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Introduction

MagneticResonancémagingis now reachingowardsmiddleage. As the saentific literature,
conferencs andpatent awads hawe amply demonstratedhereare manyadvancesn awide
rangeof areassincethefirst publishedVIR imagewas presated in 1973[1]. Thepurposeof this
presentatia is to sanple various ongoingdevelopmentsandexplain their significarce. Giventhe
ne@ss|ry constraintsit is impossibleto touchon morethana smallfractionof the exciting
developmats. Therefore sone significanttopicshavebeenignored.

An incompleteexplandion of what drivestheseadvancestemsfrom theneedto solveclinical
problemsandchallerges. The MRI communityviewsthes challengs from awide range of
perspectivesandconsegently, arange of solutionsis developed.Specifically from the MRI
commerciavendorpersgdive, we attemptto identify the nealsof our customersandoffer a
selectionof solutions. At thecomnerciallevd, custome requirenentsextend beyondclinical
andscientifictopicsfound at confeencesandin journals,but administetive, logisticaland
financial,to mention only a few othertypesof custoner requirements. All of thes requirenens
mustbe consderedas a wholeandconsquentlythecommercal MRI vendorshaveprodueda
wide rangeof produds to addressheseneeds. This presentationvill showsomeof the solutions
avalablein theUSA. The maketingdepartmentsf commaecial vendorsalsoattemptto
forecast,anticipateandevencrede newnealsin orderto stimulae furthergrowth of the
marketphce.

Magnets

Themagnetdominates the MRI systemlt is thebigges, mog expensiveandpehagps most
demandingandcontrollingasped of anMRI system. Theideal MRl magnetproducesa
peffectly homogeneoumagndic field. This canbeaccomplishedheoketicaly by producinga
sphericallyshapedufacecurrent thatvaries with a sinusoidd spatia distribution[2]. Clealy
suchaclosedstructueis not patientfriendly. Creativemagnetdesignershaveproducedvarious
othershapeswith special current densitydistributionsthatcanapproximateheideal. Cylinders
(e.g. 1.5T scaners)andpaallel plates (e g. openscannerspretwo comnon solutions.

Thechallengan MRI is to shiink the magne packagdor reducedcostand improvedsiting
chaacteristics.A now commonplae strategyto improvethesiting characteistics is placingthe
magneinto a counte-acting magné sotha the maghetic field experiencedy the patientis
preservedbutthe magnetidield outsidethe magnets dramaticdly diminished. Unfortunatey,
thesée'self-shielded’magnetgproduce avery strongspatialmagnetidield gradientbetweerthe



insideandoutsideof the magnd thatcan exertaremarkablesttradive force on ferromagnéc
materials- the so-cdled “missile” effed.

Another trendin themedical imagingindusty is to increa® the “openness’of the systemfor
improvedcomfort. Cylindricd systemdavebeendesigne with eve increasng aperturesize.

Yet arothertrendis theinsatiableneedfor Signd to Noise (SNR). One solutionis incressed
field strength. After some20 yearsof 1.5T asthe maximumwidely availablecommerciafield
strengthin routineclinical use,3T is now becomingwidely available. Thereare alsonow a
small,but growingnumtler of commercally enginesred whole-body 7T platformsavailablenot
to mention thewiderange of commercialhigh field experimentaimagersthatarealsoavailable
thatis beyondthe scopeof this presentéion. Opensystemdesigns haverepondedby alsogoing
up-field.

Therehavealsobeen‘missionspeific’ magnetsdesigqed to fill specializedheeds.
Interventional needsare being addresse by clever adaptation®f exiging magné technologies
andothercreativeideas havebea considered.Thegrowthof medicd imagingneedshas also
spawnedsub-specialtysystans, sud asorthopedicextremitywork and scannersledicatedo
breastimaging Therearealsoresearcteffortson building magnetdor one specifictask,suchas
bore mineraldensitonetry studies of the cdcaneus(hed) [3].

Gradients

Gradents areheard,unfortunaely, but not seen. Gradient developmentsan belooselygrouped
into threecatgoriesdesignof thewindings,advancesn power electronicsand mechaicd
details Forthescopeof this presentaion, we will only considerthemechanial issuesthe
othess being ratherconmplex and/or esoteric.

Gradents arethe primary spadial encodingmedanism but nottheonly spatialencoding
mechanismaswill bediscussedhn therf sub-sydgemsedion. Theidealgradientwould providea
changein magneic field strength,only in the Z direction,linearly with x and/ory and/or z
postion. Unfortunaely it is not possibleto produe such*®pure” gradients. Thelawsof physics
demandhatwe sacrificethelineaity of the gradient(oftencharaterizedby local andglobal
lineaiity specfications)andthe uniformity of the gradient(thow mucd the gradientcharges as
onemovesoff theaxisin question}o achievethe gradient performancgslewrate, amplituck)
we seek. Asthesophistiationof MRI hasincreased,the conequeaicesof thetime varying
magneit fields hasexpressd itsdf in manyundesirablavays;mainly eddycurrentsand
acousticnoise.

To reduceeddycurrents, it is now commonplaeto haveseltshieldedgradientdike self
shieldedmnagnets.Conceptually, modernMRI sydemsuse aduallayergradienttheinnerlayer
producegherequisitegradient fields insidethe patientvolume;the outerproducesa countering
magneic field thateffectively zeroes (200+fold reduction)thetime varying magretic fields
outsidethegradienttube. Consequentlythetime varyingmagnéic fields arenot “seen”by the
magnethousingandno counteringmagnéic fields/eddycurrentsare produced.In practice the
shieldingis not perfect,soin morerecentdevelopmentseddycurrentsareminimizedandthe



uniformity of the asso@atedmagnéic fields in theimagingvolumeis “improved”[4] sothat
gradientwaveformpre-enmphasis can be usedto minimizetheimpactonimagingperformance.

Acousticnoiseis pethgpsthesignaturecomgaint patientshaveaboutMRI, andit is getting
worseasusersdemandnoregradient performance.Therehave beenconsiderablefforts to
understandthe noiseproducingmedanismsanddevelopingsolutionsto reduceacousic noise
levels[5]. Therehavebeenimprovemeisin mountingtechniqguedampingmaterialsgradient
materialadvancesndrecently, evenplacingthe gradienttubein avacuumtubein effort to
lower acousticnoise. Oneresearch groupevenconstruted arotaing gradienttubewherethe
gradientsremainedbn and providedspaital encodingwhile it rotated, akin to a CT sanner{6].

For completenesst is usefulto conment on the physiologicconsequencesf morepowerful
gradientsystemsandtwo relativelyold solutionsto the problan. Associatedwith more powerful
gradientss the possbility of peripheral nervestimulation (PNS). Thereare standadsto limit
stimulation[7] thatconsider the durationof stimulusand therateat which the magnetidield
changes(dB/dt). Theshorter the stimulus thefagerthe mageic field hasto changeto cawse a
stimulus Onewayto reducedB/dtisto makethe gradientshorterbecaus B getsbigge linearly
with postion. Thathasalsomatchedhe shorteningof magnets.Additionally, so-called“dual”
gradientshavebeendevelope where thereis ashort,higherperformanceentralregion
providedby oneof thesegnentsof the gradienttubeand anothemodeof operationwith the
standardull regon gradient. Yet anothersolutionis insertgradiens, typically for headimaging,
where improvedgradient performance andmorefavorable physiolodc stimulationconditionsare
realizedthrougha physicdly smdler gradienttube.

RF (Transmit and Receive)

Ongong developmenti the RF subystemare probalty the mostprofoundchangesn MRI
systemdevelopmentn thelast seveal yeass. In thetraditional block diagramof anMRI system,
thelargebodycoil suppliedtherelatively uniform perturbingRF pulseandanothersmaller
volumeor surface coil detected thetime varying relaxation signature spatiallyencodedy the
gradientsubsystem It was a significantadvane whenthe concet of multiple receiving
elemants, the phasedarray coil, wascarefully studied [8] andimplementeccommecially.
Shotly befare [8] was publishal, anotherpgper[9] demonstratetha it waspossibleto usethe
spatialrespons&harateristicof coil asanothe spatialencodingnechanism.Unfortunaely this
remarkableconceptwasfar aheal of its time, asmulti-channekecever capaility did notexist.
Indeed the conceptcould only betestedby acquiringdatafrom eachchannel,oneatatime. Ten
years later SMASH [10] and SENSE [11] weredeveloped. Thesetwo methodsproposdto
aceeleratemage acquisitionby reducingthe number of phaseencodesieede andusethe coll
spatialresponseharateristics to synthesizehe missingk-spacdines (SMASH) or removethe
aliasingambyguity (SENSE)in theimage domain. (Collectively, thesemethodsarecalled
“Parallelimaging” becawsetheimageformation processof various subregionsof theimage
happensatthesametime). A few yearslater thefirst commerciaimplementatiorof SENSE
beameavailableandthe profoundimplicationsstarted to becomequite apparentery quickly.
Utilizing thesebenefitswith existinghadwarerapdly demongrated the benefitsof enhancing
thereceie capabiity of thehardwareand the neal for coils and reconstructioralgorithms
optimizedfor thenewparallel imaging concept.



With sucha significant focus on receivercapabilities not only have the numberof receive
channelsgoneup andcoil desigs re-optiimized,but MRI systemsarestartingto go fully digital.
As analogto-digital (A/D) technologyhasimproved,driven in part by theconsume eledronics
industry, bit depthandspeel have increasedo the point whereit is possibleto eliminaie
intermedate analogfrequeny stepsin thereceiveproces anddigitize the signaldirectly at the
Larmor frequency[12]. Thishastheberefit of improvingsignd andimagequdity by
eliminating somestagesn theeledronics. It aso brings the benefitof easilyswitching
frequenaesfor multi-nudear work. For example,onedevicecompanyhasrecentlyannainceda
100MHz, 16 bit A/D unit [13]. While MRI systens above50Mhz (appoximately 1.2T) will
produceanaliasedsignd, this poseso problan becaisethe correct frequencyrange is known
andthealiasingcanbe compensded.

Conceptuall, onemight think thatwhatworksin receivealsoworksin transmitwith regardso
parllel imaging. Thus,we have transmitSENSE [14] andtransmitGRAPPA[15] where
GRAPPA is thecommecial k-spacebasedparallelimagng methodof choice. To repea,
histoiically the RF excitation wasaccomplishedby a largebodycoil with a uniform transmit
chaacteristic,or smdler volumecoils, suchasheador knee for performanceor artifactreduction
reasonsalsowith gooduniformity charateristics. Theundelying conceptof transmitSENSE
is utilizing the nonruniform spatid charaterigics for performancegan. Givenspatialnon
uniformities, it is now possibleto craft specialRF pulseswith ddiberatdy desgnedspatia
chaacteristics.So-cdled “spatid-spedral’” RF pulseshavebeenaval able for alongtime [16]
butthecomhinedrf and gradient waveorm profiles werelong. Transnit-SENSEprovides a
time efficientsolutiontha canbeusel to acelerateimageacquisitionevenfurther. The
developmat of transnit-SENSEparallelsthe developmat of parallelimagingin otherregects
aswell. Forthefirst few yeas, transmitSENSEconcetswere experimeatally smulatedone
channelatatime. Now, experimentalmulti-channekransnit hardwarehasstartedto become
avalable. Oneresoureful engineehasevenproduedtheoutline of anearDIY (doit yourself)
version[17].

As with anynewtechnologywith commeral potential,thereis cog vs. benefitconsideratioa
Transmi-SENSE s sonew tha it hasnotcomeoutin acommecial packageyet. Researchvill
continueonthis excitingdevelopnmentand perhapsve might seeacommecial implementation
sometime soon.

Applications/Proced ures

As hasbeendiscussedh thetechndogy portionof the presataion, MRI hardwarehasrapidly
evolveddueto thedemandsf customers.The hardwareadvanceshavebeenbroad becausethe
rangeandsophisticatiorof MRI applicationscontinuesto grow on a broadfront. Becausef
time/spaceonstraintsa few selet¢edtopicsarediscussecerewhile somenotenorthy
developmatshavebeen conpletely ignored,suchasmolecularimaging,on theassumptiorthat
someof thereally big trendsaregoingto bewell coveral in othersessions.



UTE - Ultrashort TE imagi ng

UTE, or microsecond’ E, is anelegant new developmenf18]. It is the synthesis of various
conceptandmethodstha have logically beencombinedto utilize theadvanesin MRI
hadware. ShorterTE requiresmore powerfulgradientsk-spaetrajectoriesthatstart at the
centerof k-spaceto keepTE asshot aspossible andself refocugd RF pulsesto minimize dead
time betweerthe effective centerof the RF pulseandthe startof datareadout. For theseefforts,
we arerewardedwith the ability to see veryfag signaldecay componentshatare traditiondly
consideredo beimpossiblen MRI, suchascorticd bone.In somesituationsjt is aso necessay
to acquirea secondimagewith longerTE and subtiact thetwo images to isolatethe desiral short
deay signalcomporents. Sometissues have a multi-exponentibdea@y charactestic anda
subtracton processanbe usel to isolae the shortcomponent.

Quantitative MRI

Thebenefitsof quantificationarewell undestoodby all, soit seemshardly neessay to even
mentionit. However,it canbe challenging to be quantitdive in MRI and hen@ advances
guanttative MRI areimportant. While spectroopyis outdde the scopeof this presentton, the
paperby Bottomley[19] is a usefuldescriptionof someof thosechdlengesfor onespecifictype
of application.

Recognizingheimportanceof thistopic, the conferenceorganizers havescheduled continung
educatiorpresentationin this saiesonthistopicand | will notdiscusst here

How we use the MR scann er

Improvementsn MR imagequdity do notaways comefrom hardwareor softwardsequace
advances Image quality improvemats canberealizal by advartedtrainingfor technologiss,
engiring the equipmentvorksto specificationandby providingautomaton facilities to helpthe
functioningof thescaaner,therebyrelieving thetecmologst of somefactors. Recentlysome
newfeatureshavebemmeavailable on somecommercialplatformsthatfall into this categoy.

Sometimest is necessaryo monitor the condition of a paient overanextended periodof time.
Diagnogsic powermaybeimprovedif thescanscolleded up to monthsapat, could bealigned
to theexactsameanatomigoosition. Skilled technologistEan do this taskwith old films in
hand.It is alsopossibleto automatethis progesswith software. For exanmple, abrain
examimation protocolcouldleam thedesiredorientationcharaderistics afterafew humanguided
exampesby referening to obviousandaomic landmaks. Not only are all patientsscannedvith
thesameprotocolscannedwith the samealignment,but subsequentscansat a later dateare
performedidentically. This consistencynayalso feedinto quantietive MRI if, for exanple,the
respong of tumorvolumeto treament is beingfollowed[20].

Another exanple of optimized MR scannerusagefollows from theinevitabletrendtowardsa
high degreeof specidization andinfrequaently used protocols. A rarecae maypresenthatthe
technol@istis unfamiliar with, or requiresphyscian input. Onecan imaginealargehospita
campusandthe physicianis elsavhere. Onevendorhasintroduceda remotescannirg capaility



wherbyatechnologistand/orphysician could directly yetremotelycollaboratewith the
technol@istin chargewith patient andscanner 21].

Add-ons

A typical marketing“trgjectory” for amaturingmarket segmentnvolvescontinued
specializatiorandoptimization for nicheappliations. MRI is no differentin thatregads Some
of the specializaton comes from the MRI vendorsthemsévesasthelibrary of protomlsis
expandeandrefined, and someof the specalizationis comingfrom othercompaniegrodudang
“add-on” packages.Somepackages areself-supporting(e.g. somefMRI stimulus padkagesor
CAD systens), while othersrequiresomelevel of integration(e.g. sometypesof interventiond
padkage$ with the systemandyet otherpackagesresoldto the MRI vendorsfor total
integration(e.g a cadiacfunction andysis packagefocusedultrasoundfor tumordestrution).

A coupleof packagswill bedisaussel in the presatation. Links providedbelow under“other
companies’are self-explanatory.

Thenthere isthe extensiorto “bolting-on” morehardware. While combinationmaging
scannes havebeenaround for many years,the mageticfield of anMR scanneirs ahostile
environmentandconseuentlythe advancesavenot beenassignificant, in thecommercia
sense.Therehavebeenefforts to combinex-ray with MRI [22] andPET with MRI in avariety
of differentways.Somemethads haveconsdered insertingPET detedion into anexistingMRI
unit [23] andanohe solutionhas beensplitting the magnetand installing PET detedion integral
to themagnef24]. Theseefforts havethe samemotivationasothea dualimagng modalities:
increagdaccuracyof imageregstration.

In additionto the combindion of imaging modalities there havealsobeeneffortsto combine
imageandtheragy. Thiscanrangefrom usng MR imagesfrom a systemspedally configured
for radiationtreatmet planning purposed25], to placingan MRI in oneroomandacah labin
anaherroomwith acommonpatient table andsliding doorbetweerthetwo rooms,to
integratingalinacwith anMRI [26].

Branching out

We all haveheardof unusualapplicationsof MRI: veterinarianmaterialsciencesetc. Oneof
themoreunusuaklpplicatios| have heard aboutrelaesto analyzing the moisture distribution in
nylon carpetd27]. MRI is nowincreaingly being usedfor drugresearchandthevarioustypes
of “-ohmics”researh. Drugsare very expensiveandtakealongtime to bring to market. Some
are amajorbusinessuaess. Drug companiesareanxiousto look at anytechnologieshatmight
deageaseahegestatiortime andincreasehe commerciawindow of opportuniy beforepatent
coveragyeexpires. Drug companiesareinterestedo seeif MRI can help“see”"theendpointa
little soone thantraditiond means. If MRI canshortenthetime it takesto see/confirntrends,
thenthis might shortendevelopmentime andincreasethetime availablefor commercal
exploitaton.

While | havelargely ignored theimportantcontributionsmadeby researcitMRI unitsin this
presentatia, | provide onesmall example of researchthatintroducesa new paradigmfor parallel



imaging,andprovidesa “produdion line” like way to stdistically analyze animalreseach
modelsusng imagng methods[28]. In this oneof akind systemupto 19 miceareimaged
simultaneouslyeachmousebeng positioned insideits own coil. Very highresolutionimages
canbeacquiredn atime efficient mannerandlarge numbes of mice canbeimagedto study a
rangeof questiongangng from tumor growthstudies to the consequencesf enginesred genetic
changesetc. Thistype of researchs building new toolsandnewappro@hesthatwe mightfind,
oneof thesedays,onwholebodyMRI units.

Conclusions

The problemgiving a presatationon advancesis thatthe conclusionis expectedo discus
futures Giventhe myriad numberof factorsthatinfluencethe developmenof MRI it would be
unwiseto attemptsuchfolly. But onetrendwill continue thehhuntto find answersto clinical
guestionswith greaterspeel, accuracy, predsion andcod effectiveness.
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