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1 Intr oduction

NuclearmagnetiaesonancéNMR) is a subtlequantunmechanicaphenomenothat,
throughmagneticresonancémaging (MRI), hasplayeda majorrole in therevolution
in medicalimagingover the last30 years.Beforebeingconcevedfor usein imaging,
NMR was employed by chemiststo do spectroscop and remainsa very important
techniqueor determininghe structureof complex chemicalcompounddik e proteins.
In this article we explain how NMR is usedto createanimageof a 3-dimensionabb-
ject. Scantattentionis paidto bothNMR spectroscop andthe quantundescriptionof

NMR. Thoseseekingamorecompleteintroductionto thesesubjectshouldconsulf5],

aswell asthemonographsf Abragam,[1], or Ernst,BodenhauseandWokaun,[12],

for spectroscop andthatof Callaghan[4], for imaging.All threebooksconsiderthe
guantummechanicabescriptionof thesephenomenaComprehense discussion®f
MRI canbefoundin [3, 13], andanhistoricalappreciatiorof thedevelopmenif MRI

is givenin [19].

2 The Bloch Equation

We begin with the Bloch phenomenolgical equation which providesa modelfor the
interactiondbetweerappliedmagnetic elds andthe nuclearspinsin the objectsunder
consideration.This is a macroscopi@veragedmodelthat describeghe interactionof
aggreatesof spins,calledisochromats with appliedmagnetic elds. An isochromat
is a collection of “lik e” spins,which is spatially large on the atomic scale,but very
small on the scaleof the variationspresentin the appliedmagnetic elds. Spinsare
alike if they belongto the samespeciesand arein the samechemicalervironment.
Theremay be several differentclassef spins,but, in this article, it is assumedhat
they arenon-interactingandsoit sufces to considereachseparately Heretoforewe
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supposdhatthereis a single classof like spins. The distribution of isochromatdor
thesespinsis describednacroscopicallypy the spindensityfunction whichwe denote
by .x;y;z: In mostmedicalapplications,oneis imagingthe distribution of spins
arisingfrom hydrogenprotonsin watermolecules.

The stateof theisochromatt spatiallocation. x; y; z/ is givenby a 3-vector:

M.x;y; 2/ D .my1.x;y; 2; ma.x; y; 2l; ma.x;y; 21,

whichis interpretedasthe magneticnoment-petunit-volume. It is anensemblanean
of thequantunmdipolescausedy the spinswithin theisochromatln mostapplications
of NMR to imaging,theappliedmagneticeld is describedasthesumof alarge,time
independenteld, Bo.x;y; z/; andsmallertime dependentelds, B®.x; y; zI t/: In the
presencef astatic eld, thermal uctuations causethe nuclearspinsto slightly prefer
an orientationalignedwith the eld. Using the Boltzmanndistribution, one obtains
that, at high temperaturesghe nuclearparamagnetisusceptibilityof protonsis given

by
ohf 2N 1
4T @
here ¢ is the vacuumpermeability yis Plancks constant,N is the numberof pro-
tonsper unit volume, kg is Boltzmanns constantand T is the absolutetemperature,
see[15]. The constant is calledthe gyromagnetiqor magnetogyricyatio. For a
proton
rad
s Tesla

For watermoleculesatroomtemperature  3:6 10 °:

If the sampleis held stationaryin the Bg- eld for a sufciently long time, then
the spinsbecomepolarizedand a bulk magneticmomentappearsihis is calledthe
equilibriummagnetization

2 425764 10° 2)

Mo.X;y;2Z D .X;y; 2 Bo.Xx;y; 2 )

The Bloch equationdescribeghe evolution of M underthe in uence of the applied
eld BD BoC BV

dM.x;y; zl t/

at D M.x;y;zlt/ B.x;y;zlt/ %M?.x;y;zltlc

1 ) (4)
—.Mo.x;y; 20 MUV.x;y; zIti:
T

Here is thevectorcrossproduct,M?.x;y: zl t/ is the componenof M. x; y; zl t/;
perpendiculato Bg. x; y; z/; (calledthetransvesecomponent andM! isthecompo-
nentof M; parallelto Bo; (calledthelongitudinalcomponent For hydrogenprotons
in othermoleculesthegyromagneticatiois expressedn theform.1  / : Thecoef-
cient iscalledthenuclearshielding it is typically between 10 4andC10 4: The
differencein the nuclearshieldingcauses shift in theresonancérequeng by

The secondandthird termsin equation(4) arerelaxationterms. They provide a
phenomenologicaiodelfor the averagedinteractionsof the spinswith one another



2 TheBlochEquation 3

andtheir environment. The coefcient 1=T1.x; y; Z/ is the spinlattice relaxationrate;
it describeghe rate at which the magnetizatiorreturnsto equilibrium. The coef-
cient 1=T,.X; y; Z/ is the spin-spinrelaxationrate; it describeghe rate at which the
transwersecomponent®f M decay The physical processesausingtheserelaxation
phenomenare differentand so are the ratesthemseles, with To lessthan T1: The
relaxationrateslargely dependon the localizedthermal uctuations of the molecules
andprovide a usefulcontrastmechanismn MR imaging. Spin-spinrelaxationoccurs
very rapidly in solids(< 1ms)andthereforewe usuallyassumehatwe areimaging
liquid-like materialssuchaswaterprotonsin soft mammaliartissues.In this caseT,
takesvaluesin the40ms-4gange.Noticethatthis modeldoesnotincludeary explicit
interactionbetweerisochromatst differentspatiallocations.A variety of suchinter
actionsexist, but, at leastin liquid like materials they leadonly to small corrections
in theBloch equatiormodel. A derivationof the Bloch equatiorfrom the Schiddinger
equationcanbe foundin [1, 18]. For coupledsystemghe Bloch equationformalism
breaksdown andafull quantum-mechanicéleatmentjs necessargee[5, 12).

Much of the analysisin NMR imagingamountsto understandinghe behaior of
solutionsto equation(4) with differentchoicesof B: We now considersomeimportant
specialcases.The simplestcaseoccursif B hasno time dependentomponentthen
this equatiorpr?dictsthatthesamplebecomespolarizedwith thetrans\ersepartof M

decayingase ™ ; andthelongitudinalcomponenapproachinghe equilibrium mag-
t

netization,Mo; asl e Ti:Tosimplify thesubsequendiscussiorwe assumehatthe

Bo- eld is homogeneouwith Bg D .0; 0; bo/: If B D Bg andwe omit therelaxation

terms(setTy D To D 1 in (4)), thenaninitial magnetizatiorM . x; y; zI 0/ simply pre-

cessesaboutBg atangularfrequeng ! ¢ D bg: M.x;y;zlt/ D U.t/M.x;y; zl O/

with 3
cos! ot sinlgt O

U.t/ D4sinl ot cos! ot 05: (5)
0 0 1

Thefrequeng! g is calledtheLarmorfrequencythis precessionf M abouttheaxisof
By is theresonanc@henomenomeferredto as“nuclearmagnetiacesonance{NMR).
In typical medicalimaging systemshg is betweenl and 3 Tesla;the corresponding
resonancérequeny is betweem0and120megahertz.

Typically the eld B takestheform

BD ByC €C By; (6)

where € is a gradient eld and B; is an RF- eld. Usually the gradient elds are
“piecewisetime independent’elds, smallrelative to Bg: By piecavisetime indepen-
dent eld we meana collectionof static elds that, in the courseof the experiment,
areturnedon andoff. The B1 componenis atime dependentadio frequeny eld,

nominally atright anglesto By: It is usuallytakento be spatiallyhomogeneousyith

time dependencef theform:

0 1
.t

Bi.t/ DU.t/ @ t/A: )
0
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The functions and de ne an envelopethat modulatesthe time harmonic eld,
Teos! ot; sin! ot; 0U They aresupportedn a nite intenal Tp; t1U i.e,the By eld is
“turned on” for a nite periodof time. The changein the stateof the magnetization
betweertg andt; is calledthe RF-excitation It maybe spatiallydependent.

In light of (5) it is corvenientto introducetherotatingrefelenceframe Wereplace
M with mwherem.x; y; zI t/ D U.t/ IM.x;y; zl t/: ltisaclassicatesultof Larmor,
thatif M satis es(4), thenm satis es

dm.x;y; zl t/

1
D m.x;y;zltl Beg.X;y;zlt/ —m’.x; y; zI t/IC
dt To

)

i. Mo.x;y; 2 mb.x;y; zIt/;
T1

where [
Bet DU.t/ 1B .0:0 -2

As € is muchsmallerthan B andquasi-staticit turnsoutthatonecanignorethecom-
ponentsof & orthogonalto By: Indeed,in imagingapplicationsone usuallyassumes
thatthe component®f € dependinearly on . x; y; z/ with the ®componengivenby
hx;y; z/; .g1; g2; 93/i: The constantvector G D .gi; g2; g3/ is calledthe gradient
vector. With Bg D .0; 0; bg/ and B1 given by (7), we seethat Be canbetakento

equal.0; O; hx;y; z/; Gi/ C.; ;0 Intheremainderof this article we assumehat
Bes takesthis form.
If G D 0and 0; thenthe solution operatorfor Bloch's equation,without
relaxationterms,is 2 3
1 0 0
V.t/ D40 cos .t/ sin .t/5; 9)
0 sin .t/ cos .t/
where
Zt
.t/ D .s/ds: (20)
0

This is simply a rotation aboutthe x-axis throughthe angle .t/: If By ® O for
t 2 ; Uthenthemagnetizatiots rotatedthroughtheangle . /: ThusRF-excitation
canbe usedto move the magnetizatiorout of its equilibrium state. As we shall soon
seethisis crucialfor obtaininga measurablsignal. Notabene the equilibriummag-
netizationis a tiny perturbationof the very large Bg- eld andis thereforein practice
not directly measurable Only the precessionamotion of the trans\ersecomponents
of M producesa measurablesignal. More generalB - elds, i.e. with both and
non-zero,have more complicatedeffects on the magnetization.In generalthe angle
betweenM andM g attheconclusionof the RF-excitationis calledthe ip angle

If, ontheotherhand,B; D O0andG, D .0; 0;1.x; y; z//; wherel. / is afunction,
thenV depend®n.x;y; 7/ azndis givenby

3
cos |.x;y; zZ/t sin 1.x;y;zZIt O

V.x;y;zZIt/ D4sin I.x;y;zZ/t cos |.x;y;z/t 09 (11)
0 0 1
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This is precessiorabout Bg at an angularfrequeng that dependson the local eld
strengthbg C 1.x; y; z/: If both B; and & aresimultaneouslynon-zero then,starting
from equilibrium,thesolutionof theBloch equationattheconclusiorof the RF-pulse,
hasa nontrivial spatialdependenceln otherwords,the ip anglebecomes function
of thespatialvariables.We returnto thisin Section4.

3 A basicimaging experiment

With thesepreliminarieswe candescribethe basicmeasurements magneticreso-
nanceimaging. Whenexposedto Bg; the samplebecomegolarizedat a rate deter
minedby T1: Oncethe sampleis polarized,a B1- eld, of theform givenin (7), (with

0) is turnedon for a nite time : Thisis calledan RF-excitation For the pur
posesof this discussionwe supposehatthetime is chosensothat . / D 90 ; see
equation(10). As B and B arespatiallyhomogeneoushe magnetizatiorvectors
within the objectremainparallelthroughoutthe RF-excitation. At the conclusionof
the RF-excitation, M is orthogonako By:

After the RF is turnedoff, the vector eld M.x;y; zl t/ precessesbout By, in
phasewith angularvelocity! o: Thetransyersecomponenbdf M decaysxponentially
If we normalizethetime sothatt D O correspondso the conclusionof the RF-pulse,
then,in thelaboratoryframe,

M.x;y;zlt/ D MTe Tt*zcos! ot; e TL2sin! ot;.1 e TL1/U (12)
Recall Faradays Law: A changingmagnetic eld inducesan electro-motie force
(EMF) in aloop of wire accordingo therelation

ds

(13)
Here8 o0p denoteghe ux of the eld throughtheloop of wire, see[20]. Thetrans-
versecomponent®f M arearapidly varyingmagneticeld, which,accordingo Fara-
day's law, inducea currentin aloop of wire. In fact, by usingseveral suchloopsto
form areceivecoil, we canmeasura signalof theform:

1260t £

t
.t/ D XY Zle 22XV Dy e X; Y; Z/dxdydz: (14)

sample

Herebi rec. X; ¥; 2/ quanti esthesensitvity of thereceve coil to theprecessingnagne-
tizationlocatedat.x; y; z/: From §.t/ we easilyobtainameasuremerdf theintegral
t
of thefunctione ™ bj e By usinga carefully designedreceve coil, by ec canbe
takento be a constantandthereforewe candeterminehetotal spindensity weighted
Lo . . . .
by e T2; within the objectof interest.For therestof this article we assumehatbi rec
is a constantNotethatthe sizeof themeasuredignalis proportionalto ! 2; whichis,
in turn, proportionalto kBok?: This explains,in part,why it is sousefulto have avery
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strongBo- eld. Thoughevenwith a 1.5 Teslamagnetthe measuredignalis only in
themicro-wattrange see[14, 7].

Supposehat at the end of the RF-excitation, we turn on the gradient&: As the
magneticeld B D Bg C & now hasanontrivial spatialdependenceheprecessional
frequeng of themagnetizationwhichequals kBk; alsohasaspatialdependencdn
fact,assuminghatT> is spatiallyindependentit follows from (11), thatthe measured
signalwould now be givenby

L Z
bired 2e Tz€! ot g
Se.t/ 1rec 0 X, y; Ze? Y2k gy dydz: (15)

sample

, L
Uptoaconstante ' ote T2 Sg.t/ is simply the Fouriertransformof atk D tZ—G:

By samplingin time and using a variety of different gradientvectors,we cansam-
ple the 3d Fouriertransformof in a neighborhoodf O: This sufces to reconstruct
an approximationto : In medicalapplicationsT, is spatially dependentyhich, as
describedn Section7, providesa usefulcontrastmechanism.

Imaginethatwe collectsampleof Ok/ onarectangulagrid

N N N N N N
fjx1ky; Jylky; jzlka/ V 7)( Jx 7)(; 7)/ Iy 7y; 72 jz 729
Sincewearesamplingn theFourierdomaintheNyquistsamplingtheoremmpliesthat
thesamplespacingdetermineshe spatial eld-of-vie w from which we canreconstruct
an artifact free image: in orderto avoid aliasingartifacts,the supportof —mustlie
in a rectangularregion with side lengthsTL k, *; 1k, *; 1k, *U see[13, 10, 2]. In
typical medicalapplicationghe supportof is muchlargerin onedimensiorthanthe
othersandsoit turnsout to be impracticalto usethe simpledatacollectiontechnique
describedabore. Insteadthe RF-excitation takes placein the presencesf non-trivial
gradient elds, which allows for a spatially selectve excitation: the magnetizationin
oneregion of spaceobtainsa transersecomponentwhile thatin the complementary
regionis left in theequilibriumstate.In thiswaywe cancollectdatafrom anessentially
two dimensionaklice. Thisis describedn the next section.

4 Selectve excitation

As remarled above, practicalimaging techniquesdo not excite all the spinsin an
objectand directly measuresamplesof the 3d Fourier transform. Ratherthe spins
lying in a slice are excited and samplesof the 2d Fourier transformare then mea-
sured. This processis called selective excitation and may be accomplishedby ap-
plying the RF-excitation with a gradient eld turnedon. With this arrangementthe
strengthof the static eld, Bg C &; varieswith spatialposition, hencethe response
to the RF-ecitation doesaswell. Supposehat &€ D .0;0; hx;y; z/; Gi/ andset
f D Ul hx;y;7; Gi: Thisis calledthe offsetfrequencyasit is the amountby
which the local resonancédrequeny differs from the resonancdrequengy, ! ¢ of the
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uniform Bo- eld. Theresultof a selectve RF-excitationis describedy a magnetiza-
tion pro le mP". f/; thisis a unit 3-vectorvaluedfunction of the offsetfrequeng. A
typical casewould be

(
P £/ D 0; 0; 1U for f 2. fg; fu/ (16)
' ®in ;0;cos U for f 2. fg; fil:

The magnetizations ipped throughanangle ; in regionsof spacewherethe offset
frequeng liesin . fp; f1/ andis left in theequilibrium stateotherwise.

Typically the excitation steptakes a few millisecondsandis much shorterthan
either Ty or Tzl thereforeone generallyusesthe Bloch equation,without relaxation,
in the discussionof selectve excitation. In the rotating referenceframe the Bloch
equationwithoutrelaxation takestheform

2 3
0 2 f

D4 2f 0 Sm.flt/): 17)
0

dm. flt/
dt

The problemof designinga selectve pulseis non-linear Indeed the selectve excita-
tion problemcanbe rephrasedsa classicalinversescatteringproblem: one seeksa
function .t/Ci .t/ with supporin anintenal To; t;Usothat,if m. f1t/ isthesolution
to (17) with m. fltg/ D T0; 0; 1y thenm. f1t;/ D mP". f/: If onerestrictsattention
to ip anglescloseto 0, thenthereis a simple linear modelthat canbe usedto nd
approximatesolutions.

If the ip angleis closeto zero,thenmz 1 throughoutthe excitation. Using
this approximationwe derive thelow ip angleapproximatiorto the Bloch equation,
withoutrelaxation:

d.m; Cimy/
dt

Fromthis approximatiorwe seethat

D 2 if.mCimyCi . Ci I (18)

z
. whereF.h/.t/ D h.fle 2 ftdf:  (19)
1

pr~ i pr
F.m; Cims/.t/
i

tICi .t/

For anexamplelikethatin (16), closetozeroandfo D f1; we obtain

i sin sin fqt
" :

Ci (20)
A pulseof this sortis calleda sinc-pulse.A sinc-pulseis shovn in Figure 1(a), the
resultof applyingit in Figure1(b). A moreaccuratepulsecanbe designedisingthe
ShinnafLe Rouxalgorithm,see[16, 17|, or theinversescatteringapproachsee[11].
An inversescattering0 -pulseis shavnin Figure2(a)andtheresponsén Figure2(b).
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5 Spin-warp imaging

In Section4 we shaved howv NMR measurementsould be usedto measurethe 3d

Fouriertransformof : In this sectionwe considera morepracticaltechniquethat of

measuringhe 2d Fourier transformof a “slice” of : Applying a selectve RF-pulse,
asdescribedn the previoussectionwe can ip themagnetizatiorin aregion of space
Zo 1lz< z< z5C 1z while leaving it in the equilibrium stateoutsidea slightly

largerregion. Observinghatasignalneartheresonancé&equeny is only producedy

isochromatavhosemagnetizatiorhasa non-zerotrans\ersecomponentye cannow

measuresamplef the 2d Fouriertransformof thefunction

1 z521 29
N,.x; y/ D 213 .X;y; 2/1dz: (22)
70 1z
If 1 zissufciently smallthen N,.x; y/ XY, 2ol

In orderto be able to usethe fast Fourier transformalgorithm (FFT) to do the
reconstructionit is very usefulto samplé?\;O onauniformgrid. To thatendwe usethe
gradientelds asfollows: After the RF-excitationwe applyagradienteld of theform
Gph D .0;0; g2y C gux/; for acertainperiodof time, Ton. This is calleda phase
encodinggradient. At the conclusionof the phaseencodinggradient,the trans\erse
component®f the magnetizatiorfrom the excited spinshastheform

mb.x; yl'/ Tcos2 .kyy kyx/;  sin2 kyy  kyX/UN,.X; y/; (22)

where.ky; ky/ D 2 U 1 Tonh.  O1; G2/: At time Ty, we turn off the y-componenbf
Gph andreversethe polarity of the x-component.At this point we begin to measure
the signal. We get samplesof INK; ky/ wherek variesfrom Kymax t0 Kxmax: By
repeatinghis processwith thestrengthof the y-phaseencodinggradientoeingstepped
througha sequencef uniformly spacedsalues,g, 2 fnl gyg andcollectingsamples
atauniformly spacedsetof times,we collectthe setof samples
Nx Nx Ny Ny
> ™ 2 "N e
ThegradientGs; D .0; 0; g1x/; left onduringsignalacquisition|s calledafrequency
encodinggradient While thereis no differencemathematicallybetweenthe phase
encodingandfrequeng encodingstepstherearesigni cant practicaldifferencesThis
approachto samplingis known asspin-warpimaging; it wasintroducedin [8]. The
stepsof this experimentaresummarizedn a pulsesequencéiming diagram shavn in
Figure3. This graphicalrepresentatiofor the stepsfollowedin a magneticesonance
imagingexperimentis ubiquitousin theliterature.

To avoid aliasingartifacts,the samplespacingsl ky and1 ky mustbe chosenso
thatthe excited portion of the sampleis containedn aregion of sizel k, 11 ky 1
Thisis calledthe eld-of-view or FOV. Sincewe canonly collectthe signalfor a nite
period of time, the Fourier transformMNky; ky/ is sampledat frequenciedying in a
rectanglewith vertices. Kymax; Kymax/; Where

Nx1 ky

kxmax D — 2 ’ kymax

fiN,.m1 ky; n1 ky/ V (23)

Ny1 ky

(24)
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The maximumfrequenciessampledeffectively determinethe resolutionavailable in
the reconstructedmage. Heuristically this resolutionlimit equalshalf the shortest
measuredvavelength:

1 F OV 1 FOVy

1x D 1 D
oma -~ Ne Y Zgmax Ny

(25)

Whetherone canactually resole objectsof this sizein the reconstructedmagede-
pendonotherfactorssuchastheavailablecontraseindthesignal-to-noiseatio (SNR).
We considerthesefactorsin the nal sections.

6 Signal-to-Noise

At agivenspatialresolutionjmagequality is largely determinedy thesignal-to-noise
ratio(SNR)andcontrasbetweerthedifferentmaterialsmakingup theimagingobject.

SNRin MRI is de ned asthe voxel signalamplitudedivided by the noise standard
deviation. Thenoisein the NMR signal,in generaljs Gaussiardistributedwith zero

mean.lgnoring contrikutionsfrom quantizationfor example,dueto limitations of the

analog-to-digitakcorverter the noisevoltageof the signalcanbe ascribedto random
thermal uctuationsin thereceve circuit, seg[7]. Thevarianceis givenby

t2herma| D 4kgTRL1 ; (26)

wherekg is Boltzmanns constant,T is the absolutetemperatureR is the effective
resistancégresultingfrom bothreceve coil, R; andobject,Ry), and1l is thereceie
bandwidth. Both R; and R, are frequeny dependentwith R, / ! %; and Ry /

I : Their relative contributionsto overall circuit resistancedependin a complicated
manneion coil geometryandtheimagingobjects shapesizeandconductvity, se€[6].

Hence,at high magnetic eld, andfor large objects,asin mostmedicalapplications,
the resistancdérom the objectdominatesandthe noisescaledinearly with frequeng.

Sincethe signalis proportionalto ! ?; in MRI, the SNRincreasesn proportionto the
eld strength.

Asthereconstructednageis comple valued,it is customaryto displaythemagni-
tuderatherthantherealcomponentDoing so,however, hassomeconsequencemthe
noiseproperties.In regionswherethe signalis muchlargerthanthe noise,the Gaus-
sianapproximationis valid. However, in regionswherethe signalis low, recti cation
causeshenoiseto assume Raleighdistribution. Meanandstandardieviation canbe
calculatedrom thejoint probability distribution:

1 -
P.Nei Ni/ D 5= NONT=2 5 (27)
whereN; andN; arethenoisein therealandimaginarychannels Whenthe signalis

large comparedo noise,one nds thatthevariance 2 D 2. In the otherextremeof
nearlyzerosignal,oneobtainsfor themean:

6D | =D 1:253 (28)
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and,for thevariance:
2D2 21 =4/DO0655°? (29)

Of particularpracticalsigni canceis the SNR dependencen theimagingparam-
eters. The voxel noisevarianceis reducedby the total numberof samplescollected
duringthedataacquisitionprocessi.e.

r% D t2hermal =N; (30)

whereN D NxNy in a 2d spin-warp experiment. Incorporatingthe contrilutionsto
thermalnoisevariance ptherthanbandwidth,into a constant

uD 4kgTR; (31)
we obtainfor thenoisevariance:
2 ul :
D——MmM: 32
1D Ny Nove (32)

Here Nayg is the numberof signalaveragesollectedat eachphase-encodingtep.We
obtaina simpleformulafor SNR pervoxel of volumel V V

r
NX NyNavg .
ul '

r—
Nx Ny N
wDCQledZ

SNRDCQ@QV
d ul

(33)

wherel x; 1y arede ned in (25), d; is thethicknessf the slabselectedy theslice-
selectve RF pulse,and Qdenotesthe spin density weightedby effects determined
by the (spatially varying) relaxationtimes T; and T, andthe pulsesequencediming

parametersFigure 4 shavs two imagesof the humanbrain obtainedfrom the same
anatomidocationbut differingin SNR.

7 Contrast and Resolution

The singlemostdistinctive featureof MRI is its extraordinarilylarge innate contrast
For two softtissuesijt canbeontheorderof severalhundredpercent.By comparison,
contrasin X-ray imagingis aconsequencef differencesn theattenuatiorcoefcients
for two adjacenstructuresandis typically onthe orderof afew percent.

We have seerin theprecedingsectionghatthe physicalprinciplesunderlyingMRI
are radically differentfrom thoseof X-ray computedtomograply in that the signal
elicited is generatedy the spinsthemselesin responsdo an external perturbation.
Thecontrasbetweertwo regions, A andB, with signalsSa; Sg respectiely, isde ned

as
ST -
Sa
If the only contrastmechanisnweredifferencedn the protonspin densityof various
tissues,then contrastwould be on the order of 5-20%. In reality, it canbe several
hundredpercent. The reasonfor this discrepang is thatthe MR signalis acquired
undernon-equilibriumconditions At the time of excitation, the spinshave typically

Cas D (34)
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notrecoveredfrom theeffectof thepreviouscycle's RF pulsesnoris thesignalusually
detectedmmediatelyafterits creation.

Typically, in spin-warpimaging,aspin-edois detectecasa meando alleviate spin
coherencdossesfrom Bp- eld inhomogeneity A spinechois the resultof applying
anRF-pulsethathasthe effect of taking.my; my; ma/ to.my; my; mg/: Assucha
pulseeffectsal80 rotationof the Paxis, it is alsocalleda -pulse.If, aftera -pulse,
the spinscontinueto evolve in the sameenvironmentthen,following a certainperiod
of time, thetrans\ersecomponentsf themagnetizatiorvectorsthroughouthesample
becomealigned.Hencea pulseof thistypeis alsocalledarefocusingpulse. Thetime
whenall thetranswersecomponentsirerefocuseds calledtheedhotime TE:

Thespin-echesignalamplitudefor anRF pulsesequence; ; repeated
every Tr; secondss approximatelygivenby:

StbD2/ .1 e ®Mhje TET: (35)

Thisis agoodapproximatioraslongasTE << Tgr andT, << Tg in which casethe
trans\ersemagnetizatiordecaysssentiallyto zerobetweersuccessie pulsesequence
cycles. In equation(35), is voxel spindensityandtheechotime TE D 2 : Empir
ically, it is known thattissuesdiffer in at leastone of the intrinsic quantities,T1; To
or : It thereforesufces to acquireimagesin sucha mannerthatcontrastis sensitve
to one particularparameter For example,a “ T>-weighted”imagewould be acquired
with TE T, andTR >> T; and,similarly, a“Ti-weighted”imagewith TR < Ty
andTE << Ty; with Ty; T2 representindypical tissueprotonrelaxationtimes. Fig-
ure 5 shawvs two imagesobtainedwith the samescanparametergxceptfor TR and
T E illustratingthe fundamentallydifferentimagecontrastgshatareachievable.

It is noteworthy thatobjectvisibility is notjustdeterminedy thecontrasbetween
adjacenstructuresut is alsoafunctionof thenoise.lt is thereforeusefulto de ne the
contrast-to-noiseatio as

CaB
eff
where ¢f is the effective standardieviation of the signal. Finally, it may be usefulto
reconstrucparametridmagesn which thepixel signalvaluesrepresenary oneof the
intrinsic parameters A To-imagecanbe computedirom equation(35), for example,
eitheranalytically from two imagedatasetsacquiredwith two differentechotimes,
or from a seriesof T E values,obtainedfrom a CarrPurcell spin-echotrain, using
regressiortechniquessee[5, 13].

We have previously shavn thatthelimiting resolutionis givenby knayx, thelargest
spatialfrequeny sampledsee(25). In reality, however, theactualresolutionis always
lower. For examplespin-spin(T2) relaxationcauseghe signalto decayduring the
acquisition.In spin-warpimagingthis causeshe high spatialfrequenciego befurther
attenuated.

A furtherconsequencef nite samplingis aringing or Gibbsartifactthatis most
prominentat sharpintensity discontinuities.In practice theseartifactsare mitigated
by applyinganappropriateapodizing Iter to the data. Figure6 shawvs a portion of a
brainimageobtainedat two differentresolutionsin Figure6(b), thetotal k-spacearea
coveredwas16 timeslargerthanfor theacquisitionof theimagein b). Artif actsfrom

CNRag D

(36)
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nite samplingandblurringof ne detailsuchcorticalbloodvesselsareclearlyvisible
in the low-resolutionimage. SNR, accordingto equation(33), is reducedn thelatter
imageby afactorof 4.
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8 Figures

RF pulse KHz
magnetization
°
=

(a)Pro le of a90 -sincpulse. (b) The magnetizatiorpro le producedby the
pulsein (a).

Figure 1. A selectve 90 -pulseandpro le designedisingthelinearapproximation.
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RF pulse KHz
magnetization
°
=

0 1 2 3 4 5 6 5 4 3 2 1 0 1 2 3 4 5
ms KHz
(a)Pro le of a90 inversescatteringoulse. (b) The magnetizatiorpro le producedby the
pulsein (a).

Figure 2. A selectve 90 -pulseandpro le designedisingthe inversescatteringap-
proach.

Figure 3. Pulsetiming diagramfor spin-warpimaging.During the positive lobe of the
frequeng-encodinggradient,the analog-to-digitalconverter (ADC) collectssamples
of the signalproducedy therotatingtrans\ersemagnetization.
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Figure 4. Ti-weightedsagittalimagesthroughthe midline of the brain: Imageb)
hastwice the SNR of imagea) shaving improved conspicuityof smallanatomicand
low-contrastdetail. Thetwo imageswereacquiredat 1.5 Tesla eld strengthusing2D
spin-warp acquisitionandidenticalscanparametersgxceptfor Navg; whichwas1in
a)and4in b).

@ (b)

Figure 5. Dependencef imagecontrasion pulsesequencéiming parametersa) is a
T1-weightedimage;b) is a protondensity-weightedmage.
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Figure 6. Effect of k-spacecoverageon spatialresolutionin axial imageof the brain:
the eld of view in bothimages20 cm andall scanparametersverethe sameexcept
thata) wasacquiredwith Ny D Ny D 128andNy D Ny D 512



