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Abstract 

The prohlcm of gcometrical distortion in MR images is acldressed in the context of 

the npplica,bility of stereotactic techniques. For this purpose, the distortion of phan tom 

imnges is Ilwasure>d at variulls rendout bandwidths and the spatiallinearity is evaluatecl 

in view of the> use> of a stE'rcotnctic frame. The presence of a contribution to the overall 

distortion of non-Hnear magndic gradients is shown from the data, although the dis

tortion ohservcd scems to be mmitly attributable to the main field illhomogeueity. The 

spt'cifk prohlems of distortion of the fiducial markers due to hulk magllctie susceptihil

ity cffeds is acldressed. The occurrence of such effects is characterized with the hclp of 

imaging, and the role of the phenomenon on proper target localizatiou is demonstrated. 

In addition, a method of bypassing the detrimental aspect of these effeds is presented. 

Various distortion correction approaches are discussed, and their benefits and draw

hacks are evaluated. In the light of this discussion, a recently repor "cd correction mcthod 

is thcu prcsentcd. This method allows the calculation of an image free from geometrical 

and illtcnsity distortion from the combined effect of main field inhomogelleity, suscep

tibility effeds and chemical shift. Two input ima6es acquired at two different readout 

gradient strengths are necessary to allow the post-processing from which the final im

age is ohtained. The general details of the implementation of this method are discussed 

aloug with the considerations related to !ts adaptation for stercotaxy. A progrum bascd 

on this technique was developed and tested with the images of a phantom of known ge

ometry mountcd in the stereotadic frame. This allows for the evaluation of the linearity 

of the proccsscd imagl.:'s with the hclp of stereotactic techniques. The cffl'ctivcness of 

tht" progrrull is thereby demonstrated. Degradation in image quality, obscrvcd with the 

prpsclltt>O adaptat.ion, is discussed and a remedy is suggested. 
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Resumé 

Le problème de la distorsion des images d~ r~SOl1mH'e magn(~tiq\l(' ('st t,t.\\(lit~ en ,'lU' 

de leur adaptation pour les h('soins de la f,t(.f(~otaxi(>, Ainsi, la distorsioll (lt's iml\p,(':; 

d'un fantôme est évalu~e il différent.es largl'\Ifs dt' handl' dt' ('o(lagt' ('Il fn','ltIC·w'(' d la 

linéarité spatiale des images pst. vérifiét' pour l'utili~atioll (l'ul1 catIn' :->tt"J("()t;1I ,i(pH'. La 

contribution de l'effet caractérist.ique dp gradimts magllétiqw's 1l()1l-1iJl(~;Ill(,s ('~t llIi~(' ('Il 

évidence, bien qu'il soit démontré qu<' ln nOll-lluiforllli t.t- cl 11 challlP Ilta1!.lI(~t iq Ill' pnllCl l';d 

est dominante à cet égard. Le prohlème particulier cie Sl1s('t'ptihilit.t~ IIla!-!.\l(~t iqw' dc!'> 

marqueurs stéréotactiques en terme dt' distorsion t'st aborclé. La pn:S('lH'(' dl' CI' tYPI' d,· 

phénomène est démontrée et son impact négatif sur l'aptltud(, ;tlo('alisl'l HW' nl>k a\'1'1' 

exactitude est souligné, De plus, llIl(, solution au pl'ohlt'nit' (':-ot pH~St'lltl~1' 

Plusieurs méthodes de correction de la dist.orsion d<,s images dt' n:sollatH'(' llla1!.lIt~t \(1'1<' 

sont discutées. Les avantages et inconvénient.s des diff(~r<'Ilt.('S techlliqu\'s sont, ('\lonn'·s 

et ceci est suivi de la présentatioll d'une récente méthode dl' cOll'l,rt,irm. Cl'ttt-llll~t.h()dl· 

permet l'obtention d'images exemptes de dist.orsion spatial€' d, (l'illt('lIsitt~ dul' il l'drt'l. 

combiné de la non-uniformité du champ principal, la :ms('('ptjbilit.(~ 1ll1l.f!,1H'·t j(fll<' (.t, II' 

décalage chimique de la fréquence. Deux images acqllisl's à l'ai(ll' dt' d('lIx diff(~J(·Ilt.(·s 

bandes de codage en fréquence sont requises pour proc~d('r au trait.('n~('IIt. coudui:-.md. il 

l'obtention de l'image finale. Le détail de l'implantation llllm(~Iiq\l(, cll' el'ttt' t<'("hniqw' 

est discuté de même que les considérations plus directelllent. r('li(:('s il la :-,It~l<~()taxi(· Ü 11 

programme basé sur cet te méthode a été dévdoppc. ct testé avec k8 ima.f!,l's li 'uu fan t <mil' 

de géométrie connue placé dans un cadre st(~ré()ta('ti<t\l(,. eCU(' façoH dl' fHill' 1)('1 II\('I. 

l'évaluation de la linéarité d('s images ain~i traitées grâcp allx tt'chlliqw':-' :-,tc~I(:()tadi(JlI<'!'> 

L'efficacité de cette approche est démontrée. La détèrioratioll rh- la qu;tlit.,: d(' J'i/lIil1!;(' 

suivant l'application du traitement est discutée et ulle solutioIl ('st 1>l'Opo:-,(:(· . 
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Preface 

The problem of distortion in Magnctic Resonance Imagillg is probably H:-. ol(} as 1111' 

modality itself, having been addrpsspd ('vell 1>('f01'(, t.h!' arrivaI of Spill-Willp 1I1111,1.!,iu,l.!, 

[29,51 J, The stringent main field homogf'IlCI ty Il('('cl('c! for lllilp;llct.ie 1 (,~()llfll\l'(' llllil,l.!,i UP; 

(MRI) was in the earlier days of this t<'ChIlO!ogy a [t'(lllÎn'IIl('ut. th .. !. W1I:-' pOOlly Illet. 

by toclay's standards and this oftell cOllstitllt(·d tlH' main limitat.ioll in tilt' ,I!;(,ollldlicai 

integrity of the images, 

The dramatical increase of the popularity of MRI was a('('olJll>éllli('d by aIl implOvI'

ment in magnet design which decreasccl the probl{'m of hOmO)!;('lwity as \V('Il él~ )!;('Olll('t.I i

cal distortion of MR images, Nonethdess, this cans('<! som(' (·kllH'llts of illla,l!,t' iU'('1lI ;\{'y 

limitation, llamely magnetic gradient field non-liuf'arity, ('(hly ('lIrI('lIb, !l)agllt'I.ir :-'11~ 

ceptibility of the interrogatecl matcrial and cl}('mjcal-~hjft ('ff('d, to play il 1(·lativl'ly 

grcater role, At present, this image qllality paramt'tpr is g<'Il('rally of lillliftod ('Oll("('111 

except in the field of stereotaxy, or in the utilization of pal i(,Ilt cliagll()~ t)l" ilIlllj!;(' 111-

formation to spatially direct the use of SOIlJ(' active tlH'rap('l\t1l" or diaj!;lI()~t,lI' 1ll('a~IIl(" 

which caUs for image accuracy bf'tter than 1m1ft, 

This work was conducted at the Montreal Nf'tlfological Instit.ut(· (MNI) w}II'l(,!>f.(·J(·() 

taxy has been the object of an intensive rpsparch (·ffort W}lOS(' maill at'('/)llIpb~}lIIJ/'III, 

was probably the developmC'nt of the ODT (Olivi('r-D('rtralld-Tipal) I>t(·[ ('ot ael 11" fWIll(' 

[44,88,89,91,93], Since this dcvicc was from the heginniug illtc'nch'd t,o 1 \(' 1\'-,('<1 wd Il il 

variety of imaging rnodalitics, sorne comparative ('xpl'riencl' wa!'l gailH·f\ ('OIl('(·Jllill.!!; t 111' 

accuracy of MR images with respect to otlwr diagnostic tedlllicl'll'!'l sudl ilS I"OlIljll1t('d 
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tomography (CT) and digital subtraction angiography (DS A). This revenINl the limi

t,atioll of th(' accuracy of position cakulation as !H'rformed with thc hdp of MR images 

tlwt {'v('utually C"ollviuced Ul(' local pradition{'rs of st('reotaxy to f('s('rvC' th(' use of this 

modality for (pmlitativc pllrposC'f,. 

How('wr, the unique natun' of tlH' diap;uostic information ohtained tillough MRI 

1lIlli t.h t.hc' pot.<'utiai of stpreotactic tpchniqucs that lack this i magillg morla1i ty. Renee, 

tJw (lllC'stioll of distortion in MRI has been cxamined in the spC'cific COlltt'xt of tll(' use of 

UH' () DT frallle [27,35,94,95]. This thesis r{'presents auoth{'r aspect of this ill\'C'stiga tion. 

How('v('r, while tllt' previous efforts gcncrally focuss{'<! aIl tlH' prohlcll1 in an (,111[>irieal 

way, a more fuudall1ental approach is adopted h{'fe. 

Chaptcr 1 illtroduces in a gcncral way the two clements that motivatt'd this work, 

llilllH'ly stereotaxy and imagc' distortion. Chaptt'r 2 begins with an oveI'vi('w of the 

principl('s of NMR, and a1so of MRI in non-idcal cc-uditions. Following this, the main 

nms('s of geometrical distortion of MR images are tackled. Chapter 3 }>r<'S('IltS experi

mental data acquired with the he1p of a phantom to evaluate the image distortion. An 

anruysis if> carried out in vit'w of obt,aining an interpretation rcvea1ing tlH' distinct raIes 

of SOIllt' of the known causes of geomctrical distortion. As well, Chapter 3 treats the 

prohlcIll of distortion of the fiducial markers from bulk magnetic susceptihility effects. 

Nott, that this last, e!t'IDent was both discovered and charaderized in the course of this 

work. Chapter 4 constitutes a bricf introduction to the ways to counteract the problem 

of geollldricai distortion of MR images. Chapter 5 is a study of a recent distortion 

correction method whose implementation was investigated. Finally, Chapter 6 presents 

the e()llclusiOllS obtaÏIU'd froIll this work. 

TIl<' contributions of this thesis are 

• Analysis of the spatial linearity over the volume required for stereotactic MR 

imaging with the OBT stereotactic frame . 

• Differentiation of the cont.ributions of illherent causes of distortion over th;s same 

volume. 
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• Characterization of a btùk magndic sllsC'('pt.ihilit y dft'ct t hat el\USt'S t h~, tlducial 

marker plate to t'xhihit a distortion t'fred which tS <kpt'll<ll'nt. Oll it:-. Oli"lltatioll 

with respect to the main magndiC' field. The ("Oll:-."qW'll('\,:-, of t his pht'1l01llt'H\Hl 

on the accuracy of position calcnlatioll with tht' IH'lp of :-.tt'rt'otnxy arc' ('yalllatc-d 

• Investigation of a rc('eut. dist.ortion COff('ction nwt.hocl and qultlltitatÏ\'t' \'ali<laIÎoll 

of i~.s efficiency in the cont.cxt of stc'reot,axy. 
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Chapter 1 

Introduction 

1.1 Image distortion 

The word "distortion" may be defined as 

Twi$ted out of the true meaning or proportion. 

Although the term assumes a wide variety of senses, it is the meaning associated with 

imaging that will be considered. Image distortion eould be seen as the geometricaJly 

incorrect representation of the information that the image refiects with respect to what 

it should be from its actuallocation in space. 

In medical imaging, the subject of interest here, various modalities are used to 

oht.ùn information related to the human anatomy. In this eontext, it is a somewhat 

better approach to clarify the notion of "geometrically incorrect repl'esentation" for eaeh 

one of these modalities. For example, it is found in the technique of projection, used 

in cOllventional radiography, such an instance of incorrect lepresentation, namely the 

magnificat ion of imaged objects and loss of one dimension in positional information. In 

the same fashion, the latter phenomenon is also involved in computed tomography (CT) 

due to the fhùte thickness of the slices that are represented in 2D. 
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On the other hand, sorne fluoroseopie images may show fi distortion t hat. has a 

definite pattern sueh as the so-eallcd s-dist.ortion which llu\k('S a ('mss l'l'utl'rt'd nt t.ht' 

imab~ axis appears like a prop<,ll<,r [37J. The fUlldamt'nt.al diifl'n'lll'f' l>t't,wt't'lI hoth t,ypt'~ 

of distortion is t.hat the former 011<' is implied in the physics of tht' al"q\li~iti()ll Wht'lI'ét~ 

the latt.er is a charactcristic of somp part of t.he llllaging sy~tt'Ill. 

In CT, the prohlem of distortion i8 gell<,rally ahs<,nt RO this mo<lality offt'ls a way to 

accurately localize structures in space when thin ello\lgh slie('s an' USI'I\. Nt'\'l'rt.}wkss, 

its images reflect the attenuation properties towards iOllizing radiat.ioll. Siun' t.hi:; ("11111-

acteristic does not vary much bctwecn the differcllt tissups of the hram, t.his 1imit:; it.s 

useftùness with tumor boundary localization. Furt,h('I"mon', it may SOIlH't.llIH'S 1)(' M'II

sitive to artifacts that can affect the image cOlltrast in tll(, vidnit.y of bOlly stmdll1l'S. 

However, nuclear magnetic resouance imagillg 1 has long ShOWll its abilit.y t.o provi(h' 

good contrast with brain structures. This is due to tll<' fa.d t.hat. Ut(' Mn illHl~I' iut.!'lI:-.it.y 

relies on proton density while providing the posf!~hility to wpig;ht t.his illtt'll:-.it.y with TI 

and T'J, relaxation times. The value of these paramet.ers in tlllllors was showll t,o 1)(' 

sometimes different than the one of normal tissues as first r<'porte<l hy Dalllaeliall 124J. 

However, MRI is not free from the prohlcm of distortion whidl is ('()lllpli('att'cl by 

the variety of its causes. As chapter 2 will show, the localization of a poillt. in MHI is 

dependent upon the local magnetic field and the origin of the caw,cs of di:-.tortioll aIl 

amount to modifying this magnetic field in sorne way. Some or aIl of tlJ('~(' ('allS('~ lIlay 

be present at the same time. 

Although the search for distortion minimization is in itsdf a vahmbl(' aim, it,s im

portance needs to be examined from a clinical point of view. It is gCllel ally agn'('d tllilt, 

the information desired by physicians from diagnostic image'H is maillly of a qualit.a

tive nature, most of the required localization heing perfonnc'cl throllgh t.1lt' kuowl('/lg(' 

of anatomy. In this context, it appears that the localization performau("(' {lchi('wcl l>y 

lThe "N" will generally be dropped in deference to the now dominant liRe of llw pxprf'l>l'\lon M R 

imaging or MRI to designate this Imagmg technique, but it will be consf'rved whf>J\ rf'frmng to tbr NMH. 

physical phenomenon 
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prescnt systems is gcncrally acceptable for the purpose of diagnostic radiology. On the 

other hand, sorne recent advances require a greater geometrical integrity than the one 

generally availahle with prcsent MR images. Correlative imaging, which consists of 

f'Omhining images from various irnaging modalities has shown some promising rebtllts 

[31,70,80,1251. But more thul1 cverything eIse, the illcreasing popularity of ,~tereotaxy i8 

the strol1gcst motivator for obtaining accurate MR images [35,82,94,95]. In many cases, 

this duss of rnethods calls for subrnillimeter image accuracy. As stereotaxy will dictate 

many of thc considerations that will be further enounced, it is appropriate to study it 

in greatcr detail. 

1.2 Stereotaxy 

1.2.1 Development of Stereotaxy 

Stercotaxy is the methodology involving the use of a reference frame to localize in 

a lèPwducible fashion anatomical structures in terms of coordinates illherent to that 

frame and to support instruments to be used to reach a target localized in this manner. 

This rcfcrence frame therefore needs to be anchored to the patient's head. Although 

stcreotactic methods 2 began to achieve an extensive popularity with the arrivaI of CT 

and MRl, the concept was first exploited in the late 19 th century. An anatorny mounted 

device used as hn instrument support was reported by Dittrnar in Germany in 1873 [26]. 

In 1890, the Russian anatomist Zernov reported and used a few times an instrument 

which wcnt further by involving a polar coordinate system to describe the position of 

the targcts to be reached [124]. 

20esp1te the previous use of the noun stcreotaxy, the adjective stereotactic ID contrast with stereo

t.a.xie will be used to quahfy the corresponding methods and to follow the now established convention. 

Even if both tenns sharc the comrnon root stereo from the Greek word "stereos" which means "three-

dlluellsiollal" 1 the suffix "tactlc" Crom "tangere" (to touch , latin) was recognized more appropriate than 

"taxy" ("taxis" 1 greek for system) in representing the nature of the technique. 

3 



The first report of f'xhaustiv{' d('vdoPIll{,llt and trial of tilt' skn'otadic tlH'th()d()I()~y 

is cornrnonly creditcd to Horslcy and Clark{'. III 1908, tlH')' puhlislll'd a papI'r (l('~n ihiut', 

a study of th(' cerebdlum by usil!g a fram(' moul1ted on ('x!)(,l'illlt'ut.al allimab 10 SltppOl t 

a device intendcd to creatc SOIlle lcsion within tht' hraill in a VI'I)' pn'('i~1' mall\lt'l l,tH] 

This mounted device had to \w moved in sllch a way that. auy point. withlll 11 tHI,!!,t'I 

volume could be rcachcd. Thcir work yidded tlH' first :-itt'l'mtact je braill a t !a: ... ln 1!J 18, 

Mussen, a physiologist, had a similar apparatll:-i lllodificd for II~(' witl! 111\111(\118 bill, wa:.. 

unsucccssftù in convincing neurosurgeons to llS{' tItis first humau :-.t,('II'otadÎc (!l'vicl' [!>ï]. 

Renee, it is probably in 1947 in Philadelphia that Spjf'gcl awl Wycis call1('ll out t.h(· 

first clinical trial of a stereotactÎc device [111J. Thpir apparatlls was of t.llt' tlilllslatlOllal 

type, thus called sin ce it allowed fllotion of a 1ll0lU1t('d op('rativ(' dt'vi('(· ill li ... ill!!;I(· plmH'. 

They successfully eliminat('d the prohlem of braiu <tnatomy vmiallllity iu lllllllilllS with 

respect to craniallandmarks (uspd hy Horsley and Clark(' to locatt· :"lIl,('olt.i(·al sl.l'Il('

turcs with animaIs) by using ventricllIography, a tec!llliqut' that. allowt'<! 1 adiop;raphic 

visualization of the velltricular system, thus providing a landmark whidl wa:.. mon' 1'1'»

resentative of the brain anatomy. An eledrodc muId tll(,11 he low('J'(·d \'0 t.11I' t.ar,!!;d., 

but its angulation relative to the bearing d('vi('t~ muId Ilot })(' lIlodifkcl. Allotlwl' ('arly 

device consisted of an electrode holder fixpd to the skull wit.h a sillp;lt' Iml 1 !1O!t- t.11I o1tJ!.b 

which the probe was to be inserted [73]. However, thp IIS(' of a 1>iIl!!;h' att;lCIIIIH'IIt. poillt 

made it rather unstable and the ab sen cc of a frame on which to fix Ult' dt'vlct' st.ill olll) 

allowed a unique trajcdory to the target Ol1ec it was in plac('. 

The work of Spiegel and Wycis had drawll the attention of a SWl'dish W'1II'OHIlI'I!POIl, 

Lars Leksell. In 1947, Leksellleft Philadelphia inspircd hy the Alll('ricéLll':-. :-,!<·r('of.actic 

technique and returned to Stockolm whcre he started the devdoPlll<'nt. of hi:-. OWII appa 

rat us. In 1949, Leksell descrihed his new stereotactic fram(' [GG] and Hw a}>pI oJ>l'iat.t·w':-,:.. 

of the original concept explains why Tl ':Iny of toda.y's devi('('s me (l.·rivl'd fWIll L"b('ll':-. 

first model [67,68,69,91,92,116]. Basically, bis system con~iste(l of aIl aIC' :-'llpport.\'d by 

a frame attached to the patient's head. This arc could be clispla('t~(l so tlwt. t.ht' positioll 

of its center would correspond to the site of the target to be rcadH'd with il. III'c'(U(, 
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------ --- - ----- ---
or elcctrode placcd peqwndic:ularly to the arc and pushcd clown to the target. As the 

neecllc could he movcd along the arc and this arc rotated about an axis runnillg through 

i ts ('Pl!tc'r (~O through the target), therc was no longpr one sole (' hoict' for the path of 

}>(·IH't.ration Ollet' th" frame wafi in pOfiitiou. This frame was the first iIlfitancc of the 

so-call('(! arc typP. 

Many dcvjccs WCf(' devcloped following this hut most of them belong to one or an

oUler of the cah'goripfi illustrated in Fig. Li. The types A and C respectivdy correspond 

to the Spiegcl-Wycis and the single burr hale models previously mentiollcd, but the vast 

majority of cOl!t(>mporary models are of type 8 or D, respcctively the arc-quadrant type 

aud g<'lwral are typ('. In the systems of type 8, the target is placed at the' center of the 

an' hy either allowing this arc to movp as in the Lcksell concept [68,69] or by adjusting 

the patit>nts he ad thus yiclding the same l'esult as in the Todd-Wells system [116]. An 

instrul(,(, of the second case is the Riechert-Mundinger system for which the stereotactic 

apparatus adjustment required for correct aiming is found by phantom simulation from 

the targC't position obtained From radiographs [7,103]. A somewhat differcllt instrument 

was developcd by Talairach in France and relies for localization on the probe holùer 

itself to he visualizcd with the help of radiographs obtained witl! a large tube-object 

clistrul('(' (l'V 6m) to minimize the magnification effcct [113]. In the sixties, stcrcotactic 

procedures were mainly indicatcd for movement disorders. The introduction of L-dopa 

for tf('atrnent of Parkinson's diseasc in 1968 triggered a fast dccline of stereotaxy during 

tht' f('w followiI~?; years until new advances reversed this tendency by expallding the list 

of indications bcyond functional ncurosurgery. 

1.2.2 Modern stereotaxy 

Clarke had already considered the possible use of his method for the treatmcnt of deep

seated brain tumors with an eventual human stereotactic fnme that he nev<,[ built [21]. 

Soon after the first instances of human stereotaxy, Talairach started exploring the pos

sihilitit>s of tumor treatment using interstitial implantation of radioactive sources [112]. 
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Figure 1.1: Illust,rat,intl of 4 hasic tYP(,R of st,('l('()t.adi{· nppmat,lIs. (1\) 
Spiegd-\Vyris model. (B) Ar('-q1Hl<h ant. typc·. (C) SillglP h1\11 h"h, 
mOlluted df'virc. (0) G<>!wral arc. t.Ypf'. n.'prilll.l'<1 wilh )H'lllli"sioll 

from PL Gildcnl)('cg: Fllnctional Jl('\1IOSl1r~{'ry, ill 01}(,1flfIl1f' Nf'1/7II

Mtrgenl hy Schmidek H ami Swed II (t>clR). GIIlIlP ll:..r Sttat.t.Oll, N.'w 
York 1987. 

This was the hf'ginlling of tn1110C st{'rf'otaxy hut for II1ftuy yf'alS, ÎlIlplllllis If'JIHIÎ,wd 

the only instance of stf'rf'otactie rndiothf'rnpy. TIH' int,lOdlldioll of t.JH still IIsc'{1 "LI'k 

sell Gamma Knife" hy L('kf;f'll in 1071 was the first c!c'finit.(' insl.ml<'1' of 11/Ilt().~1I1·ql'1 y, a 

l1on-invasive irffldiation of t.he hrain wit,h the hf'lp of Rh'u'ot.HXY Iml. 

The last vrfsion of the Gamma Knife C'OlIsists of 201 r.nCo Rom "('s placer! in a hoJlow 

}C'acl sphere. Thf' , ('mission of thosC' collimat('cl ROllrn's is f()rl\s~·l('d on a (·('1I1.! al poillt 

wit.hin the sphcre which is providrd with a shirlclpd shlllt,pr nllowillg Uw Ill'ali f)f I,\l/' 

pnti<'llt to h~ int.roduccd im;idc for irradiation, tlw tnrgpt l)('illg pla(Opd nt. HI!' f(j('lls poillt 

hy the nppropriat.c adjllshncnt of a dcdkatpcl st,e[eobH't,ic- f, alllI' TlH' J ndi;t!.iOJ) r)o,iI' 

distribution th ilS obtaincd shows a fast falloff nTOtlnrl the tarp;f't and dpspil,(· UJ(' ori~inal 
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of tlH' gamma knife solution is rar('ly denied, the amount involved in launching such a 

sJH'c:iali:œd unit ("'-'$ 3 000 000) is by far out of range for the budget of most institutions. 

This has motivat<,d studics for adapting existing radiothcrapy apparatlls, gf'nerally tin

car (ln'elerators (linac), to he uscd for stf'reotactic irradiation. By now, many linac 

ba.<wd radiosurgery systems have hecn succcssfully developed and Oftf'Il show perfor

nHU1C(~ comparahle to gamma units [98,99,100,118]. In any case, aH thcse radiosurgical 

techniques calI for localization accuracy better than Imm. 

Howevcr, the major contriblltor t.o the revival of stcrcotaxy is prohal)ly computed 

tOlIlography, attributable to Hounsfield [49]. This changcd completely the pcrspectives 

in slt'r('otaxy hy providing gcometrically accurate images to the physician who were then 

ahle to dctect dcep-seated brain lesion in its carly stages from CT slices. At presC'nt, 

Il101'it stereotactic syst.ems allow position caIculation nsing a system of fidlleial markers 

of known gcometry that ean be visualized with a CT image. In the last few years, the 

most conUllon stercotactic nellrological procedure was CT-aided biopsy, but many new 

applications are considered [53]. 

Clost'ly following CT, the introduction of MRI constituted another major step in 

the fipld of stcreotaxy. The mcthodology of adapting existing systems to MRI was ba

sically the same as for CT, except that ferrons materials were to be eliminatcd. This is 

duc to the high susceptibility of these materials which wou Id make their introduction 

in a MR imager hazardous from the magnetic attraction exerted on thcm, as weIl as 

to tlw faet that they would create overwhelming magnetic field disturballces making 

imaging virtually impossible. This proscribed the use of many initial versions of the 

varions apparatus. However, as previously menHoned, its ability to reflect proton den

sity (essentially water molecules density) weighted in a controllable way by molecular 

paramet<,rs is of great interest, especially in tumor detection. Newly devcloped systems 

sneh as the Browll-Robert-W<,Us and the Olivier-Bertrand-Tipal used for some of the 

experilllt'Ilts of this work take advantage of the possibilities offered by both CT and 

MRI [13,88,89,91]. 
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Future trends are likely to illclude a growing ('{fort towanl OlH'ol()~lralllpplin\II(\H'" 

rdying primarily on CT, and also on MRI providt'd that wayH to ohtain ).!,l'olllt'ltil'illly 

accurate images with this lllodality an' fOUlHl. Raclio:-\1r~('ry \l:-in~ lina('~ is ('crt ml11y 

going to improvc cven further. On(' pORsihlt' aVC'llUt' for this is the exploit.dioll, Clllllll).!, 

irradiation, of aU degrccs ai frceclom that lllmlerll machiucs plO"i(}(' in (lI dt '[ lot élllCll t III' 

dose distribution to better fit the tmgct pO!:>]. Thiil ap;nin will eall for di~t()[ lion fII't' i\IH 

images in order to provide the accuracy ncecled ta makl' it possihle. Ou 1 III' plalllll11).!, 

sicle, thcre is !ittle doubt that 3D visualizat.ion will tak(' OV('l' ill tIlt' pl:llll1l1lg, lOOl\l [1~1. 

probably alollg with llluiti-modality imag(' integmtioll [44]. Ultta"ollog,IHplly mig,ht Ill' 

seen shortly as part of this set of modalit.y. COllc('rning th(' st('n'otad ie appal al Il~, 1110:-.1 

dcvelopment will cOll('Civahly he carricd out in tht' dil'l'dion of Cl lIon-ill\'a~i\ l' fralllt' !3!)! 
or cvcn a framcless approach for image éU'quisitioll using supprnrial lallrllllarks ClI IllI' 

patient's surface to allow the stercotactic coordinat<· ~yst(,1ll to 1)(' 1(,1,,1111 [1G,r)8, lOG) 

1.3 Objectives 

MRI will certainly continue to achieve a continuous dcvcl0puH'ut in th!' lLl'Xt. f('w ym! s 

Fast imaging techniques, particularly, will improvc th(' }WrfOl'lllfiu(,(' wi 1 Il 1'!'P;ill <\:-. 1 () 

imaging times. It is thereforc probable that image a('('uracy h{'('OllW:-' ~l ('()JJ:-.t raiut t hat 

is called for more and more frequently. In the light of this, tllt' obj('di\'('., of t hi:-. \VOl k 

can be stated by the following. 

1. To study the problem Gf gcometrical image distortioll in MIU WllOSl' lIlaiu cawws 

are: 

• Non-unifonn magnetic susceptibility of the imagccl mat(·ria.l. 

• Main magnctic field inhomogencity. 

• Magnctic gradient field non-linearity. 

• Non-uniform chemical shift of the nuclear specics undprgoing NMR. 
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• Transi('nt currcnts induccd by the magnetic gradients switching. 

2. To evaluatc sorne aspects of MR image distortion rclatcd to a currcnt stercotactic 

mcthodology. 

3. To examin(' in a gcncral fashion the avenues of distortion correction, and to assess 

the efficiency of on(' reccllt technique of pcrfonlling sncb a correction. 
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Chapter 2 

Theory and principles 

2.1 Nuclear magnetic resonance 

In physics, resonance is ddincd as the' phenollH'lloIl by whidl êt sySt,t'lll ab~orbs l'W''.!!,)' 

with a certain c-haracteristic fr('quenry, the rc.wnant jr('q1U'n("j. This fll'qlll'llI'Y i~ dqH'1I 

dent upon the uature of the systf'Ill hring consi(!er<'d. It is 0111y in 194G tll"t D!ocJ. "lId 

Purcell indepelldcntly demollstrat<'d a ff'SOnéllH'(' p}WIlOlll<'IlOIl for il poplllatloJl of 1111-

clear spins in r('sponse to a magnctic fi('Id o~cillatillg at radio fIl'qllcWy (n F) [8,9,101] 

This phcnofficIloIl was therdore callrd lluclear maguctir [('SOlllUl<'(', <lI N~IH. 

At the basis of NMR is a quant11lll llH'challical prop('rt.y ~h()wl1 by ~()Illl' pm t icll'~, 

the angular mOl11entum L t (or spin) grllt'fally lIl('a~l1r('d in ltIut.., of Il PlOtOH'i awl 

neutrons (nucleons) possess this propcrty, and !'.OllH' llud<'i haV('lt ll~ wdljllOV11!t'd tlt"t 

they have an odd numb(>r of nudcons. This is th(' fir~t basic ('on..,ic!t'rat Il)11 t haJ. dll·tatt·.., 

which lluclei caIl demonstrate NMR properlÎ<'s. Thi~, a.lollg wit h t,lw ('Olll'{'lltr llt.iOIl of 

the nuclear spccies in the: human body and its ('u('rgy ahhorpti\'it.y towarrl t}H' nF fidd, 

restrains the possible choicl's for NMR stlldil's with hUIllaIlh to 'H (l,y faI tlw lll()~t 1l . ..,(·d 

nucleus for this purpose from its presence in wat('r),nC, l'
I F,2INa aud \lp 

1 Bold faced characters express vcctorlal quantltH's wllllc tllf' ordl/lary fOllt rl·pr(':,('III., 1 III' f/Iodulw, of 

thls same quantity. 
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Th(' presence of a non-zero angular momentum Învolves a certain magnctic moment 

l' parallel to it. This magnetic moment can be expressed by 

1-' = ,hL (2.1) 

where ( is the gyromagnetic ratio and h Îs the Planck constant h divicled hy 27r 2. The 

potential energy whf'u a magnetic field B is prcsf'nt, is given by 

u = -1" B. (2.2) 

Wh{'n Blies alollg the z aXIS, the componcnt of the angular momcntum in this 

direction is quantized according to Lz = L, L - 1, ... ,-L. Assuming some incoming 

('l1t'rgy of frt'quency w such that U = hw, t.he weIl known Larmor formula is obtained 

for a transition between the two possible energy states of a single proton (hydrogen), 

Lz = 1/2 and Lz = -1/2, hy equating Eq. 2.2 with hw and replacing l' using Eq. 2.1 

[62,85J. 

W =: ,B (2.3) 

Eq. 2.3 reprcsents the frequency required ta induce a transition and is the fUlldamental 

eondition for magnetic resonance. Moreover, a particle having a non-zero magnetic 

maillent prccesses about the direction of the magnetic field and Eq. 2.3 rcpresents the 

fn'CIut'Ilcy of this precession. 

It is knowIl that the rate of variation of the angular momentum of a system is 

proportional to the torque acting on it. Since the torque acting on a magnetic moment 

Jl in a magnctic field B is 1-' X B, one can write using Eq. 2.1 

dl' dt = ,1' X B. (2.4) 

For a unit volume, the magnetization M is given by 2::.1'1l and Eq. 2.4 can be rewritten 

dM 
dt =,MxB (2.5) 

2r = :2 675 X 1OIIs-IT-1 for the proton whereas h = 6.626 X 1O-34J . T. 
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for an inertial frame of referencc xyz. Although Section 2.3 will t.l'pat t his in p;n'ntcl 

detail, it is now supposed that kf is non-zero. Assuming a eartesiiUl frallll' of rl'ft'n'IlI'(' 

Xl YIZI rotating about its 2'1 axis at frequeuey fl and having t.ht' Salllt' OI i)!,in as .l'!F~, 

Eq. 2.5 can be rewritten. It can be proven that the 11l'W descript.ion of tIlt' syst'('lll i:-, 

similar to the initial one if a fictitious rnagnetic fif'lcl COmpOIH'llt fl h opposit.(, in sip,1l 

with B is introduced [85}, Hence, the effective field in the fotatillg fmml' is ma<1t' Zt'ro 

provided that 

(2. (») 

Eq. 2.6 reveals the essence of NMR excitation. \Vith a spin systelll pIne('cl in a llIag

lletic field B, the cffcct of a maguetic field of amplitude BI oseillating at RF fr('qllt')u'Y 

and orientcd perpcndicularly to z cau he 8C('11 as the' result of 2 cill'lilarly polm iz('(l 

fields rotating in opposite senses, If the fre'qucllcy of t.hi8 oscillatioll is givcll hy Eq. 2.G, 

the only remaining static magnetic field present is in the J'IYI plau<, mul is at.t.lilmt.l'd 

to the influence of one of the two polarized fields. The st'cond circularly polmi:œd fidd 

is neglected sinct' it has no resulting effcet. 

Following the application of a RF pulse of duration ta, the magndizatioll ilS 8('('11 ill 

the rotating frame will then be tipped by an anglc () givcll by 

(2.7) 

from Eq. 2.3. Upon complet ion of this excitation, the magneti,mtioll as S('('11 in UH' ill<'r

tial frame will no longer be at. equilibrinm and will start to preecss ahout tlH' (lift'd,ioll 

of B. The excitation is providcd by applying a timc varying magm·tic fit'ld l)('fJH'U

dicularly to B, thllS in the xy plane, at a frequC'llcy givcn by Eq. 23. TIl(' prt·('('Sf,ill).!; 

magnetizatiol1 eau then indncc a signal in él roil who se axis if, also plac('d in the xy 

plane so that it sees a time varying magnetic flnx, OneIl, a sillp;lt· coil is wwcl for lJ()th 

transmitting and rcreiving. 

Implied in Eq. 2.5 is the assumption of a prcecssion movcmcnt ahont tItt' direction 

of B that is Ilot dampcncd. In reality, this is not adequatc and Eq. 2.5 has to !H' 
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modificd so that it accounts for damping. In order to do that, one may use the following 

assumptions: 

1. The time variation of the z (longitudinal 3) component of the magnetization is 

proportional and opposite to its departure from equilibrium. 

2. The tirne variation of the transverse 3 component of the magnetization i8 propor

tional and opposite ta its size. 

The ahove proportionalities apply respectively with exponential time constants Tl 

and T'l • Tl is termed spin-Iattice relaxation time as its presence implics a change in 

the total magnetization of the population of spins, supposedly brought about by the 

presence of a "lattice" which makes it possible for the poptùation to exchange energy 

with the cnvironrncnt and thereby modify its total magnctization. T7, rcpresents the 

increasillg dephasillg of the transverse magnetization implied by an appropriate tipping 

pulse in a homogencous magnetic field. It i5 called spin-spin relaxation time [114]. 

This yields Eqs. 2.8, 2.9 and 2.10, or the Bloch equations descrihing the time evolu

tion of eaeh eomponent of the magnetization outside of equilibrium [8]. 

(2.8) 

(2.9) 

(2.10) 

Afo represents the size of the magnetization at equilihrium. If BI and ta in Eq. 2.7 

are such that (} == 90°, then Eq. 2.8 ean he integrated to yicld the expression of the 

longitudinal magnetization as a function of time 

Mz(t) = Mo [1- exp (-t/Td] (2.11) 

3Longitudinal ahù transverse express the direction of M with respect to B. 
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where t = 0 corresponds to the 90° pulsc. Likcwis(', the tranHVl'rSt' map;lldizatioll ii' 

obtained by integrating and combining Eqs. 2.9 and 2.10 to yicld tllt' ('xpr<'ssion of tlU' 

transverse magnetization. 

A1x(t) = lvIo exp (-t/T2 ) cos (wt) 

Ml/(t) = Mo exp (-tIT'2) sin (wt) 

2.2 Magnetic Resonance Imaging 

2.2.1 Introduction 

(2.11) 

(2.13) 

In 1973, Lauterbur reported some results concerning a new imagillg lllf't,hocl usillg NMn 

[65]. His back projection reconstruction technique uscd along with the lllain lllap,ul't.ic 

field sorne magnetic gradient fields in order to spatially cncode the NMR sip,llal, t.his 

yielding some projections of the object. The image was then reconst,l"nct{'(l \lsiug Ho 

back projection method similar to t.ypical CT reconstruction s('heuH's [57J. MnI with fi 

different method, zeugmatography, was also reported hy Klllllar iu W75 [(3). Most of 

today's techniques use either a derivation from Kumar's method, the .~pm· Ulnrp Ilwt.!tocl 

[29] or an extension of the latter with multiple excitations of the whole VO!tIlll(' [25J. 

Practically all of MR imaging methods can he classified in one of tll(' followill1!, 

categories which describe the nature of the clement exdted at any one ('ydt' [55]. 

Point One single voxel, or the most clementary volume to he analyzc<l, is illt,errogilf.l'cl 

by applying oscillating magnetic gradients that allow excitation aud J'(!adiup; Ol! 

an individual voxel basis [45]. The method is very incffkiellt from U1(> point. of 

view of the signal-to-noise ratio (SNR) 4. 

Line Extension of the former method to the excitation of one COIUIIlIl at a timc. Like 

its point counterpart, it has a poor SNR efficiency [78]. 

4The SNR is the ratio of the signal and noise voltages 
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P lanar Routinely used in MR imaging. The selected plane or more commonly slice eau 

he encoded using various schemes such as the spin-warp method, or more rarely 

Lauterbur's projection reeonstruction. Interest has also bcen shown about another 

method of cncoding a selected slice, the echo-planar technique which rcquires only 

one cycle [79]. 

Volume The signal acquircd with volume methods contains sorne Ïnfonnation about 

the whole volume to be imaged. The 3D spin-warp method is used to accomplish 

that. 

2.2.2 Imaging in non-ideal conditions 

Imaging using NMR relies on the use of one or two RF frequency antennae in eonjunctioll 

with magnetic gradient coils (or simply magnctic gradients) pI'Oviùing a space variant 

contribution to the total magnetic field. The seheme determining the switching on 

or off of these elements during the imaging process is referred to as a pulse .'jequence. 

Even though the gencral expression for a magnetic gradient involves a second rank 

tellsor, its effeet in a large statie field along the z direction 5 is well characterized by 

the 3 partial derivatives ôBz/ôx, BBz/By and ôBz/ôz. To each of these components 

corresponds a generating gradient coil that is sadùle-shaped in the first and second cases 

and cylindrically symmetric in the third [115]. The subscript z can be omitted. 

Considering the situation depicted by the dotted Hne of Fig. 2.1, it is seen that if a 

magnetic gradient Ga: = aB / 8x is applied, the resonant frequency at position x of an 

excitcd sample can be described with 

(2.14) 

where Bo is the nominal size of the imager main magnetic field. Eq. 2.14 follows from 

IIFollowing the general cC'nvention, the cartesian coordinat es zyz will be used to describe the imager 

space whose origin corresponds to the center of the magnet. z is the direction of the main magnetic field 

(betwet'II 0.1 and 4.0T in imaging) which is assumed to lie along the bore axis. 
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Figure 2.1: Rppresf'ntation of frequf'ury cnrodÎn~ in Hon-Î<knl con
ditions (continuous line), that is using a non-liuf'flr gra(li(\,lt. fillcl an 
inholllogencous slatie field eomparcd to idcal C'OIHlitiollS (clot,tC'd li,\('). 

However, if the static field is inhomogeneolls and the grac1if'llt fic'Iel is 1l01l-lillf'at, 

Eq. 2.14 has to be rcwritten as 

w'(x) == {'(Bo + 6.B(x) + xGx + ~GT(:r) (2 tri) 

since it is the frequellcy w' rather than w that will hl' emitt('d from ft point. sit.lIatl'd ltt. 

X. 6..B(x, y, z) is the deviation of the statie fidd from homogf'llf'it,y white 6.. GA :r) iH 1.lH' 

deviation of the gradient from lincarity at a giucn gradient "trr.TI,.qth. Whf'1I tlu' p.;radic·J1 t. 

strength is lIlodified, 6..G A x) will be modificcl in the smu(' proportion '!'l)f' IIf'Xt st,(·p is 

to deteet the emittcd signal and to associate a position x wit.h f'ach fr('(I'H'JH'y w'. TI\(' 

situation expeded from Eq. 2,14 wou Id fals('ly yield a position x'. HOW('V('f, tllf' ad,unl 

emission occurs at x which is rdated to x' by <,quating Eq. 2.15 wit.ll ECI. 2.14, t.he lau'<'r 
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carrying the expcctcd x' rather than x. This gives Eq. 2.16. 

1 ~B(x) + ~Gx(x) 
x == x + ---'-------"

Gx 
(2.16) 

Howcver, it sha11 be assumed that the gradients (readout or oth ~r) arc perfectly lin

eur ov{'r the rcgion of interest, thus not contributing to the image distortion. This 

aHHUIuption will he furthcr discusscd in the l1ext chapter. 

If a coil is placed about the excited sample, the latter's bulk magnetization pro duces 

a tirne varyil1g rnagnetic flux through it., and a voltage with the same frcquency char

acteristics is produced. Since the above situation implies the presence of CI. finite NMR 

frequency band, the induced signal will be the sum of an frequellcies present within the 

exknt of the sample in the x direction. In practice, much lower frequencies are measured 

as the picked-up signal undergoes quadrature phase-sensitive detection, which implies 

filt.ering out the high frequency component. 

In order to obtain a profile of the spin density, one can acquire this filtered signal 

and apply a Fourier transformation which allows the frequencies present to be sepa

rated. This profile is obtained along the x direction, also caned the frequency encoding 

or readout direction. To acquire a full 2D 'jpin density map, the already mentioned 

hack projection reconstruction technique carries out many of these profiles in various 

directions as determined by the sum of 2 gradients applied perpendicularly to each other 

[65]. 

However, the spin-warp mcthod introduced by Edelstein handles that problem by 

preceding the application of the readout gradient by another gradient in a perpendicular 

direction [29]. Following the application during a period Ty of this gradient of strellgth 

Gy, a linear gradient 'YTyGy is imposed on the phase in the direction of application of 

this pha.1e encoding or preparation gradient. The procedure is repeated every TR 6, 2m 

timl's with different gradients of strength ±mGy preceding as many readOllt gradient 

applications (generally 111 possible preparation strengths at both polarities where one 

g(,llC'rally has 111 = 128). 

6The length of olle cycle (also called vlew) is the repetdton lime (TR) 
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The extension of the methodology describerl ahove to 3D is strnil!;ht fOl wauL Il WlI'" 

assumed previously that an already excÏted sample was to 1)(' imng;<,d in t.wo (\i1\l('tlSi01I" 

However, Eq. 2.14 may be used to d('scrihc th~' way OUt' e:rntf'.~ a samph' 1<\t 1It'1 t hall 

receives its signal. This is at the basis of tilt' .qlice ,qclcdion kdmi(l'll' which cOllsi:-.t" of 

applying an RF pulse of a (,l'rtain frl'qucIlcy banclwidth (a tlllIlcatcd :-.illc f\ludion i Il 

time domain) along with a gradient. The absorption of this RF pU}:..,(' is COld1rlt'd to tlH' 

slice of material that fulfills Eq. 2.3. This s}iec can t.hell he ('11(,011(,<1 miu,!!; éI ~D llll'! bod 

'VVhcn the slice is 2D encodcd using the spin-warp mdhocl, t,hl' scllt'Ill<' i:-. call('d 20 FT 

multiplc sJices acquisition and Fig. 2.2 illuhtratcs tIt(' puIs<' S<'(l'lt'IH'(' 1\:-.(,,1 tn pt'rfOl'lll il 

As before, it is Eq. 2.15 iustead of Eq. 2.14 that applies and this has as li C'OIlS('(I'1('Ilt'(' 

that the excited slice is llon-plan';).r. having a dcviation in tIlt' sliec sc!<,ct.ioll clil<,ct,Îoll 

described by Eq. 2.16 [721. Once the slie(' is excitcd, a 2D md.hoclmay hl' us('d t.o ('ll('odp 

the image. As a slice has to bc mac!p thin Pllough to avoid ton lllmh hlun ill~ (hl<' t,o 

depth averaging of the 2D representation, a series or st.ack of snch slil'l's IH ~I'll('l all)' 

desired. In arder ta rcduce the time il1herent to sneh a t.ypP of al'fl'li:-.it.ioll, OlH' cali 11:-'1' 

the dclay bctween 2 views of the same slice t.o pcrform Olle or llHmy vÎew:-, 011 ol.!wI' :-.li(·('s 

This may in sorne cases recluce cOllsiclerably tllt~ time r<'<}HilP(l to IJH'a:-'Ul(' a ('(lm]>}!'!!' 

volume. 

In Fig. 2.2, the applications of the x and z gradients dŒwly followill,l!, t.h!' 90" puIs(' 

are respectively intended to counteract the z dcphasing duc 1,0 the sli('(' :-.(·I"ctioll ~llt

dient and ta ensure that the x dephasillg will hc climinatC'd in t.he lllieldl(· of t.h,' dat.a 

acquisition. If Ilot compensated, this dephasing ('ouid inhihit. t!l(' acquisition of ally 

useful signal. 

However, Fig. 2.2 shows the presence of a supplcmcntary pulsc prior tn rcading. This 

is the echo pulse which is applied at a time TEl? whcre TE is Hl<' tinH' l)('tw('('U Hl(' !JO" 

pulse and the ccho. !ts prcsen.-:e is due to the raet that the adual tranhV('rht~ 1 <'Iaxélt.ioll 

time in a system where the static magnetic field is inhomogcneous is uot T2 ) lmt a mllcll 

shorter time called Ti sinee these inhomogeneitics a180 contrihutc to the (It'phasiug of 
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Gz ---------------- -------~--L 

Gx L------l 
__________ tx_ _ ________________ _ 

RF .----:rL_ 
90 

time ______ -L _______ --1 

o TE/2 TE TR 

Fi,e;1lI1' 22: Pttlse Sf'(l'H'llce ttscd with 20 llluHiple slices Rpin-('c!to 

ill\fI~ill~, '1'1\1' z di'l'd.ioll is W'll'd for slice sd('ct,ion wll<'l'<,as tll<' :1: 

mlll y diIC'diolls ('01 J('Rpond rcs]H·ctivcly to t,hf' fr(>(l'l('ney nnd phnsl' 

c'l\codillj!,S, Not,> t,lmt. Hw origin of th(' tinl(> axis il> C!t()R('Il as f = 0, 
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the transverse magnetization. Neverthcless, tlwÎr efff'd is reproducihh' and ill\'t'rtin)!; tIt(, 

magnetization using a 1800 pulse alter a tiuw TE/2 following th(· init.ial no') pulst' ('1\\\:-'1':-' 

the transverse magnetization of the system tn reach ft maximum TE aftl'l thl' no') pnl~l' 

application since the cffccts of the dephasing duc to field illholllO)!;I'lH·j t ie:-. tcmporarily 

cancel out [15,38,811. Thus, ouly T2 will contrilmte to th(' dl'cay of tht' sl/!,ual aC(!IIÎlI,(l 

<lfter a time TE. A gradient echo sequencc wherC' snell a lS0f) fl'phasiu.!!; pnist' is PIt'Sl'Ilt 

is called spin-echo. 

Assuming a ideally selected slice and ignoring rdaxation dfl'rb, t.hl' Il('l\locllllat!'t! 

signal S(t) (aIso callcd FID for free induction clecay) after prqmration and duriug tht' 

time t such that 0 S t < TE/2 is satisficd is describcd hy 

S(t) = c J J I7(X, y) exp [i"(6B(:r, y)t + ymGyTy + :l'GJ i" )]d.rdy, (2.lï) 

I7(X, y) represents the 2D Spill distribution and C is a constant. At TE/2, Il ISO" puls(' Îs 

applied. At TE-tx, the readOllt gradient is agaill turn{'d on and tlw éU'(l'li~it,i()1l rt'Sllllll'S. 

It is then terminated at TE+tx. During this pcriod, th(· :->igllal tak(·s tllt' fmm [GOI 

Set) = -c J J I7(X, y) exp [z"((6.B(x, y) + xGx)(t - TE) - ymGyTy]d.rdy. (2.18) 

One can introduce a tenn ky = -"(tnGyTy along with kr = ,G.(t - TE). Moreovpr, it. 

is convenient to define a new variable x' such that 

, 6B(x, y) 
x = x .- _--'-..-.0."';" 

Gx 
(2.l9) 

and introduce it in Eq. 2.18 along with the Jacobian of this coordinatf' trallsformatioll 

This yields 

d.r;' 
J(x', y) = dx' 

S(krl ky) = -C J J I7(X, y) exp [i(x'kr + yky)][J(x', y)t l dx'dy. 

(2.20 ) 

(2.21 ) 

where S(kr , kil) is used to denote the set of signals obtaincd with diffen'lIt phase eu

coding gradient strengths mGy. The application of a Fourier trausfofm (FT) allowh 
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to ohtain the final image from the signal S(kx , ky) [11,96]. Nevertheless, eonvel1tional 

reconstruction algorithms ignore the presence of a ternl ÂB( x, y) and yield a distorted 

(lf'llsi ty 0"( x, y) that is related to the true d{'nsi ty by 

O"(x',y) = O'(x,y)jJ(x',y). (2.22) 

The signal S( kx , ky ) is sampled at many discrete points. The number of cycles needed to 

acquire an image depends on the llumber of preparation gradients (and slice selections) 

tlsed, but is generally 256. The reconstructioll proccss is numerically implcmented using 

HU' fast Fourier transform (FFT) [6]. 

Fuudamental is the fact that Eq. 2.22 implies the immunity of the phase encoding 

direction in the face of static field errors expressed by t!iB(x, y) =1= O. With spin-ceho 

Ulcthods, this cornes from the fact that the dephasing caused by thesc reproducible 

types of field errors cancel out at t =TE alollg with the dephasing due to the rcadout 

gradient. When no such 1800 echo pulse is present as in gradient-eeho images, the 

recollstructed density carnes a phase crror. Howevcr, no distortion effcct along the 

preparation direction is present with modtÙus images. 

This feature of the spin-warp mcthod is an improvement over the original Kumar's 

"Zcugmatography" in which the scanning of k-spaee 7 in the y direction was accom

pli shed with the help of a phase encoding gradient applied at fixed strength during a 

differcllt time for each view [29,63]. This implied that the time betweel1 excitation and 

acquisition had to be varied, thereby defeating the independence of the phase pertur

bation toward ky and the immunity of the phase encoding direction against static field 

crrors. 

Ouc further interesting element is that the point spread function inhel'cn t to the spin

warp lllcthod is not degraded by the presence of main field inhomogeneity but is merely 

shiftcd in position [87]. The recovery of distorted spin-Wall) images is consequentlyeasier 

7The so-ca\led k-space representation is simply a way to formalize the introduction of the k;c and 

kil tcrms as dimt'nslons of a 2D space which is the Fourier domam counterpart of the image to be 

ft'l'Ollstructed. 
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than the one of projection reconstruction images Riu('<, tlw latter \\B(h.'rp;lw:-; d\'~nu\at ion 

in shape from the presence of L1B(x, y). Furtlwrmor<" Lai [64] slu)wf'l! that tht' 10:-;:-; of 

information due ta this degradation is recoverah1e on1y prim' to l't'l'Ollstrnt"t iOll. 

Another technique to perform volume enroding is the 3D FT lllt,thod. Tht' (h':-.n ip

tion of the reconstruction pcrformcd with this schenU' is similar to the 2D \'1'1 sion l'X l'l'pl. 

that the former slice selection gradient is r<'plaeed hy a seeond plms!' l'llc()(lilll!; gr,ulit'llL 

Renee, the signal acquircd with this rndhod is giV<'ll by 

S(kx,ky,kz ) = -C J J J p(x,y,z)exp[i(x'kx + yky + z/'z)][J(,r',y, z)]-ld.r'clycfZ'. 

(2.23) 

with k z = -')'nGz'Tz • The reconstructed three dimension al d('nHity of spin p(.r, y, z) il' 

obtained through the application of the 3D FT, thus yidcling 

p' (x' , y, z) = p( x, y, :: ) / J (;r' , y, :: ). (2.24 ) 

Again, the absence of distortion along both phase t'Ilcocling dirc'diolls allowH Olll' tn 

describe the Jacobian of the transformation witl! J(.r',y,z) = d.r'ld.I'. This cali IH' 

compared advantageously with 2D FT multiple slices acquisition wht,ft, tlH' ('x('it,('d sli('(' 

is non-planar from the presence of these distortions. 

The use of different TR's and TE's allows one to weight thC' rdatiVl' ('outl'ilmtioIll' 

of Tl and T2 in the final image from Eqs. 2.12,2.13 and 2.11. Finally, note' that, the' slic(' 

selection performed with the 1800 eeho pulse nceds no eompcnsat.ion as it,s applicatio1\ 

is shared evenly between the moments preceding and following tht· 1800 p1l1sl'. 

2.3 Signal-to-noise ratio 

In NMR, the reeeived signal depends upon the presence of a nOIl-zero cqllilibl'iuIll mag

netization in the sample. Assuming that the magnetic field has a sizc giVl'Il by Bo! a 

nucleus of spin 1/2 has 2 energy states given by Eq. 2.2, that is IlBu aIld -'lBu. TllOS(' 2 

states correspond to a magnetic moment and a magnctic field heiug rcspC'dively antipar

aIlel (NU) and paraIlel (Ntt ) to each other. The relative occupaneics of these 2 plH'rgy 
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states in a population of N such nuclei can he descrihed by a Boltzmann distribution 

[62]. The resaltant magnetization is obtained by using the approximation/LBol KT ~ 1, 

where K is the Boltzmann constant and T represents the temperature. One can then 

write 

(
ILBo) '" N pBo 

NT! - N TT = Ntanh ~T = KT . (2.25) 

In MRI, T is obviously not an availahle parameter. Consequently,only Bo is provided 

to influence the magnetization of a givcn population. 

Howevcr, incrf'asing the field strength aiso has sorne other consequences. Since it 

is !easonable to assume that the relative magnet homogeneity 8 varies little with the 

field strength considcred [40], the strength of the readout gradient has to be increased 

in proportion to the field strength in order to keep the difference x' - x constant in 

Eq.2.16. 

Now, Brownian motion of the eledrons in hoth the sample and RF system implies the 

presence of a nmdomly fluctuating voltage between any 2 points situated in one of these 

rcsistive media. This creates the so-called Johnson noise which can be characterized 

using the Nyquist formula expressing the root mean square of this voltage fluctuation 

as 

(2.26) 

In Eq. 2.26, illl represents the frequency bandwidth of the receiving system and R the 

electrical resistance between the measuring points. At high frequencies, Johnson noise 

in the sample dominates. However, the use of lower field strengths increascs the relative 

importance of the noise in the coil which then complicates its design [28]. At high 

frequencies such as the ones empIoyed in MRI, RF attenuation in the patient cau be of 

some importance with regards to SNR, but Johnson noise aione generally constitutes a 

reasonable approximation [28]. 

SThe nt08t eommon way to eharaeterize this feature of a magnet is the use of a relative unit, the ppm 

or parts per million. The homogt'uelty is expressed for a glven volume centered about the center of the 

rnagllt't (isorent('r) and represents the largest field deviation between 2 any points within that volume 

divided by the nommai statie field strength and multiplied by 106 • 
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This noise voltage will be added to tht' 011(' induced by tll<' fluet uating lIlagllt't izat ion. 

thereby degrading the image. One l'an tl1('l1 writt' ahout the :-..ip,llal-to-llOi!'>(' ratio th,l! 

SNR oc (~v)1/2 [71]. This important r('~mlt shows that th(' di:-.ncpalley lH'tw\'('u .r' lIu(l 

x from the presence of ~B(;t) in Eq. 2.16 is minimizt'd at tht' co:-..t. of tlll' SNR. 

Expressions for the relative' efficipncy of 2D FT aIld 3D FT t('ChlllqU('S III «'l'lllS of 

SNR, respectively for SNRzo and SNR3D, arc obtailll'd fWIll E<l. 2.2G aIul tlll' d('rivatiow .. 

of Bradley [12] as 

( ') ')~) _.-1 

and 

(2.28) 

In Eqs. 2.27 and 2.28, p represents the effective spin <lc'nsity, lI'dl TF <'1 Il;'! II'})rc'S('Ilts t.lw 

voxel dimension, r the numbcr of hignal aVCf<tp;('S awl NdlrrcllOli t.he 11llJlllH'r of p;nulil'Ilt 

encodings or the dimensions of t.he k-spact:'. 

It is seen that the SNR depends dirC'ctly on the voxel VOlIlIIl('. This cout 1 asts !'..OIlU'

what with other imaging modalities whcre the bdlavior of Iloise is clilt'ctl'd hy Poi!'..:-"oll 

statistics and implies a dependence on the square root. of th(' vox<'l VOlllllH'. Al:.;o, t.ll1'r(' 

is nothing analogous to the dependencc on radiation dose as Blis Ilot PII'!'..('Ilt in t.1,(' 

above expressions [28]. Considering the efficiency fignrt> of Ill(,lit. 1} \1S('t! by Parkl'r [gOj 

and given by '1] = SNR/../i, it can be secn that intcrlcavin)!; call t,obllly cOlllp"mat.!· fOI 

the apparent SNR advantage of 3D FT by dividillg the 2D FT ima~illj!; tilllC' t hy il 

factof of up to Nz (as fOf Nz excitations pef TR). 

2.4 Magnetic susceptibility and chemical shift effect 

Magnetic susceptibility is a phenomenon by which an external sourn' of lIla~IlPti(' fiplcl 

magnetizes a material, or creates sorne magnetic moments at the ntomic ll'vl'!. TIU' I(wal 

magnetic field is therefore different than what it would be if the outside fidd sour("(' wen' 

the only one contributing to the overall magnetic field. 
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Literat,urc in MRI and MHS 9 often deceivingly attributes the origin of the NMR 

pllf'IlOmCnOIl to a IImagnctic fie}(l" H 10 rathcr than B. This may cause one to forget 

about a ha...,ic aspect. of NMR, that is that thc valuc of the magnetic field rcflccted by w 

illl'ludps a certain Sllsc('ptibility ('ontrihution ta B that is proportianal ta it. Nallcthe

lt·~s, bath SP('ctroscopy and imaging arc intcnded ta detect a diffeT'encc in resonant 

fn~qu('n<:y, 80 that. ~msœptihility is of littlc coneern as long as its contrihution is homo

gt'JIl'OUl> throughollt the studiccl vol ume. 

In MRS, this differt>nce is duc to the chemzcal 3hzft of molceules. Thil' is more ar 

It·ss il typt> of lllolceular susceptibility effect that is seen as the difference in resonant 

frecl'1('ney of tlU' same atom hostccl by different molecules. As with susccptibility, its 

contribution to B is proportional to the bias field. A typical instance of sueh an effect 

is seell with the 2 most common hydrogen compounds in the human body, water and 

fat (the latter's contrihution mainly cornes from the -CH2- segment) where a difference 

of f(>Ronant frequency of about 3.3ppm is seen. 

Sinee the importance of the susceptibility and chemical shift effects only depends 

upon the magnetic field and that the latter is constant in time (neglecting the gradient 

switehing that represents less than 1 % of the total field), the susceptibility effcct can be 

assimilated into the earlier 6.B( x, y, z) term along with main field inhomogeneity and 

chemical shift. Hence, the knowlcdge of the overall 6.B( x, y, z) effectively indicates the 

distortion from these 3 causes, whatever their respective contribution is. This knowledge 

is ohviously patient dependcnt to the extent that susceptibility and chemÏC'al shift effccts 

are present. 

One can distinguish betwecll many types of susceptibility. 

diamagnetism Diamaglletism is classically descrihed as a change in the orbital velocity 

of the electrons from the action of the component of the magnetic fidd along the 

9Magnetll: Resonance Speetroseopy. 

IOThe ongin of the field H often called magnette mtensity lies lU the presence of a eurrent density J 

distribution III the vit-inity of the point considered and exclu des susceptibility effects. 
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axis of the orbit. The resulting field from that cont.ribution i~ typically 1O- li x 

Band always opposed to the main field. Diamaglwtism a10ut' dl't('rmilll'~ t.ht' 

susceptibility if the total angular monwutum J of th(' mol('cnlp is zl'ro 

paramagnetism If however J is not zero, the dirunaglldislll i~ gelll'wlly (}OJllillat.(·(} 

by the paramagnetism whosc ('ffed in tenus of 1l1agllctizat.ioll is in HIt' dilectio!l 

of B and of magnitude 10-4 to 10-6 X B. 

ferromagnetism Just like paramagnctic matcrials, f('rromaglletit' l'luhst.aut'{·s also t'(tUSt· 

the presence of magnetization in the same direction as B, but wit.h Ct mudl gl('at,t'r 

magnitude. Ferromagnetic impuritics in a material may collsidt'rably aff('d t.his 

material's magnetic properties. 

In MRI, the field variation due to magnetic gradieIlts over a fipld of vi('w of 50n/L it> 

more than 10-4 x Bo, which allows one to conclude that diéunagnetic cff('ds arc g(·ll(·tally 

not the source of large geometrical distortion. Howevcr, t.hey may tH' mon' import,md, 

when using gradient echo imaging techniques hy modificat.ion of T; n'litxat.io!l t.illlt' t,o 

which these methods are sensitive [23,75]. Paramagnd.ism and f('rromaglwt.i:-'lIl an' lll1lt'1. 

more likely to cause geometrical distort.ion. Sneh artifacts are w{·ll kUOWll iu MnI [7~J. 

Even though magnetic susccptibility may be clctriul<'llt.al to Mn illmgl' cl'wlit.y, it hm; 

been hypothesized that clinically us<,ful information cau })(' ('xtI;v~('cl frolll a 1lla/!,lwt.i(· 

susceptibility map [123]. Nonethcless, susceptihility is a Imlk "ffl'ct awl it.:-. cOlltlilntt.ioll 

to distortion depends on the shap<', the susceptibility and the orientatioll wit.h lI'h!Wd, 

to the main magnetic field of the objects considcrcd. Exact ealc-ulation of it.s effl'd. is 

possible only in simple cases [20,120,121J. 

2.5 Eddy currents 

The use of rapidly ptÙsed magnctic gradients in an cnvironmpIlt wh('re coJlclueting ele

ments are present implies that eddy currents may he a'isociat('d wit.h gradi('ut switching. 
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Snell clements includc the cryostat, main magnet winding, shimming coils, RF coils and 

cven the other grad1/_nt coils [411. Such transient cUITents, according to Lrnz law, have 

an cffed in opposition to the linear gradient field and modify it in a time dependent 

fashion. The resulting cfi'ect can be detrimental to the resulting image. Alm [2] reports 

cffeds such as SNR and point spread function (PSF) degradation, the latter ulldergoillg 

both deformation and shift which implies spatial distortion. Misregistration of up to 2 

pixels was obscrved. 

In méUly aspects, the contribution of eddy currents to the field about the isocenter can 

he assimilated into a time varying linear gradient in the same direction as the inducing 

gradient. The appropriateness of this concept is of critical importance to the feasibility 

of t.lH' so-called pulse reshaping methods that attempt to modify the dl'iving waveform 

in such a way that the overall grl\dient is close to the trapezoidal shape required. Ahn 

[2] verified through computer simulation the validity of the gradient reshapillg technique 

for a system whose waveform was compensé'.ted for in this manner. His results show that 

it is satisfadory for a volume centered at the isocenter and within 60% of the gradient 

coil diameter. However, it has aiso been reported that the effect of eddy CUl'rents iu the 

first fcw m.'l following gradient switching is more complex [22,50,74J. 

Time behavior of eddy (~urrellts can be modelled using an exponential formulation 

whcre a linearly rising step response u(t) represents the uncorreded gradient. AIso, a 

tenu represellts the mllltiexponential damping from the presence of eddy currents with 

the corresponding time constant TI and amplitude (3, and this can be written as [61] 

G(t) = u(t) [1- ~f3,exP(-t/T,)l. (2.29) 

A compensated wavcform G'(t) aCCoullts for m out of the n decay terms that are present 

[52]. The filterillg needed to obtaill G'( t) cau be described by [84J 

G'(t) = ult) [1 + t. Q, exp (-t/T,)] (2.30) 

where T) is the new time constant and a) the new amplitude. The sets Tb'" , Tm and 

0'., ... , O'm in Eq. 2.30 are derived from Th"" Tm and Pb'" ,{3m in Eq. 2.29. 
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Another consideration for the applicability of pulse resha.ping n\l'thods iH Hw rt.'lat in' 

importance of long lived cornponents in Eq. 2.29, a probl(,lll mad(' mon' import.ant. in 

superconductive systcms by the presence of the low tempC'ratnn' l'01Hludi\'\' snrfnct's of 

the dewar. In sorne cases, it may not be possible to C'ompf'llsntc for t!tClll wi t 11 tilt.t'rill,l!, 

using m exponential tenus to account fer the Tl nctua.Jly present. Mon' import.allt 1y, 

long lived components may introduce a pulse s('quence de}><'wlt'w'(' 011 ('ompt'lls1d.ioll 

[61]. 

It was reported that the importance of long lived compoIl(,llts was gn'al,t'l' in a IHr1!-t, 

bore system (such as the ones used in MRI), so that the effect durillg tht, on }>t'riod of 

the gradient can be seen as a mere gradient offset [1]. A typiealmallift'st.at.lOll of this 

is seen at short echo times when the cornp<'llsating portion of t.ht' J'('adollt. ~llldi(,llt il' 

turned off too soon before the first echo pulse. Thc tl'ausieut readout,-likt, ('\lITent. i~ 

then present during the 1800 echo pulse application and is "ddt'cl to the slk(' st'!t'ctiOll 

gradient, thereby tilting the actual selccted plane [1,41]. Pn'sentJy, IllOSt. »nlst' l'(,l-ihapillg 

techniques use the exponential decay modcl Ol' more empirical wilVt'form COI n'ct,jOJl 

techniques, but generally exclude any kind of pulse sequ<,nre dt'IWIHl(,Il('t· [74,84J. 

The gradient shielding rncthods can he one of cithcr active or 1)(t.~,~1,VC t('('}llll(i\H'S Th(' 

active approa~h attempts to decouple the gradient from the oute'r surfacp hy S11lTOlllH!mg 

the former by a network of cancellation currents [10,76]. A conS('(IlU'lH't' of t.bis llpproa dl 

is that the contribution of the cancellation currents is also st'us('d lOithm tlH' vohmw 

delimited by the gradient shield which caUs for an integratcd gratlieut-shidtl (k"i~1l 

[18]. The generalization of this solution to multishield scrcening has <tlso })('('11 plOpmwcl 

to overcome this problem [77]. 

Passive screening consists of surrounding the gradient with a thiek concllldillg shidd 

[117]. If the sheet of conductor is made much thickcr than the skin c!('pth Il at. t.ht' 

frequency of gradient switching, the shield pcrfcctly mimics the gradi('llt in ils tiul<' 

behavior and spatial dependence. Nonctheless, gradient pulses with offst't nt the ol'igill 

such as the ones used for slice selection cannot he perfcctly compcnsated for llsing this 
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approach [76]. Sinùlarly, the shield and gradient have to he perfectly colil1ear or base 

field shifts with othcrwise off:3et free eddy currents will appear at the isoccnter [30]. 

2.6 Conclusion 

This chapter demonstrated that any practical approach to distortion correction must 

include its characterization in the context of application, as each cause may caU for a 

dcdicated solution. Nonethcless, it was shown that at lea'5t 3 causes, namely main field 

inhomogencities, magnetic susceptihility and chellÙcal shift can be assimilated into a 

uuique effect. In the slice selection and readout directions, this effect causes geometrical 

llistortion of magnitude characterized by the strength of the corresponding gradient, 

with no change in the shape of the point spread function. This suggests the appealing 

strategy of orien ting the development of correction toward this type of distortion. 
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Chapter 3 

Distortion in the context of 

stereotaxy 

The last chapter outlined the principal theoretical considerations in MR imagt' distor

tion. Following t.he main objectives of this thesis, this chapt cr details t,hl' prohh'Ul of 

image inaccuracy in the general context of MRI with special cmphasis OH Htf'n'ot.1H"tÎ(· 

applications. 

3.1 Main field homogeneity and gradient field 

linearity 

For the purpose of this work, the term inherent distortion reprcsellts t.hl' distortioll 

attributable to the imager, including main field inhomogeneity and gradi('ut. fidd IlOB

Iinearity but excluding susceptibility and chemical shift cffects. Transi('nt. (·1llTPnt. "ff(·(:t.s 

are aiso excluded from the inherent distortion. Neverthcless, thcir effcct. will he ('X<llll

ined in a Iater section in order to verify whether thcir presence iutrodllC('S sorne pulse 

sequence dependence on the image non-linearity. 

The MRI system on which experiments were carricd out is a 1.5T S15HP Gyf()I;(,<t1l 
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imager (Philips, Best, The Netherlands) with 10mTjm gradients. This superconductive 

uuit features gradient waveform compensation but no gradient shielding. The manufac

turer's data dcscribes a field homogeneity of 4ppm over a 30cm diameter sphere centered 

at the isocl"uter of the magnct. The main magnetic field of the system is oriented along 

the axis of the magnet bore. 

Inherent distortion of the system was first studied usmg the phan tom shown in 

Fig. 3.1. The phan tom pro vides a map of the distortion at 45 points on a square lattice 

of 50mm separation. Evaluating the distortion of the image with the help of a phan tom 

involves evaluating the role of the main field inhomogeneity, the gradient field non

lillearity and also possibly the eddy current elfects with a given pulse sequence in the 

overall spatial linearity of ~!,e image. Nevertheless, it is known that such an approach 

may also be sensitive ta bulk magnctic susceptibility (BMS) effects from the shape, 

composition and orientation of the phantom with respect ta the direction of the main 

magnetic field, indicating the need for a large size phantom [20,1021. The use of this 

eylindrical phan tom partIy circumvents this problem since its axis was kept parallel 

to the z axis (also main field direction) and imhged at differen t positions along this 

direction 1 on either si de of the system isoce.'1ter. The cylindrical symmetry involved 

ascertains that the BMS effect, if present, has ollly a radial dependence. This provides 

a way to evaluate its importance in the distortion map. 

The error on the positioning of the rods was determined using the program "Test

program for calculation of spatiallinearity" (TSPL) provided by Philips. The algorithm 

earries out the following steps: 

L High-pass filtering the image in arder ta sharpen the intensity profile of the rads. 

2. Localizing the center of each rad, yielding a list of "candidates". 

3. Dctermining the 9 candidates corresponding to the inner 9 rads. 

'Gl'nerally known as the cranial-caudal (CC) direction. 
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Fip;Ult' 3.1: Mn imngt' of Hw phnnl,olll llsec\ for t.ll(' ~pnl j;d lil"':'1 ily 
t,(,Rt.. It if> n 400mm diamd,('r cylilHkr ('olltninillp; 1G 2011/711 IOIlI-'; 111,\0; 

of 10mlll <linllwt,(,l. Th<, ('('IÜ<'T' of {'(wh roI! is ;'0111111 ilWily [t (lI Il 1\)1' 
('('n!.P1S of itR 4 dmwst. lwighhOlS. Tlw phall!.olll is 1 :k1ll thit-k 
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4. Finding the absolute position of the central of the above 9 rads to determine the 

shift of the phan tom from the coordinate axis. 

5. Findiug the angulation between one central line of rads and the anglllarly closest 

gradient 2. This determination relies on the assumption that the image non

linearity in the area where the 9 central rods are situated is not important. 

6. Matching the remaining 36 rods. 

7. Determining the distortion seen by each rod from their theoretical position in an 

undistorted phantom with the shift and angulation found at steps 4 and 5. 

For the purpose of performing this distortion evaluation so that it reReets the con

ditions of stereotaxy with the OBT frame, described in Section 3.4, one has to consider 

the dimensions of the para11elepiped bound by the fiducial marker plates, i. e. a volume 

of approximate dimensions 17cm x 25cm x 18cm in the CC, anterior-post.erior (AP) and 

lcft-right (LR) din·ctions respectively. Since most of the patient's head lies within the 

stereotactic frame, this volume comprises practically an targets. A series of transverse 

images was acquired using a spin-eeho sequence with TE= 50ms and TR= 200ms. 

AIso, the slice thickness was 3mm with a field of view (FOV) of 420mm and an image 

matrix of 2562 • A 2D FT sequence with slice selection was used, but the 2D nature of 

the phantom ensured that image non-planarity did not change the apparent position of 

the rods, assuming that the inherent distortion did not vary much within the distance 

corresponding to the error on slice selection. The phantom was imagecl in 7 positions 

along the CC axis, the midplane of each of these slices being placed at 120, 100,50 and 

Omm from the isoecnter on both the eranial and the caudal side. 

For each position of the phan tom, 5 or 6 3 f:-adout gradient bandwidths were assessed: 

195.3, 108.6, 72.4, 54.3, 43.4 and 36.2 Hz/pixel. Mesh plot representations of the 

2 For the purpose of l"valuating this rotatIOn, positive values represent a clockwise rotation as perceived 

rrom brhmd the patient head 

sin sorne cases, the software could not handle the important distortions present at 36.211 z/pixel. 
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distortion in the given plane of the image arc giVl'1l for (',u'h CC phnlltolll otf:.;t't nt 108.G 

and 43.4H z/pixel over the portion of the FOV which \Vas comid('n'd il'; sip;nifkallt 

from the point of view of stercotaxy. Assuming that tht' ('('nt('r of the "ohm\(' spt'cifit'Il 

above is positioned withill 2cm from the isocenter, this \VClS choscu a:.; 300rmll in t h(' A P 

direction v,~ 200mm in the LR direction. As an aid to th(' ('ye, surfac(' Sllloot Il in!!, t hroll)!,h 

biharmonic interpolation was carricd out. Tht' ('Qnrdillatt.'S of tll<' point.s (ll'lilllit.ill,l!; 1.111' 

space domain of the pk 'ltom are given along \Vith proper id('utifimt,ioll of thl' ima)!,t' 

orientation. For aU practical purposes, the maps eau ht' ('()}lsidpl't,,\ as t'l'lItt'l't"\ al. 

the isocenter sinee the actual shift was gcncrally kqJI, lIlHlel' lem in l'Hel! t.1l111SV(·IS(· 

dimension. 

The error on rod localization can be cOllsidercd as eqllal to half a pix('I, or O.81H1II. 

Also, this uncertainty is repeated on the central rod. Imprecisioll ou t hih last. rot! 

position unavoidably has sorne repercussions on the distortion a:.; caktdatl'd for ('adl 

other rod sinee the theoretical phan tom position at tilt· hasis of thi:.; ntknlation Ikpt'l\(ls 

upon central rod localization (step 4 in the algorithm). The ('rrOI' 011 th, t'vaillatioll of 

the distortion in each direction was thercfore 1.2mm. FurtllC'fmor(', t.lt(' distort.ioll of t.h(· 

central rod is normalized to zero, which may not correspond to realit.y, partil'Illarly away 

from the isocenter along the CC direction as this is the 01S(' for SOIl\(' of th('s,' illlaJ.!;('~. 

The component of this central rod distortion attributahle tn main fi,,1(l iuholllo)!;,'!wit.il's 

therefore mimies a constant field addcd to the existing iuholUog('ll('it,Î('s as S('('11 fWIIl 

the distortion map of the image. Its effed is f('ficctcd in tilt' diffPH'ut appall'ut shifts of 

the phan tom along the readout gradient direction when varyillg the [('lU!OUt lJiludwitlth. 

The extent of this inaeeuracy on the position of the (<,utral rod wal> )!;f'IH'mlly It'ss thall 

3mm for the readout bandwidth and the CC offset of tlH' image:.; wwd. Auot.!H'r :';0111 ('(' 

of uncertrunty on the geometrical distortion as mea&urcd with tlU' phallttJIIl of Fi)!;. 3.1 

was found to be the error on the evaluation of tb> pÏlantom allgl11at.ioll 66 about. ib. 

axis. As stated above, this angle is used to determine the initial pOf-litioll of tlH' phautoIll 

and any uneertainty on its value corresponds to an imprecision of the ~liift that cadi 

dise has actually experienccd. The error on cach dise correspollding to thi:.; eau:.;(' is 
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proportional to the distance of the dise considered from the center. The crror on the 

angle WB.') cstimated as bcing ±0.2°, which corresponds to ±0.6mm for the radially 

fal'thcst points and can be neglected in the face of the error duc to fini te pixel size. 

As cxpccted, aIl images include an area that is situated around the intersection of 

the plane with the hore axis and that exhibits good spatial linearity. However, the 

('xt('ut of this aeea is considerably reduced whcn looking at transverse slices away from 

th<, iS(lC"cnter. The l'ole of tlw readont gradient strength is clearly demonstrated for each 

given phan tom position by the use of various bandwidths; images using 108.6 and 43.4 

H z/rnxel are shown in Figs. 3.2 and 3.3. Table 3.1 also provides the average distodion 

at othee readout bandwidth values. In Figs. 3.2 and 3.3, it appears that the decrease 

of the gradient strength does not provide a uniform increase in the average distortion, 

prcsumably l'cflecting the mixed contributions of the gradient field non-li nearity and 

main field inhomogeneity, of which only the latter directly dcpends on the bandwidth. 

Morcover, no cylindrical symmetry in the distortion i8 apparent. Since any BMS effects 

s110uld show such a characteristic from the previous argument concerning the symme

try of the phantom with respect to the main magnetic field, this contribution seems 

rdativcly smaU. 

Even though it was previously enotmced that the dimension along the CC axis of the 

volume for which good spatial lineaeity is reqnired is approximatively 17 em (S.5em at 

both sides of the isocenter) images are provided for a CC offset as high as 120mm in arder 

to give an insight into the importance of adequate centering of the volwne to he imaged. 

For instance, the distortion over most of the right-anterior quadrant of Fig. 3.2(C) is 

aFpreciably increased when looking at the corresponding area in Fig. 3.2(E), alheit the 

distrulce betwcen these planes is only 2cm in the CC direction. Thus, it appears that 

a fast dpdine of the image linearity may affect the markers of an impropcrly centered 

fnune at these distances from the isocenter. 

The situation is improved significantly at smaller CC offset and at high gradient 

strcllgth (IOS.6Hz/pixel), although sorne important values of distortion are met such 
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as in the anterior-right corner in Fig. 3.2(A). This illdicates that distortion ll\ay (H'I"Hr 

at the edges of the FOV, where the fiducial markers may lw fO\111<1 [27J Ou HU' nt lin 

hand, most of the FOV is affected by important image distort.ions wlll'll il low grmlit'l\t 

strength is employed. Rence, it seems that the q\1t'stioll of imagt' illtt'gnt.y is ml/stly 

important for the proper imaging of the fiducial markers ratht'r thall HU' 1It'(1I1, pl()\'i(kd 

that a higher gradient strength is used (~ lOOII ::/pl.rd). Neverthekss, OIlt' 1ll\l~1, Hot 

forget that a larger readout bandwidth is uscel at the ('-"I)('IlS(' of Ct <!('clt'ascd SNR 

In Table 3.1, the distinct bchavior of the distortion betwl'{,u Hw n'at\ollt allcl prC'JlélIa

tion directions is apparent. In the preparation direction, no sigllificallt challgt' 0('('111'1 t'd 

when different readout bandwiclths were used. On the ot.h('r halld, tJH'1 t' is IL dist illct. 

trend in the readout direction for t.he distortion to <1('cr('(\se \Vith illCI'f'ilsillg u'aclollt )!;ta

dient strength. This is consistent wit.h the expcded inverse proportiouality of dist,ort.ioll, 

caused by Bo inhomogeneities, with readout bandwiclth. 

3.2 Contribution of the main field inhomogeneity to 

inherent distortion 

It was seen in Figs. 3.2 and 3.3 t.hat the spatially variahle cl('!wwl('u('(' of clist.Ol lioll 011 

the gradient strength indicated that t.he main field inhomog(,llcit.y <10('S lIOt. n'IH·I'St'lIl. 

the sole contribution to inherent distortion. One otlH'r hint of this lS tht' pr('sPIlCl' 

of distortion along the phase cncoùing or preparation grn<\i('llt din·ct.ioll in Tabl!' 3.1 

Also, the observed variation of the distortion with gradicnt stn'lIgth ;dollg the Il'arIOll!. 

direction does not seem to be solely the consequence of the iUWISC propOltiollality with 

the gradient sttength. This last fcature is more oh vions WhCIl OW' t'xallliw's t.he plo!' 

of relative distortion in the readout direction vcrsus wat('r-fat shift in Fig :l.4 obt.aillt'd 

from the data of Table 3.l. Note that water-fat shift is just auothcr way of ('xpn·~~illg 

the gradient strcngth at fixed FOV and image matrix siz(', and charadeJ iz{'~ t Ill' llllmlH'r 

of pixels in the rt:adout direction separating 2 point sources of fat ancl wat,('r sit.uatt·d 
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Offspt ~v !:l Position sp !:l Position Sr !:l Position 

[mm] [II zlpixel] (Prep.) [mm] [mm] (Read) [mm] [mm] (Total) [mm] 

120 43.4 1.8 1.3 4.6 4.5 4.9 
Caudal 54.3 1.9 1.4 4.3 4.0 4.7 

72,4 2.0 1..5 3.9 3.2 4.4 
108.6 2.0 1..5 2.8 1.9 3.4 --195.:J 1.1 1.5 2.6 1.7 3.3 

100 43.4 1.3 1.0 4.4 4.2 4.6 
Caudal 54.3 lA 1.0 3.6 3.6 3.9 

72.4 1.2 1.0 3.5 3.0 3.7 
108.6 1.3 0.9 2.3 1.7 2.6 
195.3 1.4 1.1 1.9 lA 2.4 

50 36.2 0.8 0.6 4.9 5.1 5.0 
Caudal 4:J.4 0.7 0.5 3.5 3.7 3.6 

51.3 0.8 0.6 3.1 3.1 3.2 
72.4 1.0 0.7 2.9 2.6 :3.1 
108.6 0.7 0.5 1.5 lA 1.7 
195.3 0.8 0..'5 1.4 1.1 1.6 

lsocenter 36.2 0.8 0.7 4.1 4.9 4.2 
43.4 0.8 0.6 4.0 4.0 4.1 
54.3 0.7 0.5 2.6 3.1 2.7 
72.4 0.7 0.5 2.4 2.6 2.5 
108.6 0.8 0.6 1.4 1.4 1.6 
195.3 0.8 0.5 1.1 1.0 lA 

50 36.2 1.4 0.9 3.3 3.6 3.6 
Cranial 43.4 0.9 0.6 3.4 3.3 :3 r: .0 

54.a 0.8 0.6 2.3 2.2 2.4 
72,4 1.0 0.7 1.9 1.9 2.1 
108.6 0.8 0.6 lA 1.1 1.6'-

195.3 0.9 0.7 1.1 0.8 lA 
100 36.2 1.5 1.0 2.9 3.1 :J.3 

Cranial 43.4 1.7 1.1 2.4 2.5 2.9 
54.:1 lA 1.0 2.3 2.1 2.7 
72.4 1.5 1.1 2.0 1.7 2.5 
1OR.6 1.6 1.1 1.8 1.3 2.4 
195.3 1..5 1.0 1.8 1.2 2.3 

-
120 36.2 2.4 1.5 3.4 3.2 4.2 

Cranial 43.4 ::!.5 1.6 2.9 2.5 :3.8 
54.3 2.1 LI) 2.9 2.0 ;3.6 
72..l 2.a 1.5 2.8 2.0 3.6 
108.6 2.0 1.4 2.5 1.5 :3.2 
195. '3 '2.0 1.4 2.7 1.5 :3.4 

Tahle 3.1: S\Jmmary of tht> distortion mapping experiments using 
the spatial liu<,arity phalltom Transverse slices were acquired with 
various phantom positions and werl' repeated with at least 5 differcut 
gradit'IIt strengt.hs. The average 6.POSl fIOn and standard deviatioll S 

for ('a('h din'ctioll a.n' takell on aIl 45 rods of the phantom in Fig. 3.1 
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at the same position due ta their differellt chemical shift. For instruH'(', a wat.t'r-fat. 

shift of 1 pixel corresponJs ta a r('admIt gradient bandwidth of 217H::/l'I.l'cl wit.h tIlt' 

imager used for the experiments described h('re. Fig. 3.4 was ohtnilH'd fl'011\ t.I1t' dat.a of 

Table 3.1 for aU 7 phantom positions. 

The plots (A) anù (8) of Fig. 3.4 exhihit the eX!H'ded bt'havior with p;nulicll t.!'>t 1'1'1Ip,t Il 

wh en fitted in a least squares sense. The non-zero y-axis illtcI('ept ('ollfirms t.!H' Pl'I·St·llCt· 

of another contribution ta distortion which is Ilot aff('ett·<l hy thc use' of a hip,h p;radit'llt. 

strength. Ta Sf'e that this is compatible with the preSCllce of IlOIl-liIlt'ari t.y of t.he 1 c"dol1t 

gradient field, it suffices to consid(~r that this latter t.ype of <lh,tortioll hns t.1lt' Sllllll' 

effect in the readout gradient direction as main field illholIlogellt'it.it·s, t'XI·Cpt. for t1w 

dependence upon readout gradient strength. This simply COIllCS from tIlt' f"cl t.ha\' UliS 

non-linearity is proportional ta the currcnt circnlatillg in Hw coils, its(·lf dd('lllIillil\g t.1J(' 

strength of the gradient. This thereforc implics that the !J axis iut.l'rn·pt. t(,pl(·SI·Ut.s t.hl' 

effects of gradient field non-lincarity alone Hillee the I·ffed of Illaill fidd illllO!lIop,l'llt'it.ics 

is thereby extrapolated ta zero. For the plots of Fig. 3.4, t.lH' valll<' of t.11Is iut,(·I(,(·Pt. 

increases when moving away from the isocclltef. This il" ('OIlHiHt,put \Vit.h t.1H' ImowlI 

characteristics of the magnetic gradients, namely that tlwir liuearity is o}ll illlizl·d abOlit. 

the isocenter and constitutes another justification for imaging fUi ('losp a:-. posslhk \'0 

this point. 

Another technique to verify the l'ole of bath types of ('ll('()(lillg COllsistr, of t'OlIl paz ill/-', 

2 images taken using the same imaging parametC'rs exccpt that tll<' din't'tioll of tilt' 

preparation and readout gradients are exchanged. In thcse conditiolls, tlw coIltrilJllt.ioIl 

of distortion due ta main field inhomogen('ity should rcmain IlnChaIlp;('cl in lllaglutnd(· 

but be in the new direction. On the other haml, thcre is lIO l('(l!'>Oll fOl Ul(' dfel't, of 

gradient field non-linearity in terms of distortion ta 1](' the :->all1<' whcll plaYllIg tJH' IOk 

of phase rather than frequency cncoding. Conseqnclltly, a tccllIliqll<' to st.wly tll<' rt'!at.ivt· 

importance of gradient field non-lincarity v., main field inhoUlogt'IH'i ti('s i!'> t.o V{'I if y t.lll' 

relative displacement of the rads in the image of the spatiallillcarity plJilIltoUl whm the 
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F'ip;urc 3.4: Plot, (,flwC'lngp dist,ortioh ohs('rvedin t,he' l('lIdollt, gllll\i"nt. 
cliH'dÎol1 ltsÎlIg cliff('f('11t, hnndwidtlu~ expn'Rsed in pixpls of wat.l,t-fnt 
shin. 4 cnlllini plwlltolll positions (}le' giVC'll in (A) while 3 c:mdal 
pOl'itioIls an' IHt'sellt. in (8). St,wight lines arC' ohtaillC'cl ltsillp-' HH' 
kast. squale'fi fit.. 
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gradient exchange is perfonned. A 45° orientation of this displan'nwlü \Vith le:-;pel'! to 

both gradients would thcn indicatc the predominant roll.' of main fidd inhomo~('lH'it i(':--

In order to explore this behavior, such pairs of images Wf're (lequired al. lIlétuy wilh'r

fat shift settings (1.1,1.5,2.0,2.5, ... ,6.0) nt aU t.lm·t' image o1'Ît'ut.atiow. and IIsill~ 

the samé phantom as before. Prior to acquirillg thi' s('wnd image of ('"dt pair \Vit Il 

exchanged gradients, resonant frC'quency dderminatioll was inhihit.<·d in tht' se<lU pH-pa

ration sequence in order t.o ensure consisteucy. This t.illH', llH' positiolls of tilt' }'()(b 

were measured manually with the help of a computer lllouse. (hl(' ima~(' of (,<leh pail 

was normalized in or der to ensure that the position of t,}l(' iSOCL'I!t('r wou)(l 1)(' tilt' sHIIlI' 

with both images, a reasonable assul~ption sine<.' the g('QIlletricnl dist,OI t ion fwm 1110St. 

causes is small at this point. The pr~cision of IlléUlllnl 1'0<1 localizat.ioll is 2/111/1 in ('adl 

direction. 

Fig. 3.5 shows typical results ootained for sneh a test. Tht' maps i1111s1 rat,1' 1.11«' 

direction of the displacement vedor reprcsclltcd by tlH' arrOWb from tlu' pairs of illlélP,('S 

described above. The length of these arrows is proportional to th(' lllodnlllS of t.his 

displacement vector. Results for aIl three slice orientations art' pn'S(·llt,l'cl. 

Even t.hough the precision of the method did not allow for th(' si~nificallt llH'aslU'('

ment of distortion greater than 2mm in each gradient direction, it is ('a:--ily <lJlJlI(·(·iaf.t·<l 

that the orientation of the readout gradient i8 of prime importauce with hip;lwl' valu('}) 

sinee the resultant displaeement then has an orientation obtaiw?d from tlll' "clciitioll of 

two perpendicular and equal magnitude vectors. If gradient fic'1d llo11-1ilwnrit.y W('l(' a 

relatively important cause for the distortion observed, tl1(, illver~ion of HH' rol('~ of },OUI 

gradients would be expected to change the importance of the distortioll in t.lll· p;iVl'II di

rection from this ncw traded role and therehy cause the displaccmeut vect.or I.u !H'ltaw 

in a more complicated way than it does. 

It is thus possible to conclllde that field inhomogcncity detcrmill(,!-' IIlllch of t,}J(' 

geometrical integrity of the images at low gradient strength, sllch as with 43.4/1 ::/pi,ul. 

This indicates that these inhomogeneities, in that situation, offcr a grcat('r contrihution 
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to image geometrical distortion than magne~ic gradient fiel.lllon-lim'nl'it.y. TIlt'n'fOlI" 

distortion correction of images acquired at low feadout gradi('ut stl'l'ugt,h fi n; t, l'alls for 

ways of dealing with Bo inhomogcl1eitips. 

3.3 Transient currents effect on spatial linearity 

As mentioned in Chapter 2, the geometrical int{'grit.y of Hw imap,(' cali dq)('w} UpOIl 

the pulse sequence used. This happens if tht' gradiput swit('hillg !ln'I'('dinp, thl' l'padoul. 

gradient application contributes to distortion by iJlclncing ('ddy Cllr{'('ut.s whidl havI' 

not full y relaxed by the time of signal acquisitioll. This gt'lH'l'i\.lly happI'ns if ('ddy 

curreuts with a long time constant are Pf('S('llt siuet' th('~(· an' oft,ell Hot ,·omp"Bsnt.l'd 

for when waveform reshaping is uscel. Note that the MR imagl'l \lSpl! for tlll' Il''sl'lilll't! 

experiments uses a compensated gradient waveform as d('scrilH'd hy Eq. 2.30 bill, lias 

unshielded gradients. In order ta obtain SOIne insight iuto this aSJlect of ill HI).!,I , disl,ort.ioll, 

images were acquired using different TE's. The extent of tlw ('cho t.im(' rdll'ds t.11(' tillli' 

allowed for transient currents induced hy pl'cvious gradieut swit('hings to rdax priol' 1.0 

signal acquisition. 

Transverse imaging of the spatial linearity phantom was pt'l'fOflll(,(1. Ddf('lput ('('ho 

times, from 30ms to lOOms and a readout bandwidth of 94.4H z h>l.rrl W('I'I' l1s<,d. No 

single pair of images with different echo timcs exhihited difo:("f('panei<'s in Hl(' posit.ion 

of the rod, which suggests that eddy currents play a limitt'd l'ole in tIlt' dist.ort.ion wit.h 

this imager. 

3.4 OBT stereotaxy frame 

As mentioned in the first chapter, the stercotactic frame used for tlu'se ('xp<,riuH'ut.s 

was the Olivier-Bertrand-TipaI stereotactic modcl devcloped nt the' IH'gillUiug of thl' 

80's and intended to be a multi-modality device [88,89,92]. At thp Montrf'al Ncmo-
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Figurp 3.6: Illustration of the OBT stcreotactic frame used in the 
dC'scrihed cxpf'rimcnts. The frame is shown wH.h th(' set of fiducial 
mark('r plat~s us('d wit.h MRI. 

logical Institlltf' (MNI), it has becn used for many years on a routine hasis with CT, 

MnI and digital stlbtradion angiography (DSA), althongh MnI is used primarily for 

visllal guidall(,f' rathC'r than position calculation duc to geometrical distot tion prohlems. 

TIl(' imaginp; Rf'ssion is follow(>(1 by treatment, eith('r sllrgery or radiosurgcry which is 

g('llprally ]>NforUlf'd on t,he saIlle clay. Fig. 3.6 ill URt.! ates thf' 0 BT frame. 

ThC' frame is a cl1hiral structure motlntcd on a base ring, the plane of which is 

normal wit.h l'PSpf'ct to Hl(' scanner axis (in the case of CT and MRI) and thprefore to 

Ul(' maill lIlil,l!;ndic fi('l<l in th('sc expf'riments. The frame is made of both alUlllinl1111 and 

plast.ic (polynmidC'-imid(')' The choice of ('ither matcrial for cach post is didatf'd by 2 

(,(lIlsid('rations: thf' n('f'(1 to avoid a met allie rlosed loop crcating induction prohlems in 

MRI ami to f'lIs\tl(, t,Ital tlt(> four posts normal to the radiation plane in CT are made> of 

a low pfff'cti"f' ntomÎr Humber in orcIer to avoid potential CT n.rtifads due to excessive 
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x-ray attenuation in the ncighborhood of the scannrd VOlUlll<'. The RF hOlly l'oil is USI'1l 

in stereotactic MR imaging because the frame doeR Hot fit comfortahly in tht' lll'ad ('oil. 

The frame is rigid and fesistant which renders it ahlt· to support. s\lr~i('al insh Ullwnt:... 

for stereotaxy guided operations. It provid('s lockill~ chuek:- tlllo\l~h which up to G 

carbon fiber pins can be inscrtcd and 1'la('c<1 in smaU ('(\viti(·s d\1~ in tIlt' sk\111 \llllh'l 

local anesthesia. Thcy are thcl1locked into plan' \Vith the ht'lp of tllt' c}l\l('hs and }llO\'i,I,· 

complete immobilizatioll of the he ad with respect to the fraIll('. Tht· appnl'at.w; is li~ht 

and cau be weIl tolerated by the paticnt for the Olle clay (luratiou l't'<Jl1ill'd to pt'I fOl'lll 

both imaging and treatment. 

In order to perform localization with stereotactir illla~illg, the fit·l(l of vil'W of t'aell 

image must comprise sorne landmarks of kllOWll geollH'try, a 1'01<, play<,d by t.l1(' tidl\cjal 

marker plates. The frame is illustrated in Fig. 3.6 bearillg the ~vlRI fid1\('ial lIIél1 kt'I 

plates. When imaging with CT, another set of plates is us(·cl in wInch llIarkl'l's of 

high radio-opacity, generally alllminum 01' coppel', arc plllhed(hl. III tlH' ('a:-,(> of t\HH, 

chanuels of square section serve as the markers and an' fillpcl wit,h a CIlSo.. -';Olllholl. 

AH MRI and CT marker plates are made of five segU1<'llts ('ol1stitlltill.!!. 11 sqllan' \Vith 

a side of 130mm (considerillg the axis of the challuels) adcl('d of 11 dia~()lIal a.., ShOWll III 

F'igs. 3.6 and 3.7. In CT, 4 platcs (AP and laterals) ar(' wi<'d ancl tll<' pidwlIt. h"ad 1:

inserted in the frame through one of the remainillg si<les. Wh('ll thl' MnI :-,d, is 11:-,('<1, G 

out of the 6 sides of the cubical structure for met! hy tllP stef<'otactic fralll(' HI(' ()(,(,Il)JH'd 

by a marker plate. Hcnce, 3 plates are intersede(l with coroual and sap,itt al sll1'(':, ill 

MRI, whereas 4 appear on transverse slices with MRI and CT. With DSA, localizat.ioll 

is carried out with the help of a pair of marker plat(·s Illouut(·d OB tlH' fr ,1IIH' OI! Ut(' A P 

and lateral sides and made of plastic in which art' cmlwddf'd ml'tal pdll't:- coru'sIHIIIdiul!; 

to the corners of a 6cm side square [42J. Diffcrcntialmagnifkatioll of t!H' :-,qlHlf(' all()w~ 

unique determination of 3D coordinates of any point if two ViCWH an' pro\'ilkfl. 
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F'i1!;ltr(' 37: Ficl 1\I'ia 1 llIat k('r plélt.(' mO\lnt.ed ou the OBT flt,('lC'ot.ndi(· 
fI ;mll', II. is 1111111(, of plast,if: in whiel. i~ ('mh(,cIder) ri z-shap{'rl mm kI'l , 

III t,Ill' ,'WiI' of l\fHl, if. is fi 1'11vit,y fillcd wit,h a coppel ~m1fat,(' :mllltioll 

wI1l'J('tls !.Ill' CT r0I1IlI,cl)l111 t, is II1<1C)(' of al11JnÎllIllll or COP){'1. 

Localization with the fiducial markers 

'l'Ill' Olrl' 1'11'11'01;)('1,1/' flHllll' IlI)sspsse's it.s OW!1 cOOlclilla!,(' sysf.<'1ll ,l'IJZ ill \\'1111'h t.ht' 

1 H),>,I iOIl of n Il)' point j" (k~('J iIH·t! 'l'Il!' otÏp;in of t.he frnme' COOl dinnf.{' syslt'lll is at t,he' 

!O\\'(" \cft. ('()II\I'I ofa ~;l,1!.it.tallllidplarlf' ima~(' (\Vit.h If'Slwrt, t,o t.hc· fI mJl(') , 11 t, In/l in t,he' 

• <ll1d,,\ dil (,cl ion Hn.! j"nI III 1 \11' HIlI!'l ior ,lil<,(·t,ioll \Vit h !cs!)('d, t,() t,jl(' JIl;lIl,"1 sit.uatcd 

III 1 Ill' \0\\'('1 Idt ,'(lllll'I 'l'Ill' OI'l'lI!.al.ioll of U)(' 3 axis nI(' If'spf'ct,i\'('!y fOI l, Y and z 

1 III' l'0sl.·, iOI , ('J :llli:t1 :II\(I 1 i,l!;ld dill·(,tiolls l'hl' fidlll'Înl mal kl'l c; nIC' IIs(·d to Plllvid<' a 

('f III l'SI)()I\(l('III'(' hel W('('I\ ally SI'! ('('11 ('001 rlillat('~ (11, lJ) of n p;În'll ÎIIWp.;(' nll<1 t Ill' fI aIlle 

('(I()ldlll1dI'S (l',!/,::) :\t \toasl :J p()in!.s me 1H'(,('SSlUY t.o ptovide n ('omp!('!(' Iwowh'd1!;<' 

or f III' 1('lat,iollShip 11I't W('I'!\ tll<' :--ysfr'ms 111' n1l!1 T)/Z Clnd fOl Pélch plntt', U\I' point. P2 of 

(,".e. :J 7 1:-: tl\{' O\lt' \\'h():-w ('ooldillnft's nH' songht., Sinc(' CIl! inwgf' Olicllt.l1tiol1" plOvidl' 

4ï 



at least 3 setR Pt,P2,P3 (at least as many plates are illtl'rsl'<'lt'd), this kllo\\'l{'<i~t' l'lm \ll' 

acquired. 

Fig. 3.7 illustrates for a plate the' relative positions of the 3 illft'ICt'pt.l'd llHu'k(,l~ 

P lo P2,P3 of an image at a distance y from the side of this pln.te, y is caklllatl'd from tht' 

relative positions of the markers using a formula obtained from t.h(' pn'St'Bt't' of similar 

triangles. A second coordinate is readily obtainerl sin('(' Pl Pl =y Wht'lt'C\S tht' t.hinl 

locates the point P2 of a plate along an axis normal tn this ~nl11t' pl ah', :-'0 is ahl'lI,ly 

known. AH the ealculated distances arc addcd SOIU(' valuc to accouut fOI tht, pWiit iOIl 

of the origin of the stereotactic frame coordinate' system. 

Once the frame eoordinates of aIl 3 points P2 have beell dd.t'rlnillt'!l, t Ilt'y <tUtl tlU'ir 

corresponding sercen coordinat es rnay he used to rctrieve tht' frame ('OOl'c \illll tt'H (.r, li, ::) 

of any point in the image from i ts screen coordinates (il. tJ) llsillg 

-1 

Ut VI 1 .rI YI ,';1 

[ X Y z ] = [ U v 1 ] u'}, V2 1 .cl V'l. Z'J. (3.1 ) 

U3 Va 1 .ra V3 =3 

where the 3 pairs of points (x" y., z.), (u" v,) corresponding to the point P'l. of ('very 3 

plates are determined as described ab ove [13,44]. The inverse correspond('w'(' is tht,rt{ore 

-\ 

x) VI z) UI VI l 

[ u v 1 ] = [ x y z ] X2 V2 Z2 U2 "2 1 (3.2) 

X3 Y3 Z3 Ua /).1 1 

and allows one to retrieve the pixel position from the stereotactit' coordillat('s. Although 

slices paraUel to one of the 3 roordinate plates W('f(' assumed above, thC' fOI mali!-olll i>t.ill 

holds for angled slices and the same cquatiolls can be used, althollgh Hon-anglc'd slit'('s 

are generally sufficient. 
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3.6 Distortion on the fiducial markers 

Rcsults of the beginning of this chapter motivated further studies to characterize the 

integrity of the fiducial markers positioning in MR images. This showcd that some 

distortion phpllOInenon particular to the fiducial marker plates plays in faet a greater 

rol(' titan the contribution from inhcrent distortion of the imager. Some authors have 

plcviously verificd the intcgrity of the stereotactic coordinates calculation using the 

fidu('ial markprs and the ODT stercotactic frame and charadcrized the cffect of the 

frame Oll the distortion seen by the markers [27]. Their resalts are briefly summarizcd 

in tht> next subsection. Neverthelcss, this research focussed on the contriLution of bulk 

Illagndic susccptihility (DMS) cffects to account for distortion observt"d dcspite the use 

of a modified stereotactic apparatus free from the first problem. The results of this 

investigation arc exposcd in the other subsection. 

3.6.1 Influence of the stereotactic frame on marker positioning 

This work was first aimed at verifying the spatial linearity of images of the phantom 

in Fig. 3.8. This was accomplished with t.he help of the st.ereotactic analysis software 

routillely used at the MNI for, among other uses, the calculatioll of the position of 

clisplayed t.argets. Snch an approach reflects both the proper imaging of the phantolll 

and of the fidurial markers with the help of which the frame coordinatcs are calculated. 

It was first demonstrated that BMS effects from the irregular shape of the phalltom 

were not significant so that this phan tom was an appropriate choice for the study of 

image lillcarity. 

Errors on the relative separation of points on the phantom of up to E,mm were 

obst'rved. Following that, efforts were directed towards isolating the canse of those 

d'fOrs. Since the distortion effed in play occurrcd along the readout direction, the 

pheuomt"lloll was attributed to a static field type of error. This suggests as possible 

causes the main field inhomogeneities or the misimaging of the fiducial markers from 
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Figure 3.8: Phantol1l UHl'(l for imagill1!, with th.· :-.t,(·l'\·ot,;lI'tic' fi ;1 Il It'. II, 
Îs 11Ul<1<> of il Sl'rÎf'S of paralkl1.5wm thi('k plat.·" wllo..,l· lIIidl'l;lIl1'~ ;11(' 

lem ap<u-t from OIll' otht'L'. C:llV(·<l in l',l<'h pink i~ a :-'11'1:111' 1!,lid of 
1.5mm diauwter hoks whost' ('('IÜI'IS an' st'paratt'(l fIolll ()Jl(' itllot!H'l 

by a clistmH'C' of lem. Snell a phalltolll allows ('valtwtt()l1 of tilt' ~\l;tI,i;" 

lilwarity fl'Olu the' llleaSllH'lllf'llt of t.he l'I'lativt' :-'l'!litl:st iOll of 1,1 li' bol,· . ..,. 
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the influence of the aluminum components of the frame, even though aluminllm only 

exhibits weak paramagnetic properties. The illdependence of this pl1<'llOm"non with 

n'spcct tu tll(' f(·lative position in the magnet bore was demonstrated and thereforc 

ill<Timinated the misimagiug of the markers in the vicinity of the aluminum posts of 

Fig. 3.6 as the probable cause of the observed discrepancies. This was a130 confirmed 

hy the fact that the problem was not encoulltered with transverse imagl's in which 

the interceptl'd parts of the marker plates are relativcly rcmote from the aluminum 

compOn(·llts. Ferromagnctic compounds contained in aillmillum alloy are hclieved to he 

t.1U' cause of titis prohlcm which was eliminated with the use of an expcrimcutal frame 

frœ from aillminum compoIl<,nts. 

3.6.2 BMS shift effect on the markers 

In this work, the proper imagillg of the fiducial markers in the light of possible distor

tions other than the oneS associated with ahuninum components was examined. The 

kllowlpclge of the readout gradient role in determining the direction of any distortion 

arising from susceptibility effeds or main field inhomogeneities was used by looking at 

the subtractioll of 2 similar images with exchanged readout and preparation gradients. 

Followillg the acquisition of each second member of any one pair, the resonant frequcncy 

was locked so that no variation of this parameter could possibly affect the validity of 

the mcthod by yielding different values of distortion for the same static fidd error. 3D 

FT imaging was chosell to avoid some distortion in the slice selection direction from 

th<, presencc of static fiel,l error, therefore ensllring that any distortion from this cause 

wonlcl occur in the readout gradient direction only. 

Tht.> rC50nant frcquency of the imager as determined by the system was compared to 

the ont.' of the human head in similar conditions in order to ascertain that the fiducial 

markers were imageJ at a rcsonant frequency typical of clinical cases. In Table 3.2, 

it is shown that no discrepancy large enough to be of any importance with a readout 

balldwidth of about lOOH z/pixcl and a FOV of 250mrn (similar to the values used with 
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Obj('ct Il ('son an Ct' 

Imag('d Fr('qu('I\ry [Hz] 
Patient l 63~6728·1 

Patit'nt 2 6:1867291 

Pat.i('nt 3 6:1867228 
~-Ph'antoIll (trial 1) 6:J8(;72HO 

Phantom (trial 2) 6:1*;/:101 

Phantom (trial :J) 6:JX67176 L-. ___ 

Table 3.2: Typical resonant frcqueuci('s for lu'ad S.élns of patieut.s mul 
trials with the stereotad,ic phalltom. 

most experiments that were conduct('d) was found. This signifi('s t.ha.t Hl\' l)('haviol' of 

the fiducial markers imaged in the preseuce of the plmnt.olll in Fig. 3.8 l'au hl' ass\llllC'd 

to be representativc of the situation o('curring in routînt' stt'I'(·otact.i(· illlap,illg will'II' 

the susceptibility of the head ratlu'r tha.n that of tlH' phalltolll dict,at.(·~ t.1H' n'sollalll 

frequency determined by the system during the f,call pr('parat.ioll S(·qW'IlC(·. 

Fig. 3.9 illustrates a typical coronal image of th(' phantolll in Fig. 3.8 lIlol1t1t(·cl in tll!' 

stereotactic frame with its fiducial marker plates as it appt'ars wlH'1l IlSill~ t.IIt' MOIltll'il1 

Stereotactic Planning System. Another similar imag(' was ohtélill('d witl! a "lliIll,l!;<' in t.llI' 

direction of the readout gradient from cauclal-crallial t.o I('ft-t i~ht awl \\ m. slllit rad('d 

from the image prcsented in Fig. 3.9, thus yi<'lding Fig. 3.lO(A). Tht' ima,!!,l' sh()w~ S()l1l1' 

apparent discrepancy on the position of the holl.'8 in the phalllolll that do HOt, (·xI·I'(·d 

Imm. A more important effect is visible around the phalltoIll wlH'n' tllt' t.lflIlSit.iou i/l 

sl~sceptibility is important, but is of no COll(,(,fIl. AIso, a sIllall dihCfcpallCy is PI('~('l1t 

on the lateral marker plates, but it does not cxccNl tlu' dimellsions of tlH' 11IiU kl'r 1 b(·lf 

However, the m05t noticeable dist.ortion f{'nture is oh:·wrvecl ill th!' position of !.lI(' ('[alliaI 

marker plate. Hs extent in the subtractcd image· in both tlH' wrtical alld horizollt al 

directions is 3mm. The 45° orientation of the displa(,(,lllt'ut confirms tlH' ill\'olVl'lIH'l1t of 

either main field inhomogeneity or susceptihility ('ffI'l'ts. 

The effect described ab ove was shown to he perf('ctly reprodul'ible whil'!l tJwf(·fOlI' 
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Fip,llll' 3.0: COlollal imap,t' of the stelt'otacti(' plUllltPlll as displaYI'cl 
with tlH' Rlolltl('al Stt'l('otactic Plmmiug Sy~t<'m. It Wcl~ lu·fluin·fl 
wlth tlH' fi(ltwial Iluu!i:('n .. ill p};l('(' Oll au ahuniutllll fl!'(' st('l'('otuctic 
flilllH'. TIl!' ~,b('e tltid~w'~s i~ 1.5/111/1. TE aud TU ëllt-' l(·:-.p('ctly\'ly 30 
èllle! 200",." ,,"d tlll' lI'adollt ,l',wdieut \Vas appli('dlll tlH' l'lauial-c'(Lwlal 
diu'dioll (\'('1 tic·al. top to !HlttOlll) \Vith a balld\\'idtlt of lOS.GH ::/ll/./'d 

"uel a FOV l'<l'wl to ::wn.211/)/I. 

('xchl(ks <Illy IlH'c!wuint! faiItu'" of tll(' fra111{, asspmbly. In onkr to dd('l111iw' wlH'tht'l 

t.his ('fl'"d was c!tmal'tt'ristic of tht' top platt' ibelf or dm' to its position iu spaCt' (\Vith 

n'slH'd, to the imager. flom illll<'1'('ut <li.;~~;;. tiou), the mltl'lior-postPl'iol' otfsd of tlw 

<'oronal ~li('(' was lIl()(liUt,(l. This prm'('cl to haYI'110 iufilH'll<'t' ou tllt' (li~b>ltioll of tiw top 

platt·. Fm t IH'I111Ol t" a sa,l!,i ttal pHil' of slil'(,s of tIlt' phan tom was tak<'ll wi th ('XdI1\Il'!?P(l 

grêldit'uts lLud tht, ~allH' (listol'tioll pattern \Vas fOllllcl to 1)(' pn'~('ut iu tIlt' sIl1Jtnl!'t(~d 

illlilgt' ou th, t.op plate with agaill a clisnqHlllt-y of 3111111. Tll\t~ a silllilar stati(' ti"ld 

('1 roI' is iu\"ol\"('d l-!illC(' t h(' FO" 11l!' alik(' auel t Ill' !,allllwiclt 11s HU' tlll' ~allll'. This sap,ittal 

:-'\Ihtnll'tt'd illl:tg(' i~ pt<':-.!'uh'd in Fig. 3.10(8). Howt'\'"r, a similar ~tll)t.l'acti()n of imap,(~s, 

tltis tillll' \\'ith tll<' tlall~\'('l~t' Orit'lltatioll. faikel to <l('lll(lll~tlatt- ally ()('CHl'U'W't' of tlH' 
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Figure 3.10: R,':-mlt of the abholnt,' snhtlactioll of (A) two \'Oloual alld (8) t wo 
sagittal ima~es. TIl<' l'('[l(lont ~la(li(,llt <lil('dioll w:\:-. "lIa1l).'.,\·d \lI'f'Ol'l' ;lI'fl'lillll,l!, t.lll' 
second imap,\' of a ~i\'('n pail'. The imap,<' di:-.t.Olt.iou Oll tilt' lIIatl.,\·l ill \)()t\l tilt' 
coron al auel tlH' sap,ittal pairs is 3111111 aloll,!!, t.h(· l\·adout. ,!!,t:lCli('l1t dil(·f·t.i()l1, tllll" 

COlTl'SpOlHlill~ to Il 3V21117?1 (lihpla(,(,lll('ut lU the al!o\'I' llllill!,l'. 'l'Ill' FOV':-, \VI'I(' 

2DD.2mm for (A) aIlel 2S1.77mn for (8). 
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same marker distortion as shown by Fig. 3.11. The fact that no such phenornenon is 

visible on any tranF'verse slice as well as its inclepeudence with respect to the position 

of the frame asscmhly within t.he magnet demonstrate that this effect is inherent. to 

the frame itsclf. However, it is still unclear whether it is the plate itsdf rather than 

the phantolll in close proximity that causes this. The second hypothesis was discarded 

whcn it was found that the (listortion on the cranial plate was unchanged dC'spite various 

att<.>mptcd shifts in position of th(' phantolll with respect to the markers awl the frame 4. 

It is thus apparent that the behavior of the plate 111 tenns of geometrical integrity 

depencls on a susceptibility cffect characteristic of this plate. However, the composition 

and shape of the other plates is very similar to their distortcd counterpart, except for 

the fact that the latter is the only one perpendicular (rather than parallel) to the main 

magnctic field. 

In order to explain the effect observed with the help of the bulk magnetic suscepti

bility (BMS) concept, it is useful to write the shift in resonant frequency 8 (evaluated 

in P1Jm) between an isolated nucleus and the same nucleus in a material environment 

as (20] 

(3.3) 

where 8(1 is the shift from host rnolecule electronic shielding effects, 81J is the shift from 

BoIvent electronic shielding effects and 8x represents the BMS contribution. 'Vhen aIl 

resonant nuclci share sorne cornmon types of ho st molecules and solvent as it is the case 

in the experiments conducted with the stereotactic frame, the difference in resonant 

frequency in a homogeneous field can only be attributable to 8",. 

Nonetheless, the BMS shift of an object, besicles depending upon the nature and 

shape of the mat<.>rial considered, also depends on the orientation with respect to the 

main magnetic field [20,121]. For instance, 8x in a hollow infini te cylmd-.:r fiUed with 

4 Although the rl.'st of the cxperIment.s of this chapter made no longer use of L~e pattel n of the phantom 

in Fig. 3.8, its presence remained necessary to ensure appropriate imaging conditions. 
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resonant nuclei and parallel to the main magnetic fidd is 

(3.4 ) 

where Xm is the volumetrie susceptibility of the rl'Ronaut suhstUllC(' .'i. Ho\\'t'wt', at. Ht'st 

approximation it becomes 

when the cylinder is oriented pcrpendicularly to Ua' main maglld,ir th'lel and is SIll

rounded by air. This could account for the diffet'ent sus('t'ptihilitH's \)('twI't'lI aIl markt'I S 

of transverse images and the top markt>fS of sagittal aud ('Of Olmi imap,t's. SilH't' tilt' 

channels constituting eaeh markef plate an' ('it.h('f p('rpcIHlicular (li plIIlllll') wit.h n'

spt'ct to the main magnetic field, it 18 tcmpting t,o t'xplain tilt' plH'1l01ll1'1l1l11 IIsillP; t bis 

description. Nonethelcss, the faet that only tilt' top plate :-'llfft'l's [Will t Ill" plObll'lII ill 

both sagittal and coron al images suggcsts that anotht'r ('}enH'ut is ill\'ol\'l·d ~ill("(' ail t Il«' 

channels present at those image oripntations are peqlf'ucliclliai t () tIlt' Il HI III lIlap;ud. il" 

field, yet only the ones that are part of the top platl' ('xltihit. ~OllU' di:-.t III t \OH ('Ift·cf <.;. 

It was then hypothesizt:'d that the ohscrv('d distortIon ('tf('d. cou Id 1)(' calls('d by 

the influence of the medium in the vicinity of the dmnnds and t.lw Oril'Ht atloll of thi .. 

medium with respect to the main magnctic fid(\' COllsi(h'riug tilt' illla/!,.·~ of Fip;. 3.fi 

and assuming a coron al image orientation, it ean he IlW}!'I ~t()()(} t.hat :-,illl"(, Ilot.hill,t!, 

distinguishes the vertical channels of the top plate from thl' vertical cll<lIIlW!" of t.lw 

lateral plates (the channels aU have a square sPctioIl, tlu' compŒ,itioll of t 1)(' platl·~ (Il(' 

identical and the shape of thpse plates arc I1early the saIlli') t.lH· hypot!wsi.., of ft BMS 

effect involving the orientation of the material arouud th(' ChaIllH'!~ with 1(·~P(·cf. to lJo 

appears appropriate. 

A test wa." made to validate tItis hypothcsis hy lmaging a plat,(· in t.lw pl ('''l'IIf'(' of t Ill" 

stereotactic phantom. Two image suhtractions with exchang('d gradil'llts WI'J(' ("lIrI j(.c[ 

out, one with the plate perpcndicular to the main fielel (n)l rt':-,pondiIl)!, to tlll' ad,Hal 

5 X is evaluated 10 ppm with respect to the resonant frrquency of an If>ola.ted 1I1lr!f'Uf> 
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Flp,l\!(' 3.11: TII':-'llit of tll<' ah:-,ollltl' ~1l1)tradi()11 of 2 tl:lll~n'l:-'f' illlap,I's 
1I1'IPlill'd \Vitll tlll' :-'(11111' p:uallldl'l~ a:-, Fip,. 3.0 lmt for the clin'ctioll 
of tlH' n'adol\t p,wdi!'ut stx!'llp,th wllil'h \Va:-, alollp, tll!' Ln dill'j·tiO!l fol' 
mil' illlap,!' .ml! AP for tilt' otlH'l'. TIl<' latt'l'al aud Ar Illllrkl'l' platl's 
show !lO cli~bll-tion (,olllparabip to th!' Oll" of Fip,. ~~.lO(A) awl (8). 
Th!' FOV was 312.3'1/10. 

~AP 

Oli"llt.atioll of tlH' top plat,,) an(l ollt- with th(' plat" rotat!'(l hy DO" abo1lt tlw axis of 

tilt' fill,'(l dWlllld. TIll' rotatioll was l)('rforlllPf! in sllch a \Vay as to lI'avl' tIl!' clWlllH'1 

in t hl' S'IllII' pn:-,it iOll with r!',,}>('ct to th!' map,lll't awl tIlt' phalltOIl1 in onl:'l to l'xcl1lClP 

auy potl'litiai dred from iulH'rt'lIt distortioll or phautolll slls(,l'ptibi1ity, (>V('U tllOllp,h 

1';ulil'l data iudil'all'Il thilt th" fOl Ill"!' l'kllll'llt is lllllikdy to rolltrilllltt' to ,listortiou, 

Flll t hl'IIllOl"" t IH' "op!>!'r slllfalt' "oIlltioll was ('1l1pti!'d Ollt frolU ;dI l'balllld,, lmt OW' iu 

mdl'r to d('1ll011stIat,{' that. th" (l('('tl!'l('ll('(' of thi:-, BMS plll'llOlll('IlOll (1<ws Hot ill\'olw 

olIH'!' :",>t'diOllS (l'halllH'ls) of tll!' H(lllcial mark('!' platl'. TIl(' :"'>llhtradioll of tlH' illHW'S 

t"k('11 at hotll }lIait> orieutatiolls IS prl's('lltt'c1 iu Fip,. 3.12. 

Fi,!.',. 3.12(8) 1't'wab th(' llli~illlap,illg of tlH' mark,'r whil'h sutfpl's fl'om a Omm (liH-
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Fi~ur(' 3.12: Sllhtradiou (If tIlt' illlill!,{'s (Jf tll(' lllill b'l }l1;111' Wltlt f 111' 
~t(,l'l'()tadi<, phautom. TR <llld TE au' It'~lJl·!·tlV(·ly ~O() ilIld ;JO/II" 

Tht' rt'adollt bawlwi(ltlt is 3G.2H ::!Jil.l·tl awl tltt, FOr l~ :~!i{)111111 '1'111' 
plaut' of tht' plat(, is (A) pmalkl ancl (8) pt'lJH'llIlindal t,o t.11t' dill'd,ioll 

of th(' main field. All dUllmds we!'t' l'mptil'd ('X('('pt (>II\' 'l'II!' dll·(·t, 
of tllt' rotatioll OB the marb'r clisplil('('llu'nt ill tilis l,,:-.t :-'lIl>t l ;l<'l<'d 
imap,(' is (lramatie, Thb dbplan'llH'ut t'()ll('~p()lld~ to il DilI/II llla/ \.; •• / 

distortion, 
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tortion at. a rcadout handwidth of 36.2H zhnxel, or 238 ± 18Hz. In t.his position, it 

is similar to the top plate mOIll!tt>c! on the stpreotactic frame whosc distortion was 

3m7n at I08.GHz/pl.ul, eorn'sponding to 279 ± 54Hz in the' case of Fig. 3.10(A) and 

tn 29G ± 54Hz in the case of Fig. 3.10(8). Doth values arC' similar to the' displace1llC'llt 

obtaiw·(l in Fig. 3.12(8) W}WIl il single channel was filled. This confiIlll!'> the appro

priateuC'ss of the ll10dd has"d on the' assumption of a bchavior dictatc(l hy the single 

('halUwl geollletry. On tllf' otlH'r hand, oul' S('CS that the pre·vions dist01 tian is con-

sicl('rably reduccd Wh('ll the' plate is parallel ta t.he main field as in Fig. 3.l2( A). This 

situation is similar to the lwrpcIHlicular channels of the LR and AP plates which do not 

('xhihit the saille distortioll phenomenon. Sillet> th(' rotation was perfolIlwd about the 

dmund axis, no change could have possihly been brought to a contributiou tu distortion 

from field inhomogeneity, gradiC'ut field non-linearity or distant phantolll illfhl('nC(> from 

DMS dfect if one of thcs(' wa." involved. AIso, the section of the channel itsl'lf is square 

and the rotation wa.., approximativdy 90°, 80 the symmctry involved aSC<'I tains that no 

dft'ct from the shape of the filled part cau contribute to a diff('r('nce in sUhcl'ptibility. 

In order to obtain a quantitative expianatioll for this hehavior, one would have 

to pro('C('d with the calculation of the BMS shift of snch a plate whose cross section 

is shown in Fig. 3.13. The work of Chu [20J has recently rcvealed the need for this 

plH'UOlllCnOn to he accounted for in NMR expcriments. One ean descrihe the rcsonant 

frcqucllcy shift bx secn by a nucleus in a compartrnent i using 

(3.6) 

whcre Bo is the main magnetic field and DI and I. are respectively t11t' homogeneous 

and inhoIllogeneous components of the BMS shift. This last quantity is more important 

than the hOlllogCllcous one for aIl but the simplest shapes which implies that BMS shift 

is gCllf>rally dependent upon the position within the compartment considcrcd. In the 

casl' of HU' challncls of the stereotactic plate, it seems reasonable to assume that the 

homogt>ueous component plays the most important ro1e in light of the previous image 

which dcmonstrates a distortion cffcct of greater importance than the dimension of the 
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channel section, so that one can writ(' Il ~ 0 and "x ~ DI' 

The previous imagiug (''\ pl'riuH'1l ts fevealc<l t hnt t.ht' market' dist ort ion was similat 

along all of the length of tht' channel, t'xcqJt in tht' dos!' vieillit)' of a \'('1 tt'X Wllt'll' 

the BMS effects hecollw more complit'ated. This illdi('att'~ t.hat tlt"St' ('halll\l'l~ ,'au },l' 

considered as infini te cylindt'rs for th(' pnrposp of t'Xplalllill~ th!' Il\I~J\Ila~JIlp, witl! tIlt' 

help of the BMS conct'pt. Chu provi<ks vahlt's for lWUly ~illlplt· ('oIllIHlIIIIH'lIts 1. lllo~t 

particularly for an infinitt' cyli11<1('r ,with or witlu)l\t li ~\\nOHllI\inp, \'(><I:-.ial la)"'l of 

material) contained in a hOIllogt'll(,OUS lllélt('riai of illfillitt' extcllt. FOI t 111':-'" ~itllat ÎOIl:-, 

the EMS shift l'an bt' known in auy of tIlt' compartlllt'uts in play m,ill~ ;Ill "XPlI':-':-JOII 

involving the volumetrie slIs('('ptihility of t.ht' C'ompart11lt'ut ('oll:-.idClt·<l a.., wl'!l a:~ t Ill' 

one of the other compartlll{,llts in the vieillit y of tht· fiI:-.t OIW. Chu lIa:-. :-'1JC(',·~:-flJlly 

approximated the infiuit<· ('ylilldl'r bt'havior with a It'ugth ".~ (hamd"l I;aI 10 (If 10 while 

the marker plate channel has a l<,ugth u.' sid(· ratio of ovcr 40. Also, it W:ts 1H'!t,·v(·c! t.h .. t 

the square section of the channel did Hot cause the val\1(, of "'" to tliffpI Im.l.!,dy fIOm tlll' 

one of a circular section cylilHler. Nonethdcss, Fig. 3.13 dq)jct.s ft 1lI00t' (,olllp1jc;tI,·d 

situation since the surrounding acrylil' doc& Ilot aSSUlllt' a ('oaxial fOllu HI<Hlll<l t 11(' fill,·d 

channels. 

The expression of DI for an illfillite cylincler lwrpt·ndicular to tlH' IlWIIl til'ld awl 

surrounded by a coaxial layer of matcrial t8 {'xprcsscd by Eq. 3.5. Not .. Hl<' ahst'IlI'(' 

from the expression of the susccptihility of the matt'rial of tlll' ('(>llt.allWI' whidl i~ III 

direct contact with the iml{'r medium. It can 1)(, Sllggt'~tt'd t.hat tilt' 1H'llaviOI of tilt' 

channel in the top plate which 1S p('rpendicular to tll(' IlléUll fidd is clO~(' to tilt' ~it.llat.i()Il 

that satisfies Eq. 3.5. Howcver, it l'aIl aIso 1)(' sllggestt·d tltat tIlt' paIti",dar cas,· (jf a 

channel parallel to the main maguetie fidd is diff('rcll t ~illc(' it is uow aloll/!, t lU' fliIt'f'tlOIl 

of the magnctization. This appears to 1)(' a situation doser to the <'<th!' of a cyliJlflt'I' ill 

an acrylic environment of large extcut, this ('()rn'~polldillg 1.0 f('plat'ing \".r in El[. 3.[, 

by the value for th(' acrylic which is HOIl-zero 

It was thus thought that the appropriat(,Ilcss of this hypothe~is ('oultl be vPrifi"d 
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by eoveriug the chanuels of the top plate with furtlH'r acry!ic in the form of tangues 

1 1lI1Iling along oU(' ChallIH'l, so as to approximatc more closely the case' of a cylinder 

p(·rp(·wliclliar to tlH' main fkIt! and eontained in some exten<kd acrylic lll<'(lium. XalT is 

1.11('11 n'plao'('cl hy tilt, saIllC vaInc for acrylic. Compan'cl with the previons figure of -\1/6 

for til(' I)('l"})('udi('ular channds of platf'H other than the top one, a difference' 6.D, = X/2, 

wlwre X is t.he susCf'ptihility of anylic is obtained with this situation. The hrand 

llilIlU' of the' compouud usecl in making the marker plates is Cast Acrylic™ (Polypellro, 

GIH'lph, Out.). This was iclclltifiec! a.s hcing methyllllethacrylate, a polyuH'I of lllugndic 

SIIS('('ptihility X = --6.7 X 10-6 in MKSA nnits [110]. Prcsuming that the' cont<'nt of a 

cov('n'cl ehallIH'1 reHouates at tht' nominal rcsonant frcquency Wo (just like the challnel~ 

of tilt' LR and AP plates s('C1l1ed to do since littlc distortion was pel"ccivcd), Olle could 

l'xpect. a t,heoretical distortion of 5.5mm for a non-covercd channel with FOl' = 299mm 

and a readout handwidt.h of 3G.2Hzh>ixel (from Fig. 3.14), sinee x./2 x 64 X 106 Hz 

tUl1ls1at,es into 214H z, so 5.5mm. The top plate was prepared in the manuel" illustratcd 

in Fig. 3.13. 

Imagillg in tlw coroual orientation was then perfonnecl in order to verify whether any 

difft'rcIlC(' in distortion betwœJ1 the covered and uncovered sections COli leI he ohservcd 

llsillg thc suhtradioll technique. As Fig. 3.14 clearly demonstrates, this was indeed the 

('mit' aud tht' covt'rcd chamwl hardly exhibits any rlistortion effcct at aIl. Renee, this 

signifit's that the DMS valut' of the modified channel is close to the on(' of the othc!' 

l'hannels p('fl)('ndicular to th(' main magnetic field that were not found to show tilt' 

distortion eff('d, and WCf(' assull1t'd to be in an infini te cxtcnt of material. !vlorc impor

tantly, this su,!?;gt'sts au l'asy way to rcmove the unwallted e{fed and avoicl re(lesigning 

tht' platt'. It sim}>ly consists in covcring aH the channcls of the top plate in a manner 

similar to that described in Fig. 3.14. Heure, this would extcnd the imIIlunity against 

the' DMS phelloIllenon to aU channels of the top plate. 

80 far, only tht· bdmvior of the perpendicular (wit,h respect to the main field) chan

Ilt'ls was disl'tlssed. Howf'ver, a more thorough explanation caUs for the l'valuation of 
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MllcAo:ryhc 

Fip,lII<' 3 13: Cro'is s('d.Ïoll of n lIlorlifi(·d fidtll'i"l 1I1:\! k,', plat" 11'.\'1\ t,) 
,'l'I if y t.h(' infl\l('w'{' OfSOIIlP ndd,'cl mnl,('linl 011 tl\(, ()('t'lllI"Il"(' of \1~tS 
e1[prt,s, Thf' vie\\' is t,lIkf'Jl Cl t, t.hr miclplCl.I1(' of 1 II(' ilia 1 I\r'l piaf." 

thf' llOll-OI'C'llflf'IH'P of rlist.OI t,ion wit.h t.Iu' r1tnrlJll'ls l'u1'I111f'l t,o Un sl\cll 01', :111 t III' Olll'S 

('I\connt,('l(,d \Vith tIanSVPrfW slicps, For slH'h Cl. sit,1\al,ioll, Eq, :1 fI J!,i\'"s f), 

pnl'in~ this \'altw with t,lH' casp of a JH'lJH'IHlic1!laI ('ylilldl'I l'vaI1l1lt.('<1 J,y Eq :1 ri, t hi" 

yidds a diH<'J'('IH'(' 6:. D, -= \I7J2 fi Ta\<Îng --9.1 x 10-(\ iI'i Uw S1\s("('l'tibild) of wat."1 and 

Il lcadottt. bnndwiclt.h of IOS.GIf z/]>/J'd, 1.\11'01 d.ienl clist.or I,iolls of :3.1111//1 allrl '2 !J/IIIII, 

r('spc>divdy, al(' ohtnilj('d for OH' FOV of Fi!!;s. 3.10(1\) and J.IO(B), ill :1~1,'r'III1'ld wdll 

t hf' f'xpcr inH'1l ts i Il bOUl (':1S<'5, 

The saille ('valuations WPW prrfOlIlH'cl with the FOV alld f('adoltt \l:llldwidt.h:-. of 

Fi~s. :1.12(8) n.tlel 3.14. This yiP}(lc'cI lO.!)mm and 7.5m7n f(·"pprf.ivl·ly, 11111" "galll (011 

sistC'llt, with HI(' f\('tl1allllillkl'! (Ii:;;t.ort.iol\ 

10 the overalllllagnel IC ~I\sccpt ibillly IS Ilf'gligiblp at thl'! rnllcpnl ratloll 
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F'ip,urc 3.14: SIlI)tradioll of t'Olonai imap,('s of the stl'n'otacti,' plHtlltolll 1ll00tlltt'd 

in tIw st,t'!"t'Otadic fraull'. A FOV of 230m11l \Vit.h a :-.liCt' tllld\lws:-, (Jf 2/1/1/1 Wt'U' 

t'lllploYt'd, alou?, \Vith il haIHlwidth of 3G.2H zjpi,rcl. TR= 1000111 . ., awl TE= 50111 . ., 
fol' ],oth iUlH?,t'S. ()w' of the ChilIllll'l was rov('l('d with .U'rylic (IS :-.llO\Vll iu Fig. 3.13, 
Distort iou has IlI't'l1 almost cCHllpldt'ly l'('Illovpd but :-'OlllP 711/111 distOl tioll is 1>1'(':'.;('11 t 
ou the 2 otlH'1 dHlllut'ls. Not(> that for lop,istinli l'PélSOUS, th!' ahuuiulllll stl'l('()tadic 
fmll\(, was ntihzt'd iw .. tt'ad of the n'l'sion macl(' of il composit(, matt'liai tltat ,,"as 
lIs(',1 f()r aIl tIlt' IHt'\'j01!S Sh'l('oUlI'ti(' imap,t's. Thi" is St'('ll frolU th!' di:-.tor tiOll nt. th!' 
hof t OIll lt-ft alld ri?,l! t. ('Ol'lH'l'S frolll t.ht' pn'St'llCP of t IH' ahUlliull111 }losts. 
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3.7 Effect of top plate distortion on accuracy of 10-

calization 

It is now clear that t.he accuracy of position caIrulatioll in tht' contt'xt of stt'rt'otllxy 

does not depend only upon tilt' geoIlH'triml illtcgrity of tht, patit'llt illlll~(, hut 1\lso 011 

the prop<,r positioning of th<, fi<l\lcial markt'rs in this imag". HowI'\'I'I, tIlt' plohlt'lll 

of a particular type of distortion iu\"olvint?; th(' ('ranial fitl1lt'illl Illtu·kc[ pl.lIt' f1Ol11 tll\' 

presence of BMS effects was nùs('d pn'viollsly. III orcl('r to gi\'t' :-'Ollll' ill!'>i)!.ht ilJ!o tIlt' 

impact of suc h misimaging d('scrih('c! by tll<' ('rrOlH'OU1-l 1'('1('('11 ('()ordillatl' (1/ l' l',) of tIlt' 

craniai marker in Eq. 3.1, a typical eoroual image wa.." dlOS('1l ant 1 t li(' !lo:-.it iOIl of t ht' 

markf'fS det('rmincd with tllt' aid of the MNI st('1'('otad i,' plO~l am Tht, point. (2GG, 2G(;) 7 

situated in the middl(' of the FOV was ~wlt'rt('tl a:-. a ft'fl'J('Il(,(' poinl illlll tilt' ,'ffl'ct (If 

the plate distortion on tilt' localizatioll of that puiut was \'('riticl! 

The effpct of a uniform shift of Hl<' ('ranial mark{'r plat.t" t'it.ht'l' in t Ill' l't':u!{>1l1. or 

in the preparation direction wa5 v.:'rified hy sim\11at.ing wit.h the IH'lp of E'l 3.1. tIlt' 

BMS effect occurring on the tn}) plate. It ran 1)(' 5('('11 that s\lch a :-.hift wOlllcl 1)1' of 110 

consequence on the stcreotactic position of th.:' mark<'r platt' as (!P:-.crih,·(l ill S(·ct.i'lIl 3.;) 

since the relative positions of the indiviclllai llUlIk('rs an' pJ'(\!'>t'rvl'd. HO\\'('\'tT, ,1. WIll 

obviously change the pixd position within tht' FOY and a IH'W {lo!'>Jtioll (1/" l'" 1) will Ill' 

obtained for the point, P2 of that plate. MOfeoVt'r, tht' coordinat!' IlXt':-' of dl!' :-.t ('l ('ot."e! il' 

system are closely paraUd to thosc of th(' magnd and the :-.hl·{·s Il~('d fOl 1111' plU )lIN' of 

stereotaxy are gel1erally Ilot angled. H(,ll('P, tll(' BMS di:-.tOl t.iOll aift·ct.:-. ollly OW' of 1111' 

u or 'li coordinat es of the marker. Fig. 3.15 illnstrat('s tIlt' COIlSt'(I'U'W'(' of t.1Iis ~hin of 

the marker plate. 

Errol' on slice selection was ncglectcd in Fig. 3.15 sillet' it cau ('a.sily lH' cirCtlIllV(·IIt.I·d 

7 Ali stereol actlc M lU images are acquired Ul>lIlg 256 x 256 plxf'b but IIIJ('arly ~xpalld .. d ln 512 X rd 2 

Nevertheless, the bandwldth in Hz/pixel n,fers to the oTlginal Plxf'l SIZI', anel !>hould clJlI""IjIIl'nlly 1 ... 

divided by 2 when considering the expanded pIXf'! size 
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Shift on the cranial marker plate (pixels) 

Fip,1I11' 3.15: Plot. of !.lI<' 3D IC'lalive positional (>rror of a poilll. sitll
all'cl at sel('PII coorrlillalcs (256,256) with the' tts(> of a shift.f'd cumi,,1 
1IIat k('1" plal,('. TIl{' (>1 fOr is evnluatccl wH h rf>sp(>ct to the' Rt(>l ('o!'nd,ic 

posit iOll ohtaillPd wi t,h unn 1 tc>r('!l fidllcial mark(>1 s for hot,h possi h\(' 
!(·adolll. ~tadÎ('td, orÎt'lIt,at.ÎOIl5. A 239mm FOV wit.h Cl sliee thirkllpss 
of 2"1111 \V('J(' ('IllJ>Joj'('cl, along with a bandwirlth of 36.2H zh>i.l'rl. 
TH= 100()1I1S nlld TE= 50111$. 
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by the use of thillI1er 81iees or 3D FT imaging, New alkn'cl na.nial m;1l hl ~C1t't'1\ 

positions (u:,v" 1) and (u"v:, 1) were illtrodnced with the sd of (,r"y" :::,) in onlt'l tu 

simulate a horizontal and vertical (LR and CC) rt'adont gfilllit'ilt (}irt'dioll, TI\('I",·lali\·(· 

error on the 3D posit.ion with respect to the ahove rcfc[('llC<' point wa:-- plottc(l by tilt' 

shift in pixels, 

It is clear that tht-> consequences of an inan'umt.t' localizatioll of t IH' tidllcial lIlill} .. 

ers can be quite detrimental to positioual acnlfary, whetlll'i thi~ ~111ft. i:-- horizont.al 01 

vertical in the image, Since a minimum sd of 3 coorclillale pain; is IIs(·(l 10 .I.!,(·\wnll(· a 

complete mapping of aH (u, v) in tcrms of (.r, y, z), tl}(' lelative ('rIm O\l Hw 3D po:--it iOIl 

differs throughot\t the FOV, b('illg slUaU in the virillity of thC' pro}ll'rly illld,!!;(·d IIlat k('rs 

but larger close to the distorted ones, 

3.8 Conclusion 

The inhercnt distortion of the MRI Syst(,lll was charadl'rizpd by tlH' imap;illp; of a phaIl

tom of known geomdry, Inherent distortion was round tn be' sllffiril'utly il1lpOl t allt al. 

low gradient strength that neither fiducial mcu'kcrs 110r patieut. élIlat.omy ("/)111<1 COU:-'I'l V(' 

sufficient geometrical in~egrity in the MR imag(' to allow for aCCllrat.1' Il~(' of sl.I'lI'ol axy, 

While it appf'ars that the situation wouicl he more satisfadory al. high gradwlll. slt l'lIgt Il 

for the patient's anatomy, special mcthods to aCC0t111t fOl mark('I dis!,ol'hOllS still P\(·:-'\'\ll. 

may be neccssary, 

It is possible to distinguish bctwecll the distinct infitu'llC('s of Do inholllop;I·lll'it.i('s ilud 

gradient field 1l0n-lillearity in the inlH'rent distortion from the OCCHIT('IU'(' of t.lll' fOllW'\ 

along the directioll of the readOllt gradient. As exp(·('t.ed, gradient. fi('ld Hou-hlll'iu ity 

bccomes more evident away from the isoccntl'f. NOllt'thd('s~, lllaiu ti"Ill illho\lJOP;I'IlI'lt y 

seems to be the dominant cause of distortion at large clistéUlcc:-, from thi:-. poiut, Att.(·lIlpt~ 

to improve the spatial liucarity pcrfonnance at tho:-.e (li~t.cul<·(·s should tlwn.[OII· fo('1\~ 

on that contribution, Furthermore, no depelldellcc of distortioIl on tht' {'cho tiuH' cOlllcl 
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})(' dcmollstrated, which suggests that eddy currcnt effccts might only play a limited 

role in the distortion phcnolllenon with the imager utilized for the expcrim('nts of this 

work. 

Limitat.ion on the positional accuracy in stcreotaxy from susceptibility cffccts, caused 

hy the frame' assernhly, was shown still to occur despite the use of an aluminum free 

frame. The origin of the dist.inct behaviors of the fiducial markcrs from the point of 

view of distortion was attrihutccl to bulk magllctic suscept.ibility charact.crized by the 

orientation of the rnarkcr plat.e with respect to the main rnagnctlc field. Its impact 

on accuracy in the context of stercotaxy was clearly demonstrated. A quantitative 

<,xplanation of this occurrence was provided, along with an effective and straightforwarcl 

mcthod to rcmovc it. 
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Chapter 4 

Distortion correction methods 

There are numerous ways to approach the problem of distortion. This plIltly rdit>ds 

the faet that many factors contribute to this prohlf'lIl, alHl most COIT(\cHou mdhocls an' 

aimed at reducing, to various extents, the contrihution of olle or lllauy of tJws(' cal1~(\s. 

Some of the most representative techniques are d('scril)('cl ht'rt\. This chapt,cl', along wit.h 

the previous discussion on eddy currents in the Chapter 2, give a broacl OWI vi(\w of t.il(' 

manyapproaches. Chapter 5 is dcdicated to a more thorough Htudy of an addit.iOlml 

method. 

4.1 Bo inhomogeneity correction using 

hardware nlethods 

The need to avoid image non-lincarity aCcoullts for a largc part of t1H~ cost of a magud 

since a field homogeneity of a few ppm is necded over the uSt'fnl VOhllllt'. G(,ol1lptl'icai 

distortion of up to 6.B /Gread can be obscrvcd in an image whos~ ll0I1-lilH'arity is mai Illy 

attributable to main field inhomogcncity represcnted hy !:lB. SilH'(\ 'JmT /Ut Îs a typjeal 

readout gradient strength at 1.5T, a 6ppm inhomogcw'ity ("orrer-,poncls to CL 3mrn dis

tortion, which is unacceptahle in the context of stercotaxy. Sectioll 2.3 has :-,howed t.hat 
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au iucrcase in Gread to minimize the above ratio is a solution whose cost is cvaluatcd in 

tenus of SNR, as shown by Eq. 2.2ü. Furthermorc, the use of a higher gradient strcngth 

has oUu'r detrilllpntal eonseqUf'nces, such as increased switehing time an(l greater design 

eost. COllsequently, !.lB Ilccds to be reduced to allow the use of narrow bau(lwidths for 

optimal image quality. 

Thf' clf'vdopmcnt of magnet technology has therefore foeuscd on improving the ho

mogclu'ity of the main field around the isoeenter. Because of finite manufactul'ing 

tokranc('s in the construction proeess and the possilJlc presence of magllctic material in 

the muguet 's cnvironment [3], an empirical system able ta further shim the field of the 

magnct is n('cded. At present, two types of such systems are employed to aehieve this, 

uamely shimming coils and steel or magnetic clements placed around the magnet bore. 

In order to describe the st..-..tic field in tenus of the contribution of m~'s1ly components, 

decomposition in spherieal harmonies is generally used. In this discussion, a spherical 

coonlinate system is assumcrl. The polar angle 0 is measured with respect to the positive 

;; axis direction (g(,l1erally paralld to the bore axis and the main field direction) wh('Ieas 

the azimnthal angle 4> is measured from the positive x axis as illustrated in Fig. 4.1. The 

origill of this Sphclical reference frame is assumed to lie at the maguet isocenter, close 

to which most imaging fields of view are centered. One can assume that the resonant 

fl'cqucncy is dictated by Bz and writc [18] 

B z = L C"m r n (or r-n- l )Pnm ( cos 8) cos m( ifJ - t/l"m) (4.1) 
nm 

wh('n' Cmn and t/lnm arc constants and Pnm( cos 0) is the Associatcd Legendre function 

of order n and degrec m that satisfy n ~ m ;::: o. Shimming rncthods are intended to 

l'aned out as many of thcse harmonies as possible, except that of order and degrcc zero 

which repres{'uts a homog(,Ileous statie field. Since sphcrieal harmonies are orthogonal 

fUlldioIls, one ean modify the influence of one component without modifyillg the othel' 

harmonies. 

Many assumptiolls are useful in simplifying the use of this formalisrn. For instance, 

the decomposition of the magnetic field certainly does not include any harmonies con-
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taining ,,-11-1 since no disrontinllit.y in Dz ('nn pos~,ihly hl' Illl'Sf'IJt nt 1 (J Al..,,,, DJI" 

mmnlly considers ill(livirlually the zOllnlllétIll1ol1Ïc's rOI whi,'h 111 = fi ,llld t 1 If' fnql'/II[ 

h:ulIlonies for which 1'1'22: 1. Zonal hmmonics nI(' ('\'él)wlf.('r! !'y ail nxial (01 ~ axi',) fi,·ld 

plot. CompollC'llts IIp to mder 6 are /1;P!lcrnlly sl\fIirif'llt [nI tlH' l'vall\alll)ll :1I()lIlld t.h,' 

iSO('PIlt,0I' (1' to the n th pm\,{'I in Eq 11), nlthollf!,h t.lti" nlso impli', ..... I.h:II thl" ,'\':1111:1111)11 

is dpfent.pd nt. g;rcatel distancl;s Tt ('nn l,c secn t1mt. Hl<' (lxial fi"ld plot dl\' " 1101 d"))(,lId 

on the influenCf' of the t.essClnl hnrl110nics sinl'f' Lf'g;f'ndtP as:,()('jalC'd fllll' tIOII!, ,"\Vil)" 

involve n fador sin A whi('h CllSl11PS thal. thesc hnllllonif's :11,' Z('I(J ,dOIlL~ tll/' .~ n'O'; A Il 

azimuthal fipld plot along with FOl\ficr analysis allows t,II!' f'vfllwd,ÎOIl of t.hp lt'ssl'r:d 

harmonies. Many clements in n(ldition la thmlc cite(l abnv(' IIlny IH' IIt.ili?f·" a<; w,,1J [J[~I 

Once an ac!(>(l'tate df'scnptiotl of t.he shd,it' fiPld !las 1)('1'11 ohtall1f'd, Olll' 11111:,1. l)JoI""'cl 

wit.h ('flncelling Ollt. t.he most impOl t.ant. inhr)lllO,!!;f'ncolls 1 OIlI(H)JJf'IIt.'; "bolJ! 1 lit' 1',fI' ('111,," 

As lll(3lltioncd abo\'c, steel or magllet clements are OIH' s1wh 1lH't.bor! of ',IIIIIIIIIIIII!, f.lJl' 

fipld. Th(' <tnaJysis of their ('ffed is fadli t.at.cd since ail hllt. t.J1f' Z ((Jllll )(>11('11 t of t.Il1' 

fiel(l they pIOducc cau lw neglect.ed in the face of t.he oVf'fwlll'lming; IIlnill 'Ila~!lf'f.i(· lÎf·ld 
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orielltcd aiong the z direction. Gcncrally, their contribution is aimcd at diminating 

tcsseral hannonics (m ~ 1) hy arranging the'm in rings perpeudÏLular to the ;; axis. 

Thef>(' rinp;f> are inteIlded to elimillate the contrihution of the lower ordcrf; (remember 

that n ~ m) of the tesseral harmonies of degrce such that (m :s; 5). The rClllaiuing high 

orcl('rs of these nrst t('ss('ral harmoni('s can he negleded about the origin duC' to the role 

of r" in E{l. 4.1, and hO can h{' aU tes&eral harmonies of higlH>r dcgree. 

Tll(' célu('cllation of te8seral harmollÎC'f> in thp llUUlIler dcscrihed ahoYC' cau ('fcate 

important, zonal harmonies. ShiIllIIling coils can be uscd to eliminate these zonal har

mOlli(·s. They are composed of a set of current Ioops orientpcl perpcndicniarly to the 

bOf(' axis [18,36]. For cach set, 9 êl.lld dl(' direction of the curre'nt flow of ('[lch loop are 

dlOf,(,1l so that aIl onl('rs 1('s8 than the one the set is intended to adjust and the llext 

higher orc\('r of tllt' samt' parity are not present. Hencc, one carries out tht' rancdlatioll 

procpss from low to high ordcrs. Tesserai harmonies can also be created with shimming 

coils by utilizillg configurations of coaxial 1l!"l'S of l'uncnt [104]. Note tlmt shimming 

coils are Iink('(l by segments orientf'd alollg the z direction, thercby prodncing no field 

compOllcnt in that direction. 

4.2 Correction using a priori distortion knowledge 

TIl<' earliest ex ample of distortion correction using a priort knowledge of the uror field 

may b(~ HutehisOll'S method [51]. Unfortunately, it only accounts for illt('n~ity distortion 

('xpn'f>s(>d by Eq. 2.20, thus lcaviug the inhcrent geometrical distortion ullcorrected. Lai 

[64] proposl'd a ('urvilinear back-projcction technique to handlc inhomog('llcities whe11 

dt·ulin!?,; with back-projection reconstruction. How('vcr, the form of the point spread 

function with back-projection reconstruction varies throughout the imagt> plane, which 

eomplicates the reconstruction sc1H'mc [87]. 

Kawanaka's Rrst techniqut:' fully aCCoullts for the role of !lB in geolllctrical and 

illtellsity distortion [59]. His method is bascd on estirnating the importance of the 
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static field pt'rtnrhatioll using a phalltom composed of IlHUly poillt-lik,' ohj\'ds of kU()\\,ll 

position. Distortion over tilt' image plmll' is tlH'll iuÜ'rpolatt'(l Hsing a 21) polyuomial. 

and the distribution ofthC' stat,ic field {'rror cau \H' HSt'(\ wit.h Eq 220 w1111'h I~ llppbt'(\ ou 

the distorted image to allow for the re('Ovny of tl)l' ~pill dCllsity dist [ibnt IOIl. Kawélllaka ';., 

second technique is an extC'Ilsioll of th{' firsl hut abo tak('~, Îutn a('('01l1lt .1!,1;ulil·llt tidd 

non-linearity [60]. Sillce th!' rcsp<,ctive cou trilmtÎolls of hot Il .1!,IHdil'llt fidd llOl\ hlll'" [ 1 t Y 

and static field illholl1og('lleÎty lH'('d to b(' kUOWll fot po"t -prot'(·~~illg tol)t' P()S~t1 ,lt·. 

two rath('r thall one llwasort'IlH'uts wit.h thl' ~;lllU' typl' of phalltOIll aIt' IH'I fOI lI\t'd. 

with the rok8 of the gradients h~·illg ('xchangecl in tll<' ~(,(,oll<l at''l\\i~itHHI YilllI<llIlI>lo 

prcsented a similar t<'chniqllt' to acqllin' the knowlt'<\ge of hot.h main til'ld IlIhfllllO.1!,I'\lI'11 Y 

and gradient field non-liut'arity with tIlt' ht'Ip of two a('qnj~jtlOlls at 2 clitrc'Ic'Id IC';lCloltt 

gradient strengths [122J. O'Donucll [871 a1so de~('Iil)(·s Il md,hocl litaI. ;1('c't)1\111 fOI /...-\/1 

and gradieu t fi{·Id non-lin('ari ty. 

Sekihara [107J aho devis!'d a corr('dioll lllpt.lu)(1 a('('mmtill,f.!; for bol li t lit' illtc'lI~lty 

and spact' distortion from main field iuhomogpl}{·lty. lu a ~t'c()lHl .'OI1l11l11l1It' .. t\OI\ !I()~l. 

he suggests a phase enroding Ill('thod with IlOII-siI1ll\ltaIle'oll~ gzaclil'ut alld ~pil1 ('t'lio 

formation. Schad handl<-s separatc'ly the' problpllls of 2D distortion of tlll' Il 1 W.1!,C· pl.lllt, 

and of tilting of this sauw pIanI', th(' latter of which has l)(,(,ll igllO!('d with 1lI()~t. of t Ill' 

previous methods [lOôJ. 2D distortion is ohtain('d usillg a phallto11l flOlIl \Vlwh t.1lC' dl'-, 

tortion map is interpolated in th!' saIlH' IIHUlIlc'r a~ in Kawallaka'.., 1,(·r111l1ql\l' f'ollowlll)!, 

this, the clepth pOflitioll of the imagt' pltul{' i~ l'hma.-tcIlz('c!n..,lll)!, il 3D plwtlto!1l llIack 

of a pattern of Z-slmpe<lllHukefs like thosc fouud in SOUH' :-.tcrt'otildw fI "111('''' lt, i~ tlwll 

2D corrected with the polynomial d<'t('rmill(,(} 111 Uw fiI~t flftol' awl 1J!()('I'~~(·d t,o yiC'ld 

the gcometry of the image plane, CllIT!'llts ill the flllllllming COI!fl t\J(' t.!WIl adjl\flt.·d III 

approach image plane flatucss and the SCheIlH' is rqwat,('d fWIll tilt' 2D plUlllt,OU\ ac'qlli 

sition. Two or three iterations arp SllfficÎPllt to obt.aiIl au almo..,t flat. image plllllt' TIll' 

last set of shimming currents is thell uf;cd for ~t('r('otact.i(' illlap;ill~. 

The previous methods aU rely on some distortion kIlowl<·d~e wll1ch ha~ to 1)(' W'

quired prior to the acquisition of images in which non-lincarity is to he I<'lllowd. This 
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Împli<>s that the imagp non-liIl<'arity docs not change lUnch in time. \Vhile this is a 

f(·al.;onahh' stateUH'nt wht'Il dealillg with gradieIlt field non-lïuearity for aIl systems and 

with main fipld inhoIllogC'IH>ity of superconollctive magncts, it is ofteIl unr('ulistic for the 

illhoIIlogeIwity of resistiv(' aIHl permanent magllct, systems [3). An intcrestiug techniquc 

that is Ilot affet't,('c! hy thi!"> limitatIOn was pref,t'ntcd by JoncklH'cre but COIlcerns ouly 

dist.ortions ('<luh('cl hy tht, maglld,jc COmpOIH'llts of th(' stert'otactic apparat us. A ring 

of l'alihratioll rods allows "{)}l-lilw'" acquisition of the distortion contrihution of thcsC' 

('l('llwub, avoidiug Hl<' 11<'('<1 for a snppl('melltary llll'aSUrelllt:'ltt. Distortioll of the an'a 

in t.he' lwighhorhood of tlH'se rods i!î thcIl ohtained from interpolation. 

Nt'verthelpss, thi..., lal>t method dOt's shan' an important drawhack wit.h the plcvioUI> 

l'orr('ctioll f>Ch('llH'!">; it faiIs ta ('orn'ct for magnetic sllsceptihility cif('cts and chemical 

shift. Thes(' hav(' to h(· ac<}uitcd and eorre{'t,cd for cach pati<'llt, 1t1ll1 cannot be obtainc(l 

with phan tom Illt·aSUrClll('IIt...,. Moreov(>r, the use of phantolll mcastU'('nH'uts has to be 

{><'rforllH'd carefully to avoid corrnpting the distortion field maps with bulk magnctic 

sllh('('ptibility dfeets that may oceur with improperly shaped phantoIlls. 

4.3 Other correction methods 

Oth('f ways to corn'ct for MR image Ilon-lillcarity have aIso been propos('(l. Many au

thors haw' pr(':wllh'd (liffefput variallb of the so-called phase encoding methocls [5,14,83,11D). 

Appli('d to imaging, this bai-,ically COllSÎsts of repIacing ffequellcy enC'oding by phase 

(,llcodill~, as illustrated in Fig. 4.2. An oscillating gradient (gencrally simlf>oidaI to min

imize eddy ('mn'IIts effed) is us('d aIoug with a series of 7r puIsrs app1i(>d every time t 

such that t = 2n + T. 

As OUt' can st't', t,hp phase gain from 0 ta T due to inhomogcneitics is callcclled out at 

t = 2T by a phase Ia~ of ('quaI magnitude and accumulated hctween T and 2r. On the 

othe!' hand, the phast.' gain due to the G z influence between 0 and r bccomes a phase 

lag at T. This Iag is thru increascd between T and 2r by the now inverted contribution 
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Figlll" ,12' P,,\ ... (· ~(''lIIf'III'(' IISI'r! wit.h t,lit' (,IOIs<.; of f\l1U di-,t,,,t \(,\1 

('oIlPd.ioll lJ\('th()d~ Il'pl:l('illJ!; [1I'(IW'IH'Y 1'1I('OIlilll; \,,' phw:,' "11' ,"11111', 

'l'II(' ;t!ll'llliit illg ,!!,I :tclil'IJI illtlc.;l, alc·rI is sillllsoidal. III" (lI 111'1 1" Il,"1,, 
sh;I)ll's ':111 h" ll ..... d Tllf' IH'I ioll of (,'7 is ri T 

If N. snmph·s m(' ncqIlÎf(·d dmill).!; fi total t.itllf' 2N,T ill tllf' ,'old"xl Ill' .III ,dlit'I".I·' 

ill!.olllo,!!,(·lll'iti,· .... 1I1:1.!.!,lll'li,· ","<"c·c·ptihilil.y and ('hc'IIIÎ(':II ... hif!.) ;11(' 1,·llIm •• 1 [\: • .1,' tll,tI Il 

As \VOlI)!; hns s!loWIl. t.\1I' illholllo).!;'·l\pitips fha.1. t.ltis t."r1l1licl'\I' (<Ill llillldlt· ill" 1(1111,' 

hi~h, t.ypÎndly a f(·w hlllldu·d l'l'Hl. NOIlI'tJH'll'ss, it. 1l1'(·l'sf;Îl.al.l's lcm).!; illlill.'.llIJI, IJJlJ/'S ""IC ,. 

t.he s1llllplinp; !H'IÎod is 100\'PI J,ollllCI(·d hy t.he c1l11at.ioll oft,lH' 11' Plllst', I!lt 11';1·.I·c! HF 1'1)\\"1 

,'1111 1'(\1 t.ly cilCllIll\'(·Ut. t.his Plohh'Ill, hllt. pal.ipld, :m[C't.y lllily lilllit t,II!' [,,;t·,11 '11It.:; o[ tlll'. 

Opt.iOIl hecnlls(' of exc('ssiv(' n JI' l'0W(', ,l('posit.ioll, 
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As with Sf'kihara's and Kawanaka's techniques, Feig uses the knowledgf' of the static 

field diHtortioIl to compute the .Jacobian in Eq. 2.20 and hence accounts for both ge

oIlU'trical and intensity distortions [32,33}. Howcvcr, hl.' uses an acqlü"itirHl with llOll

siwultaucous spill and gradient ccho to cncode the signal with the contrihution of the 

inhomogeneity, ('liminating the nf'cd for phan tom imaging. Cho has also shawn a cor

rpetioll technique nsing vi('w angle tilting. This lIlcthod acconnts for geuf'ralized static 

field iuholIlogeneitit'H [19). 
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Chapter 5 

Image correction using 

double-gradient acquisition 

In Chapter 2, the contribut.iolls of sOllle of t.he factorH playillp; il mie ill tlll' O("ClIllt'JlCI' 

of distortion were evaluated. Mam fi('ld illhomop;eIl('ity was t1l1'll showll to J)(, Hl!' lIlain 

cause of image non-llllearity in areas relat.i\'t'ly f('mok from tlH' i~()c(,lIt.t·r lt was lt!~O 

scen that the nwthodology for the corn'ction of thi~ prohlt-Ill i~ tIlt' :,a1l\l' a:-. fOl Hw 

correction of susc('ptibility and d1t'mical shift ~ilH'{' tlwit O\'l'l'all l'fft'I't. i~ CllIIt.ailll·t! in 

the Jacohian of Eq. 2,20. 

Howevcr, the acquisition of the information rq~ar<liHp; th!' :-.t at ie fi('ld ('1 r()r~ ditf('\ 

whcn d('alillg with main field inhomogelleity on Ollt' ~id(· and sllsn'ph hility alld dll'IIllt'al

shift effects on the otller :'>idf' sin("(~ tlw InH('r an' pati(,Il t. dqH'1lI kil t, t lt Il:-' plOhi Lit ill!!; 

the use of a prion infornmtion about tlB(r, y, z). Th(' pIObklll of di:-.tll! tioll flOl1l 

susceptibility also incluc!('s som\' dff'ds particular to :-.tl'ff'otfldir illla~ilJg, Il:-' (·xfllIlph·d 

in Chapter 3 of this work, in [27] and in [541. N('v('rthel('s:-" ('velllllillll fklrllldHlIllOpplll'it.y 

may exhibit sorne variation in timc, the prohlelll heillg more I)[O!LOlllH'('c! wit il r('si~t,iv(' 

and permancnt magnet systems. The use of distortion eorr('ctlO\l mdhod:-. 1 dyiH~ 011 IL 

priori inhomogeneity information may thrrcfore be cven fllrtJH'f (kfpéttl'd by this faet. 

The on-Hne acquisition of the distortion information is thcxefore more appropriat!' to 
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fully account for gcncralizc(l statïc field inhomogcneities, 

On the otlH'r haud, gradient fit,ld non-liIH'arity is a prohlem that can only he ad

rlressecl hy using warpillg algorithms. The information related to the gradient field 

llon-lîJlt'arity Ileeds to he acquirccl once and does Ilot change aft('rwards. Some systems 

alr<,ady iw:lud<' 1'>\1("h corn·(·tion schemc {47], and this will in all likelihood become gen-

(·rali~f,('d. Morcovc'r, g(,oUl('trical di1'>tortion problems associatcd with cddy currcnts do 

Ilot, ilppear to h(· of major importance with MR imagers suell as the one \15('d for the 

{'xl)('riuH'Il ts of titis work alHl could cOllceivahly he wdl taken l'are of through the use of 

a<'tiv{~ slâddiug, at leil:-.t untIlllltra-fast seqlH'n('ei-> 1)('('0111<' mor(' poplllar. Thl'reforc, the 

prohlt,1U of geUl'ralized static field inhomogeneity is of parti<"lilar COllf'('fll \\'he11 dealing 

with ~t('r('otaxy and it is for this reason that a distortion ('orr('ctioll Ill('thod that could 

:t('C(lUnt for it. using (,OllV<'IltiOlml pulse scqu('nc('s was sought. 

The imagt' po~t-prc)(·(':.;sing IlH,thoc\ proposl'd recently hy Chang is sati~·.ractol'y from 

this point of vit'w that it allows ont' tn ohtain an image fret' from distor tion duc to the 

pn'SL'IlI'(' of the term ÔB(:r, y,::) iIl the spatial d('scription of the rnagndic field [16J. 

III ordt'r to perform t.his post-processing, two input images acql1ired at two different 

gr adit'rü strt'ugths an' nt·(·(h'd. This doubles the tiIllP requircd to pL'rform tl!<' acquisition. 

This c:haptL'f clt'snil)('s th(, work that has heen pcrfornwd in order to adapt this mdhod 

to stt'l'I'otadic illlagillg [35J. At tht> MNI, stereotactic procNlures haV(~ becn p('l'fOrIllPd 

for IIHUly yP(U'h usillg a IO('éJly d('\'dopecl program that is now availahle on a COll1!ll('I cial 

hasis [93,92]. COIlS('qU('utly, Piforts wcrc diredc(} towanls crcatiug a progr:Ull that muId 

he us('d wit h tlH' t'xistillg softwan' platfonn. 

5 .. 1 Theory 

The df{'(·tiveness of this double-gradient acquisition method is best demonstrated for 

a ID ease. "Vh<.'n phas(' cl1coding is used in the two other directions, ge11cralization 

is straightforward since inuumùty of this type of encoding against geneJalized statie 
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field errors was demonstrated in Chapter 2. Tlll' special ('IU,(' of 20 FT mt'l h011 will tH' 

discussed in the llCXt section. 

Differentiating Eq. 2.19 and using Eq. 2.20, OIH' raIl write the Jaeobian of the tram;· 

formation using 

J( ") = 1 2- d6B(.r) 
.r +(~ 1 . 

Tr ( .r 
(G.1 ) 

Conventional reconstruction SdH'lllCS assume this Ja('ohiall to hl' Huit Y HW} yi('ld a J'(" 

constructed profile X( X') affected hy distortion from tht' pn'S('Il(,(' of tilt' tl'l'lU 0./1(.1'). 

The undistorted profile À( x) is then gi V{'ll hy [Hi] 

,x(x) = J(x'),\'(.r') (5.2) 

which is the eql1ivalent of Eq. 2.22. Assuming the graelit'ut fh'lel tn lH' !H'lfl,ct.ly lillear, 

one can consider the acquisition of the two profiles ,xl(:rl) and ,\:z(.r:l) Wlth nU' Iwo 

gradient strengths CI and C2 r<,spectively. Using Eq. 2.20, .\(.r) ('au 1)(' l'xpll's:w(l ftom 

the two distorted profil('s by both 

and 

(GA) 

Eqs. 5.3 and 5.4 are used ta ohtain Eq. 5.5 which allows tht- mappillg of p:wb Jlosit JOli 

of one distorted image iuto the pof>itioll of thf' oth{'f. 

dX2 ..\1 (XI) 
d.r} À2(X2) 

(5.5) 

Since Eq. 5.5 is differential, this mapping is allowed providt'd that 01\(' s\lcll pail of 

corresponding positions is known. Abo, Eq. 5.5 shows that Bo inholllog('ll!'ity illlplit·s 

the presence of illtensity distortion. 

It i8 llOW intere8ting to look at the case of a single spin sitnatpd al, .r. Usiug a 

gradient strength G I , the actual position x of the spin cau be writtell in tl'rms of tht' 

apparent one Xl with the help of Eq. 2.19 as 

b.B(.r ) 
x = Xl - G

1 
• (5.G) 
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Similarly, one can write for the profile acquired with G'}. 

boB(x) 
x = x'}.-

G'}. 
(5.7) 

Writing lX = G 1/ G2 , this last pair of equations can be used to ohtain tht' position of the 

spin in a distortion free image from its apparent positions in the two distorted profiles 

and without any knowleclgc of boB( x). If one combines Eqs. 5.0 and 5.7 and climillates 

boB(.r, y, z), it follows that 

(5.8) 

Eq. 5.8 can }Jt' differentiated and Eqs. 5.3 and 5.4 substituted, thereby yieldillg 

À(x) = (1 - 0) À1(xdÀ2(X2) (5.9) 
ÀI(.r.) - aÀ2(x2) 

With Eqs. 5.5, 5.8 and 5.9, it is possible to obtain À(x) from Àt(xd and À'l(x'}.). III 

order to do this the coffespondcllcc hetween the positions in the distortcd profiles is first 

('stablished with the h('lp of EC}. 5.5. Following that, the positions in À( x) correspollding 

to the homologo\\s positions in Àt(xd and À2(.r2) are found USillg Eq. 5.8. Fil1ally, À(.r) 

is ('valuat<'d for aIl .r with tht' hdp of Eq. 5.9. 

NOIlf'thel('ss, there are limits to the size of distortion that this methocl can hancHe, 

or more preeisdy to the size of the gradient dD.B(x)/ dx that caIl be toleratC'd. This 

limit is simply that the readmIt gradient Gr be chosen so that 

I
d6B(X) . 'G Gr) 

d 
< mm t x,--

.r lX 
(5.10) 

t'vt'ryw}wrf' withill the FOV, or otherwise therf' will he a non-unique correspolldcllCC 

hdwt'(,ll tht' fn>q\wncy and tlu' coordinate along the readout gradient direction. Such 

an occurrt'ucc is illustratcd in Fig. 5.1 where Inequality 5.10 is defeated bctweeIl the 

local maximum and the local minimum. 

5.2 Effect of slice selection 

Usillg frcquency encoding along with phase cncoding in the two other directions al

lows the direct application of this method to MR imaging using a conventional 3D FT 
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Magnetic field vs readout position 

magoetlc field (arbllrary uolls) 

Amblgou. Irequency r.nge 

_________ .--1 _________ L _______ l ________ 1 

readout position (arbltrary unite) 

Fignrr 5 1: Exn mpl!' of distortion plwl\ol!H'1I0!l fOI \\' Il j(' Il li L\ 11( l' ) / d !' 
is Inlg!'l I.han t.lH' H'adollt, gIn,lii'lIt sb('llp;th This 'yi('ld~; :tI1I1,i!!.1\/ltlo.; 
fi ('11'1('1\\,Y (,()lllpOIH'lIl.s I,hat fall 1)(' nssip;llf'd 1,011101 (' tlta!l 011(' (Jo',il iOIl 

IIldhod. ASStllllinp;:r t.o Iii' aloll$!; thf' lf'lHlollt, p;nu!iPld, dÎI('dio11 nlld y,~ 10111' Hw plu:",. 

(y,z) in thf' fiIst. nlld th(' seC'OIlIl VOl1ll1H'. P('[fOllllillJ!; t.hat. fOI (.:\('!t pail (1/,~) :dlllws fOI 

thr (,()lllpldC' IPCOW'IY of HI!' Illlrlisl.o!t,(',! ÎIItnp;P illfPIlf'it.y for t.\w wltol" \'011111\1' 01\ HIC' 

olh(,l hnllcl, I.h(' llspofa 20 FT I11ll1t.iplc'slic{'s mC'l.hoc\ intlorlill'I'S nll 1'1101 aJolI~', 1111' :-.Ii('(· 

fW!I'd,ioll (lil{'d,ioll (slkp lloll-planmit,y) 011 t.op of t.he' ""ot 1,J1)1I1~ UI!' lI·ado,,!. J!,I;tdi"ltf. 

dir('cf,Îon, ARS\lIllÎng Ul(' sli("e fwlpd,Îoll t.o \)(' nlong t.lH' z dit('dioll, tllf' f·xplf·:-,..,ioll "r 1 1 If' 

.lncohinll is no IOllg('{ p;iV(,ll hy Eq. 5.1, hut lat.ht'l hy 

1 D6D(:r;,y,z) 1 D6/J(I,!I,.,,:) 
.l(:rI,YI,Zl) = 1 + ------- -1- ~ -GT Dr ~z Uz 

(ri 1 1 ) 

ail "d(Iil,iounl (,Olll{lOIlCIlt. 6/J(:r, y, z)jG z is nddcrl 1.0 1.11(> OVI'1 ail di:-.I.Ol I.lf)11 Tlwll'fo}(" 
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the gcornctrical distortion in the presence of erroneous slice selection is dcscribed hy 

1 ~B(x,z). ~B(x,z),. 
r - r = G

x 
l, + G

z 
,... (5.12) 

whcrc r' is the distorted position vcetor, r is the actual position vector, Gz is the phase 

encoding gradient strength and i and k are the unit veetors fcspectively oricnted along 

tll<' x and z directions. For simplicity, the phase cncoding position is ignOlcd in Eq. 5.12. 

In th('se mnditions, the simple application of the double-gradient method along the 

rcadout gradi(>llt direction is no longer exact. It is then iustmctive to examine the 

generalizatioll of this technique to thc 2D FT multiple slice method. With the use of 

slic'(' scledion rather thiin phase ('ncoding in the z direction, the (listortioll "ector r' - r 

lj(>s in the :rz plruw. If one chooses a new system of roordinates (X2, Y2, Z2) such that 

the Xl axis is paraUe! to the vector r' - r, or.e can rewrite Eq. 5.12 and obtain a form 

homologous to Eq. 2.19 (the vedorial notation is dropped sin cc the distortion is again 

orif'll t(>cl along one coordinate axis) 

(5.13) 

wht'rc J'~ is the distorted coordinate and X2 is the original coordinate. If one acquires 

tht> two requin'cl images with the set of gradient strengths Gx , Gz for tIlt> first image 

alollg with Gx/Cc, Gz/a for the s('(:ond image, both acquisitions share a common X2 axis 

ai' d<'termined above. This makec; it possihle to use Eqs. 5.5, 5.8 an<l 5.a along this 

.r l axis. Chang [17] has succcssfully applied the method to 2D FT images using this 

Nev('rtheless, it is intt'resting ·0 evaluate the consequences of ignoring the influence 

of the slice s('kction gradient despite its role and obtain some insight into the conse

quences of usillg the method along the readout gradient direction. Takil1g Eq. 5.11, the 

equivalcllt of Eq. 5.2 with slice selection is 

1 D~B(x,z) 1 â~B(x,z) 
p(.r,z)=[l+-G a +-G a ]PI(Xt,ZI)' 

x x z Z 
(5.14) 

The second acquisition is p(>rfonncd with a readout gradient strength of G r / a, in which 
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case p(x, y, z) is given by 

a a~B(x,z) ] iJ~B(:r,::) 
p(x, z) = [1 + -G a + -(:;--û.. ]P2(.rZ, =1)' 

x X 7 Z w 

(5.15 ) 

From Eqs. 5.14 and 5.15, it is secn that the approximation of i<l{'al s1ic{' sd(,ct,ioll l'nu 

be made if . (1 ô6B(x,z) ct D6B(X,z)) 1 D6B(.l',z) 
mm Gx -ax--' Gx 8x ~ Gz Dz . (ti.tG) 

5.3 Miscellaneous considerations 

This section presents sorne other considerations of importance in tItt' application of 

Chang's technique that were dealt with in the' course of tht' d('wlopul<'Ilt of t.iI(' I\t\apt.a

tion presented in this chapter. Furthermore, the most important dt'tails Ilt'I'l'S!·mry fI)] 

such an adaptation are outlined. 

5.3.1 Image intensity normalization 

In order to enounce more simply the considerations at the basis of imngillp, ill lIo11-icll'al 

conditions, C in Eq. 2.17 was presented as a constant. In 1 ('alit y, the sittwt iOIl iH Ilot as 

simple and C does in gelleral vary. Even thollgh this primar ily dqH'uc!s ou tIH' ua!' III t' 

of the object that is beîng imaged, it was expericnccd in th(, COlllH(' of titis work t.lmt it 

could a1so change for a same object imaged at diff('rellt n'adout gradit'lü IlmgllitlHlt's, 

especially when large static field distortions are prcHcllt. 

The explanation for this lies in Eq. 5.5 that demonstrat.e~ the iuhcn·llt. charader of 

intcnsity distortion along with geomct.rical dist.ortion, aiRo ('xprcss<>d hy tht, ('OllSPlvat.ioll 

of the quantity Jo i( u, v)dudv whcre 0 is the extt'ut of the object, in tilt' imagc mul Il 

and l' are the pixel coonlinates [34]. At identiml dcnsity and rdaxatioll dwrad,plist.ics, 

areas where physical pixels are "sql1cczed" in the imagf' corIPspond to tlu' IH'C'SeIlC'(' of 

a term V[~B(x, y, z)], the "distortion gradienC', whosc comporwnt alou!!; the reac!out 

direction is in a sense opposite to tht> readout gradient. Henee, pixc'ls correspondiug 
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to these areas have a greater intensity than pixds whC'rc tht' di:;tortioll graclieJll, is 

zero along the same direction. Conversely, arC'as wherc tlw two abo\'(' graclil'llts an' in 

the same sense correspond to areas where physical pixels an' "st.l't'trh('(l" in t.ht' imap:p 

and where a smaller intensity is round. When the r(,("(}Ilst.ruct.ioll algorit.hm assihlls 

the largest availablc gray scale value to a pixel situated in Rn an'a wh('n' t.1U' n·ado\lt. 

gradient G. and the readOllt compollcnt of V[L\B(.r, y, ;:)] arc opposit.t· to C1\ch ot.lll'r, 

the same acquisition perfonned with G2 such that G I > G l also assip;us t lU' ma .. xilllUIll 

gray scale value to the pixel corrcsponding to the saIlle phYHÎca} posit.ioll. lIow('wr, t.his 

area shows a relativcly brighter intcnsity sinee G 1 > G l implips that t.ht' s('('ollCl imag<' is 

more vulnerable to the distortion. Renee, the ncw image will he llornmlizc( l :;0 t.lmt. tilt' 

quantity Jo i( u, v)dudv is smallcr than the corrcspondillg value in t}l(' ÏIW1.l!,l' llnl'Iin·d 

with GI • 

It is helpful to introduce the nonnalization constants NI and and N 2 thnt acc·OIml. 

for the variability of C as described above. Thercforc, it can he sccn from EC{. 2.21 t.hat. 

Eqs. 5.3 and 5.4 should have been written 

(5.17) 

and 

(5.18) 

to yield 

(5.1D) 

rather than Eq. 5.5. 

The algorithm presented here handles this problem by first dctermining the bO\lIHlary 

of the object in the FOV for each input image. This being kllown, the ~;tlm of aU obj('('t, 

pixels belonging to each image (equivalcnt to Jo i( u, v )dudv) is ohtained. TIl(' ratio of 

both surns is finally multiplied by the illtensity of aU pixels of the image yipldillp; t.hl' 

greater sum so that the value of Jo i( u, v)dudv for both images bccoIIle eqllal. III t.ll('s(· 

conditions, Eqs. 5.5, 5.8 and 5.9 can he used. 
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5.3.2 Repositionîng of the fiducial markers 

Since geometrically accurate MR images are primarily required for stereotactic appli

cations, any approach to distortion rernoval should be able to cope with the presence 

of fiducial markers within the field of view. However, these markers are generally smaU 

and separated from the imaged object so thcir accurate loealization might suffer from 

digitization errors associated wiLh an approach such as Chang's algorithm [16J. Conse

qU<'>lltly, it was found that the use of this algorithm with stereo· xy should preferably 

be carried out by handling the treatment of these fiducial markers sepalatcly. In order 

to do this, the distortion for each marker is assumcd to be homogencous, implying that 

the static field distortion is constant over the extent of the marker 1. Note that this 

assumption is flot defcated by the problem of bulk magnetic sn<;ceptibility cffects raisecl 

in the Chaptcr 3 sinee it appeared to be dominated by a homogelleous distortion effed. 

This thereforc eliminates the importance of intensity distortion and the correction of 

the fiducial markers only requires the use of Eq. 5.8 to reconstruct the marker position 

in the final image. The localization of the marker center is a problem handled by using 

a semi-automated approach that has already been implemented in some stcreotactic 

software [43]. Firstly, this consists of obtaining the approximate marker position (Uo, Va) 

with the help of a mouse. A 7 x 7 pixels square centered at this point is then searched 

in order to find the ilighest intensity pixel. Last, the centroid 2 of the 5 x 5 pixels square 

centered at ihis last point is used to obtain the position (Um , Vm ) of the marker. This 

next step consists of applying 

1 U+2 V+2 

Um = N L L ia(i,j) 
I=U-2J=V-2 

(5.20) 

and 
1 U+2 V+2 

Vm = N L L ja(i,j) 
t=U-2;=V-2 

(5.21) 

1 As illustrated in Fig. 3.13, the side channel section is 3mm. 

2 Analogous to the concept of center of mass with this last quantity being replaced by image intensity. 
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where 
U+2 V+2 

N= L E u(i,j) (5.22) 
I=U-2J,",V-2 

and u(i,j) is the image intensity nt pixel (i,j). 

Assuming that the readOllt gradient direction lies along the U axis and tlmf, 3D 

FT imaging is used, the fhai position of a given markcr can he l'l'cowl'<·cl Hll'Ollf,!;h t.ll<' 

application of Eq. 5.8 whcre Xl and X2 are replaccd by Eq. 5.20 appli('cl OJI UH' imap,es 

acquired with l'eadout gradient strcngths Cl and G2 l'I.'speetiwly. Nl'verl hdc'ss, t.!1(' 

fractional part of Ufl. and Vm is significant and lS advautagC'ollsly earril'c\ al()ll~ in t.Iw 

application of Eq. 5. S. It is thcn acceptable to round off th, r(':mlt to t.1l(' llI'an'st. illt.e~t'r. 

A 3 x 3 matrix cl>ntered at the calculated position is finally ovcrlaid in t.llI' tillaI illHlf,!;t'. 

This scheme is repeated for aU markers prior to élUy othC'r processiug stt'p and n'(plir('~ 

the user to perform the markers designation in the same ordc't' for boUt Îmaf,!;('s. 

The current version of the stereotactic software tlsed clillically at th" MNI canics 

out an automated search of the fiducial markers in the imag(' prior t.o Htc'reot.ad,ic 

analysis. However, the process is sometimes unsuccessful, in which ('ase IIsl'r's guidauc(' 

is required. It was found that the mark ers of the images Pl'O('('ss<>cl as dt,!·;crihed ahow 

are easily localized by the stereotactic software. 

5.3.3 Application of the differential equation 

As mentioned earlier, Eq. 5.5 can be solved ouly with the help of an initial honnclary 

condition. Since this process needs to be repeated for each of the image lillc's, the' obvio11s 

solution to the problem is the use of the object boulldary [1(3]. Ont of Ut(' 128 Il'w'ls 

of gray available with the image format utilized hy this prognun, tlw thrl'shold 30 wa1> 

found to be generally appropriate, although this choice is Ilot critical. Tht' localil'.at.Îoll 

of the imagf. boundary in both input images is rcstricted to a.n arca cOIll}ll'isC'c\ withill 

the fiducial marker ring. 

Although Eqs. 5.5, 5.8 and 5.9 are exact, they obviously nced to he appliecl with a 
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knowledge of the intensity profile which 18 discrete in nature. Thus, numerical methods 

are rcquircd. Eq. 5.5 constitutes the basis of the application of the distortion correction 

mcthod clcscribcd in this chapt el'. It expresses the prohlem of determining for one input 

image the corrcspimding position in the other. In general, the calculatcd positiuu will 

he rpal, and its fractional part should he carried along to albw greater precision. For 

clarity, Eq. 5.5 can he written 

(5.23) 

with 

(5.24) 

A basic numerical method to solve Eq. 5.23 is called Euler method. It consists of 

determining the position Xz corresponding to a posit.ion x~ for all i using 

(5.25) 

h i8 callcd the step size and represents the minimum distance in Xl' However, it is 

recognized as being too cru de an approximation in many instances (4). 

A mor~ satisfactot"y avenue is the fO'.lrth order Runge-Kutta method, In applying 

tItis solution to the CUITent problem, one has the following rather than Eq. 5.25 [56) 

x:t = x; + ~[ko + 2k) + 2k2 + k3] (5.26) 

where 

ko -- hf(xLx~), 

kl - hf( 1 h i ka) 
Xl + 2,x2 + 2" ' 

k2 - hJ( 1 h 1 kt) 
Xl + 2,x2 + 2" ' 

k3 - hf(x; + h, x~ + k2 ). (5.27) 

Computillg time increases with the use of a smaller step SIze h evaluated in pixels. 

Nevertheless, the knowledge of the intensity is provided for each pixel, which limits th~ 

gain that cau be achieved with the use of a smaller h. h = 0.2 was used with a11 the 

processed images. 
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l 5.4 Aigorithm 

The implementation of this method was p<,rfünued ou the workstat,iou e\U'l'('nt.ly Uht'tl nt, 

the MNI for stereotactic planning [93]. It. consists of a 80386 hast cl computer provÎtlt'd 

with a 80387 math coprOCt~ssor and fUns at 20 MHz clo('k SP('('(l. Spt'cial ft'at1l1'('s Hlt' 

the support of two supplemcntary monitors for ronvPlltiollal iUHlg(':-; <li:-;play in l.1u' Ih ~t 

case and stereoscopie images display in the s('cond [44]. Alsu plOvidt't\ an' a t.ap.' (h iVt' 

for loading scanner or DSA inlflges along with a priutcr for image lwrdropy. ~/m illlH/!,t'S 

are displayed at 7 bits depth. 

The implementation of the distortion algorithm was huilt arollud the ('Xi:-;t,Îllg l't't, 

of stereotaetic utility programs for image display and monse control. Tl\t'l'({on', IGOO 

lines of code written using the C programming language W('l(' sl1ffieit'llt t,o illlplt'IlH'Id. 

this algorithm. Eaeh pair of 3D FT images rcquircs bdwccu 3 aud .5 minu!.(·/i to \1(' 

processed using the hardware mcntioned earlier. B('Side aC(,PSRory inp\\t-o\1t.p\lt (·(mt.rol 

sequences, the program includes the following stcps. 

1. Pre-processing 

Marker position entering The user cnters the position of the fi(llll'iai llmr]{('l's 

for both input images with the help of a complltt'r mOlls('. For ('ollsis!,('11 t. 

association of each marker in both images, the :'lame ordpr of cutt'tillg Ilt'('cb 

to be ust:d. 

Adjustment of marker position The cntered positions of the mark('rs are <:01'

rected using Eqs. 5.20 and 5.21, as previously describcd. 

2. Processing 

Object boundary determination Each of the 2 input images is s('arelwcl for 

its boundary along the readout gradient direction. An iutcnsity thn'shold 

value provided by the user is utilized for this purposc. Starting from ()1H~ of 
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the edge of the image in the readOllt gradient direction, the first pixel to show 

a greatcr intensity than this thrcshold is chosen as being a boundary pixel. 

The scarch field is rcstricted t.o an area comprised withi,. the ring form(d by 

the fiducial markers. 

Calculation of the intensity integral The value of ff!.- (JI (x. ,. y)cl.rldy where LI 

and lI, are resped:vely the lowcr and highcr boundary (or ;. position) of the 

object in the readmIt gradient direction for image i are ob~,:jill('d for image 

i = 1 and i = 2. Assuming that this value is higher for imag\' l = 2, a llf'W 

image (J~(X2, y) is calculated using 

(5.28) 

Determination of the homologous pairs Using the initial correspOIldencc pro

vided by the object boundary determination, Eq. 5.5 is solved by as,ociating 

a position X2 to cvery pixel in image 1. This is done with the help of Eq. 5.26. 

The same process Îs repcatcd to obtain this correspondellce in image 1 for 

every pixel of image 2, the l'ole of X2 and Xl being illverted. Note that the 

calculated position carries the fractional part. For cach calculated position, 

the local intensity is obtained by linear interpolation between the 2 adjacent 

pixels. 

Undistorted image intensity For each pair of homologom: input image posi

tions, the intensity of the corresponding point in the distortion frce image is 

calculated through Eq. 5.9. 

Undistorted image position For each pair of homologous input image posi

tions, the position of the corresponding point in the distortion free image is 

calculated through Eq. 5.8. 

Sortillg of final points Since the above steps are performed twice by exchang

iug the role of Xl and X2, 2 groups of final points are obtained and this set 

nceds to be sorted by position. The "QtÙcksort" sorting function is used for 
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Interpolation at integer sites The sorted pm;itions (real values) ",it:. du'if ill

tensity nC'cd to be interpolated at intcger sites in (l1'(I('r to ohtnill tlH' final 

image. 

3. Post-processing 

Fiducia1 markers placement The positions of thp ficlucial llHu·kl'l's in th(· fillal 

image are calculated with the help of Eq. 5.8. TIl<' r('suIt. i:-. l'OUluh·cl off t.u 

the nearest integcr and Cl 3 x 3 matrix c{'lü{'red at this int.eg{'1" is ov{'rlaicl 011 

the final image. 

Final image interpolation The final image is lillearly pxpall(h'd from a 2.'JG x 

256 size to a 512 x 512 size. 

5.5 Experimental results 

5.5.1 Evaluation of image accuracy using stereotaxy 

In order to validate the efficienry of the distortion r('lllovai algorithm, Olh' lU'{'(is t.u 

use a phantom Qf known g('Qmetry. ThE' phantom dC'scrib('cl in Fig. 3.8 apJ>c'ars tn })(' 

satisfaetory sinee its images show a pattern of hoks that (~an be l1s('(1 a:, lalldmarks. 

Moreover, it was designed aud huilt to fit in the OllT Rt{'f('otacti(' fI lm\(' ill USC' al, 

the MNI, thus allowing position validation of images acql1irC'd in tilt· JlI(,~('lH'(' of t.1H' 

stereotactie frame with the help of the curreut st{'f{'otadie allaly~is sy~t.(,lll. 

Chang has already demonstratcd the effectivcncss of dH' t('chuicl'H' for IlOll-liu('ar 

experimental images of phnlltoms cxhihiting shnrp coutrnst C'dges wit.h au ot.)wrwi:i(· ho

mogeneous density [16,17J. However, for the validation of the <Iceuracy of tIlt' prcH'PSSPc! 

image it was desirable to obtaill a lower contrast, a case clos('r to tlll' appcaranœ of 

3It is a standard function wlth the ANSI version of C. 
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small structures in the brain. A slice thickness of 3m.m was therefore utilized while the 

plate thickness is only 1.5m.m in ordcr to lower the contrast through paI tial volume 

l'fred. Fig. 5.2 illustratc's the' two input images fed into the program for processing. In 

orcIer tn ('reate Home ohvious distortion, the shimming coils were turned off during the 

acc111isition of the two input images. 

The algorithm relies on fl B(.r l y, z) to be constant for the acquisition of both input 

imagf's. Since this parameter depends on the value of Wo obtained during the preparation 

seql1<'nc(' b('forc cach acquisition, its determination was inhibited prior to the scan from 

which the second image of this pair was obtained. Considering the images A and B of 

the phan tom placed in the stereotactie frame as images 1 and 2 respectivcly, the ratio 

(\' to he introdl1ccd in Eqs. 5.8 and 5.9 is 1.6,. The step size was chosen as h = 0.2 and 

the thrcshold for bOlllldary dctermination was taken as 30. The image was processed 

in the left to right order. Since the shimming coils werc turned off, both the phan tom 

and the fiducial mru:kers show some important distortion effect. 

The image A of Fig. 5.3 shows the proeessed image from the two inpllt images of 

Fig. 5.2. Alt.hough the numerical nature of the proeess introduces apparent digitiza

tion t'rrors (discllssed in the next section). the image integrity has been recovered, as 

df'monstrated by the now regular appearance of the hole pattern. The fiducial markers 

have also bt>cll re}>ositioned in a way that appears appropriate sinee the markers that 

are part of the same plate are colinear. As mentioned earlier, their new positions were 

cakulatt'd with Eq. 5.8 and the markers were drawn in the new image. The lower im

age in Fig. 5.3 shows the result of the subtracti<m betwecn the processed and the less 

distortcd (72.4H z / pixel) image. 

Neverthelcss, a quantitative validation is in order. Sinee it is ~enerally recognized 

that the purpose of obtaining geometrically accurate images lies in stereotaxy, it was felt 

that this quantitative cvaluation of the image accuracy should be made using stereotactic 

techniques which allow the evaluation of the accuracy of the marker repositioning as 

weIl. 
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Figure 5.2: A pair of input images for the distortion correction pro
gram. They were acquired using a 3D FT method with TR= 200111$, 
TE= 50ms, FOV = 300mm, th= 3mm and n = 25. The shim
ming coils are turned off so important distortions arc visible in the 
readout gradient direction (horizontal). The rcadout h .. mdwidth was 
72.4H z/pixel for (A) and 43.4H zlpixcl for (8). 
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Figure 5.3: (A) Result of the processing of the two images in Fig. 5.2. (B) Subtrac
tion of (A) above wi th Fig. 5. 2( A). 
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Figure 5.4: Points used for distance evaluation 

Relative distances were evaluated betwecn many pairs of point,s in tht' phalltolll IlS

ing the distance measuring funftion that is part of the Montreal Ster('olacl ie Plallllill,g 

System [27]. True distances are easily obtained by fOllntin,g the I111lllh('r of ho}l's M'pa

rating the two points considered along both phantolll axis with th(' kuowlcdg(' t.hat, t 1)(' 

separation between any closest neighbo1'8 i8 lem. Fig. 5.4 illustrates tlH' I"hoil"(' of tlH' 

points that wcre utilizcd for relative distance cvaluation. The' valm's of t Ill' S('IHlratiollh 

are contained in Table 5.1. 

Table 5.1 aéffionstrates the improvemcnt of the image liut'arity, WIll'll siguificallt 

discrepancies are present between the actual value' and the clist.mlC(· lll('<lhlll't'cl 011 tll(' 

image acquired with a 72.4Hz/plxel rcadout handwidth, th08(' dis(Tt'p,mei('s iJl(ï'('(lh(' 

when considering the image acquired at 43.4Hz/pzxel. This is ("OIlhistt'llt with tlw 

presence of static field errors. 
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5.5.2 

Separation ±O.l cm 
Segment -1:J.411 z!1nxr! 7'2.01 Il zfptxd Processed Actual 

- AH 124 170 11.6 11.7 
BG 11..') 1 \.6 11.R 11.7 
CF 9.H 9.5 9.J 9.2 

DE 9.7 9.R 10.0 9.9 

IJ [ 1. 1 11.1 11.0 J'U) 

KL 72 70 7.0 7.0 

Tahlp 5.1: Validation of the (:ffectivel1ess of th{' algorithm. Thf> various 
clistéU1C(,S were pIOvided with the help of the stereotactîc software and 
thus ldso refkct the ('orr{'ct pluccrnen t of the fiducial markers. 

Digith:ation errors 

Alt.hough it is ch'ar that important distortions of the image cau Le remoycd using this 

algoritlnll, SOUlt> loss in image qllality is present. The most IloticeaLle unwalltcd feature 

lllay he tiH' right ('<lge of the pro('cssed image which is jaggecl rather th an straight. 

The' l{'ft {'<Ige diti n~)t :mffer from s\\ch effcct as it constitutcs t}le point f10111 which th(' 

n'construction starts, with tlw help of the boundary coudition. These prohlems were 

also met by Challg with his phantom images. Howcvcr, it is not poshlble to verify 

wh"ther his tn'atrneut was ahle to hancHe low contrast dctails, as thosc prc~ent in the 

image's hen'in, sillce Il<' only prc'scllted high contrast expcrimcntal images. 

It is he1iewcl that SOIll(' of the currcllt lim;tation on image quality cau be attributed 

to tlw llumerical applicatiou of exact equations, that is Eqs. 5.5? 5.8 and 5.9. This 

C(UIS('S cligitizat.ioll erron; to }H' present in the final image. Moreover, th(' processing 

ntiliz(·d to obtaill the final image lllvoives the use of two input images, this increasing 

tIlt' vulllerahility toward this type of error. 

A first instance of digitizatioll error is found in the use of a limitcd nllmber of 

t?;ray scale stcps. Thl' Montreal 5'tercotactic Planning system presen tly uses 7 bits 

to dH\l'actt'rizl' the intt'llsit.y of the images from aIl modalities. However, the S15HP 

11R Sl'aullt'r used at the MNI caIl provide up to 12 bits of information f('garding this 

94 



-, 

parameter. This consequently increases ev('n furthcr the importa.m·(' of tI.-' limitation 

brought by the digitization of the image intensity. 

In order ~o verify the importaflcc of thl' low llllIlll)('l' of gray seale stl'PS, t.hl' dt'pt. 11 

of the images of Fig. 5.2 was brought down to 6 bits and the new input images W('I't' 

used for the distortion treatmeut algoritluu. The reRnit of t.1H' pro('('ssing is pn's{'ut.l'd i1l 

Fig. 5.5(A). It cau he seen that the importance of tIlt' jaggt'd l'dgl' dfl'd. lms ilH'1't'asl'(1. 

Moreover, the circularly shaped voids that corn'spond to t.ht' 4 ph'xip,ln." pnst.s holtliup, 

the plate asseIl1h1y have sufl.'ered from an inCfe(l.sec\ occurn'IH'(' of digit izat.ioll ('lToIT. 

It therefore seems that the importancc of the gray seale width ('aUs for 1.111' llSt' of t.his 

algorithm with greatcr depth imag('s, particularly at the sitl' of foiharp iIlt,I'lIsit y graclil'ut.s. 

Nonetheless, smoother ar('(\.', of the imagc remain bafoiically lluaffcct.l'cl by t.IJ1~i Challp,('. 

Fig. 5.5(8) illustrates this last point well. This time, the input imagl'foi \VI'n' slll()otlll'd 

with a 3 x 3 hlurring ma..",k s11ch that at each poiut, the modifil'<1 illt,c>nsity a'(U, V) was 

obtailled from the> Oliginal 0'( U, V) throngh the applicatioll of 

1 U+l V+I 

(j'(U, V) = "9 1=~1 J=~J a(i,j) (5.2!)) 

thus smoothening the intensity gradient at l'very point. The imprOVPIIll'nt Oll tllC' a(,('I1-

rate definitioll of bOlllldaries Îs SCCll well. 

Another limitation in the numerical a.daptatioIl of Eqs. 5.5, 5.8 and 5.!:> is t.b' fael. 

that the knowledge of a(x, y) is only provided for every pixel. For institll(,(', il. was foi('('11 

previously that ill order to de al with this problem, the caknlated cclltroicl of thc' fidllci;d 

mark ers must carry the fractional part since merdy rollnding off tlH' coorcliuatl's of tilt' 

centroid position canses the fidncial markcrs that arc part of tilt:' Sa.IllP plate to 1)(' a. f(·w 

pixels away from colinearity. Renee, the scarch for the bO\lIlclary of the' objpd, in 1>01.11 

input images, in orch'l' to provide the boundary condit,iollS lleeclt'd hy Eq. 5.5, muId 

benefit from the determination of this vaInc at il. sllb-pixel pr('cjfoiioll. MOf('OVC'f, t.Iw 

calculation of the positions in Olle input image, hornologous to eVC'ry pi xcI of tlH' othPI 

input image, was done by accountillg for the fractional part of the resllit. IJowevcr, UH' 

intellsity at such "inter-pixel" positions was calculated by lin<'ar int.erpolat.ion bdwc'('ll 
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Figure 5.5: (A) Result of the processing of the two images of Fig. 5.2 
whose gray scales were reduced to 6 bits. (B) Image obtained with 
the srune input images but on which was applied the blurring function 
described by Eq. 5.29. 
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the adjacent intensity values, a possible elemcnt of iuaccuracy Whl'Il slU/rp inlt'llsity 

gradien ts are present. 

It would appear then that this algorithm is a promisillg way to copt' \Vit.h a11 statÏC' 

field errors. This provides a remcdy for main field inhomogcIlt'itit's as w('l1 as for SllS

ceptibility and chemical-shift effeds, yet rcquircs only ronvcutional puls{' S{''lIlt'lU'{'S. 

Nevertheless, the sensitivity of this algorithm to digitization errors makl's its adapt.a

tion difficult without an increase in image detail. An impro\'t'lll<.'ut that wouid allow 

at least the use of such processed images for position calculatioll aIou,!!; \Vith uarrow 

bandwidth images with good SNR for qualitative ahalysis would be most. valua.hl<" 

At the origin of the current limitation is the fact that the proc('ssillg n'lil's ou two 

input images with a consequent increase in the scnsitivity toward digitizatioll l'rrors. A 

possible avenue to improve the adaptation of this algorithm muId lu' its appli('atioll ou 

images expanded to a greater image matrix throllgh the use of au int('rpolat.ioll sl'lu'lllP 

such as the sine interpolation. This would in the first place improVf' the IH'('cision of t.l}(· 

boundary condition determination and possibly yicld a reconstruded imag(~ of a (ptalit.y 

comparable to the original one. Such post-proccssing would advalltagcollsly 1)(, (:arri(·cl 

out on a more powerful workstation where the spced and memory cnllsi<l~'rations wcmlcl 

not constitute a problem. 
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Chapter 6 

Conclusion 

6.1 Summary 

MR images are affected by thp. presence of geometrical distortion in contrast to computed 

tomography which can he considered, for most purposes, as distortion free. Reasons 

for the presence of distortion in MRI are generally recognized as heing main field inho

mogeneity, susceptibility effeds, chemical shift, gradient field non-linearity and induced 

transiellt currents from gradient switching. For most purposes, the presence of distor

tioll in medical images has no detrimental consequence. Stereotaxy, on the other hand, 

constitutes an exception te this rule. For stereotactic treatment such as radiosurgery, 

it is generally agreed upon that Imm is the upper limit of target position inaccuracy 

that can be admitted. 

Many basic considerations are important in the study of the distortion phenomenon 

in Mill. The occurrence of the first three causes of image distortion stated above (that 

cau be called generalized static field errors) can be minimized by the use of a higher 

rendout gradient strength. Nevertheless, the signal-to-noise ratio (SNR) is decreased 

when a greater bandwidth is employed, thus a tradeoff has to be made between SNR 

and distortion from gencralized static field errors at a given acquisition 'L~"lC. When 2D 

FT methods are used, geometrical distortion frorn generalized static field errors may 
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also he present in the slice selection direction and are 8ce11 WlWll a Hou-plannr ('XCit.l'd 

slice is ohtained, This prohlem can bc circumvcntcd by the URl' of 3D FT in whkh :-;lin' 

selection is replaced by phase ellcoùing, since such clH'odillg i8 imnllUW ftom this typt' 

of distortion, 

Experiments were carried out usmg a 1.5T S15HP GyroS('(Ul ima!!pl' lU on1t'1' 1.0 

verify the contribution of the various causes of image dist.ort.ion, Sinc(' lllillly ('(\'\\S('S of 

image distortion tend to becomc more important away from du' mngnd iS()('(,llt,('l', it. is 

appropriate to specify the volume over which spatial liuC'arity is f('quirt,(l. III t.lH' ('iISI' 

of stereotactic imaging with the OBT stereotactie frame, it S('('lllS r<'as<mahl<' ln ('XI)('ct, 

good image linearity when considering the head aloue, How('Vl'l', t.lH' fidw'ial llléU'hl'S 

fall in the area where the geometrical integrity of the imagl' detcriorat('s tnpidly aud 

may affect the localization of the innermost structures bccaus<' of tlu'il 10)(' iu !.lu' 

calculation of the frame coordinates. This problcm cnUs for an optimal ('('lit,prill).!; of 

the stereotactic frame about the magnet isocentcr. Wherc the pr('('isioll of Ul<' data 

allowed it, it appeared that the main field inhomogclleity was tItt' dOllliu:lut. ('aus!' of 

image distortion, although there is good evidcnce that gradient llou-liw'arity :S iuvolwt! 

as weIl. Furthermore, the role of eddy currcnts in g('omt'trÎcal clistortioll cOlI}(1 Ilot 1)(' 

clemonstrated by the use of pulse sequences with rliffpreut <,('ho t.inl<'s, 

A phenomenon other than the inherent distortion of the imager S('('Ill<i to lw tlH' 

cause of a yet greater distortion effect involving the top plate whieh is I.rtlllSV('I'S(,}Y 

oriented and placed on the cranial side of the frame, th us ouly visible in coron al aud 

sagittal images, Its dependence on readout gradient strength iudieates tlH' illVolvelll('IÜ 

of either main field inhomogeneity or bulk magllctic Slls('('ptihilîty ('ff('d, éLl isillg from t1H' 

combined influence of the magnetic susceptibility, the shapc and the Ori('llt,atioll wit,h 

respect to the main field, Further experiments can show that a ficlllcial marker plate 

undergoes such distortion from bulk magnetic susccptihility cffcct wh<'n til<' normal 'If 

its plalle Îs parallel with BD, an orientation assumed only hy th(' top plat('. H('nce, in 

order to account for this phenomcllon, it is neccssary to cOllsicler ho th tlw infltwnc:<' 

of the medium surrounding the channels, or namely the orientation that this lIle(lium 
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assumcs with rcspcct to Bo, and the orientation of thcse channels. 

This along with cxperimental data indicate that the magnetic susceptihility of chan

nels pafallel ta Bo, as well as pcrpendicular ta Ba but with the normal of the plate 

cOlltaining thcm perpendicular to the field, are close to each other and snch that the 

dmnnds will not exhibit a distortion effect noticeable in an imaging cxperiment like the 

onps perfonncd. However, the channels that are perpcndicular ta the main magnetic 

field and that are part of a pla~e whose plane has a normal parallel to Bo have a mag

m'tic susceptibility that differ from the first group by a value comprised bctween 200 

and 300Hz at 1.5T. 

This can be easily demonstrated as being detrimental to the accuracy of stereotactic 

position calculation. The discrepancy in resonant frequency between the pcrpendicular 

channcls containcd in plates of either orientation indicates a remedy to the problem. 

It simply consists of "sandwiching" the channels of the top plate with supplementary 

plexiglas along the direction of Ba in order to model the case cf a perpendicular chaImel 

contained in a plate whose plane has a nonnal perpendicular to the main field. 

ShimIDÎng methods arc essential in improving the majn field inhomogeneity, but 

arc not sufficient to eliminate entirely its contribution to inherent distort.ion. A lack 

often cncountered with other distortion correction methods is their failure ta account 

for c3Usceptihility effects and chcmical shift, necessitating the use of a patient based 

correction. One method that does not suffer from the above limitation is based on 

the use of two images acquired ut two different readout gradient strengths in order 

to post-process a third image in which distortion is absent. The method successfully 

treats an three causes of static field errors. Spurious gradients of amplitude smaller tItan 

the weakcr of the two readout gradient amplitudes utilized for input image acquisition 

caIl he handled. A version of this method for 3D FT images was developed but a 

20 FT version that copes with error on slice selection is possible as weIl [17]. The 

algorithm was validated with the help of two input images of a phantom mounted in 

the OBT stereotactie frame, thus allowing for position evaluation with the help of the 
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stereotactic utili ties. Distortion was succcssfully rCllloW'd. N ('v<,rthd<,ss, t.h(· met hCH I 

will benefit from the use of the full image dynamir range' information. 

6.2 Future work 

It appears that an evaluation of the inhcrent distortion of the imag('r usiup, a. phaut,oHl 

with a finer but denser pattern could allow a bett<'r evaluation of this !HlI'illlH'f.e'I'. TIlt' 

improved distortion mapping combined with a tcdmiqll(' allowinp; for tIlt' ('\'alllat.ioll of 

the field inhomogeneity, such as phase imaging [86], ('ould provillE' a lllOlC' pn'cis(' fip,11l (' 

concerning the impact of gradient non-linearity and the valuC' of warpÎllg 1lH't.hods 1.0 

counteract it. 

The analytical evaluation of t.he bulk magnetic susc('ptihîlit.y of thp rha,1l1H'ls ('OIl

tained in the tiducial marker plates could allow for the dcvdopuwnt of pn'('is(' p,nicldilH's 

concerning the design of sueh plates. Morcover, it appears th,Lt, It c'olliel 1)(' \l:'wflll t,o 

devise a correction seheme that wou Id handle *,hc distort.ion cff. , et, of titt' ficll\l'iallllark('1 S 

from bulk magnetic susceptibility effects or the presence of al\llllÎnulIl t'OlllpOllt'lIt.S ill 

the frame. For instrulce, when only one channel out of the thrcc app<,a.rillg ill t.he ima).!;I' 

is affected by the vieinity of an aluminum post (as it if) the case with Ulost corouai sli('('s 

with the OBT frame), it eould be shifted along the rca.dout p,radiellt ditect ion in 01 d(,t 

to force it to become colinear with the two other markcrs that an' kUOWIl to bl' ('Xf'lllpt. 

from this problem. 

Likewise, the kllowledge of the relat: ve positions of the fiducÎal marker platc'f) cOI\Ic! I){' 

the basis of a treatment that would detect and correct the lmlk mngnetie Slls(·ppt.il)ilit.y 

effect occurring witl". the top plate. This is SCen in the fact that tItis dfc<'t Iluifoflllly 

shifts the three markers of he top plate along the rcadotü direction, while the SC'II'('11 

position (ull VI) of these three markers ean be clctcrmin('d in a uniqu(' way fIOIll t,JJ{' 

position of the markers that are part of the two othcr plates app(·arillp; in t.lw imapp, 

thus avoiding the need to use the corrupted scrccn position of the top plate w}1('Jl 
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applying Eq. 3.1. 

The distortion correction method based on the use of two input images can seem

iugly be improved if applied to an expanded matrix size in order to solve the problem 

of digitization errors. This expansion could be performed using sine interpolation. Fur

thcrmore, it sccms that the full image dynamic range should be used for the purpose of 

applying the correction technique. 
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Glossary 

List or Symbols 

Symbol Meaning 

t:r: half duration of readout gradient application 

Ty duration of y preparation gradient application 

Tz duration of z preparation gradient application 

J Jacobian of coordinate transformation 

( fÇ Boltzmann constant 

T temperatnre 

Nif number of paraUel magnetic moments 

Nu number of antiparallel magnetic moments 

V root mean square of voltage fluctuation 

/).11 frequency bandwidth 

W:r:,Wy, Wz voxel dimensions 

r number of signal averages 

Nx,Ny,Nz k-space dimensions 

k:r:,ky, kz spatial frequency coordinates 

u step response 

Ti i th eddy CUITent time constant 

Pi ith eddy current amplitude 

Ti ith correction time constant 

( a· 1 ph correction amplitude 
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Symbol 
S 

s 

T 

m~n 

i,j, k 

BI 

(J 

List of Symbols (continued) 

Meaning 
shift in resanan t frequcncy 

shift from hast mole cule clectronic shielcling t'ffeds 

shift from solvent elcctronic shidding <'Ift'ds 

shift from bllik magnetir slls('<,ptihility df'(·(·ts 

voltm1etric susceptibility 

standard deviation 

homogcncolts BMS componcnt 

inhomogencous BMS componcnt 

quarter of alternatil1g gradi("Ilt period 

smallest value opcrator 

unit vectors of cartesiall coordillatc system 

amplitude of RF field 

tip angle 

spin-lat tice relaxation time 

T2 spin-spin relaxation time in a homogcneolls lllain field 

T; spin-spin relaxation time 

M magnetization 

Mo size of magnctization 

B main magnetic field 

Bo nominal size of the main magnctic field 

b..B deviatioll of main field from homogencity 

H magnetic intensity 

Gx,Gy,Gz size of x,y,z magnctic gradient 

b..Gx ,b..Gy ,6.Gz deviatioll of x,y,z gradient at a reference gradient CllITcnt 

h Planck constant 

h h/2rr 

gyromagnetic ratio 
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List of Symbols (continued) 

"' 
Symbol Meaning 
n angular frequcncy 

.,. spatial position 

.,.1 distorted spatial position 

w nominal resonant frequency 

U potential energy 

t time 

x,y,Z eartesian eoordinates 

XI,YI,ZI rotating frame coordinat es 

x' distorted readout position 

r,fJ,4> spherical coordinates 

u,v screen coordinat es 

S induced signal 

( À,O',p ID,2D,3D spin density 

TE eeho time 

TR repetition time 

n number of slices 

th slice thickness 

Gt,G2 gradient strengths of input images 

a Gt/G2 

V nabla operator 

ta time of application of RF pulse 

l' magnetic moment 

L angular momentum 

J total angular momentum 

{ 
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List of Abbreviations 

Abbreviation Meaning 

AP 

AVM 

BMS 

CC 

CT 

DSA 

FT 

FFT 

FID 

FOV 

LR 
MR 

MRI 

MRS 

NMR 

OBT 

PSF 

RF 

SE 

SNR 
ID 

2D 

3D 

an terior-pos terior 

artt::rio-vellous malformation 

bulk magnctic sus('eptibility 

cranial-caudal 

computed tomography 

digital suhtractioll angiography 

Fourier transform 

fast Fourier trallsform 

Crec induction d<'('ay 

field of view 

left-right 

magnetic resonanr.c 

magnctic rcsollaut'C imaging 

magnetic rcsonancc spedroscopy 

nuclcar maguctic rcsonan('c 

Olivier-Bert rand-Tipal 

point spread function 

radio frequency 

spin ccho 

signal-to-noise ratio 

one dimensional 

two dimcnsional 

three dimcnsional 
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