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ABSTRACT 

Qlla.Jltlfkatioll of pby~iolo~i('(tl fUlldions wit.h po<;itron ('mission tOTl1ogra-

pby !l'CJllil ('~ kIlowkdpp of the artf'fÎal radioRctivity COIH·('ntrauOll. Automated 

I,Jool! ~alll pJiIlI!; :-.y~t(·Ill~ IIICl('a~f' t hl' èlccllracy of this Ir.(,élsurcnwut, part.iculhrly 

fOI :-.hOl f,-liVl'd tran'rs sllch as oxy~!pn-15, hy reclucinp; HH' sampling interval to a 

fr il! !.ioll of a s('conel TIH'y, hmvcvl'r, require correction for tracer dclay betwccn 

t.}H' li! I,('! inl ptlllcf.lIl"· site and t hl' ('xte[Jwl radiatioll ddl'ctnr ('xtf'ruèll dclay), 

illld fOl the t 1 ill'c'r hol us di~ t 01 tion in t Ill' séllllplinp; rat IH'fcr (ext('l'llnl dispcr-

'-II III ) 

\VI' h"v(' ('val\latcd alld impl<'Ulc'x1tecl the "Scandih. \ix" êllltomat('d blood 

SillllplillP; ~y~t('1ll allcll~lI'aSlll('d its ('xt,ernal <lday and dispc'rsioll. PET studics 

(If ((·!('hrai Illood Bow and oxyg<'tl n1<'taholism using sim\llt.ancous lllanual and 

illltolllat('cl blood SilIllplillg \Vere l1mtlyzI'd and cornparC'd. VV(' show that the 

!(':-.t1!t.s ohtailH'd \Vith auLo!llat.l'd blood sampling arl' more rdiable thém thosc 

has(·d on lllmllwl silmpling vVe' a/so presf'nt 311ggcstions to fllrthcr improve the 

It'hclbility of qUilIltit.ativl' PET ~t.lldi('s bmwd on antomatC'd blood sHlllpling . 
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• RÉSTll\lÉ 

Des systl'Ill<'~ (l'·, , 1111,1' automatique sont Pilltll11h('.l('l1H'ld llttl(,~, IHllll 

des I11nr(l'l' c. ,1 '" • , ' 

réduire l'int ,.1 , \ Image ;1 mOIns d'I111(' 'i('COlld(, ('qH'lId1\l1t, c(':-, 

.:('d,iOl1S ponr }(' dt~lni dll llIillCl1H'l1l ('IIIIt' 1(· :-'11<- dt, 

la ponction artt'!'ellc t't }e dM,t'd('llr dt, llIcliatlOlI (<!l''Jill <'Xll'IIH') HIIl"1 q1ll' Jl()11I 

Nous avons rncsHré k d(~lai ct. la tlJstorsioll ('xiI'! 111' dll sy:-.ti·ll)(' d'(:('lIillltilltlll 

basés SHr l 'échantillonnage rtlltomatiqw' son t pIns fia hl('s. Ellfin, 11011:-' "111-'.1-'/1011" 

certaines améliorations pOHvélnt augrn<'IlIC'r ('Jl('Ofl' la fi"!lIlit/ d(':-, 1t1l':-'1Ill'ê> (1'1<111 

titatives de tomographie par éIllis~;ioIl de' posit,ous il l'aide' (I!- l'/cltilllt illIJllllilV,1' 

au toma ti(lUC, 
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CHAPTER 1 

INTRODUCTION 

1.1 Outline and Scope of Thesis 

1 

Til(' work carried out for thc preparation of this thesis, inc1uding literature 

f('vi('w, cXlwrinwllt.at iOIl, PH'S(,Ilt ation and application of the results, is surnma

rized here following HH' stmdure olltlined below. 

Chal't,('r 1 d('~cnl){'s tbe ha:-.i~ of PET with sorne of its major applications, 

('mpha.si:.;illg tlu' import.aIlce of (1ccuratc blood data (arkrial input function) 

wbidl i:-. !)(':.;t (lcquif('d with an éllltomate'd blood sampling system (ABSS). 

In chapkr 2, wc fonls OH PET ~t\ldies that u~c oxygt'u-15 as a tracer. In 

particular, w(' cli:.;cu:.;s the IIlcasur<'llwnt of cerebral blood flow ;}s weIl as oxygen 

mdaholie rate hy Ul('anS of PET. The' underlying modcls are described and the 

correctiolls t.o he applicd to the automatically sampled arterial input function 

(radioadiVl' decay, calibwtion, cxt('rnal dclay and dispC'1 sion) arc explaillcd. 

Chaptcr 3 c!cseribes the Scanditronix automated hlood sampling system 

which was ll:-.cd ill this t }l<'sis. \Ve de'monstrate the importance of automatcd 

hlood samplillg in PET st.udics with short-lived tracers. The components of the 

ADSS snrh a:-. th(' dde('t,or and Hl(' pump together with its associated catheter 

sy:.;teIll art' dHU adcrized in krIllS of reproducibility and lincarity. The exper

imeuts for the dde'rmination of the external dclay and dispersion and their 
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verification by means of simulation studif's Rrf' <'xplaiu('d . 

In chapter 4, wc show that, after ('"ardul application of all of tItt' rl'ql1ilTd 

corrections, the automated blood curve dosdy res('Illhks tll(' mHlll1111 01lt' whit-h 

is used as a referenceo 

Chapter 5 is devoted to thc analysis of CDF Hwl C~lHol dat.a obt.a.ill('d 

with both manual and automated blood sHmpling. TIlt' rt'sults an' (Oolllpar('d 

and the reliability of thc data obt.ain<,d wit.h th(' ADSS is ('xêlmilH'do 

Finally, in chaptcr G w<, critirally diseuss tlH' prohlcllls 1<·};II.('d ln all!.o

mated blood sampling bascd on our rt'sn1t.s aIld (,X}H'ri(,llC('. V,k also t.ollch UpOll 

the question of the validity of using 111liformly lalwlnl aqut'011S SOlllt.iolls ratlH'l' 

than the individual traccrs used in the PET st,ndi('s tlH'Ills(·lvt's for HU' (·vaillat.ioll 

of automatcd blood sampling systems. IuV<'stigat.ioIl of t.bis illt.I·' ('St.illg pro1l1!'1lI 

will require further work which, howev('r, is hcyolld 1111' SC'OP(' of t.his UH'SiH. 

1.2 The Physical Basis of PET 

Unstable proton-ri ch nuclei decay hy two proc('ss('S: (a) by d(·d.lOll cap 

turc (EC), where the nucleus captures an orbital ('h'dron, or (b) by /1-+ dent y, 

where a proton is transformed int,o a TH'llt.rOll 1111d('r ('mission of a. posit.roll allt! 

a neutrino. The po~itroll is the antiparticlP of tlw eh'ct.roll. Art('r t.r av('llillp; Il 

short distance, the posit.ron will combiIlP wit.h an d(·ctron and Illl(lc'rp;o 11l1uillila-
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tion. U pOIl a.IlIlihilation, the ma.',scs of the electron and the posi tron (equivalent 

lo 2x511 keV) an~ convertecl to elcctromagnctic radiation. In order to cons('rve 

lJOth cncrgy and lincar momcntum, the elcctromag,netic radiation appcars in the 

fonn of tW() 511 kcV gamma rays which arc emitted ulldcr an angle of approx-

imatdy 1800 1.0 ca,ch otllcr (SillCC thc rlcctroll and the positron in gcncral arc 

Bever cntirdy al rCHt. at Hw time of anuihilation, there is always a net momentum 

wit,h the re~mlt. t.hat the t.wo annihilation photons arc crnitted at about 179.50 

to ('(Lch ot.her). It is tilis élnuihilat.ioll radiation that cau be det.ectcd externally. 

It is uscd to Illcasure both the location and the qllantity of a positron emittcr 

in a. medium. 

The externa.l detcctioll and localization of a positron cmittcr insid(' an 

objed take advantage Ilot only of the fact that the two annihilation photons 

arc cmi t. h·d at 1800 to each otller, but also of the fact that thcy are crcated 

Himultnllcously. Simult.nncolls or coincident dctcction of thcse two photons by 

dd.cct.orH }>oHitiollcd ou opposit.e sides of an object places t.he site of annihilat.ion 

on or a.bout a hue cOllucctillg the ccnters of the two dctectors. If the annihila

tiou originatl's outside the volume bctwcen the two dctcctors, only one of the 

photons cau he detected, and since the detection of a single photon does not 

sat.isfy the roillcidC'uce coudition, the cvcnt is rejected [1]. Figure 1.1 illustrates 
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the annihilation coincidence detection process. 

AllIll hl LI t 1011 

Detector 

Reglon of 
coincldence 
detectlon 

Doloc:lor' 

Aecüpl(~d by ('(J Ill(' 1 dpIWP 

(h~t oct 1011 

- - - - - Ho J(~ct (~d hy ('Cl Ill<' 1 dl'Il('" 

d('t.pct 1 (JI 1 

Figure 1.1 Principle of annihilation coincicl(~nc(' clpt.t'ct.ioTl . 
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1.3 Early PET Studies 

The ll~C of po::,itron cmitting radioisotopes was first proposed in 1951 for 

the localiza.tion of hrain t.umors by vVrenn et al. (2]. Shortly after that, Sweet 

and I3rowlldl (3] describcd the fir!)t practical non-tomographie positron imag

ing Ilcvice in 1!J53. In 1!J6ô, Yamamoto and Robertson [4] published the first 

physiological a.pplica.tion of positron emission tomography. They used positron 

'!Illjtt.ing 79Kr for the measurement of cerebral blood flow. It became rapidly 

apparent that PET could he tlsed for the noninv::u,ive in-vivo determination of 

hllmall biological funct.ion, normal or pathological, due to its ability to provide 

qllantitative infonnation not only of the tissue radioactivity of a given radio

phar na,œutical (J.LCi ·ml- 1) but also, through the use of appropriate physiologi

cal raodds, of quantities su ch as cerebral blood volume (CBV), cerebral blood 

flow (CE F) as well as cerebral oxygen and glucose metabolic rates (CMRo2 ; 

In practice, PET ima.ges visualizing these quantities may be reconstructed 

from eontiguous slices to show transverse, coron al or sagittal views. 

1.4 Major Applications of PET 

The study of CDF, CEV, GMRo2 and CMRglc represents a major area of 

l'l'rcbra.l PET rcsearch. Models have also been developed for the measurement 
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ment of rcgional pH [8,9] as well as for the study of hloo<1 hrain harrit'I' f\ludioll 

[7] and protein synthesis [10]. An importrult, morc n'n'nt fi('ld of PET r('s('arrh 

concerns the investigation of a rll\mbel' of neuror('ccp!ot's and transmit !l'rs which 

has gained increascd illterc::;t in the reccllt pa!'\t [11]. Ollt' l't'sc(Uch applicatioll of 

PET, assisted by magnctic rcsonHUCC imaging (MHI), which has h('roll\(, pmtir

ular fashionable over the past few y('al'S is the illv('st.i)!;atioll of cogllit.iVt' fuudioll 

by means of CnF activation ShHliC's [12]. In such stlldi('~' ~·ot'l't'lat.ioJ\ of fUlldioll 

and anatomy is étchi('ved by the 3-climt'llsiollal correlat.ioll of PET (fllll( ! iOlI ) li lId 

MRI (anatomy) mfol'matioll. 

Although the rescal'ch potC'ntial of PET has alwaYH 1)('('11 1 ('('())!;uiœcl, ail 

increasing numbcr of clinically us('ful applicat.ions lwv(' 1)('('11 id('nt.ifi(·d 1ll0i C 1 (L 

cenUy. Thesc include 1) idputificat.ion of viable' hut, ('ompromis('(lmy()('anlitllll 

in patients wit 11 advélllccd ischcmic 11('art dis('aH(~ [13] cOIIsicl('J'(·d fOl by- pass 

SUl'gcry, 2) distinction between rc('urring turnor tiss\w and IiHliat.ioll IWCroSIH 

[14], 3) identification of SCiZllf(' foei in epileptic patiC'llt.S fI5]. OI,}H'1 c1illicnl 

applications IIlight arise from the study of patients with trausiPlIt. iscl!t'mic at.

tacks [16] and aente stroke [17-18] t1sing IlH'étSIlI eUH'Ilt.s of local ('(·It'lmd hlood 

flow, blood volume as well as oxygf'n and glucos(' md.aholi(' rat.(·s. 'l'Ill' st.lIdy 

of ncurorcccptor traIlsmitter function in -._ )w·meIlt. disordl'l s [1 al (<'.It;. Il II Il t.

ington 's and Parkinson 's dispas(') as well as in IIH'ut.al dis()r<)PI'~ [20,21,22] «('.~ . 
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Hchi7.0phrenia and AlzhcillH!r's dif>cas(') also holds sorne definite clinical promise . 

Finally, the presurgieal evaluation of patients sllffering from a number of cere-

hral lesiOl18 (al UTiovCIlOUS malformations, tumors, epilcpsy) locatcd in so-called 

dO(l1wnt cortical an~as (!1('w.;ory-rnotor cortex, speech areas etc.) by means of 

fUllctional CDF actIvation studiC's has bccn explored successfully [23,24]. It 

Hhould he Iloted that a nurnb<'r of PET ccuters prirnarily dcdicated to clinical 

applin\tiow; arC' prcsC'ntly hcing cf,t,ahlished. 

1.5 Dynamk PET Studies 

FUlldlOllal inforlllatiou such as rCBF may he derived from a single tomo

graphie t.issue mUllt illlag(' togetlH'r with the appropriate blood data [25,26,27,28]. 

A lllore fl('xihh' applOach is to acquin' a sequence of imngC's (dynalllic scan) and 

to calculate tJlC' d(,!1in'd paramdcr( s) by means of a kast ~quares regression, or 

("mve fit.t.illg, procedure which tries t.o match the mC'(l.sm('d tissue time-activity 

C\Il v(' with t.hat prcdict,ccl hy ct giveu model [7]. HowC'ver, count rate restrictions 

t.ogd,her wit.h t.he' lilllit,e<1 t,iming l'('solution of PET, the computationally inten

l'ive t.al-ik of seriaI image recollstruction and pixel-by-pixel curve fitting make the 

).!;<'Ilnat.ioll of fund.ional imagC's by t bis approach ft t('diollS task. It bas ll('vcr

th('l('l-is 1)('('1l t1s('d t.o ('stimat,(, CllF for extendcd brain rcgions of intcrcst [29-31]. 

The gcneration of qllél.nt.itati\"(' fllnctional images s11cll as CBF, env and 
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CMRo2 maps requircs the knowledge of the arterial tl'lH'Cr COlH'cut.rn t iOll as a 

function of time. In the past, this information ha~ lwcu oht.aiIl('d flom lllllll\lltl 

sampling of artcrial blood at intervals as short as 5 s [26J, Howc\"cr, III Hl lUé\ \ 

determinatioll of the arteri;tl input functioIl n'<luir('s accnrat,(' t.illlill~ of Sé\lll

pIe withdrawal and countillg times which makes it. elTor prolle awl impos('s 1\ 

practical limit to the sampling rate, This mctho<! furtlH'r <!c'llHltl<ls ll\1l1lC'IOIIS 

personnel and imposes an addi tiollal racliation risk t,n work{'1 s. TIH'r('fol"C', IIlIt () 

mated blood sampling systems have beeu [{'c('utly dev('lopc'cl t.o OV(TCOIUC' t.h(·"I· 

problems. 

1.6 Automated Blood Sampling Systems 

The prillciple undcrlying present alltomat.ccl hloo<! slllllpliIlI!, syst.(·\Ils ('OH 

sists in withdrawing, by means of a {lump, art,('rinl blood t.lllollgh il. c,d.lu·!.(·1 

which passes in front of a radiation detector, A nllllll)('r of var;Hnt.s of slIclt ~ys

tems exist. Hutchins et al. [32] have dcvclopcd an HlltoIllat.ÎC' hloocl sllmplillJ.'; 

system that uses a peristalt.ic pump along wit,h ft plast.ic sciIlt,illat.ioJ1 ddt'd,ol 

which is sensitive t.o energdie positrons. KaIlllo Pt. al. [33] haVI' lIS(·rI fi s('illt.il 

lation detector together wit.h a Harvard withdrawal p1\lIIp. Enks!->olJ Pt. :t1. [:Jtl] 

have compared the use of a single plastie scint.illator which clt'l,(·d.s posit.IOJl~ 

with the use of a coincidence I3GO clc·tector pair wlticlt clt-t.c·c:t:-, tll(: <lIlIlillllat.ioli 
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photon8. Their system al"o uses a pcristaltic pump. Nelson et al. [35] use a 

~in)!;lc ~aI(Tl) dctector tn dctect one of the two 511 keV annihilation photons 

aiong wlth a wit.hJrawal pUIIlp. 

In oT'der to obtaill reIiable re"ults, the background sensitivity of thèse sys

tems :"hould be minimizcJ. In this regard, the coincidence system of Eriksson et 

al [34 J appears ta be p~U'ticularly wcll designed in that its gamma background 

COIlIlt ra.tei:5 practically negligible. The systems proposed by Kanne et al. [33} 

aml Nd'iOn et al. [35] have the advantage of using a withdrawal pump since, 

\mscd on our expcricllce, the adjustment and maintenance of a constant with-

dmwa.l flow rate i5 more clifficult te achieve with a peristaltic pump. 

Automa.ted blood sa.mpling lS supcrior to manual sampling in several ways. 

F'irst, It dl'Illallds mimmum manual intervention and thus reduces the radiation 

hazard ta personnel. Second. the sampling interval can be reduced ta a frac

tion of il second. However, corrections for external tracer delay (Le. the time 

ditferencc bctwcen the arterial site where blood is withdrawn and the detector 

whcre the count rate is measured) and external dispersion (i.e. the difference in 

tlll~ dcgrcc of distortion in the blood curve resulting from the dispersion of the 

trael'r bolus in the additional lcngth of catheter from the peripheral sampling 

site ta the cletcctor) must be carefully applied to the blood data acquired with 

Sllch blooJ sa.mpliIlg systems [34J before it can be used . 
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CHAPTER 2 

OXYGEN-15 STUDIES WITH PET 

2.1 Introduction 

10 

Among the positron <,mitting radioisotop<'s frcqu('utly lli'i('d in PET, OXy~l'll 

15 (150) is the one with the shortcst physi<-al ha.lf-lif(' (T 1/ l =2'()3G llIin) alld thl' 

most energctic positron (Er,w.rtl+ = 1. 72 M('V). not-Il t lu'se fad.:, hmO(' t !H'il ("OIlS('

quenccs for the use of 1';0 in PET ima~ill~. Th(' shOlt physica! ha!f-hfl' llIa!\('s 

the on-site production of 150 by Cl Ill('cliCHI eyclotroll IIlHHdat.OI y. OH t I\(' Ot.\1<'1 

hand, it allows multiple 150 stllcli('s t.o he p('rforIll(,c\ on th .. salll(' Hllbjl'cI. wit.bill 

a short tirnc wi th luui tl'd radiation ('xposnf<' and IH'gligi hll' \Il f.(,l fl'I"I'I\("(' f1011I 

residual radioactivity. ThiH possibilit,y lias givcll rise' to SOIlH' ('x(·it.illp., app!ica-

tions of 150 sueh as mdaholic rnapping of fllndiOlwl (lct.ivit.y of I.he 1" ai Il hy 

means of blood flow activation studi('s [12J. The lar~(' posit.ron PIH'I'p.,y of Ir,O 

results in a resolution broadening df('ct of ~ 1 mm (F\VIIM) [1]. 'l'lI(' IIWjol 

applications of \'''0 in PET imaging, al. pref,('nt, me' cc'nt<'l'ed 011 Hl(' sl.\I(!y of 

brain function [3GJ. The compounds lls('d inc1ucle Cl!iO for t,]w 1Il('rthlll'l'lJH'lll. of 

cerebral hlood volume (CnV), COlaO aud Jblr.O fOf t,}w Il)('a.~nr('IIH'ld. of ('('1('

braI blood flow (CDF), and 0 150 which, tog(,ther wit.li t,Il(' fOrIlH'f st.udil·S, 1lllows 

to estirnate the cerehral OXygCIl extraction fraetion (Eo2 ) amI oXYW'1l l\t.ili;r,at.ÎolI 

rate (CMRo
2
). Furthcrmol'{') the oxygen cowmmptioll of t.lU! braill bas f('(·(·Ilt.ly 
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bef'Jl IllNI.Hllred dircctly from a single inhalation of OISQ ltsing the timc-weighted 

iIltegratioIl mdhod [5]. 

2.2 Cerebral Blood Flow (CBF) 

The meaHurcIIlcnt of rcgional CnF is one of the most frcquently performed 

PET procedures. Often, PET CEF investigations arc carricd out as indC'pen

({('lit st.udies in their OWIl right s11eh as for instance in physiological blood flow 

ad.ivat,ioll stuclies [12]. 

2.2.1 Thcory 

MOHt present PET CEF Illpthods use H2
1 ~O and are based on the Kety

Sdlllli(lt oIH'-compartIlH'nt Illodd for diffusible im'rt, tracers [37,38]. Howcver, 

SIIl('(' wa.t,pr is ilOt. a ff('cly diffusible trn('('r [26,39], i.c. its capillary first-pass 

('xtradioll fraction, Eo , is srnall('r than on(', an adcli tinnal cornpartmcnt is ncc-

('ssary to éleco11nt for the llon-cxtracted rcsidual intravascnlar radioactivity. In 

t,hl' followillg paragraphs, the onc- and two-compartmeut models arc bricfly de

scril)('d. 

2.2.1.1 One-cornpartmcnt Model 

The OIH·-compart.mcllt modcl assumes that watC'r is perfectly diffusible, 

1.<'. !.lI(' t.rallsf(·r of t.rac(·r from blood to brain tissue is only limited by blood 



• flow (Fig. 2.1A). In this modcl, a volume of tiSS1H', Yi> is pt'ffllSt'd with traCt'f 

which enters the compart.mcnt through tlw art<,rial hlood 8t.H'HIIl at a How F 

[ml·min-Il and concentration Ca [13q·111}-I]. The cOlllpmtlll('ut.lm'(,8 t.llt' t1(\("('1" 

on the one hand t.hrougl. V('IlOUS ontAnw with COIlC('lltratioll Ct, and, 01l t.he ot.he'l 

hand, via radioadive dccay (,\ is the' <kcay consta.nt. which, il1 t II<' W:-'C' of ,r,O, is 

0.34 min-1 ). The rate of changc in the éilllount of H:,! 150 in t,iSSIH', (~, CHIl t.h(,11 

be expressed as: 

(2 1) 

Equation (2.1) is bascd on t.he Fiek principl .. wInch ('XPlI'SM':-' 1.111' law of 

conservation of rnass, adaptcd h{'rc to indllde the physieal d('("ay of t.I 1\<"('1' I:nj 

Wc define the tissue tracer con('('ntration C=Q/W/ IBq',le '1 and !.lu' WJlOIlS, 

or compartmcntal, tracer concent.ration Cv=Q/Vd [I3q'IlII- I I, wlw/(' VV , is t.llt' 

weight of the tissue elemcnt [g] and V,/ t.he t.rac('r dist,tihut.ion voll\lIu' [ml]. W(· 

further dcfine the equilihrium tissue-blood part.it.ion ('()('ffki(·lIt. of !.lI(' I.t (\(,(", 

assume that Ca and C have bccn corrrded for raclioéld.ivic df'cay, TlwlI, ('qll1d,IOII 

(2.1) becornes: 

(2.2) 

Wit.h C and Ca bcillg variahle wit.h t.imc, illt,f'l!;lllt.iotl of ('qllat.ioll (2.2) 

• 
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• witl! tlH' initial condition C(O) = 0 yields: 

(2.3) 

Since PET, in general, do('s not mcasure the instantaneous tissue conccn-

!.taUou, C(t), but ratlwr ils integral ovcr a given time (frame length Tl ta T 2 ), 

t.1U' following opcrational eql1ation is uscel to determine the blood flow, f: 

(2.4) 

w}J('f(' C( t.) is t.he' t.otal nunllH'r of radioactive events per unit weight of brain 

t.i·;S1l(' dl'l.e'd,('cl hy t.he tOlllograph during the scan, Ca the arterial concentration 

2.2.1.2 Two-cornpa.rtrncnt Model 

Siucc for H2
150 there is a diffusion barrier bctw('cn the vascular compart-

llH'ut and the hrain tissue, t,wo compartmeuts are necessary for the description 

of it.s dYllamics [40J (Fig. 1.20). We d('finc the unidircctional clearance of a 

SllbsbuH'(' (('.g. H2
150) from blood by brain tissue, K1' and its first-pass ex-

t.Wct.iOIl fractiou, Eo, with F b('ing the blood flow. Tll<'s(, three quantities are 

l'('lat.('d as follows: K 1 = EoF. If wc furthC'r define k2 as the fractionai clearance 

(or rate (,ollst.ant), dcscrihillg tll(, washout of exchangcabl(' tracer from the ex-

travasculnr spuc(' and Qc as the qmmtity of exchallgmhlC' labclcd material in the 

• 
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• extravascular portion of the' tissue', t}l('!l Fick's e'quatioll l'an IH' wlittt'Il a~' 

Introducing the initial vascular volum< of dist.ribut.ioll for wa!'cr ill ln ;1111, \' " ~'() 

t,hat 

( ~ (,) 

we arrive at the following solut.ion for t.lH' tot.al obsl'rva hl(, hrnm l'a<hoact I\·it y, 

Q: 

'1' T 
Q(T) = (KI + "'2v;,) f C,,(t)dt + l~>C,,(l') -- k2 f Q(t)dt (27) 10 111 

From equation (2.7), KI, k2 and Vo cau 1)(' ('st.ima!'('d hy lIOll lilwa 1 1('1-',1 (,~SlOIl 

or by the weightcd integration md,hocl [41]. cn F Illay t IH'Jl 1)(' ca klll" I,('d fi 0111 

the relation K.=Eo·CBF if Eo is known . 

• 
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(A) One-compartment model 

Fea 

q 

15 

(B) Two-compartment mode} 

- r-+" !(lCa ( t) 

Va Qe(t) 

-r- k2Qc(t) 

Figure 2.1 (A) Ow>-compartment model for a frcely diffusible inert tracer. 

ShOWIl is li tissue clement with volume Vt, weight Wh tracer content Q, and 

tran'r di~trihllt,i()Il VOIUIllC V d. The tissue element is homogeneously perfused 

wit h hlood flow F nt arterial and venous tracer cOllcentrations Ca and Cu' (B) 

Two-compart.mp!ü mode! repn'spnting intravascular (blood) and extra vascular 

(t.1s:mf') spacps Heparatcd by the hlood-braill harri(>r for a diffusion-limitcd tracer 

\Vit h a first pass capillary extraction fraction of Eo < 1. KI is the undirectional 

cl(,éIl"étIlC<' of tracer from blood into tissue and k2 is the rate constant which 

d('~Cl'i \)('8 t hl' washollt of ('xchang('able tracer from tissue . 



• 

• 

1G 

2.2.2 The Arterial Input FlmctWTt 

As apparent from the pr('violls pa.ra.e;raphs, tll(' dd<'rmination of CHF hy 

PET requires the IIl<'ét5llf('IlH'llt of tll(, artC'rial l!i() tran'r (·oIlCt'lltratioll. cnllt'd 

arterial input function, in addit ion to the quétntificat iOIl of tIlt' radioad i vit y dis-

tribution in the brain. The former informat.ion ma)' lH' oht.ailu'(l hy n}('all~ of 

an automatic blood sampling syst(,IIl. As lll('ntiolH'd in dmpt.(·l 1, t his l"t'<{\lin's 

appropriate corrections for tra('('r dday and dispnsioll which will \)(' disc\ls~wd 

in thc following paragraphs. 

2.2.2.1 Delay Correction 

The differen('c betwccn the tra('cr arrivaI t.iIlH' ill Hl<' III "ill alld t.J1(' P"

ripheral sarnpling site is called int<,rnal dC'Iay. TIl(' crit,Ï<'al <!('!H'Il<!cIlC(' of !.l1C' 

calculated CBF value on appropriate correction for this d('lay has IH'I'Il dl'1l101l-

strated [42,43]. 

One dclay correction rncthod that. has }weIl llsC'd t.radit,iolla,lly, t.IH' so-c;dl('d 

slope rncthod, detcrrnincs th<' tran'r arrivaI t.imc difff'f('w"(' ily lillC'al Imekwmd 

extrapolation of t.he npslopC's of tll<' art.crial and tlH' whoh' hr aill :-.li("(· 1 adi()ad,iv

ity curves [33,42]. The al tcrial cmve is tlH'n shifted alollg tlw tillH' ilxi~ \'y tllC' 

deterrnincd arrivaI timc differencc. Anothcr metb()(l, tlH' SCH"Il11pd global fit.f.il1,1.!; 

rncthod of Iida ct al. [43], ddermines titis dday by lllC'f11IS of Il if'i1s!. ~qll;P ('s fit,

ting procedurc. Thc rcgional tissue' curvcs are approxima!c'd hy tlH' t.illw adivit.y 
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r:urves, X( t), of the corresponding cross-sectional brrun tissue slices. Based on 

eq Ila.t.ion (2.3). X( t) lIlay he dcscribed as: 

(2.8) 

wlwre 6r ll:l the globa.l dela.y between the measured arterial and the whale brain 

slicc curve. A and B are arbitrary parameters which, together with 6.r, can be 

detcDllined hy IllCallS of non-linear least-squares fitting. Typical values for 6.r 

lie bdween 4 a.nd 8 s [43J. In the present work, we have adopted this method ta 

cvalua.te the external dclay of the ABSS. 

2.2.2.2 Dl.'3per.Hon Correction 

The COI rection for the difference in the degree of distortion in the curve 

shape of the arterial input function resulting from the dispersion of the tracer 

bolm; in the b100d vessels between the heart and the brain on the one hand and 

bdwcen the hcart and the radial artery (sampling site) on the other hand, is 

cal1eJ internal dispersion correction. Appropriate dispersion correction of the 

arterial input function is essential for the quantification of CBF [44]. 

Let CaC t) he the truc and g( t) the peripherally measured, dispersed input 

f\lndion. The~c quantities are related te each other by the dispersion function, 

d( t ), as fo11ows: 

g(t) = Ca(t) * d(t) (2.9) 
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where the asterisk stands for the convolution op('rntion . 

The dispersion fundion, d(t), for the mono('xpOlH'ntiaJ lllo(h·l propmH·d 

by Iida et al. [44], is: 

1 -t 
d(t) = -exp(-) 

T T 
(2.10) 

where T is the dispersion time constant. U sing Laplace' t.rausfOlllls [331, Cil (t.) 

can then be expressed as: 

(2.1 1) 

where D(s) and G(s) are t.le Laplace t.rauf;fouHS of d(t.) illld 11,(1.), r<'spe·ct.iv(·ly, 

and L-1 means the inverse Laplacp transform opf'ratioll. 

Using Laplace transform tahlPs, equat.ioll (2.11) is solve·d 1.0 yie'ld [421: 

dg 
Cn(t)=g(i)+r(-, ) 

d 
(2.12) 

In practice, the disI><,rsion t.irnc constant may 1)(' dde'rInillC'd by illt.lOdllc, 

ing a step function of radioactivit.y iuto the blo()el samplinp; HYHtc'1Il awl III<'i1HIll" 

ing its response function. 

The di:;;tortion in the input fllnction due to tJw aclditional le·Itp;th of HIC' 

automatic blood sam pling cathetC'r is called ext,('rnal diHpc·rsioll. 'l'Il<' ail toma t.i· 

cally samplcd hlood curve has to he eorrect.f·d for t.his C·xt,C·fllal dispC'1 HiOB. TIIC' 

external dispersion time constant may he determine·cl, ll~itlg pquatiollH (2.D) to 

(2.12) and by defining Ca (t) as the arterial conC{'Il t,ration dd.c·rmirlC'cl mali llally, 
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e.g. from the radial artery, and g( t) as the concentration measured with the 

external radiation dptector. The procedures for delay and dispersion correction 

llHcd in this the:jis will he discussed in detail in chapter 3. 

2.3 Cerebral Metabolic Rate of Oxygen (CMRo2 ) 

The in-mvo ddcrmination of regiona.l cerebral oxygcn utilization, or cere-

hra.l matabolic rate of O2 (CMR.02 ), was pionecred by Ter-Pogossian and as

::;oci.ü('H [45,4GI who uHed the bolus injection of IsO-labelecl water and ISO_ 

oxyhemoglohill togcther with conventional external monitoring techniques to 

measlU'(' CllF and t.he first pass extraction fraction, Eo, of oxygen, respectivcly. 

CMRol i~ tl!cll calculatcd as the product of CBF, Eo and the arteri~J oxygen 

contmt, [O:lJa. Thesc results were validated by comparison \Vith hemispheric 

CMRh valucs obtaill<,d froIll direct measuremellts of differences in art.eriovcnous 

OXygCll cont.Cllt and assumillg Eo and the net extraction fraction at steady-state, 

(C~LC~2 )/C~2, to he cqual. Here, C~2 and C~2 are the arterial and venous 

oxygl'U eOllccut.rations at steady-state. 

CurrŒt PET techniques for the measurcment of CMRo2 , which include 

the continuons illhalation or stcady-state rncthod by Frackowiak and associates 

[281 and tilt' st'queutinl bolus approach of :Mintun and colleagues [47], are based 

on tht' smlll' basic prillciple. \-Vlth these techniques, CMRo~ is calculated from a 



• 

• 

20 

series of three PET studics which ÏIu'lndes the Ill('asnr('llwnts of CllF, env IllHI 

oxygen extraction fraction, OEF, Snell a mllltitrac('r stll(ly may last. from 30 min 

(bolus method) to ovcr an hour (st,f'ady-statt' mdhod). Fa~tcr lllf'thod~ 1.0 lllt'll,

sure CMRo2 have bcen proposcd [48,49], Rcccntly, Ohta d al. [5] have S110\\'11 

that CMRo2 can be rncasurcd aftt'r a single inhalation of laO-lalH'l<'(lllloh'('\llar 

oxygen. In this case, hemoglobin is la bded by inhalillg 0 1 fiO as a holl\s (60- 80 

mCi). For that reason, the artf'rial timf'-ndivit.y ('\lrv('s fWIll CMHo1 st\l(li('s 

look somewhat diffcrcnt from thmw ohtainC'd in CllF ~tl1di('s, wl1('l"<' tIti' tran') is 

injccted intravcnously, As in the ('as(' of CllF nwasllr<'lIIf'llts, the al'l,f'l ial tillH'-

adi vit Y curvcs in CMRo2 studies also rC'qllirc Hl<' corn'rt,iOllS for t1'lu'('r dday 

and dispersion . 
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CHAPTER 3 

AUTOMATED BLOOD SAMPLING SYSTEM (ABSS) 

3.1 Introduction 

Dyuamie st,udics with positron emission tomography (PET) allow to mea

sure the kim'tics of a variety of radiopharmaccuticals in the tissue of living 

hllmans or animaIs. 

III order t.o dcrivc physiological parametcrs from sueh studies, however, 

the PET data of t,i~Slle Ilptakc must he compan'd with mode! predictions. A 

cl'Hlut.it.at.ive <lllalysis of sllch Illodels requires dlC' knowl<'dp;(' of thc' timc course of 

the t.racer C'OIH'('Iltratiou iu art('rial blood or plasma, t.he so-callcd input function 

or artcrial hlood ("urve [IJ. The mocld paramctcrs, rcprC'sellting the physiological 

C(uant.it.ic's of ill!.C'f('St., mu thcn 1)(' <lc-tcrmincd hy vario11s paramctC'r estimation 

!.('dmiqll('s [1] sncll as HOll-tincar lcast squares fitting [7] or time-weighted inte

p;rat.ioll [41,50]. 

In hc'art studics, il. is possible to obtain the blood ('mve from the PET im

ap;('s dir<,.-tly hy gcucratillg a timc-activity curvc from a region of intcrest (ROI) 

COITc'spouding to thC' blood pool of the 1cft vcntridC' or by plaeing a positron 

!->cllsitiv(' det('ct,or iuto the 1dt v(,Iltridc [44]. \-Vhell imaging other organs such 

H." tht' hram, the' h100d curvc must be obtaincd from art<'ria1 samp1cs which are 

Ilsl1ally wit,hdrawn from a IH'ripheral artery (c.g, rndial artcry). These samp1es 
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are assayed in a well countcr, which is calibrat.cd with n'sJwd, to tht' tOlllol!:1'I\ph . 

For dynamic studics, t.he hloocl sampling t,ask is Hot h iyial. r..lallltai salll-

pling usually involves taking blood smnplC's as fa~t. as possible for t.ht' tirst fI'\\' 

minutes after tracer injection wlH'n the hlood cOlH·('ntrat.ioll chaup,l'h 1 apidly As 

the kinetics slow clown whcn the tracer rcach('s ql1asi-('<!llilibri1111l wit.h t.h(' t.iSSIH" 

longer time intervals may he tls('d. Maint.aining a ril!:Ol'OlIS salllplill).!; sc!H'dllll' 

and avoiding artefads on Hl(' blond rmve' is difficlIlt with matlllai sampliJlI!: [:H]. 

Automatcd blood sampling Syst('lIlS haw t.hl'r('for(' 1)('('11 d(': .. np,lH'd [3:~,:~.I,:t~,:~,r)]. 

3.2 The Scanditronix ABSS 

In this thesis, wc ha.ve evalltat,('d and impl('lllC'utl'(1 sl1ch ft sysl,('11l (Scan 

di tronix) [34] for the meaSUreUl<'Ilt of hlood trac('r adi vi !.y. It, cOllsis!.s of Il 1 il 

diation detector unit and a peristaltic pllInp that coutiIlII()lIsly wit.lIdl aws blooc! 

through the det('ctor via a plastic rathd.('r. A cOlllpnt.(·r monitors tlH' dd(·ct.or 

system and communicates the r('suIts (the' hlond fil!') to tl)(' ho:...!. COlllPlllc'l (Fi,!!; 

3.1). The host computpr is a Micro VAX II, man1lfact.11l'(·c1 by Digi!.al EC!111IJIIlC'II1. 

Corporation (DEC). It rUllS l111dC'r t.he VAX/Micro VMS op('rt.t,iug ~y~t.(·111 'l'lU' 

format of a sample blood file is giV(,1l in ApppIHlix I. 
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Figure 3.1 Block diagram of automatcd blood sampling system in relation with 

t,he positron ntlllC'ra . 
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3.2.1 Detector System 

There are varions ways to detect positron (,lllittill~ tract'rs. Ollt' is tn 

detcct the positrons thcmsclv('s [1,50]; th(' ot.lH'r way is t,o <id,('et, HU' t,wo nn

nihilatioll gamma quanta wi th CI roincidl'llCt' tedmiqllt' [1,51]. Dot h t.t'clmiqllt'H 

are presently bcing uscd [32,51] in AllSSs. The posit.ron dd,('ct,ol' l'<'tplÏrt's a 

diffcrent calibration factor for ('(1ch positron (,lllitt<'f which dt'ppwls \IpOH t.1U' 

kinetic encrgy of the positron. lu <Hhlit.ion, it iH vpry Ht'IISit,iV(' t.o hlood <it'llsit.y 

differcIlccs. For coincidence det('dor systellls, ncn (hislll11t.h j.!,('\ 1l1Hllat.l') i:-. Hw 

detcctor matcrial of choicc benmse of its l'xcdlplü stoppinp; power Ir) 1] for tlH' 

511 ke V annihilation quanta. 

In our system, coincidence dctcction is l)('inp; llHI'tl whi('h has t,}l(' adval1-

tagc of a very low background sl'Ilsitivit.y. TIl(' ddc'c!.or Huit. (,ollsis!.s of f01\l 

BCO crystals housed in a light. proof box wit.h ontc'l' clilIlI'llsiollS G5xtiOx lao 

mm. The crystal dimensioIls are 30x25x20 mm. TIlC' phot,oIll1llt.iplic'l' 1.111)(':-; al'l' 

of the Hamamatsu RG47 type wit.h illt.cgral rnagndic and dc,ctrost.at.ic (/J,-md.a.I) 

shields. The dct.ector uuit. is snrrollncled hy a 3 ('Ill t.hick l<'acl shidd. TIJ(' sys-

tem cOlltains a. huffer hoard t.n drivc' 50 Ohm cahks. TIl(' high voll.ngl' for t.!l(' 

photornultiplier tubes is HllPplicc! t,hrough ft eurrcnt limit ing rcsist.Ol ftom t.lw 

tomograph's high voltage power sllpply. Figures 3.2 <lllcl 3.3 show tlH' dc·tails of 

the detcctor system . 
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Figure 3.2 Coincid(,l1cc detcctor pair . 

• 
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Figure 3.3 Overall view of dct.cct.or system wit.h cllthd('f . 

• 
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3.2.2 Pumping System 

Witbdrawrù of artcrial blood is achieved by a pcristaltic pump (Alitea 

C-4, Swpc!('n). It. mn circulatc a maximum of 9.5 ml·min- 1 of blood through the 

smupling cathdpr at a rotator specd of 49 rcvolutions p('r minute (R.P.M.). A 

blood wit.hclrawal rate of 7.5 ml·rnin- l corrcsponding to 40 R.P.M. is routincly 

s('lcd('d which iH rollghly t.he same as during manu al sampling. The pump is 

Ilot, und('f comput('f control; it is Htart('d and stopp<,d manually hy the opcrator 

[G 1]. Figure 3.4 Hh()w~ th(' pcristaltic pumping Hystcrn . 
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Figure 3.4 Pumping system with withdrawal catlwt(·r. 
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3.2.3 Catheter System 

The st.andard catheter llscd for the withdrawal of hlood through the de

tc~ctor system is 40 cm long with outer and inner diamders of 3.457 mm and 

2.007 mm, f('spcdively (Radicath, Radiplast AD, Sw('c!('n). In practice, two 

such catlu't.('rs arc conncctf>d by a small plastic tube so that there is no diameter 

diff('f('Il<'c fit the junction. It is sc'curcd in a slit alollg one end of the detector 

unit, and t.hf'1l plac('d bd w('cn the ro11(>1's and thf' gllidf' of the pump and tight

ew'd by IllNUlS of a clamp (Fig. 3.5). The slit in the dctcdor can accommodate 

catlH'tf'rs wit.h Ct diamd,cr tlp to 4 mm and the pump ('(lU rotate only clockwise 

at il rat,(, of 1-40 R.r.M . 
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Figure 3.5 Automated blood sampling system induding cl<>t,('dor, pUIllp and 

catheter . 
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3.3 Evaluation of the Physical Characteristics of the ABSS 

ln orc](!r to check Hw performance of the ABSS, its physical characteristics 

were stlldied and verifi(·d. This indl1ded evaluation of the reprodllcibility with 

f(!fiIH'd t,o tlw withdrawal rate and the linearity of the systC'ffi rcsponse as weIl 

as tlH! dderminat.ion of the external tracer delay and dispC'rsion time constant. 

3.3.1 Preparation of Radioactive Solution 

lust('ad of llsing lahelerl hlood during the experimC'nts with the ABSS, 

W(' wwd a radioactiv<, solution with the same average viscosity as that of blood. 

This was achicwd hy dlhsqlviug 30 grams of sugar per 100 ml of distilled water. 

The J'('sult.ing solut.ion hael a viscosit,y of 2.8 c{'nt.ipoise at 20°C. The viscosity of 

htlIlléln hlood vari<'s bctwecn 2-4 cC'ntipoise at 20°C [52]). 

I3('('étusC' of t.he short half-lifC' of ISO (T1/ 2 =2.035 min), wc decided to use 

Ga-68 EDTA (d,hylC'nediarnilld.dnlé"\cd.ie aeid) with a half-life of T 1/ 2=68 min 

which im}>osed less time cOllst.raints on the expC'rimcntation. 

In onlC'r to prepmt' the Ga-68 EDTA solution, 44.58 g of Na2HPO,,·7H20, 

11. 73 g of N aH:lPO ,. H:lO and 0.456 g of EDTA wC're dissolved in 250 ml of water 

t.n giV(' él 5x 10-3 III 0 1 EDTA cOllcentration with a pH=7.0. The solution was 

t.11('11 pa."scd tllloup.,h a Ga-GS g('Jl('rator from which the radioactive Ga-G8 EDTA 

solut.ion wa." t'lut{'d . 
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3.3.2 Reproducibility Tests 

The reproducibility of the system's pt'rfortlHuH'(' \Vith rt'HIH'd, t.n ("hml~t'S 

in withdrawal rate (ml·mill- 1) were tested for diff('r('llt posit.iolls of t.Ilt' ("nt hdt'l 

tension adjustment screw. 

3.3.2.1 Withdrawal Rate 

The reliahility of the pumping system was t.('st.('d hy va.ryin~ t.1H' wil.h

drawal rate bctween 3.5 and 7.5 ml·min- I and t.h(,11 Ill('Hsnrillg t.lH' wit.IHlrawal 

volume of solution aft.cr different timeH. If wc call V HU' wit.h<lrawal VOhIllH' and 

W the withdrawal rate, the rdationship hetwe('11 V, \V and wit.hdt élwal dural.ion 

t, is : 

V=H'xt (3.1 ) 

The expected linear relatiollship bctW(,(,Il V a.nd t. for 11 giV(,ll wit.lulrawal rat.l', 

W, was confirmed (Figure 3.6) . 
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Figure 3.6 p('fforrnancc of pumping system at withdrawal rates of 0.5 (0 ), ï.5 

(e), 5.5 (.) and 3.5 (0) ml-tnin- 1 . 
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3.3.2.2 Catheter Tension Adjustment Screw 

A critical component of t h(' ADSS is an adjustUH'llt SCI"ew 011 top of t.ht' 

pump whieh affects the tightness of the cathd.('r gnid(', which in t.nrt1 affects 

the catheter How rate. lu order to check the eff('d. of the position of this éHl 

justment serew on the catheter How rate, and in particular t.lU' 1'<'prodl1cihility 

of its adjustment, the following t,est was pcrform<'<l. TIl(' pUlllp was st'!. at. 40 

R.P.M. and the tension serew adjl1sted to yidd a wit.lHlrawal vO!UllH' of 7.5 ml 

in one minute. The adjllst,lllPtlt. S('f('W was tlH'tlllnt.ight,l,tH,cl alHI t.lH' witlllirnwai 

catheter completely rcmoved from the pmIlp. A rH'W catlH't,('l' was illst.alkd alld 

the screw adjustcd to the saIllP position as befor<' aBd tll(' wit.hdrawa! volllJlII' 

for one minute measured again for the sarne 40 R.P.M. sd.ting. This »1I)('I'dul'(" 

which was intended to simulatc the' Icpeated sC't.-up of Hw ABSS for illlhvid 

ual PET studies, in aIl of which a withdrawal rat.f' of 7.S Illl'Illill- i was dl·sill·d 

(standard withdrawal ratc for this system), was f('J)(,,,t.f'd 10 t.illll's. '1'1)(' (\wlap;<, 

wit.hdrawal volumc from thesC' 10 ('xperimeIlts was: V = 7.40:!:O.Gu ml.min -J. 

Although this result dC'moIlstratC's t.hat, with tlH' IH'("('ssnry ('an', sat.isfad.ory l'I' 

producibility can he achi<,ved, w(' hdieve that ft J><'rist.alt,ic p1lIllp is ilOt. t.11I' id('a! 

devicc for this applicatioll hccamw, after proloIlf!pd mw, dl<' IIlI,(·ltallil·al l'HI t.s 

such as rollers, guide and adjustlIl<'llt screw might. st.ad. to Hff('ct, t.\H' ))('1 for 

mance of the system in an unprC'(lictahle manner. WC' wOllld sllggf'st. [('pl;H'illg 
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it with a syring~ withdrawal pump which appears to be more reliable and is 

prcscntly bcing llsed in othf'r ABSSs [33,35]. 

Table 3.1 Pump R.P.M sctting vs. withdrawal rate. 

R.P.M. withdrawal rate (ml·min- t ) 

20 3.5 

30 5.5 

40 7.5 

49 9.5 
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3.3.3 Linearity Test 

One of the most important r('quir('m('nts for an AI3SS is t.he lillearity of 

its response to chéU1ges in blood radioadivit,y COlll'('lltrat.ioIl. 

In order to check the liuf'arity of tlH' AI3SS, thl' followillp, t'xpt'l'iult'tlt was 

performed with Ga-68 EDTA. A radioactivf' solut.ion with a kuowll COlu·('nt.m

tion was first preparcd. The connt rate was th<'Il llwasur('d wit.h t.he ADSS a .. "1 il 

function of time after t.he int,rodlldion of Il st,f'p input. of l'ndioadivit.y /tchit'Vt'd 

by inserting the proximal end of t.ll(, cat.hd.('r into tl\(' rndioadivt' solut.ioll. Fip,

ure 3.7 shows the resnlt of this study. The x-axis f('pr<'S('ut,s tlU' radioadivit y 

concentrat.ion of the Ga-fiS EDTA solut.ion and th(' y-axis shows t.l\(' ddl'dm 

count rate. We can sec that, for concent.rations l)('t,w('('1l 0 and 90 I,Ci'llIl- 1 

(corresponding to a maximum dd('Ctor couut rat.(' of 19000 ('P~), t.l}(' sysl.('1ll l'<'-

sponse is in faet linear. Although the offset of tlH' rq~n'ssi()11 liw' is ilOt, ~('ro, this 

should not be interprded as reprcscnting a hackgr01ll1d ('OlmI. siw'(', al'> "PPill

ent from Appcndix 1 (columll cl), the background cOlml, rat.(' of t.h(' ('oill('id('II('(' 

detcctor unit of our ABSS is negligihk. Rath~r, Oll(' might. sfH'culal,(' that. 1.1Iis 

offset represents a 8light non-linC'arity for very low ('01lIlt rat.es. Tlw:"wllsit.lvity 

of the system, rcprescnted by th(' slope of the graph, was obtairwd hy litwl!r 

least squares regression and found to he 211 (cps)/( ,lCi·rnl- I ). This vahw is 

close to that rcportcd for a similar systC'm hy Nelson <'l, al. [35]. Typical blood 
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• radioactivity concentratIOns observed foIlowing a 40-50 mCi 0-15 water tolus 

inj,.-:tion (sta.ndard water bolus CDF study) usually faH weIl below the maximum 

('omIt rate observed in this linearity test. Consequently, the coïncidence de tec-

tor collnt rate does Ilot reqllire any correction for df'ad time lasses in this range. 

25000. 

Rf'grcssioll cquation : y=211x+ 116 
20000. 

15000. 

10000. 

5000. 

o. 
O. 10. 20. 30. 40. 50. 60. iD. 80. 90. 100. 

Radioactivity Concentrat.ion (pCi·ml- 1
) 

Figure 3.7 Lincarity test of automated hlood sampling system . 
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3.3.4 Simulation Studies 

A number of characteristics of the ABSS wcre studied by lllL'allS of sim

ulation. Since the gencratioll of scquences of ra.lldolll llUlllllt'rs oheyiur; a p,ivl'Il 

probability distribution is fUlldamclltal t.a snell sb_lllil's, a IHil{ <lUH'W,hioll OH t.lu' 

generation of randam Humber gCllcratioll éUld poisson randolll variat.ion is PH'-

sented in the following paragraph. 

3.3.4.1 Randonl Variable Generation 

A l'andoIn variable snch as the cannt ra.Le frolll a (h,tl'dor which obt'Ys a 

Poisson probability distribution cau be gCllcratcd by lllC,lllS of il ralldolll 1l11111-

ber generator. The fil'&t stcp is to producc a sequellce of iudept'ndt'ut" lIuifol'lllly 

distributcd l'andoIn numbcl's on the iuterval 0 ta 1 [531. 

A frequcntly l1scd, so-callcd linear cOllgrucutial"ancloJll uUlIllH'r ).!;t'IH'I at.m 

(R.N.G.), has the form: 

Z(i) = a·Z(i-l)+c (mod m) (a) 

i = l,2,3,4,5, ..... Il 

This R.N .G. is called mixed congruential for ci-O a.nd Illult.ipli(:ative t:OlI~IIH'I1-

tial (multiplier a) othcrwise. Z(O) is the initially speeifi(!d (illtegC'r) 1I1111l1H'f of 

the sequence, called secd, and each suhscclucnt (intcgcr) llum!wr of the S(!(PWW't: 

is obtained from its predcccssOi as the rcmainder of au integer divbicJIl of t.1)(' 
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i~ obtaincd from it~ predecc1i1ior as the rcmainder of an intcger division of the 

right. hand 1iid(' of t}H~ {'(l'tation (a) by the modulus m. This recursive calculation 

of successive llurnhers of the sequence is efficiently handl('d by computers. 

From tbe above it is clear that no number Z(i) can cxceed the value of the 

Hlodulm; m. Til<' random Ilumhers on the unit interval (0,1) are then formed as: 

U(i) = Z(i)j III 

Upou appropriatc 1idedioll of the parameters a,e and m, it can be achieved 

t.llat. Hl<' rail dom Il1uubcrs Z(i) assume aU values betweell ° and m during one 

g('W'f1ÜiOIl cyd(" i.e. h(·fore Z(O) is r('"dwd again. Su("h a randmn number gen-

<,nüor is said t.o have full period. This is a desirahle feablf(' for a random number 

g(·}H'rat.or siuce it aSSUf('S a uniform densit.y of random nllIubcrs over the entirc 

illterval (O,m), f('spedively (0,1). FurtlH'fmOrC, in order tn obtain a rcasonably 

high <kusit.y of random Illllubers ovcr the unit intcrval, the modulus m has to 

lH' ChOS(,Il as large as possible. 

TIl(' disnde randolll variable N, with mcan value À, obeys the Poisson 

distribution law if tlH' prohabilit.y fol' N=n is given by: 

n=O,l, ... oo 

Snch a random variable, N, can he gellerated in the following manner: Let's 

ltSSlllll<' w(' have to s~lt.isfy the condi tion: 

n=O,l, ... 
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where n~o U,=Uo·Ut ... U N and the U, 's ar(' illd{'p{'Il<h'llt, llnifol'mly Ilistrihnt('d 

random numbers on the illtcrval (0,1) and À is t.lH' menn \'a1\1(' of the Poisson 

random variable, N, we want to gencrate. Th<,n tilt· Illlllll)('r N, l't''lnil'cd to 

satisfy this condition, follows a Poisson distribution wit.h m{'an vah\(' ,\. It. is 

obvious, howevcr, that when À is larg<', c- \ is slllall sn t.hat t.he lllllUhel' of U,'s 

needed to satisfy the condition may also 1)(' larg<' and t.he pl'O('('durt t.het'efOl (' 

time consuming. In or der to achi('vf' a t,inH' saving, llSP is BUHI(· of t.!H' flld. t.hat, 

as >. increases, the di~trihution of falldom variahh's Y =( N-À)/ v'"~ l'oIlVt'rp,l's t.o a 

normal, or Gaussian, distribution with 7,('ro IlH'all and variall(,(, Ollt', dl'lIotl'd hy 

G(O,l). In order to producc th(' Poisson rant!olll varia!>ll' N, w(' fin,t, haVI' t.o p,I'II-

erate Y from G(O,l) and th(,11 comput.e, and rouIld 1,0 ail illt.(·p;{·r, Hl(' ('XI)\('ssioll 

N = ...;x.y + >.. We are now !en. with Hl(' p;('IH'ratioll of li llorlllally dist.nhlll,l·d 

random variable, Y, which is a('hieved as follows: Ld, U 1 1\11(1 U~ ap,aill \)(' illdt'-

pendent uniformly distriblltcd rHudom 1ll1Illl)('rs 011 tlH' unit iIltnval (0,1). TIl(' 

variables: YI = J-2 . [nUl cos (27rU~) and Y2 = V--2 ·lllUI·.·illI(27r[T~) a/(' t!)('11 

indcpcndcnt. Thc above approximation is satisfact.ory for À 2: 1!J [!J:J] FOI À </ 

15. the cxact procedure ùescril)('d at the IH'p)uIling of t.his pli! ap;raph bas 1,0 1)(' 

uscd. 

For the simulation studi('s d('scribccl in the followiIlp; par (jP;I il ph~l il :-.y.,t.'·111-

supplieù uniform ralldoIll numlH'r gerwrator (RANO) t.og,f'lIH'1' wit.h ,1 sllbIOlIt.ilH· 
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whic:h rdurns a norrnally distributcd dcviate with zC'ro mean and unit variance 

(GASDEV) wc!re uscd (see Appendix II). 

3.3.5 Extcrnal Tracer Delay 

TIl{' c'xt,c'rllal traCf'r dday was rncas1lfC'd both physically and by simulation 

auc! Ic'astC' squares fittillg as desrrib<'d in the next two paragraphs. 

a.a.5.l Physical Delay Calculation 

The' trac('r travd timc diffc'f('nœ between the artC'rial site where blood is 

withdt aWll aud the mid-point of Hl<' coincidence clet,cetor pairs where thc blood 

trac('r coucC'utratioll if; measured (nvcrage of coincidence count from first and 

s('('()llcl cld.c·ctor pair) was determiIle'd physically, i.f'. hy measuring the travel

ling t,iul<' of the' radioadivc solution in the cath"ter bctweC'n the sampling site 

ilnd t.he first. dt'tector pair on t.hf' one hand and from tll(' sampling site ta the 

s('cOllCl ddc,ct.or pair on t.he otlH'r hand. This mcasurcmf'nt was performed for 

four diffe'rC'ut, dist.anccs betwecn arterial sampling site and det.ector position. 

Sincc th<'I'(, wa.s a ncgligiblc diffcrC'ncc in connt rat.e OIlSC·t het.wecn the first and 

Hl<' ~wc()nd d('tedor pair, we dC'cidf'd to use 1,11<' COl1rlt rn te' from the first one 

<'xclusivdy t.hrollghol1~ t.his f'1'ojC'ct.. Table 3.2 and Figure 3.8 show the expeded 

ilH'l'('HS(' of t.hc' dday with cathd.cr l('ngth. In addition, Table 3.2 gives a COffi-
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parison betwecn the measurcd d('lays and thosr calculalpd hy applylllp, ('quat 1011 

(3.1), using a flow rat.e, \V, of 7.5 ml·min- l
, a cat.heter diaIlldt'r of 21' = 20[,7 

mm and a catheter Irngt.h of 1 = 20 nn, 

li = lV x f -= 1 X 11"7"2 

The slight diffcrpnce bdw(,(,Il t.h(' uH'a.suJ'{'d and calculakd Il'Hult scan 1)(' ('x-

plained by the importance of the catlH'h'r radius in t,lu, caklllat.ioll of t (1 III' 

dclay is proportionHl to the sql1f1r(, of t.1H' radius) alld tll<' fac!. Illill, Ihis diallll'ftor 

might Hot be constant over the ('ntin' lt'Ilp;th. Sill<'(' t.IlC' sImulait! aI 1"1)' dd('dol 

distance (artcry to mid-point of fir:-.t, cld,('d.Ol' pair) for out" ABSS is 20 l'Ill, tlll' 

IIlcasured dclay of 4.5 s (Ta.ble 3.2) is m,t'cl thwllp;hol\t. Ihis t.lll'Hi:-. 
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Table 3.2 Extcrnal df'lay for diffcrcnt artcry-dctf'ctor distances. 

Art,f'ry-d(·tcdor distance Mea.c;;ured delay Calculated delay 

(cm) (8) (8) 

20 4.5 ± 0.50 4.98 

35 8.5 ± 0.55 8.71 

50 12.5 ± 0.87 12.4 

63 15.5 ± 1.15 15.69 

Valuf's arf' lIu'ans ± sn for n=15 cxpPrlmf'nts 

Flow raft· was 10 0 H P M (75 ml mlll- I ) and viscosity of the sollll Ion 

was t.he saJllf' as Ihat of blood (2-4 (,f'ntipoÏ!lC) 

• 
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Regression cquation : y=O.2Gx-O.55 
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Figure 3.8 External delay vs. artcry-ctctcctor distance' of ail toma t.(·cl hlond 

sampling system . 
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3.3.5.2 Delay by Least Squares Fitting 

In order to verify the (!Play results ohtaincd in the previous section, the 

following additional analysis was perforrned. Stcp responsc functions (sec section 

3.3.6) were fitt(:d in two f>teps. First, the fitting was donc for the fiat part of 

the curvc (n'pn'scuting the d('lay) up ta the "brC'akpoint", Nx , where it starts 

to rifw. Second, the risillg part of the curve was fittcd to the function l-exp( -*) 
tlsing a dispprsioll tiIIl(, constant of r=5.5 fi (sec n('xt s('dion) and the SUffi of 

!C'ast SqWUTS fol'uH'cl for both parts of the fit. This procedure \Vas pcrforrncd 

for a IllllIll)('l' of !'wkd,pd positions of the "breakpoint" NT' The smallest SUffi of 

!('ast sqllan's was obtaillf'd whm the Nx was chosen r!os('st to the point where 

tlH' n'spOI1S(' fllIldio!l started t,o risc. This analysis wns pcrfonned on N = 10 

ste!> reSpOllS(' fUllctio!ls yiC'lding an av('ragC' dclay of 4.G5±O.65 s which, for an 

art,(·ry-dd.(·ct.ol' dist.H1I<'(· of 20.0 cm, comparC's favourahly with the p.hysical delay 

llH'aSHrt'llleuts (4.5±O 5 s) cxplaincd in thC' prcvious scrtion . 
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3.3.6 External Dispersion 

The degree of distorsion in the rnrve shape of t!te input fUlld,ion du(' to 

the withdrawal catheter of the ABSS, call1'd external disp('rsioll, WH .... dd('l'miued 

as follows. 

3.3.6.1 Dispersion Tiw~ Constant 

Using a mixture of water and sugar wi t,h a vis('osit,y of 2.8 (·('lIt.ipois(' (il v('r

age blood viscosity) and Ga.-G8 EDTA as Cl trac('r, Hl<' <ld,cd,or sysl.('lll l't'SPOllS(' 

to a step input at time zero was m('élsUfpd (Fig. 3.0). A('('ordillg t,n (·(l'tnt.ioll 

(2.10), and using the dispersion fnnction propos<'cl hy Iiela ('t. al. [44], t.his t'(.

sponse becomes: y= 1 - exp(-~) 

where T is the dispersion time constant.. This may 1)(' ShOWIl as follows: 

If one considers g( t) as the measl1fpd responRC which call hl' ('xpu'sspd as Hl!' COIl

volution of the input fundion CaC t) wit Il the syHtcm imptll:'H~ n'spomw fl\lwt,ioll, 

d( t), i.e. g( t )=Ca (t )*d( t) where theast,{'fisk dpllot(,S tlH' (,ouvo!lIt.iol1 op(·rat.ioll. 

In or der to determine the input fnnrtion Ca(t), the' syst,('Hl impulse J'('S))()J)S(' 

must be rneasurcd. If a step fllnction input, CIl.(t) is assllIIH'd, tlH'1l p;,(t) =

Ca$(t)*d( t). It can he shown that. the (lt-rivatiV<' of g,,(t.) with l'I'sJl('('t, t.o tillw is 

equal to the impulse rcsponse, d( t) i.e.: 
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• dg,,(t) = d(Ca.(t) * d(t) = dCa.(t) * d(t) = b(t) * d(t) = d(t) 
dt dt dt 

(3.3) 

wherc the Dira.c-delta function, b(t)l, is the derivative of the step input function. 

Tlwrefore wc obtain the stcp response function as: 

l
t lt 1 t t g6(t) = d(t)dt = -exp( -- )dt = 1 - cxp( --) 

o 0 T T T 
(3.4) 

The dispcrf>ioll time constant, T, can be determined by non-linear lcast 

squares regrcssioll of the stcp response function. The required regression soft-

ware wa.s first tested by fitting simulatcd stcp responsc functions of the form 

describcd by cquation (4.1), UpOIl which 5% random Poisson noise had bcen 

sllperposed, and hy comparing the rcsulting valucs of T with those used in the 

simulation (Appcndix III). The rcsults of thosc tests are summarizcd in Table 

3.3. The diff<wllce hetween Ttheo and T /IL did not excccd 8%. 

Stq) fUlldioll experimcnts were then performed with the ABSS for var-

ions aI tcry-detector distances, withdrawal flow rates and viscosities, and the 

dispersion time constant detcrmincd as dcscribed above. 

1 Dirac-della fUIlct.IOII, 6(t), 18 dcfillcd as folloW8: 

a) 6(x-xo) = 0 for X:f:xo 

h) I.~:6(x-xo)dx = 1 for X=Xo 

• 
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Figure 3.9 Step input response of the ABSS exhibitill1!; t.lH' forlll l-{'xp( - ~) (. 

is the measured and 0 is the fitted data) . 
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Table 3.3 Dii;pers,cm time constants (T) of sirnulatcd stcp rcspOllse functions. 

Ttheo (s) Tftt (s) 

4.0 3.9±0.4 (DG%)* 

4.5 4.4±0.4 (97%) 

5.0 4.9±0.4 (92%) 

5.5 5.5±O.5 (99%) 

6.0 G.l±O.6 (102%) 

65 G.8±0.6 (105%) 

7.0 G.9±0.6 (90%) 

Values are me ails ± SD for n= 10 cxperimellts 

• pcrccllLagc of T'heo 

• 
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Figure 3.10 shows the cxpcctcd incrcas(' of T for iIHT('HSillp; arh'ly-(lt't.l'dol' dis 

tances which exhibits a lincar hehavionr. The di~l)('rsion tin\(' constant. as a 

function of withdrawal flow rate ib dcpicted in Fig. 3 Il and the' l<'s\t!I~ of 11\('sl' 

studies summarizcd in Table 3.4. Again, the demollstratpd dP("II'HSI' of T wit.il 

increasing withdrawal rate is not surprising since, the larp;('r t.he wit hdrawal rat.c-, 

the shortcr the travelling time in the ca theter and h('IH'e" t Il(' sllIal1cl t.l \(' d isl.ot -

tion of the tracer bolus. As apparent from Fig, 3.12 and T"hlp 3.5, Ihe .. Il'cc!. of 

changes in viscosity of the tra('('r carryiIlg snhHtmH'(' (P.,!!;. h1ood) is ill~i).'..llIlirélllt 

over the range of viscosities cxpccted in prad in' . 
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Table 3.4 Effcct of withùrawal rate on extcrnal dispCl sion tillit' l'omtant. (T) . 

Withdrawal flow rate (ml·m:ll- 1) 

3.5 

5.5 

7.5 

9.5 

Values are means ± 50 for n=15 eXpCrlIllcllts 

9,G± 0.9 

G.9 ± 0.7 

5.4 ± O.G 

3.5 ± 0.4 

Catheter length from dctecLor to sarnphllg site wall 200 ("111 and Vlb('O~It.y of tilt' holutluli 

was the same as average blood vÎscoslty (3.0 centipoise) 

Table 3.5 Effcct of viscosity on cxtcnml dispelsio1l t.iuw COllst.aut. (T). 

Viscosity (cp) 

1.5 

3.0 

6.0 

Values are means ± SO for n=15 expcrimcnts 

T (s) 

5.4± 0.8 

5.4 ± 0.7 

5.5± 0,7 
---- --

Flow rate was 7 5 ml min -1 and catheter lcngth from detector tu s;ulIl,llIlg 1-111,1: w:~.., :C!O (1/1 
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In aIl expcrirnents, a threc-way stop cock was used at the sampling site 

(Fig. 4.1) in arder to get hlood samples bath manually (from one end of the 

threc-way stop cock) and autornatically (from the otl!rr pnd). In practice, when 

automah'd sarnpling is perforrned cxdusively, the thn'('-way stop cock is replaced 

hy a two-way COIlIH'ctOr. lu order ta check the effpd of rC'placing the three-way 

<:OIlncctor with a. t.wo-way COllIwctor, step fundion cXIH'rirncnts werc performed 

to fliu1111at.(· 1) HimuHancous rnantlal and automat.ed hlo0(1 sampling, and 2) auto

mat(·d :-mmplillg oHly. The reslllt~ of Ilon-linrar least sqnarC's rcgrcssion on these 

st,(·» r('spolls(' fUlldiol\s (dderrnillat.ion of extcrmll disp('rsion timc constant) 

show('d that. tlH're was IlO significant. differcncc bctw('ell the two arrangcluellts 

SillCC T diff('n'cl by only 2711. This shows that the blond mrvcs obtained with the 

thl'ee-way Ht,Op cock arrangement. are rcliable and may he compared with those 

o!>taiued in pract.ic(' wlwll wc use' a two-way conn('dol' nnly . 
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CHAPTER 4 

APPLICATION OF ABSS IN PATIENT STUDIES 

After having verified th<, physi<,al charact.nist.ics of 1 he' A DSS, s1lch ilS 

linearity, external tracer dclay and disp<,rsioIl, it was llM'<l dnrinj?; PET ('DF and 

CMRo2 studi~s pcrformed on vOIIlIlt('("'1'S. In the past, W(' had pI'rforIll<'d s\lell 

studies with Iuanual blood sam plill)!; <,xdtlsivply. In or<lc '1' 10 a!-i~e 'ss 11\1' llsdulJl('ss 

of the ABS'), the pres<'llt studi('s w('n' !H'lforIllCd 1Isiup; lllilllllal Hnd allt.OlllHi<'d 

arterial blood smnpling silllllltall('cltlsly. Usitl1!; t1w llIi1111wl CUl"\,'(' as 11 l'C'fl'!'('lll"c', 

wc then tried to match the' two hlood <'lirV('S by llPplyill,!!; a ralihlal.lOl1 plus C'OI"-

rections for radioacti ve d('cay as W(·1l as fol' PX t,('l Iml t ra ('('1' dl'l" y /llld cl i~pc.t'si()1l 

to the automatcd blood Clu've. The g()()dlj('s~ of fit. lH'tw('('1I !..lH' t..WO CHI V('S was 

asscssed by meaus of a cl1;-squan' test as wdl as by ("ollipatinp; t..IH'il full wldths 

at half maximum (FWHM). 

In this chapter, wc first hridly d('scril)(' titI' PET CDF 11.11<1 CMHo.l pro('('

dures during which the manu al and autornated hlond dat.a W('l'(' mll(·(·t{·d W(. 

then compare the manual and ant.omah·d hlood dat,a sds aud illllst.ratp t!w {·f

fcet of each of the ahovc men tiOIWd corn·etioIlH. 

4.1 Radioisotpe Preparation and Tomograph 

The tracers H2
15 0 and 0 150 wcre prepar(!d fIOnl a .Japaru·:-,(· St(·(·l WOl k 
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Baby Cyclotron BC-107. PET fltlldics were performcd on a Somditronix PC-

2048 15B, an ('ight-ring, 15-~li('f' BGO hcad tomograph with a transverse reso

lut.ion of 5.8 - G 4 mIn and an axial rcsolut.ion of 6.1 - 7.1 mm. Its count rate 

dfici('ucy wa." 0 7 KcpS!(,lCi·ml- l ) for Hl(' direct slices and 13.7 Kcps!(/lCi·ml- l
) 

for the cross slin's [54] R(,("()llstrudion software include'd corrections ~or detector 

dficic'Ilcy variatioIls, random ('vents and dcad-time, as weIl as a dcconvolution 

l'ron'dun' to elirninatf' scatt('rf'd events [55J. Att<>nllfltion correction was per

foruH'd by 1ll(';1I1~ of ail orhiting roel transmission source containing about 5 mCi 

4.2 Subject Preparation 

TIl<' sllbject.s were positioll('d in the tOffiograph with their heads immobi

liz(·d by llH'aUS of a cllstomized sclf-inflating foam }lf'adrest. A short indwclling 

(·at.lwl,(,l wa~ plac('cl into the left radial art('ry for hlood samplillg. A three-way 

stop ("(là (Fig. 4.1) was used to withdraw manual and automatcd samples. 

~\'Ianlllù Hampl('H were' taken from one ('xit of the st.op cock using a short (ap

prox. 2 CIll) cathd.cr while blood was dir('ct<>d to the antomated sampling system 

t.lll ollgh Il long (22 Cill) catheter llsing the ot her exit of the stop cock. Although 

t}l(' ('xt.('rnal delay and dispersion charad('ristics of the ABSS have been stan

dardizecl for a 20 cm long withdrawal cathf'tcr, the arldit.ional 2 cm of catheter 
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were used to compensate, with regard to delay and disp('rsioll, fo~ tilt' short 

catheter (2 cm) used for manual sampling. 

~ 3 if" kt'#) r "'3 Wtf"ttt 
! 

Il 
Il 
Il 

Figure 4.1 Set-up for manual and automatcd blood Hampling uHiug il. tlu'('('-way 

stop cock . 
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4.3 CBF Studies 

C(!r('hral blood How (CDF) was measurcd by the intravcnous H215Q bolus 

Illcthod [25,2G] based on the onc-compartment model outlined in chapter 2. 

About 40 rnCi of H2 !.'iQ wer(' injected into thc brachial vein of the right 

arm. A rt,<,ri al blood sarnpling and dynamic irnaging wcrc started at injection 

tirne. Dynamic sc,-::,ns with framc clllrations of 5 s W('fC obtained ovcr a period 

of 3 min. lllood samples WCf(~ c()lle~cted both mallually and with the ABSS. 

Mauual ~arnplillg was initially p('rforrncd at 3-5 B intprvals which were gradually 

!('ngtlu'Il('d to 10 S élnd cventually 30 s towards the pnd of the data acquisition 

p<,riod wIU'f(' the' blond activit,y varies slowly. Mannal samples were assayed in 

a w('ll-co\11lte'r calihratcel with f('srH'ct, tû the tomograph, weighcd and corrected 

for radioactiw de·cay. Aut.omatic hlood sampling was pnform('d at a continous 

withei;awal rate- of 7.5 ml·min- 1 and a sampling inte'rval of 0.5 s throughout the 

data collc·d.ion !H'ri()(L The aut,omated blood sampl(' count rate was recorded 

by the compute'r in counts per 0.5 s. In or der to calihrat,c the automated blood 

curvc' with r('spc'ct to the IlHUlllfll one, four calibration samplC's w('re collected 

[rom the wry ('Bel of the withdrawal cathetcr wlH'ft tlH' hlood is discarded into 

a. wast.c' hasin (Fig. 4.2). The calthration procedure will 1)(' described in detail in 

parnp,raph 4.5.2. 'rhe rC'lllaining blood ("mve cOrI"('di(ns will be explained and 

ilhlHtnlkd in s(·ction 4.5 of this C'hapter . 
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short catheter on the distal end of the t,hr('e-way Htop ("o<"k iH UHf'd for HHIIlI 111 1 

sampling . 
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4.4 CM~)J Studies 

CMRoJ was measurcd hy means of the singlp [150]02 bolus inhlation 

rnethod of Ohta ct al. [5]. In contrast to the CBF studies where H2
15 0 was 

administcn·d hy intravenous bolus injcction, h('rf', the tra('cr was administered 

hy inhalation as follows: [1.10]0 2 wa.<; supplied from the cyclotron into a lead-

shidd('d rl1l>l)('r hag at the sllbjf'd's siclc where it was mixed with medicêl air. 

Aft.er a Hltfficient lewl of activity Imd accuIllulated, t.he suhject, wearing a nose 

clamp, iIlhalcd the gm; (approx. 70-80 mCi) via a mont hpiecc and a short con

updillg v('utilat,or hOHC by taking a ::;ingl(' dccp hrcélth and holding it for about 

10 H(·colHls. SC1\lluillg and blood sampling were ini tiatd at the start of inhalation 

while the IllaIlllaJ élud autoruat('d blood sarnpling were pcrforrned as described 

ill the' pn'viol1H H(·ct,ioll. 

4.5 Blood Data Corrections 

COl'u·ctiollS for radioactiv(' c!f'cay, external tracC'r arrival dclay and dis-

!>('l'siOI1 (hl(' t,o the' additiollal IC'llg,t.h of the sélmpling catll<'ter in the ABSS are 

l'cqllilTd to compare the' blood data from the ABSS with the manually sampled 

data . 



• 4.5.1 Radioactive Decay Correction 

The automatcd blood data, whirh is vpry fill<'ly satllplcd at () .) s illlt'lTab, 

is correct cd according to the cxprC'ssion N(o) = N(t,) t'xp(,\·t), wlH'rt, ,\ is tl\(' 

radioactive dccay constant, N(o) the corrcctt'd activity with n'sl)('ct. t.o tilllt' Z('10 

(injection time) and N(t) the ullcorrcctpc! adivity llH'HSllrt,d at. tillH' t. Fi).!,\llt' 

4.3 shows the automated blood rllrv(' b(,for(' and aft.<'r d('('HY COllt'd,ioll . 

• 
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• 4.5.2 Calibration 

Quantitative comparison of the manunl blood data, mmally ~i\,(,Il in uuits 

of Cps·g-l, with the automated data, givell in cps, f('(}llires a calibration pro-

cedure. For this purpOS(', durillg each study, four blood salllples (U(' llléllllléllly 

withdrawn from the distal end of tht:. alltomated sampling cat,hd<'l (w}l('l(' Hl(' 

blood is pouring into the wastc container) and a ... <.;sayed in the sallie weB counl.<'l 

as the manual samplC's. It is important t,o t,ake t.ll<'S(' cHlihrat,joll sHmp}c'H dll1 

ing the fiat part of t.he arterial curve where t.h<'1"(' is allllost. HO Chélll1!,C III hlood 

activity. In this way, any possible sampling enor (' g. t,illlill~ illlH·CII\ acy) will 

cause only a minor error in the calibrat.ion factor élS ilhlst.rat.('d ill Fig. il '1. For 

this reason, the calibrat.ion samples are usnally t.akell t.wo lIliulIt.('s afkr I.I ,\(·('1 

administration. To find the calihration fador for ('ach st.ndy, w(' rat.iOlwliz('d 

that for each point YI (i = 1, ... ,4) on t.he IlHlllual curve (Fip; tl.G), t.!WI(' is li 

corresponding point ZI (i = 1, ... ,4) on the automat<'(l ("lIrV(' snch t,llllt FZI c::- YI 

(i = 1, ... ,4) where F is the calibration fart,or. To gd. t.lw })(,8t. valllc for Ji' flOlII 

the four calibration samples, wc uscel a lem;t sqnan's optilllizat.ioll as follows. 

4 

L:)Fz l - YI)2 = minimum (-1 1) 
1=1 

• 
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Solviug for F, wc obtaill: 
4 

L: y,z, 
F = .:...'=....;~--

Ez; 
1=1 

65 

( 4.2) 

wlu're Hw y, '8 arc counts from the Illunual samples assayed in the well counter 

[C'J>H.g- 1] and the z, 's couuts from the automated blood samplcs [cps]. Therefore, 

F, has uuit of [g-I]. SiIl<:c, for our experimcntal condition (i.e. a sample with-

clwVval rate of 7.5 ml·min- I ), there is a sixteen second time difference bctween 

the ddector site aIld the end of the sampling cathC'ter wlv_re the calibration 

s:tmples are takell, the point corrcsponding to Yl(t) is Zt(t-lGs). 

A computer program, ealled GET _CALBLD, which accepts the decay cor-

reded automatecl hlood curve as input and gives the calibrated automated blood 

C111'V(' as output was devcloped (sec Appendix IV for program and calibration 

shed ). 

Siw'(' the calibration samples arc colledccl manually and therefore are sub-

j('d, to timing errors (sta.rt and stop samplillg time), wc investigatcd the sen-

sitivit.y of F t.o sucll errors. For this purposc, F was first dctermined frOIll the 

hlond cm Vl'S of five CilF stuclies as dcscribed above assuming no timing error (0 

S CI ror). A t.iming crror of ±2 seconds was then applicd to the calibration sam-

pIcs a.nd F ca.lculatcd again. Table 4.1 shows that, sinee the calibration samples 

an' ta.h'll from the fiat part of the blood curve, this timing error clocs not have 
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a big effect on F ('" ±2%) . 

It is important ta l"l'alize that F may va.ry considera!>ly frolll Htudy to Htudy 

(Table. 4.1, column 2). The fluctuations arc most likl'ly dllc lo tht' t.l'llllH'lilt.tlll' 

sensitivity of the radiation ùctcctors, both in the ADSS aud tht' well COllllt.n ëtllll 

the associated clectronics. For an accuratc qU<Llltifieatiou of CUI" mul Cl\l BOl 

it is thercfore mandatory to pcrfofm individual calilnat.joll for l'llCh st.l1dy. 

Table 4.1 Effcct of sumpliug timillg ('rrOf ou l'alihl at,joll fa dOl', F. 

--

Subject F [g-Il 61"[%1 

# o s errOf +2 s crror -2 s ellor 

1 48 +1.D -l.G 

2 55 +1.1 -UJ 

3 58 +1.8 -1.2 

4 59 +2.5 -2.5 

5 G3 +3.1 -3.3 

Inean +2.1±O.4 -2_LiOA 

p < 0 005 by paircù Student's t-tCbt 
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Figure 4.6 shows a decay corrected, calibrated automated blood curve in 

comparison with a manual one. It is obvious from the figure that these two 

ctlfVCS do not match yet. The rC'maining differpnce hctwcpn the two curves is 

due t.o external tracer delay (shift along x-axis) and diRpcrsion (peak height), 

whic:h will he discussed ncxt . 
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Figure 4.4 Illustration of the importance of eho()siIl)!; calihrat.ioll salllpl(·s iu t.lw 

fIa.t part of blood curve. A small timing ('rror in t,})(' IH'ak part. (poiuts AI Hud 

A2 ) will yield a large differencc in blood ad,ivity and l('a<l t,o a larp;(' <'I"lOr in dl<' 

calibration factor, F . 
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4.5.3 External Delay Correction 

AH ('xplaiIH!d in chapter 3, external dclay is the tirnc difference between 

Hw artf'rial site where blond if> withdrawn and the mid-point of the coincidence 

detedor pair where the hlood tracer concentration is mc'asurcd. The automated 

blood curve has t.n he' eorrc'ctecl for this dt'lay, Sinœ, for the prcsent study, the 

aI t,('ry-det,c,ctor distan<'f' of the ABSS was 20 cm and the withdrawal flow rate 

7.5 ml·min- J , wc' appli('d this cOITedion hy shifting the aut.ornated blood curve 

4 5 s (Tabh~ 3.2) to the' kft on the time axis, 

4.5.4 Exterllnl Dispersion Correction 

TIl(' COITI,(·tion for tlH' differeuce in the degrcc of distortion bctwcen the 

nlI vc' shape of the rnaIlllal (eaCt)) and the automated (g(t)) input function, 

l'cslllt.iIlJ!, fIOm t.he dis}><,rsion of the traccr bolus in the' additional length of 

sétmpling cath('t,c'I', is calhl cxternal dispcrsion correction. As shown in chapter 

2 (<<'f}1JatioIl 2.10), t,he relation between Ca(t) and g(t~ 'dn be written as: 

g(t) = Ca(t) * d(t) ( 4.1) 

wlH'r<' t.ht' ast,c'risk Ill<'élm t.he ('onvoh,tion operation3 and dCt) is the disper

sioIl f\llldion. Various IIlodds have b('('n proposcd to pC'rform this correction 

[·1·1,35.4:3]. 'Vl' adopt,l'd t.h«' monoexpon('ntialmoclel proposccl by Iida et al. [44], 

3Thl' convolutlOlI, h(t), of two fUllctlOlIS x(t) and y(t) is d('fill('d as' h(t)= J!:x(r)y(t-r)dr . 
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whose dispersion fundion is: 

1 -t 
d(t) = -c.rp(-) 

T T 

~.) 

1-

(-1 2) 

With this modcl, the true input fuuction muy be H'('OVl'H'd ftom titI' IJl('aSllJ et! 

blood data using Laplace transforms [33,44] a..<.; follows: 

(-1. 3) 

where T is the external dispersioll time constant which Ims bl,t'Il ('Xpt'l illlt'llt ally 

determined in chapter 3 (Table 3.3 (Lut! Fig. 3.11). 

We have devclopcd a program (GET -DELCONS~rO, Appt'udix V) {.o 

perform the dcconvolution acconliug to cq. 4.3. It aeecpt,s t.he d('('ny (·urn·I'!.I·" 

and calibratcJ automatcd blood curve as input and givcl') the d('('(>Ilvolv"t! blood 

curve as output for a. givcu dispcrsioll timc cOllstaut., T. F'or an éII t.(·ry-d('{,(·( t.OI' 

distance of 20 cm and a withdlawal flow rate of 7.5 ml·miu- 1, whieh arc st.allCl:ll'C1 

for our ABSS, an averagc value of T = 5.5 s was uscd (Fig. 3.11 alld Tilbl('s 

3.4 and 3.5). This program GET~ELCONSMO ,dso Ill'rfolIllS t.1H' (·Xt.('Iu:tl 

dclay correction discusscJ in the prcvious paragraph. III old('r 1.0 II·dll(·(· t.lll' 

statistical noise OIl the curve, brought about by the der ival.iv(' iu ('(Plll tioll 1.:3, 

a parabolic smoothing filter was used [5G]. With t.llis lIH't.llOd, il f\llldioll of 

the furm Yk = a + bk + cP is fitt,ed to cOIl~eeutive data valll('H OV('[ ft !-'(·J.'dl·d 

odd nurnber of n points, syuunetrically disposed about t.lw poiut for wllJcb k -O . 
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'l'lU' vaIlle of tJw bCHt-fit p<lrabola at k=O (i.e. Yo = a) is t,akcn as the smoothed 

value of the data for that center point. This operation r('qaires thc Huee best-fit 

codfic:i(!nh, a,h,c which in terrn provide the smoothcd data valuc, Yk, the slope 

and the rate of change of the slopc, resp('ctivdy. The prrcise nature of the filter 

iH dqlC'Ildc'nt upon the Illllu})('r of points, n, ovcr which the parahob is fitted. 

Th,! largC'f the va.lue of n, t.he IH'avier the smoothing of the data, and vice versa. 

Figuf(' 4.7 Hhows an autornated hlood curvc befof("! <lnd after deconvollltion. 

h. iH HPIHlf(·Ilt. that Ol<' I)('ak of the dispersion cnrrf>d.f'd (deconvolved) curve 

is 11I/1:lw1' aud ~hift('d t.owards t.he left (carlier times) with respect to the non

('{)f1('d,c'd ()Il('. III Figlll'(' 4.8, the df(·ct. of the parabolic smoothing filter on 

il diHpc'rHioIl COrI (·t'tc!d allt.omated blond ('urve is shown. In order to minimize 

aIly dist.ortion in t.hc' j)('ak f('gioll, in part.iclliar to Hyoid a significant reduction 

in peak lwight, t.hf> firf>t 50 s of the Cl1rve were smoot la'cl only lightly, using a 

valtl(' of Il = 5. Frolll t,}H'l'e on, the fiat s('ction of the CUl'VC was sllloothed more 

IH'é1vIly wit.h iL vabl<' of Il = 19. Figun' 4.9 shows that. a pf'rfect match betwc('n 

a slll()ot.hed, calihrat('<l automat.cd blond ('llrve and Hl(' ('orresponding manual 

oW' ('an })(' obtaillc<l, provi<l('d the appropriate ('orrections for radioactive dccay, 

(·xt.(·l'IIal dl'Iay and disP01Siou hav0 h('pn applied . 
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rection (deconvolution) . 
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1.5.5 Comparison of Blood Data 

While Fig. 4.!J providc~ a qnalitative comparison of the manual and au

tomat('d blond data, a quantitative comparison was p('rformed by means of a 

goodlJ('s:-, of fi t analysis llsing tlH' chi-square Ü. 2 ) test wi th the manual blood 

CIl! VI' aH a n·f(·rc~Ilce as w(·ll as hy an ('valuation of the full width at half maxi

IIIUIIl (F\VIIM) of tIt(· peak of the input function. For this purpose, the manual 

bloocl délt.a w('re iIlterpolatcd h(l8('(1 on the time seal{' of the automated curve. 

Tl}(' gow!IH'SS of fit. llllaly:-.is on spven hlood eurves from 0-15 watel' CBF studies 

y i"lclc'c1 \ l villt \('S nlllgiug }H't.WC·(,Il 5.1 x 10-6 and 4. 9 x 10-", inclieating an exccl-

1('111 lIlilt.ch }H'I,W('('11 tlH' t,wo data sc'ts. The eomparison of thcil' FvVH11 values 

hy lIH'illlS of Il pair('d St.Uclcllt's t-tcst, howevcr, showcd a small, but statistieally 

:-.igllifimllt diffcl'{'IH'C' (Tahle' 4.2). 

Applil'd to SC'wu hlood enrv('s from [150]02 CMTI 02 studies, using the 

!'>nlllc' cOIn·ction péll'ilIllctcls as in Hl(' CllF stlldics, th(' goodncss of fit analysis 

yi('ldnl sip,nific(tntJy lmp,cl' ,\ l vnhlf's ranging betwccI1 3.8 x 10-4 and 2.Dx 10-3 

(Tilhlc· '. 2), llldicat.illg ~Olll(, clfOgr<'(' of discrqmncy bdw(,(,I1 the maI1ual and au

t()ll1akd da!.a sC't.s. Til onkr t.o p;ct a !)('t.tpr fit, t.he dispc'rsioI1 time constant was 

\,;l1ipd \ H'bV('(' Il 4.0 allll 8.0 sand thc' r('s1l1ting carves \\,('r(' again compared with 

tl\(' IIw11l1al OIlt'S hy caklliating thc' COlT('spollding \2 vahH's. The small('st X2 

"tllI<' \\'eI!'> fOIlll<1 fol' a disl)('l'!'>ion tiIllC' COI1stant of T = 7.0 s. Also, the F\VHM 
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• analysis of the (150]02 blood curv('s showed a !wrsistill)!; mismatch bdwct'Il the 

manual and automated data sds (Table 4.4). This illtt'rcstiu)!; dilfc!ClH'l' be 

tween the bf'havior of the blond data, from t!l<' CI3F aIld C~m()l ~t.lldil'S, which 

might be linked to the differcIlc(' in t,he labdcd frad iOIlS of the hlood fOI t I\(' 

two traccrs, will be discussed in more dctail in chaptcl' 6. 

Table 4.2 Results of chi-square t.est betwceu IUaIlIlal and alltollHlkd hlno!! 

curvcs for CI3F and CMR o2 stlldics 

Subjcct X2 .! 
, ('HF \ ('I\IUoJ 

-- --- --- ----- - -

1 .s.1 x 10-() :3 RxlO 1 

2 G.4x 1O-fi 5.1x1O 1 

3 7.3xl0-6 5.7xlo- l 

4 7 8x 10-6 G.:3x 10 ,1 

5 3.2x 10-5 1.1xl0 1 

6 2.0xlO-!i 2.3x 10 1 

7 4.!)x 10-5 2.D X 10 1 

-------

rncan l.!)x 10-s 120 xl () '. 
- -- --- --

RI'&ults were obtamed with f'xtl'rnal 1 raCf'r (jpl.ly (ô,t) of -1 :, ~ 

and externat dIspersIOn tllne ronf-ol ail!. (T) of!i ;, '> 

• 
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Table 4.3 CornpariHOn of F\VHM for automatcd and manual blood curves 

used to ohtain CBF images. 

-- - - -------------- - ------

# FWHMnlLt [.-.] FWHlvlmrm [s] Difference· [%] 
-- - -- -- - -- -- --

1 10 Il 9 

2 16 17 5 

3 12 12 a 

4 13 13.r> 3 

5 18 I8.r> 2 

6 15 16 6 

7 14 15 7 
----------

tlWHll 14.0±O.D 14.û±O.D 4.5±O.5 

Il '- () 00;) ily p.u n'd St lIdt' nt 's I-lt'~l 

• 
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Table 4.4 Comparison of FWH!\I for autolllat,t'd and méUHllI! b!()()(! l'\It'\'('!4 

used to ohtain CM R{)2 imag('s. 

~- - -- - - -

# FvVHMaut ['<; ] FWIHvI ",,,n['~ 1 Dif[('l"('IU'('- [%1 
--------

1 18 22 lS 

2 22 30 2G 

3 20 28 2S 

4 14 20 :30 

5 22 2G 1[, 

6 22 2G 1[, 

mean lO.G±3.2 21:i.3±3.7 22 0 LG.78 

p < 0 0009 by péured Studcnt's t-fpst 

• 
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Figure. 4.10 Comparison of F\VHM for automatcd and manu al blood curve 

From CMRo2 st,udy_ 
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• CHAPTER 5 

CBF AND CMRo2 RESULTS 

Following applicatioll of th<' reqnir('d COlTcdions to thl' lI\lt.oll\ilkll hlood 

curves, which wcre discussed in t.ht' prcviolls chapt,crs, hot 11 t.ht' l"orrl'ckd aut.o· 

mated and the m<tIlual curve3 W('f(' IIs('d to <lualyze li S(,lll'<'; of CilF and Ct\.l HOI 

PET studies that w('rc p<'rfonnpd OIl youug Ilonnal vO\lltltt'{')S iI!'-o pmt of an 011 

going rcsearch project Th(, f('Sl11tiIlp, CI3F ilnd C.t\lHOi pails WC\(· cOlllpat('d in 

or der to aS5CSS the rcliabilit,y a.nd <!('p;r<'c of ('(l'tiva\I'IH'(' of tlH' !'wo b\()od !'-ol1lll 

plillg mcthods. 

5.1 CBF ResuIts 

Cerebral blond flow inmg<'s w('rt' g(,lH'ntU'<l fWIII )lo"i !,roll ('il w,siol1 t.OIl)O 

graphie data (Fig. 5.1) as dcscribl'd by Helscovitch d. al. [25] awl Haic1ll,' d, 

al. [2G], usiug thC' global fitting method for iutprnal (l<'lay COll('c!101l [1:1]. No 

correction for internaI diHpersioIl was applied sinc(', al il :-.a1l1\>\I· wi tb(\rawal lIow 

rate of 7.5 ml·ruin- t , this cf[ect has \wcu l-i})()Wll to 1)(' minima! [44]. FUlld,)OIIll! 

values were calculat.cd for al! fin(·(,u SiIIl1tlt.alH·01\<: ~!i(',':-, pl'oclll('(·d \)y t.!H' ln 

mograph and the rl'sults av('rag<'d iu onkr (,0 p;<,t t.lH' \I){'(ll1 whoh' "l'Hill 1 )JooC! 

flow for scvcn hcalthy voluIlt,c('r~, lI~illP; hoth IllClIllWI alld '11!10/Wt!f·d I)!ooc! dat.a 

(Table 5.1), Cornparison of the r(,~lIlt:-. from tlli.., :-.tlldy "how('r! t.b;JI., on ;IV/'l 

• 
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ag(~, the CBF valucs ohtained with automated bloo(l sarnpling WCfe consistently 

hig;Jwr ( +4%)) than thosc ohtained with mannal samplillg. This differencc was 

si~lIifkant. al, p<O.OO()1 hy St1ldcnt 's paircd t-test. Individual CnF values frorn 

<Lllt,Olllat(,d hlood data, in gcneral. ('xcecded those hWlCd on rnanual data by no 

UlOf(' t.ltan apPfoximately 5%. 

OIl(' migbt. be tf'mptcd 1,0 attribute the obscrve'<! discrcpancy bctween thc 

t. wo n'st d t:-; 1,0 the faet. t,hat manual hlood sampling fl'C!l1irC's recordillg of the 

st:nf. and stop l,illl(~ for blood samplt, collection and, tllf'fl'fore, is erraI' prone. It 

is weil knowlI that. t.illling errors as srnall as 1 fi in the' blood data rcsult in CBF 

('l'lors of allllost. 10% [25]. This [ad is illustratcd iu Tahlc 5.1 which SUffilna

riz(·s !.lI<' ('HO!' in CBF dll<' to il ±2 second timing <'rro!' in the hlood data (Fig. 

0.1) I1ow('vel', :-;ill('(' this timing ('rror is cxpectcd to occur randornly and sin cc 

1.11<' ('()ll'(':-;poll(ling CBF ('rIor assumes both positive and ncgativc values, the 

oh:-;e\v('d ('onsiskllt O\'('l'{':-.timat.ioll of CDF man by CDFauto (Table 5.2) is more 

likdy rdat.ed t,o th!' ohservation that. th<, FWHM of the Inanual blood curve 

is :-;lip,ht ly, hllt. si~IlÏti('ant.1y, wic\cr tlHlll that of the allto!l1ated onC' (Table 4.2). 

TIlls wid('l1illp; i:-; IllOSt. lik('ly dl\(' tn tl\(' liInitccl tilllillP; n'solution of the manual 

hhlO<! Cllrv<, 1IS oppos(d to t.he autlllllut('d Oll!' (:-'C(' ehnpt.er G for a more de-

t "iled di:-'Cl1Ssi(hl). The\efol'!', WI' lllaV ('oncludc t.hat, sin('(' t.he élutc)Jnat.cd blood 

s;l\upliI 1P; :-'Y:;!clll call l'l'corel (lata <'V('ly ha1f :;('(,01HI, the CBF values obtained 



• fre.ru the automated blood curves ar(' more l'diable t hall t hos(' t!t-rin'd fWIll t ht' 

mé'nuaiones. 

Table 5.1 Pcrccntage crror in whole hraia CDF \'<lh1(':-> J<'slllt.ill)!; fWIll 1\\illlllal 

blood curves wit.h a ± 2 s samplP t.imill)!; {'rt ot' 

~CDF [%1 

# +2 fi {'rror -2 S ('tTO! 

1 +5.3 -G.G 

2 +8.1 -G.3 

3 + 7.3 ·n.o 

4 +5.5 -8.;) 

5 +6.1 -7 8 

IIlCUIl±SD +G.5±1.2 -7.G~2.3 

• 
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Table 5.2 Wholc braiu CDF vaIncs (ml·hg-t·min- t ) obtained frOIn seven 

young volunt('('rs lIsing automated and manllal blood dda. 

Hl1hjpct, # CDFaut CDF man CBFg~l-pBFmgD .100[%J 
CHI' man 

1 30.8± 10.5 29.3± 9.5 +5.1 

2 4!U± 13.2 48.2± 12.3 +1.8 

3 343± 9.8 33.2± 9.7 +3.3 

4 34.2± 9.6 32.1± 9.4 +3.3 

5 40.l± 12.3 38.1± 15.6 +5.2 

6 37.1± 9.9 3b.2J: 9.7 +5.3 

7 54.5± 8.9 52.3± 8.7 +4.2 

Inean 40.0±8.7 38.3±8.6 +4.0±1.2 

ValtH's an' JIlpans ± SD 

Il < üol)OO 1 by pairpd Stlldcllt 's (-!pst 

• 
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Figure 5.2 Example of a CBF image uf one brain slice fwm a yOllllg VO!Il11f.(!Cr 

generated from automated blood data. 
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5.2 C;MII.().: Rcsults 

CMBo2 inw1!/'~ from HPw'n !J('althy volunt('('rs wcre obtained using the 

tillee-wdghted inte!!;rati;m method of Ohta ct al. [5} (Fig. 5.3). Mean whole 

brain c('fC,hral oxygen rndaholic rat!'); were calculat,<,d for aIl fifteen simultaneotls 

sliC'('fl, tI<liIl~ Inml1lal a.nd <llltorna tl'c! blond data, and the rcsults were compared. 

This cOIllpa.risoIl showed t.hat tlw CMRo2 values ohtain('d with the automatcd 

data W('fC' collsist'('ntJy nl0[(' than 20% high('r than t,hmw ohtaincd with the man

liai blcod data. EX('lllding t.!l(' Ilwmml hlood data timing uncertainty as a major 

rami(' for t his r"fmlt, for the same l'('ason as (liscussed in the previous paragraph, 

wc u!f'utificd t-wo ('al1~(,s whiC'h Illight explain our observation. First, wc noticcd 

t.hat. dis!lI'l'sioll COIf('d.ioIl with the' same time constant as in the CBF studies (r 

=0 5.5 s) dicl Ilot allow to JlI'OJ>crly match the mannal élnd the automat('cl blood 

(·\IIV('S. III part.il'lllar, th(' }Jpak }H'ights of the automat(·d cnrves consistently 

faikcl t,o !'(';w!t t,!IOS(' of the maIluHI (mes. Gradually incrcasing the external 

dlS)Wrsioll tilll(' COliS! aut lcduc<'d the discf('pancy bctw('('n the Inanual and the 

tll\t.olllatc·c1 CI',.,IR o1 whieh, for T = 7.0 s, reached a minimum of approxilll.ately 

12%, hut. did Ilot vilniHh (Table 5.3). The remaining diffcrcnce thercfore, was 

ap;nin at.tl'ihllt('d !o tll<' di:-.crepallcy in the FWH:NI hd.weC'n the manual and the 

attfollla t<'d blood ('mves whj('h was Illuch more ÏInportant hcre than in the CBF 

s!udi('s (Table 4.3). This issue willlw discussed in ('hapter 6 . 



• 
Table 5.3 Wholc brain CMRo2 valucs (JlI1l()l·h~Cl·llIill-l) oht.aill<'d f101I1 ~;('yt'II 

young volulltecrs using automat('d ,Illcl mall1HlI J.lolld da ta. 

- --- --- -------- --- -- - - - -- - - -

CMR0
2

f1!un CMII()~lUt-(:M/~·~~.100[%\1 
----------------------( ~~~<!..~~~,,-~ ----- -- --

subject # CMROlaut 

1 lû8.1± 60.5 152.3± 59.5 + \(l ~l 

2 lûû.8± 65.1 152.3± G3.4 I!) ;) 

3 140.1± 60.3 128.3± [..7.8 1 !). 1 

4 139.2± 58.3 127.1±555 1 DG 

5 145.5± 49.9 130.3± 48.7 ~-I Lü 

6 155.5± 59.9 143.5± 52.3 -18.:~ 

7 150.5± 55.5 134.1 ± 50.5 +12.2 
------ ------ - -

mcan 152.2± 11.8 138.3±11.0 + 1011:2.3 

Values arc means ± sn 

p < 0 00006 by paircd Studcnt's t-t('~t 

• 
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}'igure 5.3 Examplc of a CMRo l image of one brnin slice from a young volunteer 

gelleratcd from automated olood data . 
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CHAPrER 6 

l' l .CUSSION AND CONCLUSIONS 

i~ositflm emit,,,ip .. ,umography allows the in-vivo ill\·('~tip;(ltiotl of il Vat idy 

of physiologie 1 

of rnca.<;',u" ok l " l' , 

vsiological proc('ss('s. TIlf'ir qUllutiHraholl in knlls 

as CnF f<"'qll1f('S t.h!' kllowl('dp;(' of t.h(· nrf('lial 

concentration .. ,\ f 1 its cv('ntnal IlH'taholit,(,s. In lllOSt. inst.ances, hut. 

particularly during dj. .> ,e ~bdiC's w}wre tlH' t.issu!' radio(ldivit y is r('conled 

as a fnnction of time, rapid samplillg of th(· nd,Plial input. fUlldioll is tcq1liJ('d 

sinœ tracer administration is frCf!llCll t.ly pp, fOfllll'd as il bolus illj('d IOlI w Il i('h 

results in a rapidly changing initial phase of tJw arkrial t.racer (,Olu·(·nt.mt.ioll. 

In addition, most positron cmit,t,ing ra.dioisot,Oj>f'f; an' f('lat.iv(']y SJ.Ol !.-liV<'d wit.h 

oxygcn-15, the most frcqucntly lls('d trac('r for CHF IlH'HS1\l(·IlH·nt.s, haviJl)..', a. 

half-life of only 2 min. 

The use of automated blood sampling duriug such st11di('s has il 11Ima!WJ 

of advantages. First, the sampling tinH' int('rval can 1)(' f(·<111('(·<1 flOIIl t.11I' prac

tical manual limit of approximat,{'ly 3 t.o 5 s to a fract.ion of a st'('oud wbicJ. 

allows a more faithfui recording of the truc shape of tIH' mt,Niai inp1lt. fllllCt,ioll 

Second, the accuracy of automat.C'd timing is :mperior t.o t.ha.t (1)!'aiIl('d by tilt' 

man;pulation of a stopwatch. Fllrtlwrmofe, a single iuclividllal C11I1 p(,l'f()J III Hw 

automated blood sampling with minimal manual illtprwut.ioll alld, tllt'n·fOJ(', 
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rf'du('('d ('XpOSlIfC to radiation. Proprrly tf'sted automatcd blood sampling sys-

t,(!IIlH abo facilitaü, the routine performance of a nUTIlhrf of PET investigations 

which an! more aud Illore fr('(!1lf'Iltly ~wrn in clinical npp1ications [14,15,23]. 

The disadvantage of 1i1l('h blood Hampling HyskIllH, howcvpr, consists in the 

('xt(~rIlal Ha.rupliug catheter whic h cxtends from the mannal ~·;ampling site to the 

ext(,rIlal radiation ddector. This nccc8sitates an additional correction for tracer 

arrivaI d('1 ay and diHlwrsion, tcrmf'd ('xtrrnal de1ay and disprfsion, as opposed 

1,0 t.}w dclay and di:-;!>er:-.ioll incurred hy the tracer in the blood vesscIs of the 

hody lH'tw('('n Ut(' hc·art. and the hrain on the one hand and between the heart 

and t.hc· IWriplH'ral manual sampling site on the other hétncl. Most physiological 

paraIIH't.c·r~ (lc-riv('d from PET :-;bldic8 arC' sensitive to ('lTors in these corrections, 

part,jclIlarly (·:-;t.imèltc:-; of quant.iti('s rcIated to the intravascular space such as the 

illit,iéll va!-cular (list.ributioll volume of watcr [5]. 

'l'Il<' approèlch we chOf\(, for th(' evaluation and implementation of the 

Sca.udit.ronix ADSS i:-; bascd on a comparisQI, of the mammlly samplcd blood 

dat,a wit.h t.hat. obt.aillcd wit.h the ABSS lIsing data from PET CDF and CMRo2 

Ht.ndic:-; dllrill}l; which mamml élnd alltomated blood smnpling was simultane

ously {lcrforlll(,cl. Our aim was to dcmonstratc that, aft,er application of the 

appropriat<' corr('dions for rxt.('rnal dday and dispersion, the manual and au

f,olllatccl blond C11[\"('8 \Vere practically cqnivalent, i.e., cxhibited similar shapes 
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and yi('ld('d comparable CnF and CMRo2 results. In ordt'r to validatc s\1ch 1\ 

comparison, we carefully vcrifit"'d that tht"' simultant'ous manual sa.lllplil\~ did 

not affect the automatcd blood data (8('(' chhpt<'r 3). 

T'his approach was chosen to allow us to pro\'i<l(' PET inv('st.i~é\tnt s wÎI Il 

blood data they cou Id use with existing analysis software t,aiIOlt'd t.o 111llll1\lIl 

blood data. A less fl('xible although mort"' cOlllprdH'IlSiv(' approach wOllld havI' 

becn to incorporat.e th(' total (inclllcling the internaI aIld exf<'l'1lal COllllHH\('llts) 

trac_r delay, 6t, and dif-:persion time constallt., T, clil't'dly illt.o t,II(' !('spedive 

model equations as fitting panmlf't.ers [34,42,]. This wOl1ld haVI' rt'qllin·d t.JH' 

modification and rctesting of th(' allalysis softwnn' for ('é1ch illdividuéll PET 

model (e.g. the CnF, CMR o2 and env models, dc.). Furt.lH'II\lOJ(·, titis ap-

proaeh Illight fail if the nmnber of fit.ti!l~ para m<'f('rs IH'C(\llH'H t.OI) la r~(' (1'.1!; 

larger than about 4). 

A positive aspect of the Scanditronix AllSS i~ itp ('oiucidpw'(' (!t-t.('dioll 

design which rcsuÏts in a very low background (,OI\Ilt rate (l('ss thall 1 %), 1111 

important feature considering tht' large source of hél('kgrOlllld radiatioll lq>l(' 

sented by the radioactivity distriblltcd in the body of tJJ(' s1lhjf'd, IlIHkr )!;Olll)!; 1.111' 
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PET ~tlldy ()IH~ aspect of t.he Scanditronix ABSS, howC'\"('r, which wc consid('r 

1,0 tH' ~llbopt.imal i.., tlH' Il~(' of a peristaltic {lump for th withclrawal of blood. 

J Il our {'xlH'ri('IH'(', sile h a pllm p requin's ext rCIllC' car(' to gnarantee a constant 

wit.hdrawal rat"" and WI~ IHwe shown that ~t and T df'pend very critically on 

HIC blood wit.hdrawa] rate. Wc would tlH'r('forc recommC'Jl(1 the us(' of the morc 

ldiabk SyI iHgf~ withclrawal pmup typc alr('ady uscd in ot hC'r laboratories [33,35]. 

For praetical reaHons, ratlH'r than llsing hlond lalwlkd with the short-lived 

t.wn'l' Ir.O ('f 1/ 2 -=2'()3 min), WI' <'1IOS(' to inv('~t,i~at.(' t.11(' physical charad.eristics 

of t.!w ABSS, such as its liIH'arity a~ wdl as it.'l ('xt.(,f1ml dC'lay fll1d disp('rsion, by 

!I){'HIIS of a waf,f'r-:mgnr solution with the same avera~(' viscosity as tlIat of blood 

aud lalw]('d wit.h t.lw lougf'r-liwcl positron ('mitter Ga-fiS (T t / 2=68.3 min). 

Wc' fOltIHI t hat onr ADSS ('xhibit('d ('xcclknt liIH'nrity in the practically cx-

pcdcd rau!!.(' of hlond radio(tctivity conc('ntrations (Fig. 3.7). Also, our manual 

calil)} atioll !>l'O('('(htn, designcd tn make t.he aut.ornatC'd hlood data (cps) com

pat.ible wit,h t.h(' mallual data (f'ps·g-l) prond to he ('xtrC'Illely inscnsitive ta 

t.i 111 illg ('HOI S d \1(' t () t h(' judiciolls scl<-ction of the calibrA tion S~1f"ll)lcs from the 

lakl, rdativdy flat port.ioll of t.h(' blond CUfVC. 

Ollf' of t II(' import.ant ("orrf'dioll paramC't,C'rs, IHllIldy the extcrnal tracer 

(h'lay, tit, lwtW('('Il t.h(' art.<'rial smnpling site (usually t.h(' radial artcry) and the 

posi t ion of t.he l"adi .. t,ioll df't ec! or , was ddcrminf'd in thr('(' ways: 1) by means of 



• a calculation ba.,,('d 011 the' php,ical dimcnsions of tl\(' wllhdtawal ntlllt'kl. II\(' 

artcry-dett'dor distance a~ wl'll as the witlHhawal tlo\\' lat(' ~cq\la!i(\ll :l ~). ~) 

by ffiC'é\Suring the transit t,iIlH' of t h(' t,t'st fluid bd Wt'('1l ! Il<' artt'I wl sa 1l\ pllllp, ~i 1 (' 

and the position of the radmtion ddl'dor; 3) by fi Hill)!; a ~tcp I('spllm.(· ~\llICflOIl 

to a stcp input expt'rim(,Ilt as c!Psnibt'd in para~raph 3.3.G.2 l t.he skp illp\lt \\'IIS 

achievC'd by manllally dipping the proxiuléll <'ncl of tlll' wit hdt nwal l'al 11<'1('1 illio 

a bcak('r of radioactive solution Ht tin\('7,('fo). Comparisoll of 11\1' 1(,~II\tS flol\l 

thcse thr('c dd('rminations showccl agrC'('nH Ilt wit.hin J'Xl 1)('I.WI'I·1I t lit' lI\('a~1I1 cd 

(4.50±O.50 s) and fittcd (4.G5±O 55 s) valtlf's whil(' t IH' calculal.(·d ddny was 

about 10% largcr (4.98 s), probahly due to flnduatiow., ill 1111' ('nt.hd'·1 di,IIlIt'!I'1 

or inaccl1facics in its dd(,l'millatioll (not,f' that dl<' ('al('1I};II,(·d d('lay IS plOpOI 

tional to the square of the ca thdel' diauH't,('r). WC' (' 1 )(l~(' t 1 If' phy~i(,illIy Ill('''~, t 11(·<1 

value of 4.5 s as the standard d('Jay (,OrIf'diOIl fol' " fix/·d 20 ('III 111 tl'I Y dd('I'lol 

distancc and a withdrawal flow rat.e of 7.5 ml·min- J • 

For the descript.ion of the' ('xtcrnal dispf'rsioIl, Il silIlph' lIl<lIl()('XPOIH'lIl.wl 

ITlodel with tlH' dispersioIl tiIll(' C'onstant, T, as th(' ouI y par:tmd('r [.1.11 was fOlllld 

to be satisfactory for H2 L'iO bloocl curv('s from CDF ~t lltli(':-, l'Il(' (i1;"J)('J ~j()11 t Ill\{' 

constant was c!('t('rmined froIIl ~t('p rcspOllse fllIlCtiOl\S by 1Il('all~ of 11011 lilH'HI 

lcast squares fitt.ing and llsing 1.11<' mcthod of Laplac(' tI'lIIlSfOlIII!-. t,o J('('OV('I t.}\{' 

"d' 1" C' 1 1" . f f ) un lsperse< l.e. no ext<'rna (lSIH'rSlOn COIl1/lOIH'It!) IIIJ>11t. 1\nd If)fl 11)111 t. II' 

• 
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di~I)(TSI·d (alltollmt,·d blood ('urve!) one hy m('(Lns of d(,(,oIlvolution. This procc

d,Ill' Il'(l'lIn'cl t./w (knvativ(' of t}w di~p('r~('(l input functiol1 (equation 4.3) which 

illtrodll('('d ft sig;nifinlllt. <111l01lIlt of noise to the rc:·mlt. A paraholic re!gre~sive 

filtpf wa.s t,lH'rdof(~ IIS('c! to smoothc tl1(' decollvoived êl1lt.ornatC'd blond curve 

whic!J flH'ihtat.('cl t }j(' vi~llal compari1->on with the mannal onc. Particular care 

was tak('/l ilOt. t.o di: .. ;t,ort t IH' peak hcight of the curve by SIIloothiug the' peak 

êm'a ollly V('ry lightly whilp applying a mllch strongf'r d('gn'(' of smoothing to 

t.lH' f1at.t.I·1 pOl t.ic/ll of tll(' CtlfV<' (t.irnc-variablc filt.f'ring). 

Allot Ij('! llpprollcb to t.his d('convollltion probl('lll wou Id have hf'CIl th(' use 

of FO\ll'il'! tr;lII~fOl IlIS This aW'IlIlC, howC'w'r, was Ilot ('xplored herc duc 1.0 time 

('Ol1st! aillb. 

1'11(' lIOII liw'ar II'1\st. squares fittiug program was tc:=.tcd on simulatcd Iloisy 

st,q> !('SPOllS(' flllldiolls with known vaIlles of T. For this purposp, the gencra

t,ioll of llludolll variabl<'s (or deviatcs) hy means of a réllldom Iltunt)('r gcncrator 

was I\S(' \. Sill(,(' sl1ch simulations arc ('sfwlltial in many a rcas of PET -relat,cd 

It'SPHlch, wc d('dieat(,cl a fnir amount of time to this subjpct, (sc(' section 3.3.4). 

Analysis of t.he disp('1'sioll time mllstant studics showed that T dC('l'euscd 

aPP1'oxilllatt-ly lilH'arly wit.h incf('asing wit,hdrawal flow 1'at<, and dccrcasing artery

cat hdc! distaIlc('. This })('haviour wodd hp intuitivdy f'xp<,ct.cd. Thc dispersion 

('(ln ('ct iOIl fado!', t IH'I't'forc, bCCOIllCS minimal for the largest affordablc blood 
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withdrawal How ratC' and tilt' ShOl tc~t physlcally ft'H'-Ihlt' dl kl ~ d.,It'..tnr dl~ 

tancf'. Bas('cl on tht's(' ohseIvations, w(' c!H)<.,(' lu ojwlak Iht' ABSS flll .1 tixl'd 

set of paramcters which illcll1df'd a r<'lalivdy lar,c,l' Wlthtlli\W.d tlO\\ laI\' ,)1' -;;) 

ml·min- 1 (which is roughly HIC' sanH' a.s tbat pn'Vloll,-Iy Il'-,.'d \\1111 1\1<11111:11 ~,1I111 

pling) and an artcry ddcdor distallcC' of 20 1'111. In Ihis ca:-.(', Ihl' ('"\11'1 liaI d('!;IY 

is 4.5 s and the disp('rsioll tillH' constant 5 5 s. 

Since the blood vis('osity may vary frolll slIhjl'cI tll <"lIhy'd, j )dl t 11'111.11 Iy 111 

certain disC'élses :·mch as polycytlH'llIia \'CI a, W(' lIH'a~11n'<1 t Il<' dqH'lldl'l1ll' (II 7 • d\ 

the viscosity of the watcr-:mgar soll1t.ioIl \Vlt !Jiu 1 he ('XI)('('It'<1 dlllll;t\ 1 ail 1"1' III 

viscositiC's, this dcpcndencc was [0111111 t,o \)(' 11(',c,lip;ihlf' Sille\' 1('.11 blplld l', Ilot d 

NC'wtouian fIuid, as opposcd to wah'l, and tll('\,('fol(' ('xlllh!l~ <Idl'('I('11I \'l''('(),,ity 

characteristies, one Illight waIlt to r<'jH'at Ill(' bdtfT ('XP('lilll('111 w1!!t hlood a', 

the test fIuid in orcier to confinn onr ob:,t'rva t inll, 

For the comparisoll of tJl(' cnlihratt,cl, d('lllY and <11"1)('/ },IOII ('011('( kd, ail 

tomatcd blood curve with the' mml1wl 01\(', wC' cll()~(' to IWI fil 1 III ;\ \ ~ tf",t. Il"II\~', 

the manual curve aH a r{'f('n'Hec. Thl' \ '2 vahH' \:, (':,sPllli;dly ;\ 11011l1alm,d "11111 of 

!cast squan's which gds sIlmll('l', tlw 1)('1,11'1' t1H' fit, ,,"d vi('(' VI'I',;\ \VI' fil 1 1 Il!'l 

uscd the F"VH:NI of the Tlcak of t}1<' t wo 1'111 Vf'H aH " Il )(,;\II~ of ('0111 p<lII',OIl 

In the case of H2
150 hlood CllfW'S from CBF :,11)(111''1, tlll' Iwo ('IIIV("., 

matehcd 
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vl'ry do:-,dy (Fig. 4.0). \Ve attribute the slightly but cOllsistently wider F\VH11 

of tlle IlHlllUa.1 eurve (Ta.ble 4.3) to the largcr manual sampling interval which 

c!(){!l'> IlOt. allow tn rccover the truc blood curve ~llape with the same accuracy as 

the AIJSS which ha.s a 0.5 s sampling intcrval. The slightly higher CBF values 

(4%) obt.aillccl with the automated bloocl curves is consistent with this observa

tion sill<'(\ for a given tissue time-activity curve, the nan ower the Llood curve, 

Ut(' lm'gel' the correspomling CI3F value. The possiLility that a manual timing 

('nor might he the cause for tilis 4% diffcl'ence wa.s nùcd out on the grounds of 

its rawlolIl nature which would have lead ta positive and negative fluctuations. 

TIl<' average CI3F values derived fIOm bath blood curves agree well with liter

aturt' values from silllilar PET studies [G]. Based on the above arguments, we 

cOlldude tlmt. the qua.ntificat.ion of Ih !r,O bolus CI3F st.udies using blood data 

collcdecl with the Scallditrollix AI3SS is accurate and reliable. 

WlleJl comparillg tllt' blood curvc~ from the 0 150 C:tvlR o2 studies, the X2 

values were snbstallt.ially lm'gel' than in the CI3F case (Table 4.2). AIso, the 

discn'IHlW'y betw<-'Cn the two F\VHM Ulcasurelllents wa.s more pronounced (Ta

hie 4.4). This led to Cr..JR02 ('stimates which werc 20% larger whcn calculated 

fIl .... tht' manual cnrves. EveIl whcn thc dispersion time constant was arbitl'arily 

iIHTt'm;l'd frolll the standard vaInc of 5.5 s to 7 s, which gave a sornewhat better 

IIHltdl of the two blood curves, a discrcpancy of approximately 12 % rcma.incd 
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betwecn the two CMRo2 t'stimatf's. Howf'wr, hotl! yahH's WITl' within tll(' nlUP;(' 

of acccpted average CMRo2 valucs [6]. 

This important remaining diff('n'IlCC ('ouM IlOt. 1)(' ('xpiailH'd by t h(' dif

ferent length of the blood sampling illtCl'vals, mul wc' had t.o look for Il mol"C' 

plausible reason. One {'xplnnat.ioll wc COIlsid<'1"('d \Vas has(·d ou t 11(' fad t.hat., 

unlike in t.he CBF st.udics wlH'r{' th(' t.racpr H:.!\50 is qllilP ulliforIIIly distl ihllt('d 

between red blood ceIls and plasmn, in the CMR o1 st1\cli('s wit.h ()150 élS a t,nu'('l", 

red blood ceIls arc cxclusivdy lal)('I .. <1 due to tl\(' hip,b affi1l1ty ()f lllo1('("1I1m oxy 

gen for h('moglobin. It is known [G 7J t.hat t.!H' How p<l t It-I'IlS of I .. d blood ("('Ils iIIul 

plasma mny <liffer suhstantiaIly, pnrticulmly in V(·"~·'i('ls \Vith di<lIll<'lI'\S ()f llIllll 

or less. Under snch conditions, significant IH'lllatO('l it. HIlct.llations lllily "lslI (JI' 

cur which further complicat.cs t.he issue. Sillc(' Hw ('orn'dioll par<lI!lI't('IS Ôt. 

and r were derived from a uniformly lab('}('<1 aqw'Ol1S sol1\tioI! flowing t.h101Ip;h a 

catheter with an inIler diamctcr of approximatdy 1 III III , i t. is Ilot, SlII]>1 isill).!, t.ltl! t. 

they do not exactly apply t.o the cnsc of nOIl-lllliform!y lal)('!{'c! Illood '1'IlI'l ('-

fore, when T was art.ificially incr('ns('d, the' méLuual il Tld a 11 tOllla t.(·cl hlood ("Ill VI'S 

more closcly resemblcd each oth('r. The f('maining cliff('f('l\("(' ill ~bap{' wight. 1)(' 

related to a combination of cff('cts dllc' to tlw diffl'rcIlt How pattt'lIls of plasIIlii 

and red blood ceIls as weIl as to possible hcmatocrit df(·ct~. This illt.1 igllÎllg 

phenorncnon, thcreforc, deserves fllrther invc~tigation 
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Tbe ilIlportall t cOIldll~ion tn be drawn from tlH'sC observations is that, in 

ord(~r tn avoid significant quantification ('rrors in th(' analysis of PET studies, the 

ext,(~nml dday alld dif>!wrf>ioll cbaractc'ristics of automat('d blood sampling sys

t('ms shollld 1)(' ('valllat('d individllally fOf ('ach traC('f ratllf'f than dcrivcd from 

U'sts wit h uuiforlJlly lalH'I('d radioactive solutions [58]. If this is not po~sible for 

practical l'('<Lf>OIlf>, dfects 1l'laÜ'd to the proportioning of the label bdwccn the 

plasma aJl(I !('d blood l'dl fractiollf> have' to 1)(' car('flllly l'xamincd. In faet, cven 

1.11(' Hligbt. dis('tI'!HIIH"y in tlH' CDF f>hl<lic's might b(' due' to th(' known, although 

small, difff'l('w'(' in tllC' fractiollal watcr contents of wholc hlood (0.80 g per g

hlood) aIHI Jlla~llla (0.92 P; p('f g-plasma) [4ï]. 

III Slullmary, t,lwll, wc IIlay Fay that wc have sllcc('ssfully implcrncntcd the 

Snul<lit.rollix ADSS for rolltiu(' llS(' in quant.itative HZ15Q bolus CBF studics . 
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a b c d e f 9 h i j 
35873.02 a 00 0.50 0 57 64 0 82 67 0 
3'>873.57 0.50 0.50 0 39 56 0 87 73 0 
3'>874.02 1.00 0.50 0 47 54 0 76 40 0 
35874 52 1 50 0.50 0 37 61 0 79 55 0 
35875 .02 2.00 0.50 0 43 72 0 73 53 0 
35875 .52 2 50 0.50 0 44 58 0 86 54 0 
35876.02 3.00 0.50 0 48 91 0 80 67 0 
35876 52 3.50 0.50 0 61 65 0 82 79 0 
35877.02 4.00 0.50 0 62 78 0 103 65 0 
35877 .52 4.50 O.':J 0 68 80 0 93 86 0 
35878.02 5.00 0.50 0 82 87 0 92 91 0 
35878.52 5 50 0.50 0 84 n 0 102 73 0 
35879.02 6.00 0.50 0 79 109 0 127 98 0 
35879.52 6.50 0.50 0 88 108 0 123 95 0 
35880.02 7.00 0.50 0 113 139 0 148 129 0 
35880 52 7 50 0.50 0 141 178 0 175 144 0 
35881.02 B.OO 0.50 0 182 209 0 191 196 0 
35881.52 8 50 0.50 1 190 228 2 237 196 0 
35882.02 9.00 0.50 0 232 238 0 239 250 0 
3Se82.52 9.50 0.50 0 218 244 2 276 248 0 
35883.02 10.00 0.50 0 254 294 1 318 275 a 
3')883.52 iO.50 0.50 0 253 309 5 293 243 0 
35881 •. 02 11 00 0.50 0 268 300 2 334 304 0 
35884 .52 11.50 0.50 0 268 322 2 330 275 0 
35885.02 12.00 0.50 1 282 322 0 320 298 a 
35885.52 12.50 0.50 1 306 351 0 376 338 0 
3,886.02 13.00 0.')0 1 349 442 1 458 379 0 
35886 52 13 50 0.50 0 369 435 9 458 383 0 
35887.02 14.00 0.50 3 408 443 13 478 439 0 
35887.57 14.50 0.50 4 438 515 1 481 426 0 
35888.02 15.00 0.50 5 391 505 7 539 457 a 
35888 52 15.50 0.50 1 4:>4 53B 5 49B 450 0 
35889.0? 16.00 0.50 1 443 541 3 571 458 0 
35889.52 16.50 o 50 1 434 527 6 549 481 0 
35890.02 17.00 0.50 0 477 593 1 586 463 0 
35890.52 17.50 0.50 4 438 513 2 567 492 0 
35891.02 la.oo 0.50 7 459 497 1 548 477 0 
3~891. 52 18.50 0.50 6 453 584 8 S9B 478 0 
35892.02 19.00 0.50 8 506 566 3 571 444 0 
35892 .52 19.50 0.50 7 457 574 5 602 529 a 
35893.02 20.00 0.50 19 627 628 16 638 587 0 
35893.52 20.50 0.50 28 633 725 28 706 582 0 
358Q4. OZ Z1.00 0.50 50 71B 785 38 776 670 0 
35894.52 21.50 0.50 75 766 921 63 883 803 0 
35895.02 22.00 0.50 113 859 1011 91 948 91B 0 
35895.52 22 50 0.50 147 1020 1144 127 1079 1045 0 
35896.02 23.00 0.50 196 1244 1373 142 1219 1124 0 
35896.52 23.50 0.50 242 1398 1584 213 1433 1414 0 
35897.02 24.00 0.50 335 1762 1917 248 1694 1639 0 
35897.52 24.50 0.50 365 2028 2188 333 1992 1877 0 
35898.02 25.00 0.50 480 2336 2470 423 2305 2242 0 

a. Ture of the day ln seconds 
b. TUIe Slncc start ln seconds 
c. Sarrpllng Inte:::-\'a1 ln seconds 
d. COlncldencc count ln the flrst detector pair 
e. Slngles count ln the flrst detector palr, first detector 
f. SIngles count ln the flrst detector palr, second detector 
g. LOlncldcnce COlmt ln the second detector palr 
h. SIngles count ln the second detector palr, flrst detector 
1. SIngles count ln the second detector palr, second detector 
j. l\cqulred count from the all.'allary lnput 
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APPENDIX II 

PROGRAMS "RAND.FOR" Fon RANDCH..,,1 NlTMBEH C:ENEHATION 

AND "GASDEV.FDR" FOR NORMAL DISTBIBUTION 
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C---------------------------------------------------------------C---------------------------RANO.FOR-----------------------------
C Returns a uniform random deviate between 0.0 and 1.0 using a 
C system-supplied routine RAN(ISEED). Set IDUM to any 
C negetive value to initialize the sequence. 
C---------------------------------------------------------------C----------------------------------------------------------------

function rano (idum) 

dimension v (97) 
data iff /0/ 

C----------------------------------------------------------------
if(idum.LT.O.or.iff.eq.O) then 

iff = 1 
iseed = abs ( idum) 
idum = 1 
do Il j = 1,97 

dum = ran (iseed) 
Il continue 

do 12 j = 1,97 
v(j) = ran(iseed) 

12 continue 
y = ran (iseed) 

end if 
C----------------------------------------------------------------

j = 1 + int(97.*y) 
if(j.GT.97.or.j.LT.1)pause 
y = v(j) 
rano = y 
v(j) = ran(iseed) 
return 
end 
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C---------------------------------------------------------------
C-----------------------GASDEV.FOR-------------------------------
C Returns a normally distributcd deviate with zero mean and unit 
C variance, using RANO as the source of uniform diviates. 
C---------------------------------------------------------------C----------------------------------------------------------------

real function gasdev(idum) 
C----------------------------------------------------------------

impl ici t none 

integer*4 iset,idum 

real*4 vl,v2,rano,r,fac,gset 
C--------------- ------------------------ - -------.. _. --"------- ------

data isetj 01 
if (iset.EQ.O) then 

] vI = 2.*rano(idum) - 1. 
v2 = 2.*rano(idum) - 1. 
r = vl**2 + v2**2 

else 

if(r.GE.l .. or.r.EQ.O.) go to 1 
fac = sqrt(-2.*log(r)/r) 
gset = vl*fac 
gasdev = v2*fac 
iset = 1 

gasdev = gset 
iset = 0 

end if 
C----------------------------------------------------------------

return 
end 
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APPENDIX III 

PHOGHAM "MAINFITGAS.FOR" FOR DETERMINATION OF 

SIMULATED DISPERSION TIME CONSTANT USING STEP RESPONSE 

OF ACTIVITY 
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C---------------------------------------------------------------
C----------------------MAINFITGAS.FOR----------------------------
C PROGRAM TO FIT STEP RESPONE OF ACTIVI'rY ] N OR DER 
C TO DETERMINE DISPERSION TIME CONSTANT 
C---------------------------------------------------------------C----------------------------------------------------------------

DIMENSION Y(200) ,X(200) ,A(50) ,DELTAA(~O) ,SlGMAA(50) ,YFTT(:?O 
1 SIGMAY(200) ,TI(200) ,CO(200) 
character*120 input_file,fitted_file 

120 format (12 Da) 
106 format(1x,3flO.4) 
550 format(3x, 'ENTER INPUT FILE NAME: ..... ',$) 
600 format(3x, 'ENTER FITTED FILE NAME: •..•• ' ,$) 
605 format (3X, , ENTER CONSTANTS •••.. : ',$) 
606 format('3x,'ENTER MODE ••.. : ',$) 
C607 format(3x, 'ENTER MODE •••. : ',$) 
608 format(3x, 'ENTER NPTS •••. : ' ,$) 
609 format (3x, ' ENTER N'rERMS .•.. : " $) 

C------------------------- -----------------.. ---------------------
wr i te (6, 550) 
read(5,12D)input file 

open(unit=l, name=input_file, type='old', rcadonly) 
write(6,600) 

read(5,120)fitted file 
open(unit=9, name=fitted_file, type='new') 

C write(6,605) 
C read(5,*)npts,nterms,mode,sigmaa,sjgmay 

write(6,606) 
read(5,*)mode 

C write(6,607) 
C read(5,*) 

write(6,608) 
read(5,*)NPTS 
write(6,609) 
read(5,*)NTERMS 

C do 11 i=1, npts 
C----------------------------------------------------------------
C read ( 1 , * ) X ( 1) , y ( 1) 
C y(I)=y(I)+«O.1*Y(I»*(RANO(I)-0.5» 
C type ~,X(i),Y(i) 
C========================================================:~==~==-

C NPTS=100 
C NTErutS=2 
C 13 MODE=O 

TYPE *, 'NPTS:','NTERMS:','MODE:',NPTS,NTERMS,MODE 
DO 100 1=1, NTERMS 
TYPE *, 'TEST' 
A(I)=l.O 
SIGMAA(I)=l.O 
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DELT~ ~ (1) =0 • 1 
100 

C 
CONTJ.NUE 
WRITE (6,15) 

C 15 FORMAT (3X,' A') 
WRITE(6,16) A(1),A{2) 

C 

C 

C 

16 FORMAT(F10.3,5X,F10.3) 
20 DO 50 I=l,NPTS 

X(I)=I-1 
Y(I)=A(1)*(1.0-EXP(-X(I)*A(2») 

dumi=555 
y(I)=y(I)+«0.05*Y(I»*(gasdev(dumi)-0.5» 
SIGMAY(I)=1. 0 

50 CONTINUE 
type *,'DUMI:',dumi 
DO 110 I=l,NTERMS 
TYPE *,'TESTl' 
A(I)=2.0 

110 CONTINUE 
3 DO 5 I=l,NPTS 

WRITE(6,36) XCI) ,Y(I) 
5 CONTINUE 
36 FORMAT(FIO.4,5X,FIO.4) 
200 CALL GRIDLS(X,Y,SIGMAY,NPTS,NTERMS,MODE,A,DELTAA,SIGMAA,YFI 

1 CHISQR) 
TYPE PARAMETERS 
TYPE *,'CHISQR:' ,CHISQR 
WRITE(6,250) 

250 FORMAT(3X,'TIME' ,9X,'ACTIVITY' ,9X,'YFIT') 
300 DO 502 I=1,NPTS 

WRITE(6,3:'>0) X(I), Y(I), YFIT(I) 
wr i te (9, 350) X (1) , y (1) , YFIT (1) 

502 CONTINUE 
350 

551 

FORMAT(F10.4,5X,FIO.4,5X,FIO.4) 
WRITE (6,551) A (1) , A (2) 
FORMAT(FIO.4,3X,FIO.4) 
close(!) 
close(9) 
STOP 

END 
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APPENDIX IV 

PROGRAM "GET_CALBLD.FOR" FOR CALIDRATION OF' 
BLOOD CURVE ALONG \VITH THE CAUUnATION SHEET 

1,.,-
_1 
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c---------------------------------------------------------------
c---------------------GET CALBLD.FOR-----------------------------
c PROGRAM FOR CALIBRATION OF THE DECAY CORRECTED 
c BLOOD FILE 
c---------------------------------------------------------------c----------------------------------------------------------------

character*120 cnt 

120 format(120a) 
106 format(2flO.l) 
601 format(3x,'Enter DECAY CORRECTED BLD file name .....•• : 
603 format(3x,'Enter CALIBRATED BLD file name ....... : ',$) 
605 format(3x,'Enter Constants ....... : ',$) 

real B,d 
c----------------------------------------------------------------

write(6,60l) 
read(5,120)cnt 

open(unit=l, na~e=cnt, type='old', readonly) 
write(6,603) 
read(5,120)cnt 

open(unit=3, name=cnt, type='new') 
write(6,605) 
read(5,*)al,a2,a3,a4,bl,b2,b3,b4 

do Il i = 1,500 
c----------------------------------------------------------------

read(1,*,end=119)ti,act 
c "ti" and "act" are time and activity from the decay corrected 
c blood file 

Il 

f =(al*bl+a2*b2+a3*b3+a4*b4)j(a1*a1+a2*a2+a3*a3+a4*a4) 
b = act*f 

write(3,106)ti,b 

c----------------------------------------------------------------
119 close(1) 

close(3) 
type *,'calibration factor = ',f 
stop 
end 

c----------------------------------------------------------------
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C----------------------------------------------------------------
C---------------------GET DELCONSMO.FOR--------------------------
C READS CALIBRATED BLOOD CURVE AND APPLIES DELAY 
C AND DECONVOLUTION PROCESS ON IT PRODUCTNG A 
C SMOOTHED VERSION PLUS ITS DERIVATIVE 
C---------------------------------------------------------------C----------------------------------------------------------------
C SET NEGATIVE VALUES OF CTRU TO ZERO 
C OTHER MODULES REQUIRED:DREDBLD,DERIV 
C X,Y ORIGINAL NON-UNIFORM TIME SEQUENCE 
C XU,YU: UNIFORMLY INTERPUI~TED DATA SEQUENCE 
C YFIT SMOOTHED UNIFORM DATA SEQUENCE AT TIMES XU 
C Z SMOOTHED UNIFORM DERIVATIVE AT TIMES XU 
C CTRU : TRUE, DECONVOLVED INPUT FUNCTION AT TIMES XU 

DIMENSION X(400),Y(400),YFIT(400) ,Z(400) ,CTRU(400) ,CAL(3) 
C DIMENSION XU(400),YU(400) ,CAL(3) 

LOGICAL*l FILNAM(32) ,TEXT(72) 

C READ BLOOD DATA Y(I) AT TIMES T(I). 
TYPE 10 

la FORMAT U' $ ENTER DECAY CORRECTED AND CALIBRA'l'ED BLOOD FI I. 

15 

16 
C 
C 

17 

C 

C 

19 
C 
C 
C 

C 

C 
C 

100 

CALL DRE~BLD(X,Y,CAL,NPTS) 
DO 15 I=l,NPTS 
WRITE(6,16) X(I),Y(I) 

CONTINUE 

FORMAT(F10.1,5X,F10.1) 
SET NUMBER OF POINTS TO FIT OVER:NN=3 (NO SMOOTHING) . 
NN=3 
TYPE 17 
FORMAT (j'$ ENTER NUMBER OF POINTS TO FIT (UNEVEN) :') 
ACCEPT *,NN 
SET EQUIDISrrANT TIME INTERVAL FOR BLOOD CURVE TO D'r=O. 5 SEC 
DT=0.5 
TYPE 19 

FORMAT (j'$ ENTER DISPERSION CONSTANT TAU (SEC) :') 
ACCEPT *, TAU 
SET DISPERSION CONSTANT TAU TO 5.5 SEC. 
SEQUENCE XU(I), YU(I) WITH DT=O.5 SEC. 

FORM SMOOTHED VERSION PLUS DERIVATIVE. 

CALL DERIV2(NN,NPTS,Y,YFIT,Z,DT) 
PRINT SMOOTHED DATA PLUS DERIVATIVE. 
FORM CTRU(I)=YFIT(I)+TAU*Z(I) 

DO 100 1=1, NPTS 
TYPE 1,X(I),Y(I) 

DO 200 I=1,NPTS-NNj2 
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CTRU(I)=YFIT(I)+TAU*Z(I) 
IF (CTRU(I) .LT. O.) CTRU(I)=O. 

200 TYPE 2,X(I),Y(I) ,YFIT(I),Z(I),CTRU(I) 

1 
2 
C 

111 

22 

9 

8 

Il 
C 

FORMAT(2F10.1) 
FORMAT (5FIO.1) 
WRITE CTRU(I) INTO NEW BLOOD DATA FILE WITH NEW NAME. 

TYPE 111 
FORMAT(/'$ ENTER NEW DECONVOLVED BLOOD FILE NAME:') 

READ(5,22)IQ,FILNAM 
FORMAT(Q,32A1) 
LUN=l 
FILNAM(IQ+1)=0 
OPEN(UNIT=LUN1,NAME=FILNAM,TYPE='NEW',FORM='FORMATTED') 
NTEXT=4 
WRITE(LUN1,9)NTEXT 
FORMAT(I7) 
WRITE (LUN1, 8) 
FORMAT(/' DECONVOLVED BLOOD ACTIVITY DATA (CPS/G) '1/) 
WRITE(LUN1,11) (CAL(I) ,1=1,3) 
FORMAT(3F) 
WRITE BLOOD DATA INTO OUTPUTFILE. 

DO 1000 I=1,NPTS-NN/2 

C APPLY DELAY CORRECTION 
X (1) =X (1) -4 • 5 

1000 WRITE(LUN1,105)X(I),CTRU(I) 
105 FORMAT(2FlO.l) 

CLOSE(UNIT=LUNl,DISPOSE='KEEP') 
STOP 
END 
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C----------------------------------------------------------------
C SUBROUTINE DERIV2.FOR 
C----------------------------------------------------------------
C PERFORMS SMOOTHING AND CALCULA TES DERIVATIVE OF A CURVE 
C USING PARABOLIC REGRESSIVE FILTER APPROACH.(SEE: SAYERS, 
C INFERRING SIGNIFICANCE FROM BIOLOGICAL SIGNAL(FILTERS). 
C----------------------------------------------------------------

SUBROUTINE DERIV2(NN,NPTS,Y,YFIT,2,DT) 

DIMENSION Y(400) ,YFIT(400) ,2(400) 
ANN=FLOAT (NN) 
CAA=3./(4.*ANN*(ANN*ANN-4.0» 
CBB=12./(ANN*(ANN*ANN-l.0» 
JBEG=(NN+l)j2 
JEND=NPTS-JBEG+l 

DO 265 I=l,NPTS 
YFIT(I)=O. 
Z(I)=O. 

265 CONTINUE 
DO 300 I=JBEC,JEND 

AA=O. 
BB=O. 
CC=O. 

DO 280 J=l,NN 
JJ=J-l 
KK=-«NN-l)j2)+JJ 
AKK=FLOAT (KR) 
AA=AA+Y(I+KK)*(3.*ANN*ANN-20.*ARK*AKK-7.) 
BB=BB+Y(I+KK)*AKK 

2clO CONTINUE 
YFIT(I)=CAA*AA 
Z (1) =CBB*BB/D'l' 

300 CONTINUE 
RETURN 
END 
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C--------------------------------------------------------------
C SUBROUTINE DREDBLD.FOR 
C--------------------------------------------------------------

C 

SUBROUTINE DREDBLD(X,Y,CAL,NPT) 
LOGICA1*1 FILNAM(32),TEXT(72) 
REAL*4 CAL(3),X(400),Y(400) 

READ(5,2)IQ,FILNAM 
2 FORMAT(Q,32Al) 
C 

LUN=l 
FILNAM(IQ+l)=0 
OPEN(UNIT=LUN,NAME=FILNAM,TYPE='OLD',READONLY) 
READ(LUN,20)NTEXT 

20 FORMAT (1) 
DO 22 I=l,NTEXT 

READ(LUN,21)TEXT 
21 FORMAT (72A1) 
22 CONTINUE 
C 

READ(LUN,35) (CAL(I) ,1=1,3) 
35 FORMAT (3F) 

TYPE *,' Calibration factors are ',CAL(1),CAL(2),CAL(3) 

C37 TYPE 36 
C36 FORMAT(/'$ Lower,Central or Upper data? ( type 1,2 or 3) •• ' 
C ACCEPT *, IC 
C IF(IC.LT.l.0R.IC.GT.3)GOTO 37 
C SC=CAL(IC) 

IPT=O 
5 IPT=IPT+1 

READ(LUN,10,END=200)XX,YY 
X(IPT)=XX 

C Y(IPT)=YY*SC 
Y(IPT)=YY 

10 FORMAT(2FIO.4) 
C 'rYPE *, xx, YY 

GOTO 5 
200 NP'l'=JPT-l 

CLOSE(UNIT=LUN,DISPOSE='KEEP') 
RETURN 
END 


