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Abstract

Backgr dRercce:nt | vy, guantitative magrevtRiFg res
technique has drawecaunseeas$i ng satatbendtiitoyn t
guantitative paramet Boweaes, ihha spmwmlgl eatic
focus on sbwbdamepmaggsbiThienerlf nhee applicat]

moving subject is warranted.

Pur polsha:s study aa nosel timeresotvedvnagdnetip resonance
fingerprinting (TRMRF) technique for respiratory motion imaging applicatians|

investigate different acquisition schemes T®R-MRF.

Met hods andOuatperrifsiRSed echni que consi sts of
acquisitions usi psgt aane umnrbeal apnrceecde ssstheoand ys e q u
spiouatl trajectory. The acquired MRF data
di fferent respirat erasepghasved i o gRMREL Ao db.hai
technique was first simulated i n fMATLAB (1
di mensixdrealded ocaodi XCAT) phantom for both
breathing wasoftid tsedanidn t hrmM&Rkd henalgtelsy wweao lel

simulated with different number of repetit



repeated 200 times for eachaaoocqunbseasErthaddsr ep e
were used t-MRE emaegreast:e 1R conti nuous acqui ¢
bet ween MRF repetitions; 2) continuous acd¢
MRF repetitions; 3) triggered acquisition \
to allow the nextddi Atquesttirédapilametit act MRES
maps at different respiratory phaiRd&s wer e
sorting and reconstr uchtRMKRfF maElsniweu es .e viah a
using a set of metri celsi craetliaotnesdb stodnictt adi o
di f f erpeanrceemeitnr i er mampsin the amplitude of d

tumor volumsigmadr seéT¥ERE)jo (SNR), and tumo

ResulTRMRF mapisng three diff er enuc caecsgsufiusliltyi o
genenstiXxd@AT phaheomveralhhVtaland ¢éiwver; Tliver
ancemaps, and tumomapSNRroémomriTggered met hoc
betdoempared to the walhee ¢« wO. N hodbke (@t he
indexes have no significant difference bet:
continuous acquisition methods. Al l I mage
di ffeeéweenbthe acquisition methods with
Numerical simulations showed t hhaet atvheer aTg\eE v
absolutesdiihf euemomec moti on amplitude were 0.

the ADM wer e345H00809 %%f andi rregul ar and regu



The SNRtutaeaemaps of the | iver and the tumor
regul ar breathing compared -tbi veregoharabgt
similar bet wmeén nghepatwermse The proposed t

i mpl emented on the healthy volunteers.

Concl uwWd omave successfully demonstrated in
subjects -MRFnotveedhnliRgue <capable of I maging

s multaneous quantpiafriagnettirorc aonfa pMdR mul t i
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1. Literature Review

l1.1Radi ati on Therapy

1. 1.1 I ntroduction of Radiation Therapy

Since the discovery of radium and radioac
1898, radiation has been uUMedCumi #,arlid®us&; mR
& Curi e, 1898; P. Curi@ne Cafri ehe &mds®tmo n i
app!l isodtiramdi ati on is the treatment of canc
causing DNA damage whichilhwi Ifli rlsdadmeda itclamo n
to usey Xfor cancer treatment was believed
1896 News of SExeeceall headnh)ratthetthseaply be:
voltage (dypOm&dhi e Howaveundt heBr@éasyl ow vol
can only treat superficial tumors and hi gh:¢
tumor s. Orthygsolwtbdde RXYDenesr g¥hiogvlwe s
i nvented and b eHgoawe vteor ,u steh ei ne nler2glyss.of sost hb
not opti mum f or Tdoe efpuryt hseera tiendc rtuasaer d.lhe@v &€ n e
(Megavolt radiatiagnmacme gav owlaslddgwe Wear ,buatl t

t hat bteicmeas,$ @leiogilo st of mergaayw omaalhgeneX and | i



technol ogy, only f ew IiAms tailttuetrimoanys hvneeeoef axb |
wagsirnagdi oi sotope for 68di atiradi oheoapype Cd
1.17 and 1.33 MeV garmmd egyawshswot hr 8dyatr en
Si nNcke5The cobarmachi ne was relatively cheap,

compar edayt omaXc wihme h revol utionized the fi

bet ween 1950s Tahned neoadrelryn 1nPe8d0i sc.a | l i near ac
devel oped in 1940s and breagya nmatcoh irneep | aancde ctohbe
in 19Besfirst patient treated with |Iinac w
Hosp(iTthawai t es & STwaley,t h2WQ6)di fferent i Nnowv

inventompu®wed grCalpmy 10971 by GotheeyntHenhnhs bdn
of magnetic resonance i maging (MRI) in 197
tomograpdiyalflPEd sphyBetci an vi sualdiez enetdh & atl ur

|l inac capab@eérof amhoméei on delivery to the t



Fi gltr eAn or t hroawo Intaacghei n wi th 200 kV beam f

1938 mage fr olm tWi ki /p/edri .awi ki pedi-raa)yos g/ wi ki / (



https://en.wikipedia.org/wiki/Orthovoltage_X-rays

Afteni hateent h nmenwtauriyons of the radiati ol
i mproved the accuracyowtfcomai aft (tdbe hthreeeatpme
& Lang,EsdPEX8Jjad |l iyntr oducrmo dwnl aotfe di nat peghisa ttiyo n
(I MRTwhi ch -luessaewe noudItlii mat or and advanced coc
the radiation field perinthled 82h abpye Barnadh nsei zee
been considered the most 1| mp¢grBataihvne , d Rwelsq
& Lax,|l t19812)ows people with cancer to rece
radi ati on twhe | eaddimatgieomg the healthy tissu
i Ot her techniquastsuochody stadration therap)
radi osurger ydelSRSer, ewhtircehmetignt mhossesd csfe and
radi ati on wiot ltiamceme ctel d st ment fraction con
t herlagpaydg t o a ghicgHdry teifdlexdti ve -gdosed( BED]

radiation therapy (I GRT) wihduchngdepthadyvaat

sessioomnhance the del] i ager sthhagf2heeovte @fl sroadiea
to i mprovement of the qual{(Byowh, cBrenmad,
Carl son, 2013; Chetty et al., 2015; Didol k:
Jaffrakrok©®wd260% of <cancer patients wild/ r

their entiveseéseatliménr ayxoand Gospodar wi cz
therapy has the potenti al to i mprove the ¢

provide palliative tr(elaafnfernay f& rGaoasnpoa chaerro v3i

4



Standard radiotherapy Equipment Real-Time 3D
treatment unit IGRT Method
Respiratory sensor

COSMIK

KIM

MV/kV

FigZ2xirlel ust r attiinben 3o IrGRATI met hod.c oG Mlekd r ep
optical and sparse monosgamiall Mmagqidrisg fwirt h

kil ovoltage i nt(rRf rJdactKeoanl Imoenti taolr.i,ng2018)



The pwongaorayl s of radiation therapy are de
the target anat ipslot EOARnNgf bemaow denr d d i nage. h
t hese goal s, severaldurreoqui rtehmee nwiso Ineu st1it a coiea
prodexd udi ngt wigmagiumadg for tasgephi andc &®©ARKRd
treat ment p | aacncnu rnagt es ynsateinrobn measur ement f
accurat e dose cal cul ati on ef dercitti vms mao i
management modal i tileisveduwyr ipnrgopcdetrsiesalt nhgingehc id €
treat ment daedleilverayt es yt steeamaneanntd (mebend d aod i entg s
al . 2016; Maturen et &@&monhg2@h&sePriegei et mal
management i s becoming incr egwiidgyd yr@ndnphor t

fractionated radiation therapy especially

1. 2Moti on Management

Organ motion during radiation therapy ¢c:
muscul ar, cardi ac, and gastroint eattiom gyl S
moti o mnedsst pmevaloentf or thoraciandahdsabeemi
investigated i n(tBendsdarel gt tales,e I®&&F;s.Br and
Xiao, & Huqgq, 2017; Brandner et al ., 2006; (
J. M. Keal l t e6Gj gJ&mes M.a Emery, Richard

Jiang, Steve B. Kapatoes, Jeffrey M.



Murray, Brad R. Ramsey, Chester R. Va

Wong, John W. Yoekeal E|]l 1 01200®er €ar k B«
Gill espie, & Birch, 1986 ; H. Shirato, Sepp
2004; Stevens et al., 2001; J. Yang, Cai, V

Thergans that are prone to béuadgdsepghagubdy r
bregstost aktiedney, parmRerseas clthaevdec bm&emuousl! y

i nvestigatingmothenr e$ pidriaftfderrfyd etr e otr garod a v i
incl udtmng@gsound, CT, &™MRI s ha&awg B(f Bhauronr eoss ceotp ya |

2001; Chandarana, Wangt, zbldrjg,s eAl,t hko fD,a sH u i2z0€
& Levendag, 1993; Du et al ., 2015 a; Ford

Ramakri shnan, & Keall, 2005; Heinzerling et
& Mi jnheer, 2001; Ozhasogl ur &, MBelplhymi 20B2r,
& Riboldi, 2015; Rodrigus, Van den Weyngaer
al ., 2001; J. Yang, Cai , Waniggomsdh ang esCzit
researchers measured twhda | eummnr smormet lpd hleos
surrogate organ such as di aphsadmfor wmofi ad
measurAmeotding to different sst uvdaireiso,u sp aitni
amplitude, rat e, and regularityMdoohagat he
Kanadp, ENoda, & Kanazawa, 2000; Mur phy et

Large variation between patients has al so

7



personalized r es(pBarranteosr yetmaala.ge m2ao 1 ; Q.

Dei bel |, Ciezki, & Mackl i s, 2001; Grills et



Figirdi fferent i mage modal ities for I|iver

for a patient{ Swatbf )] i $and]| é&&igdirex aBn diesr ,t h2ed
i mage without contrast for @Prldwemnrz gma ietnt
201ki)gure C is the fluoroé6Pbplyi psnaePdnonden:

Figure D is MRI i mage for a patient with ||



The reported morteisofinotrmelalsrug ememo r vari ed
across di fferedisegwurdtieed an average | ung t
mm i nr ilgehftdi(rleR)t i on, 2-pbsmerior apABY i drrect
mm i n siwmpfeerriiocorr (S1) directionufsongl?®26urad
di mensi onal c omp +€ B(MS atrounda gsr, a pkayr | (s4sbn Haue
Back, Th@lmaxi mum amplitude they observed w
AP, and 53.0 Thmmyi ml So reported that tumor
motion amplituder riimdganytdiarlectriepm.rt ed a me
( mi ni-nmauxm mu m rmeoriogfeo 7} B) (@AM i 22 R, m@. i4n (AP, al
12. B8406 mm ini®lutsismg9 7elpatt roni  Epodtdale i ma
al ., S2eve&gns et al . i nvestigated | ung tumor
tumori oo for 10 -p2atmmnt8® m@mmdomhav &8rage) tur
for remaining pasiegterimobBdéverndi epr alp hs
The tumor motion was found to be irrelevan
pul monar YAlflundhteisann.deéetshgpdired eens sd6 breat hing p
significantelgyhbepthidieei dmal tumor motion ass

for radiatien therapy patient

Repiatorynmotoonhy has significant influen

abdomi nail ndluubitragnolrp ayreaurmeoaa nd tkuimbmetync

10



10

Sl

Si

neSrlaldi rection is takeddomhalbnorgamnemobdi ooan
il e in AP and LR directil emss2nm{eDranvoiteison ar
ill, Hol mes, Hal ladarwerd, ,ERmarm,c kRBioend e r19r9,4 ; F &
IR ver t umor i scoommeo no fabtdloeni makt cancer é
vestigat eXdi ient eanls.i Wedewart i f uedr motion du
eatment for 23 patiendrst eudsianrg dvedruecgel |l in

tilbehagdard devilt.i30nmn S )IBRo,Mn22.idd AP, and

.5 mm in (SXu detrekgltapopgpa36i.4nl . al so i nvest

tion during SBRT for 1(@Lipaantg eetf haly.t ,h Z0 X

ported a median (range)4) imm, -73nd8) i (otm, A mp |

d 121 P I)5.Mmm in LR, AP, aAd 8katplecbfohs
mor mot i ofi g4sA & hfoown pianncr eas, Bryan et al
their study and meadumed up@EBraysaa,sn dnwg ti an
aga, & Bdhegraepb984)d an average motion

ngead50fmnd i n S| dd rercdti loenr. Kri gdanresyt Lidit e dhot i ¢
mprehdmsi eel pl . Iihvest  hmathitedn k@G dinfegr 4 D
patients and r(NSDOF t (B3d 7ayv earna@e7hmion i o n
di fectiroght asapedtifwwelky.dnagwgyreEri ckson,

va et al .frepobmedif @an mgmanxm mum onfotd.onh)

(1-19. 2anmng B.6mi n S| ©Horectgbh and | eft ki di

11



after measuring fCoft.Si6Ra pathi @nbf 2GErka)g 44Dudi

suggested that abdominal C a nocne ra ncda n t mocvaen sv
considerably between patients. Therefore,
cancer for each individual patient i s cruci

the target.

12



Fi gar eMRI gm®rfe einda of i nhalatfon angaéendnof v
l'iverThemmoti on of | iversea&mdtthemdrn gaare.bdh

dashed | ine was added for better vi suali zaf

13



I n order to manargy ttdhoen ionrgg arna drieastpiiornatt her

met hods have .bleheerns e d emied Idebgmesd emc o mpassi ng,

respi-gattiomg/,-holbd eatthor cherde atshhianlgl,ow and res
synchroni zéd®. tédchMigkesal |, Gi g S. Bal ter
S. Forster, Kenneth M. ey WMiang,LoSt e\anB
Mur phy, Martin J. Murray, Brad R. Ram
Vedam, S. Sastry Wo n g, John W Yor ke,

I n radiation t her atplhyreod @ h feéxips spt chcabt u ndto fnoort
respatory moti on, motion encomphesimogi 6ech
encompassingageshnhgqgueempnratory motion by
rage of tumor mot i onni mhpeobses ibbhial gngiegtsvion gu me 1
duri ngi @athieomr ca&h eprragpgiiecs si ntcherdent i re range o
respirat oray i mosi oonmet hods have been propose:q
commonly wusedsltoew hhTi,quenshadreeo bddCéERhahe HDe
Sl owi €Ta telkanhdqguwiurees multiple CT scans acr
cyc(leasger waar ®&r eathl hol 0CT)i s acquired dur
att wo different respiratonhalphdtaihers ,eanndd uoaf | |
exhal(aMoilon.ori ABPET al .rePPii®ytated CT acquir

continuously for appntoke mama@ggohame nat ed an

14



di fferent respiratory phhserg (a\tegdoaant i entg alo.

2003)

The respiratoriys gaabtlien di o edcehbni idbuesipt ahtiine nt
awi ndoofw pati ent 6dybusandioagtbotdhge magi ng and
del i Veeyposi tditcdhn od n dtghvew iggmadto v e tbeyr nti rnaeidn e d
per sdmnealchi eve the dwssiinmeteian reedleirmare irte
si gnea.lg. r esqori riarstoarymaylat 6 ) ¢ e a)g. Mairk ersc hni q
was initially propasedhas Ba@mani nwe slti8glast

afteXwWamda et al ., 1989; Tada et al ., 1998

Breath hold method is anot h.erThipd itoenc I mirq
requires active pmdatiieent plamrdatcthhpeudaii o@®aa@amidn
t herapitshte dsdirimumig eafd menTehsiss t echmiagudédyi s use
the radiationanidemagmé&eab. cdbomimoehygt used tech
deemspirathiodrd KHrDd BtHh r eaatdh iarcdg | @an tDl &lI-kh € ABC)
patient usually breathes thbr Keeglp d hepitrod rae
capacity withindua iaogr tianangitnlgr esshhulldat i on a
deliveryyHopmloeyesasihe | ABC 1li9s9989 met hod to f aci
breath hold that is -sbdeobht gvdhagxdpmredantr eat i

over dosihrecd Mloan gt heet 1 al al sbD9U%)es a spiromet e

15



breathing at aupuabdkeyiatedmpderatenor deep |

Forced shall ow breathiog washoabdomahhby
by Lax anfioBl bmggeanhldax, vERelro8S8®BRdn, N2sl und,
199Mhi s techniqgue employs an abdominal com

' imit the breathing amplitude.

The respiratotgclsryingleai onoer ztewneolr tracking
accomnsa ceastpe ratory motion by repositioning
tumor 6s movement durlinngo rtdheer ttroe aatcnhmei netv ec otuhri
systems are required to track ddmpdmusetre i n

the timke bWebmyr emals iatdiapri ™Dhef doenmemeyhods

been proposed including tracking the fiduci
the body surface wusing optical or infrarec
emittedabyedmp(dMospoondesset al., 2018; Hir

With the pursue wtfo htilgehetr ardgpestev e et heetr r e
out commoti on manageareat beeecminmd ognes easing
Accurate and efficient imaging techniques

in great demand to further i mprove moti on

16



1.2L

1. 2.

iver

1 Liver Cancer Statistics

Among diabfdemeé mtal cancer s, i ver cancer [

ca

Li

As

ncers that are affected subst &ngbakly by
ver cancer is the |l eading cause of cance
ia. |1t i s-mplsdabdlrleyyutemda <siaxmtclker, accountin
me n . I n 2018, it occurredhlieadidig 088u peo0
ath from cancer accounting for 8.2% in b
at Bsay etAcdar,di2ngl 8t)o t he Hong Kohneg Canc:
cident rate of | iver!hroasnc efrr eigsu em.t5 %,a nrcan
rtadiisteyl0o. 8%, famanggakt thwees8 ofHAcancer
1T™h)e | eadi ng causiesofiepawvieri sa@B" Glhelpalt, t i
gi onal , afnex nap ec@nfsilec aaplglle ciafuise mort al ity
sseof dea®@h3: 18986ystematic analysis for t
udy 20A3 | atd@miliw)ohmémc fatty | iver diseas
creasd& tolie |n(ivMcrGuc aeRreir2mal6) | i ver cancer
patocel |l ul dCC,accaaau mtoinmag (fo,ri narahmredg at8 Oc%

ol angiocarcinoma (actd owtnhemgr drme @amaueaerd t

17



primary | iver cancer, -pevmrssisveal sogdame ma
sarcbomaast and prgascatrei rwtae niieiuwanle,ndarcec e me
tumorsyveahd meAmamwmknaa h, Conl ey, & Reed, 201
Jagqgues, Coikt Br€éaspear 19Pbhes&®ylui e¢r ammet ag04:
ti mes more commonnt dBo.sgrhi, m&Rrn o elsi, v aza &
Therefore, peopl e tagret ipary itng athlde rleiavwd m gthuw ma

met hods

18



Both sexes
Incidence Mortality

Other
29.3%
Other
36.6%

Colorectum
9.2%

Colorectum

10.29
i Leukaemia

3.2%

Bladder

3.0%

Thyroid—
3.1%

Stomach Pancreas

Cervix uteri Liver  57% 4.5% Breast
3.2% 4.7% 6.6%
Esophagus Esophagus
% 5.3%
18.1 million 9.6 million
new cases deaths

FigbreTop 10 cancer types for estimat ed

sexeBsr.ay et al ., 2018)
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1. 2.2 Liver Cancer Treat ment

Despite tvheer tcyapnec eorf, Ipiri mary or metast ase

di fficult (cGancYer Ltiai,t rChBetnr, pgatGheemt,s 2wiltsh e

|l iver cancer, surgery, | ocal destructive t
curati v(EeBuwrprta wgntss , Hochhauser, & Meyer, 20
2012, LIl ovet, SchwalHd we v &r ,Matzlzea f terr & at, mer0t0 51

al ways satisfactoryealk!|l ocoeeturetenale. rrae gonotf e
70% for the paté ent s@lrimeved tv eddty eanlr. &t { 20 G5na |
t umor (<3yxeaengr, durevibval rat(eAltekonsg, 4MenGIt)
Di cki e, & Kl einer, 2012; Fong & Tanabe, 20
Unfortunately, the majority of I|iver cance

treatment options are nolherrdpigedl|l esuclhoas tdhy

chemotherapy, mul ti ki nase i nhibitor, i mmu
radi ofrequency ablation (RFA), percutaneou
chemoemboli zation (TACE), antde rr malti iax @ 0.n Tt the
treatments should be executed carefully du
si ze, t umor position, as |l ong as the requ
func(tAboint.abi | e, Hart |, Lange, & Maurer, 20
Bruix et al ., 2014; Burroughs et al ., 20014

20



Hanahan & WeinbkrgWu2OChanla&, LLa, 1988; N

Scheel e, S t-Haonfgma nAn |t e& dPha u |l 1995; Tateishi

Nowadays, the treatsmelméec oonfe Imuvietri decsmcc @i
di fferent treatments are combined accordi ng
Yuan et al . reported i mproved overall sur\
TACE and sorafenib comparTAACEwiatilonpat(ile3n tvss
mo n t(hYsu)a.n, Yi n,Zheato eelt. ,al201lr9¢)ported <clinica
TACE, radiati on therapy, antdh smaaf ewmabc ul
i nva(sdlana etYuwmlet &2I019neportfecdel cugern vl odr
and OS for patients receiving both radiatioc

wi t h tpsatrieecnei ving nivoDumab Nulemt sn@aimma a0 a ¢

| i ver rceaancneerntt i s stil]l a challenging task
investigated into this area.

Amondre various treatment options for | iv
drawing i ncr easSeevaetrtaeln tsitound ireesc ghnatrvieeg .ur letpso r a fe

using radiation therapy fotniadpgetabhetDbi
i mproved treatment outcome wusing radiation
met hods mentioned ithetleéf pcavuiyoaasitdiseagflcd y,

cancerawi ahi on tvhéeeampyr eap @amtee dCat eor ibcei petonmdl

21



reported go®HRfleorf i wcrarce/s eocft abl e | iver met as
contr ol ((L&)eraincdi Y®ngalet, adQ1x)ompared the

of HCC pati ang®seepeirvifmrgacti olh2 .r5adGyt pemn

fraction) versus conve3dntGynmér rfarda attii@m) tik
overall response -friagrledg ¢(pefRrRei eo nOWSr, v iawmadl i (nl FP.
findings suggest high dose per fraction tre
trea(thent. Yandugentl et aD 1M pihso wesd ¢ fhfagac tSB
TACE with DEBDOX beads i NagrearndeWalhaded ,plRds
et al . compared SBRT wi t h RFA for HCC
out c ¢ Wah | et Thlse 201L6) edd hayd dwogge spter f
radiation treatment or SBRT has the potent.i

canédarexampl e ér SBRVIespbthbBwge n e

22



Figtir &Stereotactic body radi §dBaog &h&awpypnp

2019)
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Al't houghdeSBRTSpramedi nfgorr elsuvérs cancer t
cautions must be paid to deliver the desir
sparing the remai ni-choys bheecpabuBsRey 1 o seeit f ¥y b mo b

great (chaic,erBheppu, Kitaj iThm&BRE& Xiuaii tbya yiamsdli u-

fatirgue-andooaed | i ver ddansaegaes et of RlIhLeD)gastr oi n
biliary duct, cytopen(Anddleirmnmateaett i &l, . ,an20 I
2013; Chang et al ., 2011, Cull eton et al .,
Kopek, Hol&t HRWaemsemn,010; Rust hoven et al .,
Takeda, Sanuki , Eriguchi, et al ., 2014; T
Sanuki , Tsurugai, Ok u, & Aoki , 2016 ; Tangu
Wa h | et al ., 201epdim¥xpma ¢4 thietsee eatdvalr se effec
most i mportant | imitingbffzaucies ilawvreddivari o

sensitive or gsaanciaantde dRIwiD hi §hGQagsha n&o rkaavl ai ntayg h
201Aln) exampl e of HRRiIlJIDfrans esshoawn irneported t h
mortality rate of RILD of 16% and 76%, r es|
|l iver carc(hemaHakemnenltaswr eAteng&wbDawsoheg I
thater | icamancenar gogati ways di agnoseadmd wihtalwe vir
compr omi sed Marvigare & aimntcit @ mst anupsrt e sbeer Mt ea kpeanr t |

function during the whole radiation therap:
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FigdreCT i mage-i nduceadilat vemedi deaoenann ahéed

whietar row shqwarddogi tees.al ., 2005)
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There are sevémah pebpedcecrmhexrve a conf orn
di strobbéeipobarget including high quality i m:
moti on measur ement , efficient moti on ma n
calcul ation -apgoriat hnpsr,echsgbn treat ment
et(cHaddad et al ., 2016 ; Mat urfemo ngt tale.s,e 2
proceduroas ,detl i neation and motion quantifi.
tumoargin determination in radiation therarg

|l ead Woseven heal t-chysd iisms uteu moar.lgnAhelrias gus u-

applied i n traditional free breathing ra
uncertainties i n tumber d&tdrhogamifoor gmde cmaote
del ineati on and moti on guanti fication dui

uncertainties so that the margin can be rec
are intriguing. Besides the maeteido no,f sperveecri &
met hods have been proposed to minimize the
hol d and gaas nmge nteicchmedyuien. t Akt pboeghobseath
technique can reduce the i mpadtendfs thwrman nm
their breath reproducibly Iimits its clini
on the radiation beam onl y -dwehfeinn etdh ep otsartg e
Al t hough it prolongsdoseat er ba bemse nmoodvieal draeyjs t |

can improve the gating efficiency. To acc

26



treatment margin, tumor motion must be qua

Nowada¥3 4B the widely accepted clinical

t her apyetse patient specific breathing mot.i

for lung cancer-ChahaensevEowkevkeErmi 4Bti ons i
dose targen tissues, artifacts ttnidsuscueed by

coatgmts demonkitg&arte€ dn Vifewdsi elleyn,si onal magnetic
i magi AMRI)dsPever al advantagesoovedi 4Di €0 hat
andpesrui otri sssoufet contrast, t hus make it part

abdomi nal i magi ng.
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Fig@relll ust+Cdat inont i @®fn 4Dt efact. The 1 mage

interpol ati on

art efngctandmias siomg i gt a)y tierd atcl

in the diaphragm region above the I|liver. TI

in the diaphragm regi ¢fVeaheved&bGabeljveaola]
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1.3F o wdri me nsMaogmeelt i ¢ ResoO

1. 3CUrrent Si4tBMRBRE i on f or

I n recent decades, MR has drawn 1increa:
radi ati g M®hhedagy van dempaddreed et o 20T 4)t he t
i maging modal ity in radiati onhatsheauaspeyr or t
advantagesupaerciaoadi agd vari,masi cgoifzing ssacei
hazarfduncti onal and mol ecul ar i maging abil
retaill me i magi . Tdheaskei Ipirtoyp,erdtices enabbltd MRId t o
tumorous tissues, provide <clear di stincti
treat men¢(DirreisponBauster mansGur& eVian dye c aWRely el
been used routinely to aamsdstréeammentanded
assesismernadiMRIh ehraasp ya. lefslor bteleen atsusneosrs mmeontti oonf
using cine iIimage. However, this seqgquence cée
pl ahler ef MRéo,r d4Despiratory whochelcathed r dRIi d
mov e ment information in 3D, has great pot «
Unfortunately, t heMRI itsecnhoni oqaumemse racviaaill adD e
scandnueer t o various techkeircadlheyemnsd,s . lvsidmhieao e
researchers have pr opoMREn dh usteew eoruasl noeft htohdesn
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promising results on both volunteer and pa:

1. 3.2 AcquisitiewRIStrategies for 4D

Several reconsBavedeteoeam omeviRI 6 djssome D dathie
reconstruction methods can be grboawspad i nt
reconstructionsmeecdhodase®) r 8Oorkstructi on

reconstruction met hods.

The-MMRD i mages can be mehedptiema goegys afcaqrui a
respiratory phases and sl i ce I-boacsaetd osnosr tuisn g
met hods were studied by several groups and

prospectreconstruction methods and retrospe

Prospective reconstruction methods wuse re
respiratory amgMRIIt udnag et acguiide t4Dn. Compa

reconst r udcst,i otnh emeptrhoos pecti ve reconstruction

determined conditions which makes it | es s
However, the preselection of respiratory a
bef ore the uiesilt iiomagpera oo . I n that case,

di fference of patientds breathing pattern c

stages, the acquisition time wil!/| be prolo
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this techrnolaolg.y . .mpalHwplotbteawscdeeh t ri ggering syst
triggers at preselected wespghtHuphgrCyarammleirts
Low, Par i k h, & o wweuvt e ric,r,  tf2hQ de@Qhsnei dgeudes speci al
modi fiimaMkReac aanedwalfFe®istanage ggeirn ntgheiyrst MR
S canvaer adsjousttheadd mul ti pl e i mages, rather t
in different.l bradetdvdi nginphtasessnenl e comput e
al so made ntaad kehwdw cthhecan show the i mage ac
patient r e sdpuirri antgo ptagcanmykd li en,Pup et i ad . devel o
prospecti ve i ggeMRltdumidot oc olr atthoarty ussteast er essppl
(RSS) to i mprove(Duie@tgeallhre,g -MRMIDiplrJod rocyo | ca

of femeiThti ng for better tumor visualizatio

Retospective reconstruction methods acquit

respiratory signal t beeasdgd &2Dmel tapvpesotislyg
respiratory phases wusing internal or exter
donengusfiast MR sequences including -spoil ed

state free precessi on s e gdueevneclaospg.eed-Fo o S B & @ tmip \
4 DMR1 t ec hmogtuleugoogn pphRevmmenr t | Biederer, Loh!
& Hart mammey2du® €gdxs lerr mead g h al for motion moi

2D fast | v qareqgilcee svacst applied in the study
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mmwi 10 mm sl i cHo wehviecrk netshse.i r study has an
t heir moti on wuaosn idteariivregd sfirgonmalt he .Tphisst on r o
str athewgyc@a®wihy be apupraine & uthg ect s. pYomp oSiealbent
a retr oshNRIcttieveethMiOda eirseevdi g atpo-dee 5l meeét atona

fdarhe respiratofyosi §nalb e e KThhackyc ¢aicoauli.r,e d2 0t Oh7e
MRl mages idn rsdadietpthaalne resbl us’iamm it helsB8ice
thi ckn&smm.i sTHBey havne aalltseort npatoieyg etdn &at dat a
adi fferenitnt erclag awend wi tThhi rsa vtiegcahtnoirq ufer ahnaess
l imitations including the demand for sequert
due to the additiCanaltnavi gateore!| iiR@gesa. r et
t echwhauwerd i amalgasseudr r 0 g ant ees f iomoatttid®sayi , Chang,

Wan g, eqals,S & Aigp f2asfviei ght/eWt steadyee

precession (TrueFl SP/ FIESTA) MR sequence wa
t hat t he -MRIo ptoesceldniddpue can accurately measu
cancer patriroemt $ ewdsn hehxaanmiR lenmdmage of a | i ve
patient acquired usHiIngduHhtelwiessr emet lmd d hiosu gshh d van

gradient echo asndatkRalfareced retceeadyw/odih sSseque.

wei ghted respectively, -whssche haovmrt riamsstuf é v
gadol inium contrast agents. To provide bet
novreelsdurlitven phase sorting method, which se
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from redundant i magMRBl fwwtehe glhhe dh¥.e qluieth,oe . 4
Yi n, Czito, BasThwe i, g h& -EQauithiae 2 0 laSkchpph eti t i on
turbecshpi f HASTE/ SSFSE)was gahpppieeddyge guledce
a frame -3 at eanoefs/ % . Al so, thdet wee@tda ed t h
compl eteness and associ ateesdhifraadtoarys pihracslewsd

numbaearmaay$ilnigcseesda me b emh aosie n@gaagei si ti on.
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Figar eAn examRlle ionffageD f or a I|-CWVeaf ctame ega me
patient is shown in the first row (a), the
(b)), aBVRIt hemage i s showd. i Mande Caist Wanwg,(
Czito, Bashir, & Yin, 2014)

(c)
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I n order to apply 4D MRI tospabeohbhdseedr .

acquisition methe€&dmpareed tdeveaDopmed.ui sitio

acquisition provides i sottopicevoxael osi 5&
Ber get al . pr oporsaedi aal 3pDh agscel-Ddeesnead i gat iwon h
4 MR | mefTheg. achieved 1.75 mm i sotropic

mi n u(tBeuse.r guegrh,, @iong, SchaeStfetnekre, ds&veftlr ogele.@, 2
a3 D r adtroaldt asrtsa ctkr ans we rtda |ld aavd @zMR Enie t i dal

f oirmagganmgc(r ftasmkens Brtewdr ,et20d15) devel oped
coronalomckMmli smdtihod for abdomen har2d 1t hmomr a
i sotropic voxel si ze( Kvi tBr duemi Hawes € 3,6 XS0k
because the regenheshobhyti me3DT®qubssition,
i's uswmalulfyicient for radiAdtspogoltdhiege dplye ap@
ti me compared to 2D acquipsultsieo ns ergeugeun cree sd ems

angr epgstocessing technivgwsst iton.deal with int

Besi des t he reconstruction met hods me n |

reconstruct i @lnisoed shtoidga tweed .e

2D-shace based reconstruction methods have
Tokuda et al. proposed anmaldaippli & eg @tDi MR wi

anmavi gat or (eTcohkou dian eZfChOa8l.nav i2@&@®BOr echo t e
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used to monitor thteimespgurangr yw <siygmael Tihme
wadi viidneedo pbwaeedihies padceetwdsorted according
respir atTohrey cpohigyfl eetxhi sptecéni qeappt sicrdit r en't

t he frioodiderodpy.

Anot herf onreMBD dac qiug sifragso6n 3D MR odbdq@uences
vol umetrimrc -t ien@adg eesatli meMRID) . Thuamlclhsweved by
applyamagl l el i maging amdreche $haHoawggqeegshn
curcemme har dwar e alnidmisto ftthmearab i-MRIt ywittoh ac q
both high tempor al r Evswil wdti dodme oarnadl i rmeasgoel ugtui
r eail meeMRHD i s gr ealtheire It ahtainvted nysolrang resol ut i
i nsufft saimaltet ypi cal hhiunnga véhgicdlber eiadiSusual |y
Generhdndyi mom di mensivanx eddf stitleMR It 4yipe rcearl at e d
using fast 3ils pMR osxei gnuadtreal eye Xa mpl. ea p pDliinekde | e
a 3D-rteismd ved echo sharedcgmbdneng pahall el
with view sharingst(uldRIiEeAd motsieqmuemateit @aon of
the patient wit.oDidmla@lhr aelghnea ttiecmppoérDaSfy r es ol
TREAT s ewauwsernt et40 s andze heasdoltd@dd @urii n
thetudy. Bluassceldalslt ¢t | 2] echo wi ti{EPdpPho pl an

4 DMRIgener(aBliaocnk al | Bheyal agchi20vwWebd an acqui s
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ms/ frame, but the i mage qualityYunans eitn sauf.f i
proposed a -MBl umast migc f 4Bt 3D volhuoded ri c i
examination (VIBE) pul se sequence which cat
56 sl iceyuainn 8Wang, Zhou,Th@huerncd? é¢& étlu ,2 .270 1
mmspati al resolution, but it i's stildl no
appli ©Oadrlahitnsepadi al &da mdargeese mpdt wemé 4D

MRIlal ong with the fact that motion artifact
investigatfiaem i nsadakbedeodh t hSrapy adppleiseat icd
have proposed differéemabgsetigaGkgeégbot mi ngipr
def or mabrd egiisnargaet i on wi t h hiHdweqvuearl,i tfyu rrtehfe
studies areawiadateaetedet Di déolri trya doifa tti hoens et hte

applications.

l4Magneti c Resonar

1. 4.1 I ntroduction of Magnetic Resonance Fi

Recentl vy, g utaencthinti agtuiev eh aMRIdr awn i ncreasi |
magnetic resonancéMbipgempghneDag) e MRBRance
compil ati onTahMAGIa@)m, eandalmagn2@1¢) resonar

tomographyldomai niSITAERB br i z z i e Amoanlg. , t h2e0sle8 )
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guantitative techniques, MR F has been I n
i ntroductaisors hibwgai @ et dhl i, k@0d&8nventiona
MRF all ows for the simultaneous gquantifica
(TandxrTel axateson gltemmBon y (PD), static ma g |

i nhomogeneityj)efifn ca eqitna@lce,uitsiima on.
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Proton Density (PD)

Fi gubAen exampl e 0ff aMRFPDMamepsal ., 2013)
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MRF technique involves three steps: si gt
ti ssue prope(fRayndva satFloaarmamgie@ B Qui si ti on, i
keeping all measurement parameters constan
repetition time -$d&de eampl tnget (TE¢ct &r i es

are varied simultaneoustl ysiigonaMRFs etnos i mha kvee t

ti ssue types. These varied transient si gl
fingelripkkeg n$i gnal evolution curves that ca
dictionary of signal ti me wedeusrtsaebsl iwshhiecdh Bclao
equatbomeva etFoal .i,maz@10f)or mati on, it t ake

approach wherein each voxel 6s sidginati eval y
to identify thdhkeesvemalt thwogkéhbobwyof MRF

i Fi glte
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Sequence parameters

AENAYNAVN

S

Series of
varying FA

FA

&

Dictionary

Image number

2 )
Seriesof E ||l
varying TR E

Simulated signal
mtensny (a.u.)

My W i /“
L M Mh

Image number

Image number

B) w’:‘ sequence
Excitation /\\4 FA FA FA,
pulses f U A NEE A _____A
TR TR TR

Slice selection /—\ ,I_\ : ,i\ ,L\ ,L r—

gradients U U U U U T U U-"""U U

Readout —-— \ [ -

7

Trajectory = @ { )
{‘;\(;/ 4

Undersampled images
C)

—— CSF —— FAT —— White Matter Gray Matter
E) Matching
I Mh 'w \ “\u 'fll'nuu
F) '

Voxel fingerprint

Image number

Current Opinion in Biomedical Engineering

FigbieTohweer al |

vari ed FA and

di aphragm and

wor kfl owFiodurMRFA aschqouwss i a i oex

TR wused for the MRF acqui si

the rotating trajectory. Fi

acquired in diftéeesti mMmiRatEdgdietbDonary fo
Figure E is the pattern matching between t
for a specific voxel Figure F is the sign
t hebt aMREdDd muaittt mmapafter t he mat ching and

proddeasnnda et

al .,

2017)

41



't has been demonstrated that the matchi
even with highly (dand8&8r 9admpluéed datt a i n the
hi gh acceleration factor (tloi aboe euts eal .i,n 2 Ohle:
al ., Thel&)roperty associated witho tthhee best
corresponding voxel. I n the original MRF a
To, oB andM@&@Det &h. mo2e@l3dpeMRF thasstnu dpiressv,ed t o
abl emeasurenot ipgwipsegitn op arrdfi nYuoeit raddi,o 201 7)
fequency transmit if(jBeulodniinnchoonmoge n& iSaywi (abk ,
al ., RdmMmobdAynami ¢ r dlCatredt gmo pdr taile s, 2014;
2016; Poul ieonfd*€eRi ager, 2Dilmmer, Zapp, Weinga

Study have sHewnvéethagudrRfFiriTaPD,veetma.p)s Have

accuracy and repeatability with average co
ancdval uBsoni ncontri et al ., 2019; Buoninco
201ma et al ., 2013; Rieger et al., 2017)

1. 4.2 Current Application of MRF

The MR F derived map g athad/re f dreerdi d qnvessit

characterizati on, i ma g i-unpg, bpiroonganroksetrisc,at p & in
management, therapeutic(Masetssament 20186t he'
al ., 2017; WaThhge seet dalf.f,er2@17)applications
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outcomes and researchers are paying incre:

Currently, the application of MRF focuses
al . used MRaFnddrerpsvetdo Tdi fferentiate gl i oma
showad significantaiwyd> dTaflfueer ebet wleen gl i om

me t a s(tBaasdevse. e tOtahle.r, a2p@i7 femacilmmse tracking c
related to age, diagnosing di(@kades, | YKk,e &
Roger s, 2015; Y. Chen et al.,MRMP1®as Lalavo e
been used in cardiovascular imaging to pr o
i nj(uf.y.Li u, Hamilton, RajHHaogwevwad rang ar&d iSeed bMR
still challenging bAnattbherofpphecaardhnaof mi
i magi ng. Recent publ i shed workc bmapses wit hal
apparent diffusion coefficient (ADC) maps t
in the periphe(rfal &.onYeu TDdite iparl ors,é £210et.5) s howe
meanp &And ADC values are all significantly
nor mal pr oasst asthedvitng GBe@endi catusg @bt MRFI aln
prostate tumorThefappkentattoonof MRF in ab
dr awn i ncr e asghnegnlt y atlt eanptpiloine.d t he MRF t o
di stinguish |Iiver metastatic adenocarcinom
in 6 patient(sy.wiCthle n2 @&Gh egedii.dyrd2 @ ESbjpdmai ned

MRF parametric maps showed significant dif
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parencRgsmaar cher s h aMRF atl s o miagprpd M esdc ul ar

measur.enthrti sten et al . proposetdhea Inleovo dMRF
oxygenattowmnsameman yvesedlr al a dilChw.d satmednu re¢ . a
201%he i mpl ementati on of MRF i n measur i neg
pot enhteilapl liyn b diaaignn odsiisse aasnddsi@nawmlagekneinet al i n
could also benefit from MRF techniqgues to
i mplQGlnoto.s et al . have sarRleasys fMIRH yt op roovpeorsceodr
Bifield inhomogeneityg i mpQlamdls bleG MRF .h,op2ad

framework has also been applied to perfusi
Spin | abel ing MRF technique to simultanec
parameters i n one Mocydo ypadthet adt w od howedk re amea

resul t s.
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Fi gb2Aen e x amRIfearodmet of cp mayp sRitgeurcean’c eirs. t he
weighted axial -y/Radempgestateachngkr patier
maps. Figure TCanadnMRFA»aps tadepleet whetg. arr o
indicates the position of prostate cancer

pr osttiastseu e .
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Il n suriRdc gmeasur e t i sgsuuaen tp nvoapt dirvieidaeys sf act
accuracy and repeatftalgdt ¢ ryd n aldhlies crdaercehtned | o0 g
t i sdsiufef er,é¢ miniga tpiaa# p & f iofliblp wscan comparison
di fferent centaenmeld f ect it Vv ene $ p@a hens I irseen t
properties of MRF makesi magi mgtiemttniaguiampg | |
has no 1 magi ng -tdiossseu ea ncdo ntt ir plRCtTs ccfatmp an ¢ d ctawm
provide multiple contrast and quantitative

the | i mitati onsMRIf conventional 4 D

2. Research Aims andObjectives

2 1 Research Gaps

Tumor delineation and motion quantificat

abdomiwmdr margin for the planning of rad

presaricptuilad | ead-dbeer adi aeiab nrdhaysvek risns uteu noorr .
A | arge margin is wusually applied in trad
account for the uncertainties in tumor del

't is therebhoremetmpdsatiove prleci se tumor

guantification be developed so that the ma
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coul d béDWRliagy eal. potenti al candi date becaus

contrast and thaeiladaclnofc@®@imema lzbdenigto 14iDmi t ed

l ow efficiency, anfét emkcoms, stPamut semont &kasT

Theref€mfad -HBI are subopti mal for abdomi

moti on qQuAnhewiapproach that can accuratel.y

motion in an efficient, e f fOavanti inWg&R R Goa n d

uni que features of-pdraasmet rsiicmul q @aretoiutsa tmuv e

hol ds great promises in oveiMKRdémi mgpcoimnsi st e

tumor contrast and inadeqgquate spatiotempor .

2. 2 Resec¢

I n thjswetadwm to investigate feasibil
for radi ot he and mwestigate differertt acuisitiom schemes for Fime

Resolved MRF (TRMRF). To our best knowledge, this

2. 3 Researe

Objective 1: To inv&ERFgadieng hedi dietasli bp h an ty

Objective 2: To develop an optiMRIFzed pract.
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Objective 3: To test -MRFE ttealnibgue toyn ol umanm

3. Materials and Methods

31Di gi t al Human Phant om

Extended ocadmndi( XCAa )hipdhlainy odea cay | nreudmenrhiod eel
dynapghant om medi cal iwaasg iunsge dr dfsedr&MiRifhs, st udy
si mul(aGaiionet al ., 2011& Yaili ®2,01%i;n,Se@laers,,
Mendonca, Gri mABs, eXamplbie, XEBATOpkiagwltBoen i s st
Three types of XCAT i mages were generat ec
correspi@am@regaXati on times TeaeHlHlp&FctChehyetrs
al ., 2016 a; Chow et dlhe, maklZnumHely@apér agm
amplitude of twaes XEAM tptoe2awawmbdal (CC) dir e
andd. 2 AmRdI me At ihgm.ott threwiritch di amet er of 3. (
embedded icrenltiewe xoefl otfshie¢ @GATwiamagdge 7 mm i sotr
The phant om was usleatr thor enad vhe migis paart d &g my wp d rf
of#h. @naln i rregul ar b rreeastphiirnagtodpes@yvtpad¢hrmiaoma t h a
rate2osm As a r ADNCAT woltomatrot I mages were

breathing cycl e
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Fi guBen example of male (left) and female (
Thenuscl es, skel eton, or gansg atainodn gsl yasntdesm

di sp( S¢gdrs et al ., 2010)
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Tabll eadndvdl ues for different organs

Organs T/ ms To/ ms
Li ver 750 34
Renal medul | 1600 81
Renal cortex1200 76
Spl een 1300 61
Muscl e 1050 39
Fa t 250 68

Tu mor 1700 42
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32Si mul at i-MRF oAc glu

ThBMRFacqui sition wietclovany i owbsattatoe efdr ese e
precessi ¢diaegyueMae adiej] b&r Gr cveavo IGdi] mw10&dt56€ d
using the extended( Wehiagseel Rg Ralplistdjrelggd mairt h m.
br eat ha s gsFhi oguurfAgi naB),d u¢ MR acqui sition were
A variabl e-igpncuatl yr sg@d o watlad g @ij ®ictt ioosry wii ndow
msanalccel erath®wadd avcsed. =The trajectory was
angl e “aff t222 eadhedWodoa@nges from 300 ms to
10 ms to 6266 ms respectiFviegiyb eilmn tthoet adi, c t8i:
di fferent c oanmbdvndltuieosn saroef sTi mul ated in the
Figaben example of mat ched signal evol uti o
mat ched simul ated iw:i gdniaclt | ewnmak g i @8h schuorwne |
pseudor alAowdrzieald from Ovbhoi 60 fHegogmedad &aond:
showhi gingd €) andmpbBP)y of(0)dyd@mMO¢snumber of r €
()= 10 (acquired aftenh seeonNdbE0Were¢y malmdieds X
end of one repetiofi écmeameéxt he obagdgi bavc hegpr s

MRF bl 0 adk naafmi tcsi swgered by different respir
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Breathing Amplitude /cm

Breathing Amplitude /cm @
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T1 Ranges in Dictionary

T2 Ranges in Dictionary
7000

6000

a0
o
o
o
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T2 Values/ms
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FigbbseTl and T2 rangeTilnvaheeMBEAOdm:st it oo ar

6178 mMs2 val uel Or amsg e f6r2c6mM ms .
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MRF Signal Evolution Dictionary

0 200 400 600 800 1000

Time Points
Figu6eSignal evolution curve siqandatled for
values in the dictionary.
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Matched Evolution Curve
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Figlu?7 eAn

exampl e of

matchedcorgeabeadohgt i
mat ched simul ated dighabnawwpyl uti on

curve il
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33Retr ospecReicvoen sM

The dynamic images of nMFgdhoasbmi etdi MR Fp o

snapshoaotesr efmngmonl y di ffer i nsepagnain cohteant
the presence of motion. I snapadotwoondst heh
in the same | ocation but rather snapshots

Asush, the conventiahgo¢Babéent owilalrly @n1IZohn gneg

wor kwapmtoduce pparaomegruisc

Consi derirnegs ptilrémiet sorbye of t he di gwiet aclanphant
rebspectively identify the respiratory phac:c
Upon defining the number of bins in a resp

into a given respiratory bin can be detern

sapshots wil/| be wused for the estimati on
respiraboeybhéi habdomhatl organs are consta
MRF acquisition, the number of MRF snapsho

parametfraac gmagsn respiratory bin resolution
t he number of a c MRIFr eadc qadiy rs.aNniineed d it iroocrka |
repetwetidomsqui red to ensure that sufficien

wi tdginven r es poiurbagt oarcyGubiimdbdwai n t he MR paran
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or all respiratorylbi e, peirdtoironear ysmatgc hil
hat fall within thdahber MKs panm daariced a in lees gmiarmp &
rom using respiratory25bbion 40e sroelsutiircant or & n

orrespondi2mtgo t4H0 adbmmd e cpusthiovies SMRADME&I @A a

dynamics for subsequwente cdkivatl iuar ardy. ratrc hbion

rregular breathing, al | MRF data was retr
sing the phase sorting meoposedThet ooepat

econstructi éemgiuB8ei |l lustrated in
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340r dering of Time Points

Unl i ke traditional static MRF acquisitio

prdefi nedTBMRIR hoer denr of ti me dpiosirndpse eaticogui r e

t heamrgoltn ommrrder to investigate whether thi
reconstructed i mage qual it yshutfwo es ctehnea rai cogst
signal evolution cdeVvened gihgnaolr devolouft i oI
di ct imantachyi ng st ep; 2) perform dictionary

acquired signal evoisituif dFoir o @ rhvees ew it twhoo unte t ahrx
di ctionarsyhuifsf | ®ldsorr ekept t heAns aerkea nppelre tohfe
acquiredlestgaoanal cehed f Aed sBEgnal evolution

Figlb9e
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35Data Suffi ciTRMRY

| n orsdtewudyt ot he i nfluence of the number o
mat ching on the i mage quahdt g mwaMRE eldnfafgeerse na
number of time points ranging fr oAhslo,,000 t
t he relbeativwenesthitphe number of ti me points a
repetitions WBMRF megesti gveatred.si mul ated and
di fferent number of MRF FepaBetfiroeoms 1( wiot hl
repetitions with simulating of each repeti

repetitions needed for practice.

As the number of MRF r epetwiitlilonse ianccgrudg a s

However, some time points wild.@ be the repe
ot her words, they wil!]l have the same acqui
as shdowmg@iblen this wor k, t wo methods were

repeated time points: 1) del eting the repe

curve and only preserving the ngi ractqui sme i
par amernee geat ; mé) h&keepi ng all the repeated
evol ut i(one pcevartvedh enert ehloat)i onshi p between t he

in the final signal evolutibobnmeuhwod aoduii
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number of MRF repetitions walsRMRfundaigeeds usi n

generated using these two methods were al s
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MRF 1000 data points

Repeated MRF data points

Fig2@elllustration of Trhep eatde d rMRK ed a taan dp d
bracket are acquisitions from different MRI
bracket is the repeatedampdartthede acatua rpedi rvl

same&anning parameters.
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36Di fferent Acqui BRMRiF

Il n order to study dihfrfeeer edntf faea geuwits inteit cdhro d:
to gehRMRaIFt magess shdwmaidett) ggered acqui siti
variable del ay between MRF repetitions to &
respiraticomtgmasoaus acqui sition wit3h)out del
contubus acquisition with 5 s@dadmdsuddliay eme
was investigated using tAfteer dgERMRIFehit n@cq
i mages wusing diffferemtt mentalyedg,ual i ties i nd

compared among three different methods.
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tric
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37Number of ResgfiorraMR¥

The number of respi-IREorgc phatsresc tuisem Wwioll
the available time poi ntlsn iowr deeac ht op hsa sued yf ot
of number of respiratory phases used for r
d vided into 5~20 phases of téae dcdamen dturr att @
i Fi gRRPeThe resul tferdo MMRIF fifreragegens number of

were analyzed.
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3.8l ma@greal y JIRMRBSF mu |

The fidelity of the dynamic MR parametric
TRMRFmet hod was sienglatbdstoeldut e viad wiesmet i i gnal
( SNRumoaontaklsol ut @ dinf fmeon e maeu meomp Icietnut ke, o f
(COMPcadriroomr, i n the amplitudendft dmarp hw algum

error).( TTvwe ADM is defined as:

I $ - prmb

wher e 1Mwtainadn Maxdcheorne t he maxi mum di aphragm r
bet weredii ohal(aEtQloa nadn do f g XENOeEl) a tackoars uo m MR

parametric maps and the digital phant om, r

460/d)édc')d'Q WEaoanQ -
0 TU Th
WEAOOTQ P

wher e AMwmkannde Voplxogrmee t he contoured tumor vol
MRparametric maps and the digital phant om,
contoured from MR parametric maps and di gi
bet ween EOHhaend uBm®F. COM | ocation was <calc

contours aredd twhdem ddmpdmumor COM | ocation m
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The absaonldwtdd ules, DMAE and TVE preaansduoee d fr o

consider ed afsl Ilgomeda ssutraenndeanrtds wW&SMDe expr essed

39Vol unx @

Three wWebhuUbbhgers were recruited to test
met hod. MRI was performed using 3.0 Tesl a h
Heal t hcaclkgnmelt hh&8ad coiResfpoirr astiogrnyalb erletc ewat
record t hée bvroelautnhtienegM$SH grnead o nfedtre uUBR g Wwins i t i o
matrix = 256 x 256, i mageslhiecol uhiAdkhnesd .4
i maging parameters were th2 @anamé¢ has atclgaus & i c
schemer wggeuiedi taicon with variable del ay bet

the next acquisition to start at different

4. Results

Fowi mensi owmaas u cMReFs s f ulalnyd stiensutleadt eadn v ol un

and the results are shown bel ow

41X CAT Phant om

The XCAT phahteom PD maps were successful
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simulation. An axnadpd s off o rX CAITF fTer ent phas

Figa®deRi ghAdreespectivel y.
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Phase1l Phase2 Phase3 Phase4  Phase5 Phase6 Phase7 Phase8 Phase9 Phase10 T1/ms
[12000

1000

Fi g3 eAn examphmapd X&RAdr dted FoguMBFAsi Byl

and C are the axial, coronal, and sagittal
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Phasel Phase2 Phase3 Phase4 Phase5 Phase6 Phase7 Phase8 Phase9 Phase10 T2/ms
1200

100

Fi g4 eAn exdOpTl-mrbwd generated FoguMBFAsi Byl

and C are the axial, coronal, and sagittal
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42T RMRFSi mul ati on with Diffel

Exampl es iahoM&BpFs Treconstructed using dif
points aFegabfdnvBVEISTDme as urienda fdsnc ofme wWoOr s e a:¢
ti me points decr ea Na%a2nNT7%,h &7 W2 nNRERa, s ar e
2 NB.932 Ne1%,4 \r.99 a oM %6f.or 1000, 900, 800, 70
and 300 ti me mesi rsthst wgepe dTtVelfv&@DPmpe as ur e d
i nnmRpgs more unpredict ab\B &h7a.NFdYE8 NE.%Hh umber s
5 N&%,1 N8 .%71 NB6%,1 5A70%3 &2 @M %% floo00, 900, 800,
600, 500, 400, and 3@@8 fsihmevngpdBien tisutr eispec
consi stent cwintttroatsit e e@ MRmMeracs u(r e mentTads eshown
2ThADM immafgs conmnsnitstd eMt0D0 ti me pwiitnh st iama t
poi nts andarteh e0 2PN PG 5%,6 907 9O a .d% 1f or
1000, 900, 800, 700, 600, 50a0s, ssh®®ONguamd 300
2 6. TAhDeM iqmaps shows an increasing trend
reconstruction decr B0a%4a .Né 9l ROh%G2 MNR2%pb er s ar e
3 .\ %32 NB9%,6 .N& .01 @5\ .%% for 1000, 900, 800, 70«
and 300 stirnees peexitatveeMg2®@&@he tumoris@GOoOMsin T

an increasing trend as time points wused forl

73



0 .N2.%1 0 .N2.9%2 0 .N2.%1 0 .N21%, 0 .N2 .%1 0 .NB8%, 0 NB.%2 and

o7\t %3 f or 1000, 900, 800, 700, 600,as500, 40
showhi ghE#dhe tumors@OMsi mnTincreasing tren
used for reconstructi onRNod%lo B &30eNBa%®d t he n
0 .N34%,0 N3 .941 Nb.9%32 NBb.%%6 6&ni.%l for 1000,6000, 800,
500, 400, and 300 atsi meh bpv@irgtas vSeNe® ptewcmarv el y
SNR ntdu mMONR nnmRBpshow a decreaspogntseddcweabi
Li vSeNR t umoarntd@M&NMR nomlapsshonw trend with ti me
The meadbns ol ut er etme@mabs ol ut er er ume &n a n d

absol uter esrthrooveran i ncreasi ngletcrrermdcgheaviwthh | tei |
me dalpabsol ut@er elrrwer shows no trenedswirteld t i n

SNR, CNR, and mean absadd et e error are show
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TP1000 TP900 TP800 TP600 T1/ms
& SRR, o 2N Fé LB 4 SR 2000

T2/ms

Fi ghbeA) Exampridudsatcfdnayisi Mg di fferent ti me
1000 to 100 time ponuhtas ed{aBARSFEXN @ mepil efsemod nts

points from 1000 to 100 time points.
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Tumor volume error

Tumor volume error
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error IS®af itshda hmeasur e mermner &&D MFS gairfeu rCc tainan L
ti me pomaps AmPTST r eshieguri ev el & udnokF &£rOaM t

| ocatiasn eaerfrwncmei opnanoafps ammpET respectively

77



Tab2lemage quality index for different time points

Ti me Points

Qual ity index 1000 90 0 80 0 70 0 60 O 50 0 40 0 30 0
Li ver 1SNR T 9.64 9.065 8.0 4 7.0 4 4.0 3 5.8 3 3.6 2 4.0 2
Li ver 2SNR T 152p8B 139129. 49 .544 53.592 25.201 48.268 14015/ (182187. 3

Tumor SNR 10. 8. 6 9. 8. 7 7. 80. 6 7. 60. 6 7. 20. 7 7. 30. 7 6. 20. 8 7. 60. 8

Tumor SNR 291569 282.55. 231.6. 272 .66. 398 .104.480.98. 900 .1838 .11 6 1 1525 .

Tumor L£NR 6. Sng 6.0 4 5 9. 5 5.0 4 5. 80. 6 5. 70. 6 4. 80. 6 5. 80. 6

4 4 4 o

Tumor £NR 1. 4003 070 1 -1.06.5 -2 2.6 -4.31 -3.67 0 2. 1 0. 10. 1

Li vevalTue diff8. 04 8.068.4 23.05 16 .02 @ 0.2 15.01. 933.10. 4 56.05 7

Li vevalTue di ffl2.0® p® 0. 783.04

TumoivaTue di f 18.06 6 22.08. 6 40.07. 4 8 .09.

2

78.18. 0 84.04 9 53.04. 953.06. 8 53.09. 8
9 8301.4 95.175 14138 193394
2

w ©O© O -

TumoxwaTue dif 11.08 13.04. 817 .11 16 .16 34.01l. 8 35.04 660.05 4 61.08. 4
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43Ti me Points DanderSiudnd i &nTeRMKR Y

TRMRH mages were simulated using the two

No difference wahse-MPRInidmageasvegaeandrmwaot ed uUsS

di fferent ordering method.

The i nvest ingarnbiecrn nneff pohepgrempemrt met hod a
repemdteided s hbiwg2aiFeor t-hepeanh met hod, the nurt

points and the number of MRIFkea epel@attii®omshis

average, awcepredt6@0 meompoints can be acquir
For the repeat method, the number of ti me
showed a | inear r©®hataavemslgiep aseopeerape 4O énde 1

ponts can be acquiredrFiwidttdeh olids eMR Fe | rad p eotnisth
bet ween the number of time poiath bhtgaeided

in the figure represent one simulation and

79



ndi

Ciudsw &lo wi

ng

and

t

he

number

t

he

r el

at

onshi

p

fod r nVvbRhFe preeapt eatmdttilnoengse at e d

respectkEaech ycur ve

Fi

gur e

BeamdebDaigedtlcur ve

A B
1000
900 G
0 7] 7
8 ] I
3 £ 800 ;
a '8 //
g g 700t 7
F F ’
S 3 600 /
o Q
® 2 /
s S 500
z z
5 S 400
o o
Fe L /
E § a0f /
z z /
200} /
0 100
0 10 20 30 40 50 60 0 10 20 30 40 60
c Number of MRF Repetitions D Number of MRF Repetitions
7000 6000
,///
6000
- » 5000
< k= /
& 5000 c P
() o /
o e 4000 ?
F = /,
© 4000 ° /
2 -]
b @ 3000 ;
3 3 /
3000 ©
s s /
% 2000 3 2000 + /
£ E /
= = A
e 2
e 1000
0 ] :
0 10 20 30 40 50 60 0 10 20 30 40 60
Number of MRF Repetitions Number of MRF Repetitions
FighfDeata sufficiency study¥igsamdACwer @i f f e

represents

80

one

bet ween th
me t
simulati on
C resp:

from A and



1000

900 [

800 |

700 |

600 [

500 [

400 -

300 |
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FigRaBeThe relationship betweenusiheg nmober
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repeated meariod ia:ndt hédrenwymb e #r egpfe attiende npeatihnotc

81



TRMRHA mage qualitynomepaeaaemantdsr elpeat met
15 number of MRF rEpgh@ &i @@ $Feoarr ee aschlo wmu mne r
of MRF repetition, 200 MRF i mages were sir
were measur ed. I n the figures bel ow, red c
simul ations and each DbIlRcr dmods tr etpg etseend emeom
i's no significant di ffer enTchee vieeetawd e n |ti hvee rt,
t umper ceanntcbvidal ue err oFi g8 e hgWhlTehien f i gur es
only show the percent error from 0O to 100%
MRF repetiti onTshegaald efirorto rbse ssheoewn .a decr easir
number of MRF repetitions increase, as exp
stays r el &INIRveaneywy samameanmhmades | i ver and tun
showhi g el g33Tdhe SNR increase as the numbe
incréeamer CNRNandst me aasnuck iefmeqds i aar eT s hown
Fi gBdeaEi g8 5 especlthieveluymorii R eisni hicreases
number of MRF repetitionsiiimgreesasea.crBlaeseetsu
number of MRF repetititays isnambé @safftiemrstd a
The tumori QdRes ni fcreases first, then decr ¢
number of MRF repetitionsiimagesasecr Easesu
number of MRF repetihteinomsd aiyrscrsd adbd ef iaf sterai

This is probably becamagethse Semen bebdrt vas
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| arge variation i n smaillll niumdreega od tMRFE aempt

val ue.
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All T2 Error / %

Non Repeated data point

Repeated data point
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Liver T1 SNR

Liver T2 SNR
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Tumor T1 SNR

Tumor T2 SNR
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Non Repeated data point B
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44T RMRFSi mul at Reguwiat hand | r

TheafdmdpslOodspiratory phases$ akaan@ he pres
and r 8gulDlarbr(eat hi ngi g8 &ehsshmobwpn oifn 10 respir.
phases in the presence O0Fi g&nmeTghud sag dlrteait mi
from ourTRMRd&peotsteadd acr oss t hrFea g 3Ate@€nes ar e
and thaote gold stagdardl Rippbbaly@hdemesasur ed
motion trajectories in CC andEAPamdT rreeduloars
breatMi mg e( sFhogwBnéTeh en aver age aebsiomumet idorf
amplitude are 0.3 N 0.7 mm and 0.3 N 0.6
respevely. The ADM are 4.1% N 0.9% and 3.5
breathing, respectively. The TVE are 1.6%

regul ar breathing, respectively.

I n the presence of Dfregedm@d@dsbr ebht hengar i
7.\ 0.7 and t4urBoiN ®.B,amahd2. 7 N 1.4; The tu
angmaps are 1.7 N 0. 21 ynrdeRgourl3a rN bOr.ela,t hri ensgp, e
of tareaermapgsor | i vNOr. 3aradodowemaosr NDO 54 afid 3. 7
2.1. The t umoranaondtprsa 0 edlfl affibde 10T 3r espect i V¢

The i mage quality assesisamamdapst WXEAT isrirneuglt
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and regul ar breafahBlfegei MREummgui gedi on on )
motion was used as baseline and the resul t ¢

i mab3l e
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Tab3dlemage quality assessmengmaps X@AT hsi mul a

irregular and regul ar breathing.

Irregul ar Regul ar b Basel

~

Li veINRT 7.\ 0. 7 9.\ 0. 3 10. 3

Ti-ma N
TumoiSESNR 6.N 1. 9 10N40. 5 10 . 7
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\]
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[EEN
|_\
\]

Tumoi€Comt 1. 7

LivearrTor13.5 N 7.10.3 N 3.7 6%

Z
N
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w
62
62
Z

TumoterTr o 37. 1 1817 . 7

Li veSNRT 4.8 N 0.€6.5 N 0.26.6
To-ma

Tumo2SNR 2.7 N 1.43.7 N 2.14 5

TumoComt 0.3 N 0.10.3 N O0.10 3

Livearrfor8. 6 N 3.€7.0 N 2.86.6 ¢

TumoserTro11.3 N 1810.5 N 154 7 ¢
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reconstructierd tihhe mp rIXeCsAdanme afre g eBaanla ¢ (
breat hi mgpbasheel white | ines are added to
the respiratory mottiiom. tlolalj kedteroptsidahmeoo ft utmlo e
CC and AP dir eE)t iameg uF)oarb rréeagnudla annd rr (€ ¢h

maps ofphtalBMRIFO Thesdeinmelas ursé mamMR R n d
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X
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A5TRMRFSiIi mul ati on with Diff

TRMRH mages were simulated 100 times for
using three diffeDanht asacufdqbdisi ermomndachege sva
and rtelsasl t s aFriegBBEaAa@wh [ nne in the figure i:¢
from 100 simulations f orTheeacMRF urnmebpeert iotfi oMRs
from 1 to 60, correspomdlsigcstmd a2s2a@8nmi nme e
| #Fi gB88Be the rewaenobhbbhi pulmpteranted nome poir
the number of MRF repetitions wusing fixed
di fferent MRF repegBBeponbeiseksabwoanshinp us
and Os gaps, corresponding t oNot hsa gtnh rfa ec amn

di fference was found among different acqui
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After the investigatfenewnt idmaage sgaaliciy
measured and compar eudsiargonlg ttoh rlebeT M&EFh ermese
overall aatdubki eer ofisanldimdegrs, SMR di 1t uimor SNR
maps from trigger ebe eoempoad eids tsoi ¢ rhief ioct ahretrl
(pbval ue < 0.05) . The other i mage quality i
bet ween t hehotdr iagngde rtehde -guoetph emre tthwaod sf.i xAd d I ma
indexes exhibit nopval gei f>i0c &rbt) dieft fwereern cteh
met hodss enwiotnhds @cnodn dss del ay. The i mage qual.i
results &igld2®owdi2iewwhere the | inealrepresent

and the error bar represents standard devi
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