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Determinacién de la distancia focal y evaluacion de la convergencia en

colimadores de geometria focalizada
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Sofsarpsn i una linos tocal Gnies aing & una rona local, con
v ARCIONES prommsided respecta bl koo real de o; = 2,5 mm

v =T mm.

* Loa arores respacio B los valorss origh
rales y by axlensin de la rona focal parmiten concluir qua
la calidad de loa colimadoros ublizadcs o poophable
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ETEAMIMATION OF THE POCUS AND ASSESTMENT OF
THE Fik BEAM CONVERGENCE COLLIMATORE
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INTRODUCCION

Uno de loa factores que determinan bs calidsd de
la imagen en Medicina Moclear es la limitacidn de s
dosis que puede recibir el paciente. Como conse-
cuencia de esta limitacidn los estudios presentan, en
general, una baja relacidn sefialiroido debido s L es-
casa estad(stica de fotones. Por esta razdn, ¢l disedio
de colimadores que permitan mejorar la deteccitn ha
constituids un drea de trabajo de gran relevancia'-?,
En este sentido, la ulilizacidn en SFECT de colima-
dares de peometria focalizads en hegar de colimada-
res paralelos permite mejorer la eflciencia v 1a feso.
lacidm del slstema’,

Laos parimetros intrinsecos del colimader tienen
una incidencia directa sobre la calidad de las imipe-
nes obtenidas por lo que es importante realizas un i-
guroso control de calidad para ajustar los valores. En
particular, |3 distancia focal es un parimetro que debe
ger determinado con precisidn, ya gue la reconstruc-
ciin de un estudio con una focal distine de la real
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puede penerar artefactos que dificulien la coantifica-
cif posterionr,

En la literatura spasecen diversos méiodos pam &l
cdleculn de 1a focal™”. Pars splicar estos méodos &
mecesano conacer previamente el valor real die los pa-
rimmetros qus intervienen en el cilcalo. La utilizscidn
de bos parimetnos mominales pueds conducir 8 emo-
res significativos en la delerminacidn de la distancia
focal.

El obgetive de este trabajo s desarrollar un mésndis
autoconsisiente para el cdleulo de la focal real, que
permita caraclerizar el colimadar y evaluar su con-
vergencia al foco sin el condcimbenio previo de al-
gumo de los pardmetros,

MATERIAL ¥ METODOS

52 ha evaluado la convergencia de dos colimado-
res fan bemm de alia resolucidn (Yan Mullekom, Ho-
landa) diz una de doble cabezal Helix
(Elscim, Haifa). Ambos colimadores tienen campd
rectangular de 530 = 250 mm?, agujeros hexagonales
de longitud L = 40 mm, focal nominal F = 330 mm
y dastancia entre ¢l planc de detecciin ¥ la parte pas.
terice del colimador B = E mm.

El método propossio consiste en determinar b oo
ordenndas del punto focal que minimizan la sums de
distancias entre boa pumtos experimentales ¥ tedricos
die las imigenes de una fuente radisctiva colocada su-
cesivamente en puntos de coordenadas condcidas.

Obtencién de las imdgenes de La fuente

Como fuente s¢ ha otilizado un capilar de 60 mm
de longitud ¥ 1,56 mm de didmetno que s¢ ha llenadn
de ™=Tc con una actividad de 25 MBqg. Para contio-
Lar con precisidn las coordenadas de la fuente se cons-
eruydh un soporne de metacrilaio, con 42 orificios pari
colocar ¢l capilar. La figura | migestra un esquema,
realizado a escala, con las posbcionss de bos orificios
que exidn & 5, 10, 15, 20, 25 y 30 cm de almora res-
pecto al plane del colimador. La méxima separacidn
angualar d¢ la perpendicular que pasa por &l centro del
colimador e de 28%, Mo se consideraron posiciones
de la fecnte en dngulos supericones para evitar qise ba
imagen quedara foera del campo de deteccidn. La
colocacifn del saporte sobipe la gammacimara e
muestra en la figura 2. Para cada una de las posicio-
s de la fuemie se adquinid una imagen de 256 = 236
pixels utilizando 2 bytes por pixel. El tamafio pomi-

Bt Eap, Med Mackear, 008 FE-447 445
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colimadsr dr wsr d fod colezales de fa pasmmacdears

nal del pixel fue de 2,21 mm y ¢l tiempo de adquisi-
cidn de &s,

Calculo del punto fmagen experimental

La figara 3 muestra el foco (ks
z¢), la posicidn de la fuente (% ). la linea que los une
¥ su islerseccidn con &l plano de deteccitn que es el
punic imagen tednico [x, - (L + By Priximo a & se
encontras el punio imagen experimental [z, -(L + B)],

Para cada ors de las imdgenes, el perfil de setivi-
dad en la direceidn horizontal represents la LSF (Line
Spread Function) de la fuente. La LSF se ajusit por
mdnimos cusdros a una gaussiana®, tomando el cen-
kro de |a gaussians, m, oomo Ia posicidn de deteocion.
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Para la minimizacion se willizd el algoritmo Sim-

2] e ieh plex® con la implementacidn descrita por Press'®,

Como resultado se obuvo ¢l ajusie conjunto de lns

coordenadas del fooo (xp, 2 v bod pardmetros 1, ¥ Ax
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Para hallar el punto imagen experimental hay que
multiplicar este valor por el tamafo del pixel £, y res-
tar el posible desplazamicsio Ax que pueda haber de-
bido = la no coincidencia emre ¢l centro de ln ima-
gen ¥ el del colimador, De esta forma, el pusto
imagen experimental, en milimemos, o5

Xy = s By - Ak

Cilculy del punio imagen Ledrica

Condcidas las coordensdas de la fuente (xa 25) ¥
tomando onas coordenadas generabes del foco (xe ze),
s consiruye la recta que pasa por ambos punbos:

(2o - 2r) - (X = X5)

t-tr= s

Prolongado ¢l raye hasta ¢ = - (L + B) s¢ obliens
el punto imagen ledrico, en milimetnos, o

(L + 8+ 20 (% - Xp)
(zs- 2}

X = Xy =

Minimizacidn de bos errores ¥ chiculo de ba focal

Una ver obienidos los punios imagen 1edaico ¥ £x-
perimenial, se define la funcitn de mérito a minimi-

\Ilf o xa VE e e 80P

El pardmetro f, se incluyd como una variable en la
rutina de minimizackin para comprobar la positle di-
vergencia enire el valor nominal ¥ el real. El algo-
ritmo parte de unas estimas iniciales de los cuatro pa-
rametros, cuyo valor va cambisndo hasta encontrar
los que minimizan la funcidn de mérito.

Evaluacitn de la convergencia del colimador

Coscluido el ajuste del foco, se estudid la conver-
gencia del colimador caloulando las islersscciones én-
tre tdos los pares de rectas que pasan por el pumio
en el que estd sifuads la fuente ¥ su cormespondiente
panio imagen experimental. Las rectas que formaban
un dnmgulo menor de 5° se excluyeron ya gue pe-
quefios errores en la localizackdn del punio imagen
experimental o la fueme pueden conducir a una gran
incertidambre en el punte de interseccidn. La re-
presentacidn de todas las intersecciones en un dia-
grama bidimensional permite evaluar Is calidsd del
colimador en referencia a la convergencia a un fioco
dnica.

RESULTADOS

En la tabla | s¢ muestran bos valores iniciales y los
obtenidos tras &l proceso de minimizackie par ks co-
ordensdas del foco (xe, 26, 2l tamafio del pixel 1. ¥
el desplazamsenlo enilne ceniros Ax, para cada cabe-
zal. Los valores ¢, ¥ Ax ajustados fueron utilizados en
el célculo de las imersecciones entre todos los pares
de rectas que pasan por el punto fente ¥ Su corres-
pondiente punto imagen experimental. La represen-
tacitn del histograma bidimensional de los puntos de
interseccidn s¢ muestra en forma de imagen en la 1i-
gura 4. La imagen, que permite evaluar la conver-

Tnbsda |
PARAMETROS INKCIALES ¥ FINALES TRAS EL AFUSTE
PARA CADA CANEZAL (m mem)

=! £ & 3 F
N M Iniciad 0 a0 FET! g

donde ¢l sumatorio se exticnde sobre las N medidas =~ Cabesal | s ELLL 8 18
Caberal 2 [175] 1550 p o] 0%

realizadas,

Bru Emp. Mird Muchoas, IF99; [ E447-443




36

PUBLICACIONS

I Parets Omphens y ools —Lererminsckia de Lo dirsnrcis forsl y evalusokin dr fa comwnngemoks m ag8
codimadarer de geomerria foradinady

Vi, d —hilerog rema bt orusd b fivs A IAiFRrTCI S

iry fosdan dow panes de reclar eoairuilas & parmie del panio bnages

exprrimeaial ¥ ol panlo gur iooling & fusny g o plasn, pars el
oot [ fizguiwady) y ol 3 fderechall

ol
- 2

Caardcruiei £ ()
o
L
&t \
b

gencia del colimador, s¢ represenia en escala de gri-
ses comespondiends la mixima frecuencia a 7 ister-
secchones para ¢l cabezal | y o 6 interseccionss para
el cabezal 2. La amplitod del intervalo wtilizado en
mmvhos ejes fue de 0,5 mm.

DISCUSION

La distancia z¢ no coincide con la nominal, obser-
vindoss diferencias de 3 mm que repressnian un ermor
del 1.53% para el cabezal 1 y del 1,43% para ¢l ca-
bezal 2. Respecio al inmafo de pixel, las divergen-
cixs son menores del 1% por bo que resulian poco des-
tacables.

En la figura 4 se pusde ohservar parn cada oodi-
mador el alejamiento del comportamiento bdeal ya
que la imagen mo &5 un punio, Resolia enfonces mis
convenienle hablar de una zona focal en lager de un
foce dnico, Las diferencias entre las dos imbgenes es
debids a las diferencias imrinsecss entre los dos co-
limadores.

Las desvisciones respecto al foco obtenida tras L4
minimirscidn son o, = LI mm ¥y o = 6,3 mm pars
el cabezal 1, @, = 2.8 mm y o, = 7,9 mm para el ca-
bezal 2, Los valores de @, y &, pucden ser iomados
coma indices cusntitativos que reflejan la calidad de
focalizaciin del colimsdor.

El edlculo del promedio de las desviaciones, en vi-
lor ahsoluto, entre el punto imagen tedrico ¥ ol ex-

R Exp. M Muckeger 00 I 8424845

perimental de la fuente, anes ¥ despuds del procsso
de minimizacidn es un pardmetro que refleja la cali-
dad ¥ mejora chienida con el método propueesio, To-
mando los parimetros iniciales, esta desviacién pro-
medie era de 3.5 mm para del cabezal 1 y de 3,0 mm
para el cabezal 2; con los pardmetros ajustados las
desviaciones pasan a ser de 1,9 mm y 1.] mm res-
pectivamenie.

Com objeto de estudio para un postenion trabajo
queda analizar €l efecio de estas desvinciones sobe
la calidad de la imagen reconstnabda & pesar gue, bod
errores respecio los valones originales y la extensibn
de la zona focal, permiten concluir que Ia calidad de
los colimadores otilizados es aceptable.
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Original article

Characterisation of fan-beam collimators
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Absiract, Fan-beam collimators offer a goosd balanse be-
taeen resolation amd noise. The collimator response may
be mchaded o werative reconstruchon  alpenthms
order to improve singlesphoton emission tomography
(SPET) resodutson. To this end, accurate determination of
ke focal region amd charactenisation of the collimaior
respomss a5 a functon of he sounce co-ondirates mus ke
performed. In this paper, a method to chamcierize
fanbeam collimators ix evaluated. First, we calealaed
ke real focal region and the accuracy of the collimalor
convergense, Them we confifmsed the hypothess thal
Giaussian distributions adequately fit the collimator ne-
sponsss, although no mdividualised ireatnsesl wis per-
Formeed for the tals of detector response which ane assoe
ciated with scattering and septal penetration. Finally, ane
alytical functions were wsed 1o eodel the resolution and
senzitivily. The pammeter values in bese fumctions were
obtained from experimental measuses by nom-lineas re-
greszion fittmg. Ohr findimgs show differences of 1 43%
betagen nominal and real focsl lengih and standasd devi-
ahans of 2.5 mm m the v-dwection and 7.1 mm in ke
y-direction for the focal convergence, The cormelation go-
elficients between imental and predicted values
wene 09 for resolution and 0,991 for sensilivity, As a

oonscquence, The proposcd method can be wsed 1o char-
sctenise the collimator response,

Keywords: Singlesphoton emission tomogmphy - Codlis
muabors — Fan-beam collimators — Cuality contral
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Intreduction

Considerable progress has been made in tomographic res
construclbon  in single-photon  emission  somography
(SPET) ax a resull of techmobogical sdvances. On the one
hand, the recent ingluston of mansmiassion imaging svs-
tems in SPET gamma cameras has enabled us 1o obfain
atlenization maps sinubaneoasly with emissbon insgpes,
(n the ather hand, the imoreazing power of compulers &
well as ihe introduction of the ordered subsets-expevia-
tion maximisation algorithm (00510 [1] has allowed
wE b peponstruct images withan an agceplable vinse, This,
it s possible o usdersiand the growang lerest m itera-
tive meeonsinuction algosithms that has been witnessed
during recent vears. These algonitbms nay model the
projechion prooess and allow s 10 comect atlenuation
arsd spatinlly variand collimstor response in the recon-
slruction process.

Semsitivity and resoluiion should be modelled x5 o
fanction of the sounce co-ondinates m arder o include
the spatially variant detecior response in the transition
matns. Cur growp has previously worked m ilerative ne-
construciion algonthms |2, 3] and has achieved a model-
limg for paralbel collimators, In agrecnsst with ather
msthors, a linear fumction of the full-widib at half=maxi-
i {FWHM) with respect 10 the source-collimatar dis-
tance was foumd. This chamcierisation, which is easy for
parallel callimasors. bocomss more dilficult Ffor fan-
beam collimaors. The FWHM and sensitivity in these
collinmtors depend on the lateral position of the smance
amed the sourcescollimator distance. Formwulations for the
spatial msoduison and semsmivity have almady been
ohtained [4, 5, 6, 7, &]. Final expressions do mol alaays
coingede beeause different Bypotheses have been imteo-
duced mio the fomulastuon.

In this paper & methosd 1o charsctenise 3 fan-beam col-
limator is proposed. To establish a model which is 25 re-
alistic as possible, 0 is impornant (o have performsad pre-
vioushy an ¢valuation of the collimator parameters [9].
Fer this season, determination of the real focal region &

Ewropean Jowmal of Nudlear Medwine Vol. 28, Mo, 2, Febiuary 2001
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imluded, The method allows s 1o assess be accuracy of
he convengence of the hole directions g the focal line
and to determine both the spatial resplution and the sen-
sitivity a5 a function of soerce co-ordinates. Ceir ap-
proach s based on eapenmental measuremends. Thes,
nod anly ix the geometnic response conasdered but also
sepial penetration, collimaior scatier and ihe detector
PESPOMEE,

Materials and methods

Eiperimeanal line speead Smoriea (LAY Expenmenta] measmres
wire carriad oot s s Helia dual-Beagded camera |ElsinL,
Haifa ) using cast fan-beams oollimators (Van Mullckom, Follandy
Bogk collimanors Bad & rectasgular fleld of view (FOWVE of
51250 mim, & rominal focal length F=350 mm, side of hexago-
ral hiode vl Wil roms, lenpehs =0 e and coning-to-cening hale
dedafsee =17 i We aaossied that the dnkadse between the
bhack collimator face and the detecior plang wan =8 mm. The ling
sowrce was @ capallary fillod with 2% Milky of techncosm-hn o
hatiss. The capillary was T mim in borgth (83 mm §illed with the
FuTe solution] with an istemal diameter of 1,1 mm,

Tor i The soarce ORI GO § SIPHOP Wik OO
e Fron Lecits iIncos Acrylis Inc. ). The sepport was lituled
by o imasgle sheets separmed by S0 mm. Each shopt bad a
thickness of 1 mim, & base off 500 mm and & height of 150 mm.
the capillary was imreduced. The hebes were armangsd in six rows
kst @t 50, 0, D50, 200, 2500 prd MOk miin (o the colliaiod
face (Fig. | The maximum angle with respedt i the coniral axis
wirs 32° s that the soeurce image did not ] ostide e dotecnion
ekl The scquisition mamric wis I3e«2% poele. with o piszl
widdth of 221 mm, twoe Bytc pir pinel and an ségeiiitson Bme af
o0 5,

Focal regiicen. The sypenmenial dovice was abss wnad o characie-
rese aher focad pegion. bn order jo obiam values which quanttatively
charactonine the Focal regies, the actual fical length and the sccu-
racy of thy collimaior convergones waorg obiamed. The actual &l

win imeasuial as the perpendcular dislance Mos the Focal
ling: 1o the collimator from plang, For this purgssss wi Tollowed the
methodology descnbed m an carbier work [10]. The method s

.
o
4ma
o
o1
o =
4=
du

e ——— v
i ]
Fig. I. Schome of the exporimental sel up sbowing the hole distri-
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basied on determining she Tocal bength which minimises the ressbus
sl Betwees Hieonctical, x,, o cupermestal, x,, impacts of B
A3 sodarce padnis. om the ditection plana:

RAS - ["‘l. -, f

7, & oblamod from e imersoction of S straight ling passing
thradigh the LoUrce poim (i, &) and the Toca] point (i, 2 with
e detecton plang, 5 = -+ 8

(L& Besg) [’6. = l'-]
|7, - 7]

o x, i cakeulabed g

i o=

L

i m m the ¢entig, in piacls, of a Gawasan didnbutios Esd
t tha LSF, 1, b5 the el width and A taloes imo scooant the by-
pothetical sbafl hetween the poomctric and clectroni: dotoctor sen-
trgn, Friting was ¢amied oul by waing the Simples dowmball algo-
itk [11] woh the smplemeniatesn describad i [12]

photiing the imersoci poinis. botweon ihe pains of sraghi heses
passing hrough e soufce poinls and e oormespondisg capri=
menial impact on the detoctor plang, L fming angles bess
than ¥ were exchaded 5o avold high ermers an ihe imersaciion
points. These points were plotied in & 1-2 Bdimensional disgram
wmal B standard dqviations in the 5 and 7-directions werg caliu-
Imed in onder oy quantiminely chamcnenise the socummey of e
collimaton COMTREENGE,

dmirisic resolarion. Inirines resoluion was caloulased by wung &
collematod source s removing B Tan-beam eollimator, Ths
source consisted of & small cylinder which had & dams=er of
2 mim aned & beaght of } s and was Alled wil 15 by of ™=Tc
solutiom. For collimation, s source was placed 8 the hottom of &
solid bleck of lesd 30 mim in height with o eylindsical exviry with
a diametcs of 1 mes A Gawasan distribution waa fingd & i ox-
perimenital dats gsad the standdand deviation was cakoulated.

1, =xp

:q-ll

Spasial sescdation. 'We sssumsd that e L3F s well charsoernasd
by & Gawssian ditribation [13] and, w2 q th; spatial
resolumon was monswed e the seandaed devianon of the LSF. To
avigwi The podness of Bin avemplios, B thind (b afd feerth
{wrionaj ondior mcen moments of the distnbution weee caloslased
Theese starmrscal parameiers seflect e degree of difference with
renpe B a noemal divinBution,

In order 1o madel the detecior response, the standard deviation
Fisction @=aTdz,. @ bl b2 explicatly obeainsd. Is the sapres-
s, 5, ropeessmis the verfical distance from the pomE wneg o
e T e of e collimator asd @ is the angle beraeen the mod-
mal and the straight line pasimy through the sowrce poinl and e
Eocal line. The value of & deponads om boih B goomainic conintu-
ezt of the collimat, o, aned the intrims: reslulion, o, of the de=
Boctor, As far as the goometris contribution is concermnd, if the in-
pemeiry disiribanon is mangelar, then FOYHM=1,, where 5, 5 de
maximum divtance neached by photons eminted in 5, ever the de-
tecior plang. W assuma thal for an miberaity distritsstien oi(fenens
from 1he ome, e FWHM & propomessnal e oy,
FWHRM=& x, and, as a consequonce, ila Gasasian distrilbution
considered. o =FWHMI 354808 ek, 0 pmin,,. To determime
Ty W iEposs thar e ray from the souree poim P, @
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Geiecior plass §

Fig, L Schomig abiowmy the manimuss Salass 1, reachal on the
deecuor plane by the phoions emitied from ihe sowce poini
P, The eo-onfinates of whe points in fgee are Fcl,

P, Wi, 0o 50} (g 1)

Bo B poind Wivg, —L-8) passes theomgh ths fronl anteriee limil

of the hole M [ry=—S=0] and the Back pescrior M

ErL sy ¢ 1 (Fig. 20, Tha contr of dhe bl i il 0,
Thus, &y, s obeaingd s fusciion ol the st o-crd
- wFfdng v i)

VB (F =) =w? f2n # LY
and Eakmyg indo sicounl that:

L lzg + £+ M)
‘H-h+l.+mlﬂ-&+l‘+ ,J*.'I!l.'dl:luﬂ']

then:

woitg+ L+ B 12F« L)
N (F =gyl = wd (22 + L
anl. &% § CONSEqUEOE
aow syl & B2FsL)
7 (250 =
A AF -2 - (L4 22 )

where a is the oonstent e be desermined. For displaced sournce
it of the soanis, P, B, we naume:

3F# L)
It can be observed that when Feie, the well-known lintar dopes-
donce of @l with 7, is obtained:

J-__'-""'uﬂ“l]' I-d wl.}t]‘.hf!

To includs the dotectsr respofnise we aoemod dar the intrinag:
resplution was Gaussan, The conveluiien with the geomeims
gollimalor fedposris wis then perfimed. Since the convolutn
il bwe Claussian dignbutions s abo 2 Gamsises distribution, with

a0 m 3] + 0 the total spatial resebeton was then chlained s

Ty ™

@ + L+

ﬂ',-[pl.'.ﬂ =

B AR - —w? L+ 22,
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oizg = Jof + ol 4}
I ]
a-wzg 4 1% B (2F 4 L} |] m
= |+ T eendl
‘J [-.r::-qr-r,f-ﬂ-:hza.r

Monlncal regfoion was wmad o e fusctien (1) & the expen-
mintal 9 values and derming B valug of @ Friting was camied
oul By wSing the Semples dewshill sigonthm.

Semeatiny. The experimsontal sensiiivity for cach of the 47 spurce
leseations was abeainad as the istegral of the LSF prafile [13]. An
wverags onver den ceniral rows wan camiod cul in endor 1o obiain
MHfe BOCUTane Fisulls.

Tor charactonsg the colhmator responss, dependoncs of the sgn-
sitivity om source co-ordmates s=siz,. o, should ales be obmmed
This functssn m & prodect off fws . The St lerm s 4 con-
stant related o ingninsis collimator parameiors and the second e
reflacts e angular dependonde. Following the geometrcal argu-
mgnts proposod in b lileraturg [4, T, B the sswaitivity can be
sianad g

Az =i F_H'.
Twwr angelar depenioncies havg boon proposed in carkser works,
n=1 [6] and &=1 [X]. The Timmg of function (2} W0 experimental
serailivily valucs willl caalle us B delerming B Bosl values for
& wrdl m. Fitting was camied out by means of the Simplex downhill
Lzunthim,

fomt [k

Results and discussion

Experimental L5F

Giaimaan dastibutions wene (ied o the experimental
L3Fs Figuares 3 and 4 show the expenmenial LSF (dods)
and the fitted curve {solid ling) for two different = co-
oadinates of ihe source, In ibese figures, the source posi-
tiom i represented as P fl, where £ s the sounce-
to=collimator perpendicular distance (m mm), and & is
the mperiere source angle (in degressh. The results for the
soripee bossared b (130,00 asdd (120,-320.3) are shown in
Fig. X The cocfhicients of determination of the fifling
were r=00009 and #=0.998, respectively. When the
souree was bocsied im (300,00 and (500,-19.8), the oo
eificients were w=0,098 and ~=0.996 (Fig. 4). The mean
and standard deviation of ' for the 42 fitings was
(S0 For head 1 and 0.5%98200003 for hend 2.

Tin cabeulate the chird snd founh mements we used the
imlerval -3¢, oreda] where s the © co-ondinate of
the fitled Gausxian distribution and @ the dandand devia-
tiom. Thas, after fitting and deiermining m and o, the mw
dacs (once comecied by background and decay) were
used 1o caleulate the moments. Campanison of the thard
and Fourth momemts of the experimental L5Fs for 8-0°
and For the maxinuam spenure angle wis gol statistically
significant. These resulis, the high values of 1he eo-
eflicients af determenatson described abave and the plots
im Figs. } and 4 indicate that & {Raussian distribation
accurstely fits ihe experimental 1L5Fs,

European bowrral of Mo lowr Modscing Vol. 18, Mo, 2, Fobauary 2000
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The tails of the collimator response, madinly reflecting
photons which have undergome scatiering in the collimas
ter, have ot been speciitzally madelled, Our findings oa
expenmental measurensenls show that the comnbubion
of the tails is about 1% of the total sensitivity, Theso
resuliz are in agroement with thoze obtsined by de Vries
et al [14], which show that sepral penecration and scat-
terag i e collimnator scooumt fof aboat 5% of the total
sensibivaly im "=Te imaging. The major conbribwation aff
this 5% should be bocated mear the central maxemam of
the collimatorsdetecior response, and ns 8 consegquence
il comtribanzon of 1he remnaiming 4% should be reflecied
in the paramsters of the fAncd Gasssman distributon.
Thas, the=e Ffunctioss may be included in the Iransition
madrix of an Herstive reconstruction algorithm in order
to correct for vaniant collimstor response.

Fooal region

The mecasured Focal length was F=355 mm, representing
an erver of 1.43% with respect 1o the nominal valee. The
shift was found oo be Ac=0.5 mm. This valee of Av was
used 1o corregt the co-ofdinates of (e eaperimental im-
pacts befone obtaimng the points of intersecton belwesn
the pairs of straight lines passing through the source
point and their comesponding experimental impac. The
poings of imersecison are plotied in Fig. & 25 3 bidimen-
ssital BMistogram, whach allows us 1o assess the collima-
lar comvongined. In order 8o obtain a quantdalive mea-
srernent of the digpersion of the indersection poinks, the

Eurcpesn Jownal of Mucbear Medicine Vol 28, Mo, 2, Fetsuary D000

1.

-4 -2 B +3 +d

x gmem)

Fig, L. Two-demmaion hislogram showng thy mépmociion poimts
of pairs of crmighi litses passing throdgh the expenmenial image

stamdlard deviations in x- and z-directions of the bidimen-
sional scatter plot were coleulmed. The resulis were
o, =25 mm and @ =T, mem, isdicating that ik holes sne
nisd perfectly focussod an the focal line.

fareimeie resalanian

The measured intrinsic resolution was ~1.7 mm.

Spafial recofution

Unee the vales of @ for the 42 individual L5Fs were
obtained, the Tancteon (1) was fted i the data and e
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Fig, &. Exporimenial {@oe) and
entimatid LSF atandand devas-
Fim Lol fimi) apaims e
sadrce aperiure mngle (a) and
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parameter o was calculaed, The best fining was ob-

stamdnrd deviation o of the LSFs versus ke anghe @ for =

splid lmes comrespond 10 1he values calculmed by using
thee Funitios (1} with a=0.3365%. Figure &b shows the val-
ues of @ versms the @ co-ordinate when the sowrce was
placed on the axiz. As in Fig. ta. the circles comespond
1o expemnwaial LSF valsss asal the solsd lise, 10 ithe -
led functson (1), Agreement betasen expenmaental re-
sulls and those oblained from fumction (1) 1% worth nod-
ing mnd walidates the proposed model of the resolution in

fam-heam collimatons,

Sensirivity

Function (2] was fitted 1o the 4 senastiviey valucs, & and
a1 being the constanis to be determined. The best fit was
obixined for o= 1 98 (F7=0.50 ), indicating thai cns? iy i
ihe functiom wikich hetier models the semsitivity depen-
dence an 1he source angle. Figune Ta shows the sonsiliv-
ity wersus the & angle for z values from 50 to 34 mm.
The circles comespond 1o the values obtained from the
expermentsl L5Fs and the solil lines comrespond 1o the
vahses calculaled by wsing the fusction (2 with =2,
Figure Tb shows the sensitivily values versus the = co-
ordinate when the source was placed on the axis. As in
Fig. 7a, the circles comespond o eaperimental valises

and the solid line. to the fined function (1) Disagree-
tained for a=0.3369 (r=0.994). Figare Ga shows the ment between the predicied and experimental values
might be mssocimied with the collimsior comstruction
valses from 50 to 300 mm. The circles comespond to the  misalignments. The fact tha the boles are not focussed
valses obtxined from ihe experimeminl L5Fs and the on a line affects the quality of the fit. Meveribeless, cor-

relation cosilicienis are sullicienly high 1o ¢onssder thal
the detector response 18 well madelled.

Carmaduyiing

Crar findings show differemces of 143% with respect 1o
the nonsinal valee in the focal lengthe Dispersion im focal
poEvEIpEnee was estinated &5 2.5 men s the v-direcizon
and as 7.0 mm in the p-direction, midscatimp that the
hasles ane naot perfectly Focussed on the focal lime.

The fancison derived from geometrical considerations
accuraiely s the experimenial values of the swandard
deviation of the L3F. The comelation cocificrn! batween
the experimental and predicted standard deviations was

eatimnaied s 05904

A far as the sensitivity is concerned, & simple inverse
fusction allowed us 1o sccurately reproduce the experi-
mental measarements n a wide range of distances from
the source e the collimsior when the source was bocaied
e ihe s-anis Our resubis confirmaed than cos®8 models
sccuralely the sensitivity dependence on the sourss
angle.
The proposed method may be wsed fo charscterise the
cellemator fesponse g0 that the correction of the collimae-

European Jownal of Nuckear Medicme Yol 28, Mo, 2, Febraary 2001
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taf Fesponss might be mehaded in nerative reconstrugtion
algarithins,

Avkmmwtpdpemenis, This work was supporiod in part by & Comi-
s (Ireamireaonial de Ulencia ¥ Tecnadogia (UICY T-SA1#
D037}, The anthors Sank Mr. 8.4, Roxrigoes for echnical seppon.
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Geometrical Response Modeling in Fan-Beam

Collimators—A Numerical Simulation
[0, Parcto, A, Col, Mesiber: FEEE, C, Faleda, 1. Juvella, J. Pavia, and [, Ros

Adracy— ligrating gssasimagt s algsritbm requine moedeling
al ihe poled sprosd fesction (FSF) of ihe cellimadcr in srder Bs
carreed e baws of revelution insingle pheten eminden compuicod
samiography (SPECT) A& method Tor modeling 1he geomeiric re
sposa of @ Tascheam qallimator s prapoosd. The geometri; PSF
s chaslned by mamarical simelatkan based on rayv-iracing eech-
mhques. Tl sorsabiligy of ihe numerical slmulaiion allews us ba gen-
wrale the array af bales with a dislance betneen Peom varying as
an sagular Tunetion. This eaalbides o b ropreduce the real diaris
Bt o hadis, The Imtigral ol ohe cimslitsd PSF wae caloabaned
I aeder in determine fhe relailve sendehiliy and Gansslan fune-
Elons wore fdicd o obdaka fhr resalution. Funclion dopenading oo
Ebr inirimsic collimator parsmsiers asd on Pl coordinates of the
somitr were flled o 1he Sdisiuil FSE Ta salidate 1he fusstions
propeied, @ comgea risea Bataeda the predicnnd salioes gsd these ab:
Ealmad fram & miaveres was made, Cur Nndings sk
Ehai fhe prodicicd values for relatine seosih ity s rosoletios sc-
cwrabely mabch e oy tal anes, with o conrwlaan ceedll-
e o 1997 for the st in md 099 Tor the resali B,

Tndex Termn—ollimaber modeling, fan bram, gromeiric paini
sprowd fuscion, ray tracisy, singh pholon cminsien compaicd o
magraphy (SFECT)

L INTRACUCTION

HE collimator response play= a majer role im detormining
Tip.n:ﬂuiun in single pholon emission oompetod omop-
raphy (SPECTR [wrtivg recomstnection algorithms allow us
b gomporate for chis loss of pesclution by incosporaiisg
the dhstamce dependent collimator response e the transilnn
mairix. To this end. the chamcenmation of the collimator
respomss s mecessary, especally for fanhesm collimators,
which arg favorsd in brn SPFECT studhis Because they offer
an adequaie tradeedT Botween resolution and sensitivity.

Blasercriph recerred Moo 4, 000, rovieed bese DE, 2000 This werk
. et i Pt Byt WO TS AP0 W7 The wark of . Parcks win

Mndcira Meckoar, Hospeinl e, (850% Baccksa Spais el
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g mapthanl ol charmcenmng Bnbeam oollsalers o o
maeasure the poini spread funcisom (PSF) expenimentally [1].
Hoswewer, the experimental sctup s onerous and the measure-
menks should b taken over a large number of source positions.
Thas, theonctical or, in general, nonespenmental approaches
arg wlul, These approaches Bave the advantige of basg able
o predict tho sensitvity andl resoletion of a collimator wighost
o messurembemis 2] and are thus belpfal in collimaior
design [ 1] and ilerative regominaction algonthms [4],

blombe Carlo simulation enabdes the imsclusion of sopgal pen-
etration and scattering of photoes, allowing for complete colli=
males charactenrzalion, Neverhelis, the rualts obtissd wang
parallz] collimaiors [5] as well as our e resslts on fan-heam
e laruatios [ ] shiow that Tor "™ = T imegng the peomatne coms
pmenl acooends (or approvimasly F5% ol the elal sonsalivily,
at any source position. These resultz. shihough sbtained for par-
ticslar collimates parsscton, suggesl tha the PSF = ™' = Tc
imageng may b estimatod hy usisg the peeacindal compandnt,

The theoretical demvation for obiaining a mean goometnc
PSF i casl cosreciping heam collimator, has been dewnbed
previeasly [T [X]. The influcse of the discrote nansre of the
el arvay an comrvenging beam collimal i has also Bogm stuadiod
%], In [%], chamges in the bole sioe when moving away from the
vertical axis she taken flo aceount and the center-to-center hole
distamor is comssdered to b comatanl,

The aim of this study ds: 1) ba implement & numencal
mcthd of obuseng 1he goosseiric FSF an cast fan-bessmn
collimators. with hexaponal holes (this methed allows the
inchesion of changes in the clongation of the hole as well
an an he eenler-to-ocalst hol distangeh anad 21 16 study the
changes in the geometnic component of the FSF shrough the
collimater feld of veew in ooder 10 determing the range of =
values For which sefativity and rescletion may be extablishad
as analytical famctions of the soaeoe coordinates.

I, MATIRIALS AN METIHDS
A, Dercription af the Nwwerical Methsd
The fluence of photons at point f5r, g, =L = B iransverse

w0 the dereator plane (= = —L — H) lor & goven poem sowice of
i activity bocaded al Pilro. wo. 2] B

.r1.l:l'. Fu\.-h)]
Brflze+ Lt BV +fr—ral|

where v om (1, g and fo = (Fe. gl are, respoctively, the vees
o which descnbe the posibon of poesd [* and the anbogonal
projection of [ oon the detoctor planc. & is the angle of ol
lime with respeet b the vermical line, L the oollimator length,

Mr, ry, 2g) = ool (1)

OO R A 0 5 700 © 207 IEEE
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1 tha distamae botweon the back collimator fice and the imape
plane snd A('F, £, 25) the apenure fenction of the collimasor at
potmt P, g = L= B} (Fig. 1), The fsctor 14 is the Nuenss
per st of solid amghe; 1/[{20 + L + 5 + Ir — wo*] models
the decreae with the sguane of the distance and cos @ describes
the chasges due e the nesperpendicular incilinees of plotosn
on the deiccion plane.

The algorithm was based on determining the waluwe of
AR, Pa. fa) by scanning the detector plane with & sampling
wderval dr = Sy = S, To this el we detemianiod whetber
the ray Pl passed through a collimator hale (A = 1) or mot
1A = O The fimcnon of phoions reaching ithe sampling area
in the detoctor plane for cach phaton emilted was extimatid
as: Nir. g, 3g) = &Hr.org. spb - Se - As The PEF was
obmined as the bidimensionsl disiribution of Xr, v, 5] mmd
the sensitivity was caleulatad by istegrating N{r, v, 5o} over
the entire collimator surfasce. Given that sonsitivity deponds
o the sampling imerval, o study of the changes in sensitivity
for ifferent sampling sifes wan cammiod out. The aim was ta
deiormime a sampling interval small onough 1o obtain reliable
resabis ba big esough io prevent the compautaiion tme from

In order #o 16 the algonthm, & hexagonal asray with hixag-
onal holes was considered. We simulaied cast oollimators con-
snructend withs pins o constest bobe disssster, The fanbeam ool
himasar parameters were: foeal distancs = 55 mm, ceniral
boodie snde (e, for the hole at x = 0, y = OF s = (L5065 mm,
sepinl hackness £, = 0.2 mm, kength £ = 40 mme Thas, the
eemlgr-loe-tenlel dndasos bhetwoen e centeall sl the Gonsaiu-
tive hede in w direction was. o L7 mm and in » direcisom
dy = 254 mm To generate the hole army patern, we ok
o acoouet th Bt thal Tan-beam ool imators. pecsenl 2 pen-
ol structure along g direction. As a consequence. we only neod
the mfommames Tor two consecutive rows (o 1 smd row 2h
miperslucs The entiee anmay paticrs. Thus, sin voctors allragd o
to roproduce the coordrates and sides of the four boles nearest
w M, g =Lo= ). Four vectors stoeed the » positsorns of the
Bl exmters for rona | and rov 2 im the collimator fronl and back
plancs, amd Pao vectors stopod tha ke sides. The r coondinaies
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Fig. 1 way showing O seciangle of
dimmnian [, - nas| B ), o 7] whetre e somsve was bocaned

X. off ithe hole confers and the hole sides in x direction w,, of
the eollsnator mpht half were obiained by wang

= d:r
An = G - - m=l X .. 2
X, =X |§ 7 L2 (2
ity
ey T —— =12, ... kS
s ne=l,2 i3

where X = O for mow | and Xy = oy - oo 31F) Tor row 2
wmadl 1 woed % ) ix the elongation factor depending: on the angle
#; between the g ol i i hole and the verseal line, For b
leilt balf of dho collimateor: X_,, = —X, and w_, = w,,. Tha
x. y hole coordinaies prediceed from (2) were validated from a
physical gollamates by commecutively measunssg Jisances along
the eollimator.

Two images were ohiained as am cupat of the progras. The
fisl arnage was the simulated goometnc PSF showing the pla-
dons el reached the detecton plase, The dhiscrcie collsmator hale
structure was viashde in this image. The seoond image was the
simulated peometric FRF alter commautsos wath the sntrsie de-
Hector resporess (o, = 1.7 meap This image rellects the poo-
metnic component of the final image obtained throaghout Be
collimaber—desector system, which may be comparal with b
capenmgnlal ones

B Sosfy of the Indivialua! P5Fr

PF depemds on the sounce coondinaes end s o consogesnis
on the position with respect 1o 1he collemater hale center, Ta
wvalmie the changes in sevastivity. the point somrce was placed
o eseh ol 20 points of o grd of size o, - cos{20°) = 4, F2, that
in 147 w0 0LAS mim at the front oollimalor plass (Fig. 23 Then,
semesitivily was caloulated for values of = from 3000 Ak mm,
scaling the ., y coordmaics of e poist source im the gnd by
the factor (F — 3 ) F, where F ropresenis the Tocal length, The
range of z values. in which sensitivity depends om the gnid po-
witiom of the souree wirs detemmined

Im order bo characierieg the PSF, we stadcd the comdstions
under which a Gavssian distnbution fitted the rw data. To this
emd, P5Fs for 24 source locations (Fig. 3) were simulased and
Crussian distrbutions wirg filkad by wang the Simplex down-
hill alsgorithm [ 10 with the implemmtation desonbed im [11].
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tained as
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Fig 1. Poimorn o wbich promancl FSF oespescst ene obred by
Frareiial sevadilem.

Moreover, we siudied the changes im the FSF shape when the
wsipes Pt wis displaced along the = axis To cvaluale these
changes, the thind (hizsh and fourth (barosi) order moments af’
e dlisiribmion were caloalansd. The third-order moment of The
dimenbutses reflects the asymmatny off the curve, asd the Tourth-
order imdicates how mear the ratio hoight‘srca is 102 Gawsian
disen B

. Desoription of the bodel
Sensiminy of o fes-beam collimator is stated, by using geo-
meziric and theveetical approsches [2], [9] o

(Fel) .
m-ﬂ.ﬂ & £l

wihere dy os e sensi ity faotor, wikich depends on the mnrsic
collimator peramcters, As mbcated above, F s ks focal dhs-
tance, L i the collimator length, and =, izthe height of the point
watiree, The angle @ |s the soures spemure seghe defined as the
anphe hetween B 7 axis amdl the raight line passeng through
thee i sounee mnd throaggh the poimt in the focal line with the
same y coondsale o ithe point soures (see Frg. 1), Ths, om™ #
i the amgular dependence. Values of n = 2 [2]. [12] and s = 1
[9] have Bem repaorted. 'We studied this aegular dependence o
obtain the applicabality conlitions of cach femtion,

17 we scomme that Gascaan distributions accurately fit the in:
dvidual F5Fs an a range ol = vabacs, then the resalation sfay be
eolimated by the slamdard deviaton of the Gaussian. Follrwing
the peometnic srguments described in [ 1], it is sssamed that the
stanalasd dinmtion in the ¢ diredtion o, o proportiomal t the
maximum distance reached in the image plane by the photons
emited 8 the peert source Fulra, m- fa)

5 W= t'q

{204 L4 Blugl(2F + L) 1

— . 5
=)t = i 2 o

el 2p, ) = &

% s to include the deiceror response, we assumssd that the in-
s resslubson was & Caussian disarbation, The comelulon
with the geometric collimator response was them performed.
Since the cofrvolutios of two Caueasn distributions is slso a

Fultn. #) = fof + o] {20, #) 08

Abong the i=direction, the collimator configuration i parallel.
Thass, eaking B == o, dhe cinmdard deviarson cam be obtnised

Lo My 2.
Mq,,;,%w

aglzg, ) = ||,I'rf+-u';,.lfn;.. "], ]

T determineg Ly, by omd i, (81 (B, and (X) were fimed o
walues of semadtivity, o amd oy obtained from the 24 simulaigd
PEFs. Im order to asees the gualicy of the @1, the cocfficient of
detemunatzon (r7) was employed. This cesilicent s delingd
as the square of the cormelation cocfliciont hefween the values
at the individual peints and those obtaimed by usisg the fiming
unction, respectively. The standas] grmor wan usod 86 avsess the
unceriainty of the estmated parameicrs.

(7

N Evperimewiind Meacuremenis

[Espenmeniin] meacien wire camed out 1o validse ihe mi-
mrical simulation and the amalyte: fnaions Tor sanaitnagy and
resolution. A capilllary of &0 mm length and 1. 1-mm intomal
dhanmsater filked with 25 MBqg of ™ = Te was employad. Acqui-
sitions were done with a double-headed Helis {Clscint. Haifa)
gamma camera using cast codlimatees | Van Melickon, Hedland)
with el of vicw of 530 = 230 mm, The actual fan-Bcam fa-
rameters were focal ' = 355 man [1). hole side wy = 058466
mm, scpdal distance 8 = (L2 mam, L = 40 mm and
distamee between the back collmalor face and the image plane
B = B mis The capillary was placsd a the wamé posstion o
those used im simulation {sec Fig. 3 and in symemetric positions
wilh fespect o the & anrs. Thas, 42 measurements weee 1aken,
hetween 2 = Whmm and 7 = 3 mm for bight and @ = -2
il o X for the speriure sngle. Values obtasned from the syme-
e posithn were mverapad in efler o Semnish ketal e,

T evabsaio the quality of prediciod values of sorstivity and
resolution with respect o expenmental values, the cociTicion
al determination [ b amd the mean relatve crmor (] were em-
ployed. The ermor ¢ is the mean of relative residuals between pre-
it aral experramental sermativilies asal standasd deviations,

0, REsULTS A Disossic

A, Nuwmeripal Mehod

The accuracy with which e PSF is obtaimed depends on the
imervall s cmplonid w hem seanning the deteotos plang, A sarg
that is 100 smalll resulis im an unmecessary iRorease in Compat-
tion e, Thus the most sstable size of the samgding inlerval,
Sa, should by datermmd, For thes purposs the detector plane
wans soanmed by using values (imomm) of 0008 0001, 002, (s,
i 05, 006, [, 1 or S, The seEmly Iy was ebraned as i in-
togral of the simulated grometric componost of the PRF. Fig. 4
shovws the relative enmor is seasnivity caleulstion as & funceion of
the samiplang infervald, This cror was guantificd as the relane
errer in seveativity obiained by using the different valses of &s
wilh respect wo the vabee obimined wth As — 000% mim. The
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Eead semmilivily values and sanderd Seveansas over BIb paar
worcy locations are plotiod. The B0 points correspond o the 20
wis of Figg. 2 for poist sources bocased at 30, 1056, 200, and
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approsisals as clossly as posubls b a oontinuur
was then comvoluted with the intrinsic detector response and
o 250 w0 236 paels io sammulane the experimcnal conmdi

The imags
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Erivma, With B paramisson. coiplosad, B compulior linisg ranmped
beztweon 10 {lor 501 meaen el 12 i o for Al mam) in
a HPF- Apadlatidiid” 16l wosk astion

B, lmavvaoat F3Fa

Fag, § shows thy gollsmalos senmtnaly as @ funghion of ths
woarcy height Fear the 20 sosarce st Feg. 1. W
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changes appoar above this hopht
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10M) vy il 8 = 01 {Dopy) and 8 = B
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wadiafce Iecatsd o =

ot aho 1he discrete natiing of the smay patiem. Un the right,
s debeiion Pias-

g can g the goomssing PSFs aler the o
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Fig. 7. urluﬁhnrﬁmmﬂmrmnhm*fm
the sirvmliabnd PSP of Fig b Vv i pumed el bovaled ®
Pl 0, 10 eirchesd sl Fod 1500 0, 1009 mqhﬂ-. Fitgd drauiaas
ety (e bl Bt o i sdamm & vibar of | bis bint sl 1o e
il aiEar o L bt prapln.

™ T et
et

Fig 8 Hun of emsslaed Fals veran spemen saghe of wsecy, 8 o 5 =
T e edba cishinl | = 100 e (el gircheb 0= |50 e hodioss
nanghsl 1 o= 30 men (Hack mssgleh, 0 o= D e hedkos agpisngs |
adwd | = TWHD o o Pk s Thee ssbad soraighe b, sBiathi civm o the
chiTeremt vywinoh, dhrs thaf Biabal e fackiie o el afn b S Spniimun Jiigt

The kurost decrerses with hevghe Bul persaing sbinid o
skant with respoct Bo the apertung angle. The mean and standard
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Fug 0. (8l Sevesinoty mea leciem of e wuse spoiwrangie sl @ o= 5 mn
il grichenl = m 1060 e (bl circbm b, 2 om0 |0 mae | Bl inas gl
rm m-mmhl:ﬂ Tl e dbod b spurer ) andl 1 = 3D

sqmairi ()5 iy prlofiod os o Bescien of by - coondermie
lu:lmpv-hnﬂln'k a1 skl e corrosgnad o L el
Fursciion g 2y, | feor (4k vabeo i kst e e vaber obiassnd ot o poosl
wvaror Mocabed @ P (0, 0L 500,

divzatien fior kieflosd vares from 290 £ 000 fog 5 = 5 s
b 262 4 (LH for 2 = HEF mme Thess results confirm that
the simvvalation program is sccursic ceciugh for detecting slight
asymmeties in the responmse that o would expest fo find wisn
the sowrce monves amay Froms the @ axis, Likswise, bias values
are sufficiently low and kumesi is sefTiciently chose to that of &
Ciansssaan distribution s jusealy the high values of s cocllicien
off determiination obesinad in the fitterg. These findings provids
evidence that the geometnic component of the PEF once it has
ke comvnlved with the detectos response can be reganded as
lassian distribets
. The Mosdel

The fitting of {d) 1o the set of 24 sensitivity values from sim=
ulaiged FEFs mesulied inon = 2000 £ (DT with ¢! = 0,799,
Fip. % shows tha dependonon of senaitnaty onthe aperture angle
and the & coondinaie of the source. In the upper graph the sedid

lanes cirrespond Ba ke values obtassed from (4) withn = 2,
Sensitnity as a fenction of the 2 coordemale of B poinl sourcs
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Fig. 10 oll b g argle of 8 swrce kxaiod o
X ] M-ﬁr-u'.ﬁu_l“ H'il‘i.'i.--H S T TR
o sl ] ool bivabod aitey (Bl owches, i duoiod e cos” #
A viabuse ool | P B mesapand b b munorren

i shown at the botiom of Fig. 9. Values in both graphs are nor-
malized by the valug obtainad Far FLiD, 0, 30), We can obsrve
thy ool match betwaoen the values oblaingd from the individual
samyulated goometnic PSP and thase obtmined from (45 The high
coeilicicnt of deverminaton indicates tha ehe proposad maode]
accuralely prodicts the sensitivity in the range of haights |50,
W] mm. Cwr findings in Fig. § indicate that below = = 50
vy, eseativity depends on the exact source coordinates and (4],
which does nod Rake into socount these chanpes, s not suilahle
for prediceing the individual PSE. Nevenheless, I we consider
thal The soarce comesponds 1o a continuous. distnbulion of a¢-
tivity. {41 may be employed 1o extrapolate an averaged P5EF im
PEFARE PeCeErRTLCThon BlponEhs.

Wi have conflmoed that scesativily dependence on o or
cam? 8 wan relaned 1o the cenler-lo-conter distance. Thas, sen-
sitivily depends on o™ & when the conter-fo-oomier distancs
vanies as 1/ oos 8. Mevertheless, if the distance berween ceniers
s constant, the angulsr dependesce mon = 1. This can be soem
mm Frg. 10, where For a posnt sourco @t 3 = LN mm, the son-
ativity is shown as a function of the sperure angle when the
cemlef-lo-cenmcr drlance femasrs comstant along the & coondi-
male of B collimator {Inssghe) and when @ vanes as |/ ooe
tcirclesh Solid limes comespond 8o the cos® and oos® § func-
b Wi camosee the mratch Between thesse functions amd the
goametng PRF seeastivily obtasned by using cach hypothess,

As indicatod shove, e 24 amulaled PSF were inlggratad
v The o amsd g directions. Cagssaan distribsgions wore filled 1a
these raw datn and standard deviatsors o5 and @ were obmined
as & measure of resolution. Eguation (6 was fined o the o,
walues obtasngd in the samulaged PSFs, A valug of by = 003G E
OuCa] was obtained &= a resalt of the fiming and the coefficient
o clemermninabin wis Fousad bo b ¥ w 0L

When (%) was fitbed wo the o, values, we found by = 0UHTE
0oy and wf = DU

The upper graph in Fig. |1 shows the values of o, ax &
funcoiom of the aperiure angle For values of = berween 30 and
3048 e, As expoctod, no clanpes with respedt b the apaure
angle wene obssrved im oy, The bowor graph in Fig. 11 shows

d ¥ B F OE B

wimierd
2

|

L]

hig. 11 s Ssrsdlerd Scvisieon m ¢ Sirocien os 3 hecien of e wsroe
mperiure angle sl |z = 30 mem fbolkew ool = = L0 mm ok arckesl,
= = 10 e (ol iraaghed = = 3060 o {black neegles) @ = F50 mm
el sqmurs) s = = 300 mn (Bleck s (B Sasdud devisism
m c-dweciEm, ok s p-throcien Jrungiosd oo foacios of e
et lor 3 wrce gl Bcwded om the 2 o The weds] e comesporsd
0 e i Banciionn o, 2q @0 | 2p. &) M (8 anell (KL

the values of 2, and &, 55 8 fusction of the = coonbsme of the
soureg, Wi can observg importast difforenses betuggn o, and
a, whon & incroascs and approsimates o the collimator focal
line. The close maich between the prediceed {=odid line) amd the
andhividuall valess obtass] rom the umteliled geametns PSF
somponand is wirth nafing.

. Erperimenial Measurememrs

Finally. the capability of our mad| 8o reprodece exponmsnial
values was evalusted. Fig 12 shows the proliles s ¢ disvecs
Hion afier eollapaing the samulated {sodid hing) and xpeonnacital
{symbolsl FEFs for source points bocated at &ilferent places in
height o = asis {a) and out of & axis (b The good agreement
between peolibes of amulited and epenmental PSFs i woith
meting.

In order 8o compare quantitative values, Table 1 shows the
staslard deviamon for the profiles of Fig, 12, The resalts of
Taklic | confimm the visual assgssmend Trom Frg. 12, Discrepan-
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cies betmeen experimenial and caloulated sandand deviations,
might be caplained by 1aking into sccount that hales were mot
perfectly foomed on tha Fecal line [1].

Tahle 1 shows rhe sbasate cxponmmental and caloalated geo-
metr senstivalics, The resulis of caléalatgd sensibvaly soeme-
sponil #o the simulated geomatnic componont alker comection by
thex desecton absolute efficeency. W can see than the geometnic
componenl represeniy, on averaps, ahoat MRG al the metal sen-
sifivity. These results are in agreement with those obtained by
loenie Carbo simsulanos | 5], [6]. which cotimaies peonssr con-
tribution B be abmn 5%, sopgal penatration bo b 4% amd co-

it

Fog 1} Espenmesis vabes of {3 womsoin ey ord starsdand donaien yoras
i ihe ey proviecind bry the el prososed.

hasren scatieng o be 1%, the incoharem soatieng being negs
lmghibe it OUE%%, The small dilerences Bstwoen oxpemmgntal
and caloulaied geomaetnc sensilivities @ points F5( 1216 150)
el F5040, 250) could b due toom ponperfent focusing of holes
on i Focal ling in thas region 1]

For a complete companizon, Fig. |3 shows experimental rel-
stive st vity ol slandard deviatsom i ¢ Srectson verus the
predisted values obtained from (4] asd (63, Ths upper graph
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shows the exponimental versus the prodicted semadtivily valees.
Th dcbentiny line is also displayed. Values n both auves ore rels-
v o the semsativity For a point soarcs located an Fidi, O, 540,
A coeffichent of determination of ¥ = 00992 was found be-
twoen the two sets of values (mean oo oa®e 0L28 & 4.1%).
[Because relative sensitivity is wsed in ilomative reoorestniction
algorithins, thewe results indicae tha the mode] represented by
() may b coployed in these alponghms.

The lower graph in Fig. 15 plots the expenmenial versus
prodiciod standan] deviation. Given that experimontal measure-
menis were obtained frem a capillary placed in a drection par-
allel wx the Focal ling, only valugs of o, were cvaluatod, In this
care, ther coarelaiion coeflicient was #¥ = 0.9 and the mean
erfor and standend devistion werg 333 & 469 (in%). The mean
ermor of 3.35%% might be am estimaic of the effect of septal pen-
ciFatnom afad scatner on resolution, alehasgh faher imvestigation
wing Monte Carlo ssvslation should be dong for validation.
The greement ohacrved in Fig. 13 betweon the prediceed and
the capermental valucs for sensitnaty asad resalution imicates
that the analyiic functions {4} and (6) ae sdviable for use in
real fam-beam cast collisaiors.

%, CoscLsos

The sgreement between the simulsted and the cxpenmental
values For relative sormativily and resolubos domomssratos the
validity of the numencal methed implemented inthe study of
e mnaging thresgh typleal Bin-Bess collimaton aich as
those we have employod The algonithen is well adapied for
chraining PSF in o fas-beam eollsmatoss, as no Rypothesis
about amay ponodicity is meocssary. The methed can b adapted
o dliflercmd mmay goometny and hole shapes. This, we have
demonsratod that sensitivity vanes a5 a cos” § factor when the
cemberta-cener disance vanes a5 1 oo # and ax 8 oos @ factor
whem this distang s gonstant,

The analytical functions modeling sensitivity snd reschintion
apcurally proshet Buth e simulatad amd the expenmental
values, for the simulated collimator, when the source—ool lBmator
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distance is grealer than 50 mm. Below this beight, sonsitvigy
in highly depondem on the sowrce position and small dis-
placements in the x or i coondinates Bring abost comraderable
changes. In this sifuation, the analytical femctions that we have
emploved are ot suitable For pradicting the ndvadal PSF

for a poimt source at fro, wo. 2o) although they may be
used Bo oliain an seraped PSF around thes poest on feralng

rocanstnection alponthms.
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[terative reconstruction with compensation of
the spatial variant fan-beam collimator response
in neurotransmission SPET imaging

3. Parcto, A, Cod, ). Pavia, U, Faleda, L. Juvells, F. Lonsetia, [, Ros

Absiraci-= The depaming trassporior (IBAT) has boen shown
in br 3 wnsltbie indicsior of n dopsmisg lunciian,
Altbouph visusl bapectles b ooften welllchesd in saess AT
Imaging, quantifivation cauld improve the disgeods scoarscy of
SFET stwdies of the depaminerpk svitem, Ihe alm of che
present wudys was o g e gooeracy of guamificakon of dee
wrtatal b bground  uprake  Tanke  whin  correctbon ol
Ellewmalion, sellor aed sarianl Tas-lras collisialor
reapoine are Includad 1o Berati o algorithine
A numcrical viristsl phaniom way bmpl 4 wndl simulated
wore obimined by andeg the SimSET Monic Carls
e, Ordered Subseis Eapocistion Savimbabien slgoriihm
TISEM | wan pmpleyed in lon. Clur revelis vhaw thad
thie incleslon of thy spatislly variant FAF in ihe ransition mairi
reaulo imoan improsesen (noche ok ulased siriaialhackground
ks rado of % & and &% B Ccaddsie.
Impronement wew W % b poismen sed 4% %2 s cosdair when
correctlon of abrnustion, scaifer and  ypaiially  varise
enllimatar respanse were Ineluded in ghe reconviruceien,

ey Waorda: SPET, fam-beam  collimator,
e P e ey e

CISEM,

1 INTRONSMCTION
ollousng  the ahances m moleculs imaging,
meiuﬁm SPFET has bocomme an important Tichl
in neursimaging and s texday repanded as a wseful tool in
linical [0.2] and basic rescarch [3]. There are two important
reascns for thas: 10 a1 has so Far ol boen able Bo image
neusHranssTssion de v By ecass other Ban FET o SPET,

This worfl wn sapporiod = pard by e CHOYTESAPEAGLITL B Parcke m
Feunded by Uimiveruesi Harcekons

N Peeis m weh Lnes Fadfacs s | I'wnalen hbeliris,
Urprne Rasykon, Casmeag 4], D005 Barockara, SFATH | gl
pafcke e ol in ) i Setenr Modare Meckoar, Hespetal Cliss
Willarrer] | T, S8 L Barcckom, SPATN

Al w owrh Depe Fissca 1 Frgmama Sk, Lnneroist Pelikdonsa
Amslurya, ares bsa, SN el albonc ot L ul

B Parvias il F Lcomuidus i with S Mobidagara Mo bar, | ioepaisd [Ty
el Il Bnedpsomrn Baerddeges Auged Py Serer § IBRAPSL
Barcekma SFATS co-mal . ppavasorc s ub o b

i Faldn mowoth Urebsl Bscfsscs 1 Beoomgpryema s Sorven. Creniilios:
Toemacs |6 Th de-mml: ¢falomsdrmed. ub 0w

Lbevlls i owahi Lol Opaica, Doyt Fisica Aplicasds | (paics, |reversiss
Pt b, S 4| % o potund mprvine o g b g b

[1Hin e wvh Ursisl Belnes 1 Beemgpmeras ssd [THEAFS jeommd
e mcdscinosh o

amel I} SFET s 2 wekly sccessible aml cost-cificsnt
sochmigque, Despite contreneray abost whether or nat SFET
mmagisg of dopaswne uplake satcs cam roplacs PET smaging
m Ecuralagical disoedorn [4.5), o authorn sepport the view:
thal 2 ket an clinigal setings SPET imaging <an roplace
PET imagieg of the presynaptic dopaminergic lunction in
Parkinson s discase {PIV [4]

Presynapiss dopaminargs: Remcion s asseciatad with the
dopaming rassgeeter (AT The DAT re-uptakes dopamsine
Trowm Ehe syrapts clefl and Bas boon shown & Be a sensiive
wheator of angrostriatal dopaming fescton Dhalunctions af
g presynaplic dopasinetgic sysleom e invilvid in PE sl
as @ doisguencs, IIAT imaging v 8 uselul Bl 1o Gl o
caughuds P[0, 6], A number of ¢ocang analog SPET agenis
which bind g DAT sites bave been developed [1], Thess

include "1 apents, sech s the recent s available
FPCIT 7], and ™ Ti agents [£.9]

Aldbough vieml mspection iz ofion sufficient o0 e
AT imraging. quantification might improve the diasgnossic
accuracy of SPET studics of the dopaminergic sysiom [140-
12]. Im particular, geantification of dopamine transporior
SPET studies in PO could belp us to disgnose FD in the carly
pre=clinical =stages [13.04], i follow and mesvere the
progression of disease [13:16], and t0 assess the effects of
potential newroprotective treatment sirategics [17].

Recent advances im SPET iochnology bave conssderably
improved  possibilities  of quantification  in nuckear
meurcimagieg. O the one hamd, fansbeam collimators on
mralti-head systems affer a good trade-off between rexalution
andl moi=e, O the other hamd, transmission imaging sysbems,
which enable us 1o oblmin attenustion maps. ane mow
available. Morcover, ilerative reconstuction algonichens may
further @mprove rewdution and allow for & more relishle
quantification. These algonthms permit modelling of the
projoction provess, allowing for comection of aticnuaton and
spatially variand collimaior responae im the recomstnsciion
process. Finally, the introduction of the Ovdered Selbneis
Expoctation Maximisation  algorithm (O%EMB [18] has
allowed us to reconstruct images withim an scceptable time.

The aim of the presemt wody woes o sswess the
improvemend  in aocuracy  of  quantification  of the
striatal’background ratio in SPET neurctransmission ligand
imaging when commection of aticessiion. scaiter and spatially
variant fan:beam oollimator resporse ane included in iterative
algorithms. Attenuation and scatior are. in poncral, thoasght 1o
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be the nwost importand cifects, Nevertheless in this case,
where small structures sech as caudale and pretansen an
wlved in guantificabon, comectson ol the vananl [mnl
spread function {PSF) can play a significant rofe.

I MsmEmians s AMETHODns

A Numerical phantes
A memerical  phantonn was mplomentod by using
oxperimental  data obdained from @ CT image of an

" siriatal phaniom  (Radiology  Suppor
Deviors. RSO, Imc., Long Beach. CA) Thirty-two avial slices
throughowt ihe whole physical phantomn, 125128 piscls
cach, were acquired. CT image was sopmentod im ondor do
obtain brain tissuc. basal ganglia and bone. Brain tissse and
bone wore sstomatically scgmeniod by threshalding the CT
imape. Siriatal cavitics wore manually rsced over the eight
oomesponding slices of the CT image.

The activity distribution was generated by sefting a
oomedant value For all basal ganglia and a lower constant vale:
o the rest ol the brain, Ratios of 770, 81, 3,571 Tor stzigtum
1o background uptake were established, thereby simulating
nomiall and pathaodogic situations.

The mom-unifoms afomuation map was oblainod by sciting
the astenuation cocfTicionts o RIS men ™ for braim and (.029
mm For home. Figure | shows ome soction of the activily
diztnbuiion where we can so¢ the cosdate and putamen basal
pamglia and the comoponding allonuaiion map.

A

Figurr 1. Aotrvary snd sonsstson desrbanors. o ong et of thy anael
pehustam 4 sk e [adsnien Baial gangha cn by ohestiad 0 the RN
g

B Prejeciions

The SimSET Mome Carlo code [1%F] was emgloved
wmslate SPET progections, The simulmien conditions arg
deseribead bl

a. The photon history generator swedale inchaled: 1) e
numencal phanions desenbed abone with a voxel sine of
1,721, 7a800 m‘.!hu'ui:ugud'inﬂ-mﬂhm htinnis L obstain
approvimatcly 1.5 mallion detccted phadons i pregections,
thiss mimscking feal sudies obained with & dual-head
pammnacanscra, oo rotation ralan of 140 mm, 4) phalon
encrgy af 139 keV, comregonding 1o the main emission of
L Wi pomtassinaiion of high  energy  photorms was
coeradered S UL Ten monse Puns were carmed oud i
statisteally rseas the influence of sotee.

B, The Bereung maddule nebaded: 1) 1230 progections over
6P, 12K pinels each, piuel sire 44xdd mm’, 2j an
energy windew selecting phatons rasgeng from 143 w 175
keW, 3) collecion of scalénal snd poimary photons in
soparale Al

¢, The collimater medele meopedalal & converging fas-

PUBLICACIONS

beams cast collimaior with focal distance F=355% mm, hole
sacde wesl) B6G mm, septal Bhickness Fe0] pen, lngth Led0
men, detancs Bom the back collimalor plans B the Jdetoctor
plane FeSemn amd Geld of vigw (FOFpol $300 250 mn

. The detector madule inchalod a Mal detecior, The: inlrinsis
ety resclution Tunction was malllod @ a0 Gasssian
dtrbeation with FWHM of 11 %% for 157 ke,

0 Becossrrnion

Ordered Sabects Expectation Mavimizaion (OSEM) | 18] was
employed in oonstruction, Sax subscts and | 8o 1T slcrations
were wsgdl Ordering of subsgis was cstablvahod inowech a way
dhal cach subsct inchedod the most mdependont infamation
avaslably and mow inkepondent mlrmation was inteoduced in
apiiinsive subsits.  The mocesndmeclion paramdlers weng
128128 mantrin siee and 1.9 mm pisel saec. Atlcmsslion
corrocton was porfomsad in the recorednection procoss by
e luding: the non-emilorm sficesation map described above
m B progecion hackprojocton pair.

Scatlcr goumogtion is an imporiasd subjest and a number ol
mcthinds  Bave boom  peroposcd  amd  evaluated [D0II]
Mevertheless, this study s focssed on ovaleting the cilect of
e corroction of dopradations on reconatruction rathar than
shmdhvimg The mond relable methad ol scalier correction. Thus,
i kel cormectom was gonsidoned B cormedt projocions o
scabiered phatons, To this g, only pamary photons. whach
bl meod undlerpone scatter werg conesdorod From SimSET,

Correction of collimator’'detocton roaponss was camicd du
by madcllmg the spatially vamant resalhation and sensstivily
arel by inluding these Tunctions in the ansition matris [II]
Eardier resulis obtained by wsing Monie Carlo: technigues [ 23]
shaww that although the abaolate sensativity valees (mcluding
primary, sepial pemstrateon and soattered photons) differ from
e covesponding 1o caly primary  photons, the e
primary photosc1olal phidons i alenc comdeant. Thiis, the
relaive sensitvity funcisos can be obtsned disectly from the
primary phaoions.

The relative sensicivity was obtimed & the sensitivity
vailues for each source position with respect o the sensinivity
ai =50 mm, which was tsken 5x 8 reference [22.34]:

izl m oo Al

(¥ = 3K
(F=2x]

where F s the focal length, o s the vertical distsnce from the
souree poand 6o the Trom plane of the collimator and @ is the
angle Between dhe mormal and the strasghe line passing
thaough the sowrce poind and the Tocal line, AN distances are
el

The resoluiion was cstimatod as the standand deviation of
a Gaussian distribution 21 24):

AR (s L+ B (2F &) | (21
olzff|= o
| "[ EAF s ow (La 2 ...-]

where o, and & are respectively the antrnsic resolation and
collimator responss, and all ather parsmcters Bave boen
described above, The measural inminsic resolution was o =
1. Triime
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Figure 3, Roomssansiod supos il § mcrplss (lpl M1 jcraliess
iresdelic f for 1.5 mulison oot m poegrcisons amd aftor M) dersisons fa 15
rmileen comami eeboeni o oberwms ders rroges meominacisd woeheen
coarectamis | el ebng, wah only memes comvenen | Gyl nal, wwh
TR il [ IApTyRad e soh
pmrnution, oollmaar Tespoast il hieall seancr oereoion {AYCySy) The
prapin rrprososd the scinaty profiics akeag e rwsonial e rabcoiod = e
o ek e

Different  reconstructions wore  performod: 1) without
coreclions., L@ mo atenaualion | comechion. mo
collimator detector  respones  oormection, and ne scatter
comection  (ArCnSal IF with  aSicmualion  comection
(Ax{mSn), 3} with attenuation and collimator response
correction [ AyCySn), 4) with shormstion. collimalor response
ard  scatter  comoction  (AyCyEvL  and  3p fihored
backprojection (FAP) with & Auberwenh e 0034 mn’
cut-afl frequescy and onder 5.2, FEP was incledad @
pomnpare the pesults obassed wilh the demative algorilhng
wiilhy thaose achieved with the stasland reconsiructim methxl

Ir (ranrglomion

(rantitatsve mesults were oblained by cakulating  the
contrast, defingd as the stmatal g0 hackprouss) uptake ratsa,
The siristal uptake was calculated o the mean vabes
caidate of potarsen. The hackpround was oblained as the
mican value in an occamial arca. The comtra meeovery (TR
e fimed s the ratio betwoen the caleulaied and the thoarctical
gomrast, was sha waed, The aptimal value of this parsnsicr
w1 oan all cases, therchy facalitating comparison between
uplaks s,

. REsuLT=

Figure I shows the recosstrucied images afier 3 (iop) and 30
imiddle) fierations for 35 milliom counis, and after 30
iteraticrs for 33 million counts {botom) Images in cach row
comesponad 80 AnCnSn, AyCnSn, AyCySn and AyCySy
reconstrections. Figare 2 also shows the profiles along the
horizontal line indicaied in the jop kefl image. The theoretical
strigtsl ‘hackground ratio in this case was 7.

We can obaerve the improvemsent in the image quabity when
correction for degradatons is consecutively incomporsted in
reconsirucEon. At 30 ilorations, images are guile noisy, even
when  comecticn for  collimalor  responae iz iscluded.
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Hewgver, combale and putamen are seee clearly sepasmed
slter 30 nerations (han afler 5 leralesn, espesially when
collimator sespore B oincladed i the revonstrection. These
results are consraent with the Eat tha the hagher the number
of werations, the greater the rocovery of bigh spatal
frequency components of the imagss. The plots emable = 13
sppreciale the improvementl in resolutios whem 30 erations
were performal and comection for all degradations was
inchekal m e nxomsuction. A more markal mimimum
reflects the clearer separation Between coadale and pulamen.
Thesg results imbcate that alBgh 30 afanons shoakd he
regamiled m w0 eucesive Bor visusl evalustion, cam he
comadered as sabisfactory s this case.

The effect of ncluling compensation of deprulitions can
be better obscread on the Bottoen fow, which corrcguesd
3% milbon counts (afler sdding the 10 progection nesa). The
mqulhwﬂ#mﬂmmw

all

Figure L. Contraa meowony LR 3 & funcrson of the narshor of
Aqratiens S gaudany o ef) snd psTan (raghe), The ks qormesnad e 4R
waban mbn el Tam wn e lonrnod modbund gt B 1 And mSal,
with caily EEAMGES (oMt | A RAe), sih snaeon s oodlamotar
Feapumit godtonte | Ay ared saoch gt ol bivokel fegueng wnl
waler oorocon  (AYCYSyL CR vaher obmnad By owing Filerod
i progocisn | FTHY) appoas o o horuonial dosiod lne For comparmon.

To asscsa Bhe improvement M reconsfruction from a
dquantitative poind ol vigw, Tigere ¥ shoms CR as a function of
the numbsr of Horations for casdate and pulamen. The plsis
corresponad Bo Bhe macan value of the 1on mens. We cam olbescrve
the impeovement in quandificalion when  comochon ol
drplhhu‘umﬂh included m gthe EBransilion

matnix., We cam also so that OSEM wiihoui cosrochions
prl:hnllﬂlhﬂl.rmmiﬁrlulmnﬁ:lmiﬂF“
Thesse results quantitatively support the sdea that incrcasing
iterations resull in highaor contrast.

Frpare 4 shows the calculsted versas the thoorctical
contras For the different activily rafios simulaicd and when
different ocomections were performed  (AyCySy, AyCyBn.
AyCnSn. AnCeSn and FBP)L The idontity line is alwo
dhisplayed s bave a rtirlrmr.lnl]lmpg‘i‘nhm be Mifged
1o a ling with bigh commlation cosMicionts {0950

Table | shorms the memerical values of CB obtamed for
siriatal hackpround wptake ratics of 771, 51 and 1.8/1. Given
the asympehotic behaviour of the plots in figure 5, we prosent
the resulis after 30 iterations bocause the improvemant afior
3 ieratione is almaost negligeble. The table alo shows the
imporiance of componsation of aficnuation, collimagor
responsg amd  scatior o mecosor the B value of he
stristal hackpround  uptake ratic. In pulamen,  sucorssive
corrections of atioessation, collalor response and scatior
shows an imgeovoment of approximaichy & % on cach wep.
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Figurr 4 Caloslised contrass veras theormaal oontrass whan ooma s
Arr mxoarvely maloded n rocomitesden: FEF (bellow orclen). Hollow
wamg ke (AeUnhel Mol spaivs (AVORSRL Flled ol 0ySah
Falbed truanghos. {4yl y Sy ) Hogresson bnes sl and e domtbiy sbraghi
I | chimoend s i il ool

The imprevement is 30 % if ol comeciions are aken
together, therchy mereasing CR from 069 s0 090, The
impeovemnenl 5 even higher for casdwie, CR shows an
average merease of 9 %, 16 % and 13 %% when comocton of
sticermation, collimalor response and scatier are sucedssively
incorporated in the reconstruction. In ehis case. the value of
CHR increases from 060 o 0086, which represents an
mgwovement of 43 %, The incrcase af 16 %% in CR {double
thex valug found for putamen) when the spatially vamant fan-
beam collimator response wans incorporated in the transiton
miatrin w wirth noleg. This can be cxplased by the smaller
size of caudate with respect to petamen, which mcreases the
importanc: of PSF m gquantificaton

Tahle 1. Confrast recovery valees obtained alter depradation
poerections. The results comespond 80 stristal background
uplake ratics of 71, 51 and 351, Meoan amd stamcand
devialiors ovar e runs e dhowm.

PUTAMEN
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v, Disovssion

Owr  results  highlight  the  imporiance  of  correcting
degradalions o amprose quanification accurscy ol
neurpiransmasion  SPET sudies. In particular, spatially
vanan collimator'delocton responss plays a sgmalicant ol in
the quaniification of small sirecteres such as the basal

I thix soedy, we employed the ideal comection of
scalterad phatons in oan allempd o assess the milbsenee alf
acaltered  plastors on quantificstion. Thus, only primary
phatons. from SImSET were considerod whes the effect af
scalter correciion was sudied Owr findisgs conafirm thai
scaltering also plays am important sole in stratal hack prousd
upiake quantification.

This snady is valid for "Te ligasd agonts. However, if
quantification is performed on 'l agenes SPET imaging,
contamisalion of Bigh-coergy photons. should be taken into
scooend.  Low-abundance (<35 %) high=tnorgy photons
coilted al 36, 440, 505 and 520 ke have a aon-ncglygeble
confnbution o projoctons due 0 seplal penctration amd
inclastie seatier [21], Thus, methoaks o compensate for this
degradation should be weed [21]. This study falls beyond the
scuges o this work, which is fogused on isproving resoltion
by imtrodducing the spatial variant fan-beam collimator
responise in the iransmdssion matn, Further soafies will be
neocsary B oomecl  rocomafructed  imapes  for this
degralation.

In conclusion, cer findings indicate Sal compensation for
fan-bcam  collimator respores rossls in a significant
improvement of § %% in patamen and 16 % in caudat in the
recovery of the stnatal Background ratio. This underlmes the
imporissce of Enpeoving resolution when small stnaciures are
involved i gquniificabon.  Improvement was 3 % m
pulssnen and 45 % in caudaie when comection of sscauation,
spatially vanant collimator responac amnd  scatior were
includead im the reconstnaciion. Thus, the vabees of moemalized
siriatal hackpround ratio incrcased from D68 10 050 for
putmmen and from OU60 te 086 for comdaie afier comecting all
degradations, Owr results suppest Sal the coroction of these
degradations can improve sccurscy of quantification of
neurdranamassion SPET imaging.
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Assessment of SPM analysis in the comparison
of two sets of """ Te-HMPAO brain SPECT
studies. A numerical simulation study:.

[, Parcsa'”, 1, Pavia™, A Cat®, . Falodn', A, Berabarr®, F, Lomscfia™, E, Wicta™, I, Ros'?

Abarracs—Seatistical Paramcirie Mapping (5P has beoome
wlef Bochinbges of Chsdoe o anarRbnally cvaliaie PET. MR and
SFECT fesstiosal braisn el Mevirtbooo, oaly 8 fen
metbsldsgical Wpdin hoe been carcied ool 1o mscs P
perfermance of SPM in SPECT. The aim of this serk was 1o
l.hﬁﬁwh_urﬂllllmhrhmhm*-ﬂ
blecad Blaw (rUBE) in beilh hyps- amd by

l]_H.ull. The papr wvks do delorming ibe relassnskip
Brineen by grosp sloe and ihe vl 18 changes, and ihe Inluenoe
collimater recpanss on the group dee, Dl pascscmenl was
carrhid oiil wsing dsiileled brain SPECT aedie Projecthoe
wire ablained with Mease Carlo tochnigors ssd 8 Tan:beam
colliater  wmas  comidered  in the  simulstien  proces,
Hecsnsirucition wan performed by oming (rdercd  Solnacits
Faprectation Mazimiraton (5E4) algorithm with and witheut
comproation of slfcesabion, scaliorisg sod ypatial varang
collimatsr rosposn.

Ilur findings Mmdicate thal carrection of depradsthoss impreves
e calcmlation of the sclivaiisn facior. Ther i cmrnl was
1 3%, 1% and 2% on sverage in fod of 10, L1 and 3.7 om’, Ax
regmnds 5V ssalyals, we chasges in sensdiivily wore sbserved in
Ehy dpivilen of hvpo- and by porperfod seghon, [her nevelis
alus shim fhat correctian of degradstieas diminishes the
mumber of paire in detecting changes b oUW, Var @n acthoation
Hacter of 12 % el @ Tocus e of | om' the number of palrs wis
1} with conrecrsan amd 17 wichsur correcnon. whereas Tor &
Becus sle of 3.7 em' these values wore 5 amd 7, pespeetively,
When the sctivation Mechor wan 15 %% dhe number of paies was §
and i1 For the focwi of | em', and S and 7 for the fecus sbee of 1.7

Key Words: SPECT, SPM. O3EM, fan-beam, riCBF.
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Buuin perfusion SPECT allows us w0 detect changes in
pegeeeal gercleal Blesd Mo (pCBEF)L This s of cspecial
mieresd sings FUBEF has proved B be a senativg paramsics m

This winl s sappearid i pam by CHOWT (SAFP0) 37, SAFINZ 44770
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Urmil Boolsacn, Faculial de Miodsr LB (Spani
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the diagnosia of some npurological and psychigtng decancs
]l in identifvang the corcheal regions invalved in cognigive
ks, In these studhon, statsdical inforemoes Bave classacally
beon made from mean vabees and standand doviatices of the
sty in prodelimed regions of micres (ROHS) in a prosp ol
subjests, Inthe last vears, new Bl have beom developed 1o
objectinely cvaluate statistical significance withaul previous
sclection al the smvelved brain segions, Thus, Seanstical
Paramctng Mappeng ( SFM) has boooms, since 188 appoarancs
in D] e tochnigue off chaice o stafistically evahaate FET.
IR] and SPECT functiomal braim stadics [ 1]

SPM complons a robed sirlisBical analvas with a strong
theorgtical basis, MNowertheless, mothodological worls arg
nevossary Bo assces the performanee of the mcthad in the
different fanctional smaging tochniques and, = partscular, in
SPECT. Adccurale studics [2-4) Bave boon porformod 1o
valiate the 5PM lechnique in acination SPECT stadics.
Theso authors semwlated specific sivations in which the
sctivity distribatican of the source was knowm snd all
parmmeiers were controlled.

Aueessmeni of SPM m SPECT has massly been carried
oul on neuroactivation wmsks, in which rCBF shows an
increase. Neventheless, neurclogical snd psychaairic deemes
suich as atrophy, degeneration, smd functionad | mpaimsent are
related o hypoperfusion im specific repions rmher than 1o
hyperperfasion [5]. SPM can alw play o msger role in
idemnifying such specific regions of i assesing the respone
1 i phamaacodegical reatment.

The asen of this work was o eviend the study of SPM 10
si it s im which nCHF cam either increase of decrease. The
paper woeks 1 detenmine the felasoaakin Betwesn the group
size amd the rCBF changes, and the milucnce of the
coftection of anlesisation, scalter amd of sanan collimstos
respodise on he groep size. The siudy was camicd out using
numerical simulstion. Fan-beam  collsmators, which are
commoaly employed in brain SPECT because of the good
trade-ofl between resolation amnd moise, were ooamidered
Realistic simiulation of peojecioas was obesed by using
Mome Carlo  techmigess of espont of  radation
Reconsiruction  emplowvied  Ordersd  Sebests  Expectation
Musisnization (OSEM)  slgorithss.  Hecossruction  was
perfirmed with and withoul compensation of aiicruation,
varian collimator responss and scaticnng.
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. MATERLALS AMD METHODS

Mamerical  simulation was  employed 0 assess  the
perfirmance of SFM in detecting changes in iCBF_ The main
characterisises of this process are described below: 1) the
numerical brmin phaniom used, 25 how (he peojocisees wene
simulaied, 3 the reconstruction algorithm _ 4) how rCHF
chanpes were quamtified smd 5) the simtistos] anslysis
empearyend.

Hrain plaatie

The dhiginsad Jubal bumian bram phaniom [6] we used o
manbedl the blosd flow pattern, The malnx aee al s
numcrical phantom  was 2562520, with woxel g
1] ] A0 mm”. Valaes of 100, 25 and 4 wiTs asssgres]
1 grew matger, while master and cerchral spinall Musd in onder
1o simulale e relative comommirations abscrved in the bload
Flow patiom [ 5]

888

Figeen 1. Troreaaool mdﬂ:.n.-.lpﬁnmﬁ'ﬂl-i-
Tl T iy bRl f VT | ] AP e T T

The momcuniform almenustion map was obained by
wusigning 0014 ma 10 the lincar amenumion cocificient of
the brais lsne sireeiures, sl 00030 s’ 1o bone, Flgure |
shows one ceniral IPamsaxial socpion of the Zubal phastom
sl il corvespombeg activity ditribution and amenustion

map.

Fist of defferent sires were placed in the corpas clagules,
a Braan arga invalvad in neuroactivatsons as wgll as inomaossd
disorders. [7-9], Mon-spherical fen wore ohtamed by
positsceang spbeeres of 15, 20 and 25 mm an diamsctor i the
gorpus cinpulus anad isgersecting thom with the pray masicr,
The final volumes of the throe foci were 1, 2.1 and 1.7 cm’,
Fepare 1 shows ong fransasil soction amd one sapgilal
soction ing to the foci of 3.7 am”. Note the non-
spherical shape of the foci.

Values of =75, =50, -25, 20, -15, =15, =30, +15, +50 and
+T5 were assigned do the focie thus mimvicking bypos o
hyperfiased regions. Given that the basal value of the gray
maticr was 100, thewe values aleo ropresented the percontage
of change im rCBF. These regicas will be referred 10 as
mciivaied regions despite increases of decreases i iU BEF

& 2

Figses J. Trmsssial {hof) sl sppasl {righth vigms of dhy Zibal phanten
o g W fin( oy e O i,
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Projecrions

The SimSET Monie Carlo [10] code was employed io
obiain  SPECT projections of the  activity  distribution.
SimSET generates realistic sets of projections by including
all the physical effecis that the photoss emderge in s
intzraction with the maiter dening ithe acquisiton process.
The: simulstion conditsoes were:

a. The Basiory penerator module included the iracking
of %42 millem pholons in onder oo oblain peojocions with
appro imaiely 12 millson detccted photons. The energy of the
photons  pemeraied wis 140 keV, eomesponding b e
emissiomof T,
EWHMMEMNWW@'H
1263128 pinels cach, wath a pogl e ddadd men®. An
ehergy window sclocted photons ranging from 126 1w 156
kW, Pomary amnl scallonx] ploboss weie golloctad i
separaty files, tharchy allowing for samulatsos of the ideal
scaller cormection,

¢, The eollimator meosdule smommoratod 2 converging fane
beam cast collimator with fozal disissce Fo3335 mm, hole
anfly well Bish mim, septal thickness =002 mm, kength Ladi(
mum, distance from the back collimaior plane o the detecior
plane B=Bmm and fickl of view (FO%) of 350x2%0 mm.
Thes: parameiers commespond 10 a high resolution cast fan
bamy collimasor §Van Mullekom, Holland) of & Helin HRE
double-headed gammacamers (Elscini, Haifs).

dl The detecior module incorpormied o Ml scimillalor crysial.
The istneri: coergy resolation function of thes detector was
mondeled o5 o Cimsssion disenbackon wids FWHM of 11% for
1 4iey, The pation radius was fined ar 140 mim.

Twa groagr were simulaied 1o mimic g conditons fior a
statiatical cosrparison, The first one correspondod 1o the hasal
the shwdics with changes in fCAF an the corpus cingulus,
Twenty JimSET simulations. with different ramdom scods
wire cariod out in the fira groep, Given the number of
Factors (D0, Bocr sarcs (10 amd rems (200, we Followed a
different stralogy. = the socond prosp. m ondar 1o deminish
the number of simsliiors 10 obtaim the GMF dala sol
projeciions nocded. We ook advantage of the fact thai
SimSET simwlation is imtnneically additive amd. as a
comsequemee. the  projections of the “inaled™  Aubal
phamiom could be obimined by adding the progections of the
original phaniom and those cormesponding to the foci Thus,
first we porformed 200 new simualations repeesenting real noise
of ther original Pebal phaniom. Then, the simulation of the 5
fioci was carmied out separmicly, b in these cases the renher
of photons iracked was high enough io ensare that these
projeciions had no-significam noise. To this end, 74, 147 and
20608 millon Betones were ekl respocovely. Wath this
number of phadon histoies the signal-to-notse rathe & limed
i the etk Berween the o of wenghts and the suim of sguane
wenghtts wins preater than10°, thus sdicating tal the noise in
the prajeciions could be groeal Generating pragections of
fi with such @ low mone level alllowesd ws o obilain b
different levels ol sctivation frem —75 B +T5 by multplying
the origingl projechions all the el by the cormespomling
fatow, This stralegy cnabled us o diminsk the number of
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simuallaiioaes Trorm {00 80 23

Computer time o0 smulate projections of the onginal
Lubal phantom with 12 Mc was abowil 4 beours on PC
wionrk skaisom with a double processor AMD-KT mp 144 GHe.

Reconstriciion

Projocticms were reeonstrectod by using Owderod  Sebecis
Expectation Masimisation (OSEM)[11]. with 10 subscts and
B werations, Revonsreston was porfoemod with (T sl
wilhiwd [MC) gorrectson of aflcmmtion, aaollimaloedetoctor
response and scaller in onder B aseeia the significancs af
correclions in SPM analyus,

Aflcrrlns gmcstsm was porfemad = the
reveminaclion  process by including  the  ses-unifoms
smenualion map i the  propeciorheckpiogector  pan
Compensavion of fan-heam collimalor response was carmied
oul by incorporaiing the spatially vaniam  poim spresd
fasmsc i (FSF 1 into the transivien maono [ 12]. Ideal oonmee ton
of scaticniag wis performed by using only primary phoions in
the reconstnction prooes.

The reconsirktion paramssicons wore Gdwid matns size and
4. 16 mm pinel size.

Actinabion factors were cakoslated o order B assess the
pocsdness of the moconatruction and the  significance of
correction ol degradalions. The actnation Facior (AF) was
obtaingd as AF<1HA-BVR, where A and B ropresent the
mean values ol the actvaled and basal smages in a RO
Macedd on the three adtivaled B In onfor 10 mvinimiae
barder effects, the volume of this BOI was (04 om”. This RO
wias obsained by bocating a sphore of 10 mm in diameier im
the corpus cingubes and intersecting it with the pray matier.

Sranisiical methoads

To statistscally cvaluate the differemecs beiwoen the basal
sctinvaled studics, Statistical Parametnie Maps of fCBF were
oblained  with SPM®F (Maglab &0 on oa Linus PO
wonkstaon), oth basal and  scincaled  inmipes wire
normalived 1o ke SPECT 1emplate space wisng a Sparamior
Iransformatson, Normaliegd images, wilh Ixdximm’ ol

v 1 b w11 o'

1 st s Vi o] P prropes rocorssnuiod by ung
of the aciivated regeenof 10 cre’, 5.0 e, arad 1Y om’. The shoreshy e s plotiod bo (ol ise comparmson.

99

sixe, were sonoothed with a three dinsensional Gassesian filicr
of 10 men  fullewidibeat-halfmasimum  (FWHM L
Proporoional scaling was emploved o remove changes
with & theechold masking of (L% in the statistical analysis [11].

DMeromces were ovabmaied with a Compare-population
{lscan’sutgect) desipn and  sipwificant  differences were
gvaluatod simullansously at @ ¢hwder and vouel lewvel, po s
el

i RESULTS

Figure } shows the caloulaied versus the theoretical activation
factor for the three volumes of the activaiod acas. The
factors wore oblained by using OSEM with (circles) and
withoul (trianghes) oormoction of depradations. The resalis
gorrespanid o mcan vabees on ghe 20 runs. 1 can be observod
that in the Bheog graphs the cargles e ¢lomer than Inangls o
the adently ling, which mdicatcs that the comectom ol
degralations mgeoves the caloulation of the activalsos Tactor,
Ta quantiatively ¢vabaale this smpronement, & OO0y
activation Factor (RAF) was emplongd. RAF was defined as
EAF=AFAF, where AF, represcnts e Ihoorcticall sctivation
facsor, RAF increased 12% cm sverage b= foch of 1.0 em'
e b S wil thotil corree o o TX %6 with cosrection], 10 %%
i focd off 2.1 em? i From 3% i0 93%0, sl ¥56 in foc of 3.7
e’ {from P o U6 The relmive emors were 26 on
wverage for both feconstruction  stralegies. These errors
detemming the sensitvity in e desection of the activased
factors usimg 210 basal activated pairs.

Thiis isvprosvoment should mainly be atiribuied 1o the PSP
correction slthough the fscl that RAF does noi stisin 1009
inalicates thal the resodution recavery is sl complels when
the comrection for B spamally samant PSF s carmed oul
mevertheless, the recovery is as bagh o 95% for foce sizes ol
2.0 amd 5.7 cmn’

Table 1 shows the number of pasrs meodad 10 dsoct the
simulaied foci Qualmarively, the resules exhibit the expected
behavior, e, the number of pairs inoresses when the
activaiion facior decreases, and ihe group sire decreases as
the focus volume inorcases. From a guantitative point of
view, the resals of dable | show thal comeciom of

=g -

/|

w17 o

AFREM wath dowlon | i wiboud {bol ke gk b
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degradations could play a role when a slight hypo- or
hyperporfusion acours in small foci.

Talils I, Numbr of pair npeied w0 dowot g ol of 100, 3.0 @l 1T om’
wath {03 dnl aothaiml (Db Goimneeh of digrelasin i o Dt of e
vl s b

g
]
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The results of tabde | oorrespond & the maximun reenher
of pairs oblaingd aller ropeating slatisics using random
schections of the stadicn, However, on some ocCmaonm
number af pairs was kower thas those indicated in sable 1,
Sech a restrcing crilcrion was smpesd S0 maintain s
smmalvaly and e spoailaily of s vonel-based stalisiigal
arulyin within scooptable limats when SPM o emplovad in
real SPECT studies.

Takde | does mat show difforences betweon the number of
pairs i detocting Bopo- and hyperfusion, thorchy suggesting
thait the sensibivily of SPM docs mod depemald on the whether
ths: rCBF change is posilivg o nogaling,

Theoretical arpuments indicale thal the bohavsor of the
relationship betwoen the group saee and the activation Tactor
shoull B asymplioisl = both dsectsoen. Henee, an imvons
Funetses wirs Ted 1o the et s able 1 3]

KP=a+
=i

Where F is the sctivatsa Tector snd NP is the number of pairs
needed o delect thas change.

Figare 4 shows the values of table | and the fitted inverse
funcisoers. The fiitings obtained by wsing this empirical model
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4

showed comelation coefliciont values ranging betwoen 0U80
and 0% [ can be wem in figure 4 thal oomection of

i ool be significant for activation factors lower
than 20 % The plots in Fipere 4 gealitatively highlight she
wacfislness of the comection of depradations. Moverthebess,
he quaniiative ulility of these curves is resincied 1o values
of F in the interval [15%, I15%] gnven that ours sesulls weng
ohtainged from the valees of F m this intoral, Oulsads the
micrval, the numbsy of pairs negcssary Tor detoction can b
exlimaled from he wverse function, bt the sxlrapolalion
may be wiosg for values removal from [15%, 25%) Thus,
Turther atudies will be necewary o determung the proup sire
and the signifieance of corecton of degradations when the
activalson Tacloes afe bower than 15 %

In sesieinary, oir lsabegs suggest thar PR Bus the s
sensitivity in detecting both hype- as hyperperfused regions,
andl thanl comrection of degradations Sminishes the number of
pairs in the detection of changes m rCBF. Moreower, scame
otber reasons aled point 1o the wwefiginess of comecting for
depradations. This = a peeliminary snddy io best the
mezthodological approach with the resuli that the assesument
of SPM was done ina simple and well-comgrollod sibesition.
Thiz cnabled us b determing the il of sensitivity of SPM,
g Bhe minimum proup sine = oan ideal siluation. For this
reason, physiological ad anatonsical variabality of B brain
was mol simulated and, a8 a consequenas; the infMeende of this
potenhal efFect in SPM analysin was nol consudored an this
wink. In oa real context, this vanabslity aduld result inoan
*ﬂﬂﬂmﬂﬁﬂﬁﬂﬂﬂf#ﬁﬂﬂﬂﬂﬂw
correeted, ¢, changes in biain sare and s notaon fadius
wizld changes in the pinel valees of the recomasrucied images.
[Brain size affects the significance of stiorsation and scatior
= progections. Fotabion radivs has an mibsence on resalution
prven thal the PSF dopenals on the distands Bstweion the poant
sogrey amnd the gollimator, For these rommsons, piscls of dhe
ame setivity placad = equivalent repions in brams ol
varyerg  swe will  whl  dispasate  valess  in images
regonuiructed withoul correction of degradations. This leals
1 pii-real increase in the varianee of das, which results in
o les of sensivity of SPM. By contrast, comectes of
depradarsnms yeclds nocoerpnuciad  imapes thal are mone
amilar 1w one  wodher oA omwee  wsssble  Tor  the
standardization process isherent in SPM analysis
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Monte Carky remulataon was smplonasd B numerically obtan
prajoctions in ™ Te brain SPECT studics. The wse of a Maonic
Carka pragector difforent from the progecion soperyocion pair
omployed in mecomtnection climdrales bias, thus ensuring
refiabls resulis

Cur findings indicate thal eorection of  depradations
mproves fhe calculation off the activation Bctor. The
mm-uu‘-ﬁ-. 10%% and 3% on average m (o of
L, 2.0 and 3T em’. Thus, when comection of degradations
was includicd in the reconstructson algorithm, the cakubaied
activation factor attains T8 986 and 93 % of the
h?mmﬂ:dlﬂmﬁrhrw the foci of 10, 2.1 and T
om .

As regands to SPW amalysis, o changes in sonsitivity
were otserved i the detoction of hypo- and hypenperiused
regiona. Chur results alon show that comection of degradations
diminishes the number of pairs in detecting changes in nCEF.
Thiz deminution is more important for low valees of the
activation factor and for small focus size. Thes, for an
activatics factor of 13 % and a focus size of | <m' the
mnﬂ:ﬂ'afpmr:lslliﬁmﬂﬂlﬂ-
mwdmuhmufnrlh:umul'lﬂ'm these values
were 5 and T, respectively.  When the activation facior was
H‘.ﬁdﬂmunhﬂul'pl.inm!-.dlllurkhunflcm’,
aned 4 andd 7 fior the fooms siee of 1.7 cm'.
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