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i Tsnandn Tsafiiendastuamnuiaundvisdiuainudy aazansudon anudaunddunis
waoul nMsnensalszozvedsauziSslussogang q Mulufsnisnaunumsinvdimiugiae
TseuziSefisnumsenisaneuas sy~

Tutlgtuansinduiadidenldiuilulunsasiaindiiaunu fe wgooTu-18 Wgoslsieand
nglaa (°F-fluorodeoxy-D-glucose, "F-FDG) &4 L’fJuawsmé’%%’ﬁﬁﬁiﬂiaa%aﬂﬁﬂ&lﬂé’aﬁ’uaqﬁ’ué
nglaadaduinna asindviediidlegnuivisdanisidngsnenisasiimnusimglunsgnssuuns
wrmayvesnglaavesadluwiaretrr lasarvanluuinuiiisnmninmmaapinanglaags 1wy
aues AU Maiuems uazwaduzLedsinisldnglaalunszuiunswnnaigunnnineadund
TneinwzegredsludiuvesanasdinnaunuaiginenanglaaguinuasinisuudiogiedeLiamas
nalaaanideauszinnidosay 20 vounglaaiomaiiseniegad Tasaussdinisliwdanuannglea
\Redumaamdsnuien msensalusiulalanasasiu blood brain barrier (888) ¢ ftiu *F-FDG 54
Wuasindvdedfmnganlunisnmsaaussienisaivdiauny "

WUUIaeIMLNdvRaUmMEans (Pharmacokinetic modeling, PK model) Wunuusanfild
iiBuanInsnIzanefuazaumanivetatsndrsidnisluinigluetieeie 4 :naddedicin
wlddniseenuuuitassmiundviaumansinisinauenainuagidnisaieiu a1 Patlak
model, Logan model #a1fu3Buuy Graphical model daunuudtassifenlduanndigaluiiagiu
fio Compartmental modeling Iﬂ&J%LLﬂN@EﬂugULLUU‘UEN compartment ﬁﬁmﬂﬁz’jugﬁgﬁu’haﬁ
\nduisdlunsias compartment fnaantfsuanududumioutuy uagdasinsuanidsuas
59%IN compartment SiAAs 13897 transfer rate constant (k)

oghslsfinny nsafauvuasmanduraumanivasansindviidlnofiugududasendy
Toyaidunuudeiiosvdouuy Dynamic iilegaiuseiiesvesdayatisainsidiazesnesans
ndvidlueineitauls s?'j’mu%ﬁ’aﬁazw%’a;gaLLw Static Innsaunuasudelugineudazneds
i routine protocol wdhdeyaunldsimdu ieganuduldlsinazannsoairauuuiasuas
AR transfer rate constant ludnuinaanadlivielal Fsdanusavilsagyinliann sadnis
%ayjalvﬁ”mn%uuazdwsn%u ilasnannsnfudeyanuudoundmngiiefiiunisnsauud udih
Foyawafulilunsiesgidmsiinesld
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TogUszasAnan

Weimuuuudiassanduaaumansues | F-fluorodeoxyslucose (FOG) Tugftaeildsu
mMsnsasindfinmeanesandeyanisaunuuuuniwis

TngUszaeATas 4

\ieadrsaunsimanzanlunisussanadl activity concentration ¥89 " F-FDG luiiioidle
GHEN
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° o 5 v v P Y gy % 18
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fluorodeoxyglucose (FDG) d1uaneddaatuuanaaInkuuiasmInndvaaumansanauide
UL BLN?

ANRINNT5IVY IO

aun15luN1TUSEINRIAN activity concentration 989 F-FDG Tuileideaussfivuny audiy
adgls?

1.4 FEn1saniunisive

1. fiuteyanmuazdeyadinefidriunsmsasindfiaunuaussssasindvdsd F- FOG o
nihevmansiuades lsmeagnansal aninivalng

2. TIATBUNIAYEIANBIINATANET WlewAn activity concentration wavsnavesauadagld
TUsunTuNWLAEIATIZININ Osirix MD ‘

3. 3meﬁ°ﬁayjatﬁam activity concentration, mass of brain wag %activity uptake 989 “F
FDG Tuanaswisusingsne

4. @iuuudasd (compartmental model) Tulusunsa SAAM Il wazvinsuseiie
ATNSITRS Ky, Ky, Ks, WaZ kg

5. Uiumasiisasinsuandsuas wasuuudassmandvsaumansliidniudeyadine
a¥saumsivanzauitoldlunisvhune activity concentration lutieifioaues

7. nszinauazagunadild
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18F—FDG, Pharmacokinetic modeling, PET/CT, Activity concentration, Transfer rate
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2.1 wnwiiiieadas

\ASaaLMEaWNY (Positron Emission Tomography, PET)

PET fid@i3unuiiudn “Positron Emission Tomoeraphy” #3es ﬂ%'aadwmwaqmﬂiwamau
nsvhenvenadewindudunsienmnisnsznedmessnduSdfiaarsdilveyniaindnsou
(B iouansnswdsuudamnadaiaiuaznssiunisiwmargiindueseTeagnelusenme
iennweduziSiasiinsavanuazimaagrihmadaduasdunisiugulunssuumsimnangy
YoTaRTIgINTIadUNG FemgiinihliAamuuansssenitsaduniuasisadusevasnnd
Usnglunmuinldodiedaiou uwndamnsonsagnisunsnszarsvesaduziiildiaiasmie
Tneamzegabinininusdduss sziSuwsn (Early stage cancer) iiesandndanula (Sensitivity)
wazdiAuAILNIE (Specificity) Tumimaﬁ]ﬁ’umL%d*?iﬁﬂssﬁm%quandﬁmwsaﬁ]ﬁw’“ﬁfmsu°] L
nusdaeuiines vieiduenfle wasrrdlumssmunveuiatounsSaiiuinsasunyawing
a35inelanty vonanidu wingnianlduszlemilududug wu mimsadansesusise idade
svezvadlsaunsy Ihdudeyalunistieneinsallse wsumiweSalgugd anisnevausivedsey
lsandsnnnistiensnwinsendininnisaiesad saludenisuiiunldanslunisidadouaznisng
wunsinwlugthelsausgenonisansuas Wug >

wannsvireainIre1duNIsI WIS ef e s RuTunSsdiuand I wdn
58U (positron) WethansAuunsdianaanfuliiananieisilewsioes (adiotracer) 1i1giEae
wislwefazdmnudungsatouluiidesnsfnu Tnaifedasilemsivesidrgsnnefasnszanelug
ofenzithmnevediuiiirusiny dauvestusiunfediliaiosaraaneduazunndlilndnsou
Useq 1+ BaliiafosTslynumiudlaanseudasyuse 1- ludedevildiAnusingmsaiuauis
\adu (annihilation) Haulvaeundam 511 Aladidnaseuliad 2 f Jseenantuluiianiang
Tnazleeananditag 1a3es PET scanner ag3uTinaudwinnsifudeyauuundeuiunnmis
(Simulaneous aquisition) waztATIzRATAIMIATUTLATUADLRILABS NTNAINNITATIVAINITH
wansmaUABuuamaiuaueddi (metabolism) waziafivase Tenwtmunediiadu®"

Positron emission and PET scanner
positron-electron annihilation

Posilron-emilting
radionuclide

N

M Positron

N

Electron

511 keV 511 kaV
’MIMa 1 gamma 1a;
3 ¥ annihitation ¢° d

Gamma ray
detectors



wiiavas Coincidence Tuin

Coincidence Tusivutseaniiu 3 Usginy uuuwinAe True coincidencesfiAnanninney
aosfainanuFiseueulifiaduiefuinannsenuiniased (Detector) Tunamiens fudadud
feanisundigaiiesanndsmalvinmunaimyean wi wuuiidesde scattered coincidence 1Ana1n
Ufseueuidiatudotunatiineuiiinisideauuneuiiazannsgnu wagluuanyhede Random
coincidence \innlnnaufiinanauazyfAtersunsdannsenvuuiiafinatlndidseiy danns
\fin coincidence luwuufiaewazauiiuliduiigenisilomndiiiiedyainsuniuuunwld

True coincidence Scalter coincidence Random coincidence

LOR

{ . . | A a aaa aa o 13
JUfl 2.2 Coincidence Tuwuuseiinanufiseueuiidiadu

SRV

wisaindiduadosdonanvamanidandesdesnnioadin (PET) wazindouonaiss
Aeufinmed (CT) saufudunmiientu (co-resistrted) ilosanmwiiniduiitesie desvavideon
masuneinie laeldnmilaainaeivdwdaaaunvedauniaduailusenissiuaimain
wnasgnsuiamesiilinmwmelnmaiievislunisiivuasiumis dawaliniwindilesuanudey
dusulifonsitademansuwdinnaulutiegu Wy nsdenwitensidadelusuuei§dine
| MITIURUNSKIF NS Nde Ssduaznisuensvezvedlsn (staging)’

- ey

U 2.3 A @7 (4he) v (nan3) 7w Whole-body PET/CT Scan #aiinannnnssaufussuning
AETLazAIWEn (131) ldaunsagawilideyandludnieiniauaealsimewiouiy
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2.2 MUNIUITTUNTITNIUITeNNEITDS

Tuitaguumsndasd °F-roG Wuilemnniulumsnsaguauedauveseioisluiimnie
Tnavinaidaidoaneaduusnadiinegedu °F- FOG $ruaumnn snmsfnenuideikiuamudy
Tu¥ A.#. 1980 Sung-Chene Huang wazAnss ‘Lﬁ?’iﬂmé’mwmummmmﬁﬁmaﬂqiﬂa’l,ulﬁal,?faamm
vosuyud Tagvinsdnulueiaainsyendiudma 13 au fd funsnmnadinaunusieans
wndvied “F-FDG Tigndnituduidensiluyiina 185-370 MBq wazinnnuidudures "°F-FDG uaz
nglaaluwaraundenisifiviiedadonnn 15 Jundl ndsdaasinduiednelu 2 uifiusn uasiiy
Frnamsfiuisndonintuiinaiviy wasvihnsaununmanesenaainsduian 5 und
Tugaausn waz 10 vde 20 wiit Wedhsnsdsuwlases “F-FDG luiloifeanas wazvinisia
vouwafiaulaluudaziunlaesauoaiomuSinanistures “F-FDG 91ntiurnisUssanaeiasd
Snsn1svNAIetans FOG fidusiudiu °F activity Tutarituresian uagmdnsiniswamansyves
ﬁwmaﬂg‘lﬂa (Regional metabolic rate of glucose, MRGlu)

nneATeiv Il denefisasvesnisuuds FOG nwanauluiie doauasdin, snswes
mswuds FOG anileioaussdmlunanaun, Shanvesnmsvuds FOG Awdsugululu FoG-6-
phosphate luiifoifesuesding uavdnmusinisvues FOG-6-phosphate Awdsuguludu Foc Tu
ewdaauesdmilen 0.102, 0.130, 0.062 ay 0.0068 min” AWAWY FATisATIvEINITYWER FDG
nawanaultileieanesdivn, Snsmesnmsuds FOG Mniileidoaussdviilunatdu, Shsves
N5YUEAS FDG ﬁtﬂﬁaugﬂlﬂLﬂu FDG-6-phosphate Tuiledeauesdvn wardnswemnisvues FOG-
6-phosphate fiasusuluiiu FOG Tuilpideauasdvaiien 0.054, 0.109, 0.045 way 0.0058 min’
mudiu Anedsvessasmanagluiodvsuesimuaniofeavesdorudy 7.30:1.18 uay
3.4120.64 mL/min lu 100 nuvesiloidoauosmudisiu

Ky ky*
Fo6 ‘* ~  FDG S| FOG-6-P
I pLAsHA  |L%2 IN TISSUE |4 IN TISSUE
(cp*) (cg*) (Cy*
ky ky
6LUCOSE © GLUCOSE . GLUCOSE-6-P GLUCOSE
IN PLASMA k2 IN TISSUE 4 IN TISSUE METABOLISM
{cp) (c) (cy)

d o Q‘ a o
5U#1 2.4 wuud1aes Compartmental model 484 Huang et al. teldlunisefurenginssuves
FOG wasihaangladluiioideaues

Mejia haranz Idiauesudssluisans Journal of Nuclear Medicine UNM) 3 a.#.
1991 InglsFnuwuAvafusTinasdidineldsuanmnna F-roc lusnanasinssdudnm 7
578 Wawifiedny biokinetic ve1 FOG lueereaneq nuirfiusnuauenduetereiifiudunmnis
uptake mﬂﬁqmﬂszmﬁu 6.9%
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5UM 2.5 Biokinetic distribution ¥84 FDG lugiengsingg 1933890 Mejia wazaniy

Tudl a.a. 2016 Kitiwat Khamwan wazasig * La@nwinasWauiwuuTIasaniaun v
JauaansamiudUienisnusnraennoufimualazianusniinauds 5 3 fid3unsnsIaingd
awnuseasndussd | F-FDG ynsAnwideyadoundevesiienisnusnaasanouimunain
Yoyaues Niven wazany' wazifinusnifinery 2 &t fla 5 9 $1uau 35 510 wadumane 19
Auuazinevds 16 Ay wazilongiade 17 4 ey Aildsunisdnasindvied F-FOG Wmasaiden
aluu3unm 5.55 wnsineesaseilansy enduduieinets 2 danildsunisdaasindused
FFDG 20 LmnmﬁﬂmaLsaLLa::r{{ﬂaaLﬁﬂﬁgmﬁfﬂﬁaaﬂdm%awhﬁu 4.7 Alansu losunsiaeansinds
%48 "°F-FDG 26 wnziiniaetsa Tneviinnsaunuiuy Whole-body tiudeyauuy static ivasan
60-126 UM wasdnansAdvseEd vin1sUTunuuTIaeskuy compartmental model 91nves Hays
and Segall”® Faifuuvudassdmsudlvaliidrdudoyavositedn udldlusunsy simulation
analysis and modeling (SAAM 1) Tun19&519 time-activity curve (TAC) NTUTINTSAUIN
whole organ activity Lﬁam percent administered activity (%AA) g activity concentration Tu
duas Uon néanilewala o wazsiu uenaniildadreladdunisvinue Activity concentration v
FDG ﬁ%’u’l,ua’g’mwmSﬂugmmwaawws’ﬂum TugUves %AA/g = a x (weight)” + c x (weight)” Tag
7t %AA/g el Sovauesr Activity vasdnndusidnonsu a, b, ¢ way d Wudwinesves
Herduaunts Taanslififuiinisdvvesanndusedlunrazdiuvesirniefiuanesuluaiy
dhmindhvemsniinaeadeurmuaazmsnusninauds 5 1%

PneAfeiinuiuuudasmandyaaumansdmsudiiedniimiuuanasiniuudiasm

ndvaaumansdmiuglnalaslufiisinicmasisnsinsuandsumsindusidunnninging waz
organ concentration Tuaues Yan ndnilela ln wavsu danfintuiiodhminanas wvenanduuds
nsadanuusiasmisadvaaumanslasiuguiudieserdedeyaiiduuuy Dynamic agaa
soilosastoyarisnaninduaroonvesaanduisdluetosiauls udnnnuifetdodedeyauuy

Static 9nMsawnuAILAEIluUIBLsaz Y Fasiaudululsinsiamnsaadranuuiasslalngende

nsifiudayanisangn nkuuasuieesUaNkLINIwenuidel wassdadiduiugUasiinan
iiganaiielvilinauindeiovesioyanasnsivieuiuvesiailunisisuawnudeya
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3.1 Ussvnsuasnguiieeng

o S v oo IS 1 v o o 18 ¢
amesUaeTidiunisasiaindiaunuaesiigasindyisd  F-FDG a1 @1 nvAEns
fedes lsaenutagiansal annwining

3.1.1 nain1sAniennguddegna (Inclusion criteria)

DX a v oo & aa ) v v o o 18
mwwesaefidniunsasiaindiiaunudinanesisasindussd F- FOG i lsswenuna
qunaensel ann1valng Tudaelymsdngy 2557 s 2562

3.1.2 Inain13AneanaNNgusiaee1e (Exclusion criteria)
o HUieeny 0-18 U

o amitheifionsaurndannisiadouln (motion artifact)
o fUrenilseslsnugisluaues

3.2 gunsalinldlusuide _
L v Yy a v o a % v o o 18 v
3.2.1 Foyan g U iid13UnInTIUNNaTaLnUUSIMANB WA INER3E  F-FDG Ay

\A3aindiidve Siemens Ju Biograph 16 i lsaneutagwiaensal an1mvalne Tuied we.
2557 fi3 2562

Rt

Ul 3.1 in3oaiindiluenduud Ju Biograph 16 & avvmaniionges

Tsswenuraguiasnsel @aninwinive

3.2.2  lUsunsu Simulation analysis and modeling (SAAM 11) ieldlunsaranuusiasa
ManduRaumEnswUY Compartmental model ™
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B SAAMT Compatanecd - HAYS I LIODIL TAC GG _GAR0STY
Fe B4 View Shoe Cemput S Wedow Hep

ojslu] 6] B QDS mi 28 ¥

Teerer R HATS 57 400041 TAC_ ORIENAL GBI

SELECT enpenmentel functicn ef compenest

SUT 3.2 TUsunsy SAAM I

323 TUsunsugmwuazdas1siaiw Osirix MD - Osirix Dicom Viewer tdulusunsy
dmsuliesgiveyanasgnIwN NsLEnNLnsgulamney

T, 0 Dotasrssds OF
. ; = ’ )
88 ¢+ 3 VA vEY N s
5 A e X Taaag Resint
: N T "\ T T ! YT,
1760429 §9_4y Pet OL o Bran hetsh) | » fuirom prmtae

Seurn (it memed Dty Mede fusrs Cowy Sacd Mmegmte Bra tede Doas

1024381 337y Wioh AlbesciCt 4] CT)_PY
Vrd Cast et I

sUf 3.3 Tusunsugamlaaes Osirix MD

3.3 35aulun1svin Iy

3.3.1. Wiudayaduae

- AREBNTYAN WHUIAUNUINARLTILAL AN DNIINTTVVATAUWAVBIAVNIYANAN S
Tuadesd dedidine vedsmwernagwiainsal annnalng ATeilligUilsinunaeidadEen
ViaVuA 108 578 WwAYIY 48 518 wasinande 60 318 laadudUieidnsunisasamivawnumieiiy
aues Togsaud 23-92 Y (Anafisxdinilesuunnigiy; 66.3x14.9) lafunmsuimsinnisansindy
v o 18 < o & v o ' < ] - | =
$98 TF-FDG maviaenidiendn IA1ANLSITIEAG 156-364 winsidnieeisa (Aadesdiudeuy

NINTZ; 250.25+47.94)
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- fudeyaiiaeiinisnsainawnudiuanesveslsmeruiaguiainsal aninivnlne
Tnedeyaliiude lvuszddaine, thndn Rlansu), fukasianiiviinisnsn uazeinnuusededi
Aaliitudiae (unsdnieeise) dwmuTuslnneavestsaneiuragmaniu azvhnsifudeyaninae
Win@iaunu o e 1 Hilumdandnaanduied F-FOG dwvhnsaunuuszezinan 10 undide
bed AsBUAGLAILYBATL VI (Raustdau Base of skull ufls Vertex)

332  msAwramSinaasnduidluduauesveedioy

PNITIATBULUATDIANDIIINA MR NARNUTIRI UM SUARAINIUIUNYR959E (Attenuation
correction) lBMAN activity concentration wazUSuasvesaussdsusazselagldlsunsug
amuardinszsinnlaneu Osiix MD Taavinn1531a VOI (Volume of interest) uSamuiiloaues
sanun Tngld 30 ball TWaquuinaauewianue daedlafdu Isocontour ¥Mnsufuanszduiy
(threshold) WinAU 16% WWaAuAsduasIlunIsaveuwalunnse Wenmynaladgnain
YOULALASIAULEY 989N reconstruct Tuiduninauid Feazvilinsiuieriade activity
concentration (Bg/mL) LLamﬁu'mséuaaawaaﬁ”’wmwméﬂm,mazWJ neutluAIIN %injected
activity

JUN 3.4 fpg19n159319 ROI nmaaslagly Isocontour Tuusavalad

AuIRAT %activity uptake luillaitoauessianualugUleudas e Aswauns

Avg.activity con.in VOI aq X Pt.brain volume (mL
mL

%Activity uptake = 106

X 100

Tawen Activity uptake fimbefunzidnineisa (MBg) druusuinsvesanesdedivieidu
mL dhluudandae density vesilordoaues felldviifu 1.0346 ¢/mlL tilewen brain mass il
wiedunsy (g) uavthlumulua %Activity uptake Lﬁamé‘f'ﬂdawa\nﬁmmmﬁmﬁ"u%'dﬁﬁﬁuaq
luilaoauoaiivuiuuimuidadly udmaiadslufastmun edudeyaluniniiluldly
MSANNUAINITINNDS k Va4 kinetic modeling foly
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JUT 3.5 Megunmauiiiannisiaveuiun VOI lunwaueaswesUae

s

o o 18 Y ¥
3.3.3 NISEA51LUUIIABIMIWNEUYIAUANEASVDY  F-FDG V898109 AVURUAIl

1. #5190UUa1a84

sddilldianuuuTassaumansluiuy Compartmental model TngldTusunsudy
wadu SAAM Il Tagldnsussgnduuudransannanuideues Hays way Segall”® Fsdmunluansansvng
341013 Journal of Nuclear Medicine Tudl a.@. 1999 waz Huang et al'* FIANNAFIUYDS
WUUY1a99UsENBUAIY 3-compartment (2-tissue compartment) Usznaugieg Plasma, rapid FDG
exchange Wag slow FDG exchange lagflaw1silimes K-k, ﬁ’aLLaﬂﬂugﬂﬁ 3.6 @3 ks Ay ke bu
ApsiinIswaniUasy FDG sswinawandan way erythrocytes deluauddeiildasnsda population
based 91n911338W04 Hays & Segall UNM 1999) war Huang et al. (AJCBF 1980) wuifieariu dean
5&‘]’&@)&‘5@1&#15’105&114 International Commission of Radiation Protection (ICRP) 484 Biokinetic
model dv¥uansndused °F-FDG atud 128



Whole-blood Blood brain

parrier
I
I

FDGin
brain tissue
(Fast
exchange)

FDG-6-P in
brain tissue

exchange)

JUN 3.6 WUUTIRDIMUNFYIAUAAATANUUUUYEY Hays & Segall UNM 1999)

o ' a . v oo °
A15199 3.1 ATNNSITLADSSUAUN T LULUUINAD

WI51Me35

Medune AMdnes g
AN SiUABULUAYeY FDG WU rapid 0.102+0.028 :
K o 2]k mL/g/min
exchange MNwANENLNg Lilollaawas
: ARITINISIUAB LYY FDG 9 ndussell 0.130+0.066 L
X e , mL/min
3 LIBLEDFANDINAULVIFWAANIWUU rapid exchange
AAsTnsasuLUaswes FOG luauesdiuilode | 0.062+0.019
ks ULV rapid L“ﬁ’lén’mt,aﬂl,ﬂaaul,wu slow mL/min
exchange
AAITNIsIWABuLUasBY FOG luduiiloibeauss | 0.0068+0.0014
Kq LUU slow exchange ﬂé’UL‘t’Jj’iémﬁLLaﬂLﬂaauLLUU mL/min
rapid
ANPNTINISHANLUABUYDY FDG 9Inwanaung 4.800+2.92 :
Ks = mL/min
Erythrocytes (whole-blood)
ARsTIniskaniudeuues FDG 910 Erythrocytes 8.070+2.85 _
K mL/min

naugnanasn (whole-blood)
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2. dhdayaguaeidrglusunsu SAAM I

Tnevdnmsviludunsaiauuushassiesededeyaiideiiosuy Dynamic o3 Time-
activity curve (TAC) fiudnsiiansiduazosnvasarsluuiaze Jorsmuiaiduvonian vuddoilay
1}1A1 %lnjected activity %38 Activity concentration (Bg/mL) Talulusunss SAAM Il wagvinn1ssu
Buiatuiilofuanien transfer rate constant fimasaziiu Jeazdosaenndesiudeyavesianiiinld
usiilasaindaya %injected activity fildarnanAdeiiiuteya a nanfeagaider Fdldnnss
Toyaszninsfielngedunisimasuiuveananiiduaunundiainnsdnasindused | F-FOG Tu
fUasusiaz e waEvIn1suys Time interval sanidunn 5 uivindy AuIneALadsLazA
\eauusnsguvesineieglugasnaniug iethuldlunisasng TAC muuuuisanuided
thiauelag Khamwan K uaganiy (EJNMMI Research 2016) ° fauansluguil 3.7

Brain

=
=]

-
=N

e
N
——

—
(=}

%Injected activity
o o0

=N

..............................................................................................................................................................

N>

0 20 40 60 80 100 120 140 160
Time after injection (min)

JUN 3.7 n5uans TAC wansAadiauay SD 9nTayanUiednuiu 108 518 Tuldagyieian

loian13a$1a Compartmental model Tulusunsu SAAM Il fauandlugud 3.8 dunou
delazihdeyadthonsenlulsunsuiiierinnissudyaduiionnen transfer rate constant Tngld
9an37iu Non-linear least square error Tun1s fit wuudnaes daminAmIsdwesinnugndes
Time activity curve fiafaainuuuiiassazaenndosiudeyaruas mn TAC filsiainns generate
nuvuasdiliaenndesiudeyagUas wgdesinisuiummiwesivaunitteyasvasnnneiiy
vidolilden Least square error fitfoefiagn vinnsuszifiuAmnugniesvesamnsfinedsg Akaike
information criteria (AIC) Wa¥ Bayesian information criteria (BIC) wazazdainaladrlunnas
compartment JLUUSIABI9UARIAT g Bennadienn activity concentration AlUswnsulAvinN1g
a4 differential equation au t1a1laq avelulusunsuteaioldlunisauinien transfer rate
constant 5¥1374 compartment 1S8UTDBLAT
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| SELECT modd function 01 cempenent {8 oMl

E‘Uﬁ 3.8 @519nuudandaeluswnsiy SAAM Il Simulation

»! 119239
1.0460in0901 4.18437 EITE
FRPIETTPRERLY Mﬂd_ﬂll 4404 .54

o

v 1

sUT 3.9 eeans Fit model Audayariaeselusunsa SAAM Il Simulation

3.4 nisiusiusIndayauasiinseinan1eain
HAN1338 azgnuanstoyalulds continuous variable 1urade andesuuninsgiu

AgeEA ANRNER YasdayareqvaeiUle Usunuves Activity Mduluiileideauss n1snsganedmng

S v v

PANNUBIANSENABSAF UENDY wazAn k AirwinlaannkuuINaed
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3.5 YaNINTUINIUITEETIU

msiteiiunsinuilagldnsinneideyanmindiuvesauesainssuvamsaumea vos
fhefediven Aaudihezlildihnmsideiufinelaenss uinmnihdayagiasnldifiansviiise sxdes
I sunisoufitantsvhidelunyesd SaidedldfuoyiRanauenssunseiosssunisvinidely
uyud AnzunEAEns gunainsaliminends wneiaw IRB No.799/62 faunisiinu deyadildain
n53veazgninuidunudulnediadedviinduddy fnsuntedevestiaeliliannsasey
Falet (Anonymous) waziausiiunmsmwesnisdnuliiauedeyaduseyana Inedndavdn
yosauiaInluuana (Respect for person) nannisviusslevylunalvidadunsie
(Beneficence/Nonmaleficence) uagnananugisssy (Justice)

= a &
3.6 gUassaianvaziaduy

maiudayagithedunisiiudeyadeunds vilvenalddeyaidesnisliasuiu waglinsu
weSan nveIUeNuae e1adwasiensinsidena
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uni 4
NANISANYD

a v v ° a
A15199 4.1 YouadsUNUI89 LI 108 518 (WAL 48 518 WaglWAned 60 518)

daya NG g AuaReESD
o1y (1) 92 23 66.3+14.9
siwiin (Rlan3u) 92.4 37 57.92+11.86
Brain mass (g) 1906 1175 15154163
Injected activity (MBq) 364.93 156.14 250.25+47.94
Average SUV 11.07 3.04 534+1.16
%Administered 15.40 2.64 9.69+1.92

activity in brain

Time after injection distribution
30

25

26 26
19
5 |
2
o E

N
o

Number of patients

3640 4145 4650 5155 5660 61.65 66-70 7175 7680 8185 86.90 140-145

Time after injection (min)

P a ) ° X A a % a U U oa
EUM 4.1 LLNuQﬂJﬂqiﬂigﬂqEJGYJ“U'ENQ’}U’JUQU')EJLlagL’Ja'n/]LjﬂJaLLﬂuwa\jQ’]ﬂﬂ'ﬁﬂﬂa'ﬁhﬂaqﬁqa

Tuanideivhnnsdnulufiaesinu 108 518 Taedudtasmas 48 Meuazinands 60
718 Franaadt 4.1 wuhergaisveanguuszensfivinisAnulumideiiviity 66.3:14.9 T &
wavesiioidisaueaiowiifu 1515:163 n3u %nﬁwﬁqan'im"]La?{amaamaauaa@‘lwajﬁswmu‘lu
ICRP No. 128 Failenvinfiu 1420 n$u uazeniads %AA ves FOG fiduluiledeauesanauideii
gan3nAnfiso ety ICRP No. 128 Meiuiy Jsiiaviniy 8% Tuamzinuideiddauity

9.69+1.92%
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507 4.1 wanamsnszaefavestoyadineflilunsifed Aldnamdoutimesiansuauny
funslunisairsuuudiass daziuldingdasdnlugismihnsaunuiinan 41-60 unil ndanasdn
asindaied °F-FDG dempnadeiiu Routine protocol #ldlulseweuiaguiasnsal anmaalne
waedlaes Iy 6 318 fignawnusausiuniid 70 Wusuly

71519 4.2 mssmmaumww\mmaﬁﬂmmi’%’aﬁuF}

wsdwes | eddell(A) | Huangetal (B) | Ratio B/A
Plasma to fast FDG exchange
0.1076 0.102 0.947
in brain (K,)
Fast FDG exchange in brain to
0.130 0.130 1
plasma (k,)
Fast FDG exchange to slow
» ST 0.03 0.062 2.06
FDG exchange in brain (ks)
Slow FDG exchange to fast '
i 0.006 0.0068 1.13
FDG exchange brain (kq)
e e L
10 {/ k\b“\\ " .
c.é . =2 ~
21 ) -
% ’ T o e 1:5@ T e

{ (winuiest

JUR 4.2 nawuandnants fit wuudtaesiudeyagiae

U 4.2 uamswanis fit wuudraesiudeyavesiiiaanauddeil 91n time-activity curve
il wanslfidudednuaznsdieenvesSnaresasadesed PFroG luiiloloausssinan
s eazdiuladnnsd TAC Tugreusnazros quiuiindu Sadusaedt Foc Buduluiodeanss
AU 12% Tuteundii 20-30 Tneazduiusfuamisilmed K, wae k, LLaz%L%'aJQﬂ
Fuoonudeaniiu vrlduediunswiidnuaezdesqanas Ingarduiusiuamsiimes ks uwas k, 7
Tflunuuanassdaty slow rate FOG exchange wazitioaain SAAM Il simulation 19015 fit
wuusassuuRugIutesdanediunuy Least square error vilslusiantuvadluma (navidud
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We) avliisulunngyavesdeyandeuly uissideniugadafiviilinasiuvesianunainindou

sznintoyarUhsuaztoyaarniunaiinniosign

Pt. body weight vs. brain mass
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R*= 02247
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Pt. body weight (kg)
JUN 4.3 N9 MMUARIANENRUSIZNIN Brain mass wazimindaUae

400 ~

Pt. body weight vs. injected activity

y =0.8505% + 200.99
® R? = 0.0443
350 - A - . = A5 . i
® S ®

— ®
5300 SRR ..A .. ‘. - .. 9§ I
£ 0 Seo p 4 . o0 :
> ° ® o ® ® - T
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SUN 4.4 nIUAAIANENNUDIZINNN injected activity WazurlnaUY
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Pt. body weightvs. %AA in brain tissue

-
o0

y =-0.0469x + 12.402
R*=0.0838

- = =2 =
©c N A~ O

%Administred activity in brain tissue

S N &~ O ©®

30 40 50 60 70 80 90 100
Pt. body weight (kg)

N
o

d‘ L v € ' A\ - 18 d'o.l du d’
5UN 4.5 nsmluansrnuduiussening %administered activity (%AA) ¥a¢ - F-FDG fiduluiilede
anewmazimndage

Brain mass vs. %AA in brain tissue

-
(==]

y=-0.0005x + 10.473
R*=0.0019

- =
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%AA of brain tissue
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@
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88 &
*
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@
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Brain mass (g)
d‘ £ LY [ 1 — . . 18 d'e.l d‘ll <ll
E‘U‘Vl 4.6 NINULANIAMUAUNUTTENIN %administered activity (%AA) ¥89  F-FDG nduluiiolde
ANDILATUINUNVDIAN DY

JU#l 4.3-4.6 LLammmamwusmmi’]ﬁmamaG]Vlaawamaﬂsmmmiwmsma‘ma F FOG Tu
mawaauaduwﬂwmmu 108 118 Taewuindiodhudndufiuant a aamaaaumw,wmmm U
W (R = 0.2247) duandlugudl 4.3 Tnedi¥esazvosuSuunissuvesansinduid “F-F0G luaues
avuvsundudotmindaiiaeifusntu fuandusud 4.5 wesinavesausdlaifinnuduiusivy
Usmavesnsiuluidaiboauss duanduguil 4.6 fesdunaiuldhuiinumsivineades
ApudslnalAesiy
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Pt. body weight vs. %AA/g
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E‘Uﬁ 4.7 NINLARIANFUNUTIEUIN Yadministered activity/g ¥84 ~ F-FDG Aivlullooduns
waztminvesgie

ey ]
——— FDO Lrain AN frociCticn |
Predt bnds (FOG tean SEAA prediction) §

L] 50 0 70 80 o

d' o’q'/ o [ v € J .. . 18 d'u
5UN 4.8 nswiflsndunisvinunemnudiiussening %injected activity/g (Wnu y) ¥8s  F-FDG 7idU
lulledearswaziiminvewiie (Wnu x)

JUT 4.7 uansmsnseane v etayaiesasvesuIunuaisindysidniadeutaveilowe
a9 (%AA/Q) Wisuutwindvehe wazilat1veya %administered activity #onsu (%AA/g)
18 oo & A - ) v % s o .. .
vae  F-FDG Miuluilleidoanasaziminvasdiieinasieilandunisyiiung (Prediction function)

sauandluguil 4.8 nudlaguuuunmsiueimangaudmsudeyayaiiie Power model fisauns

%AA/¢ = a x (body weight) e
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lngil a, b, way ¢ AorduUszaNS (with 95% confidence bounds) iAWY 0.2947 (-2.498,
3.087), -1.128 (-4.167, 1.91) waz 0.003303 (-0.005243, 0.01185) siua16u laada1 R-square
Wi 0.2313 Wag Root mean square error (RMSE) wiriu 0.001312 Tasdoyatiegusnidueuiun
95% confidence bounds axgnatsiu outlier §41nannisiluandliiiudndloisnsuis
eyl saussanuandosasvenisdvans °F-roG ludeifeauasdensuld
\uLAe iy
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unil 5
ayunan1sAneLazdaIEuBLUE

nsaduuuuaemandvaaumansvssmandvidlaefuguiudosededeyaiiusuy
Dynamic Lilagadusiaiiiesvesdayatimnainaituazesnvesmsinduisdluaiziaula udain
suiTeiiodedogay Static Inmsaunuaduieludtasusiazsedadu routine protocol iiieg
audululddnaganunsaasiawvuiasuaziiuine transfer rate constant TudiuuSianauedla
ydelsl Gathanunsovildaeviliansadrddoyalduntunas edu iesanamnsofuoyauuy
foundangtefiiuninmauud wdnhdoyawaduuflunsiesgidmnivesld

Tudeadun1susnisysutuasindusidviinunsaunuan AN YIATNN
LYAEASTIARE L D198 ImNTBLULUN (guideline) YasaNIALLITAIEASTI RS IUSEAUEING
o1y auANnYAaniduedsfuisanigowsng, amauvmansiuadefuisaaiiuglsy wio
NURNMINEINUUTINYTEsUTEmA sy FeuSuansinduisdfmuzanlunisuimdeende
Toyansdundvaaumansifisidy dmsy CF-F0G 1iuanndusdidenltunniigalutiag iy
dmsumsanasinaunuiilosneysylevivatsusznng feianuddyetdeiidesidnuasng
nszanedImsdinmues F-FOG luwsaznguuszunns weldlunisduimyiuw Sidganauly
o¥urwsie qrufimsitadelsalisiudiuindedy warlutgiulsumalnedailonuidedidetsaty
Foyanmehuinduaauranivetansinduied | F-FDG vaan1sasemnanasEmiunguUsTansa
Ineagodnesnfin dniumuideifadafiumnuddyredoanmeiunderaumansvosanaundyied
“F-F0G teldiduteyariindnlunisuimsansinduisd “F-F0G dwiuftheluvssmelne Suas
derafuaznduuselovddefiiofidriinsenansnvmansiandsfield

desmnidunsiiudeyaaunuuuuadudien vuddeidddliBnmsauuuiaomuuumis
94 Khamwan et al'’ Tagnsmenedsluwsiazdrsnaanngugtiiinusniinauia 5 ¥9u finsa
Winawn 24 Boston Children Hospital (BCH) 47u2u 35 578 fn transfer rate constant (k) ¥84 K,
ky, k3 LAy mﬁlﬁmﬂmsﬁﬂwﬂumuﬁﬁ’aﬁ NUNAAWINAU 0.1076, 0.130, 0.03, wag 0.006 AIUEGIU
Farn K, filaTnnuuansieen Huang et al'* dnifon wern ks oaninuszana 2.06 wih A1Usunm
A3 uptake 289 FOG luiilaifeauas fenadovintusevas 9.69+1.92 Gaunnin Mejia et al”
vhnsAnulungueaainsydgiudu 7 1e Taefidiedavinfuiesas 6.9 luvasiinusony
484 ICRP No. 103 wa ICRP No. 128” dladsavegfivszanmionas 8 Feamuuansaniasiu
USu1mn153uves FOG e1atdudadeivileien transfer rate constant AlddAuLAnAe/Y
Tneanzeenaban ks Gadu slow rate exchange FOG aghdlsfinuAmisfmesfildainiuide
WuissAuszananisiiaannsdunaanamiteguusliuvesimisiines enasilvdau
wsUTIUARTuIIndaLansaunusEnINgUas Temsdesdinsdnuiudnluyseifuresnis
Anneikuudaesndednuriminimeslathiidmadeuuusianswes FOG dmiuideidoaes
uenniunwinawnulusmAfodibumsfnulugiiedeaideudnanesanw orfitu fiae
Tspaudn fuaeiiiinuiaunddumaedeulm faalsadaluwef wiedfouissenluioiboayes
Hudu Tusnigflenidoves Huang et al wag Mejia et al ldvimsnuluauuni femniideensd
ns@nwidudelufisdnufiislundasngueinisuiongunesaniw wetelinisiinged
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FoyaiffuUinumsiuaanduidlaeuenaunguenisdauauysaiuiniu usznaeaaunsin
fin activity concentration Tuiifoideanedlusddedildnsmuantasinaswuvanfia (30) daf
aAnAInYITEauRT gl dsnve vaaNeswuUEeslia dunaniionadudutladediviily
Asinesildanuuusassinmuwanaineiseteuming

wanﬁﬂdnw’mmwuﬁaﬁ’aﬁa;ﬂ‘lﬁ’hﬁmmL{]u‘Lﬂ‘lﬁ’iﬁmmmsaa%aLLUUai’wammamﬁ“a
daumansuesanandeded *r-ro ludunesanedldlneardonisfufeyanisdionmuuuadaden
vogfthe uiFasfidnudteiuniieme WeliAnarunindeievestoya uasdoyamaniu
9rF09il AMULANAAUVITIAIS NI AR AWN UL AN D ANADS Bl FIe LU N vz YRs
Biokinetic distribution unguuszensiug uazanunsalddoyaiminasielunisussaine
Youavupsnutuduresans P0G Asuluileideanadlalnaendeileiduruisannitauely
At
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AARNUIN N

smnﬁ’uﬁﬂ%gaéﬂm (Case Record Form)

PATIENT INFORMATION
Age (Years)
Gender L Male [ Female
Body Weight (kg)
Height (¢cm)

PET/CT DATA ACQUISITION

Date of Study (DD/MM/YYYY)

Injected Activity of “F-FDG (MBq)

Injection Time

Start Scan Time/Finish Scan Time

Brain Volume (g)

%Uptake of ""F-FDG in brain

BIOKINETIC DATA (Transfer Rate Constant)

K, K, k

3

(mL/min/g) (mL/min) (mL/min)

k

4

(mL/min)
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Age | Gender Injected Mean Brain Act.
No. Weight (kg) Brain mass (g) %AA
(y) | (M/F) activity (MBQ) Suv (MBQ)
1 73 M 54.5 237.0 1632.7 4.21 23.02 9.71
2 75 M 54.9 213.6 1684.4 3.63 18.00 8.43
3 64 F 38.0 173.0 1591.2 4.66 25.40 14.69
4 31 F 60.0 307.7 1527.0 5.78 3391 11.02
5 79 M 47.0 261.8 1605.8 3.05 20.47 7.82
6 66 M 63.0 231.0 1906.9 3.58 18.73 8.11
7 69 M 86.2 184.0 1696.9 6.04 15.60 8.48
8 67 3 57.8 188.0 1354.8 547 17.80 9.47
9 80 M 73.0 251.2 1622.1 a4.74 19.64 7.82
10 70 F 45.8 191.3 1504.8 5.03 5.04 2.64
11 68 F 51.0 323.8 1632.9 5.40 41.57 12.84
12 73 F 45.0 1788 1416.7 5.07 21.14 11.82
13 70 F 54.8 296.7 1437.6 522 30.05 10.13
14 66 F 48.1 217.0 1497.2 4.76 23.50 10.83
15 82 F 49.5 269.0 1378.3 4.33 23.66 8.80
16 59 F 70.3 257.6 1517.8 5.09 20.66 8.02
17 80 M 67.0 301.9 1674.5 4.91 26.89 8.91
18 74 F 50.0 2149 1423.6 502 22.37 10.41
19 81 M 69.5 206.4 1621.8 4.72 16.86 8.17
20 70 M 437 304.7 1544.3 4.34 34.11 11.19
21 43 M 68.5 264.2 1778.9 6.49 32.38 12.26
22 68 = 56.0 183.7 1439.9 4.41 15.20 8.27
23 24 M 54.2 306.8 1694.0 4.50 31.23 10.18
24 83 M 50.0 310.0 1441.5 4.41 28.59 9.22
25 74 M 924 221.3 1857.4 4.11 13.60 5.98
26 74 F 54.0 309.9 1429.5 5.41 32.10 10.36
27 46 E 5)1.2 291.0 1548.6 5.68 36.26 12.46
28 73 M 55.0 217.8 1705.7 4.09 19.96 9.17
29 60 M 58.0 175.3 1477.3 5.30 17.11 9.76
30 71 M 64.1 266.4 1639.5 4.46 2193 8.23
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.| Age | Gender Injected Mean Brain Act.
No. Weight (kg) Brain mass (g) %AA
(y) | (M/F) activity (MBq) SUV (MBq)
31 60 F 51.0 168.2 1471.5 4.44 15.55 9.25
32 65 F 51.0 189.4 1455.1 3.92 15.15 8.00
33 53 M 78.0 261.6 1564.9 5.64 21.11 8.07
34 63 M 67.7 2778 1447.9 5.40 22.96 8.26
35 50 E 68.0 193.0 1462.3 8.34 24.73 12.81
36 63 F 65.0 210.7 1332.0 515 17.73 8.41
37 82 E 48.9 269.4 1202.0 5i1.2 24.08 8.94
38 90 M S51.7 206.0 1504.8 j 4.56 17.37 8.43
39 68 M 60.0 291.0 1724.6 413 24.62 8.46
40 89 M 56.0 221.% 1550.3 4.55 19.83 8.96
41 50 M 50.1 295.4 1404.9 6.56 38.25 12.95
42 74 F 48.4 261.7 1520.5 5.02 29.08 1141
43 89 F 44.0 335.4 1390.4 4.06 30.28 9.03
a4 55 F 70.0 203.0 1693.7 576 19.99 9.85
45 80 M 60.5 281.3 1458.0 4.83 23.65 8.23
46 64 M 77.0 284.5 1661.4 6.22 26.93 9.47
at [ ‘ B 63.0 273.8 1344.5 5.69 23.46 8.57
48 66 M 79.0 356.2 1667.1 5.63 29.93 8.40
49 84 F 54.0 265.6 1430.2 6.13 2351, 12.56
50 81 F a4.5 214.7 1400.0 4.94 23.39 10.89
51 26 F 44.9 263.0 1275.4 6.91 36.23 13.77
52 83 F 54.3 210.0 1175.2 5.01 16.03 7.63
53 5 F 53.0 258.8 1546.5 437 23.09 8.92
54 73 M 60.0 280.1 1593.8 535 27.90 9.96
55 49 M 63.0 221:6 1894.0 5.28 24.63 11.12
56 87 M 47.1 283.9 1564.3 4.29 28.24 9.95
57 63 F 46.8 237.3 1337.8 4.35 20.58 8.67
58 82 F 53.0 195.9 1184.4 6.64 20.31 10.37
59 12 M 78.0 254.3 1753.1 6.35 25.24 9.93
60 66 F 49.0 2523 1446.0 5.67 29.38 11.64
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Ko, Age | Gender Weight (ke) I.nj:ected BRalh tiassi(o) Mean Brain Act. AR
(y) | (Mm/F) activity (MBq) SUV (MBq)
61 92 M 52.0 289.9 1451.1 5.24 29:39 10.14
62 23 E 73.8 186.3 1478.0 11.08 28.69 15.40
63 62 M 72.0 237.0 1734.0 7.38 29.17 12.31
64 54 E 76.6 304.9 1643.6 5.14 2335 7.66
65 32 E 85.6 328.4 1503.0 8.50 33.86 10.31
66 52 E 60.0 225.1 1698.0 593 26.03 11.63
67 53 F 39.8 171.4 1322.2 4.64 18.28 10.67
68 59 M 58.0 3120 1803.9 4.46 29.96 9.60
69 60 M 73.0 2353 15274 6.02 20.39 8.67
70 75 F 406 194.5 1353.9 5.02 22.46 11.54
71 45 E 51.0 265.8 1452.4 6.50 33.92 12.76
72 83 M 65.0 302.3 1762.5 4.22 23.84 7.89
73 56 M 80.0 286.2 1541.4 4.86 18.42 6.44
74 Tl M 67.5 299.3 1819.1 523 28.81 9.63
5 15 F 74.0 2313 1546.2 6.78 22.38 9.68
76 70 F 41.3 268.7 1489.2 3.57 23.61 8.79
7 5 M 65.8 - Ped 1421.7 7.06 22.47 10.40
78 73 E 39.2 179.3 1465.3 4.76 21.64 12.07
79 60 F 61.7 302.0 1406.1 6.24 29.00 9.60
80 81 E 739 277.1 1352.8 6.65 22.62 8.16
81 52 M 73.8 195.9 1629.1 6.83 19.84 10.13
82 25 M 66.9 ! 280.5 1720.9 5.88 28.50 10.16
83 66 M 63.0 263.1 1592.1 5.01 2241 8.52
84 79 M 69.0 2102 1589.6 5.58 18.63 8.58
85 74 M 65.5 2357 1604.2 4.48 17.58 7.46
86 5 F 45.0 299.2 1335.3 4.57 26.98 9.02
87 76 F 51.0 242.6 1352.8 5.53 25.09 10.34
88 63 F 56.0 229.1 1705.9 - 5.79 26.83 1:1.71
89 59 F 45.0 266.4 1212.7 5.87 27.84 . 10.45
90 64 M 55.9 22540 15351 6.03 24.53 10.87
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o Age | Gender Weight (kg) Injected Bl rraestie) Mean Brain Act. A
() | (mF) activity (MBq) SUV (MBq)
91 71 F 48.0 2339 1546.5 4.94 24.54 10.49
92 66 E 55.0 314.7 1405.3 4.86 25.60 8.14
93 52 F 50.1 2175 1311.2 557 20.63 9.49
94 52 £ 53.0 194.1 13533 3.19 10.24 527
95 76 F 40.2 2224 1299.4 a.77 2214 9.95
96 81 M 54.0 345.4 1458.0 591 35.54 10.29
9. 53 F 75.0 364.9 1358.9 7.08 30.13 8.26
98 67 M 62.9 294.0 1637.1 3.42 24.44 831
99 81 F 475 261.6 1225.0 5.40 2335 8.93
100 25 E 47.0 189.4 1228.4 6.06 18.95 10.01
101 5 E 54.0 2234 1407.2 532 19.50 8.73
102 12 F 51.0 239.6 1392.4 {.52 3144 12.98
103 70 F 53.0 204.0 1708.6 4.83 20.02 9.82
104 62 M ar.T1 . 272.6 1659.3 4.73 28.04 10.29
105 74 M 41.0 156.1 1581.6 4.34 15.52 9.94
106 78 F 37.0 205.7 1357.4 592 26.44 12.85
107 70 M 70.0 360.6 1702.4 5.90 2937 8.15
108 67 F 51.8 2751 1212.2 6.76 16.65 6.05
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Abstract

Because of the concerns associated with radiation exposure at a young age, there is an increased
interest in pediatric absorbed dose estimates for imaging agents. Almost all reported pediatric
absorbed dose estimates, however, have been determined using adult pharmacokinetic data

with radionuclide S values that take into account the anatomical differences between adults and
children based upon the older Cristy—Eckerman (C—E) stylized phantoms. In this work, we use
pediatric model-derived pharmacokinetics to compare absorbed dose and effective dose estimates
for '8F-FDG in pediatric patients using S values generated from two different geometries of
computational phantoms. Time-integrated activity coefficients of ®F-FDG in brain, lungs, heart
wall, kidneys and liver, retrospectively, calculated from 35 pediatric patients at the Boston’s Children
Hospital were used. The absorbed dose calculation was performed in accordance with the Medical
Internal Radiation Dose method using S values generated from the University of Florida/National
Cancer Institute (UF/NCI) hybrid phantoms, as well as those from C-E stylized computational
phantoms. The effective dose was computed using tissue-weighting factors from ICRP Publication
60 and ICRP Publication 103 for the C-E and UF/NCI, respectively. Substantial differences in the
absorbed dose estimates between UF/NCI hybrid pediatric phantoms and the C-E stylized phantoms
were found for the lungs, ovaries, red bone marrow and urinary bladder wall. Large discrepancies in
the calculated dose values were observed in the bone marrow; ranging between —26% to +199%.
The effective doses computed by the UF/NCI hybrid phantom S values were slightly different than
those seen using the C—E stylized phantoms with percent differences of —0.7%,2.9% and 2.5%
foranewborn, 1 year old and 5 year old, respectively. Differences in anatomical modeling features
among computational phantoms used to perform Monte Carlo-based photon and electron transport
simulations for '®F, and very likely for other radionuclides, impact internal organ dosimetry
computations for pediatric nuclear medicine studies.

© 2018 Institute of Physics and Engineering in Medicine
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Introduction

Radiopharmaceutical dosimetry for diagnostic imaging agents typically provides absorbed dose estimates to a
reference anatomic geometry rather than to individual patients or a particular patient population (Sgouros et al
2011, Treves 2014, Fahey et al 2017). The reference anatomic geometry is used with Monte Carlo-based radiation
transport simulations to compute values of the radionuclide S value, defined as the absorbed dose to a target
tissue per radionuclide decay in a source tissue. The total number of disintegrations or time-integrated activity,
A, is obtained by integrating the time-activity curve for each tissue. Accordingly, absorbed dose estimates have
two fundamental inputs: (1) the computational phantom used to obtain radionuclide-specific and source/
target organ-specific S values and (2) the tissue time-integrated activity coefficients d or time-integrated activity
coefficients (TIACs) (=A/A, where A is the administered activity). The latter can be quantitatively obtained
from patient imaging of the radiopharmaceutical (Fahey 2009, Stabin and Xu 2014).

Virtually all absorbed dose calculations over the past several decades have used Cristy—Eckerman (C-E)
phantom-derived radionuclide S values. Reference geometries for newborn, 1 year old, 5 year old, 10 year old
and 15 year old children are also described by the C-E phantom series and used to compute pediatric S values
(Wayson et al 2012, Xie et al 2013, Xie and Zaidi 2014). Furthermore, all pediatric absorbed dose estimates
reported by the International Commission on Radiological Protection (ICRP) use adult pharmacokinetic data
coupled with pediatric reference phantom § values (Fahey et al 2011, 2016, Lassmann and Treves 2014, Treves
etal 2014,2016, Grant et al 2015, Mattsson et al 2015, Lassmann et al 2016). The reference geometry and corre-
sponding S values for both adults and children were recently updated in ICRP Publication 128 (Mattsson et al
2015). Pediatric data for ¥*F-FDG have recently been used to develop a pharmacokinetic model (PK model) of
FDG applicable to newborn, 1 year old and 5 year old patients (Khamwan et al 2016). Time-integrated activities
(TIAs) derived from this model were used with new pediatric S values to obtain absorbed dose estimates that
were compared with estimates published in ICRP Publication 128, which used an adult PK model with S values
derived from the pediatric C—E phantoms (O’ Reilly et al 2017). An example of 3D views for a C-E stylized com-
putational pediatric phantom isillustrated in figure 1 (Cristy and Eckerman 1987).

In this work, we used model-derived pediatric TIA to compare *F-FDG-absorbed dose estimates obtained
using S values from the University of Florida/National Cancer Institute (UF/NCI) pediatric reference phan-
toms with absorbed dose estimates obtained using the older C-E pediatric phantom S values implemented by
the OLINDA/EXM version 1.0 software (Stabin et al 2005), the most widely used software package for internal
dosimetry calculations in nuclear medicine.

Methods

Patients

The retrospective data from 35 pediatric patients (19 males and 16 females; age range 2 weeks to 5 years; mean age
1 year 4 months; patient weight 4= SD, 11.5 + 4.7kg) who underwent whole-body "*F-FDG PET/CT scanning
at the Boston’s Children Hospital between November 2009 and March 2015 were collected. Patients received
BE-FDG intravenously as a bolus of 65 4= 27 MBq (range, 20126 MBq). The scans were primarily for cancer
diagnosis (1 = 7), staging evaluation (n = 22) and other tumor types (1 = 6). The characteristics of the pediatric
patients in this work and PET/CT image acquisition were published previously by Khamwan et al (2016).

Tissue TIACs for the newbornand 5 year old

As previously reported, pediatric PK model-derived TIACs for brain, heart wall, lungs, kidneys and liver
(Khamwan et al 2016) were used in the C-E versus UF/NCI phantom-derived absorbed dose comparisons
described in this work. Since retrospective data were used to derive the pediatric *F-FDG model, biokinetic data
for urinary bladder contents were not available. Instead, the TIAC of FDG in the urinary bladder contents for
the 1 year old and 5 year old was derived from the models given in ICRP Publication 128 (Mattsson et al 2015).
However, the latest ICRP Publication 128 still lacks the TIAC data for urinary bladder in newborns. According
to the biokinetic data published by Ruotsalainen et al (1996), the percentage of '®F-FDG in the urinary bladder
for newborns and for adults were 7% and 20%, respectively. We calculated, therefore, the TIAC in newborns by
relating the TIAC from the adults (7 = 0.26 h) (Mattsson etal 2015) to the newbornsbased on these assumptions.
Asaresult, the TIAC for newborns used in this work was assigned as 0.26 x 0.07/0.20 = 0.09h. The TIAC in the
rest of the body was computed as the total body TTAC minus the sum of all TIAC source organs. Table 1 lists the
TIAC used in the absorbed dose calculations of "*F-FDG, These values were used for both phantoms. Other than
the remainder of the body and the urinary bladder contents, these values are assumed for newborns and children
up to the age of 5 years.
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L

Newborn 1-year S-year 10-year

Figure 1. 3D visualization of C-E stylized phantoms.

Table 1. TIAC derived for newborns to 5 year olds: FDG model used to calculate the organ absorbed dose for '$F-FDG.

Organ TIAC (h)
Brain 1.150
Heart wall 0.032
Lungs 0.019
Kidneys 0.046
Liver 0.109
Rest of the body

Newborn 1.20

1 year old 1.13

5 year old 1.06
Urinary bladder contents

Newborn 0.09*

1 year old 0.16"

S year old 023"

* Data computed from Ruotsalainen et al (1996).
b Biokinetic data from ICRP Publication 128 (Mattsson et al 2015).

Absorbed dose calculations

The absorbed dose, D(rr), to target region, ri, was calculated in accordance with the methodology described
by the Medical Internal Radiation Dose (MIRD) Committee Pamphlet No 21 (Bolch et a/ 2009). The following
equations were used:

D(rr) = Y A(rs) - S(rr ¢ 1), (1)

Ts

where A(rs) represents the TIA of the radiopharmaceutical in the source region. The S value is given by:

S(rr ¢ rs) = M(er) Z’:EiYKb("T 15, E), (2)
where E; is the mean energy of the i" radiation, ¢(rr «— rs, E;) is the fraction of radiation energy E; emitted by
the source region (rs) that is absorbed by a target region (rr), Y; is the yield for the ith radiation per nuclear
transformation, and M(rr) is the mass of the target region.

Radionuclide S values were computed for all relevant source organs in the full series of UF/NCI pediatric
reference phantoms as described by Lee et al (2010). Radiation transport simulated were completed using the
MCNP version 2.7 code. Each simulation directly sampled the *F emission spectrum, accounting for annihila-
tion photons emitted by the '®F-FDG. The decay scheme for '°F was obtained from the electronic database of
ICRP Publication 107 (2008). Source regions considered were brain, lungs, kidneys, heart wall, urinary blad-
der contents and rest of body. Target organs were those used in the effective dose calculation. Sufficient particle
histories were simulated to achieve statistical uncertainties below 1% for all source—target combinations. The
radionuclide S values generated were then imputed to an Excel spreadsheet implementing the MIRD schema of
equation (1). Figure 2 shows the front 3D views of the UF/NCI computational phantoms as a function of subject
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Newborn Male  Newborn Female 1-vear Male 1-vear Female

10-vear Male 5-year Female Adult Male Adult Female

Figure 2. 3D visualization of UF/NCI computational hybrid phantoms for various age groups.

age used in this study. Estimates of both active marrow and skeletal endosteum absorbed dose were computed
by fluence tallies in all regions of trabecular spongiosa for each phantom of the UF/NCI series, which were then
convolved with age-dependent and bone-specific fluence-to-dose response functions assembled by Wayson et al
(2012) using the same methodology as described by Johnson et al (2011) for the ICRP adult phantoms.

According to our previously developed pediatric PK model, the bidirectional exchange of FDG between
the plasma and erythrocytes compartments was included in the simulation. The blood volume fraction in each
compartment for brain, lungs, heart wall and liver was considered for the model fitting. Consequently, the timie-
integrated activity coefficient obtained in each source organ for dosimetric calculation was generated by includ-
ing these blood volume fractions in each compartment. :

OLINDA/EXM version 1.0 software was used to calculate absorbed doses utilizing the newborn, 1 year old
and 5 year old anatomical models based on C-E S values (Cristy and Eckerman 1987). The effective dose calcul-
ations for C-E stylized phantoms and UF/NCI hybrid phantoms were determined by applying the tissue weight-
ing factor from ICRP Publication 60 (1991) and ICRP Publication 103 (2007), respectively.

The percent difference in absorbed dose between the two phantom methods for the newborn, 1 year old and
5 year old was calculated as following:

(D(rr) UF/NCI D(rr)c_g)
D(rr)c_g

where D(rr)ugncr is the absorbed doses to rr calculated based on UF/NCI hybrid phantoms and D(ry)c_g is the
absorbed doses based on the C-E stylized phantoms.

%Difference = x 100%, (3)

Results

Table 2 shows the individual organ absorbed dose coefficients in 15 target organs for the newborn, 1 year old and
5 year old patients based on the UF/NCI hybrid computational phantoms and the C-E stylized computational
phantom S values. The absorbed dose coefficients listed for the UF/NCI hybrid phantoms are for a pediatric
female, whereas these gender-specific pediatric models are not available for C-E stylized phantoms. As shown
in the table, the highest organ absorbed doses were seen in brain and urinary bladder wall in both the UF/NCI
and C-E computational phantoms. The estimated absorbed dose coefficients to the brain and UB wall for the
newborn were 0.72 mGy MBq~! and 0.28 mGy MBq ! for the UF/NCI hybrid phantoms. For the C—E phantoms,
these same absorbed dose coefficients were 0.66 mGy MBq~! and 0.67 mGy MBq~!, respectively. Absorbed
dose coefficients for salivary glands and esophagus could not be compared as these are not described in the C-E
phantoms. The effective dose coefticients for the UF/NCI phantoms were slightly different to those from C-E

phantoms for all three ages.
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Table 2. "F-FDG absorbed dose coefficient based on UF/NCI and C-E pediatric phantoms for the newborn, 1 year old and 5 year old.

Absorbed dose coefficient (mGy MBq™")

Newborn 1 year old 5 year old
UF/NCI C-E UF/NCI C-E UF/NCI

Target organ  ° phantom phantom phantom phantom phantom C-E phantom
Colon 151352107 1.07 x 107! 5.06 » 1072 4,54 x 1072 2.58 x 1072 2,72 x 1072
Lungs 2.07 x 107! 1.01 x 107! 9.28 x 1072 4.13 x 1072 477 x 1072 2,15 x 1072
Stomach wall 1.22 x 107! 1.02 x 107! 5.02 x 1072 4.07 x 1072 2.45 x 1072 2.09 x 1072
Ovaries 1.30 x 107! 1.10 x 107! 8.00 x 1072 4.97 % 1072 5.87 x 1072 2.82 x 1072
Urinary bladder wall 2.82 % 107! 6.77 x 107! 2.63 x 107! 4.49 x 107! 1.23 x 107} 3.36 x 107!
Esophagus 1.27 x 107! — 5.02 x 1072 — 2,63 x 1072 —
Liver 1.93 x 107! 1.97 x 107! 8.38 x 1072 8.82 x 1072 496 x 1072 4.75 x 1072
Thyroid 1.28 x 107" 1.10 x 107! 4.79 x 1072 4.58 x 1072 2,52 x 1072 2.49 x 1072
Brain 7.23 x 107! 6.64 x 107! 2.72 x 107! 2.92 x 107! 2,13 x 107! 2.16 x 107!
Salivary glands 133 x 107" — 527 x 1072 — 314 x 1072 —
Breast 9.87 » 1072 8.20 x 1072 3.54 x 1072 3,21 % 102 1.86 x 1072 1.59 x 1072
Skin ) 8.47 x 1072 9.00 x 1072 3.27 x 1072 3.65 x 1072 1.72 x 1072 1.84 x 1072
Remainder 1.16 x 107! — 4,75 x 1072 — 230 x 1072 —
Red bone marrow 1.36 x 107! 1.85 x 107! 6.79 x 1072 5.62 x 1072 7.05 x 1072 2.36 x 1072
Bone surface 1.57 x 107" — 6.72 x 107% — 6.29 x 1072 —
Effective dose coefficient 1.46 x 107" 147 » 107! 698 x 1072 6.78 x 1072 421 x 1072 4,11 x 1072

(mSv MBq~")

Figure 3 depicts the differences in absorbed dose coefficients computed by the UF/NCI-phantom based and
C-E phantom-based S values in 11 different target organs. The UF/NCI S value-based absorbed doses to the uri-
nary bladder wall were 58%, 41% and 63% lower for the newborn, 1 year old and 5 year old, respectively, than the
corresponding value obtained from C-E § value-based calculations. Since the bladder wall is the critical organ
for 8F-FDG, this is a change that has important implications in terms of recommended administered activities.
On the other hand, the UF/NCI hybrid pediatric phantom lung dose calculations were substantially higher than
the corresponding values obtained using the C—E phantoms. Stomach wall and ovaries also gave higher UF/NCI
absorbed doses across all ages. The difference in absorbed dose for all the other tissues was age-dependent. The
strongest age dependence was seen for the bone marrowand ovaries. The newborn red marrow dose calculations
using UF/NCI S values gave an almost 26% lower absorbed dose to the marrow; the 1 year old’s marrow dose was
approximately 21% higher while the 5 year old’s marrow dose was more than 199% higher.

Discussion

Because of the limited computing power available in the late 1980s, the C-E pediatric phantom represented
organs with idealized geometric shapes; correspondingly, the electron absorbed fractions calculated for this
phantom were made reasonably conservative with ad hoc assumptions regarding electron energy deposition.
Emissions were classified as penetrating (i.e. photons) versus non-penetrating (i.e. electrons). Non-penetrating
emissions were assumed fully absorbed in the source tissue with no energy deposition in adjacent tissue (i.e.
absorbed fraction (¢) = 1 for self-dose and ¢ = 0 for cross-organ electron dose) (Wayson et al 2012, Xie et al
2013, Stabin and Xu 2014, Xie and Zaidi 2014). In the special case of walled organs such as the bladder and GI, the
absorbed fraction for the contents of the organ was set to 2. Such simplifications were not necessary in the UF/
NCI hybrid phantom-based calculations (Wayson etal 2012, Xie eral 2013, Xieand Zaidi2014). Differences in the
dose estimates represent a balance between the effects of radiation transport calculations in a phantom geometry
with contiguous tissue contact and one in which tissues are isolated geometric shapes. In light of these differences
in geometry and the implementation of electron transport in the newer phantoms, one might expect that the
C-E versus UF/NCI phantom-derived dose estimates to be dependent on the electron emission spectrum of the
radionuclide energy.

Comparing the current report to a similar comparison made for the ®Ga electron emission spectrum, this
is, in fact, what is observed (Andersson ef al 2014). '8F has a relatively simple decay scheme with a single trans-
ition to the ground state via emission of a positron (3") with an average energy of 249.5keV (maximum energy
of 633.9keV) and a yield of 0.97 (Hays et al 2002). On the other hand, ®*Ga decays via three 3 emissions hav-
ing average energies of 836.0, 352.6 and 107.6 keV with corresponding yields of 0.8768, 0.0120 and 0.000 0026,
respectively. There are also Auger and monoenergetic electron emissions, but these are all at energies in which




10P Publishing

Phys. Med. Biol. 63 (2018) 165012 (8pp) K Khamwan etal

200

B Newbom
8 1-year-old

180

-
=3
=

@5-year-old

-
>
o

=4
~
(=]

100 +—

60

40
20 -

-20

%Difference of absorbed dose coefficients

-40

-60

.80‘
Colon Lungs Stomach Ovaries Urinary Liver Thyroid Brain Breasts Skin Red
Wall Bladder Bone

Wall Marrow

Figure3. Percent difference of absorbed dose coefficient of '®F-FDG in 11 target organs based on the S values computed by UF/NCI
hybrid phantoms and C-E stylized phantoms (positive = UF/NCI calculated absorbed doses are greater).

complete absorption is expected and the assumption of ¢ = 1 is confirmed by electron transport calculations
(Bolch et al 2009, Wayson et al 2012, Xie et al 2013, Xie and Zaidi 2014). Accordingly, ®*Ga-absorbed dose esti-
mates based on the newer phantoms tended to be lower than those based on the C-E stylized phantoms because
higher energy electrons are more likely to escape tissue if electron transport is considered than would be the case
for lower energy electron emissions (Josefsson et al 2018). In both cases, a thin-walled organ such as the urinary
bladder wall would give a result showing that the assumption of V2 absorption is too conservative.

Inboth cases of the C-E and UF/NCI phantoms, activity in the blood contained in the lungsisincluded in the
residence time; no explicit blood in the lung-to-lung parenchyma S value was used. For the UF/NCI phantoms,
the lung was treated as a single homogeneous tissue region in the simulation, similar to that in the C-E phantom.
The simulation considered the lungs as both a homogenous mixture of tissue and air in a defined volume as both
source and target.

The more than two-fold greater lung dose across all three ages for the UF/NCI phantom compared to the
C-E phantom reflects the greater rest of body contribution to the lung dose for each of these ages. In both cases,
rest of body dose contribution is obtained by uniformly distributing TIA that has not already been specifically
assigned to tissue and using rest of body to lung S values to account for dose contributions not already spe-
cifically allocated. The total body (used for C—E phantom to approximate rest of body) to lung S values for C-E
phantoms are 7.59 x 107%,3.64 x 107%and 2.06 x 10~° mGy (MBqs) ! for the newborn, 1 year old and 5 year
old, respectively. Corresponding values for the UF/NCI phantom are 3.19 x 107>,1.59 x 107°,and 8.35 x 107°
mGy (MBqs) L. These substantial differences in rest of body to lung S value are most likely due to the better ana-
tomical representation in UF/NCI phantom where tissues are in contact with each other.

Since hermaphrodite C-E phantoms are used to represent the newborn, 1 year old and 5 year old anato-
mies, the OLINDA/EXM output for these age groups provides organ-absorbed doses for both pediatric male
and female tissues. In contrast, the UF/NCI hybrid phantoms are gender-specific and these tissues are specifi-
cally modeled at each age, accordingly, the dose estimates for breast and ovaries obtained by the UF/NCI hybrid
phantom were higher for all three ages. The effective dose coefficient computed by OLINDA/EXM version 1.0
is based on radiation and tissue weighting factors specified in ICRP Publication 60 (1991). In ICRP Publication
103 (2007), the tissue weighting factor for breast was increased to 0.12 from 0.05,and was dramatically decreased
from 0.20 to 0.08 for gonads. The effective doses for breast in the UF/NCI were about three-fold greater than the
C-E phantoms, whereas the two-fold, 1.5-fold and 1.2-fold lower eftective doses in ovary were found for all three
ages. Additionally, the effective dose in lungs for the UF/NCI was greater than C-E phantoms by close to a factor
of two. However, the major contribution of effective doses computed by the C-E stylized phantom was obtained
from the urinary bladder wall with values of 23%, 33% and 40%, and greater than the UF/NCI about three, two,
and 3.5 times for the newborn, 1 year old and 5 year old, respectively. Therefore, the significant change in tissue-
weighting factors for breast and gonads from ICRP 60 to ICRP 103 may partially explain the close similarity
in whole-body effective dose between the two phantoms even though the breast and ovary absorbed doses are
higher with the newer phantomes.
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The purpose of development of the UF/NCI pediatric hybrid phantoms is to address the issue of older styl-
ized and voxel phantoms (Nipper efal 2002, Lee et al 2010, Wayson et al 2012, Xie et al 2013, Xie and Zaidi2014).
The UF/NCI hybrid computational phantoms are neither voxel-based nor stylized, but they retain the anatomi-
cal fidelity of voxelized phantoms with the scaling flexibility of geometric stylized phantoms. This is through
the use of non-uniform rational B-spline (NURBS) technology, which combines the flexibility of mathematical
organ geometry representation with the anatomical reality. OLINDA/EXM version 2.0 was recently released and
this version employs NURBS-style phantoms. This work focuses on understanding the impact of transition-
ing from the older phantoms and tissue-weighting factors to the most recently updated phantoms that will be
adopted by ICRP in the near future (Menzel et al 2009). Historically, the bladder wall has been the critical organ
for I5F-FDG. The results presented in this paper suggest that this conclusion was likely an artifact of the electron-
absorbed fraction used for walled organs.

There are some limitations in our comparison of effective dose estimates for pediatric patients. Since the
study of healthy children for dosimetric calculation purposes alone is not practical and cannot be ethically jus-
tified, the TIACs were calculated based on a model-derived PX that was validated by relating clinical PET/CT
diagnostic imaging (Khamwan et al 2016). Accordingly, the uncertainty in absorbed and effective doses cannot
be reported from this work.

Conclusions

As pediatric pharmacokinetic data are collected for diagnostic imaging agents that are relevant to pediatric
studies and as the field transitions from older stylized phantoms to more detailed computation hybrid phantoms,
comparisons of the type presented in this work are important in helping understand the implications of new data
and tools for prior absorbed dose estimates.
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1. Introduction

Because of the concerns associated with radiation
exposure at a young age, there is an increased
interest in pediatric dose estimates for imaging
agents. Almost all reported pediatric absorbed dose
estimates, however, have been determined using
adult pharmacokinetic data with radionuclide S
values that take into account the anatomical
differences between adults and children based upon
the older Cristy-Eckerman (C-E) stylized phantoms.

2. Materials and Methods

In this work, we use pediatric model-derived
pharmacokinetics to compare absorbed dose and
effective dose estimates for '*F-FDG in pediatric
patients using S values generated from two different
geometries of computational phantom. Time-
integrated activity coefficients (TIACs) of "E_FDG
in brain, lungs, heart wall, kidneys, and liver
retrospectively calculated from 35 pediatric patients
at the Boston’s Children Hospital (BCH) were used.
The absorbed dose calculation was performed in
accordance with the Medical Internal Radiation
Dose (MIRD) method using S values generated from
the University of Florida/National Cancer Institute
(UF/NCI) hybrid phantoms as well as those from the
C-E stylized computational phantoms. The effective
dose was computed using tissue weighting factors
from ICRP Publication 60 and ICRP Publication 103
for the C-E and UF/NCI, respectively.

3. Results and Discussion

Substantial differences in the absorbed dose
estimates between UF/NCI hybrid pediatric
phantoms and the C-E stylized phantoms were found

for the lungs, ovaries, red bone marrow, and urinary -

bladder wall. Large discrepancies of calculation
were observed in the bone marrow; ranging between
-26% to +199%. The effective doses computed by
the UF/NCI hybrid phantom S values were slightly
different those seen using the C-E stylized phantom
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with percent differences of -0.7%, 2.9%, and 2.5%
for the newborn, 1-year-old and 5-year-old,
respectively. The highest organ absorbed doses were
seen in brain and urinary bladder wall in both the
UF/NCI and C-E computational phantoms.
Comparisons of the type presented in this work are
important in helping understand the implications of
new data and tools for prior absorbed dose estimates.

4. Conclusion

Differences in anatomical modeling features among
computational phantoms used to perform Monte
Carlo-based  photon and electron transport
simulations for 18F, and very likely for other
radionuclides, impact internal organ dosimetry
computations for pediatric nuclear medicine studies.
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Precision medicine is the selection of a treatment approach that is specifically tailored to the genetic and
characteristics of a particular patients disease. In cancer, the objective is to treat with agents that inhibit cell
signaling pathways that drive uncontrolled proliferation and dissemination of the disease. Radiopharmaceutical
therapy (RPT) involves the use of radionuclides that are either conjugated to tumor-targeting agents or concentrated
in tissue through natural physiological mechanisms that occur predominantly in targeted cells. Classically, the
level of radioactivity administered is primarily fixed, sometimes adjusted by body weight, body surface area,
or clinical factors. In order to improve the outcome treatment of cancer patients, however, the patient-specific
biodistribution can be determined by in vivo nuclear medicine imaging of the radiopharmaceutical. As the ability
to collect pharmacokinetic data by imaging and use this to perform dosimetry calculations for radionuclide
treatment planning, this can distinguish RPT from other treatment systems. The weakest links in both diagnostic
and therapeutic dosimetry are the accuracy of the input and the reliability of the radiobiological models used
to convert dosimetric data to the relevant biologic end points. Dosimetry for RPT places a greater demand on
both of these weak links. As a result, RPT offers the possibility of evaluating radiopharmaceutical distributions,
calculating tumor and normal tissue absorbed doses, and devising a treatment plan that is optimal for a specific
patient. Furthermore, personalized dosimetry based on molecular imaging is an interesting field that will become
more important in the near future as well.
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RADIATION DOSES EVALUATION FOR PEDIATRIC "®F-FDG: COMPARISON OF
CRISTY-ECKERMAN VS. UF/NCI COMPUTATIONAL PHANTOMS
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Introduction: Radiopharmaceutical dosimetry for diagnhostic imaging agents typically provides dose
estimates to a reference anatomic geometry rather than to individual patients or a particular patient
population. Current pediatric absorbed dose calculations, however, are mostly determined using adult
pharmacokinetic data with S values that account for the anatomical differences between adults and
children. In this work, we compare absorbed dose estimates for *F-FDG in pediatric patients using
the S values generated from two different anatomic geometries of the computational phantom.
Methods: Time-integrated activity coefficients (TIACs) in brain, lungs, heart wall, kidneys, and liver
were retrospective collected from 35 pediatric patients at the Boston’s Children Hospital (BCH) from
our previous work. These values are applicable for newborns and children up to the age of 5-years.
The absorbed dose calculation was performed in accordance with the Medical Internal Dose (M{RD)
Committee method using S values from the University of Florida/National Cancer Institute (UF/NCI)
hybrid phantoms and the older Cristy-Eckerman stylized computational phantoms implemented in the
OLINDA/EXM v.1.0 computer code.

Results: Substantial differences of the absorbed dose estimates between UF/NCI hybrid pediatric
phantoms and the Cristy-Eckerman were found in lungs, red bone marrow, and urinary bladder wall.
Large discrepancies of calculation were observed in the urinary bladder wall with the range of
between -41% to -448%. Most of the effective doses calculated by the UF/NCI hybrid phantom S
values were consistently lower than those seen using the Cristy-Eckerman phantom with percent
differences of 9.5%, -3.7%, and -3.2% for the newborn, 1-year-old and 5-year-old, respectively.
Conclusion: The difference of the geometric features of computational phantoms to perform Monte
Carlo-based photon and electron transport simulations for positron-emitting radionuclides such as 18F.

FDG have impact on internal organ dosimetry computations in pediatric nuclear medicine studies.

Keywards: FDG, pediatric dosimetry, computational phantoms, MIRD, Monte Carlo calculations
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A Mathematical Model of **™Tc-ECD Diffusion in Brain for
Epileptic Patients

Panittavee Yarnvitayalert, Teerapol Saleewong, Kitiwat Khamwan, and Saknan Bongsebandhu-
phubhakdi

Abstract—This research develops diffusion equation to
describe behavior of the **™Tc-ECD diffusion in epileptic
patient’s brain SPECT image over time. The equation was
approximated the numerical solution at steady state by central
difference approximation. Then they were compared with the
real data around interested point that may be epileptogenic by
relative error. In the result, the rate constant of *Tc-ECD
diffusion in brain area D; = 1.10657 unit¥min and the rate
constant of **"Tc-ECD diffusion in ventricle area D, =1
unit¥min that has relative error around 26.81%. The numerical
solution show the " Tc¢-ECD diffusion in brain SPECT image is
homogeneous diffusion.

Keywords—mathematical model, *"Tc-ECD, SPECT image

[. INTRODUCTION

Epilepsy is a neurological disease caused by electrical
abnormalities in brain. Nowadays, over 65 million persons in
the world [1] have epilepsy who have seizure that effects social
and family problems. Seizure medicines are used to control
seizures. Surgery is treatment for patients who resist drug
action and is highly effective to treat epilepsy. The greatest
challenge is accurate to localize the epileptogenic that is
abnormal area. In the pre-surgical, they diagnose epileptogenic
by the single photon emission computed tomography (SPECT)
which can detect gamma rays of C. The epileptic patients were
injected *"Technetium-ethyl cysteinate dimer (**"Tc-ECD)
that diffused through blood brain barrier (BBB) to blood vessel
and absorbed in brain tissues between 4.9 - 6.5% for adult [2]
then it was detected after injected about 30 min by SPECT
scanner. The SPECT images show regional cerebral blood
flows (rCBF) in brain to illustrate epileptogenic that the area
associated with seizures are high blood flow and absorb high
radiopharmaceutical [3-6]. After that doctors identify the
location to perform surgery with expertise of them and use
subtraction ictal SPECT coregistered to MRI (SISCOM)
technique to evaluate regional cerebral blood flow (rCBF).
They may be use statistical parametric mapping (SPM) to
combine with SISCOM to identify the seizure zone in pre-
surgical evaluation [7-10].
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Fick’s law is the simple description of the flux of chemical
to approximate the concentration of chemical which diffuse
through a unit area during a unit time interval [I1].
Accordingly, the mathematical model is used to describes
diffusion of *™Tc¢-ECD in epileptic patient’s brain SPECT
image that cross-section in 2D axial plane by diffusion
equation. Therefore, this research aims to develop diffusion
equation that explain the ®"Tc-ECD absorption in brain with
epilepsy. and adjust the parameters to closely each slide of
SPECT image as possible which compare by relative error.
Consequently, this model will be useful to apply in the pre-
surgery diagnosis of epilepsy and it will be utilized to predic
the position of epileptogenic in future treatment.

II. METHODS

A. Data collection

The patient with epilepsy was injected the ™ Tc-ECD with
720 MBq and it was detected to show rCBF by SPECT scanner
after injected 30 min. Thus, we get only the SPECT image at
scanning time that cross-section in 2D. That images show the
quantitative of *"Tc-ECD in red to blue color which mean
high #™Tc-ECD absorption to low *™Tc-ECD absorption.

X

Fig. 1. Example of **"T¢c-ECD SPECT image in axial
plane from top to bottom slide.
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In this research, we consider the **Tc-ECD diffusion of
brain SPECT images in axial plane which show in Fig.1 and
we draw mesh grid in 8x8 to collect the value of " Tc-ECD
that diffuse vary position. For quantification, the count of
9mTc-ECD each grid points were exported using Osirix lite
program which done one by one slide and these grid points are
show in Fig.2.

Fig. 2. Example a slide of ™ T¢c-ECD SPECT image

B. Numerical method for **"Tc-ECD diffusion

The diffusion equation was designed using mathematical
model to explain *"Tc-ECD diffusion in SPECT image [11-
13]. Let function c(x,y,t) is the count of *"Tc-ECD in
SPECT image over time and f is performed to represent the
rate of ™ Tc¢-ECD uptake around ventricle area. The diffusion
equation is following:

ac a%c | d%¢
T D, (ﬁ'*- ;) + sz(x,y),x,y e
_a2ey2 ]
&+.M,x<4,5 (])
flx,y) = 0.52 1,52
PIT Vs L 0-a9? o, .
0.52 1.52 =

where 2 is a region of square domain and df2 at the SPECT
image boundary, x is position in horizontal from left to right
(unit), y is position in vertical from anterior to posterior (unit),
D, is rate diffusion of ®™Tc-ECD in brain (unit*min) and D,
is rate diffusion of ®™Tc-ECD in ventricle area (unit*min).

We consider this equation at the steady state to compare
numerical solution with the SPECT image at time scanning
which consider position around area expected epileptogenic or
red color on SPECT image.

Since the value of " Tc-ECD at 30 min post injected is
stable [14] that mean the derivative equal to 0. Let ? = 0 and
we approximated second derivative of ¢ by central difference
approximation. Then the approximate value of ¢ at x;,y; by
¢;,j which is ¢;j = ¢(x;,¥;) and the approximate value of ¢ at
x;+ Ax,y; + Ay where Ax = x;y; —Xx; and Ay = y;,q —
¥i by Ciyq,j+1 similarly as other variable. Thus, the diffusion
iteration is following:

Dyh?

= fG,y) (2)

for i=1,2,3,.,8 and j=1,2,3,.,8, where c(x,y,) ,
c(xi, 3), ¢(x1,¥;), ¢(xg ¥;)are boundary condition that are
recoded from SPECT data.

[1l. RESULT

—D:
Cij= T(Ci+1.j +Cio1jt Cijer T Ci,j—l) =

From the diffusion equation and the measurement of " Tc-
ECD in epileptic SPECT image, we adjusted parameter D; and
D, to solve equation (2) that give numerical solution to
compare with the real data around interested area by relative
error. These areas are high *"Tc-ECD -absorption which the
count of radioactivity are more than 1400 counts and nearly
area. We consider 3 slide of SPECT data which obviously
show seizure onset area and each slide is 8.4 mm apart. The
parameters which are adjusted, and the relative error are show
in Table 1.

.TABLE I. PARAMETER AND RELATIVE ERROR OF
DIFFUSION MODEL.
blide (Uni?z;min) (Uni?zfmin) e e
l 1.10845 ! 21.47%
2 1.10680 1 25.75%
3 1.10446 1 33.22%
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Fig. 3. Result of *"Tc-ECD SPECT image and the
numerical solution. (a) show 1*' of SPECT image, (b) show the
count of " T¢c-ECD at grid point from 1% of SPECT image and
show the interested area to compare with Fig.3 (c) that show



the numerical solution of **"T¢c-ECD at grid point from 1% of
SPECT image. Fig.3 (d-i) show the same with 2™ and 3" slide
respectively.

IV. DISCUSSION

Normally brain SPECT has been used to diagnose in
nuclear medical. The SPECT data were localized the region
of seizure onset or epileptogenic for epilepsy presurgical
evaluation by Subtraction of ictal and interictal SPECT co-
registered to MRI (SISCOM) that an image processing
technique to subtract the interictal SPECT study from the ictal
SPECT and co-registers it to an MR image. The SPECT data
may be combined to localize by statistical parametric
mapping (SPM) that is the conventional method for
neuroimaging application. It computes the difference between
an ictal and interictal SPECT scan for a patient. The
differences of the comparison are checked with a healthy
normal database to determine the normal expected variation
and are detected significant increases and decreases in
cerebral blood flow (CBF) [7-10]. The SPM method can
localize epileptogenic from only SPECT data at scanning
time, but this research uses the mathematical model that had
shown to be important localization of radiopharmaceutical
diffusion in SPECT image over time.

In the same way, we used diffusion equation to study
behavior of regional ®"T¢-ECD flow SPECT image over
time. In our model, the numerical solutions show normal brain
diffusion that is symmetric and diffuse from middle to edging.
However, the perfusion of brain with epilepsy is asymmetric
because the epileptogenic area higher absorbs “™Tc¢-ECD
than other area and it cause of around interested area have
many errors and they are not similar with the SPECT image
data. Accordingly, adaptation function f is identical brain
physical to explain diffusion behavior well.

The SPECT data are image after injected 30 min. However,
Koichi Ishizu, et al. {14] show *™Tc-ECD absorption in hole
brain SPECT image over time that can predict characteristic
diffusion at injected time (t=10) . The activity of
radiopharmaceutical was injected as reaches a maximum at
only 1 min post injection. In the same way, this model show
behavior of *™Tc-ECD diffusion in each position brain
SPECT image from injected time to scanning time that may
be appropriate illustrate epileptogenic at 1 min after injection.

V. CONCLUSION

From the result, the numerical solution describes the
quantitative of " Tc-ECD diffusion in SPECT image with the
rate constant of " Tc-ECD diffusion in brain D; = 1.10657
unit*min and the rate constant of ***Tc-ECD diffusion in
ventricle D, = 1 unit’min that has relative error around
26.81% |

In conclusion, the present study introduces normal
diffusional radiopharmaceutical values for the patient with
epilepsy and it utilizes with proposed standard clinical.
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