribuce: povrch distribuce: objem distribuce: obaoji
- 015 aktivita: 3-100Bg  _, 45 aktivita: 3-100 Bq « 015 aktivita: 3-100 Bg
g° g s
£ E §
2 2 g
£ o1 S o1 £ o1
5 5 5
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Obrazek 20 Distribuce relativnich detekcnich ucinnosti (stanovend/skutecna) ziskanych
z vypoctu metodou MC
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Z obrazku 20 je patrné, ze pozorované distribuce maji lognormalni charakter. Velmi se blizi
normalnimu rozdéleni, pokud je méfena vyssi aktivita. Naopak pro nizké aktivity se distribuce
stavaji vice nesymetrické tj. vyrazngji lognormalni. Stfedni hodnota distribuci pro povrchové
rozloZenou aktivitu v kosti je posunuta k vy$§im hodnotam, coz je zplsobeno pouZitim
kalibraéni kfivky pro homogenné rozloZenou aktivitu v kostfe. Kalibracni kiivky nebo
konstanty pro homogenné rozlozenou aktivitu v kostnim objemu se pouzivaji v SURO, nebot’
tato distribuce je blizsi tam sledovanym ptipadiim vnitiniho ozafeni. Takto uvazovana kalibrace
vede ke konzervativnim odhadiim, tj. nehrozi podhodnoceni méfené aktivity. Pozorované
posunuti nemda vliv na odhad nejistoty a dalo by se odstranit pouzitim patfi¢né kalibracni
kiivky.

V Disertacni praci [12] byla navrzena korekce odezvy detekéniho systému na mozny piispévek
od aktivity 2! Am z krénich obratli. Hodnota korekéniho koeficientu, kterym je tieba podélit
naméienou aktivitu, byla odhadnuta na 1,05. Vypocet pomoci metody MC simuloval ptispévky
od obratlll k celkové aktivité lebky pro kazdou reprezentaci ulohy zvlast. Ze simulovanych
hodnot, jejichz histogram ukazuje obrazek 21, byla stanovena nova hodnota korekéniho
koeficientu 1,04 ajeji nejistota na SF=1,025. Novy odhad nejistoty je poloviéni vici
konzervativni hodnot¢€ z tabulky 16.

relativni ¢etnost

1 1,02 1,04 1,06 1,08 11 1,12 1,14 1,16 Dalsi

v s rwve

realtivni pfispévek obratld k detekéni ucinnosti lebky

Obrazek 21 Distribuce relativniho navyseni odezvy v dusledku aktivity v krcnich obratlich

Oba pristupy poskytuji obdobné vysledky co do velikosti SF. Pozorované distribuce ziskané
pomoci metody MC maji lognormalni charakter, coz je ve shod¢ s ptredpoklady, které uziva
ptistup z IDEAS Guidelines. Detailngjsi stanoveni metodou MC pfineslo zpfesnéni odhadu
nejistoty vzniklé korekci na pfidany signal od krénich obratll. Ve studii nebyla zahrnuta
nejistota v disledku mozné diference mezi materidlem uzitym ve fantomu a realnou tkani, coz
by jesté vice zkomplikovalo vypocet. Nelze predpokladat, Ze by vynechani této nejistoty
zéavaznéji ovlivnilo hodnotu celkové nejistoty. Za hlavni omezeni studie 1ze povazovat pouziti
apriornich distribuci, ¢i odhad né¢kterych jejich (nezndmych) parametrd. Napiiklad uziti
rovnomérné distribuce pro popis nejistoty vzniklé nepfesnym umisténim detektoru je mozna
prilis konzervativni, nicméné¢ zavadéni pfili§ komplexnich ptedpokladl, bez dostatecnych
informaci také neni feSenim.
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Oba zde prezentované zptsoby stanovuji celkovou nejistotu nize nez hrubé odhady publikované
nékterych nejistot (napiiklad nehomogenni distribuce americia v lebce). Naopak prezentované
pfistupy oproti piivodnimu odhadu zohlediuji ptispévky diive neuvaZovanych zdroji nejistoty
(napf. nastaveni detektoru).

6.1 Nejistota tvaru lebky

Az doposud bylo predpokladano, Ze popis velikosti hlavy pomoci stfedniho poloméru je
dostacuji, presto je takovy pfistup tieba provétit. Prvnim a zatim poslednim pokusem byl
nasledujici vypocetni experiment.

Fantom Linda-simple byl rozloZen na tfi samostatné sady obrazki: vzduch, mékkou a kosterni
tkan. Kazdy rozmeér fantomu (vyska, $itka a délka) byl posupné nésoben koeficienty 1,2, 1,1,
1,05, 1, 0,95, 0,9 a 0,8, coz vedlo k 343 konfiguracim. V ptedeslych kapitolach bylo zvétseni
nebo zmenseni fantomu provadéno pomoci zmény voxelu o £20%. V tomto ptipadé se velikost
meénila na binarnich obrazcich, v programu MATLAB bez pouziti spline, pro kazdou tkan
fantomu zvlast. Nejprve byly modifikovany rovinné obrazky a teprve pak byla ménéna vyska
hlavy. Kostni tkan a vnitfek fantomu byl upraven tak, aby byla zachovana tloustka kryci vrstvy.
Nakonec byly jednotlivé tkdné opét spojeny do jednoho fantomu. Pii spojovani se obcas
stavalo, ze jeden bod pfislusel vice tkdnim, proto byla zavedena nésledujici posloupnost priorit.
Nejvyssi dilezitost méla kostni tkan nasledovana vzduchem a nejmensi dulezitost méla mékka
tkan. Pozice detektor se aktualizovaly podle velikosti vzniklé lebky. Vzdalenost okénka
detektoru od povrchu hlavy ziistala zachovana, ale pro pozice 2 a 5-8 byly ménény uhly tak,
aby odpovidaly zkoseni nové¢ vzniklé hlavy.

Vypoctem ziskané detekéni Uc¢innosti jsou pro jednotlivé pozice detektoru vykresleny
na obrazku 22 v zavislosti na sttednim poloméru hlavy. Z n¢ho je patrné, ze ne vSechny pozice
jsou na zménu proporci hlavy stejné nachylné. VSechna data jedné pozice detektoru byla
prolozena mocninnou funkci. Mocninna funkce byla zvolena, nebot” data prokladala nejlépe
v porovnani s né¢kolika jinymi funkcemi (polynom druhého stupné, exponencidla a linearni
nebo logaritmickd funkce). Relativni smérodatnd odchylka, respektive SF dat vii¢i modelu
(mocninné funkeci), je spole¢né s minimalni a maximalni detek¢ni Gi€innosti uvedena v tabulce
18.

Tabulka 18 VIiv tvaru lebky na detekcni ucinnost — konzervativni odhad

Cislo pozice ucinnost? (min) ucinnost® (max) pomér (min/max) SFP
1 0,0056 0,0127 2,26 1,11
2 0,0036 0,0089 2,44 1,07
3 0,0040 0,0086 2,13 1,11
4 0,0040 0,0083 2,05 1,11
5 0,0067 0,0142 2,10 1,06
6 0,0063 0,0130 2,06 1,07
7 0,0064 0,0128 2,01 1,04
8 0,0060 0,0127 2,13 1,04

2@ pocet na emitovany foton s energii 59,54 keV
® nejistota v ddsledku rozptylu hodnot od modelové funkce
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Nejvice jsou rozptyleny hodnoty pro pozice 1, 3 a 4. Pozice 7 a 8 se zdaji nejméné nachylné

na zménu proporci hlavy, coz by mohlo byt zplisobeno zménou thlu pii zméné proporce hlavy.
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Obrazek 22 Rozptyl detekcni ucinnosti v diisledku zmény proporci lebky, simulace s fantomem

Linda simple.



Uvedeny pokus ma nékolik nedostatki. Prvni z nich je velikost voxelu. Nékteré rozdily
ve zmén¢ rozméru fantomu jsou mensi nez velikost pouzitého voxelu. To ma za nasledek, ze
v disledku zaokrouhleni nedojde ke zméné fantomu. Druhou skute¢nosti je pouziti sit€ hodnot,
nikoli realnych distribuci hlavovych rozméri. Proto byl ucinén pokus, ktery se snazil oba

nedostatky odstranit.

Pted zapocetim nové studie byly srovnany ¢tyii voxelové fantomy se stiednimi rozméry hlavy
dle [37]. Tabulka 19 naznacuje, ze oba Zenské fantomy jsou bliZe sttednim rozmériim hlavy
neZz ICRP-male. Zajimavym krokem bylo porovnani detekénich ucinnosti vypoctenych

s uvazovanymi modely, jak ukazuje obrazek 23.

Tabulka 19 Srovnani rozmeru hlavovych voxelovych fantomii se stiednimi rozmery hlavy

rozmér hlavy (cm)

stfedni polomér hlavy

fantom

hloubka® $irkac vyskad (cm)
prdmérna hlava® 19,96 14,49 21,46 9,32
ICRP-female 20,47 14,86 21,3 9,44
ICRP-male 21,08 16,44 22,4 9,98
Linda 18,7 16 21,7 9,4
Linda simple 18,6 16 21,8 9,4

@ dle informaci z [37]

® od stfedu éela po tylni hrbol

¢ pfima vzdalenost mezi spankovymi kostmi
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Obrdazek 23 Srovnani detekcni ucinnosti voxelovych fantomu hlavy, chybové usecky vyznacuji
moznou nejistotu v dusledku nepresné reprodukce pozice (1)
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Detekéni ucCinnosti fantomu Linda, Linda simple a ICRP-female jsou ve vSech pozicich
podobné. Vyjimkou z tohoto pravidla je pozice 1, kde oba fantomy ICRP pievysuji vysledky
z fantomi Linda. Vyssi detekéni Gi€innost fantoml ICRP v nadhlavni geometrii (pozice 1) miize
byt vysvétlena nedostate¢nou vrstvou kryci tkan€. Voxely obou fantomil jsou 4, respektive 8
mm vysoké, a tak v nékterych mistech s velkou zménou tvaru hlavy (napt. vrSek hlavy) neni
kost zcela kryta.

Stiednim rozmérim hlavy je nejblize zensky fantom ICRP, ale jeho rozliSeni je pfedev§im
ve vertikalni soutradnici polovicni nez pro fantom Linda simple. Proto byl nakonec ve snaze
zachovat co nejvyssi rozliSeni vytvoren zjednoduseny fantom Linda. Ten mél standardni hranu
voxelu 1 mm, ale obsahoval jen tii tkané (obdoba fantomu Linda-simple). Vyska, Sitka
a hloubka fantomu Linda byla ménéna v souladu s dostupnymi daty [37]. Rozméry byly
generovany z normalniho rozdéleni a zaokrouhleny na dvé desetinnd mista. K zamitnuti
rozmeéru se pristoupilo, kdyz byl mensi nez 1. percentil nebo vétsi nez 99. percentil.

Vysledky celkem 380 vypoctii demonstruje obrazku 24. Realistictéj$i vzorkovani velikosti
vedlo k vyznamnému sniZeni rozptylu hodnot od mocninné funkce pouzité k prokladu. Nové
stanové SF se pohybuji jen od 1,01 do 1,04, coz je znatelny pokles oproti prvnimu odhadu. Tak
nizké hodnoty neptedstavuji zavazny zdroj nejistoty, pro ktery by bylo nutno opustit koncept
sttedniho poloméru hlavy a zavést kalibraci zavislou na tvaru lebky.
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Obrdazek 24 Rozptyl detekcni ucinnosti v dusledku zmény proporci lebky. Rozmeéry hlavy byly
generovany z experimentalnich distribuct.
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7 Mezinarodni porovnani

Simulace transportu zaifeni pomoci metody MC je dnes bézna v mnoha oblastech fyziky.
Zavadéni tohoto uzite€ného nastroje do nové oblasti je vétSinou piijiméano skepticky. Pokud
vypocetni program prokaze, Ze jeho vysledky jsou vrozumné shod€¢ s méfenim pro
jednoduchou geometrii, mély by byt jeho vysledky akceptovany i v jinych geometrickych
uspotadanich za predpokladu, Ze program pouziva spravné modely transportu zafeni a rozumné
presné knihovny G&innych prifezi. Casto neni tato piimocara a rozumnéa tGvaha piijimana
a z ust skeptikil vychéazeji pozadavky na verifikaci platnosti MC i v oblastech nebo k ¢innosti,
kde dosud nebyla bézn¢ uzivana. Druhym divodem pro¢ provadét mezinarodni porovnani je
kontrola jakosti, tj. zda persondl laboratofe je schopen uzit vypocetni metody ke kalibraci
detek¢niho systému. Pfes vSechnu dobrou snahu uzivatelit MC muize dojit k chybé, kterd ovlivni
simulovanou veli¢inu. Odhaleni nedostatkli je uzitecné nejen pro konkrétni pracovisté nebo
cloveka, ale 1 pro ostatni zainteresované osoby. Neustale povédomi o uskalich MC je naprosto
nezbytné, aby nedochdzelo k profesionalni slepoté. Posledni moznou motivaci k poradani
srovnavaciho cviceni je vyzkum pouzitych ptistupi nebo vypocetnich metod, respektive jejich
dopadu na zkoumanou veli¢inu.

Prvni mezinarodni MC porovnani v kalibraci detekéniho systému pro stanoveni **'Am
ve voxelovém fantomu kolena bylo odstartovano v roce 2006 [38]. Zadani obsahovalo tfi Glohy.
Nejprve se pozadovala simulace energetického spektra bodového zdroje 2*! Am. Zde se ukazalo,
ze odezva redlného a matematického bodového zdroje je velmi odliSné. Proto byli ucastnici
pozadani o opakovani vypoctu s lepSim popisem fyzikalniho zdroje. V prostfednim kroku se
pozadoval vypocitat fluenci v Ctyfech sférach umisténych kolem voxelové verze [16]. Cilem
finalni ulohy bylo simulovat energetické spektrum dvou detektorti umisténych nad fantomem
kolena. Vysledky jednotlivych ucastnikii byly po odevzdani srovndny se spektrem skute¢ného
meéieni. Zaveéry tohoto srovnani Ize shrnout do nékolika bodt. Oblast piku totalni absorpce byla
ucastniky nasimulovana s dostate¢nou piesnosti, a tak MC lze pouzit pro kalibraci celotélového
pocitace v oblasti nad 50 keV. Rozdily mezi vypocty v oblasti pod 30 keV byly patrné
ve stejném kodu s rozdilnym nastavenim. Tuto hypotézu podporuje i obrazek 3, kde cisté
fotonovy transport (mode p) podhodnocuje odezvu detektoru v oblasti okolo 15 keV
v porovndni s nastavenim, které zohlednuje i transport sekundéarnich elektronti.

Druhou akci, ktera byla omezena jen na pfizvané laboratoie, a tedy neslo o porovnani jako
takové, bylo méfeni a simulace fantomu [39]. Fyzikalni fantom obsahoval skutecnou kostni
tkan s *'Am z piipadu vnitiniho ozafeni. Kosti pochazely od stejného darce jako u fantomu
BPAM-001. Pii porovnavani méfeni a simulaci se objevily znacné rozdily, které nakonec vedly
k pfezkoumani a zméné€ udavané aktivity fyzikalniho fantomu. Zména aktivity byla postavena
na kontrole a zptesnéné interpretaci vysledkti radiochemické analyzy (druhé) nohy nepouzité
ve fyzikalnim fantomu.

Posledni akce ptedchdzejici porovnani s fantomy lebky se tykala stanovovani aktivity
obohaceného uranu v plicich. Jeji struktura byla velmi podobna mezinarodnimu porovnani
s kolennim fantomem a jako prvni ve svych vysledcich uvedla nej¢astéjsi chyby ucastnikt [40].

47



7.1 Porovnani s hlavovymi fantomy

Aktudlné probihajici srovnani, zapocaté vroce 2011, je v nékterych ohledech odlisné
od pfedchozich projektl. Zéklad porovnani vychéazi z méfeni tfech fyzikalnich fantomt. Dva
z nich jsou antropomorfni, konkrétné BPAM-001 a BfS. Tfteti, ozna¢eny CSR, je Castecné
antropomorfni a vznikl jen pro Gcely tohoto porovnani [22]. Pfedchozi zkoumani ukézalo, Ze
fyzikalni fantomy maji své nejistoty, mezi které patii rozlozeni aktivity, jeji velikost nebo
materidlové sloZeni. Srovnani simulaci a méfeni s takovymito fantomy je malo prikazné
(napadnutelné), nebot’ nezndmé parametry jsou v simulacich nahrazeny ptedpokladanou
hodnotou.

Vsechny tfi fyzikalni fantomy byly poslany do zc¢astnénych laboratofi s tim, ze maji byt
méfeny v jasné definovanych geometriich. Mimo to se Ucastnici méli pokusit aplikovat
geometrii méteni, kterou ve své laboratoii standardné pouzivaji pro zivé subjekty. Méfici ¢ast
akce mé na starosti Pedro Nogueira z Helmholtz Zentrum Miinchen a Zzel zatim nebyly
publikovany oficialni vysledky.

Koncem roku 2012 odstartovala MC vétev tohoto mezinarodniho cviceni. Vypocetni Cast
se sklada ze tii Gloh s nartistajici komplexnosti. V prvnim tkolu m¢li ucastnici simulovat
odezvu jednoho konkrétniho detektoru umisténého 10 mm od vrcholu fantomu CSR. Geometrie
ulohy je znazornéna na obrazku 25.

Obrazek 25 Geometrie prvni ulohy mezinarodniho porovndani EURADOS (2012-2013)

Vsechny pottebné informace byly G¢astnikiim ptedany s tim, Ze maji, pokud mozno, zachovat
vychozi hodnoty. Soubor dat obsahoval, popis detektoru, energetické déleni spektra, hotovy
voxelovy fantom CSR s vyznacenou pozici méfeni, materidlové sloZeni, vytézky fotonti z jedné
premény 2*'Am a metodiku stanoveni detekéni dinnosti. Vytézky charakteristického zafeni
byly uvedené oddé€len¢ pro kazdou energii, nebot’ se ukézalo, ze pouziti stfednich energii
(slouceni blizkych energii) znatelné ovliviiuje tvar simulovaného spektra v oblasti pod 30 keV.
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Kazdy ucastnik mél za ukol odevzdat energetické spektrum (8 -80 keV) a detekéni u€innost
pro energii fotonu 59,54 keV. VSechny vysledky mély byt normovany na patfi¢ny rozmér
(pocetxBq'xs!) a ti¢astnici neméli k dispozici méfené spektrum.

Tato uloha se vSemi zafixovanymi parametry méla dva cile:

e overit schopnosti Gcastnikll (zachdzeni s voxelovym fantomem, reprodukce existujici
geometrie)
e otevrit pole pro srovnani riznych MC koda

Druhy ukol ptinasi néco nového. Kazdy tcastnik mél nejprve vytvofit matematicky model
detektoru, s kterym bylo nebo bude provadéno méteni. Model detektoru se mél pouzit v riizné
geometrii s fantomy BPAN-001, BfS a CSR. Geometrie méfeni s CSR fantomem byla shodna
jako v predchozi tloze. Do porovnani se dodate¢né piihlasily idalsi laboratofe, kterym
z ¢asovych divodl nebylo mozno zaslat fyzikalni fantomy, nebo mély zajem o vypocetni ¢ast.
Tito Gcastnici dostali bali¢ek dat o detektoru 35 ze SURO. Bali¢ek obsahoval zékladni rozméry
detektoru, modelové ¢islo a bézné dostupné informace od vyrobce jakoz i métend spektra.
simulovaly realnou situaci, ve které byli ostatni ucastnici. MoZnost srovnani odezvy detektoru
modelovaného na zdklad€ stejnych informaci rGznymi osobami byla hlavni motivaci
pro doplnéni druhé ulohy.

Nasimulovat skute¢nou geometrii méfeni v dané laboratofi byla posledni loha, ve které mél
byt pouzit jen fantom BfS. Po tcastnicich bez moZnosti méfeni se pozadoval navrh méfici
geometrie obsahujici 1 az 4 detektory 35. Zavedeni redlné geometrie a samostatné vytvotenych
modelt jiz prakticky pokryva cely proces kalibrace celotélového pocitace pomoci metody MC.
Tvorba voxelového fantomu z primérnich dat je jediny krok, ktery porovnani nezahrnuje, nebot’
jde o proces velmi zdlouhavy a naro¢ny.

7.1.1 Vysledky prvniho ukolu porovnani

Vysledky prvniho ukolu porovnani byly jiz analyzovany, prezentovany a koncem roku 2013
1 publikovany [41]. Celkem bylo obdrzeno 16 nezavislych feSeni z celkového poctu 22
piihlaSenych Gcastnikli. Anonymita Gcastniki byla zajiSténa identifikacnim ¢islem.

Obdrzené vysledky byly porovnany s naméfenym spektrem a ddle statisticky zpracovany.
Analyza spekter odhalila 7 podezielych vysledkll (44 %). Z nich ¢tyfi navic stanovily detekéni
Gginnost rozdilng od ostatnich. Ugastnici s potencialné chybnym feSenim byli osloveni
a pozédani o vysvétleni nebo opravu vypocti. Obrazek 26 ukazuje srovnani minimalnich
a maximalnich hodnot pozorovanych v primarné obdrZenych spektrech a po odstranéni chyb.

Po opravé vysledki se rozdil mezi maximem a minimem vSech spekter semkl okolo méfené¢ho
spektra. V oblasti piku totalni absorpce fotonli 59,54 keV je rozdil minimalni. Znateln&;si
rozdily Ize pozorovat od 33 keV nize. Nejvetsi rozdil mezi minimem a maximem je v oblasti
s piky charakteristického zafeni, predevSim mezi témito piky. Vysvétlenim je jiz jednou
zminovany rozdil v simulaci sekundarné uvolnénych castic.
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Obrazek 26 Srovnani minimalnich a maximalnich hodnot pred a po oprave vysledki

Ptehled stanovenych detekcnich ucinnosti, jejich nejistot, pouzitych MC kodi a poctu
simulovanych ¢astic shrnuje tabulka 26.

Tabulka 20 Detekcni ucinnost a zakladni informace o ucastnicich srovnani

5 detekéni Ucinnost pro 59,54 keV
pocet (potetxBqixs?)
ucastnik software simulovanych SF?
foton(
plvodné obdrzené po revizi
méfeni 2,99E+06¢ 5,50E-03 1,06°

P02 MCNPX 2.7.e 9,00E+08 6,24E-03 5,14E-03 N/A
P03 MCNPX 2.7.0 2,00E+09 4,96E-03 1,12
P04 MCNP 5.1.6 1,00E+09 4,97E-03 1,26
PO5 MCNPX 2.7.b 2,00E+09 5,55E-03 4,92E-03 1,09
P06 MCNPX 2.7.0 2,14E+08 3,10E-03 4,99E-03 N/A
PO7 MCNPX 2.7.0 1,00E+07 4,87E-03 N/A
P08 MCNPX 2.7.c 1,00E+07 4,77E-03 N/A
P11 MCNPX 2.6.c 4,65E+09 4,95E-03 1,05
P12 MCNPX 2.6.0 9,47E+07 4,87E-03 1,25
P14 GEANT4 1,00E+08 4,74E-03 497E-03 1,11°
P15 MCNPX 2.6.0 5,00E+08 4,97E-03 N/A
P17 VMC 1,90E+07 4,71E-03 1,07
P18 MCNPX 2.7.0 2,45E+08 6,46E-03 4,92E-03 1,11°
P19 MCNPX 2.6.c 1,55E+08 3,17E-03 5,18E-03 N/A
P20 EGS4 1,00E+07 4,93E-03 4,94E-03 1,25
P22 MCNP 4.3.c 3,00E+08 4,89E-03 1,31

2 nejistota prifazend ucastnikem (odhad)

b nejistota zahrnuijici aktivitu zdroje a vypocet &isté plochy piku

¢ uvedeno jako relativni standardni chyba +10%

4 vypocteno na zakladé aktivity fantomu, vytézku a &asu méfeni
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Detekéni uc€innosti vSech ticastnikt po nezbytnych opravach podhodnocuji hodnotu stanovenou
z méfeni. Geometricky pramér podhodnocuje méfeni o cca 11%, pticemz rozptyl simulovanych
hodnot od priméru nepiesahuje +5%. To naznacuje, ze vSichni Ucastnici vice ¢i méné
nasimulovali zadany problém spravné. Méteni a simulace s jinym detektorem tak velky rozdil
nepozorovala [22], a tak nejpravdépodobné&jSim vysvétlenim je nepiesnost v popisu detektoru.
Pro potvrzeni této domnénky je vSak tfeba provést opétovné méfeni.

Pozorovéni chyb v simulacich vedlo k zajimavému zjisténi. Nejcastéjsi chybou, pozorovanou
u ¢tyf Ucastnikl, byla Spatnd definice nebo pfifazeni materidld. Ta zahrnovala nésledujici
pochybeni: Spatnou hustotu, atomarni slozeni nebo pfifazeni materidlu Spatné bunce (hlinik
jako material okénka detektoru). Mnoho z téchto chyb mélo zanedbatelny vliv na detekcni
ucinnost a byly objeveny jen v disledku detailni analyzy vstupnich soubort. Chyby vznikaji
zpravidla v disledku pieklepd. Tii Gcastnici nespravné normalizovali své vysledky. Touto
chybou trpély predevsim vysledky programiit MCNP/MCNPX. Neslo o nedostatek programu,
ale o chybu vyhodnocovatele vysledkti. Tato skutecnost jiz byla feSena diive [40]. Nékolik
ucastnikti neptesné¢ definovalo geometrii, coz zahrnovalo Spatné umisténi detektoru, nespravny
tvar nebo opomenuti Casti detektoru (vynechani obalu). V jednom piipadé doSlo k Spatné
definici zdroje. Jde o nepfili§ zndmou chybu, respektive vlastnost programu MCNP/MCNPX.
Pokud je zdroj definovan v opakované struktufe aje adresovan do neexistujici podoblasti
(universe), simulace prob¢hne, ale vysledky nejsou spravné. V piipad¢ ze je adresovéana Spatna
pozice existujici buiiky, program zahlasi chybu a vypocet se ukonci.

Poslednim zajimavym zjiSténim bylo, kolik primarnich ¢astic ucastnici pouzili ve vypoctech
(viz tabulka 20). Zadny fesitel nepouzil méné fotontl, nez kolik jich bylo emitovano za dobu
méieni z fyzikalniho fantomu. Na druhou stranu 107 primarnich fotond nemusi byt dostacujici
pro spravné vzorkovani fotonti s nizkou emisi. Pro toto mnozstvi a pfi realném vzorkovani
zdroje (bez techniky zaujatého vzorkovani, tzv. source biassing) s 51441 voxely ptfipadne na 16
z 31 simulovanych energii mén¢ nez jeden foton na zdrojovy voxel. Rozumné rovnomérné
pokryti vSech zdrojovych voxeli 1ze ocekavat pii stondsobném, coz vede k ¢islu pocatecnich
&astic 1,6x108(31x100x51441). Zadné odevzdané spektrum nebylo viditelng deformovano, ale
dostate¢né vzorkovani zdroje by mélo byt zohlednéno ve v§ech MC simulacich.
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8 Zavér

Prace se vénuje problematice kalibrace in-vivo detekéniho systému pro potieby kvantitativniho
méfeni aktivity **!Am v lidské lebce. Zna¢na &ast vyzkumu byla vénovéana dostupnym
fyzikalnim kalibra¢nim fantomim. Jejich zna¢né rozdilné detek¢ni t€innosti maji nemaly vliv
na presnost kalibrace. Ve snaze nalézt vysvétleni pozorovanych rozdild byly vytvoreny Ctyfi
voxelové modely. Simulaci transportu zafeni metodou Monte Carlo s pouZitim voxelovych
fantomt byly identifikovany tfi kli¢ové parametry ovliviiujici detekéni ti¢innost fyzikalnich
fantomtl.

Nejvyznamnéj$i z nich je zavislost odezvy méficiho systému na velikosti fantomu. Relativni
podil mezi minimalni a maximalni detek¢ni Gi¢innosti se mtize pro nékteré geometrie vysplhat,
v ramci velikosti hlav mezi 1 a 99 percentilem, az na 1,6. Proto byla zavedena kalibra¢ni kiivka
zéavisla na sttednim poloméru hlavy. Stfedni polomér hlavy se zda byt dostateCné piesnym
meétitkem velikosti hlavy, ato i pro lebky rtiznych proporci. Pouziti kalibracni kiivky misto
kalibra¢ni konstanty znatelné snizuje nejistotu stanovované aktivity.

Druhym parametrem je rozloZeni aktivity **'Am v lebce. Rovnomérné rozlozena aktivita
na povrchu kosti vede pfiblizné k 20% narlstu detekéni ucinnosti pfi porovnani s homogenné
distribuovanou aktivitou vcelém kostnim objemu. Pouziti kalibra¢niho fantomu
s rovnomérnou povrchovou distribuci **! Am miize vést k podhodnoceni stanovené aktivity,
zejména v pripadech méfeni provadénych dlouhou dobu od ptijmu. Z tohoto diivodu je pouziti
v nejhor$im ptipadé je stanovend aktivita nadhodnocena. Nabizeji se dvé mozna feSeni této
situace. Pouzit ke kalibraci aritmeticky pramér obou distribuci, nebo na zédklad€ méfeni stanovit
distribuci aktivity ve vySetfovaném subjektu. Odhadnout realnou distribuci *! Am teoreticky
lze na zaklad€ poméru plochy piku s energii 26,34 a 59,54 keV ale predpoklada to u subjektu
dostatecnou aktivitu radionuklidu, coz zpravidla neni splnéno.

Posledni pfic¢inou rozdilné odezvy fyzikalnich fantomt je 1ijejich materidlové slozeni
a konstruk¢ni nedostatky. Jak fantom BfS, tak BPAM-001 jsou v mnoha ohledech vzdaleny
skutecné hlavé. Oba fantomy predevSim podhodnocuji hustotu mékké tkané. Odezvu
zkoumanych fantomit BPAM-001 a BfS Ize pfiblizit skutecné hlavé korekénim faktorem.
Korekéni faktor se stanovi na zakladé MC simulace pro kazdou pozici detektoru.

Vyse uvedend zjisténi védou k zévéru, Ze zkoumané fyzikdlni fantomy nejsou vhodnym
nastrojem ke kalibraci in-vivo detekéniho systému. Proto je tifeba hledat jiny zptlisob
kvantitativni kalibrace. Prekonat omezeni fyzikdlnich fantoml lze, mimo jiné, pouZitim
voxelovych modelt a vypocetni kalibrace pomoci metody MC.

Metoda MC je Siroce rozsifena a jako takova nepottebuje hlubsi provéieni. Proto se nasledny
vyzkum zaméfil na vlastnosti voxelovych fantomu. Jejich dalezitymi vlastnostmi, vzhledem
k fesené uloze, jsou rozliSeni, pouzité materidly a presnost segmentace. Vysledky naznacuji, ze
rozliSeni fantomu neni zdaleka tak vyznamné jako zbylé uvedené faktory.
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Zda se, Ze fantomy s voxely o hran¢ do 2 mm plné postacuji pro uvazované geometrie méieni.
Hrubsi rozliSeni neni problematické z pohledu simulace, ale komplikuje nastaveni vzdalenosti
detektoru od fantomu. Vliv materidlového sloZeni na detekéni ucinnost byl zkouman zménou
hustoty. Tento postup neni na zavadu, nebot’ jedinym podstatnym jevem v feSené uloze je
zeslabeni primarnich fotond. Stejna relativni zména v hustoté kosti a mékkych tkani ovliviiuje
detek¢ni Gi¢innost srovnatelné. Celkovy vliv na detekéni t€innost uvazujici zménu hustoty obou
tkani o0 £10% jen mirné piekrocil £6 %. Patrné nejvetsim nebezpecim voxelovych fantomt je
zaujata segmentace. Z uvedenych pokust je velmi obtizné stanovit jeji nejistotu, a tak hodnotu
+15% lze povazovat za velmi hruby odhad.

Srovnani vytvofeného fantomu Linda s detailnéji segmentovanymi ¢astmi fantomt ICRP, které
zel maji pomérné nizké rozliSeni, pfineslo ocekavané vysledky. Pro vétsinu pozic detektoru
byla pozorovana dobra shoda s ICRP-female. Fantom ICRP-male vykazoval o néco nizsi
detek¢ni ucinnosti, coz je zpusobeno jeho vétsimi rozmeéry. Jedinou vyjimkou z uvedeného
tvrzeni byla odezva pro detektor umistény nad temenem, coz lze zohlednit nedostatecnou
vrstvou mekkeé krycei tkané obou fantomti ICRP.

Jedna kapitola byla vénovana odhadu celkové nejistoty stanoveni kosterni aktivity 2*'Am
na zéklad¢ in-vivo méfeni hlavy. V disertacni praci pouzity postup byl konfrontovan
s vypoctem nejistoty pomoci metody MC. Pfes jistd omezeni oba piistupy vedou ke stejné
hodnoté nejistoty. Distribuce nejistoty ziskané simulaci procesu stanoveni kostni aktivity
metodou MC mély lognormalni charakter. Dal§im pfinosem bylo pfesnéjsi stanoveni nejistoty
v dtisledku opravy méfeni na pritomnost *! Am v krénich obratlich. Oba dva postupy poskytuji
realistictéjsi odhady celkové nejistoty nez diive publikovand hodnota.

Vysledky zkoumani mély i prakticky dopad. Bylo provedeno prvni porovnani rozli¢nych
geometrii méfeni, na jehoz zakladé& byla navrzena nova metodika méfeni aktivity 2*! Am v lebce.
Uvedena metodika, postavena na vypoétech MC s voxelovymi fantomy, je v uzivani v SURO
az dodnes. Vysledky vypocetni kalibrace byly téz aplikovany zpétné na dlouhodobé sledované
piipady vnitiniho ozafeni 2*'Am, coz vedlo ke zménam v odhadech kosterni aktivity
1 efektivnich davek. Pfesnéjsi hodnoty kosterni aktivity spolu s in-vitro méfenimi byly pouzity
k validaci biokinetického modelu americia. Ukazalo se, ze aktudln€ pouzivany model nedava
dobr¢é predpovédi kosterni aktivity v Casech velmi vzdéalenych piijmu.

Posledni ¢ast prace se vénuje mezinarodnimu porovnani. Jeho struktura a tlohy vysly z diive
ziskanych zkusenosti. Pro toto porovnani vznikl novy ¢asteéné anatomicky fantom CSR a jeho
voxelovy model. Zaroven byly pouzity diive vyvinuté modely fantomti BfS a BPAM-001.
Modely téchto fantomi byly zahrnuty i do nové verze programu Visual Monte Carlo’ a jsou
dostupné vSem zajemctm. V habilita¢ni praci byla prezentovana idea a prvni ¢ast tohoto
mezinarodniho porovnani. Primarnim zamérem akce je zlepSeni Grovné laboratofi v pouzivani
MC kalibrace, nicméné informace ziskané od u€astniki mohou diky navrhu zadani a nasledné
analyze pfinést i nové poznatky. Napftiklad porovnani riiznych modelti detektoru postavenych
na zaklad¢ jedné sady vstupnich dat (dkol 2) umozni odhadnout vliv zkusSenosti modelujici
osoby na vytvofeny model, potazmo sledovanou veli¢inu.

3 http://www.vmcsoftware.com/
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Habilitacni prace poskytuje uceleny piehled aspekti souvisejicich s u€innostni kalibraci in-vivo
detekéniho systému pro stanovovani lebeéni aktivity **! Am. Dotyka se problematiky nejistot
voxelovych fantomil a vysvétluje znaéné rozdily v kalibraci detekéniho sytému pii pouziti
ruznych fyzikalnich fantomt. Vétsina prezentovanych vysledki je v této oblasti ojedinéla To
je mimo jiné zpusobeno faktem, Ze vétSina pracovist, ktera disponuji detektory schopnymi
méfit aktivitu >*' Am v lebce, nedisponuje Z4dnymi pozorovatelnymi subjekty, nebo pouzila ke
kalibraci jen jeden fyzikalni kalibracni fantom. Zajem o tuto oblast nicméné roste, coz doklada
probihajici mezinarodni porovnani. Reenou problematiku nelze povazovat za uzavienou,
nebot’ nékteré aspekty nebyly zatim detailné prozkoumany. K t€m patii naptiklad nehomogenni
distribuce radionuklidu v kostfe a nejistota segmentace. Pozorované skutecnosti zatim nebyly
ucelené prezentovany v podobé metodiky nebo obecného doporuceni, coz by jisté piineslo
uzitek celé¢ komunité zabyvajici se in-vivo méfenim aktivity inkorporovanych radionuklidd.
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A simple hemispherical phantom has been designed and prepared for the EURADOS intercomparison exercise on >*' Am activity
determination in the skull (2011—13). The phantom consists of three parts that substitute bone and soft tissues. *' Am is depos-
ited on the surfaces of the bone-substituting part. The design and assumed composition of phantom parts are discussed. A prepar-
ation of the voxel representation of the phantom is described. The spectrum of a real measurement of the physical phantom
agrees well with the simulation. The physical phantom, and its voxel representation, is provided to the participants of the inter-

comparison exercise.

INTRODUCTION

An in vivo skull measurement is one of the methods
used for the estimation of **'Am content in the
human skeleton. An international exercise and inter-
comparison has been launched by the EURADOS
working group WG7'" late in 2011 in order to test the
ability of participating laboratories to assess skull
activity. The exercise was started for the purpose of
measurement and extended to Monte Carlo (MC)
simulation tasks in 2012. A simple hemispherical
phantom was developed in order to provide a reliable
link between measurements and simulations, since
available physical head phantoms did not have a well-
defined distribution of **'Am. A simple shape and
design of the hemispherical phantom together with
the information on the material composition allow
the testing of MC and measurement skills. The phys-
ical phantom was supplemented with its voxel repre-
sentation based on CT images. The phantom was
made by a collaboration of scientists from Czech
Technical University in Prague, National Radiation
Protection Institute in Prague and Slovak Medical
University Bratislava and is therefore called
a CSR phantom (an abbreviation of the former
Czechoslovakia).

MATERIALS AND METHODS
Design of the physical phantom

The phantom is assembled from three parts prepared
separately.

Bone substitute

This part of the phantom was made in Slovakia in
1996 as a simple calibration phantom for the activity
estimation of persons contaminated with 2*'Am.
A fabric (gauze) and a plaster of Paris were modelled
into a hemispherical cap; however, there are irregular-
ities in the shape of the cap. The outer diameter of the
cap rim is between 138 and 142 mm, the height of the
cap is circa 72 mm and the thickness of the cap is
between 4 and 7 mm. A regular mesh with 1cm
spacing covers the outer (convex) surface of the cap
and consists of 228 pipetted droplets of **' Am solu-
tion. Similarly, the concave (inward) surface contains
190 points of a deposited activity. Thus, the activity is
distributed among 418 points on both surfaces and
should simulate homogenous surface distribution.
A total activity of **' Am was 1007 Bq till 1 August
1996. The maximum loss of 1 Bq due to namely abra-
sion, and the phantom assembling, was estimated
by a measurement of the fragments. Currently, the
surface of the cap was fixed by a very thin lacquer
coating and covered with one layer of food foil.

Soft tissue substitutes

Two additional parts intended to simulate soft tissues
were casted from commercially available elastomeric
polyurethane GAFORM P40, a product of Dawex
Chemical (www.dawex.cz). The production has been
discontinued and the material has been replaced by
GAFORM EA45 by the producer (http: //www.dawex.

(© The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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cz/userFiles/technicke-listy/lici-hmoty /pruzne-formy/
gaform-e45.pdf). The material was chosen because
flexibility of the casts was needed. The first part
(the brain substituting one) fills the inner space of the
cap and the second one covers the outer surface of the
cap, substituting skin. Both parts were casted into
gypsum moulds. The thickness of the outer layer is
between 8 and 11 mm. It was intended to fit the inner
part to the cap’s shape as precisely as possible.
Nevertheless, the CT scan identified air gaps between
the bone-substituting part and polyurethane layers.
Air bubbles also formed in the brain substituting part
during the casting process.

Phantom assemble

The phantom was complemented with a cylindrical
stand made of the same polyurethane resin. Parts of
the phantom were put together without any adhesive
or auxiliary material. Only the stand was fixed to the
hemispherical part with a screw. The outer surface of
the phantom was labelled in order to provide coordi-
nates for the measurements. Individual parts and the
assembled phantom are shown in Figures | and 2.

Materials and compositions

A precise composition of the individual materials is
not known. The proportion of gypsum to cellulose is
unknown and the density of the polyurethane is not
uniform due to the air bubbles. Assumed densities
and chemical compositions are given in Table 1 to-
gether with the progerties of real tissues obtained
from Schneider ez al.®).

Activity distribution along the surface of the phantom

The uniformity of an activity distribution along the
phantom was measured through the response of
a high-purity germanium detector with a 70-mm

Figure 1. Parts of the phantom.

pova 28
j'n'wpmud.Crn Repub

Figure 2. Assembled phantom.

crystal diameter and carbon window (ORTEC LO-AX
70450/30-P; http://www.envinet.cz/pt/files/ortec/lo_
ax.pdf). The detector was shifted along the assembled
phantom by a distance of 1 cm from the surface. The
detector front was tangent to the phantom surface and
coaxial with the measuring point. Response of the de-
tector placed above the individual measuring points
was recorded and plotted as shown in Figure 3. The
first two rows have quite uniform activity distribution.
An inhomogeneity is apparent in the bottom area of
the phantom.

Voxel model of the physical phantom

Computational tomography (CT) scan of the
phantom was performed on Siemens Somatom
Sensation 16 CT Scanner in the Faculty Hospital Na
Bulovce, Prague, Czech Republic. The original CT
image resolution was 0.35x0.35 mm and the slice
thickness was 0.75 mm. The phantom stood on
a stand during the images acquisitions, and thus two
coordinates (namely z and y) were swapped compared
with a regular head study. The use of original reso-
lution would produce a voxel phantom consisting of
>33 million volume elements (voxel). Such a number
of voxels is not reasonable with regard to MC soft-
ware capability. Thus, the size of the phantom was
reduced to 241 x 217 x 162 voxels (x, y, z) with a voxel
resolution of 0.7x0.75x0.7 mm. Raw data were seg-
mented into four regions with compositions and dens-
ities given in Table 1. Additional labelling was made
within the voxel phantom in order to avoid miss-
orientation. The voxel phantom, shown in Figure 4,
was provided to the participants of the intercompari-
son exercise in Analyze75 format®.

MC code and simulation

The MCNPX is a general-purpose transport code for
modelling the interaction of ionising radiation with
masseuse objects. The code is developed in Los
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Table 1. Assumed densities and chemical composition of used materials compared with real tissues.

Material element mass fraction in % density HU?
H C N o) P S Ca other  (gem™?)
low density polyurethane® 0.36 -648
medium density polyurethane 9.1 64.4 6.0 20.6 1.05 34
high density polyurethane 1.10 45
brain 10.7 14.5 2.2 71.2 0.4 0.2 1.04 37
muscle 10.2 14.3 3.4 71.0 0.2 0.2 0.7 1.05 42
adipose tissue 11.4 59.8 0.7 27.8 0.1 0.2 0.95 -70
plaster 2.3 55.8 18.6 23.3 1.82° 712
cranium 5.0 21.2 4.0 43.5 8.1 0.3 17.6 0.3 1.61 903
*Hounsfield units.
bpartially filled volume and bubbles.
density reduced in order to respect gauze content.
delements with small contribution not relevant to substituting materials.
; gl ,
450 & § i o
& : + ¢
£ + © 5
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Figure 3. Check of homogeneity of >*' Am activity along the skull phantom surface.

Alamos National Laboratory and transports > 30 dif-
ferent types of radiation including photons and elec-
trons. The MCNPX in version 2.7 was chosen for
calculations since it was available to the authors,
easily works with voxel geometries, offer parallel cal-
culation and its results are widely accepted. The simu-
lation presented here was obtained with default
transport settings for photons and electrons. It means
that photon transport includes also coherent scatter-
ing and production of a characteristic radiation after
a photoeffect event. Electrons are transported with
a condense history technique. The default cross-
section libraries distributed with the code were used
without any modification.

The simulated geometry was same as for a meas-
urement, i.e. a detector positioned 1 cm above the
point 0,0. The outer and inner layers of the plaster
were the sources of photons in the simulation. The

use of such source is justified, since real distribution
should simulate surface distribution and the position
of the **' Am droplets in the phantom is not known.
The simulate photons covered all lines of characteris-
tic X-ray radiation as well as gamma lines from 10 to
60 keV, while yields were taken from the most recent
data sources ©. Characteristic radiation was simu-
lated in detail, i.e. each line was indicated in the
source description. Variation reduction methods
were limited to the source biasing. The biasing was
used in order to reduce the error of the energy lines
with rather low yields. The number of primary parti-
cles (photons) was 2x10°, which provides results
with a relative standard deviation of less than + 5%
for the majority of bins. The simulation ran parallel
(MPI) on a machine with six-core CPU (i7-3930K,
http://ark.intel.com/products/63697) for 10 h.
Gaussian energy broadening was done in MATLAB
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Figure 4. Geometry of the measurement.

(http://www.mathworks.com /products/matlab/) by
a custom code once the calculation was finished
(post-processing).

RESULTS

The comparison of the measured and simulated
spectra is well illustrated in Figure 5. The spectra are
in very good agreement at the peak area. The simu-
lated Compton continuum is somehow under the
measured one, especially between 30 and 40 keV. This
could be explained by insufficient simulation of the
crystal holder. The difference between simulated and
measured detection efficiency for the energy line
59.54 keV is ~1 %, which is much lower than the
assumed error related to the source (4 %).

DISCUSSION

Standard-substituting materials for phantom and
fabrication techniques are summarised in two
ICRU reports* ® of International Commission on
Radiation Units and Measurements. The most

questionable issue on the phantom is thus the materi-
als used. Composition and density of plaster and
polyurethane in Table | are a compromise due to
the available knowledge on materials. The bone-
substituting composite was treated as a pure gypsum
(its composition was not altered due to the presence
of cellulose), for the purpose of the intercomparison.
The plaster density was adjusted in order to match
the photon attenuation in the material indicated by
the average Hounsfield unit (CT number). The
density assumed was critically compared with the
known mass and volume of the bone-substituting
part. The volume was assessed from CT study data.
The same approach was applied to the polyurethane
parts and three different densities reflect the material
inhomogeneity, while the lowest density is associated
with visible air bubbles within the material. The use
of the data from the CT study is not highly accurate.
Thus, it is reasonable to assume the relative standard
deviation of the density values from Table 1 is ~10 %.

Figure 5 shows good agreement of the simulation
with the measurement, which proves that the current
simplification in the material and source description
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Figure 5. Comparison of the measurement and simulation.

has no significant effect on results. The authors are
aware that the materials used were not perfect substi-
tutes of the real tissue and thus investigated their pos-
sible effect on energetic spectrum. The polyurethane
was replaced with the brain and muscle tissue in one
simulation. Plaster was exchanged for cranial bone in
the second calculation. Finally, all-substituting mate-
rials were replaced with real tissues. The study showed
that material properties affect minimally the spectrum
from 50 to 60 keV. Although denser, the polyurethane
attenuates low-energy photons <25 keV significantly
less than a real tissue. Such behaviour is expectable
since polyurethane has a lower effective atomic
number (Z.g) than soft tissues and photoelectric effect
whose cross section depends on the Z.g and energy
proportionally to Z;/E® or Z2;/E* is the dominant
interaction in low-energy region. The content of
carbon and oxygen in the polyurethane is closer to the
adipose tissue than to the skeletal muscle or brain.
The plaster attenuates emitted photons more than the
cranial bone. However, a combination of plaster and
polyurethane provides quite a similar spectrum as real
tissues do, except for very low photons with an energy
<15keV.

Inhomogeneity in the activity distribution visible
in Figure 3 could be caused by two reasons. The first
one is the irregular shape of the plaster and variation
of the plaster cup thickness. The second reason lies
in the source, since droplets with *' Am end at a dif-
ferent height from the rim. Increasing inhomogen-
eity towards the rim is not of serious concern

because the phantom is intended to be measured
from the top only.

CONCLUSION

The design and construction of a phantom is a rather
difficult process. Only few head phantoms for the cali-
bration of in vivo detection systems for actinide meas-
urement are available. Some of the phantoms suffer
from an inappropriate inner filling as a result of the
manufacturing process or not exactly known activity
distribution®. Comparing simulations and measure-
ments of those phantoms is possible; however, limited
information on a phantom affects the obtained
results. Therefore, a simplified hemispherical
phantom was manufactured and was used within
EURADOS intercomparison exercise on **'Am in
the skull. The comparison of the measurement and
the simulation shows a reasonable match in terms of
the detection efficiency and shape/magnitude of the
spectrum. The simple hemispherical shape is reason-
ably close to the upper part of the human skull.
However, missing facial parts, base of the skull, man-
dible and other skull bones disable its use as a routine
calibration phantom.

The authors realised that the use of commercially
available polyurethane as a soft tissue surrogate is
possible; however, attenuation of photon with an
energy up to 25 keV is significantly lower than for real
tissues. The developed physical and voxel phantom
were available to the participants of the exercise. The
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voxel version of the phantom, as well as the other two
voxel phantoms, which were used during the inter-
comparison exercise and published previously, are all
available on request”.
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HIGHLIGHTS

e Participants were able to model real detectors and geometries.

e Three head phantoms with different complexities were used.

e Typical difference between measured and simulated detection efficiency was less than + 12%.
e Simulation with voxel phantom is suitable for calibration of partial body counters.

ARTICLE INFO ABSTRACT

Article history: An intercomparison on in-vivo monitoring for determination of Am-241 in three skull phantoms was
Received 10 February 2015 launched by EURADOS in 2011. The project focused on measurement and estimation of the activity of
Accepted 19 April 2015 Am-241 in the human skull. Three human skull phantoms of different complexity were used. A Monte

Available online 23 April 2015 Carlo (MC) intercomparison exercise with the voxel representations of the physical phantom was

launched additionally in September of 2012. The main goals of the action were (1) to investigate the
different methodologies for developing MC calibrations that might arise from a complex radiological
assessment and (2) to compare individual approaches of the participating laboratories in order to de-
termine international guidance for best practice. The MC exercise consisted of three tasks with increasing
difficulty, in order to test the extent of skills needed by the participating laboratory. The first task was to
simulate a given detector and a well-defined semi-skull phantom. The second and third tasks presented
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in this paper-introduced more complex simulations with individual geometry and real detector mod-
elling. The paper provides an overview of the participant's results, analyses of the observed issues
concerning tasks two and three, and a general evaluation of the whole project.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

An intake of alpha emitting radionuclides such as *'Am and
239py may occur in people from either occupational exposures or
following a radiation incident involving a release of these radio-
nuclides. The isotope 2'Am is found in both consumer products
such as smoke detectors and industrial thickness gauges. Isotopes
of plutonium are found in nuclear power generation and may be
released in a serious reactor incident. These elements are a serious
concern within radiation protection as inhalation or ingestion may
occur through contaminated dust known as ‘hot particles’. Even a
small intake may deliver high committed effective and equivalent
doses to organs. Direct in vivo measurement after such an intake
remains a challenge for many organizations with suitable body
monitoring facilities. In situ body monitoring of these actinides is
an accurate and rapid technique for identification and quantifica-
tion of radionuclides for dose assessment of affected persons. For
radionuclides such as >*'Am and 2*°Pu, there are additional diffi-
culties in measuring low energy gamma rays and thus to obtain a
quantitative efficiency calibration.

The technical requirements for calibration phantoms, i.e. ob-
jects with known activity and similar properties as the measured
subjects causes difficulties in production and handling of physical
phantoms. This is why physical phantoms are difficult to develop
and expensive to produce accurately. The requirement to be re-
presentative of the human body is even more important for par-
tial-body examination-such as assessment of actinides in the
skeleton via a skull measurement. A possible method to overcome
the limitations of the physical phantom is through the use of
mathematical models and Monte Carlo (MC) simulations. There
are three key prerequisites to demonstrate the applicability of the
results. The first is a sufficiently accurate description of the pro-
blem: a model of the human body or of part of it, a model of the
detector, a good description of the geometry and the source used,
and the simulation parameters. The second is the proper inter-
pretation of the results, including normalization and proper
handling of uncertainties. The third and most crucial is the vali-
dation of the simulation using a reference measurement.

The project, organized by EURADOS Working Group 7, Internal
Dosimetry (Lopez et al., 2012) and Working Group 6, Computa-
tional Dosimetry, consisted of three tasks. Results of the first one
was already presented (Vrba et al., 2014b). In this task all the
parameters needed for the MC simulation were described in the
instructions to the participants. The main goal of this task was not

only to check the ability of the participating laboratories in using
MC tools, but also to allow a comparison of the results obtained
using various MC computer codes. In the second task the partici-
pants were asked to build a model of a real detector and compare
its simulated response with the measurement. The third task was
the most general: participants were required to simulate the
geometry they would use in measuring the subject during a ty-
pical in vivo measurement.

2. Materials and methods
2.1. Physical and voxel phantoms

Two anthropomorphic head calibration phantoms were used in
addition to the hemispherical CSR semi-anatomical phantom used
in task 1 (Vrba et al,, 2014a). One physical phantom (so called BfS
skull) was borrowed from the Bundesamt fiir Strahlenschutz
Germany. The BfS phantom was manufactured from non-active
skull of a donor. This skull was artificially labelled with >*'Am and
covered with a paraffin wax. Little is known about the BfS phan-
tom construction apart from its activity (Laurer, 1993). The second
phantom, denoted as BPAM-001, was borrowed from the United
States Uranium and Trans-Uranium Registry (USTUR). The BPAM-
001 head contains half of the skull of a donor (USTUR case no. 102)
accidentally contaminated with 24'Am 25 years before the subject
died. The active half of the skull was matched with a non-active
skull from other human subject. The combined skull halves were
filled and wrapped with a tissue equivalent material simulating
skeletal muscle (Hickman and Cohen, 1988).

The voxel representation of BfS and BPAM-001 phantom were
created from CT scans of the physical phantoms. The phantom in
AnalyzeTM 7.5 file format, with material densities and composi-
tions together with assumed activity distributions originates from
previous work (Vrba, 2011). The voxel phantom was additionally
labelled to indicate the correct orientation and a label specified a
voxel reference point by which a detector should be positioned in
task two.

2.2. Detectors
Laboratories which carried out their own measurements were

asked to provide information on the detector used. Almost half of
laboratories did not perform measurements, mainly due to late

N

Fig. 1. Measurement geometries for task 2 (left: task 2A, middle: task 2B and right: 2C).
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enrolment in the intercomparison or due to transport difficulties
of the physical phantoms. A mathematical model of an Ortec low-
energy photon detector (LX-70450-30-RB) from the National Ra-
diation Protection Institute in Prague was developed in order to
allow these laboratories to participate. This detector consists of a
high purity germanium crystal with diameter 69.8 mm and height
30.5 mm built in a PopTop end-cap. This end-cap has a carbon-
epoxy window to avoid attenuation of low energy gamma radia-
tion. Participants without measurements obtained a datasheet of
this detector containing the actual dimension of the crystal, cali-
bration spectra with point sources placed on detector axis at the
distance 10 cm from the window, ambient background spectrum
and set of three spectra measured with each phantom. The cali-
bration spectra supplied covered the following radioisotopes: >’Co,
1333, 152y, 21%Pb and 2*'Am. Participants were encouraged to
obtain more data on the detector construction and performance
elsewhere, but the supplied data set was sufficient for the model
development.

2.3. Task two

The second task requires participants to simulate particular
measurement geometry for each voxel skull phantom (CSR, BfS
and BPAM-001). The mathematical calculation geometries were
the same as the ones in the physical measurement part of the
project and are shown in Fig. 1.

The distance between the outer surface of detector window and
the designated calibration point on the phantom surface, collinear
with the detector longitudinal axis, was 10 mm for all setups.
Homogenous activity distribution in source voxels was assumed for
all three phantoms. This means that only the radioactive bone in half
of the BPAM-001 phantom was used for the source of the primary
particles (photons). Yields and energy of the photons emitted during
decay of 2*!Am were stated in the main inter-comparison document
and is same as for task one (Vrba et al., 2014b).

The participants were asked to simulated pulse height spectra
and determine detection efficiencies. Simulated spectra were to be
compared by participating laboratories with the measured spectra.
For this spectrum to be comparable, the MC simulation would
need to incorporate simulation parameters such as Gaussian en-
ergy broadening, proper energy range and binning. This was not
explicitly mentioned in the exercise assignment to participants.

Table 1
Summary on used detectors and Monte Carlo code.

The reason for this is the detection efficiencies should be calcu-
lated with the method regularly used in the laboratory. Both types
of result, i.e. spectra and detection efficiency had to be normalized
to counts per second per becquerel (CPS/Bq). Participants had to
attribute uncertainty to the measurements and simulations ac-
cording to their expertize but the estimates had to be expressed in
scattering factors according methodology described in the IDEAS
guidelines (Castellani et al., 2013).

2.4. Task three

Participants had to simulate a geometry which would be used
for real subject measurements in task three. Laboratories without
facilities could propose a desired detector geometry but the
number of detectors in a setup was limited to four. All participants
were requested to provide spectrum (or spectra if more than one
detector was used) in the energy range from 10 to 65 keV simu-
lated with BfS phantom only and compared with the actual

Table 2
Detection efficiency and assumed uncertainty - task 2A.

Participant ID Simulation Measurement Simulation/
measurement

Efficiency SF° Efficiency  SF°
(cpsBq)” (cps/Bq)”

P02 1.23E-02 130 1.16E-02 132 1.06

P03 6.69E-03 112 6.79E-03 1.20 0.98

P04 9.34E-03 1.29 9.40E-03 1.26 0.99

P05 9.44E-03 1.07 Not given Not given n/a

P06" 8.61E-03 132 8.97E-03 1.08 0.96

P07 9.37E-03 1.09 1.03E-02 1.09 0.91

P11 1.10E-02 1.05 1.11E-02 1.03 0.99

P12 7.35E-03 1.65 8.94E-03 1.20 0.82

P14 4.93E-03 1.20 5.50E-03 110 0.90

P15 8.61E-03 1.01 8.81E-03 1.01 0.98

P17¢ 9.20E-03 1.07 Not given Not given n/a

P18* 9.36E-03 1.00 9.30E-03 1.00 1.01

P19° 8.52E-03 135 9.03E-03 135 0.94

P20° 8.80E-03 1.25 9.10E-03 1.25 0.97

p22° 8.55E-03 1.00 9.60E-03 1.02 0.89

@ Participant without its own measurements.
b Counts per second per becquerel.
¢ Scattering factor.

Participant ID Detector manufacturer Detector type Germanium crystal dimensions (mm)* Monte Carlo software Revised results”
Diameter Thickness Dead layer®
P02 Ortec GEM 84.50 30.00 0.2500 MCNPX 2.7.e Y
P03 Canberra LEGe 60.50 20.00 0.0003 MCNPX 2.7.0 N
P04 Canberra BEGe 70.50 25.50 0.0004 MCNP 5.1.6 N
PO5¢ Ortec LO-AX 69.80 30.50 0.0003 MCNPX 2.7.0 Y
P06 Ortec LO-AX 69.80 30.50 0.0003 MCNPX 2.7.0 Y
P07 Canberra XtRa 75.00 72.00 0.0004 MCNPX 2.7.0 N
P11 Canberra BEGe 80.00 30.00 0.0040 MCNPX 2.6.c N
P12 Ortec Gem-FX 71.00 23.35 0.7000 MCNPX 2.6.0 Y
P14 Eurisys Canberra EGM2000 50.00 10.00 0.0005 GEANT4 N
P15 Canberra LEGe 70.00 25.00 0.0070 MCNPX 2.6.0 N
p17¢ Ortec LO-AX 69.80 30.50 0.0003 VMC Y
p18¢ Ortec LO-AX 69.80 30.50 0.0003 MCNPX 2.7.0 N
P19¢ Ortec LO-AX 69.80 30.50 0.0003 MCNPX 2.6.c N
P20¢ Ortec LO-AX 69.80 30.38 0.0025 EGS4+UCWBC N
p22¢ Ortec LO-AX 69.80 30.50 0.0003 MCNP 4C3 N

¢ What participants reported.

b Indicated that participants had to amend or correct their results.
¢ Thickness of inactive layer.

4 Participant without its own measurements.
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physical measurement supplied on a standard on-line form. The
detailed description of detectors and their positions was also re-
quested from participants.

3. Results

The general information on detectors in task two and MC code
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used is given in Table 1. All detectors were equipped with ger-
manium crystals, however some of them (P02 and P12) had a ra-
ther thick outer contact (which is often denoted as a dead layer).
Detection efficiencies for task 2A (simulation with the CSR phan-
tom) are summarized in Table 2 and the comparison of the si-
mulations with measured spectra is shown in Figs. 2 and 3. De-
tection efficiencies for task 2B (simulation with the BfS phantom)
are summarized in Table 3 and the comparison of the simulations
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Fig. 2. Simulated and measured spectra for task 2A - part one.
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with measured spectra is shown in Figs. 4 and 5. Detection effi- measurement geometry is shown in Fig. 9.

ciencies for task 2C (simulation with the BPAM-001 phantom) are

summarized in Table 4 and the comparison of the simulations

with measured spectra is shown in Figs. 6 and 7. The range of the 4. Discussion

simulated results compared to the reference spectrum of the

participants without own measurements is shown in Fig. 8. Results The majority of the participants supplied results which sug-
for task 3 are summarized in Table 5 and majority of the gested their simulations were correct, however some results
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Fig. 3. Simulated and measured spectra for task 2A - part two.
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Table 3
Detection efficiency and assumed uncertainty - task 2B.

Participant ID Simulation Measurement Simulation/
measurement

Efficiency SF® Efficiency SF¢
(cps/Bq)” (CPS/Bq)”

P02 6.00E-03 1.30 4.50E-03 132 133

P03 2.84E-03 1.12 2.70E-03 1.20 1.05

P04 3.82E-03 1.29 3.63E-03 1.26 1.05

P05 4.19E-03 1.07 Not given Not given n/a

P06" 3.75E-03 1.32 3.79E-03 1.08 0.99

P07 3.91E-03 1.09 3.96E-03 1.09 0.99

P11 4.91E-03 1.10 5.03E-03 1.50 0.98

P12 3.31E-03 1.45 3.37E-03 1.30 0.98

P14 2.19E-03 1.20 2.27E-03 1.20 0.97

P15 3.60E-03 1.00 3.60E-03 1.03 1.00

P17¢ 4.22E-03 1.07 Not given Not given n/a

P18* 4.32E-03 1.00 3.89E-03 1.00 111

P19° 3.87E-03 135 3.76E-03 1.35 1.03

P20° 3.95E-03 1.25 3.80E-03 1.25 1.04

p22° 4.66E-03 1.00 4.10E-03 1.01 114

@ Participant without its own measurements.
b Counts per second per becquerel.
¢ Scattering factor.

identified there were issues with some simulations carried out.
Communication with the participants revealed some mistakes.
One participant had difficulty with the simulated detector, namely
due to material errors. Another participant wrote an inaccurate
scoring procedure and thus the results were shifted. Also one
participant had positioned the mathematical detector incorrectly.
Few participants reported different detection efficiencies in the
online questionnaire and in the submitted files. Some participants
did not complete the questionnaire or only did so partially. The
most frequent errors in the submitted spectra were the unequal
size of energy bins in the physical measurement and MC simula-
tions. The cause was mostly due to participants used equidistant
bins in the simulations, while the measured spectrum supplied to
labs without physical measurements, follows a non-linear sub-
division of the energy intervals. Such inaccuracy has no effect on
correctness of the results, but prevents direct comparison of the
simulated and the measured spectra. Some labs without mea-
surements did not reported their measured detection efficiency
despite access to the measurement spectrum and were asked for
this evaluation in the intercomparison instructions. Some partici-
pants did not supply all the requested information and few of
them did not supplement it even after further requests.

After revision the majority of results match the measurement
spectra very well, although there are a few exceptions. It appears
from data supplied by participant P02 and P11, they did not sub-
tract the background radiation counts from the measured spec-
trum. This issue is most significant for task 2B as the BPAM-001
phantom activity (288 Bq) will be difficult to determine due to the
detector system limit of detection if the background count is
present. The most visible discrepancy between the measurement
and simulation is within the low energy region up to 20 keV. The
results for participant PO5 were calculated without the correct
parameters of the Gaussian energy broadening function in simu-
lations and thus all simulated peaks are significantly narrower
than the measured ones. A correction for this observed inaccuracy
was not requested as it does not affect the detection efficiency. The
majority of simulations for task 2 C overestimates the Compton
contribution to the spectrum when compared with the measure-
ment. This could be explained by error in the material description
of paraffin wax or due to the simulated source. The source of the

BfS voxel phantom is in surface voxels of the bone region while the
physical phantom has surface distribution originated from a la-
belling procedure.

Serious discrepancies, about 33%, between the simulated and
measured detection efficiency was reported by participant P02 for
task 2B, however the spectra looks similar. Other results of the
participant, for task 2A and 2C, did not show the same dis-
crepancy. This difference could be partially caused by detection
efficiency assessment method and positioning inaccuracy. Both
detection efficiencies were assessed by standard methodology
used in the intercomparison document (the sum of all peak
channels reduced by average background assessed from 4 bins on
the left and right side of the peak) from the submitted spectra.
Obtained values were 5.63E—03 CPS/Bq for simulation and
4.67E—03 CPS/Bq for the measurement and thus the ratio drops to
1.2. Moreover the sagittal division of the BPAM-001 phantom into
an active and non-active part can contribute to positioning errors
which may affects detection efficiency of the measurement.

4.1. Detector size and respond - task 2

Relationship between reported detector efficiency and dia-
meter is shown in Fig. 10. The analysis of the data demonstrates an
anticipated pattern, i.e. increasing detection efficiency with in-
creasing detector diameter. The thickness of the detector is of less
importance, at least for studied geometries, since most radiation
comes through detector window and germanium half-layer for
59.54 keV photons is around 0.6 mm. The thinness of the detector
is only 10 mm but such layer attenuates almost all radiation of
interest. The data in Fig. 10 is compared with a theoretical function
obtained via MC simulation for a bare germanium crystal of con-
stant thickness of 30 mm with variable diameter (from 50 to
100 mm). The function was compensated for missing shell of the
detector. A multiplicative correction factor of 0.87 was estimated
based on a simulation without and with non-crystal part of the
detector for photon energy of 59.54 keV. Measured and simulated
detection efficiencies follows the theoretical function but there are
substantial differences for participants P02 and P12 which had
used detectors with a thick dead layer (more than 200 pm). Such
detectors exhibit large overall difference between the
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Table 4
Detection efficiency and assumed uncertainty - task 2C.

Participant ID Simulation Measurement Simulation/measurement
Efficiency (CPS/Bq)” SF¢ Efficiency (CPS/Bq)” SF¢

P02 7.80E-03 1.30 7.82E-03 132 1.00
P03 3.49E-03 1.12 3.72E-03 1.20 0.94
P04 4.38E-03 1.29 4.75E-03 1.26 0.92
PO5* 4.63E-03 1.07 Not given Not given n/a
P06" 4.72E-03 1.37 4.67E-03 1.08 1.01
P07 5.14E-03 0.09 5.24E-03 0.09 0.98
P11 5.76E-03 1.05 5.96E-03 1.03 0.97
P12 3.83E-03 1.35 4.55E-03 1.20 0.84
P15 5.39E-03 1.00 5.20E-03 1.01 1.04
P17¢ 4.57E-03 1.07 Not given Not given n/a
P18° 5.00E-03 0.00 4.76E-03 0.00 1.05
P19° 4.88E-03 1.35 4.65E-03 1.35 1.05
P20° 4.57E-03 1.25 4.69E-03 1.25 0.97
p22° 4.69E-03 1.00 4.90E-03 1.06 0.96

2 Participant without its own measurements.
b Counts per second per becquerel.
¢ Scattering factor.

measurements and simulations. However the data supplied by the
participant did not suggest whether this was pure coincidence or a
systematic issue.

4.2. Analysis of task three

The interpretation of the final task is rather difficult. The total
detection area and dead layer are not only parameters influencing
detection efficiency. Third and not of less importance is the dis-
tance of the detector window to the phantom surface. Some la-
boratories used specific distance for each detector and this would
made evaluation rather complex. Thus effective distance for whole
setup was introduced. It was calculated as a weighted sum

dy =< 25 % d
i=1

where S is total area of all used detectors and s; and d; is area
respective distance of detector i. Different effective distance can
explain, at least partially, the large difference between results of
participants with nearly same setup area (P12, P15, P19, P22). The
dependence of detection efficiency, normalized by the total setup
area, on effective distance for all results is shown in Fig. 11. A
vertical spread in Fig. 11 is partially caused by detector construc-
tion but mainly due to positioning of the detectors.

Setup efficiency, i.e. detection efficiency normalized to detector
surface, is one of the key parameter especially for one detector
setup. The highest setup efficiency for one detector setup was
found for overtop position 10 mm of phantom surface (P18). About
20% less efficient was the reported setup with one detector in a
contact with a forehead (P02), but the detector used had rather
thick dead layer. Efficiency of P02 setup would be same or slightly
better than for P18 if the detector had similar dead layer thickness.

A forehead position is probably better since there are no hair
which may make detector arrangement somehow more compli-
cated. Evaluation of the detection setups with more detectors is
rather difficult since many laboratories had no possibility to move
each detector separately or other restrictions existed in the de-
tector mount due to the detector cooling or shielded room size.
Substantial variability in detector to phantom distance is expected,
since there are two opposing requirements for measurement
geometry. The close detector arrangement will increase overall
detection efficiency but it may give rise to a bias due to the in-
homogeneous distribution of the transuranic element in a real

subject.

The most distant setups like P12 and P15 are due to detector
mount geometry restraints mentioned above. Both laboratories
used lung detector measurements which are mounted in pairs. The
setup of P04 consists of two detectors with 70 mm diameter facing
the foramen and crown of the head from a 10 mm distance and a
pair of 50 mm diameter detector aimed at left and right temporal
bone. The distance used was 30 mm from the phantom surface
and chosen as the standard distance for past measurements. A
similar geometry was used by participant P19, but all detectors
have the same distance (10 mm) and same diameter (70 mm). A
very close multi-detector setup was used by P07. Four detectors
are arranged around head circumference as shown in Fig. 9. Par-
ticipant P22 used four detectors at average distance 7 mm from
the BfS phantom, while one was on the top of the skull, second
aimed at the back of the phantom and last two detectors facing left
and right side of the skull. The participant did not carry out phy-
sical measurements, and this geometry was used for a mathema-
tical evaluation. The detector geometry setup had rather high
overall detection efficiency, but its practicability is questionable as
some detectors are closer than 5 mm i.e. it would restrain a human
subject and the detector may be damaged by accidental
movement.

5. Conclusion

The comparison exercise was finished by 15 of the 16 partici-
pants which solved task one (Vrba et al., 2014b). Five of the par-
ticipants (one third) needed revision or help with their simula-
tions. Human error rather than a lack of knowledge about the
exercises was the main cause of the mistakes.

Task two represents the first results with use of detector de-
fined by the participants. There is good agreement for the mea-
sured spectra with the simulated spectra for tasks 2A and 2B after
revision of the results. Slightly worse agreement is observed for
task 2C mostly in the Compton part of the spectra. This is probably
caused by limited information on the BfS phantom composition.

The majority of simulated to measured detection efficiency
ratios for tasks 2A, 2B and 2C differs about + 6% but practically all
of them did not exceed + 12%. This range is within a generally
accepted uncertainty range for such kind of measurement. Only
one result in task 2B (for participant P02), reported a large
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Fig. 6. Simulated and measured spectra for task 2C- part one.

difference, probably due to inaccurate detector positioning.
Observed results are comparable to other intercomparison ex-
ercises (Gomez-Ros et al., 2008) (Broggio et al.,, 2012). It indicates
that building the mathematical model of the real detector, for the
purpose of performing MC phantom calibrations, is not a large
source of uncertainty. This finding is supported by the results of

laboratories which have used real detector system to validate their
mathematical detector models. Another finding of this study is
that there exists an easy way how to predict, with limited accu-
racy, detection efficiency of a potential detector. The average es-
timated uncertainty for their simulated detector expressed as a
scattering factor was 1.20. This is a reasonable estimate
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Fig. 7. Simulated and measured spectra for task 2C - part two.

Table 5
Summary of task three results.

Participant No. of Detection Effective Simulated Measured efficiency Simulated/

ID detector area® (mm?) distance” (mm) efficiency (CPS/Bq)“ measured
(CPS/Bq)*

Participants with own measurement

P02 1 5153 0 7.80E-03 7.82E-03 1.00

P03 2 5750 10 8.52E-03 8.23E-03 1.04

P04 4 11,681 17 1.42E-02 1.44E-02 0.99

P07 4 18,091 ~5 2.71E-02 2.92E-02 0.93

P12 4 15,837 ~18 1.59E-02 1.66E-02 0.96

P14 3 5891 12 8.72E-03 6.39E-03¢ 1.03¢

P15 4 15,394 ~25 1.28E-02 1.20E-02 1.07

Participants without own measurement

P05 2 7653 10 9.77E-03

P18 1 3826 10 7.10E-03

P19 4 15,306 10 2.49E-02

P22 4 15,306 7 2.64E-02

2 Sum of crystal faces of all detector in setup.

b Sum of distances (from the detector window to the phantom surface) of each detector weighted by the detector surface fraction (detector surface divided by total

detection area).
¢ Counts per second per becquerel.
4 value only for two detectors (no measured data for 3rd detector).
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Fig. 8. Spread of the results for the solution with same detector (left-top: task 2A, right-top task 2B, and bottom: task 2C).

Fig. 9. Measurement geometries for task three.

considering the uncertainties related to detector position, material
definition, phantom geometry and source distribution.

Task three adds another level of complexity by implementing
real geometries. The use of same calibration phantom can elim-
inate or reduce issues of variability but it is still difficult to de-
termine the optimal geometry based on the data supplied by
participants. This is not only due to use of different detectors but
also due to fact that the measurement geometry reflects other
uncertainties such as reproducibility of the position and sensitivity
to inhomogeneous distribution of the radionuclide in the skull.

Comparison of real geometries for in-vivo skull measurement of
actinides have never had been performed in this way previously
and thus this intercomparison has generated a unique opportunity
to study the methodology and analysis of many laboratories across
the world to identify key points for best practice for future radi-
ological assessments. The assessment of area normalized detection
efficiency and effective distance, can be used to explain the dif-
ferences between various setups. Overtop and forehead geome-
tries deliver high detection efficiencies for a single detector setup.
A definitive solution from participants P19 and P07 using multi-
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Fig. 11. Normalized detection efficiency from simulation as a function of detector
to phantom effective distance for task 3. Vertical error bars represent generally
accepted positioning uncertainty of 12%. Horizontal bar express assumed accuracy
of +2 mm.

detector geometries is more difficult but two participants sug-
gested an effective setup for a four detector system, with in-
dependently movable detectors.
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HIGHLIGHTS

» We perform well-defined in vivo calibration measurements of enriched uranium in lungs.
» A voxel model of the phantom and other needed data are provided to participants.

» Participants perform Monte Carlo simulation of the counting efficiencies.

» For about half of the participants the agreement with experiment is within +5%.

» Other participants needed support to obtain this agreement.
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also provided training for the use of voxel phantoms. In vivo measurements of enriched uranium in
athoracic phantom have been carried out and the needed information to simulate these measurements was
distributed to 17 participants. About half of the participants managed to simulate the measured counting
efficiency without support from the organisers. Following additional support all participants managed to
simulate the counting efficiencies within a typical agreement of +5% with experiment.
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1. Introduction

In vivo monitoring consists of measuring the radiations emitted
from the body using specialised counting systems, mainly Nal(Tl) or
germanium detectors, in order to assess the activity in the body or
in an organ. In vivo monitoring is performed periodically for the
routine monitoring of nuclear workers or occasionally when an
incidental incorporation of radionuclides is suspected. To calibrate
the counting systems, specific physical phantoms containing
radioactive sources and representing the human body, or parts of it,
are used. The use of calibration phantoms allows the count rate
measured during the monitoring to be converted into retained
activity that enables the assessment of dose (ICRP, 1997; ICRU,
2003).

However, the available physical phantoms are far from repre-
senting all the possible human body type; the distribution of
activity in these phantoms is also fixed and it can be significantly
different from the distribution predicted by the biokinetic model-
ling of radionuclides (Lamart et al., 2009). For these reasons, and
others, efforts have been undertaken to develop numerical
methods for calibrating in vivo counting systems (Hunt et al., 1998;
Franck et al., 2001). For this purpose, numerical models of the
human body are built, the counting system is modelled and cali-
bration factors are obtained using Monte Carlo (MC) calculations.
To assess the reliability of such calculations it must be verified that
well-defined counting experiments can be simulated.

Although several teams have used such calibration methods for
different cases (Hunt et al., 1999; de Carlan et al., 2003; Broggio
et al., 2009; Malatova et al., 2010) their use is still quite limited.
In order to assess the reliability of MC in vivo modelling, the Eur-
ados network already recently supported a comparison of calcu-
lated counting efficiency in the case of a knee phantom
contaminated with 24'Am (Gémez-Ros et al., 2007, 2008a,b). Due to
the interest of participants for this comparison, and in order to
provide training, a similar action was conducted about the MC
modelling of enriched uranium in vivo lung monitoring. This
project was supported by the working group 6 “computational
dosimetry” (Lopez et al., 2011) and 7 “internal dosimetry” of the
Eurados network.

Reference measurements have been carried out with the Liver-
more phantom and germanium detectors of the CIEMAT in vivo
counting unit. Voxel phantoms of the Livermore phantom and
reference data such as the counting positions, activity of the sour-
ces, etc were provided to the participants. Participants were asked
to compute the spectra measured by the detectors and to give the
counting efficiencies for energies of interest. A first round of anal-
ysis was carried out and when the disagreement with experimental
quantities was larger than expected, as assessed by the organisers’
MC simulations, participants were asked to review their results. For
this purpose tutorials were distributed and personal advice given
when appropriate.

This paper details the preparation of reference data and
measurement, reports on the final agreement of calculated and
experimental quantities and analyses the main source of errors and
ambiguities that can lead to disagreement by orders of magnitude
between experimental and calculated quantities.

2. Materials and methods
2.1. Experimental measurements

The measurements were carried out at the CIEMAT in vivo
counting unit (Lopez Ponte and Bravo, 2000). The detection system

consisted of two pairs of Canberra low energy germanium detectors
(LE Ge) mounted in an ACTII cryostat. Each detector contains

a germanium crystal 25-mm thick and 70 mm in diameter and the
entrance window is made of carbon fibre and epoxy resin. Refer-
ence spectra acquired during the experiments hereafter described
are the sum of spectra of each individual detector.

A first measurement was made with a 2'Am point source
(activity 38.4 kBq) located below the detectors and at about an
equal distance of the four detectors. The positions of the source and
of the detectors centres were measured on a reference frame
designed for this experiment. The accuracy for the measured
position of the source and detectors was estimated to be +3 mm.

Two measurements were then carried out using the Livermore
phantom (Griffith et al, 1978) with lungs containing enriched
uranium. The activity of uranium isotopes in each lung, as given by
the manufacturer is shown in Table 1, the uncertainty for the
activities is 5% (k = 1). For the first measurement (PO measurement)
the Livermore phantom was not equipped with an extra-thoracic
plate; for the second one (P4 measurement) it was equipped with
the biggest extra-thoracic plate (thickness 24 mm). These plates are
used to obtain calibration factors corresponding to individuals of
increasing chest-wall thickness. These plates are made of tissue
equivalent materials simulating the absorption of a mixture of
muscle and adipose tissue (Kramer and Hauck, 2002). The Liver-
more phantom was positioned on a reference frame made out of
a large sheet of graph paper. The uncertainty for the measured
positions of the detectors on this frame is the same as that for the
point source experiment. The frame and the Livermore phantom
were marked so that the phantom could be positioned in a repro-
ducible manner on the frame. For the PO measurement the count-
ing time was 2 h, it was 5 h for the P4 measurements. After the
measurements the spectra were analysed with the Abacos soft-
ware! (Canberra company). The variation of the full width at half
maximum (FWHM) of photopeaks with energy was fitted and
recorded. The positioning of the detectors did not provide an
optimum counting efficiency since the detectors were not covering
the lungs as well as in routine measurements. However, the
selected positioning allowed the detectors to remain vertical and
enabled a more accurate measurement and simulation of detectors’
positions than in the routine practice. The detectors, Livermore
phantom and reference frame are shown in Fig. 3 (Section 3.3).

2.2. Voxel phantoms construction

CT scans of the Livermore phantoms were used to build voxel
phantoms corresponding to the PO and P4 cases. For this purpose,
the left and right lungs, the bones, whole body and P4 plates were
delineated with the Isogray Treatment Planning System (Isambert
et al.,, 2007; Dosisoft, 2010). Isogray performs a mesh based 3D
reconstruction of delineated organs; the mesh data were provided
to the binvox? utility so that a voxel phantom was obtained. More
details about a similar construction method are given in (Farah
et al., 2011). Since the dimensions of the voxel model slightly dis-
agreed with the measured dimensions of the physical phantom,
a few voxel planes were added in the transverse and coronal
directions so that the dimensions were finally equal.

The main characteristics of the PO and P4 voxel phantoms are
given in Table 2. For both phantoms the voxels are cubic and have
a volume of 8 mm?, for the P4 case the total number of voxels is
about 9 x 10%. As shown in Table 2 the obtained volume for lungs is
not exactly the same for both voxel phantoms but the difference is
small enough to be disregarded. The differences in volumes are

! http://www.canberra.com/fr/pdf/produits/HP/ABACOS.pdf (accessed February
2012).
2 http://www.cs.princeton.edu/ ~ min/binvox/ (accessed February 2012).
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Table 1
Activities of uranium isotopes for the lung sources.

Table 2
Characteristics of the voxel phantoms provided to participants.

Left lung activity (Bq) Right lung activity (Bq)

PO voxel phantom P4 voxel phantom

234y 17,750 24,500
235y 677.6 935.4
28y 3401 4696

attributed to the differences in the contouring of the two sets of CT
scan images (one image set for PO and one for P4).

2.3. Requested simulation tasks and data provided to participants

The project was divided into three tasks but it was not
mandatory for participants to take part in all of them.

The first task consisted of modelling the 'Am point source
measurement. Participants were asked to compute the pulse height
spectrum between 7 and 64 keV using 214 energy bins, which
corresponds to the experimental conditions. They were then asked
to compute the counting efficiency for the 59.5 keV photopeak
using the same region of interest than for the measurement. The
requested units were counts/s for the spectrum and counts/s/Bq for
the efficiency. A similar task was specified in the previous inter-
comparison exercise (Gémez-Ros et al., 2007, 2008a,b) and it can be
seen as a preparation for the second task since it helps in imple-
menting the detector model in MC codes.

The second task consisted of modelling the PO and P4
measurements. Participants were asked to compute the pulse
height spectrum between 31 and 210.5 keV over 672 energy bins,
the energy per channel being equal to the experimental one. They
were then asked to compute the counting efficiency at 63.3, 143.8
and 185.7 keV. The first photopeak is due to 2>*Th and is used to
assess the activity of 233U, the two other photopeaks are due to 23U
and thus enable direct assessment of its activity. The requested
units for the spectra and efficiencies were the same as that for task
1. Regions of interest, slightly different for the PO and P4 cases (but
as used in the experimental assessment of counting efficiency)
were provided to compute efficiencies. Specifically, the participants
were asked to detail the method to compute efficiency; particularly
it was asked if the computed efficiencies were obtained from the
simulated spectra. Indeed, with MC calculations it is not necessary
to simulate all the details of the spectrum to obtain the counting
efficiency at a given energy, for instance one can simulate only the
requested energy in the source to save computing time or obtain
better statistics. For the two tasks only the sum spectrum of the
four detectors was requested.

The third task can be seen as an extra task. Participants were
asked to carry out their own lung in vivo measurements and try to
simulate them, participants were invited to contact the CIEMAT
in vivo counting unit to schedule measurements or to carry out
measurements in their own facility. This third task was intended to
demonstrate one of the main difficulties in simulating in vivo
counting experiments: reproducing in the simulation the relative
positioning of detectors and measured subjects.

2.4. Data provided to participants

The information provided to participants consisted of a single
text explaining the requested tasks and providing technical data>. It

3 The text is available on the Eurados web site (http://www.eurados.org/), in the
menu “actions” and sub-menu “intercomparisons” (accessed February 2012). All
data can be also obtained upon request to the corresponding author.

Voxel phantom dimensions 255 x 239 x 139 255 x 239 x 148

(number of voxels)

Left lung volume (L) 1.76 1.72
Right lung volume (L) 2.39 2.36
Body tissue volume (L) 27.54 27.62
Extra-thoracic plate volume (L) — 473
Bone volume (L) 1.54 1.52

also consisted of the voxel phantom data that were provided
separately.

The voxel phantoms were distributed in two formats. The first
format was a single binary file containing the 3D matrix repre-
senting the phantom. The second format was a collection of ASCII
files, each one defining the nature of voxels in the axial planes of
the voxel model.

In the text explaining the requested tasks, apart from data
described above the following information were available:

- definition of counting efficiency and indications on how to
calculate it from a spectrum;

- the energy-dependent equation defining the FWHM of
photopeaks;

- instructions on how to read and use the voxel phantoms;

- technical drawing of the detectors with associated materials, as
already used in the previous exercise;

- technical drawing of the point source with associated mate-
rials’ definition;

- definition of the materials for the voxel models, the material
composition was assessed at best from a literature study
(Griffith et al., 1978; Newton and White, 1978; Kramer and
Hauck, 2002), data provided by the manufacturer, and
preceding experience in simulation with the Livermore
phantom (Pierrat, 2005).

- exact definition of the counting positions, given in a reference
frame whose origin was a corner of the voxel phantom;

- values for the energy and yields of gamma ray of 23423°(,
2302312341y~ 234mpy - 241Am  compiled and selected from
different reference tables (Browne and Firestone, 1986; ICRP,
1983; ICRP, 2008).

The material specification for the Livermore voxel models is
reproduced in Table 3.

2.5. Analysis of results

The organisers had performed the requested tasks and checked
that their simulations were in a good agreement with the experi-
mental results; it was thus expected that the agreement between
efficiencies calculated by participants and the experimental

Table 3
Composition (in weight percent) and density recommended for the definition of
voxel phantoms’ materials.

Lungs Body tissue P4 plate  Bones  Air

H 8 9.03 9.24 6.38
C 60.8 59.37 60.73 472

N 42 3.3 3.85 212 755

0 24.9 26.6 254 313 23.2

Ar 13

Ca 2.1 1.7 0.78 13

Density (g/cm?) 0.26 1.06 1.06 126 1.205x10°3
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efficiencies would have similar agreement. The analysis of results
for task 1 and 2 is based on the same method. Results of partici-
pants were classified as accepted or requiring revision.

If a reasonable agreement (~20%) was obtained for the effi-
ciencies it was checked that the provided spectra were correct (in
order to be sure that the provided efficiencies were not correct due
to compensating errors) and the results were classified as accepted.

When several or all of the calculated efficiencies were in clear
disagreement with experimental values (disagreement typically
larger than +£50%) the results were classified as demanding revi-
sions. Some participants obtained efficiencies that seemed correct
but the organisers identified that the calculation from the
computed spectra could be improved, these results were also
classified as requiring revision. Finally, some results were classified
as requiring revision because the reported efficiencies were wrong
due to inattention errors (i.e. efficiencies for the P4 case attributed
to the PO case, etc).

For results requiring revision, additional data were provided to
participants. The first one consisted of a spreadsheet tutorial
showing how to compute efficiency from a spectrum. The second
one consisted of a personalised report. In this report one of the
participant’s spectra and a corresponding reference computational
spectrum were plotted. Since in most cases there was only a scaling
factor between the two spectra, this scaling factor was indicated in
the report and it was asked to study the error leading to the scaling
factor. In this report, the participant’s method to compute the
efficiency from a spectrum was also analysed and when it did not
follow the expected method, the method provided in the tutorial.

In some cases both the spectra and the efficiency calculation
method were incorrect; however, the organisers were able to trace
the exact source of the error in most cases but it was not reported to
the participants.

3. Results and discussion
3.1. Statistics about participants and used MC codes

Seventeen teams took part in this comparison initiative; it
represented 14 institutes or companies since in 3 institutes two
independent teams took part in the exercise. The 14 institutes are
listed in the authors’ affiliation. The ENEA did not participate but
provided support for the organisation of this project. Since it was
not mandatory to participate in all tasks, 15 answers were received
for task 1 and 16 answers were received for task 2. For task 3, only
two teams accepted to carry out their own experiment at CIEMAT
and only one participant reported data from experiments carried
out in his facility. As a result, only tasks 1 and 2 are discussed in this
paper. To preserve anonymity each participant is hereafter defined
by a letter (A to Q), which will be used in reporting the results.

Eleven participants used the MCNPX code (Pelowitz, 2005),
other used codes were MCNP (Briesmeister, 1997), AMOS (Gabler
et al., 2006), EGS4 in conjunction with the UCWBC code (Nelson
et al,, 1985; Kinase et al., 2007), MCBEND (Cowan et al., 2009),
PENELOPE (Baré et al., 1995) and VMC (Hunt et al., 2003). MC codes
are listed with the anonymous ID of participants in Table 4.

3.2. Point source experiment simulation (task 1)

From the 15 answers received for task 1, 8 were accepted and 7
needed revision. For the accepted results the agreement between
experimental and computed efficiencies was within 3%. From the
seven results needing revision it was concluded that for six of them
the spectra were correct but the efficiency calculation was wrong,
nevertheless this difficulty in calculating the efficiency lead to
answers between 7.1 x 1073 and 2.3 x 102 (supposed to be counts/

Table 4

Monte Carlo codes used by participants.
Participant ID Used code Participant ID Used code
A MCNPX 2.7a ] MCNPX 2.6f
B MCNPX 2.5-2.6 K EGS4
C MCNPX 2.7b L MCNP4c
D MCNPX 2.5f M MCNPX 2.7b
E MCNPX 2.6 N MCBEND 10A
F MCNPX 2.6d (0] MCNPX 2.6
G PENELOPE P AMOS
H MCNPX 2.6¢ Q MCNPX 2.6¢
I VMC

s/Bq). For the last answer needing revision a scaling factor between
the expected spectrum and the computed one was identified.

The accepted and corrected results, for efficiency at 59.5 keV, are
shown in Table 5. Except for two participants, the agreement with
the experimental efficiency is within 3%. In most cases the
computed efficiency is higher than the experimental one.

A selection of computed spectra is compared with the experi-
mental spectrum (normalised to 1 s counting time) in Fig. 1 where
it can be seen that the 59.5 keV photopeak, Compton profile and
back-scattered part of the spectrum are simulated with a good
precision. As already discussed elsewhere (Ménard, 2004) the low-
energy part of the spectrum is more difficult to simulate, this is
probably mainly due to the transport of low-energy electrons and
photons but also inaccuracy of material composition definition.
Furthermore X-rays consist of several lines that were not simulated
separately. Obtaining a better agreement for this part of the spec-
trum would require additional studies, which is not the purpose of
the work presented here.

3.3. In vivo measurements simulation (task 2)

From the 16 answers received, 7 were accepted and 9 needed
revisions. For the nine cases needing revisions, it was considered
that in three cases the revisions were minor (misprint in reported
results or slight improvement of the efficiency calculation needed).
In the PO case the experimental efficiency at 63.3 keV was
3.25 x 1074 counts/s/Bq, before correction of results the received
answers ranged between 1.3 x 107% and 7.9 x 10\, These values

Table 5
Comparison of experimental and simulated counting efficiencies for task 1
(modelling of 241Am point source counting).

Participant ID Status Efficiency @ 59.5 keV Difference with
(counts/s/Bq) experiment [%]

Experiment - 8.13x 1073 -

A Corr. 6.72x 1073 17.3

B Acc. 8.35x 1073 2.7

C Corr. 820x 1073 0.9

D Acc. 821x1073 1.0

E Corr. 8.16 x 103 0.4

F Corr. 8.64x 103 6.3

G Acc. 827 x1073 1.7

H Acc. 830x 103 2.1

l — — —

] Corr. 7.90 x 1073 2.8

K - - -

L Acc. 8.25%x 1073 15

M Corr. 8.26x 103 1.6

N Corr. 8.24x 1073 1.4

0 Acc. 834x 1073 26

P Corr. 8.38x 103 3.1

Q Acc. 8.25x 1073 15

The status “Acc.” means that submitted results did not required corrections (“Corr.”).
Participants I and K only took part in task 2.
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Fig. 1. Comparison of experimental (solid line) and simulated (filled area) spectra for 24'Am point source measurements.

were supposed to be efficiency in counts/s/Bq but, in fact, some
participants misunderstood the meaning of counting efficiency or
misunderstand the units provided by the Monte Carlo code they
used (see Section 3.4 for more details).

The final results for the three requested efficiencies and the PO
and P4 cases are given in Table 6. From the data of Table 6 it was
concluded that, for a given energy, participants have obtained about
the same agreement in the PO case as in the P4 case. Participant G
who used the PENELOPE code reported that due to difficulties in
defining the source the results might lack in precision for the P4 case
and indeed he is the only participant whose results are significantly
different between the PO and P4 cases. The results of participant F
were not reviewed by the participant but he agreed to apply the
correction factor obtained during the analysis of results. Participants
F and Q computed the requested spectra but did not use these
spectra to calculate the efficiencies that were calculated in a more
direct manner by simulating only the photopeak energy. To obtain
a synthetic indicator of the agreement between calculation and
experiment the average of the absolute value of participants’ relative
deviation was considered for all efficiencies. As illustrated in the last
line of Table 6 the efficiency at 185.7 keV is usually in better agree-
ment than that at 63.3 and 143.8 keV. Taking into account all
participants and the PO and P4 cases, the typical agreement at
185.7 keV was around 3% while it was around 7% for the other
energies. These values are typical values that summarise the results
but not an exact average performed over all results. At 63.3 keV
underestimation of efficiency clearly dominates for the PO and P4
cases. At 145.8 and 185.7 keV, for the PO case overestimations of
efficiency are more frequent than underestimates, and for the P4
case over- and underestimates are about the same. If calculated
efficiencies are used for an activity assessment, an overestimate of
efficiency will lead to an underestimate of the retained activity and
thus an underestimate of the dose.

A selection of computed spectra is compared with the experi-
mental spectra, from which the background was subtracted, in

Fig. 2. All codes reproduce well the relative heights of photopeaks
and to a lesser extend the Compton scattering. In the PO case, the
Compton profile is quite well simulated for energies higher than
60 keV, for lower energies the simulation overestimates this
component of the spectrum. In the P4 case the disagreement
between simulated and experimental Compton components is
more important, noticeable disagreements appear for energies
below 100 keV, nevertheless the relative heights of main photo-
peaks are still well described and not too much affected by the
height of the Compton components. Depending on the participants,
the agreement of simulated and experimental spectra below
100 keV can be better, compare for example participants L and M in
Fig. 2. Several reasons can account for these disagreements:

- more or less detailed electron transport can be used;

- uncertainties about the material composition of detectors and
photons;

- the shielding of detectors is not simulated;

- small disagreement between the real and simulated volumes of
lungs.

The influence of some of these parameters in the simulation has
been illustrated in (Ménard, 2004).

All participants managed to implement the provided voxel
phantoms in their MC codes without support from the organisers.
Fig. 3 illustrates the implemented geometry in the MCBEND
software.

3.4. Most frequent cause of errors and recommendation

3.4.1. Ambiguities due to the definition of tasks

In the text sent to participants, the point source activity was not
given, thus computation of the experimental count rate and
production of the spectrum in units of counts/s was not possible.
Hopefully, most of time, participants provided results for a specified
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?:)Ir)rllfnaﬁrison of experimental and simulated counting efficiencies for task 2.
PO case P4 case
63.3 keV 143.8 keV 185.7 keV 63.3 keV 143.8 keV 185.7 keV
Experimental efficiency [counts/s/Bq] 325%x 1074 934x 104 4220% 103 1.921 x 104 6.07 x 104 279x 1073

Participant ID Status Difference with experiment for calculated counting efficiencies (100 x (calculated — experiment)/experiment); %)
A — — — — — — —

B Corr. -34 -3.7 -14 -4.7 -5.0 -13
C Corr. -6.8 6.4 -2.8 -9.9 3.9 —4.2
D Acc. -4.3 -4.0 -0.5 -6.3 -4.0 -2.0
E Corr. -13.2 1.0 1.8 -17.8 -0.2 1.2
F Corr. 3.6 115 3.8 2.0 103 4.2
G Acc. -10.3 -3.2 14 11.5 15.5 20.5
H Acc. -1.6 203 2.8 -1.0 12.8 0.7
I Corr. -1.5 17.8 -0.9 0.6 13.8 -2.0
] Corr. -1.5 17.8 43 -1.1 13.6 4.1
K Acc. 33 13.7 3.6 2.1 13.9 4.2
L Acc. 0.9 1.2 43 -1.1 -6.3 3.0
M Corr. —-43 -1.6 0.9 -6.9 -5.0 —2.2
N Corr. -6.0 0.0 5.6 -9.7 -3.7 33
(o] Corr. 17.3 1.1 4.2 15.7 -71 13
P Corr. -6.9 -0.9 1.9 -10.2 -5.6 0.0
Q Acc. -7.9 -0.5 0.4 -13.1 -5.6 -1.3

The status “Acc.” means that submitted results did not required corrections (“Corr.”). Participant A only took part in task 1.

activity (1 Ci, 1 Bq, the true activity of the source for those who
participated in the last exercises), and it was thus possible to
compare the provided spectra, as shown in Fig. 1, where a normal-
isation for a 1 Bq source was applied.

In the text sent to participants the gamma rays of 23°Th were
included, but since its half-life is 7.7 x 10* years, secular equilib-
rium with 234U is not reached and it was not necessary to include it
in the simulations. Some participants used their own database to
simulate the gamma rays to be included, others used the provided
data but noticed that 2>*Th had not to be included, but some have
included 23°Th, which results in a quite important photopeak at
67.7 keV (see participants I and K in Fig. 2).

Finally, although the counting efficiency was defined, a tutorial
should have been given in the text sent to participants in order to
homogenise the calculation methods.

3.4.2. Most frequent causes of errors

It is noteworthy that almost all computed spectra scaled with
the experimental spectra, i.e. apart from normalisation factors the
spectra were correct. This leads to two important conclusions. First,
in MC calculations the source term was correctly described, that is
to say that the relative importance of gamma rays corresponded to
the physical reality and it means that the activities of uranium
isotopes and their short-life daughters were correctly taken into
account to weigh the gamma rays in the source term. Second, the
scaling factor problem reveals difficulties in understanding the
units provided by the MC codes. Indeed, the scaling factors iden-
tified during the first analysis showed that instead of calculating
the spectrum corresponding to 1 s counting for the specified lung
activities some participants have calculated:

- the spectrum corresponding to 1s of counting for a 1Bq
source;

- the spectrum corresponding to 1s of counting for a source
emitting 1 photon/s;

- the spectrum corresponding to 1s of counting for a source
emitting the inverse of the photon emission rate.

Other participants normalised the calculated spectrum by the
energy bin width or its inverse; others tried to introduce the
number of simulated particles in their normalisation.

When such errors were made the calculated efficiencies are
different from the measured one by orders of magnitude. If one has
experience in the field of in vivo monitoring the calculated values
are so different from laboratory practice that the error can be
detected. However, the participants were not always directly
involved in routine in vivo monitoring and thus not familiar with
the expected counting efficiencies. It is noteworthy that most of
teams involved in routine measurements have directly provided
correct results.

3.4.3. Recommendations

The recommendations given here are mostly dedicated for the
MCNP or MCNPX codes but are general enough to be extended to
other codes.

It is needed to define a discrete probability density function for
the energy of emitted gamma rays. For a gamma ray at energy E;,
the emitted photon flux (number of gammas/s) depends on the
yield, y(E;) (number of emitted gamma per nuclear transition) and
on the activity, A(E;) (in Bq):

@(Ei) = y(E)A(E;).

In the case where several radionuclides have gamma emission at
the same energy or at very close energy a sum must be performed
over radionuclides. In the case of the simulated experiment, the
activity for the daughter radionuclide is the parent’s one.

The total photon flux is simply:

¢ = Z o(E;)

and gives the total number of photon emitted by the specified
source during 1 s.

To build the probability distribution one simply attributes the
probability p; to the energy E; with:
by = i(Ei)

@

The probability distribution for enriched uranium has been
explicitly given by participant L to explain its calculation and is
reproduced here in Table 7 (for readability the sum of probability is
normalised to 100). The total photon flux, taking into account the
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Fig. 2. Comparison of experimental (solid line) and simulated (filled area) spectra for in vivo measurements, on left side PO case, on right side P4 case.

234231Th and 234™Pa is 2796 gammas, it is equivalent to 5.38 x 1072
photon/s for 1Bq of enriched uranium, taking into account the
three isotopes listed in Table 1.

Once the probabilities for emission have been defined, one needs
to normalise the output of the MC calculations to correspond to the
requested physical units. Monte Carlo codes normalise their results to
one emitted particle so that the result is independent of the number

of simulated particles. For a source with only gammas, the MCNPX F8
tally (pulse height tally) gives the number of events in the energy bins
for one emitted gamma. If the F8 tally is multiplied by ¢, the number
of events for 1 s is obtained. If one further multiplies by the counting
time the number of events during the counting time is simulated.
The definition of a complete source enables to obtain the full
spectrum that can be processed like an experimental spectrum to
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Fig. 3. Picture of the experiment showing the Germanium detectors, the Livermore phantom with the PO plate and the reference frame to report positions (left), voxel model of the
phantom with detectors as provided by the MCBEND/Visual Workshop software (the detector shielding is not simulated).

deduce the counting efficiency at a given energy. However this
method might not be the most suitable for efficiency calculation.
Indeed, only one energy can be simulated and one thus obtains
the number of events in the photopeak for one gamma emitted
at the given energy. In MCNPX the number provided by the F8
tally in the energy bin of interest is thus the efficiency in units of
counts per emitted gamma. Multiplying this number by the yield
of the gamma ray gives the efficiency in units of counts/s/Bq. The
advantage of such a method is the simplification of the source
definition, the simplification of the output processing and the
use of all of the simulated particles at a given energy, which gives
a more reliable result than if the same number of particles had
been used to simulate several gamma rays. This method meets
the experimental practice since during the experimental pro-
cessing of the spectrum the contribution of the Compton scat-
tering is subtracted. Furthermore, it is not necessary to simulate
the energy broadening since in the experiment the region of
interest is chosen to take into account the all the counts in the
photopeak. Only participants G and Q calculated efficiencies
using this method, and despite the spectrum provided by
participant G is not satisfactory around 63 keV the calculated
efficiency at 63.3 keV is in rather good agreement with experi-
mental values.

Table 7

Recommended source definition for simulation of enriched uranium.
Energy Radionuclide Probability Energy Radionuclide Probability
(keV) (%) (keV) (%)
90.33 235y 2.06 2564 231Th (*°U) 8.36
9379 23y 3.33 5857 23ITh (**°U) 0.28
96.09 U 0.05 8123 23ITh (%V) 0.51
10528 23U 0.38 842 231Th (2350) 3.81
106.7 235y 0.74 89.95 23ITh (¥*°U) 0.54
109.16  °U 1.08 532 B4y 1.86
14376 23U 6.32 120.9 234y 0.6
16333 %U 2.93 63.29 234Th (*38U) 11.9
18261 %U 0.2 9238  234Th (*%8U) 7.9
185.72 23U 32.99 92.8 234Th (2380) 7.79
19494 35U 0.36 984  234Th (*38U) 0.69
20211 U 0.62 112.81  234Th (?3%V) 0.67
20531 2%y 2.89 95.06 23mpa (238y) 043

98.93  234mpy (238y)  0.69

3.5. Extra work performed by some participants

Only two participants contacted CIEMAT to carry out task 3 and
took advantage of their visit to achieve experiments outside the
scope of this paper. Participant H conducted task 3 with his own
in vivo facility and had to carry out the full validation of the counting
system modelling. As a result task 3 was not successful and no general
conclusion can be given regarding the simulation of counting posi-
tions difficult to reproduce with accuracy. Nevertheless some
participants performed extra work and provided noteworthy results,
which might be presented in future separate communications.

Participant G has explored the advantages and drawbacks of
using PENELOPE and Peneasy and MCNPX. When voxel phantoms
are used, the default version of Peneasy cannot handle enough
different materials, nevertheless with some modifications similar
results are obtained than with other codes.

Participant F used home made tools to exchange the lungs of the
PO and P4 voxel phantoms because they did not have exactly the
same volumes (see Table 2). Efficiencies calculated with the
different voxel lungs were in agreement within 2%.

Participant H decided to benchmark his simulation method
thanks to experiments carried out with his detectors. Namely,
measurements with a point source and a Livermore phantom were
carried out and simulated. As a result, participant H was sure to
simulate the requested quantities and his results accepted without
corrections.

Participants B and Q investigated the possible effect of the beta
spectrum of 234™pa. It was shown that through Bremsstrahlung
photons a signal can be induced in the detector, it results in a small
contribution with a peak around 50keV. At this energy the
contribution due to 2>*™Pa could account at maximum for 5% of the
signal. Since only two participants investigated this topic the
provided results could not be checked, however if this result was
confirmed it could, to some extend, explain the difference between
simulated and experimental spectra around 50 keV.

4. Conclusions

The goal of this work was to simulate in vivo measurements of
enriched uranium in the lungs of a thoracic phantom. Reference
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measurements were carried out at the CIEMAT in vivo counting
facility and then detector models, voxel phantoms and all relevant
data needed for the simulation were provided to the participants.
All the participants managed to implement voxel phantoms in their
Monte Carlo, most of time without difficulty. Although a large
number of voxels were used in this problem, no memory
management problems were reported.

About half of the participants managed to simulate the spectra
and counting efficiencies of the in vivo measurements without
support from the organisers or only had to apply minor corrections.
For other participants the spectra were correct up to a scaling factor
that can be explained by misunderstanding of the output units of
MC codes, or ambiguities in the directive provided by organisers, or
inexperience in the field of in vivo counting. After analysis of results
and corrections applied by participants, the typical agreement of
experimental and counting efficiencies was around 5%.

Since application of routine calibration factors, obtained with
physical phantoms, but used for the activity assessment of moni-
tored people can result in uncertainty far larger than 5% it might be
interesting in some special cases to use numerical calibration for
in vivo measurements. However, as shown in this paper, careful
benchmarking of the simulation must be performed. Before
applying a numerical calibration factor, simple and well-defined
experiments should be simulated in order to test the simulation
methods.

Voxel phantoms are nowadays used in different fields such as
nuclear medicine, radiotherapy and radiological protection. Most of
time, they are used to calculate quantities that cannot be measured.
However, as far as possible, simple experiments should be designed
in order to assess the validity of the simulations, as highlighted in
this study where measurements were available.
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The paper deals with the physical skull phantoms Bundesinstitut fuer Strahlenschutz and BPAM-001, which are used in order
to calibrate in vivo detection systems for estimation of *' Am activity in the skeleton. Their voxel models were made and used
in the Monte Carlo simulations. The results of the simulation were compared with measurements and reasonable agreement
was observed. Several aspects such as materials and source distributions used in the models were discussed.

INTRODUCTION

Detection systems for in vivo measurement of radio-
nuclides incorporated in a human body have to be
calibrated in order to provide quantitative results.
Physical calibration phantoms were used for such a
task in the past, however their production is rather
complicated and the phantoms have many limit-
ations. Application of the mathematical phantoms
together with particle transport codes based on the
Monte Carlo (MC) method is an alternative way'").
The use of the MC approach to calibration has
many advantages, but requires benchmarking with
the measurements.

Four different physical head calibration phantoms
with **' Am activity have been used at the National
Radiation Protection Institute in Prague (NRPI) in
the past. Their efficiencies for energy of 59.6 keV
differ by a factor of 2, from 0.0055 to 0.122 counts
per emitted photon”. At least two of these phan-
toms: Bundesinstitut fuer Strahlenschutz (BfS) and
BPAM-001 were used in other laboratories® * for
calibration purposes too.

Simulations with a voxel phantom of a human
head, based on a CT scan of a real person, were per-
formed in order to find out the most reliable cali-
bration. Results from the simulations with the voxel
phantom were compared with the efficiencies
obtained from the physical ghantoms and significant
differences were observed”. Discrepancies found
were explained indirectly, i.e., without a comparison
of the detection efficiencies of the physical phantoms
and the ones calculated from the simulations with
mathematical models. The present paper tries, by
direct comparison, to examine a previously written
hypothesis, that observed disagreement in efficiency
is caused by activity distribution and imperfect con-
struction of the physical phantoms.

MATERIALS AND METHODS
Phantoms

The comparison deals with two phantoms. The first,
from the BfS, was labelled artificially with **'Am on
the inner and outer surfaces of the skull®. The
second, BPAM-001, was borrowed from the United
States Uranium and Trans-Uranium Registry
(USTUR) and contains half of the skull of a donor
(USTUR case No. 102)”. Their models, i.e. voxel
phantoms, were based on CT studies® of the physical
phantoms and the segmentation process was as
follows: raw selection of the different tissues was done
by the threshold function. Application of morpho-
logic operators and manual correction produce the
final set of images, which were transformed into an
MCNPX input file by a program written in Matlab
(developed by MathWorks™). Figure 1 displays the
inner filling of the segmented phantoms.

The model of the BfS phantom has 234 x 173 x 137
voxels with dimensions 0.78x0.78x1.5 mm.
Different attenuation of paraffin wax (soft tissue sub-
stitute in BfS) was simulated by the changes of its
density in the model. The model of the BPAM-001
has 228 %204 x 186 voxels with size 0.95x0.95x1.25
mm. There are two types of bone tissue in the
phantom: hard (compact) and soft. The hard and
soft bone in the phantom model can be understood
as cortical and trabecular parts of the skull, but the
anatomical accuracy is limited because differentiation
was based mainly on attenuation of the CT study.
Soft tissue of the phantom was divided into three
regions according to attenuation.

The different voxel sizes of the models reflects res-
olution of the original CT studies. Tissue compo-
sitions and densities are based on available data or
generally accepted values ” and are summarised in
Table 1.

© The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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BPAM-001

metal mounting

active bone

Figure 1. Segmented slice of the phantoms.

Table 1. Tissue density and composition in mass fractions
used in simulations.

Element BPAM-001 BfS
Soft Hard Soft Bone Paraffin
tissue  bone®  bone®  tissue wax
H 0.090 0.074  0.034 0.050 0.150
C 0.594 0.302  0.155 0.212 0.850
N 0.033 0.037 0.042 0.040
(0] 0.266  0.438 0.435 0.435
Ca 0.017  0.098 0.225 0.176
P 0.045 0.103 0.081
Na 0.001 0.001 0.001
Mg 0.002 0.002
S 0.002 0.003 0.003
Cl 0.001
K 0.001
Fe 0.001
Density  0.60° 0.87
(gem ) 100 129  1.62 1.7
1.27° 0.44°

“Bone class based on attenuation from the CT study.
PUsed in order to reflect different tissue attenuation in the
CT study.

Detectors

Four low-energy germanium detectors of different
size and construction were used. Their models were
based on the information from the manufacturer and
real measurement data. Basic characteristics of the
detectors are in Table 2. Inactive layers of detectors
13 and 20 were estimated via measurements with the
point sources (*'°Pb and **' Am) emitting at least one
photon in the low-energy region (up to 20 keV) and
one in a region where inactive layer thickness has a
marginal effect on detection efficiency. Net peak area
ratios of low to high photon energy were calculated
and the same set of the values were sought iteratively

Table 2. Basic detectors parameters.

Parameter Detector number

36 35 20 13
Window material Be c? ct
Window thickness (mm) 0.5 076 0.5 0.5
Inactive layer (um) 03 03 6 ¢
Crystal diameter (mm) 70.5 69.8 50.5 50.5
Window to crystal distance 4 4 5 5
(mm)
Height of crystal (mm) 32,5 305 20 15

4Carbon-epoxy composite.
Estimated experimentally.

in MC simulations while the inactive layer thickness
was modified. The reliability of all models, even those
with a known inactive layer, was set against a point
source calibration.

Geometries of the measurement and simulations

There are two set-ups for the measurement of the skull
activity. The older one, used in the past for BPAM-
001, places two detectors with an active area of 2000
mm?, each at a distance of 3 cm from the temporal
bones®. A new set-up is more complex and adds
another two detectors with active areas of 3903 and
3826 mm” ~1 cm from the crown of the head and the
forehead. Both set-ups are depicted in Figure 2.

The simulations were performed in MCNPX
version 2.6. Primary particles used in simulations
were monoenergetic photons with energy of 59.6
keV (**'Am), because detection efficiencies for this
energy were known from the measurements per-
formed in NRPI® ?. Other particles from **'Am
decay were omitted because they were not used for
calibration purposes in NRPI. Default transport
parameters for photons, i.e. detailed model, and the
standard electron straggling algorithm were used.
Gaussian energy broadening was not used in order
to keep evaluation transparent, i.e. just histories
from the 59.6-keV bin were taken in account. The
border voxels of the bone tissue were sources of the
photons in simulations with the BfS phantom
model. Three different tissues were assumed and
used as a homogenous source of photons in the
model of BPAM-001: hard bone, soft bone and total
bone tissue.

RESULTS

Results of the simulations are compared with the
measurements in Tables 3 and 4. The maximal differ-
ence of the simulation to measurement is <7 %.

Page 2 of 4
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Figure 2. Measurement geometry: old setup with two

detectors (top), new setup with four detectors and BfS

voxel phantom (bottom). Numerical labels refer to detector
numbers in Table 1.

DISCUSSION

There are some issues more or less questionable. The
first such issue is composition of the physical phan-
toms. There is quite limited information on BfS.
Owing to CT resolution and phantom construction
(cranial cavity is filled with lens-like objects) there
are many soft tissue voxels not totally filled. Two
densities of the paraffin wax were used in order to
simulate the effect. Composition of the wax was
based on the general formula (Hy, Csp). A material
used as a replacement of the soft tissue in BPAM-
001 is also quite inhomogeneous. There are even
larger differences in Hounsfield units (HUs), ranged
from 400 to 1400; thus the filling was divided into
three groups. The material modelling based on HU
is not precise, because verified calibration of the HU
scale for the studies is not available. On the other
hand, the effect of soft tissue density, which is some-
what equivalent to the change of composition, on
detection efficiency was studied. Soft tissue density
variation within+ 10 % used in the simulations
affects detection efficiency approximately by +4 %.

Table 3. Results for the BfS phantom.

Efficiency® Detector number Total

13 20 35 36

Measured”  0.0067 0.0064 0.0124 0.0158 0.0420
Calculated  0.0066 0.0064 0.0126 0.0157 0.0414
Ratio® 0.99 1.01 1.02 0.99 0.99

#Counts per emitted photon at 59.6 keV.
PCalculated to measured.

Table 4. Results for phantom BPAM-001.

Data type Source Total efficiency (counts

per emitted photon at
59.6 keV)

Measured  Real distribution 0.0055%

Calculated All bone volume 0.0059

Calculated Hard bone volume 0.0061

Calculated Soft bone volume 0.0051

Ratio® 1.065

Published in Malatova and Foltanova®.
PCalculated with the source in all bone volume to
measured.

A more serious issue is activity distribution in the
phantoms. The situation for BfS is a little bit easier;
however, there is no information if the mandible was
labelled too. On the other hand, the homogeneousness
of the activity distribution is given by the production
method and has been proved experimentally!'”.

Serious uncertainty is connected with the BPAM-
001. The phantom data sheet states that phantom
activity distribution can differ from fresh activity dis-
tribution due to the long time since intake (25 y
prior to death of the subject) and bone remodelling.
The data sheet mentions inhomogeneous distri-
bution in the phantom too.

Use of homogeneous activity distribution in the
whole bone volume for BPAM-001, presented in the
paper, stands on the following basis. Phantoms
labelled artificially on inner and outer surfaces of the
skull give ~20 % higher detection efficiencies than
those with a homogeneous distribution in all bone
volume®. Size of BPAM-001 head phantom is
close to the UCIN (University of Cincinnati)
skull phantom ", but the efficiencies of BPAM-001 is
~20 % less than for the UCIN skull phantom®.
Thus, it can imply that ?*' Am activity distribution in
BPAM-001 is not of the same type as for UCIN or
BfS, which were manufactured in a similar way (label-
ling on skull surface). Moreover, the paper b;/ Roessler
et al."? provides microdistribution of the “*'Am for
the USTUR case No. 102 whose bones were used in

Page 3 of 4
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the BPAM-001 phantom set. Activity per wet tissue
mass is 0.83 Bq g~ ' for the occipital, parietal and a
major part of the frontal bone; 0.78 Bq g ' for the tem-
poral bone, maxilla and portion of frontal bone and
0.55 Bq g~ ! for the mandible. Activity concentration
variance in the skull bones exists, but is rather insignifi-
cant for most of them, except for the mandible.

The mandible represents ~9 % of the skull mass
and is quite distanced from the detectors in both
setups shown in Figure 2. Detection efficiency was
changed approximately by 1 % when the lower
activity of the mandible was simulated in a calcu-
lation with the voxel phantom. Thus, lower activity
in the mandible can decrease the detection efficiency
minimally. Given facts and uncertainty of detectors
placement, which account for typically ~10 %, lead
to opinion that homogeneous activity distribution in
the bone volume is a reasonable approximation of
the rather complex and not exactly known distri-
bution in BPAM-001.

CONCLUSION

MC simulations with two voxel models of the phys-
ical calibration phantoms provided detection effi-
ciencies close to those obtained from the
measurements. The maximal difference between
measurements and simulations was <7 %. The
observed result can be interpreted as a good agree-
ment, because measurements and simulations are
affected by many sources of uncertainty, namely
detector position reproducibility.

In conclusion, new results support the previous
hypothesis that difference in the efficiency of the head
voxel phantom based on real person and physical
calibration phantoms (namely BfS and BPAM-001) is
due to imperfect construction and activity distri-
bution of the physical phantoms. Homogeneous dis-
tribution in the bone volume seems to be a
reasonable approximation of that in BPAM-001 when
an arrangement of two detectors was used. The
general assumption on homogeneous distribution of
americium activity in the bone volume of the skull is
a conservative approach and thus will not underesti-
mate the true activity at times long after the intake.

Additionally, the usage of BPAM-001 and BfS
head phantoms for calibration purposes is not
optimal, because their imperfect filling introduces a
bias which leads to underestimation of the real
activity in the skull.

Finally, two voxel models of the real skull phan-
toms were developed and are available to anyone on
request.
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A training course named ‘European Radiation Dosimetry Group/International Atomic Energy Agency Advanced Training
Course on Internal Dose Assessment’ was held in Czech Technical University in Prague from 2 to 6 February 2009. The
course, jointly organised by the two organisations, had the aim of providing guidance on the application of IDEAS guidelines
and of disseminating the results of EC CONRAD Project in relation to internal dosimetry (Work Package 5). At the end of
the course a dose assessment exercise was proposed to participants. Four artificial cases, named exercises left to participants,
were used to check the capabilities of application of the IDEAS guidelines, gained by participants during the event. The par-
ticipants had to use both hand calculations and dedicated software, in limited time (7 h). Forty per cent of participants had
solved all four cases in the allotted time. The results of the dose assessment were analysed to gain experience in types of
errors assessors may make during the evaluations. The result of this intercomparison exercise was promising: half of the
results in each case were equal to the ‘reference evaluation estimate’, which was obtained by applying the guidelines correctly.

INTRODUCTION

At the end of the ‘European Radiation Dosimetry
Group/International ~ Atomic  Energy  Agency
Advanced Training Course on Internal Dose
Assessment” performed in the Czech Technical
University in Prague (Czech Republic) from 2 to 6
February 2009, a dose assessment exercise was pro-
posed to participants. Four artificial cases, named exer-
cises left to participants (ELP), were used to check the
skills and knowledge of the participants in applying
the IDEAS guidelines'” to assess cases. Different
characteristics were introduced in the case descriptions:

e routine (ELP1 for '®I repeated measurements)
and special monitoring (other ELP exercises),

e mixture of radionuclides, and measurements on
reference radionuclide (ELP2 for enriched
uranium inhalation),

o different types of data sets: chest and urine for
ELP2, lung, urine and faeces for ELP3,

o different intake scenarios: inhalation of vapour
(ELP1), inhalation of particulate aerosols (ELP3
and ELP2) and ingestion (ELP4),
presence of one outlier data value (ELP4),
default parameter values (ELP1, ELP2, ELP4)
and specific material parameter values (ELP3),

e request to perform calculations on the basis of
the IDEAS guidelines either by using tabulations
and spread sheets (ELP1 and ELP2) or using
dedicated software (ELP3 and ELP4),

e limited time allocated for carrying out all assess-
ments (7 h).

The results were collected by means of a dedicated
web page on the Czech Technical University web site.
An empty spreadsheet file, for each ELP exercise, with
the record format of the requested information was
downloaded by each participant. At the end of the
evaluation, each participant was asked to fill in the
file and to upload it inside the dedicated web page.

The evaluation of outliers for each set of results
was performed in the same way as was done for the
IDEAS/IAEA Intercomparison Exercise” by dis-
cardin% values that were out of the interval GM/
GSD*’-GM*GSD?*°, where GM is the geometric
mean of all results and GSD is the corresponding
geometric standard deviation. An iterative procedure
of identification of outliers was used.

The statistical values of the overall results are
reported in this paper so that comparisons with the
other intercomparison exercises can be made. In
general outliers in the results arose because of errors
or wrong assumptions.

AIM OF THE ANALYSIS

The analysis of the results of the four ELP cases
provided useful information to improve the appli-
cation of IDEAS guidelines and to gain experience
in the types of errors that evaluators can make,
which can be easily avoided.

© The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org
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GENERAL FEATURES OF THE CASES

The characteristics of the different proposed case
studies are reported. The case scenarios have been
developed by the authors as artificial cases to simu-
late routine or accidental realistic cases and to high-
light aspects in internal dose assessment that can be
tackled using the IDEAS guidelines.

For each case a ‘reference solution’ following the
guidelines was performed by one of the authors.

The lecturers suggested performing the evaluation
with spread sheets for two of the cases (ELP1 and
ELP2), and for the other two cases (ELP3 and
ELP4) with all the available software tools: AIDE®,
IDEA-System® and IMBA Professional® codes.

Case ELPI

A routine monitoring case of '*°I with five thyroid
measurements. The intake and the committed effec-
tive dose, E(50) for each monitoring period were
requested. In this case, the assessor should take
account of the contribution of previous intakes to
each measurement value.

Case ELP2

A special monitoring case following the inhalation
of enriched uranium. Five lun% monitoring data and
five urine measurements of *>U were given as well
as the isotopic composition of the material. The
intake and E(50) of each uranium isotope were
requested.

Case ELP3

A special monitoring case following the inhalation of
24l Am with seven chest, six urine and seven faecal
data. The participants were requested to assess the
case by calculating the effective AMAD and chan-
ging the f; and s; absorption parameter values. The
best estimate of the intake and E(50) were required.

Case ELP4

A special monitoring following the ingestion of
137Cs with eight WBC data. A second intake was
known to have occurred within a given period but
the exact time of intake was unknown. Evaluation of
the two intakes and E(50) were requested.

OVERALL RESULTS

In Table 1, the overall results of the ELP exercise are
reported. As can be seen, the four cases have been
assessed, respectively, by 94, 47, 65 and 41 % of the
34 participants. So more than 40 % of participants
assessed all four cases in the allotted time.

The number of outliers identified for each case is
small compared with the total number of evaluations
(results) except for case ELP2 #**U. In this case, the
relatively large number of outliers resulted from
errors in using the isotopic ratios in terms of mass
instead of activity, and from the use of an incorrect
dose coefficient. In all other cases, the percentage of
outliers does not exceed 40 %, and on average is
around 20 % of the ‘accepted results’. Generally the
GM values for each case are very close to the refer-
ence value evaluated by the lecturer following the
IDEAS guidelines: in some cases the values are
equal. The spread in the results is relatively large for
ELP2-2°U—E(50) due to the use of a dose coeffi-
cient related to absorption Type S (as default for
U30g) and not for Type M, as can be derived from
the fitting of measurement data.

ANALYSES ON ERRORS PERFORMED
DURING ASSESSMENT

An analysis of the type of errors made during the
assessment of the cases has been done. The aim is to
focus on common errors made by participants,
which can help in revising the guidelines.

Three main types of errors were identified:

e trivial errors,

e conceptual errors,

e errors related to the application of the IDEAS
guidelines.

Trivial errors

The main error was to express the E(50) result in
sievert instead, as required, in millisievert. This
introduces an underestimation of the E(50) value by
three orders of magnitude (see Figure 1 point at
about 37 kBq intake and 5 x10~* mSv E(50)).
Errors in writing down the correct value from
several columns of numbers in the output of dosim-
etry code have also been highlighted.

Conceptual errors

The main errors were related to different assump-
tions for the choice of the m(¢) values (retention—
excretion values) and for the choice of the dose coef-
ficient. For example, some participants used a reten-
tion function related to vapour to estimate the intake
and then used an aerosol dose coefficients (either for
1 or 5 pm AMAD) to calculate the dose (case
ELP1). Some of the participants even used a dose
coefficient for a different radionuclide (e.g. '*’Cs
instead of '*°I for case ELP1).

In routine monitoring, the change of the dose coeffi-
cient between one monitoring period and subsequent
monitoring periods, has been also highlighted, as if
the physical phase or the compound of the
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Table 1. Overall results of the provided evaluations.

Case Parameter Intake E(50)

ELP1, First three monitoring periods Number of results® 29 29
Reference value® 105.6 kBq 1.48 mSv
GM* 107.0 kBq 1.27 mSv
GSD* 1.04 1.42
Number of outliers® 3 3

ELP2, 2°U Number of results 15 15
Reference value 667 Bq 1.20 mSv
GM 733 Bq 1.97 mSv
GSD 1.24 2.32
Number of outliers 1 1

ELP2, 24U Number of results 9 5
Reference value 15.5 kBq 33.2 mSv
GM 16.1 kBq 34.0 mSv
GSD 1.08 1.03
Number of outliers 3 7

ELP3 Number of results 17 16
Reference value 525 Bq 11.5 mSv
GM 506 Bq 10.9 mSv
GSD 1.04 1.13
Number of outliers 5 6

ELP4, first intake Number of results 12 10
Reference value 94.0 kBq 1.28 mSv
GM 94.0 kBq 1.28 mSv
GSD 1.01 1.01
Number of outliers 2 4

ELP4, second intake Number of results 13 13
Reference value 479 kBq 6.51 mSv
GM 488 kBq 7.13 mSv
GSD 1.05 1.10
Number of outliers 0 0

“Number of reported values not considering outliers (accepted values).
PReference value as evaluated by lecturers team following IDEAS guidelines.

°Geometric mean of accepted values.
dGeometric standard deviation of accepted values.
“Number of outliers.

Case ELP1 - 1¥ monitored period - scatter plot E(50) vs 1
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Figure 1. Scatter plot of ELP1 case 1°* monitoring period
results.

radionuclide might change during different monitoring
periods.

One participant adopted the assumption of the
intake time at the beginning of the monitored period

and not, as recommended either in the guidelines or
in the publication ICRP 78(6), at the mid-point of
the monitored interval.

Another participant provided a value of intake
that was one order of magnitude below the retained
thyroid measured quantity (Figure 1 point at around
400 Bq of intake), which is incorrect from the stand-
point of biokinetic behaviour.

In case ELP3, one participant assumed a ‘bound’
state with infinite retention for the absorption par-
ameter values of americium, which resulted in an
overestimation of E(50) of one order of magnitude
(see Figure 2 value at 500 Bq intake and 100 mSv
E(50)). ICRP assumes no binding for its default
absorption types and in its Publication 667 states
that in general for most materials there will be insuf-
ficient information to justify a bound state.
Therefore, the assumption of a bound state can only
be assumed if it can be justified on the basis of good
quality data.
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Case ELP3 — scatter plot E(S0) vs. 1
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Figure 2. Scatter plot of ELP3 case results.

Errors connected to the application of IDEAS
guidelines

Some common errors made during the application
of the IDEAS guidelines have been highlighted.

e Use of a default absorption Type S based only on
the chemical composition and not evaluating it by
means of the suggested fitting procedure (ELP2).

e Assumption of the default AMAD value of 5
pm instead of calculating the ‘effective AMAD’
value by means of early lung and faecal data, as
requested in the case scenario and indicated in
the IDEAS guidelines (ELP3).

e Not considering the presence of an outlier in the
measurement data for case ELP4, which resulted
in an underestimation of the first intake and
E(50) value.

Errors in use of SF values

In the IDEAS guidelines, the overall uncertainty on
a measurement value is described in terms of a log-
normal distribution and the scattering factor (SF) is
defined as the geometric standard deviation. The
guidelines consider the measurement uncertainty
consisting of two categories: Type A and Type
B. Type A uncertainties are due to counting statistics
and Type B uncertainties are due to all other
sources such as those relating to calibration. Values
of SFy are recommended in the guidelines for differ-
ent types of monitoring data and a formula is given
to combine SF, and SFy to calculate SF. The
formula is a reasonable approximation when Type A
uncertainties are relatively small (i.e. when the
counts are relatively high).

For routine monitoring, the IDEAS guidelines
propose a test to decide whether or not a measure-
ment value is due to a new intake or due to previous
intakes. The test is in terms of the SE

For the routine monitoring case ELP1, some of the
participants did not apply the test to see if a new intake
had occurred. Others used an inappropriate value for
the SF and/or did not consider Type A errors.

CONCLUSIONS

The four ELP cases have been assessed, respectively,
by 32, 16, 22 and 14 participants (of 34) and so more
than 40 % of all participants have assessed all four
cases.

Due to the limited time provided (7 h), the results
can be considered promising. Half of all who have
made the assessment in each case have provided
‘correct results’, after having applied the correct
IDEAS guidelines procedure. It should be pointed
out that in a real situation, which is not time limited
to such an extent, one would expect a much higher
percentage to obtain the ‘correct result’.

Several suggestions can be derived from the analy-
sis of results, for the further refinement of the
IDEAS guidelines.
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EURADOS working group on ‘Internal Dosimetry (WG7)’ represents a frame to develop activities in the field of internal
exposures as coordinated actions on quality assurance (QA), research and training. The main tasks to carry out are the
update of the IDEAS Guidelines as a reference document for the internal dosimetry community, the implementation and QA
of new ICRP biokinetic models, the assessment of uncertainties related to internal dosimetry models and their application,
the development of physiology-based models for biokinetics of radionuclides, stable isotope studies, biokinetic modelling of
diethylene triamine pentaacetic acid decorporation therapy and Monte-Carlo applications to in vivo assessment of intakes.
The working group is entirely supported by EURADOS; links are established with institutions such as IAEA, US
Transuranium and Uranium Registries (USA) and CEA (France) for joint collaboration actions.

INTRODUCTION EURADOS WGT7 is formed by 25 institutes from

16 countries of Europe and America, with a total of

The EURADOS working group on internal dosim-
etry (WG7, coordinated by CIEMAT, Spain) is oper-
ating as a network, whose main aims are the
promotion and implementation of quality assurance
(QA) on internal dose assessments. Other objectives
are the coordination of research on internal dosim-
etry and the dissemination of scientific knowledge
through training actions and organisation of inter-
comparisons and publications. Joint collaborations
with other EURADOS working groups (WP6
‘Computational Dosimetry’) and institutions (US
Transuranium and Uranium Registries (USTUR)-
USA, TAEA and CEA-France) are also within the
scope of WG7 work plan.

25 full members and 45 corresponding members col-
laborating in the different tasks and events. After the
end of the CONRAD Project”’ (EC, VI FP,
EURATOM), the group is entirely supported by
EURADOS.

QA ON INTERNAL DOSE ASSESSMENTS

The objective here is to provide internal dosimetry
experts with guidance for using the appropriate
methodology (IDEAS Guidelines”, ICRP rec-
ommendations) and available tools (biokinetic
models published by ICRP and NCRP) for the

© The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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assessment of intakes and committed effective doses
in the cases of internal exposures. The following
tasks are being carried out:

(1) Update of IDEAS Guidelines to generate a refer-
ence document for the internal dosimetry commu-
nity (coordination: ENEA, Italy). The objective
is the harmonisation of the methodology for the
assessment of intakes of radionuclides to be
applied by internal dosimetry services, as an
indispensable element of its QA System.

The new Guidelines document implements the results
of CONRAD Work Package 5/ ¥ and the develop-
ments achieved within EURADOS WG7, taking also
into consideration the forthcoming ISO Standard
27048 (2010) ‘Dose Assessment for Occupational
Exposures’ and the ICRP OIR Documents on
‘Occupational Intakes of Radionuclides’.

(2) Implementation and QA of biokinetic models
(coordination: BfS, Germany) to support ongoing
developments of ICRP Committee 2 (DOCAL/
INDOS task groups)®. ICRP models are
implemented by different WG7 members and
results are compared with check the quality of the
implementation and the consistency of the model
formulation [e.g. QA procedures (including inter-
comparison of the results as well as quality assur-
ance of model formulation) of the new ICR
human alimentary tract model during CONRAD
Project, before its publication) (ICRP100)"'- ).

New studies have been carried out on the implemen-
tation and comparison of three systemic iodine
models, implementation of the new ICRP caesium
systemic model and evaluation of the influence of
new default absorption parameters for the ICRP
Human Respiratory Tract Model (°°Sr, 131, 21°po,
238U). Finally, the application of NCRP Wound
Model? is being tested using real cases of wound
contamination included either in USTUR registries
or in IDEAS Databases.

(3) Uncertainty studies on internal dose assessments
(coordination: IRSN, France). IDEAS
Guidelines provided the scattering factor (SF)!' ~*
approach to express uncertainties associated with
the monitoring data (IDEAS Project and
CONRAD Project). SF is taken into account
when calculating the intake and committed effec-
tive dose associated with internal exposures.

The objective from now on is the assessment of
uncertainties in the internal dosimetry models and
in their application. The first attempt is focused on
the sensitivity of the biokinetic parameters and the
formulation for the newly proposed ICRP caesium
model.

Specific uncertainty studies have been performed
by HPA (UK) and HMGU (Germany), associated

with Bayesian methods for calculating uncertainties
of lung doses and the application of sensitivity
analysis techniques to identify the most influential
parameters in the biokinetic models, respectively.

COORDINATION OF RESEARCH

EURADOS working group on internal dosimetry
identified some tasks for coordinating research to
improve aspects of internal dose assessment that are
not fulfilled by current methods.

(1) Towards a DTPA therapy model (coordination:
KIT, Germany and IRSN, France). The objec-
tive here is the generation of a model for the
interpretation of monitoring data for workers
that have been treated with diethylene triamine
pentaacetic acid (DTPA) after internal exposure
to Pu/Am.

The CONRAD approach for biokinetic modelling
of DTPA decorporation therapy" ® will be devel-
oped further in order to improve estimates of pluto-
nium intake and dosimetric benefit for workers
treated with DTPA. Results of ongoing animal
experiments as well as a more realistic representation
of DTPA biokinetics will contribute to the improve-
ment of the model. EURADOS WG7 and the
USTUR have established a scientific collaboration,
permitting the access of WG7 members to the
USTUR health physics and autopsy database of
internally exposed workers, in order to compare the
model prediction with actual monitoring and tissue
content data. The results from application of the
model to these USTUR cases and data taken from
IDEAS Databases were used to improve the model.
In future, a more realistic physiology-based model of
the actinides will be implemented in the model.

An important agreement has been achieved for a
joint collaboration of the EURADOS DTPA
therapy modelling task group and CEA (France) for
the development of the international version of
MADOR (MAnagment of DOse Reduction after
DTPA therapy) code, as well as for the QA of this
important tool that applies when DTPA decorpora-
tion therapy is used in workers exposed to intake of
plutonium or americium.

(2) Tracer kinetic studies with stable isotopes of
cerium are performed by Helmholtz Zentrum
Miinchen (Germany) to validate and, if necess-
ary, improve the current biokinetic model, which
is applied in case of intakes of the corresponding
radionuclides.

(3) Monte-Carlo (MC) applications to in vivo assess-
ment of intakes. This task is related to the use of
voxel phantoms and MC techniques as powerful
tools for in vivo assessment of internal radio-
nuclide body burdens, being a valid alternative
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for calibration purposes. Two main activities are
considered here:

(a) Intercomparison of measurements and MC cal-
culations with the USTUR leg phantom con-
taining real contaminated bone (coordination:
CIEMAT, Spain). A collaboration of
EURADOS WG7 and USTUR has taken
place to carry out an intercomparison on
measurements and MC modelling determining
americium deposited in the bone of a USTUR
leg phantom. A protocol was proposed by a
group of in vivo laboratories from Europe
(CIEMAT-Spain, IRSN-France and
Helmholtz Zentrum Miinchen-Germany) and
Canada (HML). Results are presented in this
IM2010 Special issue.

(b) Intercomparison on MC modelling of in vivo
measurements of enriched uranium in the lungs
of a Livermore torso phantom (coordination:
IRSN, France). This task represents a step
forward from the previous CONRAD
Intercomparison exercise!"* '” using a more
complex source and phantom. The main goal
here is to go from measurements to MC simu-
lations of the in vivo detection of enriched
uranium using germanium detectors for a
complex human-like lung counting geometry
(Figure 1).

As a result of this exercise, the task group will
evaluate the capability of participants in the use of
voxel phantoms and MC codes for in vivo measure-
ment applications. The simulated results of counting
efficiency for **U and ***Th were compared with
the reference measured values. A workshop is
planned to be organised at the end of the exercise,
for final discussion of results among participants.

(4) New topics. The development of physiology-
based models for biokinetics of radionuclides
(KIT, Germany) is considered. The recent ICRP
physiology-based models for biokinetics are not
based on mathematical criteria only but are also

Figure 1. EURADOS intercomparison on MC

calculations for the assessment of enriched Uranium in the

lungs of a Livermore voxel phantom using four germanium
detectors (www.eurados.org).

based on human and animal data. The first
application of this study is the physiological plu-
tonium model based on a pharmacokinetic
model, using similarities of chemical and bio-
logical transport of Pu*", Fe** and APV,

Tracer kinetic studies with stable isotopes of cerium
are performed by Helmholtz Zentrum Miinchen
(Germany) to validate and, if necessary, improve the
current biokinetic model, which is applied in case of
intakes of the corresponding radionuclides.

Microdosimetry is a new task proposed by AEKI
(Hungary) because of its potential as a tool in the
research of low-dose effect for internal emitters. In
internal dosimetry, dose distributions are frequently
inhomogeneous even on cellular or cell surrounding
level; the following matters should be taken into
account:

e Health effects primarily depend on local doses,
and thus, the knowledge of local doses is
important.

e Biological responses of different cells and tissues
to the same amount and type of radiation are
usually different; thus, knowledge of cellular and
tissue structures is important.

e Cells and tissues are communicating, and thus,
biokinetic information and physiology are
important.

e Microdosimetry describes the local, cellular doses;
thus, the application of microdosimetry might help
in the description of biological answers.

TRAINING ON INTERNAL DOSIMETRY

A training action for disseminating the scientific
results of WG7 was the ‘EURADOS/IAEA
Advanced Training Course on Internal Dose
Assessment’'? organised at TU Prague in February
2009, having as objectives the application of IDEAS
Guidelines and the dissemination of the results of
EC FP6 CONRAD Project.

Based on this course, two important training
actions have taken place: A training course on
Advanced Methods for internal dosimetry, appli-
cation of IDEAS Guidelines (IM2010) in Buenos
Aires, Argentina (August 2009) and the training
course on internal dosimetry and IDEA System soft-
ware in Karlsruhe, Germany (November 2009).

The EURADOS Winter School on Radiological
Emergencies-Internal Exposures (February 2010)
was organised by WG7 as part of the EURADOS
Annual Meeting AM2010, in Rome (Italy).

CONCLUSIONS

One of the outcomes of EURADOS WG?7 actions is
the maintenance of the Internal Dosimetry Network
beyond CONRAD Project, with the actual
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participation of 20 European Laboratories and 3
American Institutes (USTUR, LANL, HML). This
working group on ‘Internal Dosimetry’ represents a
perfect frame to develop activities in the field of
internal exposures as coordinated actions on QA,
research and training.
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EURADOS (European Radiation Dosimetry
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the dosimetry of ionizing radiations.
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ARTICLE INFO ABSTRACT

In vivo measurement of actinide activity in the skeleton is a valuable source of information on human
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internal contamination. Estimates of skeleton activity are based on measurements of the knee, elbow or
skull. Different laboratories use different measurement geometries. Different calibration phantoms and
detectors are used, making a comparison of detection efficiencies rather difficult. This paper compares
various head measurement geometries when using MC simulations with a voxel head phantom.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In vivo measurements of skeletal activity of transuranic
elements (e.g. 2*'Am) are an important source of data on internal
contamination of human subjects. The measurements are per-
formed on the skull or on bigger joints, such as the knee or elbow.
It is necessary to calibrate the detection system with an
anthropomorphic phantom in order to determine the activity
belonging to the measured part. Low energy germanium (LEGe)
detectors with large active areas are used, but the arrangement of
the detector and the quantity or calibration phantoms differ from
one laboratory to another. This paper compares Monte Carlo
simulations of various skull measurement geometries for the
same detectors.

2. Material and method
2.1. Detectors

Low energy HPGe detectors are used in whole body counters
allowing measurements of actinides. The proprieties of these
detectors provided by the manufacturers are summarized in
Table 1. The model of the Canberra detector was taken from a
paper by Moraleda et al. (2004). The Ortec detector was modeled
according materials from the manufacturer, and the reliability of
the model was tested against data from point source
measurements. The computational models of the two detectors
were compared in the following way: the geometry of an 24'Am
point source at a distance 30cm from the center of the detector
window was simulated in the test. The results of the calculations
and the efficiencies for gamma energy 59.6keV of the two
simulated detectors differ by less than 0.6%. The equal response

E-mail address: vrba@fjfi.cvut.cz

0969-8043/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apradiso.2010.02.003

of the detectors, for energy of the interest, enables the results to
be transferred between them, and the pair of Ortec detectors was
therefore used for the rest of the simulation.

2.2. Phantom

An anthropomorphic voxel phantom of a human head and
neck was used for the calculation. The phantom was based on a
high resolution CT of a 38-year-old woman. The skeletal tissue of
the phantom is divided into three subparts that reflect the
attenuation (in Hounsfield units) in the original study. The brain
and spine, skeletal muscle, adipose, skin and air fill the remainder
of the volume of the phantom. The composition and density of the
individual substances were based on ICRP Recommendation 89
(ICRP, 2003); the space resolution of the voxel is 1 x 1 x 1 mm?>.
Further information about the phantom can be found in Vrba
(2007).

2.3. Geometries

Five geometries are considered in this paper. Three of them
were taken from the literature (Gualdrini et al., 2000; Moraleda
et al, 2004; Malatova Foltanova, 2000). The last two were
obtained from a fluence study in which photons with energy
59.6 keV were emitted from the bone voxels of the phantom and
scored in a cubic flux mash tally (MCNPX mesh tally type 1)
consisting of cells with sides of 0.5 cm.

The first geometry, labeled A, originates from the paper by
Gualdrini et al. (2000). Although there is no detailed description, a
graphic representation can be found (Gualdrini, 2004). The
detector positions are shown in Fig. 1A, and the distance
between the detectors and the head is circa 1cm (Gualdrini
et al., 2000). The second geometry B is the vertical geometry from
the paper written by Moraleda et al. (2004). The detectors are
placed over the top of the head and the angle between them is 16
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degrees. Their windows are 4 cm from the closest part of the head.
Third geometry (marked C,) was used at the National Radiation
Protection Institute (NRPI) in Prague (Malatova Foltanova, 2000).
The two detectors are placed 3 cm from the center of the temporal
bone. The modified version of this geometry Cy, shifts the detector
3 cm cranially and 2 cm dorsally (to the occiput) of the original
NRPI position, and the distance is unchanged. The last geometry
places the detectors 1 cm from the head, with the axis of the first
detector pointing to the center of the frontal bone and the second
detector aiming at the center of the sagittal suture. All geometries
are shown in Fig. 1, and the distances between the head and the
detectors were measured collinear to the detector axis with
accuracy + 2 mm.

2.4. Simulations

MCNPX 2.5 Monte Carlo code (Pelowitz 2005) with default
photon and electron transport, running down to 1keV (energy
cut-off), was used for the simulations. The active volume of the
detectors was scored by tally F8 (pulse height). The tally covers
the energetic interval from 10 to 60keV, divided into 100 bins
(excluding zero and epsilon bins), and Gaussian broadening

Table 1
Specifications of the detectors.

Property Canberra Ortec (LX-70450-
(GL3825R) 30P4)

Diameter (mm) 70 70

Depth (mm) 25 30

Thickness of the window (mm) 0.6 0.6

FWHM @ 5.9 keV (eV) 475 450

FWHM @ 122 keV (eV)
Crystal to window distance
(mm)

energy (GBE) was not used. All bone voxels of the phantom
except those in the neck vertebra were (homogeneous) volume
sources of photons with energy 59.6keV. The lower photon
radiation emitted during the decay of 2! Am was not simulated,
because such photons are not ordinarily used for determining
head activity. The number of primary simulated particles was
2x 107, which leads to statistical uncertainty expressed by
relative standard deviation less than 0.5%.

3. Results

The first set of simulations determines the efficiencies, in term
counts per emitted photon, for the default positions of the
geometries. Table 2 compares the results for selected geometries,
also using the efficiencies taken from the original articles. In the
next step, the distance between the head and the detectors was
varied within the range from 1 to 4cm. The distance of 1cm
was not set for geometries B C, and C,, because part(s) of the
detector(s) would interfere with the mass of the phantom. The
influence of the distance of the detectors on detection efficiency is
shown in Fig. 2. The sensitivity of the detection efficiency to
displacement was studied in the planes parallel to the detector
windows. The center of the detector window was changed with
steps of 1cm, and the maximum distance from the described
position was +2cm. The results for the front detector of
geometry D are given in Table 3. The geometric mean and the
geometric standard deviation were determined from the
calculated values. The geometric mean was chosen because
the data were assumed to have a lognormal character. The
uncertainty expressed as scattering factors SF (Table 4), was
calculated according to Eq. (1)

M

Fig. 1. The geometries for two HPGe detectors. A—(Gualdrini et al., 2000), B—vertical geometry (Moraleda et al., 2004), C,—NRPI geometry (Malatova Foltanova, 2000),

Cmn—modified NRPI geometry, D—Front and back geometry.
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Table 2
Comparison of efficiencies for various geometries.

Geometry Current study Original study
Detectors to head distance (cm) Efficiency (count/photon) Efficiency (count/photon) Note
A ~1 0.0206 0.0187 2 detectors, Alderson phantom
B 4 0.0140 0.0192 4 detectors, Zubal phantom
Co 3 0.0119 0.0055 2 detector with active area 2000 mm?
G 3 0.0135
D 1 0.0197
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Fig. 2. Dependence of efficiency on detector-to-head distance.
Table 3 inaccuracy of the detector arrangement or due to the dissimilarity of

able

Influence of detector position in the plane parallel to the detector window—front
detector of geometry D.

Z axis (cm) X axis (cm)

-2 -1 0 1 2
-2 9.62E—-03 9.88E—-03 9.41E-03
-1 1.01E—02 9.92E-03
0 9.79E—-03 1.00E—-02* 9.56E—-03
1 9.78E—03 9.68E—-03
2 9.17E—-03 9.39E—-03 8.96E—-03

*Original position.

Table 4
Efficiency uncertainty due to detector position.

Geometry Uncertainty (SF)
A 1.05
B 1.12
Co 1.09
Cm 1.04
D 1.05

where ¥; is the efficiency at position i, x the geometric mean, and n
the number of all simulated positions.

4. Discussion

The calculated efficiency for geometry A differs by about 10% from
the originally published value. The observed difference may be due to

the phantoms. Geometry B was originally designed for four detectors,
but gives practically the same efficiency as geometry A with two
detectors, when the original efficiencies are compared. The efficiency,
for geometry B, per one detector is somewhat better for the current
study than in the original study. This is most probably due to the
different measurement method. The original distance was measured
from the center of the detector window to the nearest part of the
head, and thus differs from the way used in the current paper. It
means that distance 4.5 cm in the current study is equivalent to 4 cm
in the original paper. It is should be pointed out that the version of the
Zubal phantom used in the original article (Moraleda et al., 2004) had
a cubic voxel with sides of 4 mm, and the accuracy of the measured
distances may be related to this fact. Geometry C,, used in NRPI,
exhibits the lowest efficiency, due to the relatively large distance of
the detectors from the head and due to the presence of soft tissue. The
modified version Cy, is somewhat better, and it is close to geometry D.
However, it disallows placement of the detectors 1 cm from the head.
Geometry D provides efficiencies comparable with those of geometry
A, but the person being measured has the detector close to her
forehead, which is not convenient.

5. Conclusion

The geometry published by Gualdrini et al. (2000) has the highest
efficiency, which is relatively insensitive to the positioning of the
detectors. The front and back geometry is quite similar to geometry A,
but requires a rather complicated setup. The vertical geometry can
provide quite good efficiency with a distance of 2 cm between the
detector and the head, but it is quite sensitive to the positioning of the
detector. The modified NRPI geometry can be used for systems that
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do not allow rotation of the detectors, but the detectors need to be
closer to the head (2 cm or less). The original NRPI geometry has quite
low efficiency and thus minimal detectable activity occurs much
more frequently than in the case of the other geometries considered
here. It can be concluded that for a two-detector system it is a good
choice to use geometry A, while for a four-detector system a
combination of geometry A and D provides the highest efficiency
and thus the lowest MDA. Finally, it should be mentioned that some
factors were not considered in our study, e.g., limited movement of
the detectors and risks of damage to the detector, though these could
have a significant influence on the measurement geometry.
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TWELVE YEARS OF FOLLOW UP OF CASES WITH OLD *'Am
INTERNAL CONTAMINATION

Irena Maldtova,* Tomas$ Vrba,*' Véra Betkova,* and Helena PospiSilova*

Abstract—A group of workers internally contaminated with
2'Am have been followed for about 12 years. The source of
contamination was AmO, powder used for production of
AmBe neutron sources and other applications. The production
of some radionuclide sources included chemical treatment of
the original material, which transformed the americium into
the nitrate, but mostly powder metallurgy was used for
production of sources for smoke detectors. In vivo measure-
ment of the workers was performed with two LEGe detectors
placed near the head of the measured person. Calibration was
performed with four different physical skull phantoms of
different origin and a voxel phantom with Monte Carlo
simulation, which was developed to fit the head sizes of
individual persons. Samples of urine and feces were analyzed
by means of radiochemical separation followed by alpha-
spectrometry. Separation of *Am from mineralized excreta
was performed by combined anion exchange and extraction
chromatographic techniques. As a tracer, **Am was used.
When the measured data (83 data on skeletal activity, activity
in 389 bioassay samples) were compared with International
Commission on Radiological Protection’s and Leggett’s bioki-
netic models of americium, it was found that in most cases,
after more than 15 y since the intake, the excretion rate was
lower (or skeletal activity higher) than predicted. On the other
hand, the ratio of excreted activity in urine and feces agrees
well with model predictions.
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INTRODUCTION

SiNcE THE early 1970’s, **'Am has been used for many
applications in the Czech Republic, especially for
production of AmBe neutron sources, radionuclide
sources for smoke detectors, radionuclide sources for
the discharge arresters, and standard sources for alpha
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and gamma spectrometry. The original material was
AmO, powder, imported from the then Soviet Union.
The production of radionuclide sources included
chemical treatment of original AmO, powder; for
some purposes, the americium nitrate was the base.
The production of sources for smoke detectors was
performed by means of powder metallurgy. Briquettes
of americium oxide were encapsulated by rolling into
gold and silver foil, which were then cut to provide
activity levels for individual radionuclide sources.
During these operations, internal contamination of
people occurred from time to time.

Workers with internal contamination with **'Am
were measured with a whole body counter in early the
1970’s. However, as the whole body counter was
equipped with Nal(T1l) scintillation detectors and no
special calibration for **'Am was performed, the re-
sults of measurements were only interpreted very
roughly. No excretion analysis was performed at that
time. Data from those measurements were stored in a
database of the whole body counting laboratory. When
the detection technique for in vivo measurement had
been improved, an effort was undertaken in 1995 by
the National Radiation Protection Institute (NRPI) to
invite people with internal **'Am contamination for
follow up in vivo counting and for excreta bioassay.
These workers had, with some exceptions, retired by
then. The active ones were no longer working with
radionuclides. Altogether, 14 workers with internal
contamination with *'Am were identified, and 7 of
them agreed to cooperate with the NRPI.

Partial results, which were obtained from in vivo
measurement and bioassay of these workers, were
published in the past (Maldtova et al. 2003, 2004);
however, the whole sets obtained for each individual
through the entire period of follow up have not yet
been published. In some cases the follow up covers
more than 11 y. Such data are a unique source of
information for models describing kinetics of a radio-
nuclide in the body.



496 Health Physics

One person from the group of internally contam-
inated people volunteered not only for measurements
in Prague, but also in laboratories in Germany (BfS
Munich, Helmholtz Centre, Munich, KfK Karlsruhe,
and BfS Berlin) for intercomparison of in vivo skele-
ton measurements (Riihm et al. 1998; Dettmann and
Scheler 1998) and excretion analyses (Truckenbrodt et
al. 2000). It followed from these measurements that it
is necessary to use more head/skull phantoms for in
vivo calibration and eventually to seek the dependence
of efficiency on the size of the head.

The radiochemical laboratory of NRPI, which
performed excretion analysis of internally contami-
nated workers, has participated in the PROCORAD
intercomparisons each year since 1996 (Filgas et al.
1998). Good results of **'Am activity analysis in
excretion samples could thus serve, together with
bioassay results of one volunteer in BfS Munich
(Truckenbrodt et al. 2000), as a quality assurance for
the bioassay of the whole group.

MATERIALS AND METHODS

Internally contaminated workers
Altogether, 7 workers have been followed in this

study. Worker JH was measured in vivo since 1995, with
urine and fecal bioassays performed since 1996. The other
workers have undergone in vivo measurements and excreta
bioassay since 1998. In 2005, JH and PV passed away from
causes not connected to the exposure.

The time of exposure was estimated mainly using
records of the whole body counting laboratory from
the 1970’s and from interviews with individual work-
ers. Worker JH was removed from work with all
unsealed sources to administration after massive inter-
nal contamination had been found. As no such exact
information existed about the other workers, the time
of exposure was usually set in the middle of the
monitoring interval.

In vivo counting and calibration

Skeletal counting was performed with two LEGe
detectors placed near the head of the measured person.
The detectors have an active area 2,000 mm’ and
carbon epoxy window of thickness 0.5 mm; the thick-
ness of one detector is 15 mm, and the other one is 20
mm. Calibration of the detection system was performed
with head/skull phantoms of different origin [NRPI Prague,
U.S. Transuranium and Uranium Registry (USTUR), Uni-
versity of Cincinnati, BfS Munich—origin New York
University]. An overview of the phantoms used together
with their measured efficiency for the **'Am 59,6 keV
photons was published previously (Maldatova and
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Foltanova 2000). The main issue related to the calibra-
tion was a serious difference (about a factor of two)
among efficiencies obtained from the phantoms, proba-
bly in dependence on their size. The Monte Carlo
simulation with voxel phantom was used to provide an
answer. The results from the simulation with modified
voxel size showed that the influence of the head size
should not cause such difference in efficiency (Vrba
2007a). More precise analysis revealed that two of the
phantoms had serious imperfections in construction. The
simulations and measurements were in very good agree-
ment when the properties of the physical phantoms were
imitated (i.e., imperfect filling, bone density) (Vrba
2007a). Based on these facts, calibration with the voxel
phantom was used for evaluation of in vivo data.

The in vivo measured activity of the skull is
partially affected by other skeletal parts, namely neck
vertebrae. The measured activity was corrected in
order to provide unbiased values, and the correction
reduced the activity by about 5% (Vrba 2007a).

An assumption that 12.5% of the content of **' Am
in skeleton is contained in the skull was used to
estimate the overall activity in the skeleton; this
assumption is based on four cases analyzed by USTUR
(Lynch et al. 1988, 1989).

Bioassay
Samples of excreta were analyzed by means of radio-

chemical separation followed by alpha-spectrometry mea-
surements. Separation of **'Am from mineralized excreta
was performed by combined anion exchange and extraction
chromatographic techniques (Ham 1995; Dulaiova et al.
1999). Urine samples were partially wet ashed after
spiking with an ***Am tracer and subsequently dry ashed
at 550°C. Feces were dried at 550°C, the ash spiked with
an **Am tracer, then treated with HNO;, and the insol-
uble residue was treated with HF and HNO;. Americium
was then separated according to the protocol and elec-
trodeposited onto a steel disc for alpha-spectrometry with
PIPS (Passivated Implanted Planar Silicon) detectors.

RESULTS

Table 1 presents an overview of the results, for all
7 cases, gained in the study up to now. Individual
results are presented in Tables 2 to 8. The **'Am
contents in skeleton presented here differ from the
earlier publications (Maldtova et al. 2003), as subse-
quent to the earlier work a voxel phantom was
constructed that took into consideration head size of
individual subjects, and also an assumption that the
ratio of skull to whole skeletal activity is 0.125 (Lynch
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Table 1. Overview of data from the cases under study.

Year of Number of measurement/samples
Subject assumed intake Years in study Skeleton Urine Feces Note
JH 1973 1995-2004 23 47 42 2004
PV 1976 1998-2004 10 35 n/a 2004
SS 1981 1998-2009 12 37 24
HV 1980 1998-2009 12 44 36
PP 1980 1998-2009 12 32 25
FK 1987 1998-2009 12 35 27
PS 1973 1998-2001 3 8 n/a Abroad
Total number of the measurements 83 237 152

Table 2. Subject JH, male, born 1935, date of assumed intake 1 January 1973.

Urine Feces Skeleton
Days Daily Days Daily Days Daily Days Daily Days
since excretion since excretion since excretion since excretion since Activity
intake  (mBq X d”') intake (mBqXd~') intake (mBqXxd') intake (mBqXd~') intake (Bq)
8,994 43.9 10,497 26.0 9,043 8.2 10,497 4.8 8,592 7,819
8,995 35.1 10,498 27.9 9,044 12.3 10,498 4.9 8,802 8,117
8,996 36.7 10,499 28.5 9,045 39 10,499 14.5 8,866 7,390
9,128 45.5 10,636 21.0 9,301 8.3 10,637 9.8 8,896 7,726
9,210 422 10,637 334 9,414 11.3 10,638 8.5 8,944 8,743
9,299 335 10,638 39.1 9,415 21.6 10,901 10.7 8,966 7,653
9,300 31.0 10,901 29.6 9,416 9.1 10,902 4.2 8,992 8,854
9,301 30.9 10,902 25.1 9,476 9.4 10,903 114 9,230 8,117
9,414 31.0 10,903 23.1 9,477 10.9 11,026 6.7 9,293 8,288
9,415 37.0 11,026 314 9,478 11.7 11,027 5.5 9,449 9,068
9,416 23.6 11,027 333 9,517 7.6 11,028 16.5 9,572 8,772
9,476 28.1 11,028 46.8 9,518 7.9 11,417 32 9,761 8,451
9,477 31.5 11,238 30.4 9,519 5.2 11,418 6.7 9,817 8,885
9,478 21.2 11,417 18.6 9,758 4.7 11,419 7.0 9,957 8,506
9,517 359 11,418 14.6 9,759 13.1 11,582 1.5 10,281 8,181
9,518 324 11,419 8.5 9,827 2.6 11,644 4.6 10,490 7,740
9,519 21.2 11,582 22.0 9,828 10.3 11,645 9.2 10,632 7,010
9,758 324 11,644 15.5 9,829 104 11,740 11.7 10,904 7,740
9,759 28.4 11,645 22.1 9,963 16.4 11,029 8,378
9,760 26.3 11,646 19.3 9,964 4.7 11,239 6,639
9,963 45.1 11,739 16.2 9,965 7.5 11,420 7,219
9,964 40.6 11,740 20.1 10,278 10.4 11,583 7,364
9,965 29.3 11,741 16.0 10,279 29 11,742 7,856
10,279 37.1 10,280 35

et al. 1988) instead of 0.157 (Malatova and Foltanova
2000).

Uncertainty of data

Excreta bioassay. There are two main sources of
uncertainty related to in vitro measurements of ex-
creta: that arising from the measurement and that from
biological variation. The total uncertainty was derived
from the data directly, according to methodology
described in Marsh et al. (2007). Uncertainty for urine
data was 1.36 and 1.77 for feces.

In vivo measurements. Estimate of the uncer-
tainty of the skeletal activity includes: measurement
uncertainty, uncertainty due to reproducibility of the

detector position, activity distribution in skull, uncer-
tainties related to Monte Carlo simulations, and the
skull to skeleton ratio used for calculation of the whole
skeletal content. The uncertainties were combined
according IDEAS Guidelines methodology (Doerfel et
al. 2006) with scattering factors of 1.31 when the size
of head is known and 1.37 for unknown size.

DISCUSSION

The discrepancies between the measured data and
prediction of the americium model from International
Commission on Radiological Protection Publication
78 (ICRP 1997) with default parameters were found
for all cases (Malatova et al. 2004; Vrba 2007b). Data
for each individual case were evaluated separately with
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Table 3. Subject SS, male, born 1940, date of assumed
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intake 27 February 1981.

Urine Feces Skeleton
Days Daily Days Daily Days Daily Days Daily Days
since excretion since excretion since excretion since excretion since Activity
intake ~ (mBq X d™') intake (mBqXd') intake (mBqXd') intake (mBqXd') intake (Bq)
6,392 6.7 8,308 0.9 6,937 1.2 9,541 0.3 6,234 329
6,617 7.1 8,399 3.1 6,938 1.2 9,543 0.5 6,613 291
6,937 4.8 8,400 1.7 6,939 1 9,758 0.7 6,933 315
6,938 6.6 8,401 1.5 7,564 1.1 9,759 0.5 7,285 289
6,939 39 8,908 1.6 7,565 0.6 9,941 0.8 7,563 246
7,564 5.1 8,909 23 7,566 1.3 7,675 273
7,565 33 8,910 22 7,673 1.1 7,895 241
7,566 2.6 9,380 0.9 7,674 1 8,165 307
7,673 39 9,381 1.6 7,896 0.8 8,306 278
7,674 2.5 9,382 23 7,897 1.1 8,398 246
7,675 2.9 9,541 1.8 7,898 0.5 8,908 302
7,896 4.2 9,542 14 8,166 7.1 9,761 223
7,897 5.8 9,543 1.3 8,167 0.6
7,898 3.7 9,758 0.8 8,306 0.9
8,165 3.1 9,759 1.3 8,400 0.3
8,166 3.1 9,939 1.3 8,401 0.6
8,167 2.9 9,940 1.0 8,908 0.6
8,306 4.5 9,941 1.2 8,909 0.3
8,307 3.6 8,910 0.5

Table 4. Subject PP, female, born 1932, date of assumed intake 25 August 1980.

Urine Feces Skeleton
Days Daily Days Daily Days Daily Days Daily Days
since excretion since excretion since excretion since excretion since Activity
intake =~ (mBq X d”') intake (mBqXxXd~') intake (mBqXd') intake (mBqXd') intake (Bq)
6,598 5.1 8,080 4.1 7,127 1.6 9,731 0.6 6,414 495
6,599 54 8,263 3.7 7,128 1.1 9,732 0.4 6,794 407
6,600 6.9 8,486 2.0 7,129 1.2 9,733 04 7,122 556
6,801 6.7 8,584 22 7,480 0.9 9,944 2.5 7,476 493
6,802 8.2 9,060 1.8 7,481 1.1 9,945 0.7 7,744 400
6,803 9.1 9,571 22 7,482 1.0 9,946 0.6 7,857 532
7,124 44 9,572 23 7,746 2.1 1,014 0.7 8,079 471
7,480 39 9,731 1.8 7,747 0.5 8,263 440
7,481 49 9,732 2.1 7,748 0.5 8,485 534
7,482 4.8 9,733 2.6 7,859 0.7 8,583 372
7,746 4.7 9,944 2.1 7,860 1.3 9,059 484
7,747 4.3 9,945 1.2 8,080 1.1 9,947 385
7,748 1.8 1,014 23 8,263 1.1
7,858 5.4 1,015 3.0 8,584 0.7
7,859 55 1,016 25 9,571 1.0
7,860 4.5 9,572 1.1

modified model parameters thus obtaining better fits, but
such modifications lack robustness. This is due to the lack
of other information (like activities in the liver or other
organs) and due to the complexity of the model. Up to now,
data had not been grouped together, because each case
needed different parameters and therefore normalization by
intakes was not possible.

The relative values, i.e., ratios of values, from
different datasets were used in order to normalize
measured values. Such an approach allows combining
data from individual cases; however, one degree of
freedom is lost. As the times of the measurements are

not exactly the same, interpolation of relevant data
was used to calculate the ratio according to eqn (1):

M)
pij = fj(t)

where M,(f) is measured value at time ¢ since the intake
belonging to dataset i and fi(¢) is value for time 7 of a
function that fits data from the dataset j. A more stable
dataset (activity in skeleton, excreted activity in urine),
with lower scattering factor (excluding the systematic
part of uncertainty), was used for the denominator in

i #J, (1)
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Table 5. Subject HV, male, born 1939, date of assumed intake 24 May 1980.

Urine Feces Skeleton
Days Daily Days Daily Days Daily Days Daily Days
since excretion since excretion since excretion since excretion since Activity
intake ~ (mBq X d™') intake (mBqXd') intake (mBqXd') intake (mBqXd~') intake (Bq)
6,673 10.5 8,588 6.4 7,219 2.5 8,677 1.5 6,512 610
6,674 9.6 8,589 49 7,220 32 9,148 1.2 6,887 605
6,675 13.2 8,590 5.7 7,221 3.0 9,149 1.9 7,213 631
6,884 12.2 8,675 5.1 7,569 25 9,822 1.2 7,566 566
6,885 10.8 8,676 3.8 7,570 8.5 9,823 1.7 7,837 555
6,886 9.5 8,677 9.0 7,571 2.4 9,824 2.1 7,954 555
7,211 9.4 9,148 4.7 7,834 0.6 10,045 1.6 8,172 521
7,563 7.8 9,149 49 7,835 1.2 10,046 1.3 8,354 584
7,564 8.7 9,150 33 7,836 3.5 10,047 1.9 8,586 608
7,565 6.7 9,659 5.5 7,951 3.8 10,200 1.0 8,678 712
7,834 8.0 9,660 52 7,952 1.3 10,201 1.0 9,152 600
7,835 9.8 9,661 6.6 7,953 2.1 10,202 0.8 10,048 608
7,836 9.8 9,822 5.6 8,169 1.0 10,416 22
7,951 8.6 9,823 4.8 8,170 1.7 10,418 1.2
7,952 6.1 9,824 52 8,171 32
7,953 9.1 10,045 6.5 8,351 1.5
8,169 8.5 10,046 5.7 8,352 2.5
8,170 6.1 10,047 7.0 8,588 3.0
8,171 7.2 10,200 6.3 8,589 1.0
8,351 8.9 10,202 6.6 8,590 1.1
8,352 7.1 10,416 7.3 8,675 1.3
8,353 9.5 10,417 34 8,676 2.0

Table 6. Subject FK, male, born 1936, date of assumed intake 24 October 1987.

Urine Feces Skeleton
Days Daily Days Daily Days Daily Days Daily Days
since excretion since excretion since excretion since excretion since Activity
intake  (mBq X d~') intake (mBqXd'') intake (mBqXd') intake (mBqXxd~') intake (Bq)
4,035 8.9 5,470 32 4,506 59 7,127 29 3,798 385
4,036 6.3 5,641 4.1 4,507 16.7 7,128 0.9 4,184 375
4,037 59 5,642 2.6 5,131 2.7 7,129 1.3 4,504 340
4,181 10.8 5,643 29 5,133 39 7,335 3.1 4,856 358
4,182 10.5 5,869 2.6 5,251 3.8 7,336 1.9 5,134 380
4,183 6.5 5,973 2.7 5,252 5.3 7,337 1.5 5,254 308
4,501 7.5 6,443 35 5,253 22 7,498 1.9 5,465 350
4,502 7.5 6,961 3.7 5,468 1.8 7,499 2.0 5,644 333
4,503 5.0 6,962 23 5,469 1.3 7,500 2.1 5,870 293
4,853 6.6 7,127 3.7 5,470 1.1 5,968 355
4,854 8.4 7,128 2.6 5,641 1.5 6,444 377
4,855 5.8 7,129 1.5 5,643 0.6 7,338 370
5,131 4.0 7,335 5.1 5,869 1.9
5,132 4.6 7,336 4.8 5,972 1.1
5,133 49 7,337 4.5 5,973 22
5,251 33 7,498 5.0 6,443 0.4
5,252 32 7,499 6.4 6,961 3.8
5,253 33 6,962 3.1

order to minimize the difference between the measured
and fitted values. A single exponential function was
chosen for fitting, because it corresponded to the ob-
served data trend and fit the data well.

Figs. 1 to 3 provide comparison of the measure-
ments and the model prediction. The numerical value of
the feces to urine ratio derived from the data presented in
Fig. 1 was 0.308, when the geometric mean due to the

lognormal character of the data was used, which is in
good agreement with model prediction. Observed ratios
of excreted activity in feces and urine to skeletal activity
(Figs. 2 and 3, respectively) decrease more than predicted
by the ICRP model.

To compare the observed data with model prediction,
the following procedure was performed: The skeletal data
of each case were fitted with a single exponential function.
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Table 7. Subject PV, male, born 1935, date of assumed intake 19 December 1976.

Urine Skeleton
Days Daily Days Daily Days Daily Days
since excretion since excretion since excretion since Activity
intake (mBq X d™) intake (mBq X d7) intake (mBq X d7) intake (Bq)
7,930 62.4 8,456 59.6 9,421 16.8 7,764 5,270
7,931 73.9 8,457 52.3 9,422 28.0 8,149 4,825
7,932 59.1 8,825 21.3 9,602 27.2 8,458 4,542
8,155 57.8 8,826 28.1 9,603 29.0 8,817 3,997
8,156 61.5 8,827 12.5 9,604 244 9,083 4,338
8,157 48.2 9,080 20.5 9,793 23.1 9,203 3,876
8,236 57.5 9,081 14.5 9,794 21.5 9,423 4,705
8,237 52.3 9,082 13.8 9,795 25.1 9,605 4,261
8,238 56.8 9,200 27.4 9,913 243 9,796 4,375
8,239 63.3 9,201 18.6 9,914 20.9 9,915 4,625
8,240 47.7 9,202 7.8 9,915 13.6
8,455 34.7 9,420 27.9

Table 8. Subject PS, male, born 1946, date of assumed intake 10 June 1973.

Urine Skeleton
Days Daily Days Daily Days Daily Days
since excretion since excretion since excretion since Activity
intake (mBq X d7) intake (mBq X d7) intake (mBq X d7") intake (Bq)
9,171 12.2 9,191 11.3 9,486 14.2 9,173 1,776
9,172 22.5 9,484 232 9,487 19.8 9,489 1,613
9,187 17.6 9,485 8.8 10,211 1,591
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Fig. 1. Observed excreted **'Am activity ratio in feces to urine.
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The ICRP model prediction of metabolic retention in
skeleton (sum of bone-related compartments) in the time
interval from 5,000 to 10,000 d after the intake was fitted
with a single exponential function as well. Experimentally
obtained exponents ranged from —7.44 X 107> (d") to
—2.45 X 107 (d7") with a geometric mean of —2.47 X
107 (d7"), which differs from the exponent value of
—4.07 X 107° (d"") derived from the ICRP model. This
could indicate that in the given time period the ICRP model
prediction underestimates the skeletal retention.

Most of the workers were contaminated at an age of
about 40 y, and thus Leggett’s model (Leggett 1992) with
parameters for this age was used. The trend of the
exponential function that fits the model in the same age
range as above is —3.24 X 107° (d7") and thus closer to
the one observed.

When the same approach as for skeleton was
applied for the time course of excreted activity with
urine and feces, the agreement of trends was poorer.
The geometric means of real data exponents are
—3.14 X 107* (d™") for urine and —2.32 X 10 *(d™")
for feces, whereas the ones from the standard ICRP 78
model are —1.02 X 10°* (d™") and —1.08 X 10°*
(d™"), respectively. Leggett’s model gives values of
—8.48 X 107 (d™") and —8.97 X 107> (d™ ).

CONCLUSION

It follows from the presented results of analysis of
about 400 samples of excreta, collected in the time
period from 4,000 to nearly 12,000 d after intake of
2! Am, that the ratio of activity excreted in feces to the
activity excreted in urine is in a good agreement with
both ICRP Publication 78 and Leggett model predic-
tions. The ratios of excreted activity in urine and feces
relative to skeletal activity are lower than model
predictions and have decreased significantly during
the study, contrary to model predictions. The decrease
in skeletal activity of all cases (83 measurements) is
very moderate with a half-time of about 77 vy.
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Abstract

This communication summarizes the results concerning the Monte Carlo modelling of Germanium detectors for the measurement of low
energy photons arising from the “International comparison on MC modelling for in vivo measurement of Americium in a knee phantom”
organized within the EU Coordination Action CONRAD (Coordinated Network for Radiation Dosimetry) as a joint initiative of EURADOS

working groups 6 (computational dosimetry) and 7 (internal dosimetry).

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of Germanium detectors for direct measurement
of the gamma emission from the body is an effective method
to assess the radionuclide body burdens in case of internal
contamination (ICRU 2003). This technique requires the use
of the appropriate anthropomorphic phantom with a known
distribution of the considered radionuclide for calibration of
the detection system. In addition to those physical
phantoms, the combined use of numerical voxel phantoms
and Monte Carlo (MC) methods to simulate radiation
transport and detection is becoming an increasingly used
alternative (Zankl et al. 2003, GomezRos et al. 2007a).

In order to investigate the capabilities of different MC codes
and the variations in the results when different approaches are
applied to simulate such an experimental in vivo measurement,
an “International comparison on MC modelling for in vivo
measurement of Americium in a knee phantom” has been
organized within the EU Coordinated Action CONRAD
(Coordinated Network for Radiation Dosimetry), partly
supported by the Sixth Framework Programme.

The purpose of this action (GémezRos et al. 2007b) has
been to analyze the results of the MC simulations by
comparison with the reference experimental measurement,
paying special attention to achieve an accurate modelling of
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both, detection system and calibration phantom, according
to the specifications provided by the manufacturers.

Thirteen laboratories and research groups of ten countries
from Europe, America and Japan participated in this
initiative. In the following, the experimental details and
some important results concerning the simulation of Ge
detectors for the measurement of low energy photons (below
60 keV for **' Am) are outlined and discussed.

2. Materials and methods
2.1. Ge Detectors

The detection system consists of a pair of Canberra Low
Energy Germanium detectors (LE Ge) mounted in an ACTIIL
cryostat. Each detector contains a germanium crystal 25 mm
thick and 70 mm in diameter. An entrance window made of
carbon fibre and epoxy resin of thickness 0.6 mm is
separated from the Ge crystal by a 5 mm vacuum gap. The
detectors and the calibration phantom to be measured were
placed inside the shielded room of the CIEMAT whole body
counter (Lopez and Navarro 2000).

The modeling of the detectors for the MC simulation is
based on the technical specifications provided by the
manufacturer (Moraleda et al. 2004). To prevent
discrepancies usually found when using manufacturer’s
nominal value for the thickness of the Ge dead layer
(Clouvas et al. 1998), such value has been adjusted by
comparison of the measured and simulated detection
efficiencies for a calibration **'Am source located 30 cm
from the detector along the main axis (Moraleda et al 2007).

Figure 1. Detection system consisting of a pair of Canberra LE Ge
detectors mounted in an ACTII cryostat.

2.2. The anthropometric knee phantom and the knee voxel
phantom for Monte Carlo simulations

The Spitz anthropometric knee phantom (Spitz et al. 2000;
Spitz and Lodwick 2000) is an accurate model of a human left
knee made in a polyurethane-based substitute for muscle tissue
and a similar polyurethane-based material adjusted to the
calcium content of trabecular bone by addition of a 33% in
weight of CaCO; (Spitz and Lodwick 2000). The phantom (Fig.
2a) consists of three sections that can be disassembled to
remove the skeletal components: femur, patella, tibia and fibula.
During fabrication, a given activity of *Am has been
uniformly incorporated to the bone material in order to use the
phantom for calibration of in-vivo measurement of Americium
in the knee.

a)

Figure 2. Experimental and numerical calibration phantoms: a) the Spitz
anthropometric knee phantom; b) knee voxel phantom 2x5x2 mm® voxel size
(the Y axis is directed along the leg) built by automatic thresholding
segmentation and filtering of a CAT of the Spitz knee phantom.

For the MC simulations, a knee voxel phantom has been
built based on a computerised axial tomography (CAT) of the
Spitz knee phantom described above. The original images stack
(5 mm slice thickness, 0.53125 mm pixel spacing) was first
shrunk to a stack of 75 slices by excluding those slices at the
beginning and at the end of the stack partially shaded due to the
flexion angle of the phantom and then processed by automatic
thresholding segmentation and filtering to distinguish air and
bones from muscle tissue (Sezgin and Sankur 2004). Finally,
pixel spacing have been rescaled to 2 mm to produce a voxel
phantom with 3 materials (air, muscle tissue, bone) and voxel
size 2 x 5x 2 mm’ (Figure 2b).
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3. Results and discussion
3.1. Point source measurements

Before broaching the more complex situation of in vivo
measurement in the knee phantom the simulation of a
“point source measurement” with an Amersham **' Am
calibration source has been considered. The Amersham
source (Figure 3) consists of a | mm diameter **'Am bead
between 0.5 mm polystyrene windows in a plastic
(acrylonitrile butadiene-styrene) surrounding case (11 x 23.5
x 2 mm’) so the active bead is visible in a cylindrical hollow
at the geometric centre of the source. The source was
located on a wood table (20 x 20 x 1 cmr’) at 30 cm from the
centre of the carbon entrance window of the detector, along
its main axis .

1mm diameter active bead
(between 0-Smm polystyrene windows)

Figure 3. Schematic geometry and dimensions (in cm) of the
Amersham **' Am calibration source.

Figure 4 shows the measured and simulated pulse height
spectra, obtained using two different MC codes. and
considering both a mathematical point source and the actual
Amersham source.

Although the measured and simulated peak areas at 59.54
keV agrees within a 5%, major differences can be
appreciated in the region between 30-58 keV where the
main contribution arises from scattered photons coming
from the encapsulation. As it can be seen in Figure 4b,
backscattering contribution due to the wood table is
especially significative in the region closer to the main peak
(around 55 keV). Some additional discrepancies have been
found depending on the assumed density for the wood table
and the active bead in the source, thus indicating that a more
accurate determination of such values (in the case of the
source, not directly available from the technical information
provided by the manufacturer) would improve the
agreement between the simulated and measured spectra.

Nevertheless, and for the practical purposes of efficiency
calibration, the position and shape of the **' Am peaks at
17.6, 21.0, 26.35 and 59.54 keV (Wahl 2006) are well
reproduced in the simulations, once the complete geometry
of the source and the gaussian energy broadening (Goémez
Ros et al. 2007a) in the detector have been appropriately
modelled.

B

efficiency (cps/Bq)

70

E (keV)

Figure 4. Pulse height spectrum of an Amersham 241 Am source measured
with a LE Ge detector (thick solid line) and simulated (thin solid line) with
two Monte Carlo codes: a) AMOS-PE; b) MCNPX 2.5. The source has been
also modelled without the supporting wood table (dashed line, only in case b)
and as a mathematical point source (dotted line, both in cases a and b).

3.2. Knee measurements

A simple and reproducible counting geometry with the two
Ge detectors vertically located above the knee phantom was
employed for the experimental measurements (Figure 5). The
relative positions were accurately determined with photographs
and all the geometric specifications were provided to the
participants together with voxel phantom data (both the original
images files and the segmenteddata in ASCII format).

- /‘\“\

Figure 5. Axonometric 3D view of the pair of LE Ge detectors located
above the knee voxel phantom to calculate pulse height spectrum and peak
efficiency.

As it can be seen in Figure 6, the simulated pulse-height spectra
reproduces very accurately the shape of the main peak at 59.54
keV as well as the region above 30 keV, thus indicating the
accurate modelling of scattered photons in the voxel phantom.
For the lower energy peaks, all the codes tend to produce
slightly narrower peaks and a certain underestimation in the
region between peaks. This effect does not affect the peak
efficiency regions and it is related to the electrons transport
models considered by the different MC codes (Menard 2004).
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Detailed transport models €.g. Penelope code, Figure 6e)
provide a better agreement with the experimentally
measured spectrum although this is not essential for those
applications when only peak area values need to be
considered.
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Figure 6. Comparison of the pulse height spectrum of **' Am, measured
in the Spitz knee phantom with the two LE Ge detectors (solid line) and
simulated (dashed line) with the corresponding knee voxel phantom and
different Monte Carlo codes: a) AMOS-PE; b) EGS4; ¢) MCBEND; d)
MCNPX 2.5; e) PENELOPE; f) Visual MC.

4. Conclusions

Due to the complexity and the huge amount of
information provided by the thirteen participants n this
international comparison, only the most relevant results
related with the simulation of the Ge detectors have been
summarized above.

The simulation of the pulseheight spectrum in the Ge
detectors proved to require a detailed knowledge of the
complete specifications in order to accurately reproduce the
experimentally measured values. This involved not only
dimensions, materials composition and densities of the
elements in the detectors but a realistic modelling of the
counting geometry and the source (either a calibration
source or a phantom) for the contribution of backscattered
photons.

Despite the differences found for energies below 30 keV
among the spectra simulated with different MC codes,
mainly arising from the different modelling of secondary
electrons transport, all the calculated peak efficiency values
agree well with the measured one at 59.541 keV, thus
confirming the applicability for calibration purposes.
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The work of Task Group 5.1 (uncertainty studies and revision of IDEAS guidelines) and Task Group 5.5 (update of IDEAS
databases) of the CONRAD project is described. Scattering factor (SF) values (i.e. measurement uncertainties) have been cal-
culated for different radionuclides and types of monitoring data using real data contained in the IDEAS Internal
Contamination Database. Based upon this work and other published values, default SF values are suggested. Uncertainty
studies have been carried out using both a Bayesian approach as well as a frequentist (classical) approach. The IDEAS guide-
lines have been revised in areas relating to the evaluation of an effective AMAD, guidance is given on evaluating wound cases
with the NCRP wound model and suggestions made on the number and type of measurements required for dose assessment.

INTRODUCTION

The project, ‘A Coordinated Network for Radiation
Dosimetry” (CONRAD)"", started in April 2005
and ended in February 2008 and was funded within
the EURATOM 6th Framework Programme for
research and training in nuclear energy (contract no.
FI6R-012684).

Work Package 5 of the CONRAD project, headed
by Lopez, was dedicated to the coordination of
research on internal dosimetry'". This work package
was sub-divided into five task groups and the work
of Task Groups 5.1 and 5.5 are described in this
paper.

TASK Group 5.1 covered uncertainty studies and
the revision of the IDEAS guidelines®. Seventeen
scientists from nine European countries worked
within this task group, jointly coordinated by Marsh
and Castellani. Task Group 5.5 dealt with the
update of the IDEAS Internal Contamination
Database® and this task group was headed by
Hurtgen.

*Corresponding author: james.marsh@hpa.org.uk

UNCERTAINTY STUDIES

Evaluation of measurement uncertainties for internal
dose assessment

The recently developed guidelines® for the assess-
ment of internal doses from monitoring data
(IDEAS guidelines) suggest default measurement
uncertainties (i.e. scattering factors, SF) to be used
for different types of monitoring data.

The guidelines consider the measurement uncer-
tainty as consisting of two categories: Type A and
Type B. Type A uncertainties are due to counting
statistics alone and Type B uncertainties are due to
all other sources of uncertainty such as those relat-
ing to calibration.

The IDEAS guidelines assume that the overall
uncertainty on an individual monitoring value can
be described in terms of a log—normal distribution
and the SF is defined as its geometric standard
deviation. This approximation is applicable to cases
where the counts are relatively large (i.e. when
SF, < 1.4). Miller'® considers this lognormal
approximation to be reasonable if the ratio
In(SFA):In(SFp) is less than one-third. In cases where
the counts are low (i.e. SF4 is high) then Miller

© The Author 2008. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org
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Table 1. Suggested default SF values for various types of

measurements (Type B errors). Ranges are given in
parentheses.

Quantity Type B SE, SFg

True 24 h urine 1.1*

Activity concentration of *H in urine 1.1°

Simulated 24 h urine, creatinine or 1.6° (1.3° - 1.89

specific gravity normalised.

Spot urine sample 2.0%
Faccal 24 h sample 3 (2-4)°
Faecal 72 h sample 1.91.5-22)yF

*Values given by Moss et al.” based on plutonium in urine
measurements of workers at Los Alamos. The SF values
for true 24h urine samples is based on the samples
collected and processed under special, closely controlled,
conditions.

®Values based on judgement and on values calculated
here®.

€At Los Alamos, Type B uncertainties, in terms of the
coefficient of variation, for urine samples normalised using
volume and specific gravity have been found to be 30% (i.e.
a SFof 1.3).

9Values given by Riddell and Britcher® based on
plutonium in urine measurements of Sellafield workers.
Because sampling procedures and measurement techniques
have improved over the years, recent measurements are
likely to have a SF <1.8.

°The SF values for 72 h faecal samples were calculated
from the SF values for 24 h faecal samples.

et al.® consider that the exact likelihood function
they describe should be used. The exact likelihood
function is the probability distribution of measure-
ments, given an intake.

As part of this project, work was carried out to
calculate SF values for different radionuclides and
types of monitoring data using real data contained
in the IDEAS Internal Contamination Database'.
The results of this work have already been published
by Marsh et al.©®

The SF values for different types of measurements
given in Table 1 were suggested by the CONRAD
group as default values where information specific to
the case is not available. These values are based
upon the work carried out here®, the values
suggested by the IDEAS project” and upon the
studies of Moss ez al.'”, Riddell and Britcher® and
Miller®.

The SF values suggested in the IDEAS guidelines
for in vivo measurements are applicable to chest and
total body in vivo measurements and are consistent
with the values determined here®. It is noted that
specialised in vivo measurements such as knee and
head measurements to determine skeleton activity
may have larger uncertainties compared with chest
and total body activity measurements® '©.
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Classical statistics

Within the group, there was a great deal of debate
on how to interpret probability and how to apply
classical statistics to retrospective internal dosimetry.
This was then compared with a Bayesian approach.

In the frequentist method, probability is inter-
preted as a limiting frequency of the outcome of a
repeatable experiment. The uncertainty of a given
parameter value is expressed in terms of a confi-
dence interval with a specified level of confidence,
for example, the 95% confidence interval. It is
important to realise that the parameter value is
unknown but has a fixed true value, whereas the
ends of the confidence interval are variables. This
means that, for example, the 95% confidence interval
is interpreted as follows: if the experiment is
repeated many times, calculating a confidence inter-
val each time, then 95% of the intervals would
include the true fixed parameter value. In the fre-
quentist method, one cannot, therefore, define a
probability for a hypothesis or a probability density
function (p.d.f.) for a parameter. However, the p.d.f.
for a parameter estimate can be inferred from the
frequency distribution of the outcome. For example,
the p.d.f. for the intake estimate can be inferred from
the frequency distribution of the measurements for a
given true intake. This approach was used to investi-
gate the effects of different intake assumptions for
the assessment of routine monitoring data.

Intake pattern assumptions for the assessment of
routine monitoring data

To estimate intakes from routine monitoring data,
ICRP recommends an assumption that the intake
occurs at the mid-point of the monitoring period.
Puncher e al."" and Birchall er al."® showed that
this mid-point method leads to biased estimates of
intake. That is, if this method is applied over a long
period of time it will tend to, on average, overesti-
mate the worker’s real intake. In order to avoid this
biasing, the authors suggested that a constant
chronic intake throughout the monitoring interval
should be assumed. This was shown to lead to
unbiased estimates of intake, i.e. if this constant
chronic method is applied over a long period of
time, on average it will tend to estimate the worker’s
total true intake. Work carried out within this
project has also shown this to be true when the
measurement uncertainty is assumed to have a
normal distribution (i.e. the measurement itself is
unbiased). It was also shown using an example of
a tritiated water (HTO) contamination case that
>50% of the workers will have their intake underes-
timated compared with the true value if the constant
chronic method is applied. However, the expected
(i.e. mean) value of the intake estimates was equal
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to the true value indicating that the method is
unbiased. For the mid-point method, >50% of the
workers will have their intake overestimated. For
routine monitoring of HTO with a monitoring
period of 30 d, any overestimation or underestima-
tion introduced by the unknown time of intake is no
more than a factor of about 3 for both methods.

Bayesian statistics

In the Bayesian approach, the interpretation of prob-
ability is more general and includes a degree of
belief. One can then speak of a p.d.f. for a parameter,
which expresses one’s state of knowledge about
where its true value lies. Using Bayes’ theorem, the
prior degree of belief (i.e. what is known about a
parameter value before the measurements are
observed) is updated by the data to give a posterior
p.d.f. for the parameter given the measurement data.
The interpretation of the 90% credible interval
obtained from the posterior p.d.f. is that there is a
90% probability that the true value is within the
interval.

For a single measurement, the posterior p.d.f.
depends on the prior distributions. However, as the
number of measurements increase, the posterior
p.d.f. becomes less dependent upon the prior distri-
butions, and it is therefore more justifiable to infer
conclusions from the posterior distribution.

Within the group, the Bayesian approach was
implemented'® and applied to a tritiated water
contamination case for comparison purposes. Good
agreement between group members was obtained for
the posterior distributions of the intake and the time
of intake.

REVISION OF IDEAS GUIDELINES

A new webpage, http://www.bologna.enea.it/
attivita/ideas.html, has been developed as an
internal dosimetry site, providing details of the
status of the IDEAS guidelines and the work related
to tasks 5.1 and 5.5 of the CONRAD project.

Number and type of data required for assessment

The IDEAS guidelines suggested the minimum
number and type of monitoring data required for
dose assessment for some selected radionuclides
based upon experience and expert judgement. Its
main purpose was to illustrate the point that more
measurements should be taken the greater the dose
estimate. This work has been extended for different
categories of radionuclides (Table 2). It should not
be seen as being prescriptive at all and is intended to
stimulate discussion and further work on this topic.
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Effective AMAD evaluation

The guidelines suggests evaluating the effective
AMAD by calculating the ratio of cumulative faecal
excretion over the first 3 d to lung retention on day
3 for relatively insoluble materials®. This ratio is
approximately equal to the initial amount deposited
in the upper respiratory tract divided by the amount
in the lower respiratory tract. This work has been
extended to deal with °°Co cases when there are no
direct lung data but whole body data instead. In this
case, the whole body measurement on day 10 is used
to infer the initial amount deposited in the lower res-
piratory tract''¥). The ratio as a function of effective
AMAD has also been expressed as a polynomial
function and displayed graphically for Type M and
S materials of “°Co and **' Am—see website http://
www.bologna.enea.it/attivita /ideas.html.

Application of NCRP wound model

Recently, the NCRP has developed a biokinetic
model for radionuclide contaminated wounds"'®. In
this model, wound retention is described by five com-
partments and the material is removed from the
wound site by transport into blood directly or via the
regional lymph nodes. The NCRP model defines
seven default wound retention categories relating to
the chemical and physical properties of the material.
There are four categories for soluble material (weak,
moderate, strong and avid) and categories for par-
ticles, fragments and colloids. The particle category
contains material, typically relatively insoluble,
whose individual sizes are < 20 pm, whereas the
fragment category includes larger particles and frag-
ments whose size and/or quantity of material are suf-
ficient to cause a foreign body tissue reaction. The
colloid category consists of radionuclides that exist as
frank colloidal material prior to deposition, and typi-
cally have small fractions of the deposited amount
that clear rapidly from the wound site (< 20%).

No guidelines exist on how to assess wound cases.
Before such guidelines can be developed, it is necess-
ary to gain some experience in assessing wound
cases. So it was agreed to use the NCRP wound
model to evaluate some plutonium wound cases
contained in the IDEAS Internal Contamination
Database®. Cases where decorporation therapy was
used were not considered. The following six wound
cases were selected: case numbers 42, 234, 235, 236,
237 and 238. Case 42 is described by Bramson
et al."®, and the other cases are described by Falk
et al. "7 For each case, the urine data were used to
evaluate the intake.

As suggested in the IDEAS guidelines"®, the »*
test was used as a measure of the goodness of fit
and the fit is rejected at the 5% level of significance.
A SF value of 1.7 was assumed for the urine data‘®.
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Table 2. Suggested minimum number and type of data required for the assessment of dose for some categories of
radionuclides.

Category of radionuclide

Type of monitoring

Number of required monitoring data

D <1mSv (minimum 1mSv<D<6mSv* D> 6mSv®
requirement)

All type of alpha emitters with ~ Urine — 2 3
significant gamma component Faeces 1 2 3
(U-235, Am-241, etc.) Whole body, critical — 2 4

organ or wound site,

respectively.
All type of alpha emitters Urine — 3 5
without significant gamma Faeces 1 3 5
component (Po-210, Pu-239,
etc.)
All type of beta emitters with Whole body, critical 1 2 4
significant gamma component organ or wound site,
(Co-60, I-131, Cs-137, etc.) respectively.

Urine — 2 4
F-type beta emitters without Urine 1 4 8
significant gamma component
(H-3, C-14, etc.)
M/S-type beta emitters without  Urine 1 2 4
significant gamma component Faeces — 2 4
(Sr-90, etc.)
Pure gamma emitters (I-123, Whole body or 1 2 4
etc.) critical organ

Urine — 2 4

#The monitoring data should cover a time range of 30 d; if the effective half-life is <30 d, the monitoring data should

cover a time range corresponding to the effective half-life.

®The monitoring data should cover a time range of 60 d; if the effective half-life is <30 d, the monitoring data should
cover a time range corresponding to twice the effective half-life.

The daily urinary excretion function per unit
activity deposited in wound for plutonium have been
provided by Ishigure'® for each of the default reten-
tion categories. Ishigure derived these functions by
implementing the NCRP wound model and the
ICRP Publication 67 systemic biokinetic model for
plutonium®”. These functions were used in the
assessment of these cases.

Table 3 shows a summary of the results for all the
evaluations. In cases 42, 235 and 237, rogue data
were identified using the procedure described in
the IDEAS guidelines”, and these outliers were
excluded from the data set. Good fits to the urine
data have been obtained for four cases (case
numbers 42, 234, 235 and 236). Figure 1 shows the
model fit to the urine data of case 42 assuming the
soluble strong default category.

For case 235, the soluble strong category gave a
poor fit to the early urinary excretion data but a
good fit to the data after 10 days. To improve the fit,
the overall output transfer rate from the ‘soluble’
compartment of the NCRP wound model was
reduced by a factor of 10. The resulting fit was not
rejected by the x° test.
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It was not possible to obtain a good fit with
default wound retention categories for cases 237 and
238. This is because of the large scatter of the data
and because the daily urinary excretion remains
practically constant during a protracted time range
(up to more than 10 000 days). Further investigation
is required.

Discussion inside the group covered problems on
how to deal with cases where it is not possible to
obtain a good fit to the data with one of the default
retention categories. One suggestion was to assume a
mixture of two default retention categories, either
inside the ‘soluble category’ (weak, moderate, strong
and avid) or inside the ‘insoluble category’ (colloid,
particles or fragment). Another option would be
to vary model parameter values. However, which
parameters should be varied and to what extent are
questions that still need to be answered.

IDEAS DATABASES

During the IDEAS project'”, three databases: the
Bibliographic Database, the Internal Contamination
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Table 3. Summary of the results for the assessment of wound cases

Case number No. of outliers

Urinary excretion behaviour

Wound retention category Fit* (p-value)®

42 1 Decreasing
234 0 Nearly constant
235 1 Decreasing
236 0 Nearly constant
237 4 Nearly constant
238 0 Nearly constant

Soluble strong Accepted (0.4)

Colloid Accepted (0.08)
Modified soluble Strong® Accepted (0.26)
Colloid Accepted (0.272
Colloid Rejected (107°)
Colloid Rejected? (10™%)

aThe x> test was used as a measure of goodness of fit and the fit was rejected at the 5% level of significance (i.e. if p-value

<0.05). A SF of 1.7 was assumed for the urine data‘®.
"The p-values are given in parentheses.

“The overall output transfer rate from the ‘soluble’ compartment of the NCRP wound model was reduced b?/ a factor of 10.
9Not possible to obtain a good fit with any of the default wound retention categories assuming a SF of 1.7©.

01

0.01

Urinary excretion (Bq per d)

0.001

0.0001

100 1000 1000¢

Time (days)

Figure 1. Model fit (—) to urine data (e) of case 42

assuming the default wound soluble strong retention

category. The data point below 0.001 Bq per d was
identified as an outlier.

Database and the Evaluation Database have been
developed® 2.

The Bibliographic Database is a compilation of
publications from the literature, which contain infor-
mation on cases of internal contamination from
which intake and committed doses could be
assessed. During the CONRAD project, new refer-
ences have been added to the database, some refer-
ences have been corrected and repeated references
have been removed.

The Internal Contamination Database®® contains
cases of internal contamination compiled from refer-
ences of the previous database. For each case, the
case description and the monitoring results are
given. During the CONRAD project, new cases
have been added to the database, so it now contains
255 cases.

Also available is the Evaluation Database. In
Work Package 3 of the IDEAS project®?, evalu-
ations provided by the contractors were collated in
an Evaluation of Cases Database.

All these databases are available for download
at http://www.sckcen.be/ideas/. Contact Hurtgen

38

(churtgen@sckcen.be) if you have a contamination
case with intake of radionuclides as we would like to
add it to the database.

CONCLUSIONS

It was very important to draw on the group
members’ expertise especially in the revision of the
guidelines. The CONRAD group has suggested (i)
default SF values for various types of measurements
and (i1) minimum numbers and types of monitoring
data required for reliable dose assessment for differ-
ent categories of radionuclides. However, these
suggestions are open for discussion. More work is
still required on developing guidelines, especially
with regard to the assessment of wound cases.

Discussions among members of the group were
useful in understanding the concepts of classical stat-
istics and Bayesian statistics applied to retrospective
dosimetry. In the future, it is planned to use the
Bayesian approach to estimate the conditional prob-
ability of the intake or dose given the measurement
data for special monitoring programmes. Such
studies can be used to determine the minimum
number of measurements required to estimate an
intake and dose with a given uncertainty.
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DEVELOPMENT AND APPLICATION OF ANTHROPOMORPHIC
VOXEL PHANTOM OF THE HEAD FOR IN VIVO MEASUREMENT

T. Vrba=
National Radiation Protection Institute, Bartoskova 28, 140 00 Prague 4, Czech republic

The in vivo measurement of the activity deposited in the skeleton is a very useful source of information on human internal
contaminations with transuranic elements, e.g. americium 241, especially for long time periods after intake. Measurements
are performed on the skull or the larger joints such as the knee or elbow. The paper deals with the construction of an anthro-
pomorphic numerical phantom based on CT scans, its potential for calibration and the estimation of the uncertainties of the
detection system. The density of bones, activity distribution and position of the detectors were changed in individual simu-
lations in order to estimate their effects on the result of the measurement. The results from simulations with the numerical
phantom were compared with the results of physical phantoms.

INTRODUCTION

The in vivo measurements of skeletal activity of
transuranic elements (e.g. *'Am) are made on the
skull or bigger joints such as the knee or elbow.
Calibrations with physical anthropomorphic phan-
toms are usually performed, but such phantoms are
expensive and non-modifiable. The recent papers by
Moraleda er al.'V and Gualdrini et al.® deal with
the application of the voxel head phantom for cali-
bration purposes, however, they use different detec-
tors and geometries, so it is not possible to compare
their results with the ones in the present article. The
main goal of this paper is the application of the
voxel phantom in order to distinguish the strength
of the various effects influencing the detection effi-
ciency for the gamma line of **'Am (59.6 keV) of
the whole body counter used in the National
Radiation Protection Institute in Prague.

VOXEL PHANTOM

The source CT images of a 38-year-old woman’s
head and neck were acquired on a SOMATOM
Sensation 64 at The Institute for Clinical and
Experimental Medicine. The original study, in
DICOM format, contained 880 slices with a thick-
ness of 0.6 mm and was scanned with 0.3 mm steps.
The original plane resolution was 0.466 x 0.466 mm
per pixel. Since the slices overlap, every other slice
was processed for this study. The selected data were
resized with a bilinear interpolation to cubic voxels
with a side of 1 mm. Three bone tissues with differ-
ent densities and four soft tissues were segmented by
various techniques. The external voxels in contact
with the air were assumed to be skin tissue. Adipose

*Corresponding author: tomas.vrba@fjfi.cvut.cz

tissue was segmented by a threshold filter when
minimal and maximal value in Hounsfield units
(HU, 0 for air and 1000 for water) were 843 and
956 HU, respectively. The mean value of the selected
pixels was 930 HU. The brain and spine were seg-
mented manually. The bone tissues were divided into
three subclasses according to their density. The
threshold filter, with boundaries from 1275 to 1584,
from 1585 to 2209 and from 2210 to maximal
observed value, was used. All bone voxels were also
manually corrected because high-density artefacts
were observed in the CT study. The rest of the head
volume, except the parts filled by air, was assumed to
be skeletal muscle. Chemical compositions and den-
sities of the tissues were taken from the literature®®.

The segmented phantom was transformed from
graphic form to input file for MCNPX® software
by a program written for this purpose. All skull
voxels were assumed to be homogenous sources of
photons with an energy of 59.6 keV in the simu-
lations. The other photons from **'Am decay were
not simulated because very low detection efficiencies
were observed with the measurements and physical
phantoms. The simulation of two LEGe detectors,
manufactured by Canberra, with an active area of
2000 mm? and a thickness of 15 and of 20 mm, was
based on information provided by the manufacturer.
Their inactive layers were determined experimentally.
The simulated detectors were placed 3 cm off the
temporal regions of the head, as in experiments. The
number of primary simulated particles was 2 x 10’
for all simulations. The transport of photon and
electron was performed down to an energy of 1 keV
and the Gaussian energy broadening (GBE) was not
used. All statistical checks were passed at the ends
of the simulations and the relative errors at photo-
peak energy bin were less than 1 per cent for each
detector.

© The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org
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PHYSICAL PHANTOMS

Four different head phantoms were used for the
calibration of the detection system. The phantom
BPAM-0001® contains a half of the skull from
USTUR case No. 102”. The missing part of the
skull was compensated by non-active bone. The
Bfs® and UCIN® skull phantoms had their inner
and outer surfaces labelled with **' Am. All the men-
tioned phantoms were covered and filled by tissue-
equivalent materials. The detection efficiency of the
NRPI phantom” was obtained by the movement
of the planar source over the inner and outer sur-
faces of the inactive skull. Corrections for the
missing tissues were made subsequently.

RESULTS

The effect of the detector position on detection
efficiency can be described by two components. The
first one is connected with the uncertainty of pos-
ition in the plane parallel to the temporal bone. The
second component is related to the reproducibility of
the distance from the head to the window of the
detector. Both components can be treated as inde-
pendent and this allows them to be simulated separ-
ately. The positions of the detector’s centre in the
plane were changed about + 1 cm along the Z-axis
and about +2 cm along the Y-axis against the stan-
dard position. The results of the simulations are
given in Table 1. The mean of the efficiencies is
0.0050 with relative standard deviation 9%. Results
of distance variation ranging from 2.4 to 3.6 cm
with a step size of 3 mm are given in Table 2. The
arithmetic mean of the simulations with changed
distance between the head and the detector is 0.0051
with relative standard deviation of 6%. The use of
the quadratic rule for propagation of uncertainties
gives a total value of 11%.

The composition and density varies among the
bones in the body, but bone composition changes
are not as significant as the variation in the density.
The mean density of all bone tissue voxels in the
phantom was determined as 1.67 gem °. The
density variation =+ 10% was assumed as maximal

Table 1. Detection efficiency for energy 59.6 keV as a
function of detectors position in the plain.

Axis Z (cm) Axis Y (cm)

-2 0 2
1 0.0058 0.0054 0.0049
0 0.0054 0.0051* 0.0046
-1 0.0050 0.0047 0.0043

Standard position.

Table 2. Detection efficiency for energy 59.6keV as a
function of the detector distance from temporal region of

the head.
Distance 2.4 2.7 3.0% 33 3.6
(cm)
Efficiency 0.0055 0.0053 0.0051 0.0049 0.0048

4Standard distance.

variation due to data processing and biological vari-
ations and leads to values of average density from
1.48 to 1.84 g cm ™. The modification of the density
in this interval leads to a variation in detection effi-
ciency of about +4%.

The overall activity obtained from the measure-
ment of the person is also affected by contribution
from other bone tissue than the skull. The most sig-
nificant contribution, for the used geometry, is
activity in the vertebrae of the neck, which leads to
systematic overestimation of measured activity. The
importance of this effect is related to the geometry
of measurement and the head size. Sampling of
active voxels of the skull or of the vertebrae separ-
ately allows calculation of the contribution in the
simulations. The estimation of the relative contri-
bution is expressed, under the assumption of homo-
geneous distribution of activity, by equation (1),

Ve x my

_ U 1
1=V oom, (1)

where ¢ is the relative contribution of neck vertebrae
to skull activity, V, and V; are volumes of vertebrae
and the skull and 7, and 7, are detection efficiencies
for vertebrae and skull obtained from the simu-
lations. The simulations with three cubic voxel sizes
of 0.8, 1 and 1.2 mm lead to relative overestimations
of the efficiency by 5.6, 5.3 and 4.4%, respectively.
There was some evidence that head size influences
the detection efficiency for the setup'"; therefore,
the effect was studied by the set of simulations. In
order to change the head size, the original cubic
voxel side of 1 mm was changed in the range from
0.8 to 1.2 mm.This scaling covers all sizes of the
head in the population. The lowest value represents
a head with a perimeter measuring 44.5cm
(newborn or children) and the highest one corre-
sponds to a head perimeter of 66.7 cm. The change
of voxel side influences the thickness of the covering
tissues and leads to overestimated or underestimated
detection efficiency. The importance of the effect is
about 4+ 5% for the voxel side 1.2 and 0.8 mm, when
the change of the distance between the head and the
detector and of the thickness of the attenuation layer
(covering soft tissues) were considered. The head
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Figure 1. Dependency of detection efficiency for energy 59.6 keV on mean head radius r (cm).

size was characterised by equation (2)

_A2w+B/m+C/m
= " )

where r is the mean head radius, 4 the skull per-
imeter, B the half-perimeter defined from one ear to
the other over the head and C the half-perimeter
from the centre of the forehead sagittally to the
point where the skull adjoins the neck"?. The detec-
tion efficiency of physical and scaled voxel phantom
as a function of mean skull radius is shown in
Figure 1, when the correction to the increased or
decreased thickness of covering tissues was applied
to the efficiency of simulated phantoms with a
changed voxel side. The numerical values of efficien-
cies (measured and computed) and sizes of the
phantoms are given in Table 3.

It is generally supposed that the activity of **'Am
is homogenously distributed in the bone volume, but
artificially made phantoms as UCIN, BfS and NRPI
have activity just on the inner and outer surfaces of
the skull, and this fact could influence the efficiency.
The set of simulations with active voxels on the sur-
faces of the bones were performed in order to
characterise the effect. The efficiency with this
sampling was from 0.0043 to 0.0097 and the graphic
representation is in Figure 1.

DISCUSSION

The efficiency of voxel phantom is lower than for a
physical one of comparable size. The difference,

between physical and simulated phantoms, for a
relatively large head is not very important, but it
becomes more significant for smaller ones, as shown
in Figure 1. The efficiency discrepancy between
voxel and physical phantoms has several causes, but
two are important: the difference in density of soft
tissue and also the activity distribution in the skull.
A CT study of the phantom BPAM-0001 was
made recently"'?. It shows that the effective radio-
density of head filling (brain) is ~540 HU in com-
parison to a value for the brain, which is
1037 HU®W. Also, the density of the covering is
lower by about 50 HU for the phantom. The simu-
lation with soft tissues and mean radius equivalent
to BPAM-001 phantom gives a detection efficiency
of 0.0049, when the estimated uncertainty expressed
by the relative standard deviation is 12%. The
measured efficiency of the BPAM-001 is 0.0054 with

Table 3. Characteristics of the phantoms.

Phantom r (cm) Efficiency®
BPAM-0001 10.0° 0.0055
UCIN 9.9 0.0067
Voxel 9.4 0.0051¢
NRPI 8.9 0.0110
BfS 8.8 0.0122

4For energy 59.6 keV.
®Value based on CT study.
“Obtained from the simulation.

Page 3 of 4



T VBRA

the uncertainty due to the measurement position
and counting statistics of about 6%, and thus is in a
good agreement with the simulation. The efficiencies
for the simulations with surface activity distribution
are about 22% greater than the calculations with a
homogenously distributed source. It could explain
the difference between the efficiencies of the BPAM-
001 and UCIN phantoms, but more information
about the UCIN phantom is needed for quantitative
analysis.

The measurements on the NRPI phantom were
performed 3 cm from the skull and, therefore, the
thickness of covering tissues, which is about I cm,
was not taken into account. This fact also affects the
head size of the phantom, which must be greater
than that considered originally. The measured effi-
ciency of NRPI phantom without any correction is
0.0179, which is comparable with the efficiency of
0.0171 obtained from the simulation adapted to the
conditions of the measurement. No explanation for
the very high efficiency of the BfS phantom is poss-
ible as the data about construction and composition
of the phantom are not available.

CONCLUSION

Based on a CT study, a semi-anatomical voxel
phantom of the head and neck with cubic voxels of
1 mm® was built. The uncertainty of the efficiency
due to the position and distance of the detectors was
estimated and was about 11%. The relative contri-
bution of neck vertebrae to the measured activity
determined by simulations with different sizes of the
head is from 4.4 to 5.6%. The calculated detection
efficiency for energy 59.5keV is from 0.0031 to
0.0082 for heads with homogonously distributed
activity in the skull and perimeters (hat sizes) from
44.5 to 66.7 cm. Simulations with surface distri-
bution of the activity lead to efficiency from 0.0043
to 0.0097, when the same perimeters were used. The
changes in the bone density of about + 10% affect
the efficiency of the phantom by about +4%. The
efficiency of the voxel phantom is in good agreement
with the BPAM-001 and NRPI phantoms, when the
simulations were adapted to the true conditions of
the measurements. This fact implies that the simu-
lations with the voxel phantom are reliable and
shows the weaknesses of the physical phantoms. The
discrepancy for the UCIN phantom could be
explained by the surface distribution of the activity,
but the data are needed for quantitative analysis.
More research is needed in order to find out the

reason for the big difference between the voxel
phantom and BfS.
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EVALUATION OF COMMITTED EFFECTIVE DOSES FROM
INTERNAL CONTAMINATION OF **'AM USING
EXPERIMENTALLY DETERMINED PARAMETERS

OF THE CONTAMINANT
1. Mal4tova®, V. Be¢kova and T. Vrba

National Radiation Protection Institute, Srobarova 48, 100 00 Prague 10, Czech Republic

Internal contamination of workers with 2*'Am has occurred a few times since the beginning of the 1970s, mainly in the
workplace where radionuclide sources were produced, and later on, also during liquidation of radioactive waste.
Contamination in workers was measured in vivo and bioassay was performed. Solubility of aerosol in lungs was studied by
in vitro dissolution test with a simulant solution of the extracellular airway lining fluids. Model calculation for the estimation
of intakes was done with the experimentally obtained parameters of aerosol, with modified times of intake, with scattering
factors, including Types A and B errors, and with corrections on skull size for in vivo measurements. For most cases, an
acceptable fit to the experimental data was obtained; for two cases with intakes taking place long time ago (~30 y), some

changes in the model are necessary.

INTRODUCTION

Internal contamination of workers with **'!Am has
occurred a few times since the beginning of the
1970s, mainly in the workplace where radionuclide
sources were produced, and later on, also during
liquidation of radioactive waste. When evaluating
intakes of **'Am and committed effective doses
(CEDs) with the Am model from ICRP 67V, differ-
ent data sets were used—activity excreted with urine
and faeces and measured retention in skeleton
through measurement of head in vivo; however, some
discrepancies occurred between intakes calculated
from individual data sets®®. Therefore, an effort
was undertaken to improve model calculation with
experimentally found specific parameters for absorp-
tion in lungs, with proper scattering factors for the
statistical weight of individual data sets, with cor-
rected efficiency for measurement of the head in vivo
depending on size of the head and with more precise
dates of intakes.

DESCRIPTION OF THE GROUPS
OF CONTAMINATED WORKERS

Group A, which originally consisted of seven retired
workers with intakes of 2! Am occurring in the time
period from 1972 to 1987, has been tested from
1996 to 2004; at present there are four persons in
the group. As a rule, each person has been measured
in vivo twice a year and three samples of urine
and three samples of faeces have been collected
from each person. AmO, was probably the source

*Corresponding author: irena.malatova@suro.cz

of contamination. Group B, consisting of seven
workers, was followed for 2 y (2001-03). This group
of workers from the waste department dismantled,
dismounted and fragmented hermetic boxes coming
from the company, in which **'Am sources were
produced and where internal contamination with
241Am took place in the 1970s and 1980s. When
internal contamination was detected, two doses of
1 g of DTPA were administered intravenously to six
workers; one was not interested in the treatment.
Workers were tested in vivo and a bioassay was per-
formed. All the in vivo measurements, performed
a short time after the intake, had, however, to be dis-
carded as persistent surface contamination was
observed. Later on, the activities measured in vivo
were found to be below the limit of detection.
Contaminated workers were not allowed to their
workplace for 3—4 weeks, but later returned to work.
It was found from smear samples and aerosol
samples collected in the workplace ~1 y after the
incident that the contamination was still present and
further small intakes of **' Am by workers could not
be excluded.

In vivo and excretion analysis and evaluation of data

The in vivo counting of skeleton was performed with
two low-energy germanium (LEGe) detectors
placed near the head of the person undergoing test.
Originally, calibration was performed with a head
phantom from the US Transuranium and Uranium
Registrzf, with the assumption that the skull is
15.7% of the whole skeleton mass. Activities of
2'Am in the excreta of Group A were determined
by means of radiochemical separation followed by

@© The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org
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alpha spectrometry. Am was separated from totally
dissolved dry-ashed faeces or wet-ashed urine spiked
with the standard activity of ***Am by means of
ion-exchange and extraction chromatography. In the
cases of recent contamination (Group B), activity of
2*IAm in faeces was high enough and the samples
were measured by gamma spectrometry in native
state. When activity decreased <3 Bq per sample,
samples were dried and ashed at <550°C and then
activity was measured by gamma spectrometry.
Activities of **'Am in urine were determined in the
same way in both groups. Intakes and CEDs were
calculated using a biokinetic model for **'Am‘®,
with default parameters for absorption in lungs
(class M) for individual data sets separately. For
Group AP, fairly large differences in intakes, calcu-
lated from individual data sets, were found. The data
sets of experimental values for individual workers
from Group B were processed simultaneously by
IMBA software; however, the statistics of fitting was
rather poor). Tt follows from the literature>®) that
cases with inhalation of AmO, or unspecified com-
pounds were described by lung model ICRP 667
with aerosols of combined Types M and S or by
Type S. Therefore, a more exact specification of
inhaled material was sought.

Uncertainty of the data

The overall uncertainty of measured values in
individual data sets are given by scattering factor
SF® (geometric standard deviation of log-normal
distribution), which includes the uncertainty of the
Types A and B errors with the assumption that their
distribution is log-normal. The resulting scattering
factor is given by

SF = exp y/ In(SF )+ [In(SFy) ()

where SF54 and SFy are the scattering factors for
Type A and Type B errors, respectively.

DETERMINATION OF SOLUBILITY OF
AEROSOL COLLECTED ON THE FILTER
AT THE WORKPLACE

The kinetics of americium dissolution was studied
by means of an in vitro dissolution test with a simu-
lant solution of the extracellular airway lining fluid
[simulant serum lung ultrafiltrate (SUF)]!.
Preliminary experiments consisting of sequential
extraction of 2! Am from aerosol collected from the
workplace and from AmO, of the same origin as
that processed in the boxes had shown that the
aerosol contained not only AmO,, but also other,
more soluble, americium compounds.

Material

A sample of an aerosol was collected at the waste
treatment department ~1 y after the internal con-
tamination of workers with **!Am in 2001. Total
activity of >*' Am on the filter was 420 Bq. SUF of
composition described b}/ Eidson and Mewhinney
and Ansoborlo er al"”, but containing NaNj
instead of alkylbenzyldimethylammonium chloride
as an antibacterial agent, was used to test **'Am
dissolution.

Dissolution

The dissolution was performed under static con-
ditions""'? at room temperature. Four discs of
diameter 3.6 cm cut from the filter (~600 cm?) and
covered with a clean membrane filter of 0.1 wm pores
on both sides to form a filter—aerosol—filter sand-
wich were immersed in a beaker holding appropriate
volume of an SUF and the SUF solution was
changed at certain intervals. Discs D1 and D2 were
immersed in the solution kept under air, which
caused a rise of pH value of >7.4, whereas D3 and
D4 were dissolved in the solution in which the pH
value of 7.3 was maintained by keeping it under
carbon dioxide gas. After each change, the old sol-
ution was evaporated with concentrated nitric acid,
and the residue was taken into diluted nitric acid and
transferred to the test tube used for measurements.
After the test period, the filter disc was transferred
into the test tube used for measurements and
immersed in diluted HNOj5. Starting activities on the
discs were calculated as sums of dissolved portions
and of the residues. For the discs D1-D4, they
amounted to 8.22, 9.07, 9.93 and 16.0 Bq, respect-
ively. Activities of **'Am were measured by a well-
type high purity germanium detector. Detection
efficiency of the well geometry and the gamma
energy 59.6 keV of **'Am was 0.68 for a 4-ml
sample. Measurement times were governed by the
demand of <10% relative error.

Results and discussion of the dissolution experiment

After the measurements, the dissolution data were
fitted to a two-element exponential equation (2),
which defines the dissolution fractions and dissol-
ution rates (half times), using ‘gnuplot’ software, in
which the fit command can fit a user-defined func-
tion to a set of data points (x, y) or (x, ), z), using
an implementation of the nonlinear least-squares
Marquardt—Levenberg algorithm:

N =aje™ 4 aye ™', (2)

where N is the undissolved fraction; a; and a, the
rapid and slow dissolving fractions, respectively; \;
and \; the dissolution rate of rapid and slow
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fractions (d~"), respectively; and ¢ the elapsed time
(d). Fractions a; and dissolution rates A\, and their
standard errors were derived from the fit. Dissol-
ution half-times were calculated from the dissolution
rates. Figure 1 shows the solubility profile of **'Am
in the aerosol, and Table 1 gives the dissolved frac-
tions and dissolution half-times.

Values given in Table 1 show good conformity for
discs D3 and D4 and less consistency between the
pairs D1 and D2 and D3 and D4. This discrepancy
can be explained by the changes of pH that occurred
during the test with the former pair of discs, whereas
in the second test pH of the solution was maintained
at a constant value of 7.3. As shown by Guilmette
et al. ", dissolution of Pu, Am, Co and Cs is con-
siderably affected by acidity. Further discrepancies
can be caused by irregularities of aerosol deposition
on the original filter. Relative consistency of D2—-D4
results led us to choose D2-D4 mean for the
calculations.

CORRECTIONS FOR THE SKULL SIZE

It was found that in the geometric configuration
with two LEGe detectors, there is a significant
dependence on the size of the skull'®. Absolute
detection efficiency for the peak 59.6 keV of **'Am
varied for different phantoms from 0.0055 to 0.0122.

RESULTS AND DISCUSSION

Experimentally found parameters from Table 1 were
used for characterisation of the Am aerosol. As the
results from discs D2 to D4 are quite close to each
other—only results from D1 differ—average values
from D2 to D4 were used for the model calculation.
The following parameters were used for characteris-
ation of aerosol: f, = 0.18 (fraction of material with
rapid absorption), s,=4.2 d~' (rapid dissolution
rate), s;=0.0016 d~' (slow dissolution rate). In
Group A, when using new parameters for the

*D1
4p2
“D3
+D4

Undissolved

Time (d)

Figure 1. Dissolution of **'Am from aerosol samples
expressed as undissolved fraction versus elapsed time.

absorption of aerosol in lungs, their influence on the
resulting values of intakes was negligible, and there-
fore, default values for Type M aerosol were used.
Correction of the efficiency of detection of **'Am
in vivo for the skull size was done; as a result, the
estimated content of **!Am in the skeleton gener-
ally decreased and agreement with the model
improved!®. However, activities in the skeleton in
relation to excreted activity were still higher than
according to model prediction. Results are given in
Table 2. Similar results were found by Bull ez al.®
and Kathren ez al.®©. The average of the period in
which an intake of **'Am took place is considered
as the date of intake. Such intervals were known
from whole-body counting, which had been per-
formed usually once a year in which internal con-
tamination with **'Am had been found but not
quantitatively evaluated then. Two cases (J.H. and
PV)) were not fitted with acceptable quality of the fit;
there are serious discrepancies between measured
activities in skeleton and in excretion. Data imply
that the residence time in the skeleton is longer and
daily excreted activity is smaller than those predicted
by the biokinetic model. Further study of the change
of parameters in systemic model is envisaged. For
Group B, data of intakes were chosen according to
work diary; in this frame, data were varied and com-
binations of acute and chronic intakes chosen so as
to find the best-fit with the experimental data. In
nearly all cases, experimentally found parameters of
aerosol were used. The basis for the replacement of
acute intakes at the beginning of the incident by
chronic intakes was the fact that, at first, only one
worker was suspected of internal contamination,
and only later on, a widespread contamination all
over the workplace, including clothing, hairs and
skin of the workers, was revealed.

Even with the change of aerosol parameters and
finding the best combination of acute and chronic
intakes, in nearly all cases poor fit to the urine data
was found. The fit significantly improved when all
values of urine activity from samples collected ~1
month after the administration of DTPA were
deleted, which is in agreement with La Bone!'®.

An example for the case (M.S.) is in Figure 2.
Results for Group B are summarised in Table 3. The
last but one column of the table gives CEDs
obtained with experimentally established parameters
of aerosol and the exclusion of urine activities from
the time period ~30 d after the administration of
DTPA. The last column shows the original CED®,
obtained with default parameters, and only urine
activities a short time after the DTPA administration
data were deleted. The scattering factors used were
rather greater than generally recommended®, as it
was possible that samples of excretion sometimes
didn’t cover the whole 24 hours interval. For individ-
ual cases, scattering factor was decreased stepwise to
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Table 1. Soluble fractions and respective dissolution half-time of Am from the aerosol.

Disc ay T] (d) ay T2 (d)
D1 0.047 £+ 0.006 0.230 + 0.070 0.939 + 0.003 152 + 19
D2 0.127 + 0.003 0.154 + 0.007 0.881 + 0.001 498 + 99
D3 0.230 £+ 0.003 0.174 + 0.004 0.791 + 0.001 373 + 57
D4 0.197 £+ 0.002 0.165 + 0.004 0.817 + 0.001 421 £ 55
Table 2. Intakes and CED for workers of Group A.
Case Assumed year Follow-up Number of experimental values Intake P CED
of intake period (kBq) (Sv)
Skull Urine Faeces
FK 1987 1998-2004 11 24 16 4.9 0.44 0.13
PP 1980 1998-2005 11 20 14 6.0 0.51 0.16
PS 1973 1998-2004 3 8 n/a 23.8 0.57 0.64
SS 1981 1998-2005 11 24 19 4.2 0.74 0.11
HV 1980 1998-2004 11 30 22 9.1 1.00 0.25
PV 1976 1998-2001 10 32 n/a 50.6 <0.05 14
JH 1972 1995-2004 23 47 44 63.2 <0.05 1.7

Scattering factors used: skeleton 1.4, urine 1.5, faeces 1.95.

P, significance of goodness-of-fit between the data and the model.

1.E+00 1

1E-Of fomm-n--g-T-k---1-

1.E-02 4

1.E-03 4

Daily excreted activity(Bq d~')

1 10 100 1000

Days since the first intake

Case MS — faeces

Daily excreted activity(Bq d~')
m
T
o
o
.
——

1.E-02

1 10 100 1000
Days since the first intake

Figure 2. Worker M.S.—observed activity in urine and

faeces with fitted curves by maximum-likelihood method

(IMBA software). DTPA was administered on days 5 and
8, urine data excluded from the fit are from days 6 to 41.

obtain good statistics and reasonable agreement with
the measured data. Also, the real-time pattern of
intakes was probably much more complicated than

constant chronic intake through some time interval.
In two cases (V.V. and EH.) for some intakes, Type
S aerosol parameters were used. It was possible that
during different operations and during different time
periods of intakes, characteristics of the aerosol dif-
fered. The continuous intakes were estimated to be
approximately from 0.06 to 0.7 Bq d~' in most
cases. This means that even after a thorough investi-
gation and cleaning of the workplace, some workers
obtained up to 10 mSv y ' due to chronic intakes.

CONCLUSIONS

It has already been proved many times that for the
realistic estimates of the dose from intake of radio-
nuclides, knowledge of the time pattern of intake is
the most important. Experimentally found par-
ameters of the aerosol play only a secondary role;
when new parameters were used for the same intake
pattern and same number of experimental data of
activities in urine and faeces, there was no significant
change in the dose; only a better fit to the model
expressed in greater value of P (significance of good-
ness-of-fit between the data and model). Significant
improvement of fit of the data with model occurred
when activities excreted with urine from ~30 d after
the administration of DTPA were deleted from the
fit. For in vivo measurement of **' Am content in the
skeleton, correction for the size of skull is an import-
ant factor too.

Page 4 of 5



INTERNAL CONTAMINATION OF **' AM
Table 3. Calculated Intakes and CEDs for workers of Group B.

Worker Ist intake Later intakes Statistics CED CED orig.®

[mSv] [mSv]
Date (2001) Activity days since the Activity SF SF P
[Bq dfl] 1st intake [Bq dfl] urine faeces
MS 9—10 July 223 60-550 0.38 1.9 3.5 0.66 11.5 33
PVe 9 July inhalation 135 30-118 0.06 1.3 3.5 0.67 2.8 3.7
7 August ingestion 1150

\A% 10-20 July 180%* 40-600 0.66 1.9 4 0.43 22.2 20.7

KH 12—15 July 197 40-600 0.17 1.8 4 0.29 12.5 342

VS 15-19 July 37 30-170 0.29 1.7 3 0.76 3.4 49

Lz 18 July 334 30-120 0.21 1.5 3 0.62 6.4 16.2

FH 13-18 July 123 30-60 2.0 22 5 0.49 25.7 36.3

61-155 4.2
156-605 1.6*

In all cases, experimental parameters for the absorption in lungs were used with the exception of cases, marked by

asterisk.
SF, scattering factor used for the set of the data.
P, significance of goodness-of-fit between the data and the model.
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