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Introduction

wedil imging is n importnt omponent in the inresing (eld of linil diE gnostisF sn PHIHD (ve illion imging investigtions were performed ID wherey twoEthirds were exeuted with ionizing rdition tehniquesD like EryD omputer tomogrphy @gAD positron emission tomogrphy @iA nd singleEphoton emission omputed tomogrphy @igAF ith the inresing trend on deteting illnesses in n erly stgeD ontinuous sreening nd regulr ontrol of therpy e'etsD nonE ionizing imging methods eome more importntF ine its eginnings in the IWUHsD mgneti resonne imging @wsA developed to powerful nd )exile imging modlity without the ompromise of exposing the ptient to ionizing rditionF sts (eld of pplition rehes from ner dignosis in onologyD ntomy nd ptholE ogy of orgns or joints in gstrointestinlD musuloskeletl or neuroEimging up to imging hemodynmi responses in the rin @funtionl wsA or metoli develE opment in ells @multiEnuler imgingAF hue to its good imge ontrst on soft tissue nd liquidD rdi mgneti resonne imging @gwD wsA hs eome n estlished imging tehnique for dignosing rdiovsulr disesesF gw provides informtion out the struture of the rdiovsulr systemD the funtion of the hertD perfusion of the myord or lood )ow in the hert nd the vessels with high resolution nd )exile imging plne orienttionF he imge quisition proess in ws is sed on the exittion of hydrogen nulei nd the signl detetion during the relxtion proessF his proess requires ertin temporl period to generte n imge nd ssumes sptilly stti ojet during tht timeF rene motion is mjor prolem in wsD resulting in imge distortions E so lled 4rtifts4 E up to level where linil dignosti is impossileF tient motion is reported to e the min use for repeted exmintions in linil prtie PD resulting in institutionl ost inreses of pproximtely 6IISDHHH per ws snner per yer QF ith further development of wsD iming higher imge resolutionD the sensitivity ginst motion inreses ordinglyF ody vrious pprohes exist to solve the prolem of motionD whih n e lssi(ed into methods whih 4freeze4 the tul motion stte @fst imging tehniquesAD methods whih prevent motion @demoiliztionA nd methods whih orret for the imge distortions @motion orretion tehniquesAF es no gold stndrd solution existsD the pplition of these methods depends on the imging regionD ptient ompline nd type of imgingF sn gw the physiologil tivity of the hert nd the rething motion hs to e ddressed in the imge quisitionF his requires n dditionl e'ort in ptient preprtion nd experiened personnelF sn order to synhronize the imge quisiE tion with the hert etD eletrordiogrm @igqA signl is quired simultneouslyF frething motion is either minimized y rethEhold ommnds or y respirtory gtingF he respirtory motion informtion is typilly reorded from pneumti elt pled on the ptient9s hestF he positioning of these sensors is ritil for xxiii signl reliility nd requires dditionl ptient preprtion timeF purthermore pE tient ompline is neessry throughout the QH to RS minute rdi exmintionF rowever the lustrophoi sitution inside the ws tunnel ould led to nxiety espeilly in very young or old ptients or in ptients with ute rdiologi disesesF fy pling dditionl sensors @igqD pneumti eltAD the imging oil nd er proE tetionD the ptient disomfort is further inresedD resulting in dditionl motion or inility for rethEholdF sn this thesis the utiliztion of the imging oil s relileD sensorEless physiE ologi motion sensor for gw is investigtedF his ould redue the preprtion time nd ptient disomfort nd ould deliver dditionl informtion esides the igq nd respirtory motionF fy mesuring the impedne of the oilD informE tion out the smple in lose proximity to the oil n e quiredF gontinuous impedne vritions due to respirtory motion were reported in IWVT RF his theE sis further investigtes this e'et for simultneous respirtory nd rdiophysiologi motion reording s motion soure for retrospetive motion orretionF snEvivo studies on the irdge ody oil nd on surfe oils were performedF por the ltter lso eletromgneti simultion were onduted nd ompred with the mesured vluesF he mesured impedne vrition of the oil ws nlyzed with regrds to stteEofEtheErt sensorsD volumetri mesurements from ws imges nd physiologi simultion resultsF pinlly lso multiEhnnel motion quisition on phsedErry oil ws performedD to nlyze the loding hnge e'et on four hnnels onurE rentlyF st n e shown tht sensorEless nd onttEless motion quisition with the imging oil is promising motion reording tehnique for gw imgingF his thesis ws relized in ollortion of the vortoire d9smgerie edpE ttiveD hignosti et snterventionnelle @sehsA in xnyD prne nd qi qlol eE serh iurope @qgA in wunihD qermnyF sn this ollortionD dt quisition system @4eig4A originlly designed t sehsD ws further developed nd ws deE ployed t qgF Outlook of this thesis rt yne gives the reder some supporting kgroundF Chapter 1 desries the fundmentl physis of ws nd highlights the prolem of motion nd urrent soE lutionsF ws imging of the hert with respet to the motion prolem is explined in more detilF Chapter 2 is dedited to rdio frequeny @pA tehnology in wsF everl oils nd their design re overed s well s informtion out eletromgE neti simultionsD p mesurement tehniques nd the ehvior of iologil tissue on eletromgneti wvesF ine this thesis ws relized in ollortion of the sehs lortory in xnyD prne nd qi qlol eserh iurope in wunihD qerE mny oth working environments nd their speilties re ddressed in Chapter 3F purthermore the methodil kground on hrdE nd softwre for the experiments is lso desriedF he reserh experiments nd results re explined in rt woF Chapter 4 deE sries the omprison etween numeril eletromgneti simultion nd l enh experiments of single loop oil on the humn hestF he lod hnge e'et on ws oils ws investigted inEvivo on volume nd surfe oils in severl experiE mentsF he investigtion of irdge oil impedne on motion indued lod hnges nd its utiliztion for motion orretion n e found in Chapter 5F hese reE sults were presented in two poster presenttion t the wotion gorretion orkshop of the snterntionl oiety of wgneti esonne in wediine @swwA PHIR in romsøD xorwy uudielk et lFD PHIRD uudielk et lFD PHIRF yne mesurement tehnique whih is desried in this hpterD ws lso pplied for ptent nd puE lished in PHIT uudielk et lFD PHITF he nlysis of irdge oils is followed y the study of single loop oils in Chapter 6D in whih vrious regions on the ody were investigted for rdiovsulr motion omponents in)uening the oils9 impedneF elso dt of multiEhnnel pproh for motion quisition with phseErry oil is shownF wo volunteers studies re desried in this hpterD wheres the results of one study were presented in n orl presenttion t the PQrd ennul weeting of the sww in orontoD yntrioD gnd in PHIS uudielk et lFD PHISF pindings of the seond study were sumitted s full pper to the journl 4siii rnstions in fiomedil ingineering4 @siii fwiA in wy PHIT uudielk et lFD PHITF rt hree disusses the results of this workD shows the dvntges nd limittions of the investigted motion detetion method nd provides n outlook for produt implementtion nd linil usge in the futureF es this thesis ws onduted durE ing the employment s eserh ientist t qi qlol eserhD ontriution to projets prtly eyond the sope of this thesis ws mdeD suh s mteril siene uudielk et lFD PHISD optil motion detetion uudielk et lFD PHIS nd rE di imging fustin et lFD PHITF

Part

I

Fundamentals and Methods

1

Magnetic resonance imaging (MRI) and the problem of motion he priniples of nuler mgneti resonne were deteted y urell S nd floh T in IWRTF his disovery llowed the spetrosopi investigtion of mteril nd is used in hemistry even todyF vuterur U nd wns(eld V developed sptil enoding on the nuler mgneti resonne @xwA signl nd founded xw imging or mgneti resonne imging @wsAF por the (rst timeD method ws provided tht ould generte tomogrphi imges of the humn ody without the use of ionizing rditionF his hd signi(nt impt on medil dignosisD nd vuterur nd wns(eld were wrded the xoel rize in hysiology or wediine in PHHQF sn this hpterD short theoretil kground of xw nd the sptil enoding to n ws imge re given @etion IFIAF he hrdwre of ws systems is explined in etion IFPF purthermoreD the in)uene of motion on the ws signl is ddressed in etion IFQF trtegies to void or orret for motionEdistorted imges re introduedD with fous on vrious motionEtrking tehniques @etion IFRFRAF sn dditionD the ntomy nd physiology of rething orgnsD the hertD nd the lood irultionD s well s their in)uene on ws imging re explined in etion IFQFPD nd spei( solutions for motion orretion in rdi mgneti resonne imging @gwA re ddressed @etion IFRFSAF st must e mentioned tht the nomenlture for the prmeter -→ B hs een simE pli(ed in the wsEommunity nd is physilly inorretF he term 4mgneti (eld4 hs eome ommonly epted desription of BD though it desries rther the 4mgneti )ux density4 with the unit of nuleus is the most relevnt for ws imgingF por the 1 r nuleusD the gyromgneti rtio is de(ned s γ( 1 r) = 42.58 wrz -1 F yn pplying n externl mgneti (eld f 0 D the proton ligns in PsCI possile orienttions to this mgneti (eldF his lignment is de(ned y mgneti quntum numer mD whih is ma± 1 2 for the 1 r nuleusF he energy of eh individul orienttion in mgneti (eld is de(ned y the eemn e'et s E = -γ mB 0 @IFPA nd with the mgneti quntum numer for hydrogenD energy di'erene etween the two possile orienttions n e lulted s

∆E = 1 2 -- 1 2 ω 0 = ω 0 @IFQA
where ω 0 is the vrmor frequeny

ω 0 = γB 0 .
@IFRA he rtio of the popultion to the di'erent energy levels is desried y the foltzE mnn distriution

N N = exp ∆E B T @IFSA
where x nd x re the numer of spins oriented prllel nd ntiEprllel to the mgneti (eldD k B is the foltzmnn onstnt nd the tempertureF ine the energy di'erene ∆i is smll ompred to the therml energy k B D only smll exess of spins in the prllel orienttion n e detetedF he spin exess i depends on the min mgneti (eld f 0 nd presried s

SE N ω 0 2 B T . @IFTA
por temperture aQIH u @ a QTFVS • gA nd mgneti (eld of f 0 aQ the spin exess is WFVU ppm of the totl numer of spins x in the volumeF his frtion of protons ontriutes to the net mgnetiztion nd therefore to the xw signlF he typil min mgneti (eld strength in ws rehes from HFP to U nd higher in xwF por omprisonD the mgneti (eld strength of the erth is t RHE UHµF sn prtiseD the mrosopi mgnetiztion M 0 is mesured in xwD whih re)ets the sum of mgneti moments in smple ndD heneD the prllel spin exessF

M 0 = N µ ≈ Nγ 2 2 B 0 4 B T @IFUA
he mgnetiztion vetor is not totlly ligned to the the min mgneti (eldD ut preesses round its xisF he potentil energy level of the mgnetiztion M 0 in mgneti (eld is then given y

E = -M 0 B 0 = -| M|| B 0 | cos α @IFVA
nd depends on the ngle α etween the mgnetiztion nd the mgneti (eld @pig IFIAF he trnsverse omponent M of M 0 with osillting voltge in imging oils oriented perpendiulr to the min mgneti (eld f 0 F his voltge holds the imge signl nd deys exponentilly E the so lled free indution dey @pshAE during the relxtion proessD s explined in the next setionF

Excitation and Relaxation of nuclear spins

Excitation sn the equilirium stte the indued voltge in iqF IFIH is very smll euse M 0 M nd α → 0F sn order to detet resonle signlD M 0 needs to e tipped towrds the xEy plneD whih is hieved y rotting mgneti (eld f 1 perpendiulr to the min mgneti (eld f 0 F his exittion (eld is generted y n rdio frequeny @pA pulse in resonne with the vrmor frequeny ω 0 nd results in )ip ngle

α = τ 0 γ B 1 ( ) @IFIIA ( )
with τ eing the pulse durtion of the pplied p exittion pulseF e omplete rottion of M 0 into the trnsverse plne is hieved y n π/2 pulse or )ip ngle α = 90 • F imilrly πEpulse or n IVH • )ip ngle rottes the mgnetiztion in the negtive zEplneF sn ws pulse sequenesD typillyD )ip ngles of α = [1 • 90 • ] re usedF sn the spin eho pulse sequene n α = 180 • )ip ngle is pplied for spin rephsingF Relaxation huring p energy supplyD the mgnetiztion vetor hnges its lignment with reE spet to the min mgneti (eldF fy swithing the p pulse o'D the spins egin to emit the sored energy nd the mgnetiztion reverts to the therml equilirium stteF his timeEdependent evolution of the mrosopi mgnetiztion M is lled relxtion nd hs een desried (rst y floh s

∂ M ∂ = γ M( ) × B( ) -R [ M( ) -M 0 ] @IFIPA
where R denotes s the relxtion mtrixF

R =     1/T 2 0 0 0 1/T 2 0 0 0 1/T 1     @IFIQA
he omponents of R re lled relxtion rtesF 1 Erelxtion is the energy loss of spins to the surrounding environment or lttieD lso lled spinElttie relxtionF st desries the relxtion of the longitudinl omponent M of the mgnetiztion M to the mgnetiztion t therml equilirium w 0 y

M ( ) = M 0 * 1 - -T 1 @IFIRA
2 Erelxtion desries the loss of phse oherene of the spins in the xyEplneD used y intertions etween spinsF herefore T 2 Erelxtion is lso lled spinE spin relxtionF hese losses e'et the trnsverse mgnetiztion w xy y

M ( ) = M 0 * -T 2 @IFISA
1 nd 2 relxtion times refer to out TQ7 nd QU7 of the mgnetiztion dey respetivelyF hey re unique for every tissue type nd depend on the min mgneti (eld f 0 F pigF IFP visulizes the di'erene etween the relxtion times of grey mtter nd musle tissue t QF smperfetions in the f 0 homogeneityD suseptiility hnges on tissue orders or externl e'ets on the mgneti (eld @eFgF implntsA use destrutive interferene etween the vrious mgnetiztion vetorsD resulting in fster 2 deyF ell these e'ets re summed up in 9 2 time nd the resultnt fster totl dey 2 * n e lulted from

T * 2 = 1 T 2 + 1 T 2 -1
@IFITA rowever 9 2 e'ets on stti ojets re onstnt over time nd llow reversl y reE phsing methods like spin ehoF hepending on the eho time i on when the signl 

( ) = γ(B 0 + G ) = γ(B 0 + G + G + G ). @IFIUA
he timeEdependent xwEsignl mplitude @tA depends now on the spin density of the volume ρ nd its sptil vrmor frequeny ω 0 ( )

t position F S( ) = ρ( ) γ G . @IFIVA ( )
his eqution desries pourier trnsformtionF fy introduing the reiprol spe vetor D = γ G 2π @IFIWA nd y inserting in iqution IFIVD the signl eomes

S( ) = ρ( ) 2π @IFPHA
nd y tking the reverse trnsform we get the spin density ρ ρ( ) = S( ) -2π . @IFPIA he pplition of mgneti (eld grdients di'erentites etween 4slie seletionD4 4phse enodingD4 nd 4frequeny enodingF4 he slieEseletion grdient pplied during the p pulse exites spins in spei( re rther thn in the entire sujetF his proedure is lled seletive exittionD in ontrst to nonEseletive exittion without pplying the grdientF he width of this reD or slie thiknessD is de(ned y the ndwidth of the p pulse nd the slope of the slieEseletion grdientF sn grtesin quisition sheme oth the phseE nd frequenyEenoding grdiE ents re pplied prior to nd during signl smpling respetivelyF hese grdients impress spei( frequeny nd phse on the spins ording to their sptil position in the exited slieF he signl reeived y the imging oil n desried s

S(

) = ρ( ) ( + ) @IFPPA where nd re the oordintes in the kEspe dominF desries the freE queny enoding nd is determined y frequeny enoding grdient strength G D the smpling or dwellEtime nd the index of N frequeny enoding steps with

= [-N 2 N 2 ]X = γG ( ) 2π @IFPQA
por phse enoding is determined y the durtion of the phse enoding grdient strength G D whih vries for every phse enoding step

= γ( G ) 2π @IFPRA
por eh enoding step D the psh provides one line in the kEspe of N smple points @pigF IFQAF efter N itertions with repetition time D full Ph grtesin grid is smpled nd n imge of the spin density ρ(

) n e reonstruted y Ph pourier trnsformtionF his redEout tehnique is lled grtesin redEoutF yther nonEgrtesin methods exist E eFgF rdil or spirl smpling E whih typilly redue the totl sn time nd re utilized in fst imging sequenesF Signal detection sn IP the signl indued in the oil y the smple mgnetiztion t ny point in spe is diretly proportionl to the f 1 (eld tht would e generted in the sme 

U S ( ) = - ∂ ∂ ( B 1 • ) @IFPSA
his importnt reltionship is lled the priniple of reiproityF he indued signl of smple volume n e derived from the mgneti (elds B 1 of ll points in the volume nd the trnsverse mgnetiztion M in these points 

U S ( ) = - ∂ ∂ ( B 1 ( ) • M ( )) V . @IFPTA

Gradient coil Main magnet

Figure 1.4 Schematic of a MRI system. green: Gradient sub-system, red: RF sub-system, blue: magnet he shemti of n ws system is shown in pigure IFRF he min omponents re nested into eh other nd re pled inside p shielded roomF he mgnet is the supporting strutureD generting the min mgneti (eldF snside the mgnet sit the grdient oils nd the ody xGx oilF snside the ws tunnel @or inside the ody oilAD the ptient is pled with dedited surfe oilF he omponents nd their ontrol eletronis re explined more in detil in the next prgrphsF

The MRI magnet he mgnet produes strongD stti nd homogeneous mgneti (eld f 0 with mgneti (eld strength of I to Q in linil systems nd up to U nd higher in reserhF he homogeneity is djusted either y tive shim oils produing orretive (elds or pssively y pling smll ferromgneti pltes long the (eld diretionF e homogeneity of <R ppm over SHH mm re is typilly hieved y the shimmingF wodern ws mgnets re superonduting mgnets nd use the property of superonduting mterils of zero resistne t tempertures ner the solute zero or H uF he imprinted urrent during the rmping proess is irulting inde(nitely s long s the mgnet winding is su0iently ooledF he mgnet oil windings re pled inside liquid helium with temperture of R uF es this sustne is voltile nd di0ult to produeD reyling mehnisms re in ple to redue the helium oilEo'F sn se of n emergenyD the mgneti (eld would need to e shutE o' immeditelyF his is performed y the so lled 4quenh4D where the helium is ompletely relesed through quenh pipeF he windings re no longer ooled nd the mgnet (eld reks downF yther mgneti designs eFgF open mgnets re eletromgnets or permnent mgE netsD however with lower mgneti (eld of eFgF HFQS @pigF IFSAF (a) GE 1.5T 450w MRI system (b) GE 0.35T Ovation MRI system The gradient system he grdient oils produe liner mgneti (eld vritions of out SH mGm in ll three sptil xisD whih superimpose the f 0 (eldF his llows the sptil enoding y frequeny nd phse vrition of the spin signlF hepending on the imge plne orienttionD the oils re driven either s slieEseletive grdientD frequenyEenoding grdient or phseEenoding grdientF he timing of the tivtion nd the pulse shpe is de(ned y the pulse genertion unitF efter the onversion to n nlog wveform y digitlEtoEnlog onverter @hegAD the signl is mpli(ed individully on eh xisD wheres the mpli(er performne de(nes the slew rte of the systemF

The RF system he p system omprises of trnsmitter pthD the trnsmitting oilD the reeive oil nd reeiver pthF he trnsmitter signl @xA genertes n lternting f 1 (eld in the trnsmit oilD whih rottes the mgnetiztion vetor of the protons towrds the xyEplneF he pulse genertor de(nes the pulse shpeD durtion nd ndwidth of the exittion pulseD whih is modulted to the vrmor frequeny y the frequeny synthesizerF e heg onverts the p signl into nlog wveformD whih is routed to the p mpli(er nd to the trnsmit oilF he p mpli(er output rting is typilly out QH k in ody mode nd R k in hed modeF por sfety ssurneD the p mpli(er ompres the trnsmitted power with the re)eted power from the oil y diretionl ouplers inside the mpli(erF his mesurement detets trnsmit

( )
oil mlfuntions nd is used to lulte the e0ient e vlue during the imging snF imilrly the reeive signl @xA is demodulted to the smpling frequeny of the nlogEtoEdigitl onverter @ehgAF yn modern ws systemsD ehgs with smpling rtes of IHH wrz nd more llow diret smpling nd do not need preeding demodE ultionF he reeive signl of view millivolts however needs to e mpli(ed (rst y n lowEnoise preEmpli(er to enhne the signl y out PH df nd redue noise nd mthing lossesF he nlog prt of the p system hs system impedne of SHΩ nd eh omponent hs to mth to this system impedne for optimized signl or power trnsferF rts whih re not shown in the shemti re the trnsmitEreeive or GEswith nd hyrid splitter on xGx ody oilF he GEswith onnets the oil to the dedited pth during the pulse sequeneD when the oil is used in oth modes E in trnsmit nd reeive modeF he hyrid splitter divide the p signl into two pth @n s hnnel nd hnnelA with WH • phse shift to hieve qudrture driveF p oils re n essentil prt of the ws systemF hey re explined in detil in etion PFIFRF

Motion in MRI

he sequentil enoding priniple of wsD nd the time etween the exittion of spins nd the quisition of imge dtD result in higher vulnerility to motionF tient motion n e split into two tegoriesX ulk ody motion @voluntry or involuntryA nd physiologil motionF en ws exm n lst up to RS minutesD during whih the ptient hs to lie still inside the ws oreF oluntry movements to more omfortle positions n our fter ertin periodF glustrophoi or generl fer in nonEomplint or dernged ptients nd hildren typilly result in voluntry ptient motionF snvoluntry moE tion n e the relxtion of the ody during snningD swllowingD sneezingD wining when flling sleep or eing strtled y grdient noiseD s well s periodi movements used y neurologil diseses like hed tremorF hysiologil motion is generted y suonsious musle ontrtionF his n e the rething motion of the diE phrgm nd lungsD hert motion nd lood )ow or peristlti motion of the owelF wovements during ws imge genertion degrde the imge qulityF he e'et of interEview @etween di'erent phse enoding stepsA nd intrEview motion @etween p exittion nd quisitionA during n imging sequene is explined further in etion IFQFIF purther e'ets of motion on the f 0 (eld re lso explined thereinF en overview of motion prevention nd orretion methods is given in etion IFRF ine this work foused on rdi ws imgingD the physiology of the hertD lood )owD nd respirtion is ddressed in etion IFQFPF

Image artifacts caused by motion

he type of motion nd the time of ourrene in the ws pulse sequene deterE mine the motion degrdtion in the imgeF sn etion IFID the evolution of the 1 r nulei mgnetiztion fter exittion nd sptil enoding is desried for the se of stti ojetsF wotionD howeverD uses hnge of the spins9 imprinted phse or frequeny informtionD whih results in di'erent kEspe informtion ndD heneD difE ferent imge informtionF yne n distinguish etween intrEviewD interEview motion or throughEplne motionD depending on when during the pulse sequene the spin mE nipultion y motion tkes pleF sn dditionD lol mgneti (eld inhomogeneities our y position hnges of tissueD known s suseptiility e'etsF Intra-View motion wotion tht ours during the i time is lled intrEview motionF et the frequenyE enoding grdient tivtionD spins with the sme phse enoding re smpledF gonE tinuously moving spins experiene phse hnge during this redEout grdient nd rtifts our in the imge s rod phse distriutionF hue to the typilly short durtion etween p exittion nd the imge quisition of few miroseonds to milliseondsD only rpid motionD suh s lood )owD 'ets the imgeF reneD these e'ets need to e tken into ount prtiulrly in rdiovsulr imgingD s they led to signl loss used y spin dephsingF

( )
Inter-View motion sf motion ppers in etween sequene repetitions or etween two phseEenoding stepsD the phse informtion eomes inonsistent from one kEspe line to the otherF ine typil times rnge from milliseonds to seondsD the motion of slower veloity s physiologil or ptient motionD n hve n in)uene on the imgeF sn rin imgingD rigid hed motionD like trnsltion nd rottionD is the min soure of motion rtifts IQF he e'et on the kEspe is well understood nd reported in IR nd ISF e position hnge of n ojet from position @xDyA y distne @d x Dd y A uses liner phse shift in kEspeF ottions of tht ojet of the ngle θ results in rottion t the sme ngle in kEspeF hese ehviors re typil properties of the pourier trnsform nd re lso known s pourier shift theorem @iqF IFPUA nd pourier rottion theorem @iqF IFPVA respetivelyD with f@xDyA s the position in spe nd p@k Dk A its pourier trnsform in kEspe

( ( - -)) = F ( ) -2π( + ) @IFPUA
( ( cos θsin θ sin θ + cos θ)) = F ( cos θsin θ sin θ + cos θ) @IFPVA red tremor or respirtory motion re typilly periodi movementsF he e'et of periodi motion on kEspe ws desried y ood etF l in IT nd IUF he periodi motion ws nlyzed y the onvolution of the point spred funtion @pA of motion to the phse enoding of imge dtF flurring ours with wide nd pD wheres ghosting is used y frequent osilltions nd pplies s multiple opies of the imge long the phseEenoding diretionF pigure IFT gives n exmple of these e'ets in rdi imgeF Through-plane motion fesides these inEplne kEspe e'etsD motion n lso led to throughEplne disE tortionsF his is the se when the ojet moves not in prllel to the imging plne ut through itF he mismth etween the spin exition nd redEout uses signl voids nd geometri distortions in temporl susequent imgesF hroughE plne motion plys role prtiulrly in rdi imging sine the hert performs omplex Qh deformtion during the rdi yle @see etion IFQFPA nd moves through spei(ed Ph imge plneF ispeilly in quntittive rdioEphysiologi mesurementsD throughEplne motion ould led to n overestimtion of endEsystoli ventriulr volumes IVF Susceptibility effects he min f 0 (eld is modi(ed y the mgneti suseptiility of the vrious tissue types nd interfes with di'erent suseptiility nd geometril propertiesF es the ptient moves inside the f 0 (eldD these lol suseptiility hnges vry with the motionF iven imge quisition of distnt ody prts like the rinD n e 'eted y mgneti suseptiility vritions from respirtory motion IWF sn)uenes re reported lso on rest imging PHD spinl ord imging PI nd spetrosopy PPD PQF ith higher mgneti (eld strengthD the e'et inresesD s suseptiility vritions result in higher mgneti (eld ltertions nd thus in more pronouned imge rtiftsF

Physiological motion in Cardiac MRI

he hest re holds vrious soures of physiologil motion with di'erent motion veloitiesD whih hllenges ws in this reF sn rdi imgingD re needs to e tken for respirtory motionD hert motionD nd fst lood )owF sn the followingD these motion types nd its orresponding ntomy re explined furtherF

Respiratory motion

he periodi volume hnge of the lung is hieved y the movement of the diE phrgm nd the ontrtion of the interostl muslesF he diphrgm ounts for US7 of the respirtory movement nd pushes dominl orgns like the liverD kidneys or owel in the superiorEinferior diretion on inspirtionF he interostl musles lift the ri ge in n nteriorEposterior diretion nd inrese the dimeter of the hestF his lso uses superiorEinferior shiftD deformtion of the hert nd hene IT7 nd IR7 vrition of the leftE nd rightEventriulr rossEsetionl res respetively PRF sn this pulitionD vritions of the lood )ow in the ortD pulmonry rteryD nd veinsD used y the inspirtion nd expirtion hest motionD re shown s wellF he motion frequeny for rething t rest is typilly in the rnge of HFI rz to HFR rzF he verge rething volume or tidl volume t rest is etween SHHEUSH ml PS ut the totl lung pity is SDHHH mlF frething physiology vries etween ptients nd during the imging exmD eFgF when the ptient flls sleepF rimry dominl rething with the min diE phrgm motion n hnge to hestEfoused rething with mjor ontriution of ( ) the interostl muslesF sn pigF IFUD the signl of pneumti elt t the hest nd t the domen is ompred etween two volunteersF yne volunteer lerly shows primry hest rething with diphrgm motion outEofEphseD while oth elts re in syn for the other volunteer with primry dominl respirtionF es reported in etion IFRD vrious methods n e used for respirtory motion quisitionF he positioning of the motion sensor @eFgF nvigtorD mrkerD proeA hs to ddress this di'erent rething physiology nd is ritil for signl reliilityF Anatomy of the heart he humn hert musle sits ehind the sternumD slightly o'Eenter with its tip E the pex E pointing towrd the left @pigF IFVAF st is divided into four hmersF he upper left nd right tri reeive lood from the lrger vein vessels @superior nd inferior ven vA nd the pulmonry veins respetivelyF he lower right ventrile forwrds the deoxygented lood vi the pulmonry rteries to the lungsF he oxyE gented lood is then pumped y the left ventrile into the ort nd the rteril irultion systemF pour vlves ontrol the lood )ow etween the triD the venE trilesD nd the rteriesF hey work s oneEwy outlets nd re loted in the sl plneF he myordil musle performs omplex movement while ontrtingF he left ventriulr @vA movement during systole is desried in three omponents PTD PUX longitudinl shortening of the sl plne towrd the pexD ounterlokwise rdil ontrtionD nd rottion of the pex reltive to the seF he right ventrile @A shows primrily longitudinl ontrtion with n element of rdil ontrtion towrd the pexF Electrical activity and temporal phases he mehnil ontrtion of the musle ours y eletril tivtion of the musle itselfF he eletri potentil hnge n e mesured y n eletrordiogrphy @igqA reording on the hest surfe @pigFIFVAF he hert performs etween SH nd VH ontrtions per minute @or ets per minute pmA t rest nd up to IVH to PHH pm under stressF his orresponds to motion frequeny of HFVQ rz to QFQQ rzF he hert yle n e split into two phses E the systole nd the distoleF sn the systoli phseD the tri nd the ventriles ontrt suessively nd push the lood volume in the lung or the rteril irultion systemF he igq represents this tivtion in the intervl @tri tivtionA nd the omplex @ventrile ontrtionAF he systoli phse lsts etween PUH ms @t TS pmA nd ITH ms @t PHH pmA PSF sn the distoleD the hert musle relxes nd lood )ows from the tri into the vesselsF eout UH7 of the lood volume )ows pssively into the ventrilesD while the rest is pushed in the erly systoli phse y tril ontrtionF his phse lsts SQH ms nd IRH ms respetivelyD nd is represented in the igq y the nd segmentsF huring the endEdistoli phseD the hert motion is t its minimumF por highEresolution gwD this period is the preferred stte for imge quisitionF

Volumetric parameters

Figure 1.9 Wiggers Diagram of cardiophysiologic pressure and ow he verge stroke volume @A E the lood volume pumped out with every hertE et E is etween UH ml PS nd IHH ml PV per ventrile t restD whih sums up to n verge rdi output of SFH lGminF he temporl vrition of the ventriulr volE ume is illustrted in the iggers digrm @pigF IFWAF et eginning of the systoleD the endEdistoli volume @ihA is inresed y the tril ontrtionF efter the Epek of the igqD the volume stys onstnt during the isovolumetri phse nd dereses rpidly with the opening of the orti nd pulmonry vlvesF he endEsystoli volE ume @iA is the remining lood volume in the fully ontrted ventrileF huring distoleD the ventrile (lls up with lood gin to the ihF he verge vlues of he lood volume pumped out of the hert nd into the irultion system uilds up pressure wve in the rteries tht eomes plple s the pulseF he lrge pressure of IPH mmrg is ttenuted to RH mmrg nd onverted into ontinuous lood strem y the elstiity of the ort @pigF IFWD eorti pressureAF he pulse shpe shows noth in the delining grdientD lled the diroti nothF st is used y the losing of the orti vlve nd leds to seondry pressure inreseF es the pulse wve prolongs through the odyD it tkes ertin trnsit time @pulse trnsit time A until it rrives in the peripherl rteriesF he rtery dimeter dereses from the ody enter to the peripheryF es resultD the pressure nd the veloity of the pulse wve inrese @pigF IFIHAF ypil pulse wve veloity @A vlues re R mGs for the ortD V mGs for lrger vesselsD nd IT mGs for smller vessels PSF is the gold stndrd method to evlute rteril sti'nessD whih is n inditor for rdiovsulr risk PWF st is typilly mesured y externl pressure sensors nd with pourier veloity ws tehniques QHF ( )

Motion artifact reduction and correction

rious tehniques re urrently ville in reserh nd prtie to void or orE ret for motionEorrupted ws imge dtF ine there is no goldEstndrd solutionD omintion of these vrious methods ould e used to improve imge qulityF he pplition of the di'erent methods n depend on severl prmetersD like the ody region to e imgedD ptient or linil environment nd one hs to use or omine the dequte instrument of the 4motion orretion toolox4F he vrious tehniques n e split into three tegories QIX motion preventionD motionEinsensitive imgingD nd motion orretion nd re explined in the followingF he motion hndling in rdi ws is spei( to the physiologil tivity of the hert nd lungs nd is overed seprtely in setion IFRFSF

Motion prevention

fy motion preventionD methods tht disle the ptient from moving or tht trin the ptient to lie still for extended periods re summrizedF evoiding motion is oviously the est solution for stle imge qulityF pixtion with fom pds nd eltsD wrpping @on infntsA or sedtion @in hildrenA re widely usedF elsoD trining hildren in mok ws system QP or respirtory feedk during the exmintion QQ n redue the motion ourreneF Breath-hold techniques in CMR o void respirtoryEindued motion rtiftsD imge quisition in gw is often performed during endEexpirtory rethEholdsF his requires fst imging sequenes with totl sn time of (ve to PH seondsD nd ptient oopertionF roweverD it hs een shown tht rethEhold tehniques re not fesile for every ptient QR or su'er from insu0ient reproduiility of the rethEhold position QSF sn longer rethE hold periodsD n involuntry drift of the diphrgm n our t the end of the periodD reduing the stility nd reliility on the rethEhold stteD whih ould hve n impt on motionEorretion tehniquesF elile rethEhold nd reproduile orgn position is reported with n tive rething oordintor used in rdioEtherpy QTF he ptient reeives rti(il respirtion from the rething oordintorF elso rethEholds re ontrolled y the systemD whih llows reproduile rethEholds in time nd lung volumeF his provides preditive respirtory motion sttesD lthough it requires ptient eptne nd omplineF

Motion insensitive imaging sequences

sn order to redue the in)uene of motion lredy in the imge quisitionD the user n pply lterntive strtegiesF everging multiple quisitions of n imge n redue ghosting rtiftsD leit with penlty of long sn time nd redued imge resolutionF wpping the phseE nd the frequenyEenoding diretion shift the motion diretion in the less sensitive frequenyEenoding xisD whih ould redue the rtift orD t lestD shift it out of the re of interestF enother method is the usge of sturtion ndsF hese nds sturte the spins in the pplied re nd led to signl void in the quired imgeF wotion ourring in this re will not 'et kEspe propertiesF ith the nlogy to photogrphyD motion e'ets in n imge re redued the shorter the shutter time @or imge quisitionA tkesF wotionEinsensitive imging sequenes im for short imging timesD improved phse enodingD nd redued )ow sensitivityF ynhronizing the w sequene with the ptient motion n e hieved y gting or triggering nd llows imge quisition t the sme motion stteF he vrious methods re listed in the followingF Fast imaging techniques pst redEout tehniques s eho plnr imging QU redue the motion in)ueneF elsoD fst grdient eho @pqiA sequenes with lowEngle exittion QVD stedyE stte tehniques QWD fst spin eho @piA sequenes with ehoEtrin methods RH or single shot sequenes prtilly 4freeze4 the motion stte in the imgeF roweverD this is usully ompnied with ompromise in the signlEtoEnoise rtio @xA nd the imge resolutionF Parallel imaging ith the usge of multiple oil elements nd the preliminry knowledge of the senE sitivity pro(leD kEspe undersmpling is possile RID RPF he sensitivity pro(le is typilly quired in lirtion sn efore the tul imge quisitionF gominE tion of the signl of eh oil element with the sensitivity pro(le llows undersmpled reonstrution nd redues sn time typilly y ftor two to threeF Phase reordering snEplne motion results in ghosting rtifts in the phse enoding diretionF hse reordering is method to redue the e'et of motion y synhronizing the phse enE oding with the respirtory yle RQF he kEspe line quisition t ertin time reltes to the respirtory motion stte t this timeF uh respirtory ompenstion tehniques re preferred over respirtory gtingD due to the signi(nt shorter sn timeF Gradient Moment Nulling qrdient moment nulling is method used to overome intrEview rtifts due to lood )ow RRD RSF gonstnt moving spins experiene phse shift during the tivtion of stndrd ipolr grdientF en dditionl grdient loe refous moving spins nd ompenste for the dephsingF ine stti spins ehve equllyD motion )ow rtifts n e suessfully reduedF yne drwk of grdient moment nulling is the longer sn time used y the pplition of the dditionl grdient loeF Non-Cartesian sampling xonEgrtesin kEspe smpling tehniques s spirl RT or rdil RU re less senE sitive to motion in)ueneD s the spin mgnetiztion hnges re smpled in vrious kEspe positionsF his leds to inonsisteny of the rtift ndD heneD it is less wotionEorretion methods n e distinguished into prospetive @efore nd durE ing dt quisitionA nd retrospetive motionEorretion methods @fter dt quiE sitionA @pigF IFIIAF rospetive tehniques pply dption to the imge quisition nd smpling shemeD ording to seprtely reorded motion dt in relEtimeF hereyD the grdientsD p exittion pulsesD nd reeiver prmeters n e dptedD nd the quisition volume follows the moving ojet RVF ine the imging prmeters re djusted 4on the )yD4 this tehnique is independent of the imging sequene nd only minor hnges for relEtime orretion re neessryF st hs the further dvntge of reduing the spinEhistory e'et of throughEplne motion nd is independent of the imging sequene IQF righ demnds hve to e mde for the motion registrtion prtF he detetion nd resulting orretion prmeters need to e ompleted in very short time reltive to the repetition time nd motion frequenyF rospetive motion is limited to rigid ody motion or liner motion @eFgF respirtionAF gorretion of nonErigid motion is not possile due to the high omputtionl e'ortD the time limittion nd the limited grdient (eld ontrolF sn retrospetive motion orretionD lgorithms reElulte the distorted imges ording to reorded motion informtion fter the snF he postEproessing lE gorithm depends on the linil pplitionF igid motionD for instneD n e orreted y pplying the pourier theorems @iqF IFPU nd iqF IFPVARWF ilsti moE tionD s performed y the hertD requires more omplex reonstrution solutionsF sn the qsg method introdued y ydille et lF SHD imges re reonstruted with motion modelD wherey oth re dpted itertively @see etion QFRFPAF yther solutions for retrospetive orretion re the prtil kEspe dt orretion SI or the itertive kEt dption of rdiEtriggered dt SPF etrospetive orretion methods re typilly omputtionlly intensive nd require ertin time periodF sn Ph imgesD they n lso orret for inEplne motion onlyD whih ould led to residul rtifts fter orretionF

Motion detection techniques

por oth prospetive nd retrospetive motionEorretion tehniquesD motion inE formtion hs to e quired seprtelyF wotion informtion ould e lso inluded in the imge dt itself @imge sed methodsAF he motion dt needs to e nE lyzed in relEtime to djust sn prmeters @prospetive motion orretionA or is reorded nd used in postEproessing @retrospetive motion orretionAF reneD di'erent soures or sensors exist for motion registrtion nd re desried in the followingF Electro-mechanical sensors wehnil ptient surfe motionD suh s the respirtory hest movementD n e ptured y sensors tht trnsform the mehnil motion into n eletril signlF yne stteEofEtheErt solution for monitoring the rething yle is the pplition of pneumti elt @lso lled respirtory eltA (xed on to the hest or domen of the ptient SQF he volume vrition of the hest is re)eted y the tension nd ontrtion of the eltD nd the orresponding pressure hnge n e quired y pressure sensorF enother method with pressure trnsduer deteting the inhle nd exhle )ow is reported SRF en elerometer SS nd piezoEeletri trnsduer ST re reported to deliver motion informtion out the hest nd the hed respetivelyF iletroEmehnil sensors quire the motion diretly t its soure ndD heneD need to e (xed on to the ptientF he positioning of the sensor is ritil for signl stility nd reliilityF Acoustic motion tracking ispeilly for gwD ousti sensors n e used for rdi triggeringF pruenrth etFlF SU developed mirophone system to pture hert tones for rdi triggerE ingF elso doppler ultrsound trnsduers re reported s relile trigger sensors for gw SVD SWF wo )ow wves in the erly nd lte distole re used y the (lling of the ventrilesF foth methods provide diret mehnil motion representtion y the vlveElosing tones or ventriulr lood (llingF roweverD high sensitivity ginst rething motion nd sensor positioning is reportedF purthermore dedited (ltering needs to e pplied to nel out noise of grdient swithingF Optical motion tracking ispeilly in rin imgingD mer systems re used to reord hed motionF he mer trks spei( pttern on mrker whih is (xted on the ptientF here exist inEore THD TI or outEore solutions RVF he ltter hve the dvntge of redued sensitivity to p nd mgneti (eldY howeverD dedited mirror systems re dditionlly neededF tereo mers TPD TQ nd timeEofE)ight mers TRD uudielk et lFD PHIS provide Qh informtion whih llow mrkerEless nd physiE ologil motion trkingF yther optil system n e found in optil (re systems for respirtory gting TS or lser TTF sn generlD optil systems require ler lineEofEsight nd stle mehnil (xE tion @for the mer nd the mrkerA sine grdient virtion or loose mrker movement n flsify the motion dtF snEore systems need speil shielding to withstnd the high p energies nd mgneti (eldsF hue to this tehnil e'ortD suh systems re primrily used in reserhF NMR probes xw proes uilt y pling solenoid oil round smll smple re used to mesure their position reltive to the isoenter y pplying grdient (eldsF hese proes @typilly three or more re usedA re (xed on to the ptient y dedited holdersF e loliztion sn is performed prior to the imge quisition in order to otin the proe position in the grdient (eld y tringultion TU or y position enoding for eh individul proe seprtely TVF his llows rigid ody motion in ll six degrees of freedomF ht is why the method is typilly used for hed ws imgingF he smples of xw proes re mde from di'erent mterils usully doped with some ontrst gentF he xw proes resonte t their mterilEspei( frequeny of 1 r TWD 2 r UH or 19 p UID UPF xonE 1 r proes llow ontinuous grdientE(eld monitoring during stndrd imging sequenes UPF wotion indued grdientE(eld perturtion n e deteted in (rst nd higher ordersF ispeilly in high (eld ws @f 0 bQA the e'et is more prominentF he dditionl proeEmounting devie nd les might inrese ptient disomE fortF roweverD spei( shielding ginst p or mgneti (elds is not neededD s the xw proes utilize these (elds ourring during the imging proess to pture motionF RF field measurements he eletromgneti properties of ody tissue depend on the tissue type nd vry with frequeny @etion PFQAF p wves n distriute through the ody nd re re)eted t the tissue oundries of di'erent dieletri propertiesF wotionEdependent vritions n e deteted y dedited systemsF ltrEwidend @fA rdr ws shown to e n wEomptile motion detetion system in rdi imging UQD URF f rdr typilly provides rod ndwidth of HES qrzY howeverD this needs to e limited for w omptiility @eFgF IES qrzAF fy pling multiple neighoring trnsmit nd reeive units round the odyD the motion long vrious xes n e pturedF espirtory motion ws lso mesured using pikEup oils @gA distriuted long the w ore dimeter USF yriginlly designed for power monitoring in prllelEtrnsmission ws systemsD pikEup oils mesure the urrent of the trnsmit oil during p exittionF hue to oupling e'ets @see etion PFIFQFPAD the power vries with the respirtory hest movementD resulting in n ligned signl in the pikEup oilsF tilizing the ws imging oil itself s motion inditor ws (rst reported y fuikmn UT y ontinuous mesurement of the Evlue of the oilF his thesis further investigtes the e'et on oil loding hngesF eentlyD nother pproh for p oil motion sensing ws reported with the utiliztion of the oil9s noise vrine UUF es therml noise represents the losses resulting from the resistne of the oilD the mesurement of the noise vrine is n inditor for the motionEindued impedne hnge of the oilF hese tehniques provide remote motion detetion orD t lestD no dditionl senE sors @when using the imging oilAF he temporl resolution n e very high @eFgF QFP µs in USAF rowever the mesurement system needs to e pled inside the w ore @fD gA nd might e omplex setupF piltering nd postEproessing tehniques need usully to e ppliedF Navigators xvigtors re integrted preEpulses in the imging sequene pturing the motion efore the imge quisitionF hey reord the motion in every sequene yle in the kEspe in Ih ISD Ph UV nd Qh UWF hepending on the trjetoryD motion dt n e quired in vrious diretions nd degrees of freedomF smgeEspe nvigtors quire lowEresolution VHD VI or ftEseletive imge VP for motion informtionF ith multiple oil elementsD n psh nvigtor n give Ph informtion out the signl hnge in the elements used y ptient motion VQF enilEem nvigtors re widely used in linil prtie to trk the motion of the diphrgmElung order for respirtory gtingF eeptne windows n e de(ned to quire imge dt only in the quietest motion sttesF xvigtors ome long without ny extr hrdwre pled on the ptientD s they re fully integrted in the imging sequeneF roweverD they re not ville on every pulse sequene s they require some time in the pulse sequene nd need to e expliitly progrmmedF es resultD nvigtor sequenes require longer sn times ompred to nonEnvigted sequenesF Image based methods elfEnvigtion methods otin the motion informtion from the w imges itself nd re independent of ny externl sensors or nvigtorsF he diret urrent @hgA or H rzEsignl in the kEspe @t the enter position of the kEspeA ontins the full trnsverse mgnetiztion of the ojet fter p exittionF wotion leds to hnges of the hg signl ndD with repeted smpling of the kEspe enterD motion signl n e quired VRF ypillyD kEspe enter oversmpling further inreses the motionEsmpling rteF reneD rdil redEout tehniques re often usedF his method hs een shown lso for ftEsuppressed rdi gine ws VSD prospetive

( )
motion orretion in rdi imging VTD nd rdi gine imging with utiliztion of multiple oil elements VUF etrospetive imgeEsed motion orretion n e hieved y optilE)ow methE ods VVF ignlEintensity vritions etween following imges were used to quire inEplne motion informtionF his gives high sptil resolution nd the ility to quire nonErigid motion ut ssumes onstnt pixel rightness in the resting stte nd is sensitive to throughEplne motionF smgeEsed methods require no dditionl hrdwre ut need speilized pulse sequenesD whih re typilly longer ompred to stndrd sequenesF epplitions in rdi imging involve (lter to split respirtory nd rdi motion signl from the kEspe hg signlD whih results in (lter delysF

Motion handling in CMR

hue to the omplex motion of the hertD motion hndling needs speil re in gwF fesides fst imging sequenesD the imge quisition n e triggered to spei( motion stteD ut mgneti (eld e'ets need to e tken into ountF smging n lso e gted to respirtion movement if rethEhold tehniques filF Triggering and Gating eriodi physiologil motion llows the usge of sequene triggering nd gting to redue imge rtiftsF smge dt n e either olleted t the sme phse of the motion yle @triggeringA or quired ontinuously nd then reordered retrospeE tively @retrospetive gtingD pigF IFIPAF sn gwD these methods re used to imge the hert t spei( motion stte @rdi triggeredAD pture set of motion sttes @gine imgingA or redue imge rtifts due to rething @respirtory gtE ingAF riggering nd gting requires motion trkingD whih is typilly performed with pneumti elts for respirtory gting nd eletrordiogrphy @igqA for hert motion triggeringF Imaging sequences for cardiac motion capture sn gwD fst sequenes re essentil to quire the imge dt of the ontinuously moving hert with su0ient imge resolutionF uppression tehniques re typE illy used to minimize the ft signlD whih ould msk lowerEintensity feturesD or the lood signl for n inresed ontrst of the myordi wll @lk lood preprtionAF e rdiEspei( pulse sequene is gine imgingD whih reords multiple hert phses with pqi sequenes during rethEhold nd performs retrospetive gtE ing of the dtF his represents movie of the hert motionD nd gives informtion out the rdi funtion nd wll motionF gine imging in omintion with tgging preprtionD llows visul investigtion of the rdi motionF he prepE rtion sheme imprints spin sturtion in form of grid pttern t the eginning of the sequeneF huring the rdi yle the grid lines move ording to the hert musle motionF ith postEproessing tehniquesD the tissue edges n e de(ned mnully or @semiEAutomtillyF he resulting re of eFgF the left ventrile n e omined st is generlly reommended to use n orthogonl vetor led igq on(gurtion tht redues the sensiility ginst the wrh e'etF rious (lter tehniques were developed for more relile Epek detetion WQD WRD WPD WS or to orret for grdientE indued voltge WTF elterntively pulseplethysmogrphy @qA is ville on ws systems nd registers the pulse wveform in the (ngerF his method is not in)uened y the wrh e'etD however it is less preise nd due to the pek shift used y the pulse trnsit timeD trigger delys need to e djusted ordinglyF es mentioned eforeD igq represents the eletri tivtion of the hert ut does not diretly deliver mehnil motionF hue to the mentioned distortion e'etsD triggering is preferred over gting pprohF sn order to quire imges t the orret rdi phse @eFgF endEdistoliAD trigger dely times need to e de(ned s funtion of the hert rte WU or mnully from gine imgesF he theoretil model pproh is sed on the dt of PII helthy sujets nd gives n estimte of the endEdistoli time ording to the hert rteF ine the hert rte typilly vries during the exmD this ould led to inury in reorded rdi phsesF he visul redout of trigger delys from gine imges is reported to e errorEprone due to di'erent pprohes for rdi phse seletion WVF his rises the need for motion trking tehniques whih represents the physiologi tion of the hert to improve the triggering t the orret motion phseF ome of the previous mentioned methods provide suh informtionF he ility of the imging oil for physiologi hert motion pture is investigted in this workF

Summary

wgneti resonne imging results from the exittion nd relxtion of hydrogen nulei in mgneti (eldF he long exmintion timeD depending on the relxtion times nd the smpling shemeD mkes ws sensitive to position hnges of the ptient during the snF histortions like imge lurring or ghosting rtifts re the onsequeneF his is mjor disdvntge espeilly in rdi wsD due to the onstntly moving hert nd respirtionF e vriety of solutions to this prolem re ville nowdysF pst imging tehE niquesD immoiliztion or trining redue the motion ourreneF rospetive nd retrospetive orretion methods synhronize the imging to the motion nd orret imges ording to motion informtion respetivelyF his requires some knowledge out the motion diretion nd mplitudeD whih is provided y vrious motionE trking tehniquesF smgeEsed methods detet the motion hnge in the imge or kEspe diretlyF roweverD these methods re not ville for every pulse sequene ndD heneD re limited in useF ixternl sensors on the ptient or in lose proximity detet the motion independently from the imging sequeneF p nd mgneti (eld omptiility is prerequisite for suh sensorsF he dvntge nd disdvntges of the vrious methods re summrized in le IFSF yne tehniqueD whih hs een investigted only super(illy until nowD detets impedne vritions of the imging oil itselfF xo extr sensors re required nd the motion mesurement is pulse sequeneEindependentF sn dditionD it ould inrese ptient omfort nd preprtion work)ow in linil prtieF he urrent reserh presented here fouses on the motion detetion with suh imging oils ddressing espeilly rdi nd respirtory motionF he following hpter will over the p tehnology in ws nd imging oil designD nd explin the e'et of moving tissue on the oilF 

Introduction to radio frequency technology in MRI

es explined in the previous hpterD p tehnology is n essentil prt of ws imgingF he exittion of the spins nd relxtion signl quisition relies on the nuler indution desried y floh T @see lso etion IFIFPAF rnsmission nd reeption units for suh signls E soElled oils E hve to e designed refully to provide homogeneous exittion (elds nd to detet the smll relxtion signl with the highest possile xF he physil priniple ehind imging oils nd vrious oil designs for ws imging re introdued in etion PFIF por uilding nd nlyzing p omponents or iruitsD omputer model simulE tions nd vrious mesurement tehniques re ville todyF en introdution of eletromgneti simultions in given in etion PFRF sn this thesisD iw simultion were performed to nlyze the tissue dependent oil impedneF wo mesurement tehniques used in the experimentsD nmely Eprmeter meE surements nd sE method for impedne evlutionD re disussed in etion PFPF he min topi of this work overs the in)uene of ondutive mteril @eFgF lso the humn odyA on the oil9s performneF etion PFQ explins the eletromgneti properties of iologil tissue nd its pplitions in medil dignostisF

RF coil design for MRI

p oils re n essentil prt of ws systemF hey serve the purpose of reting the homogeneous mgneti (eld f 1 perpendiulr to the min f 0 (eld in the trnsmit se nd quiring the signl emitted from the nulei with high xF ws p oils re eletril resonting iruitsD tuned to the vrmor frequeny of the nuleus of interest @in ws typilly the 1 r nuleusAF he fundmentls of eletril resonting iruits re desried in etion PFIFIF he oil design is ritil for the imge qulityF st hs to ddressD for the nrrow ndwidth of the vrmor frequenyD the low signl from the nulei s well s losses due to oupling e'ets with the ptientF etion PFIFP ptures the tuning of the oil nd the mthing to the ws systemF goil sensitivity nd losses re further explined in etion PFIFQFPF eeiving highEresolution signlD eFgF of the rinD involves di'erent requirements thn generting homogeneous mgneti (eld throughout the whole odyF reneD there exist severl oil designs for di'erent purposes nd imging resF hese re introdued in etion PFIFRF 35

The RLC circuit

e rotting mgneti (eld indues voltge in wire loop perpendiulr to the mgneti (eld @iqF IFIHA he pure indued signl of the eletromgneti fore @emfA in loop oilD howeverD is too low to mesure the xw signl relilyF wodifying the ondutive loop to resonnt iruit with qulity ftor D multiplies the emf signl y this ftorF iletril resonting iruits re uilt from indutne @vAD pitne @gAD nd resistne @AF hysillyD oils re onstruted from ondutive wire with pitorsF he type of wire nd the oil9s design de(ne its v nd D while the resonnt ehvior nd qulity re djusted y gF he omplex impedne of the omponents is frequenyEdependent @le QAF et pD the resistne is 'eted y the skin e'etF hue to this e'etD the urrent does not distriute through the whole ondutorD ut is onentrted on the surfe of the ondutorF his e'et leds to higher resistne thn the hgEresistne vlue 0 with inresing frequenyF he impedne of the indutne nd pitne ontin only n imginry prt linerly ligned with the frequenyF gomining the omponents results in resonnt iruit t de(ned

frequenyF resistance R inductance L capacitance C R ≈ R 0 √ Z L = X L Z C = -X C X L = 2π L X C = 1 2π C
Table 3 Frequency behavior of the impedance of resistor, inductance and capacitor. R 0 is the resistance at DC, X L and X C the inductive and capacitve reactances vg iruits n e omined in prllel or series on(gurtions or n e mixture of othF he resonnt loop oil n e desried with prllel vg iruitD wheres is in series with v representing the losses in the oil @pigF PFIAF he omplex impedne of the given vg iruit R is the sum of individul omponent impednes

1 Z R = 1 R + Z L + 1 Z C = 1 R + Lω + C ω @PFIA
with ω a Pπf the irulr frequenyF wispelter etFlF WW give R s the lgeri solution for prllel iruits

Z R = RX 2 C R 2 + (X L -X C ) 2 -X C R 2 + X L (X L -X C ) R 2 + (X L -X C ) 2 @PFPA
esonne ours when the imginry prt pprohes zeroX

R 2 + X L (X L -X C ) = 0 @PFQA whih results to LC ω 2 = 1 - R 2 C 2L @PFRA
ine is typilly very low it ould e negleted nd good pproximtion for the resonnt frequeny ω 0 n e mde

ω 0 = 1 √ LC @PFSA
vg iruits with de(ned resonnt frequeny hve n dedited impedne E ording to the iruit omponentsF gonneting the imging oil to the ws systemD modi(tions to the vg iruit re neessry to hieve the orret impedne nd frequeny of the systemF sn the next etion PFIFP this will e further dressedF 

Tuning and Matching

por the onnetion of p iruitsD oxil les re typilly usedF roweverD power re)etions ould our if the impedne of the omponents nd les is not mthedF hereforeD vrious onventions for the impedne of les exist in p tehnologyF sn wsD p les with hrteristi impedne of 0 a SH Ω re usedF his requires n ordnt dption of the p omponents to this impedneF sn ws oilsD tuning nd mthing network is dded to the oil to djust the oil impedne C to the system impedne 0 a SHCjH Ω @pigF PFIAF he tuning pitor g T is onneted in prllel to the pitne of the oilF his shifts the resonne frequeny so tht the rel prt of the impedne is SH Ω t the desired frequenyF sing iqF PFPD C would hnge to C aIG@ω@gCg T AAF he mthing pitor g M in series with the oil iruit redues the imginry impedne of R y CM aEIG@jωg M AF CM hs to ompenste for the residul imginry impedneD so thtD with g T nd g M ppliedD the oils9 impedne R a 0 a SHCjHΩF fesides the pitive oupling networkD solution with indutive oupling is possile s wellF roweverD this method ws not used in the present work nd the interested reder is referred to WWF

Coil Sensitivity, Q-value and losses

en importnt prmeter de(ning the imge qulity nd oil performne is the xF st is mesure of the signl voltge in omprison to the voltge used y losses given y x a S G N F he signl voltge S is desried in iqution IFPTF he therml noise voltge N is de(ned s

U N = 4 B T R ∆ @PFTA
where k B is the foltzmnn onstntD the tempertureD ∆ the quisition ndE width nd the noise resistneF he ltter is omintion of vrious loss e'etsD explined in etion PFIFQFIF ith S nd N D the x results in

SNR = -ω 0 B 1 M V √ 4 B T R ∆ . @PFUA
st n e oserved tht the x lso depends on sn prmeters resulting in w xy F his is di'ult to simulte in l setup howeverF o nlyze the intrinsi x of oils on the l enhD the nlysis of the qulity ftor is used for qunti(tion of the oils qulityD whih explined in detil in etion PFIFQFPF he in)uene of moving strutures like orgns or lood )ow on the oil loding is further ddressed in etion PFIFQFQF

Loss factors on RF coils

hepending on the oil loding or the oil designD losses n e used y di'erent soures whih n e split into resistiveD rditionD indutive nd dieletri losses Resistive Losses vosses in n empty or not loded solenoid oil were desried y roult nd vutur IHH s

R C ∼ = 3ζ 2 σ δ @PFVA
with ζ s the proximity ftorD n the numer of windingsD the oil rdiusD l the oil lengthD σ the ondutor ondutivityD nd δ the skin depthF he losses re due to the geometri dimensions @nD nd lAD the mterilD nd the in)uene of the skin e'etF he resistive losses re inresed y oupling etween oil elements @eFgF solenoid windingsAD desried y the proximity e'etF en optimized designD highE qulity omponentsD nd reful onstrution of the oil n minimize the resistive losses of oilF sn IHHD the usge of superonduting mteril t low tempertures is suggested to redue suh lossesD whih found some pplition in reserhF Radiation losses sn the trnsmit seD the oil lso emits energy s eletromgneti wves in the fr (eldD while only the energy of the ner (eld 'ets the nuleiF hese rdition losses n e minimized y p shieldingD whih is typilly pplied in ws systemsF egmenting the oil wire in setions to IGIHth of the wvelength λD these losses n e further reduedF Inductive losses yn pling the oil on ondutive ojet or tissueD dditionl losses ourF he osillting f 1 (eld genertes eddy urrents in the ondutive mteril lose to the oil whih dissiptes energyF his energy loss is hrterized s indutive losses nd expressed in IHH for ondutive sphere with the rdius s

R M = πω 2 0 µ 2 0 2 5 σ 30( 2 + 2 ) @PFWA
fesides of the geometry of the oil @rdius D length gD numer of turns nA nd the frequeny ω 0 D the ondutivity σ of the smple is 'eting the indutive lossesF roweverD the mgneti oupling of the oil nd the smple is prerequisite for ws imging nd these losses nnot e voidedF Dielectric losses hieletri losses re used y the eletri (elds of the p oil generting dissiptive p urrents in the ondutive tissueF hese urrents use pitive oupling in the p oil ndD thusD generte noiseF e dieletri loss n e expressed s resistne D in high (elds with

R D ∼ = ω 2 0 L 2 C 2 C R S (C C + C S ) 2 @PFIHA
with S nd g S in prllel s the equivlent iruit of the smpleD nd g C s the stry pitne IHIF hieletri losses n e minimized y distriuting the oil pitors throughout the oil dimeter WW nd hoosing proper oil dimension in ordne of the region of interest @ysA IHPF rowever for the ody irdge resontor this nnot e hieved nd dieletri losses highly depend on the ody rdius IHQ nd dominte over other loss ftorsF e di'erent pproh for loding nlysis ws presented y vn reteren etFlF IHR @pigF PFPAF he oil nd the smple re desried in omined equivlent eletril iruitF his pproh is suitle for nlytil investigtion of the oil loding s it ddresses lso rdition lossesF sn Ertio mesurements these losses re negleted sine the oil design @shieldingD pitor splittingA is supposed to ompenste for itF he equivlent iruit onsiders mgneti (eld oupling y introduing dissiptive indutne v m nd resistne m oupled to the oil with the oupling ftor uF gpitive oupling is represented y n pitor g 1 nd the eletri (eld losses re modelled y prllel iruit of e nd g 2 F m nd e re relted to the smples ondutivity nd oil geometry y orretion ftorsF he smple impedne n e summrized to

Z S (ω) = K Z (ω) + Z (ω) @PFIIA
with m the impedne of the indutive losses nd e the impedne of the rdition nd dieletri losses desried y 

Z (ω) = R (ω) + ωL @PFIPA nd Z (ω) = 1 ωC 1 + R 1 + R ωC 2 @PFIQA
= X L R = ωL R @PFIRA
he vlue of loded oil l re)et the sum of ll ourring losses etween the oil nd the smpleD wheres the vlue in the unloded stte u ontins only the losses from the oil itselfX

Q = ωL R C @PFISA nd Q = ωL R C + R M + R D . @PFITA
he Ertio u G l gives n indition on the dominting loss mehnisms nd the oil sensitivityF

Q Q = R C + R M + R D R C @PFIUA
e smple loss domintion @ u >> l A is imed for high sensitivity nd xF he intrinsi x of oil reltes to the Ertio y

SNR ∼ = 1 Q Q @PFIVA

Influence of motion to sample losses

wovement of onduting struture in lose proximity to the oil or inside volume oil uses vritions of losses in the oilF fulk ody motion inside volume oil uses hnges in the pitive oupling used y distne hnge etween the ody nd the oilF imilrly orgn motion in the sensitivity (eld of loop oil is in)uening the pitive ouplingF purthermore tissue hnges its ondutivity nd permittivity whih is typilly relted to motionF he dieletri properties of lung tissue hnges y ftor of P etween inspirtion nd expirtion IHSF his is primrily used y the ir ontent of the lung tissue nd the oherent distne nd size of lveole IHTF sn the hert regionD loss hnges re omintion of lood volume vritions in the ventriles nd the hert musle motionF e volume etween TV nd IRR ml of lood is ejeted from eh ventrile on every hert et @hpter IFQFPAD whih hnges the lol dieletri propertiesF es shown in hpter TFID lood volume hnges in peripherl rteries using lso impedne vritions wheres the e'et is redued due to the smller volumeF

Coil types for MRI

p oil design depends on the pplition nd the region of interest of the humn ntomyF p oils serve two purposes E to generte p mgneti f 1 (eld nd to reeive the xw signlF his funtionlity n e performed y one nd the sme oil vi G swith or y two seprte oilsF sn linil imgingD the ody oil is often used for the p exittionD while surfe oils reeive the eho signl in the ysF p oils re lssi(ed into volume oils nd surfe oils nd re explined in the followingF

Volume coils

olume oils re designed to produe homogeneous f 1 (eld in the whole ojet inside the oilF rene these type of oils re often used for spin exittion in ws imgingF hi'erent designs existD whih produe either liner mgneti (eld in prllel to their design xis @solenoid oilD relmholtz oilA or irulr mgneti (eld perpendiulr to the design xis @sddle oilD irdge oilD trnsmission line oilAF e solenoid oil is uilt from ylindril wounded wire or ondutive sheet nd is used in xw experiments or multiEnuler spetrosopyF ith known smples inside the solenoidD suh xw proe n e used for grdient (eld monitoring IHU or motion detetion TWF he irulr mgneti (elds re generted y sddleE shped nd irdge oilsF heir spei( design llows the positioning inline with the mgneti (eld nd simpli(es the ess in horizontl ylindril mgnets whih re used in wsF he irdge oil design is the lssil trnsmit nd reeive oil in ws system nd ws investigted for physiologil impedne )ututions in this workF sts design explined in more detil in the followingF Birdcage coil ryes etFlF IHV developed the irdge oilD nmed due to its design @pigF PFQAF st produes trnsverse irulrly polrized mgneti (eld y longitudinl onduE tors eqully sped E lso lled rungs E onneted with endErings on eh end of the ylindril strutureF por urrent distriution evlutionD one n split up the ylinE der nd nlyze the ldder network of the resontor @pigF PFQAF sn eh element 

= 2 √ L 1 C sin π N @PFIWA
with n a ID xGP nd x the numer of rungsF his ldder network shows lowE pss irdge oilF he frequeny for naI is the most prominent in this se whih produes homogeneous mgneti (eldF firdge oils n e designed in lowEpssED highEpssE or ndEpss on(gurtionD whih 'ets the distriution of the modesF pigF PFR shows the frequeny spetrum of Q irdge ody oil in hyrid designF he vrmor frequeny t IPV wrz is lerly determinle y the strong re)etion ftorD wheres the other resonnt frequenies show lower re)etion ftors ndD heneD less sensitivityF he hrmoni modes were further investigted in this work s motion signl rrier @etion SFPAF he irdge oil design llows qudrture drive due to its designF sntroduing power sptilly oriented y WH • nd with phse di'erene lso of WH • genertes douled irulrly polrized (eldF his redues the trnsmit power y ftor of √ 2 nd doules the reeive signl voltgeD while the reeive noise inreses y √ 2 onlyF

Surface coils

he mjor prerequisite for ws imging is the homogeneous exittion of the nulei in the volume nd high x in the reeived signlF he (rst requirement is hieved y volume oilsD ut the reeive x is not optimlF he signl of the sensitivity dereses to QS7 t the distne of its rdius IHPF e ompromise etween x nd ys hs to e met while designing the oilF hue to its inhomogeneous mgneti (eldD surfe oils re typilly used s reeiveE only oilsD while the irdge ody oil provides the exittion (eldF sn this se the loop oil needs to e deoupled during the p exittion to prevent oil dmge nd to ensure ptient sfetyF heoupling is performed y fst swithingD low p resistive sx diodesD whih onnet n dditionl indutne to the oil during the trnsmit p pulseD using shift of the resonnt frequenyF he swithing n e performed tively with hg voltge pplied y the w systemD or pssively y urrent in the loop wireF Coil arrays he demnd of high x over lrge ys for pplitions s spine imgingD led to the omintion of multiple single loop oils to oil rrys or phsed rrys IIHF he single loop elements n e rrnged oneED two or threeEdimensionlF yne mE jor ojetive in designing suh oils is the minimiztion of the mutul interferene etween two neighored oil elements y indutive ouplingF olutions n e found in overlpping oil elements IIHD pitive deoupling III or prempli(er deouE pling IIHF sn modern ws imgingD phsed rry oils re widely used not only for the high x ut lso for their ility to redue sn time with prllel imging tehnique RPF e REhnnel rdi oil ws utilized in this work to register motion t di'erent ody prts in relEtimeF

RF measurement techniques

he mesurement of eletri properties of rdio frequeny system is di'erent from mesurements on hg system y the frequeny dependeny of eletri prts nd the resulting e'ets @eFgF phse shiftsD re)etionAF sn this study the impedne vritions of oil elements were the sujet to mesureF rious impedne meE surement methods n e found in IIPD nmely ridge methodD resonnt methodD sE method nd network nlysis methodF sn the following the two tehniques used in the experiments of this work re explined more in detilF he network nlysis method or stter prmeter mesurement is typilly used to understnd frequeny ehvior of eletri iruits @etion PFPFIAF e modi(ed version of the sE method n e found in the mesurement of oupled power @etion PFPFPAF

Scatter parameters for characterization of RF circuits

tter prmeters @EprmetersA re mesures of the frequenyEdependent propE erties of eletril omponents or systemsF he mesurement is performed y vetor network nlyzers @xeA with one to four portsF ith susequent swithing mE triesD the numer of mesurement ports n e inresedF he omplex vlue nm ontins the mgnitude nd phse informtion out the trnsmission nd re)etion ehviors t onnetion points or portsD where n nd m indite the signl entry nd exit ports respetivelyF ypil p iruits re twoEport systems with input nd output portsD like (ltersD ttenutorsD mpli(ers or mixersF smging oils n e oneEport systems @single loop oilD solenoidsAD twoEport systems @irdge oil in qudrture modeA or multiEport systems with more thn two ports @oil rrysAF tter prmeters desrie the rtio of the normlized inident nd re)eted power wves nd t the ports nF por system with x portsD x 2 sttter prmeter exist @pigF PFTAF yn oneEport system the only Eprmeter 11 is relted to the re)etion ftor Γ(ω)F (a) One port system (b) Two port system (c) Four port system 

(ω) = U C (ω) + Z 0 I C (ω) 2 √ Z 0 @PFPHA nd (ω) = U C (ω) -Z 0 I C (ω) 2 √ Z 0 @PFPIA es desried eforeD Z 0 = 50 + 0Ω is the referene impedneF he frequeny dependent omplex impedne Z R n e lulted from Z R (ω) = U C (ω) I C (ω) @PFPPA he re)etion ftor Γ(ω) is desried y Γ(ω) = (ω) (ω) = Z R (ω) -Z 0 Z R (ω) + Z 0 @PFPQA
sn the idel se of full power trnsmission t resonnt frequeny ω 0 the oil impedne is mthed to the referene impedne nd Γ(ω 0 ) =HF he mgnitude of the 11 oe0ient is t its minimum in this seF es the resonne pility of eletril iruit depends on the in)uene of lossesD the ndwidth ∆ω t hlf of the 11 mgE nitude @Q df ndwidthA indites the e'etiveness of the iruit @pigF PFUF rene the qulity ftor n e diretly mesured from the 11 oe0ient y gonsidering motion indued losses s desried in hpter PFIFQFQD Γ(ω) of oil is in)uened y vrile lod impedne

Q = ω 0 ∆ω @PFPRA Δω
∆Z L (ω) = Z R (ω) + ∆Z S (ω) @PFPSA
nd results to vrying re)etion ftor

∆Γ(ω) = ∆Z L (ω) -Z 0 ∆Z L (ω) + Z 0 @PFPTA wheres Z C (ω)
is the omplex impedne of the oil nd ∆Z S (ω) is the vrying smple impedneF

Impedance determination by power measurement

xes re powerful mesurement deviesD however lso expensive nd not lwys villeF elterntive methods to determine the impedne of p iruit n e found in ridge methods or sE methods IIPF e modi(ed p sE method is the omprison of the forwrd nd re)eted powerF por the re)etion ftor pplies lso

|Γ(ω)| 2 = P F W D P REF @PFPUA
with FWD the inident power nd REF the re)eted powerF his indites tht the solute vrying impedne reltes to the power rtioF e mesurement omponent whih llows the mesurement of the inident nd re)eted power seprtely on the sme le n e found in diretionl ouplersF e oupler typilly onsist of two iwElines in prllel nd in short distne to eh otherF hile one line rries the power of the iruit to e mesuredD the seond line ouples to the min line nd holds inident nd re)eted power t lower power rte @pigF PFVAF he oupling ftor κ is de(ned y the distne of the two linesF hiretionl ouplers were used in the experiments desried in etions SFID SFP nd TFIF he forwrd oupled port ws terminted with SH ΩD while power meter ws onneted to the re)eted oupled portF e method utilizing the mgnitude nd phse informtion is reported in IIQF foth oupled power levels re omined in p mixerF he resulting signl holds the motion dt nd preserving the phse of the send signl s n dditionl motion informtionF

Electromagnetic properties of biological tissue

fiologil tissue n e onsidered s dieletri mterilF sn ws stti nd vrying mgneti (elds nd p (elds re pplied to the humn ody nd intert with the tissue ording to its eletromgneti properties IIRF he dieletri properties of mteril re desried y the omplex reltive perE mittivity = + @PFPVA with = the reltive permittivity of the tissue nd

= σ 0 ω
@PFPWA with 0 the permittivity in free speD σ the ondutivity of the tissue nd ω the ngulr frequenyF he reltive permittivity nd ondutivity re frequeny depenE dent ut not liner @pigF PFWAF he intertion mehnisms etween the iologil hieletri vlues re not only dependent on the tissue type or to spei( orgnD ut vry with physiologil events relted to orgn motionF es shown in le RD the (lling of the lung hnges its permittivity y ftor of P nd its ondutivity y ftor of IFVF imilrly the dieletri vlues of the hert vry etween the endEsystoli @hert musle domintedA nd endEdistoli @lood volume domintedA phse y ftor of HFV nd IFU respetivelyF hue to its ontent of ionsD lood hs onsiderly higher ondutivityD ompred to musle nd lung tissueF hese oservtions vry only slightly etween the vrmor frequenies for mgneti (eld strength of IFS nd Q F he mesurement of eletromgneti properties found interest for medil digE nosis in the pstF smpedne rdiogrphy is reported s nonEinvsive rdi output mesurement tehnique IITF e omintion of multiple eletrodes is used for eletri impedne tomogrphy to determine sptil lung funtion informtion nd pthology IIUF grdiokymogrphy is method sed on the re)etion of n p proe for myordil wll motion ssessmentF IIVF

Electromagnetic simulation for MRI systems

iletromgneti @iwA simultions re n essentil prt of ws oil onstrutionF he omplex eletromgneti (elds n e nlyzed with high sptil resolution nd oil design n e optimized without expensive hrdwre modi(tionsF purtherE moreD the e'ets on ondutive smples E from simpli(ed phntoms like spheres or ylinders to sophistited heterogeneous humn models n e lultedF sn wsD e level nd temperture distriutions re of speil interest IIWD sine these re importnt sfety prmetersD espeilly on ptients with implnts IPH or on multiEhnnel trnsmission systems IPIF por the nlysis of the mgneti (eld intertion etween the oil nd the suE jetD the oundryEvlue prolem given y the wxwell equtions needs to e solve IPPF his inludes the p oil itselfD the sujet nd the neighored formtions with di'erent eletromgneti propertiesF rious pprohes exist to model the eletromgneti (elds preisely in time or frequeny dominF he most populr re piniteEhi'erene imeEhomin method @phhAD pinite ilement wethod @piwA nd wethod yf woments @wowAF ith the phh method the entire simultion domin is disretized y retnE gulr ellsF he ell size depends on the wvelength of the desired frequenyF he resolution of the time xis lso depends on the desired frequeny nd is linked to the model resolutionF wgneti (eld omponents of spei( time step re luE lted from the surrounding eletri (eld omponents y using disretized wxwell9s equtionsF sn phh it is reltively esy generte modelsD s voxelEsed dt of ondutors or humn models re usedF oundEshped ojets hve to e modeled y soElled stirse pproximtionsD whih limits the geometri modeling @eFgF for thin struturesAF he piw uses tetrhedrl shpes whih llow ritrry shped ojetsF por eh ellD test funtions re de(ned whih re inserted in the prtil di'erentil equtionsD whih result in strtingD order nd trnsfer onditionsF sn oth methodsD phh nd piw the entire volume is disretized nd inluded in the lultionsF sn orE der to simulte order onditions orretlyD sorption lyers or perfetly mthed lyers @wvA need to e introdued t the outer oundries to void rti(il wve re)etions whih result in simultion errorsF enother e0ient pproh for numeril eletromgneti simultion n e found in the wethod yf woments @wowAF rere integrl equtions of surfe urrents on onduting surfes re lulted in the frequeny dominF ine the surrounding of the ojet is not onsideredD order ttenution @eFgF wvA is not needed with wowF his redues the mount of unknowns in the equtionD however hs no e'et in omputtion timeF his is due to the fully populted oe0ient mtrixD in ontrst to symmetri nd sprse mtries in piwF ih method is suited for di'erent pplitionsF por iw simultions on ws p oilsD the method should llow the import of @prtilA humn modelsF ph is most suitle for thtD ut with some dptions these models n lso e inluded in other methodsF o investigte (eld e'ets in humn tissueD vriety of humn models re ville in di'erent sizesD shpesD tissue types nd sptil resolutionF pigure PFIH shows the irtul opultion provided y the s9s foundtionF he simulted (elds n e vlidted with di'erent methodsF sn ws fI + mpE ping or w thermometry n visulize the exittion pro(le of oil nd e distriution respetively in phntom or inEvivoF iletromgneti (elds of p oils ould lso mesured on the l enh with (eld proesF rowever these mesureE ments ome with limittionsD s (eld proe mesures the only the mgnitude of the (eld in only one lotionF pield smpling in the Qh spe is possileD however requires elorted hrdwre setupsF sn this workD iwgeh @ieqD ürihD witzerlndA E phh solver E ws used for iw simultionsF issue dependent oil impedne ws simulted with orgns of the huke modelF his model represents QU yer old mnD with IFUU m height nd UPFR kg weightD ontining UU di'erent tissue typesF he simulted results were ompred to inEvivo l enh experimentsD where Evlue vritions of the ws oil were mesured with network nlyzer @see ghpter RAF

Summary

his hpter overed n introdutory to p oil design nd p mesurement tehniquesD whih were used in experiments of this thesisF p oils re sed on resonnt vg iruitsF rious designs existD wheres in ws prllel vg iruit is most often used for surfe oil designF he resistne is typilly not dded seprtely ut desries the resistive losses of the indutne vF o detet the low relxtion signl of the protonsD the oil needs to e tuned to the vrmor frequeny with the nrrow ndwidthD resulting in high qulity ftors of out PHHF sn onjuntion with tuningD the oils9 impedne hs to e mthed to the system impedne of SHCjHΩF eordnt tuning nd mthing iruits re ville nd the pitive mthing ws explined here @etion PFIFPAF he losses of oil inrese the noise of the signl nd 'eting the imge qulityF he di'erent loss e'ets were investigted in reserh nd llow to de(ne nd predit the impt of losses on spei( oil typesF he most e'ets n e minimized y oil design metrisD lthough indutive nd pitive oupling with the smple n hrdly e voidedF e equivlent iruit for the intertion of the oil with ondutive smple is shown y IHR nd introdued in this hpterF hepending on the pplitionD di'erent oils re ville to lwys hieve high x in eh pplitionF he irdge oilD the single loop oil nd the oil rry re explined more in detilD s impedne vritions were investigte on these oil typesF por p iruit nlysisD Eprmeter n give n informtion out the frequeny dependeny of the iruitF Eprmeter nlysis is performed with vetor network nE lyzers @xeA nd delivers essentil hrteristis of ws oils like the impedne nd EvlueF roweverD xes re expensive nd not lwys villeD nd oil impedne vritions hve to e mesured with lterntive methodsF yne of these is the diret omprison of forwrd nd re)eted power vluesF ve re)etions our on n impedne mismth etween two p omponentsF es the loding of oil is hnging y motion eventsD power re)etions provide informtion out the resultnt impedne hngeF es sid eforeD oil loding is due to oupling etween the oil nd the onduE tive smpleF fiologil tissue n e onsidered s dieletri mterilD with tissue type dependent permittivity nd ondutivity vluesF hi'erent medil dignosti methods tke dvntge of this tissue properties y eFgF mesuring the ody surfe impedneF he impt of dieletri hnges on ws imging oils ws investigted in this thesisF sn order to understnd eletromgneti (elds in vrious oil designsD numeril simultion methods provide visuliztion of these (eldsF sn ws the sensitivity of oil design nd the intertion with the ptient re from mjor interestF hi'erent methods existD where the oil geometry n e de(ned nd eletromgneti (elds n e lultedF his n e performed on empty oils or with inluding phntoms or humn modelsF sn this reserh workD iw simultions were performed on lung tissue nd ompred to network nlyzer resultsF Equipment and methods to measure coil impedance changes his hpter gives kground informtion out the two ollortion sites t qgD wunih nd sehsD xnyF purthermore ll methodil spets re explinedF sn the ollortion of qg nd sehsD )exile dt quisition unit @4eig4A ws further developed nd uilt t qg wunih @etion QFIFQAF his system lE lowed simultneous mesurement of physiologil motion nd sn informtionF he reorded dt ws used in signlEproessing in wevefD further explined in eE tion QFRFID s well s in retrospetive motion orretion with the qsg lgorithm SH @etion QFRFPAF goil loding vritions of produt oils nd selfEuilt loop oils were nlyzed nd served s motion informtion souresF etion QFS gives informtion out the loop oil onstrutionsF hi'erent mesurement setups were relized for motion detetion with the oils @etion QFPA nd ordnt softwre pplitions were written with view @etion QFQAF wy personl ontriution on the setup preprtion nd dt nlysis inludesX

• providing ws system informtion to the softwre developer for new eig pplition

• design nd onstrution of the moile eig system t qg

• ssemling nd lirtion of ll experimentl setups desried in etion QFP

• progrmming of ll view softwre

• progrmming of ll postEproessing ode with wevefD exept for the (lter funtions

The work environment at IADI and GE Global Research

en overview of the reserh fous nd work environment of sehsD xny nd qgD wunih is given in the followingF yne prt of this thesis ws the further development of the ignl nd equisition nd ivent gontroller @eigAD dt quisition unit designed t sehs IPQF his system nd the fetures of the new version is explined in etion QFIFQF 53

Clinical instrumentation at IADI

gurrently the lortory smgerie edptive hignostique et snterventionelle @sehsA hs QP fullEtime employees nd IS hh studentsF he reserh (eld is motion E quisition nd orretion for wsF he im is to improve the imging of moving orgns for dignosis in rdiD pulmonryD renlD liverD nd rin imgingD nd for understnding the orgns9 funtionsF he lortory is 0lited with the niE versité de vorrine in xnyD the prenh institute of helth nd medil reserh @sxiwAD the enter for linil investigtion @gsgEsA nd the entrl university hospitl @grA xnyEfroisF his enles reserh lose to linil pplition nd provides ess to ptients nd volunteers for imging experiments in line with ethil pprovlsF sehs hs ess to IFS rhxt nd Q rhxt ws system @qi relthreD ukeshD sD eAF foth snners re equipped with eig system in version PFSFS for simultneous motion nd system prmeter quisitionF hysiologil dt n e quired with wEomptile ptientEmonitoring devies @wglifeD hillerD issemourgD prneAD whih lso support rdi triggering of the ws snnerF hese ptient monitors support two respirtion elts nd fourEled igq signlsD nd re modi(ed for usge with the eig systemF por this workD the Q system ws used for volunteer study @etion TFPA nd re)eted trnsmit power mesurements @etion SFIAF o rhive imge dt of the di'erent reserh studiesD the l developed its own piture rhiving nd ommunition system @egA 4erhimedF4 his llows the import of eig informtion nd dt from vrious devies or reserh prototypes to rhive imges with their orresponding motion informtionF hedited wevef sriptsD whih ommunite with the erhimed serverD llow e'etive postEproessing of imges nd sensor dtF

RF and MRI labs at GE Global Research

he present reserh fous of the the hignostisD smging nd fiomedil ehE nologies vortory @hsfA t qi qlol eserh iurope in wunih is on the optimiztion of ws pulse sequenes nd imge reonstrution for rdi nd neuE rology pplitionsF purther reserh res re ws spetrosopyD eletromgneti (eld simultionsD nd Ery imgingF et hsfD two Q ws systems E Q rhxt nd Q wUSHw E re urrently villeF he min tehnil di'erenes of oth systems re shown in le SF por this workD the rhxt system ws used for ll nonElinil singleEloop oil @etion TFIA nd oil rry experiments @etion TFQAD s well s for the investigtion on irdge oil hrmonis @etion SFPAF e)eted trnsmit power mesurements were performed on the wUSHw system @etion SFIAF por eletroni developmentD smller mehnil tsksD nd oil uildingD n eleE troni workshop E the 4p l4 E is villeF e set of lortory deviesD suh s power suppliesD osillosopesD signl genertorsD s well s some mehnil tools re deployed for developing imging oils or other reserh prototypesF por ws oil onstrutionD twoEport nd fourEport ohde8hwrz network nlyzer @fP 

Signal Acquisition and Event Controller (SAEC)

he eig is system designed to quire nd sve dt from di'erent soures nd di'erent signl types in relEtimeF st ws designed y the sehs l in PHHU IPQ with the im of preisely quiring ws sn informtion nd physiologil dtD whereupon the signl soures re determined on qi ws systems nd hiller wglife ptient monitorsF his system ws reEuilt nd extended s prt of this thesisF he system onsists of two prtsX the dtEquisition eletronis nd vinux omputer with relEtime kernel @pigF QFIAF hysiologil dt from the modi(ed hiller wglife system is trnsferred vi (erEopti lesF yptoeletronis nd vEtoEPQP onverters @phs ghipD qlsgowD uA route the ptient monitor dt to f hu for further proessing in the omputerF he following ws system dt is quired y sg miroEontrollers @wirohipD ghndlerD eD eAX

• time progress of ED E nd Egrdients

• p envolope of trnsmit pulses

• time point of imge quisition @4quisition window4A s v signl Table 7 Sampling frequencies of the SAEC system out @pspyA u'ersF e detetion for the igq signl is implemented nd the trigger signl generted n e pplied to the ws system @sq yAF he non timeEritil funtionsD suh s dt disply in the grphil user interfe @qsA nd storgeD re performed y the generlEpurpose kernelF edditionllyD lowE nd ndEpss (lters n e pplied to the quired dtF he quired dt is sved in proprietry FeigE(leD whih n e extrted with dedited wevef odeF Features of SAEC version V2.7.5 he new version PFUFS ws developed in ollortion etween qg nd sehsD nd is used t oth lotionsF e moile model of the new eig ws uilt t qg in movele IW inh rk @pigF QFPAF yne new feture is tht physiologil dt from the ws system n e quiredF he qi rhxt ws pltform llows the trnsfer of the respirtory elt signlD the peripherl pulse signlD nd the igq signl vi n PQP protoolF he eig softwre ws modi(ed so tht it lso monitors the nineE pin hEsu seril port of the omputer for inoming signls esides the informtion reeived from the f huF his llows the quisition of physiologil informtion diretly from the ws systemD without the thirdEprty ptient monitorF ome further modi(tions on the qsD the dt quisition on the sg ordsD nd the glvni isoltion were implemented in this versionF por the experiments desried in etion TFID the input signl on(gurtion ws hngedF he sg ord for the grdient signls ws reprogrmmed to n p signl portF his hnge to two p input ports enled the quisition of the preE(ltered respirtory nd rdiovsulr motion signls y oil lod hngesF he (ltering nd sling ws performed y view pplition @etion QFQA in this seF 

Measurement systems for coil load change acquisition

he mesurement of motion indued oil lod hnges ws performed with di'erent setups on vrious oilsX • he re)eted power of the ody irdge oil during the p trnsmission pulse ws mesured @etion QFPFIA

• e )exileD w system independent power re)etion mesurement setup ws uiltF his setup ws pplied on lEenh experiments with ody oil modes nd single loop oils @etion QFPFPA

• por power monitoring on irdge oil modes during imgingD dedited swithing logi ws designed @etion QFPFQFIA

• en experimentl setup for ontinuous Eprmeter reording of single loop oil ws estlished for volunteer study t sehs nd for multiEhnnel oil rry @etion QFPFQFPAF he di'erent setups ddress the individul needs for the mesurements @eFgF swithE ing the oil etween motion mesurement nd imgingAF ispeilly the ltter is unique in its kindD s it uses the xe for impedne mesurement during imgingD whih di'ers from the typilly usge in lEenh experimentsF

Reflective power measurement on MRI RF amplifier

goil impedne vritions n e mesured y the re)etion ftor or the rtio of the trnsmitted power FWD to the re)eted power REF @see etion PFPFPAF sn ws the inident power of the trnsmit p pulses is typilly onstnt throughout the snF por instne in pin iho sequeneD the exittion with )ip ngle α = 90 • nd the refousing pulse α = 180 • hve (xed vluesD while the grdient plyEout vries for sptil enodingF hereforeD the re)eted power REF mesured t the p mpli(er diretly represents the re)etion ftor hnges on the oil nd is used to monitor the power deposition in the ptientF he p mpli(ers of othD the Q wUSHw nd rhxt systemD provide onnetions to internl diretionl ouplersF he oupling ttenution is ESI df nd ETW df respetivelyF por mesuring the re)eted power of the exittion p pulseD two power sensors were onneted to the forwrd oupled port @4ph4A nd re)eted oupled port @4ip4A of the p mpli(erF he power of the exittion pulse ws integrted over the durtion of this pulse @pigF SFIAF he power meters were triggered y the 4sope trigger4 signl of the ws systemF his signl is v pulse t the eginning of every pulse sequene yle nd is provided t dedited port on the w system eletronisF he dt of the respirtory elt nd the re)eted power of the ody oil were reorded seprtely on the ws system nd merged with wevef retrospetivelyF

Flexible power reflection measurement system for MRI coils

en ws system independent setup ws uilt to mesure oil lod vritions on loop oils t vrious positions on the humn ody @etion TFIA nd on irdge oil mode frequenies @etion SFPAF pigF QFR gives shemti overview of the setupF his setup onsisted of n externl p soure @ snFD weD eA with ontinuous wve @gA signl of IHEITH wrz nd HEIH dfm output powerD whih ws onneted to diretionl oupler with T df oupling ttenutionF e onstnt power of FWD a IH m ws pplied to the loop oils desried in etion QFSF he re)eted power ws mesured with ohde8hwrz power sensor onneted to the oupled re)eted port of the diretionl ouplerF e dedited view pplition ws written to redD proessD nd sve the re)eted power vluesF his is explined in detil in etion ??F he mesurement on the irdge oil modes ws performed wave signal from the signal generator is transferred to the loop coil via a directional coupler. Reected power is measured at the coupler with a power meter. This power is scaled and ltered and forwarded to a DAC, which converts the signal into voltages for the SAEC input. For comparison physiologic signals and sequence parameters from MRI can be routed to the SAEC on the sEport of the oilD while the Eport ws terminted with SH ΩF e frequeny multiplier nd n mpli(er @winigiruitsD xD eA were pled t the output port of the p soure to generte frequenies lrger thn ITH wrzF he mpli(er hs (xed gin of PQ df to ompenste for the insertion loss of the multiplier nd to ensure inident power of IH m in the oilF

Coil load measurements during imaging

smpedne mesurement during imging requires dditionl re in the design to void omponent dmge y the p exittion of in the kErnge nd ensure volE unteer sfetyF wo di'erent setups re introdued hereF he (rst one outlines the imging nd motion pture with the sme irdge oil y introduing swithing logi @etion QFPFQFIAF he seond setup overs the ontinuous nd simultneous moE tion detetion with loop oil t di'erent resonne frequeny nd Eprmeter mesurement with n xe @etion QFPFQFPAF sn this experimentsD oil lod vritions were reorded during imgingF sn one seD the motion signl ws derived from modes of hed irdge oilD while the resonnt mode t the vrmor frequeny ws used for the trnsmission nd reepE tion of the imging signl @etion SFPFPAF o void intertion of the urrent on the two frequeniesD n eletroEmehnil p swith ws disonneting the motion mesurement setup during exittion pulses nd imge quisition @pigF QFRAF he p swith ws pled in etween the oil nd the oil onnetor to the systemF ine the ports of the swith hve n impedne of SH ΩD the trnsmit signl to the oil nd the reeive signl k to the system ws not in)uened y the dditionl p swithF he swith ws ontrolled y v signl of signl genertorF he v pulse length nd the dely of the signl genertor were de(ned mnully ording to the nd i time of the pulse sequeneF he sope trigger signl of the ws system ensured synhronized swithing with the pulse sequene @see lso pigF SFWAF

Motion tracking on mode frequencies of a birdcage coil

Continous measurement of S11 data of a 31P-loop coil

sn seond inEvivo experimentD ISH mm 31 loop oil @qi relthreD ukeshD s eA tuned to the vrmor frequeny of ω 0 @QAaSIFU wrz ws utilized for motion detetionD during imge quisition with the irdge ody oil @pigF QFSAF he oil ws onneted to vetor network nlyzer @xeA nd II prmeters were quired ontinuously t the 31 vrmor frequenyF he xe ws set in g mode with power level of H dfmF e view pplition olleted the dt from the xe vi gGs onnetion nd trnsferred the signl vi IPEit digitlE nlog onverter to the eig systemF he motion dt of the xeD the igqD the respirtory elt dtD nd Etrigger events of n externl ptient monitorD nd the quisition window trigger of the w system were reorded y the eig simultneouslyF fefore the volunteer mesurementsD phntom tests were performed to evlute oupling nd ommon mode e'ets etween the two oilsF por thisD power sensor ws onneted with the 31 loop oil vi the (lter pnelF ower levels during imging sequenes with the phntomEloded irdge oil were elow IH µD whih re)eted no oupling etween the min 1 r ody trnsmit oil nd the 31 loop oil or indued urrents on the le shieldF he vrious experimentl setups provide motion informtion sed on oil lod hnges on the lEenh s well s during imge genertion in the wsF o nE lyze nd ompre the dt to stteEofEtheErt tehniques or use it for retrospetive motion orretionD it needs to e reorded nd proessedF sn the followingD softwre pplitions re presentedD whih ontrol power sensors or xesD proess nd sve the dt or forwrd it to the eig systemF

LabView applications for coil load changes

view from xtionl snstruments @xsA is grphil progrmming environment espeilly designed for mesurement nd ontrol tsksF o quire this dtD the user n hoose etween xs or thirdEprty hrdwre modules or drivers for thirdEprty equipment E eFgF mesurement instrumentsD sensors or tutorsF view provides vriety of signl proessingD visuliztionD nd storge softwre pkgesD s well s intuitive tools to generte qssF he soure ode is written in grphil )owhrt digrm on whih multiple ojetsD the soElled virtul instruments or ssD re onneted with wiresF qs elements re lso diretly onneted to the )owhrt digrmD whih llows e'etive progrmming of softwre pplitionsF view provides n esy wy to intert with the sensing hrdwre or quired signl nd is suited for fst prototyping for reserh s well s omprehensive test pplitions for prodution linesF por dt quisition in this workD view pplitions were written to retrieve dt from p power sensor or xeD to (lter nd sve the dtD nd to trnsfer it vi digitlEtoEnlog onverter to the eigF o optimize the smpling rteD the pplition ws designed in produerEonsumer pttern @etion QFQFIAF por onurrent signl reording with other sensors nd ws sequene dtD the quired motion dt hd to e trnsferred to the eig @etion QFQFPAF por the simultneous redEout of the trnsmission nd re)etion oe0ients of fourEhnnel network nlyzer modi(ed version ws usedF feuse of the limited input ports of the eig eletronisD the dt of the ten motion signl soures @trnsmission nd re)etion EprmetersA ws sved lolly in tht se @etion QFQFQAF e ontinuous ontrol of the motion pture ws neessry during the experimentsF hereforeD the dt quisition nd proessing ws visulized in qsF he qs of the pplition for the power sensor is shown in pigure QFTF ettings for mesurement prmeterD (lters nd dt trnsfer re ville s well s grphil illustrtion of the quired dtF purthermore this softwre provided rw dt nd (ltered dt reording nd mnul or utomti sling of the output signl to the eigF

The Producer-Consumer-Architecture

he produerEonsumer design enles dt shring etween two seprted proE esses with di'erent proessing timesF ht hndling like (ltering or storing typilly tkes longer thn dt quisitionF e sequentil yle of dt quisition nd proE essing ledsD thereforeD to slower smpling rtesF his n e voided y running oth proesses in prllel nd u'ering the dt in dt queuesF sn viewD the two proesses re the produer loop nd the onsumer loopD wherey dt from the produer loop is stored in the queue nd red y the onsumer loop in the next loop yleF hue to its pspy u'erD the onsumer loop reds nd proesses the dt in the sme order s it ws quiredF he produer loop for the following experimentsD hd two min funtions in seE quentil orderF he (rst funtion ws the dt quisition of the mesurement devie @power sensor or xeA nd writes the mesured vlue in the dt queueF he seond funtion determined the urrent timeF e sutrtion of the time from the previous loop yle yields the durtion of one mesurement yle ndD thereforeD the e'etive smpling rte of the dtD whih is used for (ltering nd dt storgeF ht proessing s normliztionD (lteringD storgeD nd trnsfer is performed in the onsumer loopF he dt proessing vries y pplition nd is further explined in the following setionsF efter strting the pplitionD the initiliztion proesses of the devies or dt storge re performedF imilrlyD memory releseD ommuniE tion termintionD nd error proessing tkes ple fter stopping the pplition @see pigFQFUAF

Transfer of power meter measurements to SAEC

o trnsfer the reorded power to the eig systemD the dt hs to e dpted to the input voltge rnge of H to QFQ F e liner sling of yamxC ws used with ma@yut max E yut min AG@sn max E sn min A nd ayut max E m B sn max F sn max nd sn min re the oundries of the mesured dtD nd yut max nd yut min the dt rnge of the output voltge of the hegF hese vlues were either de(ned mnully y oservtion of the dtD or utomtilly y nlyzing minimum nd mximum vlue of n rry of IHHH vluesF e 4freeze4 funtion interrupts the utoE mti nlyses nd (xes the urrent vluesF sn ddition to slingD (lter for the respirtion nd rdi motion is implemented nd seletively villeF he (lters were hosen from the view ointEfyEoint lirryD whih llowed (ltering in relEtime without the neessity of quiring multiple dt points efore (lteringF wo seondEorder futterworth ndEpss (lters with utEo' frequenies of HFHS rz nd HFS rz for the respirtory signl nd HFV rz nd Q rz for the rdi signl re utilizedF hese vlues were reported for seprting respirtory nd rdi motion in UQF e (lter dely of PSR ms ws determined y investigting the pulse response of the (lter nd orretion ws pplied in the dt postEproessingF he signl for the eig is trnsmitted y the IPEit heg xsEf THHVF he heg is ontrolled vi f PFH nd providesD esides eight nlog inputs nd IP digitl sGy portsD lso two nlog outputsF he output voltge rnge is H to S with S me urrent per port nd ISH Gse updte rteF his updte rte ws su0ientD sine the dtEsmpling rte in the produer loop ws limited y the mesurement yle of the used equipment nd ws typilly t IPS GseF por the trnsfer of the (ltered dtD oth ports re used E one for the respirtory signl nd one for the rdi signlF sn volunteer experiments desried in etion SFID SFPFP nd TFID the dt ws (ltered in the view pplition efore the trnsfer to the eigF his setup required oth output ports on the heg to trnsfer the (ltered respirtory nd rdioE physiologi signlsF he preE(ltering in view ws not used in the experiments desried in etions TFP nd TFQF rereD rw dt ws trnsferred to the eigD whih required only one heg output hnnelF he rw dt ws sved simultneously nd (ltering ws pplied in the postEproessing with wevefF he (lter prmeters were hosen s desried oveF roweverD the (ltering ws performed in the forwrd nd kwrd diretions to eliminte (lter delysF

Continuous S-parameter recording with a VNA

fesides reding the power vlues of power meterD the temporl impedne hnge n e reorded y the quisition of stter prmeters of xeF he xe needs to e set into g mode t (xed frequenyF he initiliztion routine hs to de(ne the orret frequeny for the g modeX IF snitilize xe ommunition PF erform single frequeny sweep on eh port QF he(ne the miniml re)etion ftor on eh port @a resonne frequeny f 0 A RF et g mode frequeny nd powerX f CW a f 0 D CW aH dfm SF et tres to mesure @I tre for single IIY up to IH for ll portsA hepending on the numer of used portsD up to IH Eprmeter tres need to e deE (ned on the fourEport xe @four re)etion oe0ientsD six trnsmission oe0ientsAF efter initiliztionD the produer loop quires the dt of ll tres ontinuously nd sves it in the dt queue for further proessingF por the volunteer mesurements in etion TFPD only one port of the xe ws used to quire II dt from loop oilF imilrly to the view power meter pplitionD the dt ws sled nd send diretly to the hegF snline (ltering ws only used for visuliztion nd ontrol purposesF por multiEhnnel Eprmeter mesurements in etion TFQD the dt ws sved in gE(leD s the eig nd heg were not le to hndle IH signls simultneouslyF isul ontrol nd (ltering of one userEde(ned hnnel ws implemented s wellF

Post-processing methods

Signal processing with MATLAB

por dt nlysis the softwre pplition wevef @wthworksD xtikD xD eA ws usedF eig dt ws imported y proprietry sripts of sehsF ell sved signls were normlized (rstF sf the oil lod dt ws preE(ltered y the view pplitionD (lter dely ompenstion ws pplied to the signlF his (xed omE penstion vlue ws veri(ed y rossEorreltion of the (ltered respirtory signl of the oil nd the pneumti elt signlF sf the rw signl ws svedD the (ltering ws performed in the postEproessingF wo seondEorder futterworth (lter with the sme prmeters desried in UQ were usedF he utEo' frequeny of the rdi triggering ws set to HFV E Q rzF he respirtory signl ws (ltered with lowEpss (lter nd utEo' frequeny of HFS rzF hese vlues lso orrespond to the (lter settings in the view pplitionF gomprison of the respirtory oil signl with the pneumti elt ws performed y liner regressionF sn the experiments desried in hpter TFI nd TFPD igq nd oil dt were superimposed for one intervl etween two Epeks @E intervlA @pig QFVAF e simple pek detetion ws performed on the Epek of igq signl nd the single intervls were superimposedF he oil dt ws lso segmented nd superimposed for the sme time frmeF por visuliztion the overlpped dt is presented with its men vlue nd the stndrd devition s semiEtrnsprent reF hepending on the dt set length etween IQH nd QVQ E intervls were segmented nd overlppedF e higher stndrd devition ws oserved in the endE distoli phseD used y physiologi E yle length vritions throughout the quired dt setF he superimposed oil dt ws ompred to simulted nd mesured left ventriulr volume hngesF sn hpter TFP the pek detetion lgorithm ws lso pplied to the oil dtF he E intervls of the igq peks nd the II peks were nlyzed to evlute the potentil of the II signl for rdi triggeringF

Image processing and quality metric

The GRICS reconstruction algorithm preeErething imges su'er from ghosting rtifts nd need to e retrospetively orretedF he reonstrution lgorithm for qenerlized snversion goupled ystems @qsgA SH ws developed for tht purposeF he prolem of imge reonstrution of motion orrupted ws rw dt n e formulted s mthemtil optimiztion prolem where oth the imge nd movement re unknownX

(ρ 0 α) E(α)ρ 0 - 2 + µR (α) @QFIA
with s the quired kEspe dtD α the motion indued displement (eldD i@αA the opertor simulting the ws imge quisition proessD ρ 0 the referene imgeD µ weighting ftor nd @αA regulriztion termF sn this generl formD the prolem is mthemtilly underEdeterminedF he ssumption is mdeD tht the displement (eld is temporlly orrelted with physiologil motion dtD whih is simultneously reorded during the imge quisition y motion sensorF o solve the prolem of the oupled system of the imge nd the displementD the lgorithm lterntes etween optimiztion of the imge @ssuming known displement (eldsA nd optimiztion of the displement (elds @ssuming known imgeAF o llow estimtion of lrge displementsD multiEsle strtegy is employedF o pply qsg imging on gine imgesD the reonstrution hs to e splitF he rdi yle is divided into rdi phsesD nd the qsg reonstrution is lunhed on eh rdi phse independentlyF he hoie the numer of rdi phses nd the durtion of eh hert phse is sed on experiene nd de(ned y the userF imilr to the originl qsg lgorithm tht performs respirtory motion ompenstionD gineEqsg dds rdi motion ompenstion within eh rdi phse IPRF Image entropy for quality quantification sn the volunteer experiment desried in etion TFPD metri to quntify the imge qulity ws usedF en inditor for the performne of motion orretion is the redution of lurring or the shrpness of the edges in the imgeF fy lulting the imge entropyD the texture of the imge n e hrterizedF he imge entropy i n e lulted y IPSX

E = - M =1 B B B B @QFPA
with f p the modulus of the omplex vlue of the pixel pD w the numer of imge pixels nd f max the mximum imge energy de(ned y

B = M =1 B 2
@QFQA e higher entropy implies redution of lurring nd shrpening of the edges eFgF fter motion orretionF his metri llowed the diret omprison of di'erent motion signl soures in the qsg lgorithmF

Coil design for load change experiments

he evlution of oil lod hnges used y motion ws performed primrily on produt oils of the mnufturerF por l enh experiments two single loop oils were designed nd ompred to results numeri simultionsF purthermore these oils were utilized to investigte lol oil hnges on di'erent ody prtsF he oil lyout ws ethed from opper gf ord with dimeter of US mm nd ondutor width of VFH mmF e oil ondutivity of vaIRH nr ws mesuredF wo oils were uilt with resonne frequeny of f 0 @IFSAaTR wrz nd f 0 @QFHAaIPUFU wrz to investigte motion e'ets on proton vrmor frequenies for IFS nd QFHF he pitne of II pp nd RR pp respetively ws lned etween the tuning pitor g nd g 1 @pig QFWA nd the resulting virtul ground ws onneted to the le shieldF yn the IPV wrz oilD nother pitor g 2 ws introdued to split the loop nd ssure ondutor length smller then λ/IHF uning nd mthing pitors were inluded s vrile pitorsF efter djusting the resonne freE queny s lose s possile to 0 =SHCjHΩD the vrile pitors were repled y (xed vlue prtsF le V shows the vlues of the pitors nd Evlues of the two oilsF por the experiments the oil ws overed with IH mm fom mteril on oth sidesF his did not introdue ny mesurle hnges to the prmeter of the oilsF f 0 wrz g pp g pp g

1 pp g 2 pp Ertio TR SFU VQ VP E TFTS IPV QFU QIFW QH QH IPFSR
Table 8 Capacitor values and Q-ratios for single loop coils

Summary

vod vritions on di'erent oils were exmined in lEenh nd imging studiesF por the di'erent experimentsD individul solution in the design were neessryF his resulted in four experimentl setupsD wheres three of them were pplile for moE tion reording during imgingF wotion informtion of the re)eted power of trnsmit pulses @etion QFPFIAD of irdge oil modes @etion QFPFQFIA nd of 31 single loop oil @etion QFPFQFPA were reorded while imge dt ws quiredF e )exile oil lod quisition system ws designedD whih llows the ontinuous reording of loding vritions independent from the oil used nd independent from the ws system @etion QFPFPAF he power mesurement nd Eprmeter reording ws ontrolled y view pplitionsD whih proessed the dtD visulized it nd trnsferred it to the eig @etion QFIFQAF sn dditionD dt ws sved lollyF o ensure su0ient the smE pling rteD the mesurement proess nd dt mngement proess were seprted y the produerEonsumer designF eordnt dt postEproessing ws pplied with wevef @etion QFRFIA for (ltering nd nlysis of the reorded motion dtD for omprison to other sensors nd for qsg reonstrution @etion QFRFPAF e new version of the eig ws developed nd uilt s moile unit t qgF st ws used for inEvivo experiments desried in etion SFIFP nd TFIF purthermoreD eig system in xny reorded dt during the volunteer study desried in etion TFPF ell tivity whih ws neessry to estlish the experimentl setups nd dt nlysis were relized y myselfF rowever s wnt to highlight the strong oopertion nd support from sehs for the eig development nd the qsg reonstrutionD whih were ruil prts for the experiments nd this thesisF

Numerical analysis of coil load changes

sn the following hptersD the results of iw simultions on oil lod hnges re presented nd ompred to l enh experimentsF hetils on simultion design re given in hpter hpter RFIF he in)uene of homogeneous loding phntom on the Evlue is presented in setion RFPF issue dependent loding nd the e'et of respirtion is nlyzed nd ompred with l enh experiments on vetor network nlyzer @setion RFQAF st hs to e mentioned nd thnkfully knowledgedD tht the iw simultions were onduted y elexi wissofe nd tulie uil from sehsF he seline dtD like oil design prmetersD ondutivity vlues nd the simultion setup ws provided from my sideF elso the susequent dt nlysis ws performed y myselfF

EM simulation design on coil load variations

he simultion ws performed with iwEsimultion softwre iwgeh @vIRFVD ieqD uerihD witzerlndAF he US mmEloop oilD s desried in etion QFSD ws reprodued with resonnt frequeny of TR wrz nd IPV wrzF he simultion ws performed with the oils positioned on phntom nd on humn ody model respetivelyF he impedne hnge nd Evlue nlysis of the oil were performed tX

• phntom simulting sline solution with slt onentrtion of HFW7

• the sternum position of humn ody model

• the sternum position with the dieletri properties of the de)ted lung

• the sternum position with the dieletri properties of the in)ted lung he ondutive phntom ws simulted s retngulr oxD with the dimensions PUH mm x IHH mm x QU mm to over the full sensitivity re of the oilF he slt onentrtion ws hosen so tht it orresponds to ommerilly ville sodium hloride solutions tht re used in linil prtieF sts ondutivity ws found to e σ a IFR Gm t temperture of a PH • g WF sn order to redue the simultion time for the humn ody modelD ll orgns nd ody prts were removed exept for the hert nd lung tissueF fy defultD the oil hd distne to the tissue of Q mm @pigF RFIAF he results of the simultions were ompred with l enh experiments with xeF he loop oil ws loded with g of HFW7 sodium hloride solution @xgl HFW7 iogD fFfrunD welsungenD qermnyAF snhle nd exhle experiments were performed with the oil t the sternum of one humn sujetF en repetitionsD eh 75 with rethEhold in the inhle nd exhle sttesD were rried out nd the Evlue of the oil ws mesured t eh rethEholdF Table 9 Simulated and measured coil parameters coil parameters of two loops coils with f 0 =64 MHz and f 0 =128 MHz; Q u is the unloaded Q-value and Q l the loaded Q-value. Loading was performed with a 0.9% saline solution.

es shown in le W the unloded nd loded Evlues nd resonnt frequenies f 0 re in good orreltion to the l enh mesurements @ 2 a HFWUAF he frequeny shift etween the loded nd unloded stte is low in oth ses @∆f a HFR E PFI wrzAD while the Ertio of out TFS nd IPFT is shown respetivelyF his indites good oil design with primry smple in)uene nd low rdition lossesF por omprisonD the smple loss lultion for irulr loop oil with homoE geneous lod ws pplied to the urrent oil designF he smple loss is de(ned in IPT s R = 0.0332σ (ω 0 µ 0 π) 2 3 @RFIA with σ the smples ondutivityD ω 0 the ngulr frequenyD µ 0 a RπIH -7 xGe 2 the permeility of free spe nd r the rdius of the oilF ith r a US mmD σ a IFR Gm nd the resulting smple resistne inserted in iqF PFITD one otins loded Evlue of l @TRwrzA a IWFS nd l @IPVwrzA a IHF his orresponds well to the mesured dt of l @TRwrzAa PT nd l @IPVwrzA a IQ s well s the simulted dt @ l @TRwrzAa PI nd l @IPVwrzA a IIAF his veri(es the orret modeling of the oil in the iw simultions nd mesured inEvitro resultsF

Results of human body model simulations and invivo measurements

he dieletri vlues of lung tissue were modi(ed in order to simulte oil lod hnges in the inspirtion nd expirtion sttesF prom IHSD permittivity nd onE dutivity n e derived @le RAF st n e oserved tht oth the simulted nd mesured Evlues vry out IS7 due to rething @le IHAF hue to the higher ondutivity in the de)ted stteD the losses on the oil re higherF his results in lower Evlue nd in higher re)etion oe0ient @pigF RFPAF he vriility of the mesured Evlue n e explined with inonsistent rething of the sujetF ine the Evlue hnge orresponds to the rething stte nd torso movementD the re)etion oe0ient will ehve onverselyF hereforeD the re)eted power vlues or re)etion oe0ients of the rething signl were inverted in inEvivo experiments for etter omprison with the respirtory eltF

TRwrz oil

IPVwrz oil he simultion of hert motion on the ses of ondutivity vrition ws not ondutedD euse esides the ondutivity hnges y the lood volumeD pE itive oupling e'ets of the hert displement ould further in)uene the signlF elthough diret simultion of the hert motionEindued Evlue vritions ws not performedD oservtions from le R show tht the rtio of the ondutivity for lood is IFUV times @for TR wrzA nd IFTQ times @for IPV wrzA higher thn for hert musle tissueF fetween the endEdistoli motion stte of the hertD in whih the ventriles re (lled with loodD nd the endEsystoli stteD in whih the hert is ompletely ontrted nd the lood volume in the hert is t the minimumD 

simulted mesured simulted mesured UW UUFW ± IFU RT RQFR ± PFT UH UHFV ± IFW QW RHFQ ± IFS respirtory Ertio 7 IQ W ± Q IS U ± W

Discussion

iw simultion helps to understnd the omplex ehvior of the oil impedne nd Evlue 'eted y physiologil lod hngesF enlyti models n give good pproximtion for homogeneous smples ut re limited for humn tissueD where vrious tissue types with di'erent ondutivities nd order e'ets overlpF e Evlue vrition of IS7 used y rething motion hs een mesuredF his vrition ould hve n e'et on imge qulity in generl nd in signlEsensitive exmintions like funtionl ws @fwsA or on quntittive mesurements like f 1 D 1 or 2 mppingF his is further ddressed in ghpter TF sn this simultionD the lung nd hert tissue ws seprted from the humn ody model due to simultion time nd memory restritionsF his does not re)et the true loding of the oilD ut the ndoned tissue seems to mke just minor ontriution to the reltive oil loding vritionsD s shown in omprison with the mesurement resultsF he simultion (ts well with the mesured results nd n re)et the impedne hnge on respirtionF his rething stte simultionD howeverD is simpli(ed pproh sine only ondutivity vlues hve een modi(edF yrgn displement is not tken into ountD whih ould led to dditionl hnges to the oil lodingF rowever the sensitivity of loop oils is limited y their rdius @see etion PFIFRAF herefore depending on the positionD loop oil 4sees4 primrily the ondutivity hnge in the lung rther thn the motion of other orgnsF e full nlysis of the rdioErespirtory motion impedne vritions would e possile y nlyzing the full humn torso t vrious motion sttesF his would involve detiled motion model of the hertD diphrgmD lungD nd neighoring orgnsF iw simultion softwre ompnies provide humn ody models with ulk ody motion pilitiesF hese models re used eFgF for e lultions on multiE hnnel trnsmit systemsF he omplex ontrtion of the hert is not ville yet nd would need to e implemented y the userF his involves su0ient omputing power nd timeD nd ould not e ddressed in this workF

Motion induced load changes of volume coils

goil losses on volume oils re minly used y stry pitne e'ets of the smple or tissue inside the oils IHQF reneD the ssumption n mde thtD esides ondutivity vritions of tissueD ulk ody motion 'ets the oils9 impedne nd Evlue synhronously to the motion mgnitudeF he up nd down movement of the thorx during respirtion hs een shown to 'et the Evlues of lol nd volume oils UTF sn volume oilsD the hnge in distne of the ojet to the oil introE dues vritions in the pitive ouplingF reneD motionEindued oil impedne hnges led to detuning of the oil nd wve re)etion e'etsF his in)uenes the trnsferred power during the exittion in ws experimentsF ypillyD efore the exmintionD the power is lirted ording to the loding of the ptientF huring the snD the oil performne is in)uened y the motion ndD thereforeD the trnsferred power of the exittion pulse vriesF rereD we investigte these e'ets on the exittion pulses of n imging sequene nd their ility for retrospetive motion orretion with the qsg lgorithm @etion SFIAF sn etion SFPD irdge oils re studied in detilF hue to their designD they o'er more resonne frequenies esides the imging frequenyY the soElled modes @see lso etion PFIFRAF he e'et of lod hnges on mode frequenies is thought to e promising solution for @semiEAontinuous motion quisitionD independent from the trnsmission pulsesF he experiments nd dt nlysis were onduted y myselfD exept for the qsg reonstrutionF he results of the experiments were pulished in two poster presenttions t the wotion gorretion orkshop of the snterntionl oiety of wgneti esonne in wediine @swwA PHIR in romsøD xorwy uudielk et lFD PHIR uudielk et lFD PHIRF purthermore the pplition of irdge oil modes for motion pture ws pplied for ptent nd pulished in tnury PHIT uudielk et lFD PHITF

Reflected power of excitation pulses for respiration measurement

ith the kground of smple in)uene on oil lodingD the question rises whether lod vritions would e detetle y power vritions during imgingF his ws ddressed in the following setion @SFIFIAF purther investigtions hve shown the ppliility of the power vrition for respirtory motion trking nd retrospetive orretion with qsg @etion SFIFPAF 81

Investigation of respiration influence on RF excitation power

o nlyze the re)eted power of the trnsmission pulseD the mesurement setupD s desried in etion QFPFID ws relized on rhxt ws systemF he forwrd nd re)eted power of the exittion pulse ws integrted over the durtion of this pulse @pigF SFIAF he dt of the respirtory elt nd the re)eted power of the ody oil were reorded seprtely nd merged in wevef sript retrospetivelyF sn (rst experimentD helthy volunteer ws pled inside the ws system withE out ny dditionl oil ut with the respirtory elt (xed on to the hestF e pqi lolizer sequene ws performed in 4mnul presn4 modeF his llowed ontinE uous looping of the sequene without imge quisitionF pigF SFP shows the oupled trnsmitted power @phD lueA nd the oupled re)eted power @ipD orngeA of the ody oilF hile the trnsmitted power is stleD the re)eted power shows regulr vritionsF foth signls hve slight deresing trend tht is likely used y losses due to the temperture inrese of the trnsmitEhin omponents during the snF gomprisons of the re)eted power with the respirtory elt informtion orrelte well nd support the ssumption tht respirtory motion hs n in)uene on the oil9s tuning nd trnsmission e0ieny @pigF SFQAF vodEindued impedne hnges in volume oils re used y the whole volume inside the oilF reneD even ulk ptient motion ould hve n e'et on the oil lodingF his ws investigted in nother volunteer experiment on wUSHw ws system with the sme mesurement setupF por thtD the volunteer pled the rms over the hed nd ws rething normllyF huring the sequene loopingD he ws sked to move the rms down next to the torsoF pigF SFR shows the impt of the rms9 movementF pirstD the respirtory vritions re lerly detetleD with rethEhold etween t a PSESH sF et t a VH sD the volunteer moved his rms downD whih resulted in R df drop of the re)eted power ndD heneD n improvement in the tuning of the oilF his is ontrry to the oservtion tht volume inrese should impir the tuning nd mthing of the oilF roweverD during the preEsnD the volunteer hd his rms next to the ody nd the trnsmission power ws lirted to its optimum t this oil impedne stteF hile moving the rms over the hedD the tuning ws slightly mismthedD resulting in higher re)eted powerF 

Application of reflected power information for motion correction

ine it ws shown tht re)eted power vritions from irdge oils n represent rething motionD re)eted trnsmit power reording during freeErething imgE ing sequene ws utilized for retrospetive motion orretionF e helthy sujet ws pled in the wUSHw system nd imge dt ws quired with n eightE hnnel torso oilF en pi sequene @ a UVW msD i a RUFS msD iv a VD py a QHH mmD wtrix PSTxPSTA ws performed in freeErething nd the re)eted power of the (rst exittion pulse in eh sequene ws quired with power meterF e view pplition ws normlizing nd (ltering the power vlues nd forwrded the dt vi n PQP protool to the eig system @see lso etion QFPFP for further detilsAF he power of the exittion pulse ws integrted over the pulse width of Q msF he synhronously reorded dt of the respirtory elt nd the re)eted power ws nlyzed retrospetively with wevefF husD good orreltion etween the respirtory elt nd the re)eted power ould e oserved @pigF SFSAF he oe0ient of determintion ws lulted s 2 a HFVHF ine the power meter ws triggered with the imging sequeneD the re)eted power ws mesured one every F reneD the smpling frequeny results in f s a IG a IGHFUVW s a IFPT rzF his is in good 

Birdcage coil modes for motion detection

e min disdvntge of the method desried eforeD is the dependene on the imging sequeneD whih de(nes the smpling frequeny nd does not llow motion trking efore nd fter the sequeneF e irdge volume oil provides vrious resonnt frequenies or modes @see etion PFIFRAF yne solution for independent motion registrtion ould e seprtion in frequenyF rowever sine these modes ome s side e'ets nd re generlly not tuned nd mthedD they provide lower Evlue ompred to the dedited vrmor frequeny of the oilF sn (rst pprohD vrious modes were investigted with moving phntom nd on volunteer @etion SFPFIAF he pplition of this method for motion detetion during imging ws shownF purthermore the in)uene of the mode urrents ws investigted y noise sns nd p swith setup ws implemented for imging experimentsF his llowed respirtory motion registrtion on mode frequenies of irdge hed oil during imge quisition @etion SFPFPAF

Investigation of birdcage coil modes for motion detection

o nlyze the pility for modeEsed motion detetionD the re)eted power of g signl ws mesured on severl modes of n inuilt Q ody oilD while guy 4 phntom ws ontinuously moving inside this oil ± IHH mm from the isoenE ter in the EdiretionF por tht mesurementD the )exile power setup from etion QFPFP ws usedD in ddition to frequeny multiplier nd n mpli(er @winigiruitsD xD eA to generte onstnt power t the oil of FWD a IH m t di'erent frequeniesF he setup ws onneted to the sEport of the irdge oilD while the Eport ws terminted t SH ΩF pigF SFU shows the re)eted power of the vrmor frequeny @lkA in omprison with the mode frequeniesF e signi(nt sensitivity hs een oserved on modes with higher EvlesD suh s t f a PQS wrzF sn n inEvivo experimentD this frequeny ws hosen to mesure respirtory motion with the volunteer pled inside the oilF por omprisonD the informtion of the pneuE mti elt ws svedF xorml rething nd deep rething events were deteted with orreltion of 2 a HFUQ etween the modeEimpedne hnge signl nd the respirtory elt @pigF SFVAF he introdued power t mode frequeny uses urrent )ow in the endrings nd rungsF herefore it ontriutes to the noise level of the vrmor frequenyD whih ould degrde imge qulity signi(ntlyF his e'et is shown y noise sns on the Q rhxt qg ws systemF sn noise sns the reeiver signl is reorded without prior exittion pulse nd only noise of the entire reeive pth is quiredF fy designD only the vrmor frequeny is tken into ountF he sns were performed with nd without gEpower level of I m @H dfmA t the hrmoni mode of faTR wrzF e PHEfold inrese in noise level n e oserved with the g power on @le IIAF his e'et ws gretly redued y dding highEpss (lter @frEIHHCD wini giruitsA efore the preEmpli(er with pssEnd frequeny of WHEPHHH wrz nd ttenution of PS df t TR wrzF his shows tht urrents on the irdge hs to e seprted during the exittion phse of the imging sequene to void dmge y the high power of the exittion pulseF yne solution n e found in swithing logiD whih lterntely onnets the oil to the p pths of the ws system nd the p setup of the motion detetion systemF e swithing logi tht performs these tsks is introdued in etion QFPFQFIF sts funtionlity nd the results of volunteer sn re disussed in the following setionF

Motion registration during MRI imaging

vongErnging suseptiility e'ets 'et the f 0 homogeneity in hed imging due to respirtory nd rdi motion @etion IFQFIAF sn dditionD the lood pulstion nd torso movement re trnsferred towrd the hed nd led to involuntry disE plementF sn the following it is investigtedD if semiEontinuous mesurement of re)eted power on hed irdge oil mode n resolve physiologil motion in the hed during imge quisitionF e helthy volunteer ws lying on the ptient tle with the hed pdded inside the irdge hed oilF he swith nd motion mesurement setup were onneted etween the oil nd its p onnetor to the w system @see etion QFPFQFIAF he pneumti elt nd q were pled on the volunteer for omprisonF e grdient eho sequene with the following prmeters ws usedX

• a SHHms • i a PHms • pe a TH deg • pyaPRHmm • wtrix IWPxIWP • xi a I
he motion quisition swith ws triggered y the ws sope trigger signlF he tivtion of the swith ws ontrolled with v logi ording to the nd i of the sequeneF e trigger dely d b i ws de(ned to ensure n 4ypp4 stte of the motion mesurement during the exittion pulse nd imge quisitionD nd ws set to d a RH msF hysiologil motion informtion ws quired during the rest of the sequene for p a RSH msF e sfety window of IH ms gurnteed tht the G S = slice selective gradient, G P = phase encoding gradient, G F = frequency encoding gradient, Echo = receive signal, TE = Echo time, Scope trigger = trigger pulse of MR system, T d = trigger delay time, T p = switch activation time mesurement setup ws disonneted efore the next exittion pulse @pigF SFIHAF he frequeny for the motion detetion setup ws set to one mode of the irdge oil hed oil of f m a WS wrzF he dt of the power sensor ws smpledD (lteredD nd sved y the view pplition introdued in etion QFQF pinllyD the dt of the respirtory eltD the qD nd the power sensor were proessed with wevefF huring imgingD hert rte of UV pm nd respirtion rte of IR ylesGminute were reorded y the q nd pneumti eltF e pp nlysis of the quired power signl shows two signi(nt frequeny omponents @pigF SFIIAF he (rst pek t f a HFPQ rz orresponds to the respirtionEindued hed motion @f a IR ylesGTH s a HFPQQ rzAF he retrospetively (ltered signl provided ws wellEorrelted with the pneumti elt @ 2 a HFVIAF he seond pek of the pp desries the swithing frequeny of f a P rz @totl swith time a p C d C IH ms a SHH msAF he 4ypp4 stte gp of SH ms t eh ws sequene hd no signi(nt e'et on the reorded dtD s the smpling durtion ws RP ms due to the power sensor smpling timeF elsoD frequeny omponent tht represents the q signl t f a IFQ rz is oservleY howeverD its mplitude is not signi(ntly prominentF purthermore frequenies of f `HFI rz hve signi(nt ontriution in the ppF his n e explined with mgnitude vritions throughout the mesurementF 

Discussion

yservtions on the re)eted power of the exittion pulse give good indition for the respirtory motion in volume oilsF he mesurement setup is reltively esy to implementD nd might e hievle with the omponents of the ws system itself E eFgF with the power monitoring or p signl reeiverF o link the quired power dt to respirtory motionD one must ssume tht the ptient lies still on the ptient tle nd is not movingF his ssumption is usully true for rdi imgingD when multiEhnnel torso oil is pled nd strpped on the ptientF yther ptient movement is usully not periodi nd ould e (ltered out with dedited lgorithmsF he dependene of the smpling rte on the sope trigger ndD heneD the timeD limits this method to the detetion of slow respirtory motion onlyF ispeilly in sequenes with vrious exittion pulsesD suh s piD informtion regrding dditionl p pulses ould inrese the smpling frequenyF his would require trigger for the power sensor t every p pulseF e synhronized ut seprted imge quisition nd motion registrtion ould e dvntgeous nd is shown y the utiliztion of irdge oil modes to pture impedne hnge e'ets due to motionF emiEontinuous motion detetion with Eindependent smpling rte is fesileF fut one must keep in mind tht some p power needs to e pplied ontinuously to the oil in order to mesure the motionE indued impedne hngeF he power level n e smll @here in m rngeA ut it ould hve n e'et on the imge noiseF piltering or ontrolled swithing needs to e ppliedD whih would llow semiEsimultneous motion mesurement nd imging t the vrmor frequenyF withing setups re limited y their settling durtion nd might fil in fst imging methodsF hedited (ltering nd tivtion of the motion mesurement system might e preferle for suh sequenesF o improve sensitivityD di'erent oil designs ould e tken into ountF houleEtuned irdge oils provide qudrture rhiteture t two di'erent frequenies nd deliver two signls y ordnt (ltersF tilizing the power informtion of the volume oil depits potentil solution for sensorEless nd onttless motion detetionF roweverD due to their designD loliztion of the motion is not possileF his is ddressed in the next hpterD where the ehvior of surfe loop oils on motionEindued impedne hnges is investigtedF

Measurement of load changes on local coils

e loliztion of the soure of n impedne hnge with volume oils is not possile euse the lod impedne represents the whole volume inside the oilF roweverD oils with heterogeneous mgneti (eld distriution re loded just y ojets in their (eld of sensitivityF sn wsD suh oils n typilly e found in reeiveEonly oils from single oneEhnnel loop oils to multiEhnnel phsedErry oilsF sn the following experimentsD multiple regions on the humn ody were nlyzed for impedne hnge ehvior with smll singleEloop oil @etion TFIAF st is shown tht rdioEphysiologi motion n e derived ut it nnot e diretly ompred to the igq or q signlsF hile n igq represents eletril tivity nd q the peripherl lood )owD oil lod vritions re used y mehnil hert motion nd lood pool vritionsF fsed on thtD volunteer study in linil setup ws perE formed to quire motion informtion during rdi gine imging in freeErething with QI loop oilF he quired motion informtion ws used to retrospetively orret for respirtory rtifts the qsg lgorithm nd to ompre it to rdioE physiologi dt extrted from the gine imges @etion TFPAF pinllyD the nlysis of re)etion nd trnsmission oe0ients of fourEhnnel oil is showing the poE tentil of multiEhnnel motion quisitionD ompred to singleEoil mesurements @etion TFQAF he experiments nd dt nlysis desried in etion TFI nd etion TFQ were exeuted fully y myselfF por the volunteer study of etion TFPD s hve reeived supE port during the imge exmintions y hrF ierreEendré uissoz nd hrF preddy ydilleD s the view softwreD the eig nd the imge quisition hd to e onE trolled t the sme timeF purthermoreD the qsg reonstrution for this experiment ws performed y hrF preddy ydille from sehsF he results of these experiments were sumitted for pper pulition uudielk et lFD PHITF

Load changes of surface coils at several body positions

he US mmEloop oil in the TR wrz nd IPV wrz on(gurtion @etion QFSA were used in this l enh experimentF he dt of the oils ws quired nd (ltered with dedited view pplitionD nd ll signls were trnsferred to the eig systemF he setup nd softwre re desried in detil in etions QFPFP nd QFQFPF he dt of six helthy volunteers @Q mleD Q femleD ge PUEQTA ws quiredF ih volunteer ws lying on the ptient tle during the whole experimentD while the igqD qD nd respirtory elt signls of the rhxt qg ws system were reorded for 

Respiratory motion detection

pigF TFP shows the vrition of Evlues t the di'erent oil positions fter respirE tory (lteringF espirtory motion n e oserved in the torso region only @ositions ID PD nd SAF ositions Q nd R did not hve ny spei( signl fetures in the freE queny rnge up to HFQ rzF he Ertios in osition I orrespond to the simulted vlues of HFIQ nd HFIS @see le IH in etion RFQAF he signl t ositions P nd S is signi(ntly smller ut hs good orreltion with the pneumti elt dtF 

Arterial pulse flow detection

ositions PD QD nd R were hosen due to the surfe ner rteries in these regionsX the sulvin rteryD the poplitel rteryD nd the medil mlleolus rtery respeE tivelyF he (ltered impedneEhnge pro(les should re)et omposition of the lood volume hnge nd rteril wll motion t this positionF o on(rm this hyE pothesisD oil ws pled on the wrist of one volunteer with the q sensor on the sme hnd @pigF TFQAF ine the q signl represents rteril )owD omprison of the oil signl nd q in lose proximity should e equl in shpeF e slight superEextension of the wrist improved the oil signl nd it n e shown tht the (ltered oil signl orresponded well to the q signl @pigF TFQAF gompring the temporl progress of the pulse urvesD one n oserve positionE dependent dely etween the igq signl nd the oil dtF prom these delysD the pulse trnsit times @A nd pulse wve veloity @A were lultedF he distnes etween the sternum nd osition P @dIAD etween the sternum nd osition Q @dPAD nd etween ositions Q nd R @dQA were mesured on eh volunteer @pigF TFRAF por the de(nition of the temporl pointsD the usge of the )ow pek would e the most ovious methodD lthough it is not reommended sine )ow re)etion ould led to temporl pek shifts IPUF yne stteEofEtheErt method tht ws used here is the 4mximl upstroke lgorithm4 IPVF st refers to the mximum of the (rst derivtive of the )ow urve during systoleF he oil dt of the IPV wrz oil t the vrious positions ws superimposed for eh E intervlF he mximum of the (rst derivtive max of eh superimposed urve ws determined @pigF TFRAF he )ow durtion etween the sulvin rtery nd the poplitel rtery ws de(ned s t p2 D nd etween the poplitel rtery nd the medil mlleolus rtery s t p3 F he s for the ody nd leg were lulted y

PW V = 2 - 1 2 @TFIA nd PW V = 3 - 2 3 @TFPA
le IP shows the lulted for ody nd leg for ll volunteersF xorml vlues ording to literture PWD IPW re given in the lst olumn nd show good orreltion of the mesured dtF he ndEpssE(ltered signl on osition I represented repetitive ptterns in orE reltion with igq nd q @pigF TFSAF ine diret omprison etween the oil signl nd the physiologil sensors ould not e mdeD myordil volume vriE tions were simulted nd ompred with the mesurement resultsF he wevef sript giredpt IQH provides omprehensive nlysis of rdioEphysiologi volE umesD )owD nd musle (er ontrtion on the sis of initil strt onditions for hert rteD pressureD )owD nd tivityF grdioEphysiologi prmetersD like left venE triulr volumeD left tril volumeD orti )owD nd pulmonry rtery )ow were simulted with this softwre ording to the mesured hert rte of the volunteerF he 9wkerhefult9 funtion of giredpt ws used to lulte the physiologil vlues itertively until stedy onditions with minimized errorF untittive results were not tken into ount ut the signl shpe of the mesured nd simulted dt ws ompred qulittivelyF pigF TFT shows n exmple of the normlized signl of these simulted prmeters @greenA in omprison with the mesured oil signl @redAD nd the igq nd q signls @lueA of one volunteerF st n e oserved tht the (ltered re)eted power vritions orrelte to the left ventriulr volume ourse @pigF TFUAF his n e explined with the lood volume hnge nd the ligned hnge in ondutivity during the hert yleD whih seems to ontriute most to the resultnt impedne hnges @see lso etion RFQAF smpedne vritions y the hert musle motionD orti )ow or pulmonry rtery )ow might overlp ut re thought to hve minor ontriutionF le IQ gives the oe0ient of determintion 2 of the (t of the superimposed oil signl t osition I with the simulted left ventriulr volumeF e vlue of 2 a HFSS to HFWP ws oserved for the TR wrz oil nd 2 a HFRS to HFWI for the IPV wrz oilF ritions in the goodness of the (t re verstile nd ould e used y oil positions nd the resulting ontriutions of di'erent signl souresF sn dditionD the simultion might not re)et the rel volume vritionF hereforeD detiled omprison etween gine imgesD the segmented left ventriulr volumeD nd the oil impedne informtion ws performed in linil evlution @see etion TFPAF 

Local acquisition of load changes as a motion indicator during Cine imaging

e linil evlution of the oil lod mesurements ws performed on the Q rhxt system in the gr xnyF he im ws to show the ility of lolized loop oil s simultneous motion detetion of oth respirtory nd rdi displement t the sme time during imge quisitionF o understnd the oserved signls nd prove physiologil resonD omprison with left ventriulr volume ontrtion from gine imges ws ppliedF he motion trking setup desried in hpter QFPFQFP ws utilizedF ECG, respiratory belts at the chest and at the abdomen are used for this measurement pive helthy volunteers @one mleD four femleY geX PVEQP yersA were exmined in Q rhxt ws systemF he imges were quired with the trnsmitEreeive ody oilF en igq nd two respirtory elts of n externl wglife ptient monitor were used s referene @pigF TFVAF por simultneous oil lod mesurementD 31 singleEloop oil ws pled t the sternum of the volunteerF hortExis gine imges were reorded in rethEholdF he whole hert ws overed in IR to IT sliesF sn dditionD the gine imges of one slie were quiredD while the volunteers rethed normllyF he quired dt ws proessed nd (ltered with wevef @see lso etion QFQFPAF preeErething dt ws retrospetively orreted with the qsg lgorithmF he reonstrution ws performed sed on the dt of the two pneumti elts nd the oil lodingD respetivelyF por qulity ssessmentD the imge entropies IPS of the unorreted nd orreted imges otined in ll rdi phses were lulted nd ompredF ypil prmeters of the myordil funtionD nmelyD the endEdistoli volume @ihAD endEsystoli volume @iAD ejetion frtion @ipA of the left nd right venE trile s well s endEsystoli time @iA nd endEdistoli times @ihA were evluted y rdiologist using the we reserh softwre @PHIQEiD wedisD veidenD xetherlndsAF he determined vlues were used s seline for semiEutomti left ventriulr volume segmenttion @grdi xD qi relthreD ukeshD sD eAF

Clinical volunteer setup and data analysis methods

Retrospective respiratory motion correction

he (ltered respirtory dt shows good orreltion @ 2 aHDVWEHDWWA with the pneuE mti elts for ll volunteersF yutliers were prtiulrly oserved in the orreltions for volunteers Q nd R in the dominl elt @pigF TFWAF es explined in hpter IFQFP this is used y ptient individul rething ptternsF he movement etween the dominl re nd the hest n e deoupled s shown in pigFTFIHF pigF TFII illustrtes reonstruted imges without orretionD with orretion using the elt dt nd with orretion using the oil dtF he entropy of the orreted freeErething gine imges ws HFTP7 E QFWQ7 higher thn those of the unorreted imgesF e higher entropy implies redution of lurring nd shrpening of the edges y the qsg reonstrution lgorithmF he entropy improvement of the orreted imges ws oserved to e onstnt over ll the rdi phses @pigF TFIPAF yver ll the rdi phsesD there ws no signi(nt di'erene etween the entropy hnge hieved y reonstrution using the re)etion ftor dt @p a HFWWUTA reltive to tht hieved using the respirtory elt dtF st ws on(rmed for ll the volunteers tht the re)etion ftor ould e used s motion inditor for the pplition of the qsg reonstrution lgorithm @le IRAF unorreted orreted with elt dt orreted with II dt olunteer I WQQDVP WQWDTR @HDTP7A WRHDQR @HDUH7A olunteer P USHDRP UTUDR @PDPT7A UTUDHS @PDPI7A olunteer Q VQQDUS VRQDT @IDIV7A VRQDP @IDIR7A olunteer R WSRDIS WWIDT @QDWP7A WWHDPP @QDUU7A olunteer S VWVDPQ WPRDVU @PDWU7A WPSDS @QDHR7A he oil is shown in pigF TFITF he dimensions of eh element re PHH x PSH mmF ine the preEmpli(er for tht type of oil is pled in the ws system fter the oil onnetorD the oil elements were diretly essile vi the we onnetorsF e fourEport network nlyzer @fRD ohde 8 hwrzA generted nd mesured the signl t the resonnt frequeny on eh oil element ontinuouslyF rnsmission @ xy A nd re)etion @ xx A oe0ients were mesured nd sved during the experiment y view pplition @etion QFQFQAF st ws supposedD tht the trnsmission oe0ients in oth diretions were equlF his redued the totl numer of E prmeters from IT to ten @ 11 D 22 D 33 D 44 D 12 D 13 D 14 D 23 D 24 nd 34 AF L R 1 2 3 4 Figure 6.17 Schematic of the coil element positions on the volunteer e volunteer ws pled on the ptient tle of the ws systemD with his k on the posterior prt of the fourEhnnel rdi oilF igqD qD nd the respirtory elt were positioned on the volunteer nd the nterior prt ws strpped on top of the hestF he position of the oil elements is illustrted in pigF TFIUF he dt ws (ltered nd proessed with wevef using the sme (lter lgorithms s desried in etion TFPF

4-port S-parameters of a volunteer measurement

pigsF TFIV nd TFIW show the (ltered signl of the re)etion nd trnsmission prmeters of fourEhnnel rdi oil (ltered for respirtory frequeny nd omE pred to the respirtory eltF he impedne vritions due to rething were repE resented y ll four hnnelsF roweverD the signl of the posterior oil shows etter stility thn the nterior signlF his is used y the higher mehnil stility of the posterior oil due to the volunteer weightF purther more the 11 dt shows negted trend ompred to the respirtory eltD while 22 shows omintion of two phse shifted signlsF his might e used y n unstle (xtion of the nterior oilF he sme signl ws lso ndEpss (ltered etween HFV rz nd Q rz nd superimE posed over TS E intervlsF e rdioEphysiologi motion n e distinguished nd ompred to q @pigsF TFPH nd TFPIAF he re)etion oe0ients of the nterior prt show smll devition from the menF edditionllyD time dely of IHH ms is visile in 22 dtF he posterior signls hve lrger vritionsD whih is n indiE tion of wek rdi motion omponent t this positionF elsoD in trnsmission oe0ientsD these lrger vritions re oservle in the res fr from the hert @ 34 nd 23 AF he 14 oe0ient @whih lies long the hert motion xisA nd the 23 oe0ient @perpendiulr to the hert motion xisA re more stleF es desried erlier in etion TFID these signls represent primrily lood )ow nd ventriulr volumin hngesD lthough with di'erent )ow hrteristis due to di'erent disE tnes to the hertF purther nlysis of the hert motion nd the oserved signl is needed to understnd the signls nd omine them to motion modelF 

Discussion

goil lod hnges on surfe oils represent vrious physiologil signls like respiE rtionD lood )owD nd lood volume hnges on the hestF fut in other ody res rteril lood )ow n e deteted s wellF his enles the possiility to meE sure rdiovsulr informtion using multiEhnnel oils in prllel to the imging sequeneF volized mesurements on the sternum re proven to detet respirE tory nd rdi motionF es shown y n nlysis of the left ventriulr volume nd igq peksD the lood volume vritions of the hert represent the mehnil motion of the myordium nd ould e pplied s rel endEdistoli trigger for rdi imgingF fy diret omprison of the mesurements in etions TFI nd TFPD it n e shown tht the signl qulity depends on the oil dimension nd the lotion of the oil elementF ispeilly on the torsoD vrious physiologil signls like respirtionD lood )owD nd lood volume hnges n overlp on lrger oil dimeters @etion TFPAF roweverD if one onsiders multiEhnnel imging oil insted of singleEloop oilsD dedited lgorithms ould e implemented to (nd the oil element with the most stle signlF ith multiEhnnel oilsD trnsmission oe0ients n ontin dditionl vluE le motion informtionF sn omintion with re)etion oe0ientsD they might provide su0ient input for throughEody motion modelsF he fourEhnnel rdi oil showed sptil signl seprtion in the leftEright nd nteriorEposterior direE tionsF hue to the lrge dimensionsD the rdioEphysiologi signl holds informtion from multiple soures E eFgF rteril lood )owD nd ventriulr nd tril lood volume hngesF xeverthelessD the signls in the lose proximity of the hertD long the motion xis or perpendiulr to the motion xis gve stle nd reproduile resultsF ith modern multiEelement oils @eFgF QPEhnnel rdi oilAD motion inE formtion in the superiorEinferior diretion nd with higher sptil resolution might e hievedF his would enle the presription of full Qh representtion of the physiologil motionF purthermoreD highE oils ould inrese the sensitivityD whih would e ene(il for the smll signls of eFgF rteril lood )owF roweverD suh oils hve to e refully designed euse higher motion sensitivity nd dereses x due to lrger loding e'etsF

Part

III

Discussion and Outlook

Discussion -Advantages and Limitations he ility of oil lod hnges on ws oils for motion detetion ws investigtedF iletromgneti simultions of single loop oil on the humn torso were ompred to inEvitro nd inEvivo l enh experimentsF elthough the simultion model ws simpli(edD the mesured dt orrelted well to the simultion results independent of the design frequenyF snEvivo mesurements were performed on di'erent oils inside the ws mgnet tunnelF gonttEless respirtory motion registrtion hs een shown with the xGx ody oil with two di'erent pprohesF hile the (rst method ws utilizing the re)eted power of the exittion pulse for motion reordingD the seond method showed sequene independent setup with the irdge oil hrmoni frequeniesF foth methods showed good orreltion of 2 a HFUV nd HFUQD respetivelyD to the reorded dt of the pneumti eltF wo volunteer studies with single loop oils showed vrious physiologi motion informtion t di'erent positions on the humn odyD nmely respirtory motionD lood volume vrition due to myordil ontrtion nd lood )ow in peripherl rteriesF wotion dt on the hest ws shown to e modultion of respirtory nd rdiophysiologi signlsD wheres the ltter indited diret reltionship to the mehnil hert ontrtionF sn linil setupD the motion signl of loop oil ws reorded during gine imging on (ve volunteersF fesides the respirtory nd rdiophysiologi motion signlD the ility for rdi trigger ws investigtedF sn ddition the quired motion signl ws used with the retrospetive qsg orreE tion lgorithmF purthermoreD the oil loding vritions of four oil elements were nlyzedF rere re)etion nd trnsmission oe0ients of vetor nlyzer were reorded onurE rentlyF he dt intensity nd stility ws dependent on the oil positionF he rdi signl through the ody long the hert xis hd lower stndrd devition ompred to other signl pthsD inditing motion diretion informtion in the E quired dtF Advantages of imaging coils as motion sensors he usge of the imging oil for motion detetion provides promising sensorE less solutionF feuse the oil is lredy pled on or ner the ptient nd in the ordnt ysD other sensors n e elimintedF purthermore during the imging sequene the imging oil is only used for smll perentge of the sequene timeF xGxEoilsD s the ody irdge oilD re tive during spin exittion nd imge quisitionD surfe oils re used to quire imge dt onlyF por the rest of the sequene the oil is not in use nd ould e utilized for motion reordingF he good omptiility of the oil inside the mgneti (eld is further dvntge over other sensorsF huring this thesis the usge of timeEofE)ight mer inside the ore ws lso investigted uudielk et lFD PHISF elthough motion trking inside the ore 117 ws possileD signi(nt temperture inrese due to omponents inside the mer interting with the min mgneti (eld nd sensitivity ginst the p exittion (elds ws oservedF his limited the pplition of the inEore mer nd further design hnges would hve to e tken into ountF snherentlyD p oils do not hve this prolem inside the mgnet tunnelF e further dvntge of the oil loding tehnique is the penetrtion into the odyF yther motion detetion methodsD like optil systems or eletroEmehnil systemsD provide only informtion from the ody surfeF his might e su0ient for trking ulk ody motion or hed motionD however n give no or only indiret informtion on physiologil motion inside the odyF es shown is this workD the lood volume hngeD myordil ontrtion nd the rteril pulse )ow n e visulized y oil lod vritionsF he ventriulr lood volume vrition reveled diret nlogy with the hert ontrtionD whih ws not detetle with igq or qF unowledge of the hert motion might e useful to eFgF identify endEdistoli motion sttesF he mesurement setup for motion registrtion with the inuilt ody oil y power re)etion during the exittion pulse ould e esy to relize nd might e even possile with the hrdwre lredy existing in the system @see the yutlook setion for further informtionAF hsedErry oils n provide lolized motion informtion t vrious lotions simultneouslyF elthough further investigtion is neededD urrent experiments show promising results for diretionl informtion of the motion signlD whih ould e used for sptil resolved motion model of the orgnF Limitations of imaging coils as motion sensors he ontinuous impedne mesurement neessittes onstnt urrent )ow through the oilF reneD n inrese in the noise levelD supplementry proton sturtionD nd n inrese in the e level my hve negtive e'ets due to this mesurement tehniqueF es shown in le IID motion signl power level of I m enhnes the noise level y ftor of PH in the sme oilF yn the other hndD the sme power level on 31 surfe oil hd no e'et on the imging oilF es this power level is equivlently lower thn I ppm of the exittion pulseD the e'et on spin mnipultion ws negligileF piltering or swithing setups might e neessry to seprte the imging funtionE lity of the oil from the motion detetionD if the imging oil is utilized for motion detetionF he swithing might e rther omplexD s fst stte ltertion nd low insertion losses re requiredF woreoverD the swithing would use informtion gps in the motion dt during the p trnsmission nd imge quisitionF xeverthelessD the exittion nd quisition windows re usully very short ompred to the freE queny of the motionD nd interpoltion of the missing dt should e su0ient to lose the gpsF es it n e reognized y the omprison of etion TFI nd etion TFPD the diE meter of the surfe oil determines the ury of the mesurementD espeilly on positions were multiple motion soures re presentF sn the region of the hertD lood )ow in the triD ort or pulmonry system n modulte the signl of the ventriE ulr lood volumeD whih represents the myordil ontrtionF his is shown in the results of the 31 surfe oilD with dimeter of ISH mmF he signl of the US mm loop oil showed higher reproduiility on the rdi (ltered signl throughout the volunteersF es generlly vlid for motion sensorsD the positioning of the oil is ruil for dt reliilityF sn rdi imging the surfe oil is (xed with strps nd spordi motion might e negletedF olume oils however detet ny motion inside the oilF his ould e used s generl motion detetorD whih sends wrning messge to the exminer when motion ours or need some dedited (lteringF he oil impedne n only e essed diretly t the resonting strutureF sn modern oil designD the prempli(er is often used lso for mthing purposes @prempli(er deouplingA nd the imge signl is digitized on the oil to redue noiseF rene motion mesurement setups fter the oil onnetor n e di0ult to implement nd thus hve to e relized in the oil design lredyF ome possile implementtions re desried in the following yutlook hpterF

The coil loading influence on imaging sn pigF SFP the vrition of the re)eted power from the oil is ompred to the trnsmitted power from the mpli(er during vrious exittion pulsesF rene the e'etive power for spin exittion vries ordinglyF he physiologi motion 'ets othD the loding of the trnsmitting oil s well s the reeiving oilD whih re often of di'erent originF vod vritions re pronounedly di'erentD euse the pitive oupling is enhned on volume oilsD while ondutivity hnges hve stronger in)uene on surfe oilsF sing the sme oil for trnsmission nd reeption of the xw signlD motion indued vritions on the trnsmitted f 1 (eld ould eD thereforeD di'erent from vritions of the reeived f 1 (eldF he priniple of reiproity is sed on stti onditions nd hene the quired f 1 (elds ould not show the e'etive trnsmit (eldF gurrently the e'et of the motion indued power hnge on the trnsmit f 1 (eld is further investigtedF Outlook his thesis showed in vrious experimentl setups the proofEofEonept for motion detetion with imging oilsF he usge of irdge oil hrmonis ws pplied for ptent nd pulished in tnury PHITF purthermore the eig system ws further development nd eme independent from the third prty monitorF hese results n the sis for new ws motion detetion systemF por exmple one ould think of n integrtion of the eig into the (rmwre or n extension of the power monitoring system to omined power nd motion monitoring systemF Implementation of coil based motion detection equisition of the respirtory motion y reording power vritions of the p exiE ttion pulses on the trnsmission oil n e relized reltively esyF sn generl the power mpli(er ontins diretionl oupler to mesure the outgoing power with the re)eted or returning powerF gonneting power sensor or osillosope to the oupled re)eted port of the diretionl oupler is lredy su0ient to detet power vritions due to respirtory motion or ody movementF he ws system itself uses the forwrd nd re)eted power informtion to monitor the sored energy nd e limitsF hedited (rmwre hnges ould utilize this power monitoring for onttEless motion detetionF es desried oveD motion mesurement setups n e inluded in the oil designF uh n onEoil setup ould inlude fst wiw swithes IQI nd onEoil diretionl ouplers IQPF sn dditionD setup onsidering the mgnitude nd phse of the re)eted power ould enhne the motion signl IIQF ositioning of single loop elements ws shown to e ritil for signl reliilityF elthough not investigted in this workD oil loding vritions ould give quntiE ttive informtion on eFgF the stroke volume y dedited lirtion methodsF his would give dditionl informtion during the imge quisition lredyF sn summryD oil lod vritions re n interesting e'et whih ould serve for motion trking or might provide dditionl ptient informtion esides the imgesF 
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Résumé

in imgerie pr ésonne wgnétique rdique et thoriqueD les mouvements rdiques et respirtoires sont enregistrés ve des pteurs tels que les pteurs igq et les eintures respirtoires pour synhroniser les quisitions et pour prtiquer des orretions rétrospetives des imgesF ve positionnement de es pteurs ugE mente le temps de préprtion des ptientsF sl présuppose églement leur tolérne pr les ptients plés dns un espe restreint et déjà träs ontrints pr l9ntenne rdioEfréquene @pA néessire ý l9imgerieF in(nD es pteurs peuvent diminE uer l qulité du signl et don elle des imgesF hns es trvuxD l9ntenne p déjà présente pour l rélistion de l9exm d9imgerie été elleEmà a me étudiée en tnt que pteur de mouvementsF ves vritions des propriétés életromgE nétiques des tissus dues ux mouvements se réperutent de mniäre direte sur l9impédne de l9ntenneF ves vritions d9impédne induites pr les mouvements ont été étudiées dns des dispositif utilisnt soit des ntennes p volumique ou des ntennes p surfique sur des ojetsEtest nimés et sur des sujets sinsF ves mouE vements respirtoiresD rdiques et les )ux snguins ont été enregistrés ve ette méthodeF uisD les résultts expérimentux ont été omprés à des simultions életromgnétiques et ux données de l littértureF ne orretion de mouvements rétrospetive ve l9lgorithme qsg été ppliquée à es données démontrnt l fisilité de l9utilistion des ntennes d9imgerie omme pteurs de mouvementsF Mots clés smgerie pr ésonne wgnétiqueD ntenne dioEpréquene @pAD mesures d9impédneD enregistrement de mouvementsD imgerie rdique Abstract ispeilly in rdi nd thori mgneti resonne imgingD respirtory motion nd hert movement need to e registered using sensors like eletrordiogrm or respirtory eltsD in order to trigger the imge quisition or perform retrospetive orretionsF he plement of the sensors extends the ptient preprtion timeD is ritil for signl qulity ndD heneD imge qulityD nd expets ptients to tolerte dditionl sensors esides the imging oil nd spe restritionsF sn this workD the imging oil itself ws investigted for sensorEless motion registrtionF wotionE relted vritions of the eletromgneti properties of tissue hve diret e'et on the oil impedneF vung motionD myordilErelted motionD nd vsulr lood )ow were registered with this methodF he experimentl (ndings were ompred to eletromgneti simultions nd the dt gthered y stteEofEtheErt sensorsD nd retrospetive motion orretion with the qsg lgorithm ws exeutedF Keywords wgneti esonne smgingD p oilD impedne mesurementD motion registrtionD grdi imging

  wnger du lortoireD qi qlol eserhD wunih vortoire d9smgerie edpttive hignostique et snterventionnelle ! sxiw WRU gr de xny frois ! R e étge E our hrouet ue du worvn ! SRSII ndoeuvreElèsExny ! pexgi Guido Peter KudielkaX goil lod hnges for physiologil motion quisition in rdi mgneti resonne imging D Variations de charge d'antennes radio-fréquence pour la mesure de signaux physiologiques en imagerie cardiaque par résonance magnétique wnusript sumitted on eprilD Tth PHITF Final Version s of eugust TD PHIT @lssithesis version IFHAF For Dipl.-Ing.(FH) Hans-Ernst Nauck and Dr. med. Karl-Erhard Kudielka ... the early supporters
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  TFI vod hnges of surfe oils t severl ody positions F F F F F F F F WQ TFIFI espirtory motion detetionF F F F F F F F F F F F F F F F F F WS TFIFP erteril pulse )ow detetion F F F F F F F F F F F F F F F F F F F WS TFIFQ rert motion representtion F F F F F F F F F F F F F F F F F F F WV xiii TFP vol quisition of lod hnges s motion inditor during gine imging F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F FIHI TFPFI glinil volunteer setup nd dt nlysis methods F F F F F F IHI TFPFP etrospetive respirtory motion orretion F F F F F F F F F F IHP TFPFQ goil lod dt ompred to left ventriulr volume vritions IHT TFQ imultneous lod hnge quisition of multiEhnnel oil F F F F F IHW TFQFI Eprmeter setup on REhnnel rdi oil FF F F F F F F F F IHW TFQFP REport Eprmeters of volunteer mesurement F F F F F F F IIH TFR hisussion F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IIR tri nd ventriles F F F F F F F F F F PI le Pummry of dvntges nd limittions of vrious motion detetion methods F
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Figure 1 . 1

 11 Figure 1.1 Illustration of the magnetization vector M 0 in a magnetic eld B 0 along z-axis and M its transverse component related to angle α

Figure 1

 1 Figure 1.2 T1-(top) and T2-relaxation (bottom) for grey matter (GM) and muscle tissue (M) at 3T; values taken from [10] for grey matter and [11] for muscle tissue

  Figure 1.3 Schematic of a MRI pulse sequence with k-space sampling; RF Tx = RF excitation, G S = slice selective gradient, G P = phase encoding gradient, G F = frequency encoding gradient, Echo = receive signal, ACQ = acquisition window, N x , N y = k-space matrix size, t ph = phase encoding duration, t d = dwell or sampling time

Figure 1 . 5

 15 Figure 1.5 Example of dierent MRI system: a) 1.5T superconducting magnet b) 0.35T permanent magnet

  Figure 1.6 Example of blurring in a short-axis heart image; a) blurred image, b) breathhold image

Figure 1 . 7

 17 Figure 1.7 Belt signal of two dierent breathing pattern; top: chest focused breathing with a phase shift in the abdominal belt; bottom: abdomen focused breathing with both belts in phase

Figure 1 .

 1 Figure 1.11 Schematic of prospective and retrospective motion correction. Both methods are independent motion correction solutions, however they can be combined for enhanced image correction. Position information gathering by motion detection techniques is relevant for both methods

Figure 1 .

 1 Figure 1.12 Triggering and gating in cardiac imaging: The trigger point is dened by the R-peak of the ECG. After a dened trigger delay time t d the image is ac- quired. In cardiac gating the image acquisition is performed continuously and reordered retrospectively (various cardiac phases are illustrated in dierent colors)

  Figure 2.1 a) Real (blue) and imaginary (red) part of frequency dependent impedance of coil circuit. Resonance frequency is at 128MHz (dashed line) with R=2Ω, L=150nH, C=10pF. b) Schematic of coil circuit (left) and tuning and matching network (right). The aim of this network is to adjust the impedance of the coil to the system impedance of Z 0 = 50Ω

Figure 2 . 2

 22 Figure 2.2 Equivalent circuit for sample losses [104]; Magnetic eld eects are represented by R m , L m and K, losses caused by electric eld interactions are represented by R e , C 1 and C 2

  Figure 2.3 a) Clinical birdcage headcoil, b) Ladder network of a low-pass birdcage coil

Figure 2 . 4

 24 Figure 2.4 Harmonic frequencies of 3T birdcage body coil; M = Marker at 128MHz Larmor frequency

Figure 2

 2 Figure 2.6 S-parameters of one-, two-and four-port systems

Figure 2 . 7

 27 Figure 2.7 Magnitude of S11 coecient of a coil measured with a VNA; Marker M1 indicates the resonant frequency ω 0 and ∆ω the 3 dB bandwidth. The ratio of both values is the quality factor Q (Eq. 2.24)

Figure 2 . 8

 28 Figure 2.8 Schematic of a directional coupler: The power of the main line between P1 and P2 is coupled according to the coupling factor κ to a secondary line providing a attenuated forward (P3) and reected (P4) power levels

Figure 2 . 9

 29 Figure 2.9 Frequency dependent permittivity and conductivity of tissue. Red are indicates the frequency range in MRI

Figure 2 .

 2 Figure 2.10 Virtual Population by IT'IS foundation

Figure 3 . 1

 31 Figure 3.1 Schematic of the new SAEC system; Blue areas is data provided from MRI system. Indications in [] are the connection ports at the GE HDxt MRI system

Figure 3 . 2

 32 Figure 3.2 Mobile SAEC at GRC Munich: All components are mounted in a 19 inch rack.Data transfer is available through USB and TCP/IP (for saved data only)

Figure 3 . 3

 33 Figure 3.3 Schematic of motion acquisition by reected power measurement: A continouswave signal from the signal generator is transferred to the loop coil via a directional coupler. Reected power is measured at the coupler with a power meter. This power is scaled and ltered and forwarded to a DAC, which converts the signal into voltages for the SAEC input. For comparison physiologic signals and sequence parameters from MRI can be routed to the SAEC

Figure 3 . 4

 34 Figure 3.4 Schematic of switch setup for motion acquisition on birdcage coil modes. The switch is controlled by an delayed trigger pulse of a pulse generator and disconnects the measurement system during excitation and image acquisition

Figure 3 . 5

 35 Figure 3.5 Schematic of motion acquisition setup with VNA

Figure 3

 3 Figure 3.6 GUI of a LabView application for reected power measurement. Respiratory and cardiac ltered signal is visualized. Data transfer options, lter parameter and sensor settings are available

Figure 3

 3 Figure 3.8 R-peak detection and superposition of cardiac data. The ECG (blue) and coil data (red) was superimposed for each R-R interval. Right: Blue and red line represent the mean value of the superimposed data, the semi-transparent areas represent the standard deviation. A higher standard deviation toward the enddiastole is observable due to R-R interval inconsistencies.

  Figure 3.9 Photo and schematic of single loop coil for motion capture

Figure 4 . 1

 41 Figure 4.1 Coil position on human body model. The coil was placed at the lower sternum position with a default distance of 3 mm. Tissue in blue represents the lung tissue of the human body model, tissue in red the heart tissue.

Figure 4 . 2

 42 Figure 4.2 Real value of the simulated coil impedance of deated (red) and inated lung (blue). Due to the higher conductivity, the Q-value is lower in the deated state

Figure 5 . 1

 51 Figure 5.1 Excitation pulse of a gradient echo pulse sequence. The measured power is integrated over the pulse duration.

Figure 5 . 2 Figure 5 . 3

 5253 Figure 5.2 Transmitted and reected power of RF amplier during sequence looping in free-breathing. Regular variations can be detected in the reected power signal. blue: coupled transmitted power (FWD) of 3.2-3.4 mW; orange: coupled reected (REF) power of 0.245-0.218 mW

Figure 5 . 4

 54 Figure 5.4 Reected power level change on arm motion during normal breathing; breathhold between t=25...50 seconds

Figure 5 . 5

 55 Figure 5.5 Correlation of reected power and pneumatic belt during free-breathing imaging

Figure 5 . 7

 57 Figure 5.7 Power variations on birdcage coil modes caused by a moving phantom

Figure 5 . 9

 59 Figure 5.9 Gradient echo sequence timing with switch activation; RF = RF excitation,

Figure 5

 5 Figure 5.10 FFT of power signal of mode frequency; f=0.23Hz corresponds to respiration frequency of 14cylces/minute; f=2Hz reects switching frequency

  Figure 6.1 Position 1 to 5 for physiological data acquisition at dierent body areas

Figure 6

 6 Figure 6.2 Q-ratios for respiratory ltered signal on six volunteers at dierent positions; left bar: results of 64 MHz coil, right bar: results of 128 MHz coil

  Figure 6.3 a) Measurement setup on the wrist, b) Signal of reected power variations on the wrist (red) compared to ECG (blue) and PPG (green). The coil load change clearly corresponds to the blood pulse variations shown by the PPG signal

Figure 6 . 4

 64 Figure 6.4 Time points and distances for PWV calculations. left: time points denitions is performed by evaluating the maximum of the rst derivative a max , shown here for the curve on position 2 (P REF (P2); right: distances between measurement positions, see text for detailed explanation

Figure 6 . 6

 66 Figure 6.6 Comparison of experimental results with simulated data of CircAdapt. ECG = electocardiogram of MRI system, PPG = pulseplethysmograph of MRI system, P = measured reected power of coil, LVV = left ventricular volume, LAV = left atrial volume, AoF = aortic ow, PAF = pulmunary artery ow. y-axis values normalized in arbitrary units

  Figure 6.7 1RR section with simulated left ventricular volume, ECG and band-pass ltered coil data at position 1

Figure 6 . 8

 68 Figure 6.8 Setup of loop coil measurement. Coil xation is removed for visualization.ECG, respiratory belts at the chest and at the abdomen are used for this measurement

Figure 6 .Figure 6 .Figure 6 .

 666 Figure 6.10 Comparison of raw S11-data (red), the chest belt (blue) and the abdominal belt (green) on volunteer 3 with an atypical breathing pattern

Figure 6 .

 6 Figure 6.16 1.5T four channel cardiac coil; Coil cover is removed and direct connections to the coil are visible

Figure 6 .Figure 6 .

 66 Figure 6.18 Respiratory portion of reection coecients of 4-ch coil during free-breathing; S 33 and S 44 signal is more stable, due to mechanical xation by the volunteers weight
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Table 1

 1 Volume parameters of atria and ventricles for adults, age 20-68. Values from[28] 

	iD ih nd the stroke volume for the left nd right ventriles re listed in
	le IF			
		rmeter verge rnge @menA verge rnge @womenA
	veft ventrile	ih ml	IHTEPIR	VTEIUV
		i ml	PTEVP	PPETT
		ml	UPEIRR	SUEIIU
	ight ventrile ih ml	IIVEPSH	UUEPHI
		i ml	RIEIIU	PREVR
		ml	TVEIRR	RVEIPH

1.3.2.3 Cardiovascular flow Figure

  

1.10 Arterial pressure in dierent arteries. Due to decreasing diameter, the systolic pressure peak increases towards the periphery and the dicrotic notch is more pronounced.

Table 2

 2 Summary of advantages and limitations of various motion detection methods; + true for accelerometer only; # true for surface coils only

			(	)
	Method		Advantages		Limitations
	iletroEmehnil	• plin setup		• detets only surfe motion
	sensors @eleromE eterD pneumti eltA	• detets mehnil motion • solute motion mesureE ment +	• sujet to drift or sturE tion • sensitive to positioning
	eousti @mirophoneD ultrE sensors	• detets mehnil motion	• sensitive to grdient noise
	soundA		introrporel	• sensitive to positioning
			• Ph/Qh motion informtion
			• high sptil nd temporl	• diret sight neessry
	yptil	sensors	resolution		• mrker (xtion ritil
	@merA		• detets surfe nd physioE logi motion	• sensitive to light stter
			• lolizedD solute qunti(E	• lol mesurement
			tion	
	xw proes		• uses grdient (eld • does not interfere with imging	• detets surfe motion only • omplex setup
			• motion detetion during
	smging oils @inlF	sn		• sensitive to positioning #
	mounted oilsA	pikEup	• detets mehnil motion introrporel #	• volume motion only @no loE liztionA
			• no hrdwre in mgnet ore #
			les ontinuous on next pge

Table 4

 4 Permittivity and conductivity values for heart and lung at 64MHz and 128 MHz out of[105] 

Table 10

 10 Simulated and measured coil parameters on breathing

Table 11

 11 

	Noise level comparison between normal conditions, with power on mode fre-
	quency (f = 64 MHz) and with BHP-100+ high pass lter (passband 90-
	2000MHz)

Table 12

 12 

	Pulse wave velocities calculated from coil power reections on six volunteers;
	Literature values out of [29] and [129]; mean values and minima and maxima in
	brackets are given

Table 13

 13 Heart motion analysis on six volunteers for the 64MHz coil and 128MHz coil; R 2 of the coil signal to the simulated LV volume, the mean heart rate (HR) and the number of analyzed R-R intervals is given

Table 14

 14 Mean image entropy over all cardiac cycles of uncorrected images, belt corrected images and coil corrected images. Values in brackets are percentage increase of corrected to uncorrected image entropy
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