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ABSTRACT OF THE DISSERTATION

Towards Absolutely Quantitative Phase Contrast

Magnetic Resonance Imaging

by
Matthew Joseph Middione
Doctor of Philosophy in Biomedical Physics
University of California, Los Angeles, 2013

Professor Daniel B. Ennis, Chair

Phase Contrast Magnetic Resonance Imaging (PC-MR4) non-invasive clinical
imaging technique used primarily for measuring dieelocity and flow throughout the
major blood vessels of the cardiovascular systediMRRI uses magnetic field gradients
to impart zero phase to stationary spins and azeoo-phase to moving spins. The phase
measurements provide quantitative information thatiseful during the diagnosis and
treatment of many cardiovascular diseases. Bland fheasurements obtained using PC-
MRI hold an advantage over other techniques, nam&thocardiography and
catheterization, due to its ability to reduce Iifet radiation exposure, provide accurate
and direct quantification of flow, and it's non-emsiveness. Despite decades of research,
our ability to measure blood flow with PC-MRI isillsthampered by quantitative
inaccuracies leading to clinically significant espwhich dampens clinical enthusiasm

for the technique. Nevertheless PC-MRI continueba@ compelling clinical technique
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because of the need to non-invasively measure iftoavwide range of clinical contexts.
Frequently inconsistent PC-MRI measurements, howemantinue to be a source of
clinical frustration and in order for PC-MRI to lmne an absolutely quantitative
measure of flow, both the accuracy and precisionthelse measurements must be
improved. Herein an analysis of the effects of cicaity shifted perivascular fat; time
efficient velocity encoding; region-of-interest ¢ouring; and the use of convex gradient
optimization is conducted in an effort towards depeng absolutely quantitative PC-
MRI.

In Chapter 4 we explore the phase errors associatiéid chemically shifted
perivascular fat. Stationary perivascular fat, whscrrounds most vessels throughout the
cardiovascular system, can impart a significantabal shift-induced phase error in PC-
MRI. This chemical shift error does not subtracipimase difference processing, unlike
other off-resonance phase errors, but can be n@eohisignificantly with proper
parameter selection. The chemical shift inducedselarors largely depend on both the
receiver bandwidth and the echo time (TE). The arhofichemically shifted fat pixels
that shift into the vessel can be reduced by irstngathe receiver bandwidth while the
use of an in-phase TE (K& will ensure that fat and water resonances agghase with
slow flowing blood near the vessel wall, which mazes the resulting errors in the
calculated velocity. Computational simulations dath in vitro and in vivo experiments
are used to show that the use of a high bandwidthTdy significantly improves intra-
subject flow agreement compared to a more clinycsidandard low receiver bandwidth

and the minimum available TE (Tifx).
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In Chapter 5 we explore a time efficient chemichiftsreduction strategy. The
minimum available Tl at 3T field strength (Tlgmn = 2.46 ms), however, may not be
routinely achievable with standard flow-encodingtimoels. Hence, we developed a
novel method for flow encoding in PC-MRI, which asthe slice select gradient and a
time-shifted refocusing gradient lobe for velooggcoding. Velocity encoding with the
slice select refocusing gradient (SSRG) enablesuee of Thymn at 3T for time-
efficient reduction of chemical shift-induced pha&seors in PC-MRI, whereas this can't
be achieved with bi-polar or flow compensated/fl@mcoded PC-MRI. In vivo
measurements were acquired to show that PC-MRIune@a&nts obtained using SSRG
with a high receiver bandwidth and [k~ significantly improves intra-subject flow
agreement compared to a conventional clinical secpiewhich uses a low receiver
bandwidth and Thkn. This approach also increases temporal resolaiah signal-to-
noise ratio by 35% and 33%, respectively.

In Chapter 6 we explore time efficient velocity edimg and the capabilities of
convex gradient optimization in PC-MRI in chapter Gonventional PC-MRI pulse
sequences use time inefficient velocity encodinghwds along with trapezoidal and
triangular gradient lobes, which do not make optimse of the available gradient
hardware.Convex gradient optimization (CVX) can be used timize PC-MRI
gradient waveform durations subject to both gradieardware and pulse sequence
constraintsCVX PC-MRI with TEymn provides more accurate measurements of blood
flow and velocity through the reduction of chemiadlift-induced phase errors and
increased sequence efficiency, which can provitteeehigher spatial or higher temporal

resolution.
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Another potential source of error in PC-MRI flowanutification occurs during image
analysis. In Chapter 8 we analyze the errors aatsatiwith ROI contouring in PC-MRI.
PC-MRI blood flow measurements require a regiomtdrest (ROI) to be manually
contoured to encompass the vessel lumen, but thiseps is subjective and prone to
error. A systematic analysis of ROI contouring wesed to evaluate the impact of
overestimating and underestimating the ROI siz€GAMRI flow measurements. ROIs
that overestimate the vessel lumen/wall boundanyrilute a lower magnitude total flow
error compared to ROIs that underestimate the ssmedary.

Reducing errors arising from chemically shiftediyascular fat, implementing time
efficient velocity encoding, increasing spatiotemgboresolution through the use of
convex gradient optimization, and careful analysisSROI contours all help move us

towards absolutely quantitative PC-MRI.
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DISSERTATION M OTIVATION

Congenital heart disease (CHD) affects 9.6 per 1@@births (1) and an increasing
population of adolescents and adults are livinghwi€HD (35-year survival is
approximately 85% (2)). Patients with CHD oftemuee a lifetime of clinical
evaluation, multiple surgeries, numerous internaral procedures, and dozens of
imaging exams — all of which contribute to the hagists associated with managing the
disease ($1.4 billion in annual hospital costs) (3)

For pediatric and adult patients with CHD, diagsaand treatment of the disease is
aided by the ability to measure cardiovascular hlgmamics. Magnetic resonance
imaging (MRI) exams play a central role in the ngeraent of patients with CHD and
are routinely ordered for these patients for pngsal or pre-interventional evaluation
because of the exceptional ability to visualize ptem vascular anatomy and accurately
measure ventricular volumes and masses. Furtheypbase contrast MRI (PC-MRI) is
a powerful non-invasive imaging technique usedatigmts with CHD to measure blood
velocity and flow with flexible spatial and temporal resolution (4,5) and image
orientation. PC-MRI is used clinicallyfor evaluating cardiovascular flow regurgitant
volume/fraction, right-left lung flow, Qs stenotic pressure gradient, and more.
However, poor intra-subject agreement and low canfce in PC-MRI can lead to: 1)
follow-up exams, which incur greater downstreamsos 2) a team of physicians left to
make a “judgment call.”

Cardiac catheterization is the ‘gold standard’ fevaluating cardiovascular
hemodynamics, but ionizing radiation, invasiveness] expense mean that “it is not a

practical method for longitudinal follow-ups,” (&yhich are needed, for example, to



identify the optimal timing for an interventionorizing radiation concerns also limit the
repeated use of computed tomography (CT) and nusteatigraphy.

Body habitus combined with vessel angulation anel ithterposition of surgical
scarring and the lungs sometimes limits the effeckess of echocardiography (7-9).
This is especially true for the evaluation of tight heart, where echocardiography is
challenged to measure branch pulmonary artery flgguimonary regurgitant
fraction/volume, and/or flow in the main pulmonanyery.

Despite clinical preference and guidelines (2,7,3Dsuggesting the use of PC-MRI
for blood velocity and flow measurements in CHDO§ dccuracy and reliability are
frequently questioned due to poor internal conswster inconsistent results compared to
other clinical findings. As a consequence, many Cptdients undergo a diagnostic
catheterization procedure or a follow-up echocadiphic exam to bolster clinical
confidence prior to making treatment decisions. Tgréncipal objective of this
dissertation is to improve the diagnostic accuratyPC-MRI by pushing technical
developments towards absolutely quantitative mesmsents in order to better guide
treatment decisions. Theverall objectivesof this dissertation are to: 1) Minimize
chemical shift-induced PC-MRI errors arising frommemically shifted perivascular fat
(Chapter 4); 2) Develop a novel velocity encodingtmod for time efficient chemical
shift reduction (Chapter 5); 3) Develop time efiti velocity encoding (Chapter 6); 4)
Implement convex gradient optimization in PC-MRIh@pter 7); and 5) Analyze the
errors associated with contouring regions-of-irgere PC-MRI measurements (Chapter
8).

The objectives are more cogently described bydhewing Specific Aims



SpecIFic AIM #1 — Reduce chemical shift effects in PC-MReérivascular fat that

surrounds most vessels can chemically shift aditesyessel wall into the lumen. The
complex fat signal then adds to the complex watgnad and leads to a clinically
significant measurement error that does not subtraphase difference imaging. In
Chapter 4 we define the effects of chemically skifperivascular fat in PC-MRI and
develop a coherent error reduction strategy. Mdeothesizethat chemical shift-induced
phase errors can be effectively eliminated by cargdlection of the receiver bandwidth
and echo time (TE), leading to more accurate PC-MBasures of blood flow.

SPECIFIC AIM #2 — Time efficient reduction of chemical shift effaot$ C-MRI. The

chemical shift reduction strategy described in 8meAim #1 necessitates the use of a
prohibitively long TE. In Chapter 5 we describedaavaluate a method for flow
encoding in PC-MRI that uses the slice select gratdand a time-shifted refocusing
gradient lobe for velocity encoding. Weypothesizethat chemical shift-induced phase
errors can be efficiently eliminated using slickeserefocused gradient encoding, which
shortens the TE and the repetition time (TR) andlm used to improve spatiotemporal

resolution or decrease breath hold time.

SPeCIFIC AiM #3 — Time_efficient velocity encodingraditional PC-MRI methods

employ either a pair of equal-and-opposite veloeitgoding gradients (Bipolar) (14,15)
or a flow compensated and flow encoded gradient (& FE) (16,17). In Chapter 6 we
describe that each strategy has its benefits aadldrcks; but neither sequence is the
most time efficiency over a wide range of clinigaliseful velocity encoding strengths.
We hypothesizethat reductions in TE/TR can be achieved by desgrihe fastest

triangular and trapezoidal shaped velocity encodgngdient waveforms, providing



significant increases in spatiotemporal resolutov@r conventional PC-MRI methods

and more accurate measures of blood velocity awd fl

SPECIFIC AIM #4 — Convex gradient optimizatior€onventional gradient waveform

design in PC-MRI involves the use of triangulatrapezoidal waveforms, which do not
optimally use the available gradient hardware.dadf these waveforms typically limit
the sequence design tou/\V3 and SR /V3 (where Guay is the maximum gradient
amplitude and SRy is the maximum gradient slew rate) to ensure dggience performs
within the hardware limitations for any given doeibbblique slice orientation.
Furthermore, these limits are only approached duenfew instances throughout the
sequence, which limits sequence efficiency. In @drap, wehypothesizehat the use of
convex gradient optimization for all gradients withthe PC-MRI pulse sequence will
lead to more accurate measurements of blood flabwaiocity through the reduction of
chemical shift-induced phase errors and increassglence efficiency, which can
provide either higher spatial or higher temporabiation.

SPECIFIC AIM #5 — Regions-of-interest error analysiC-MRI measurements

require a region-of-interest (ROI) to be manualbntoured to encompass the vessel
lumen, but this process is subjective and prorexriar. In Chapter 8, thebjective of this
Specific Aim is to systematically evaluate the imipaof overestimating and
underestimating the ROI size on PC-MRI flow measwets. Wehypothesizethat
overestimating the ROI size will lead to higherwecy compared to underestimating the
ROI size and that these findings can be used teigecevidence based suggestions for

ROI contouring to increase measurement accuraBChMRI.

Overall, the work outlined in these Specific Aimdlwprovide more accurate and



precise PC-MRI measurements of blood velocity &Mt tompared to conventional PC-
MRI methods. Additionally, these methods will hawetter diagnostic accuracy than
conventional PC-MRI leading to increased clinicahfidence in the reported measures.
The overall impact of this work will be to improviee diagnostic accuracy of PC-MRI.
Faster, more accurate, and more precise PC-MRIurgagnts with increased clinical
confidence will provide more reliable flow measufesclinical management of patients
with CHD. These methods will help streamline dalicare and decrease over-diagnosis,
over-treatment, and overutilization of follow-upnital exams for pediatric and adult

patients with CHD.



CHAPTER 1

INTRODUCTION TO MAGNETIC RESONANCE | MAGING

In order to appreciate and understand the probtaatscurrently limit phase contrast
magnetic resonance imaging (PC-MRI) from being apsolutely quantitative
measurement technique, an overall understandifgpsit magnetic resonance imaging
(MRI) principles is first needed. This chapter giee brief introduction to the principles
of MRI from spinning atomic protons to signal geaten, signal detection, and image

formation.

INTRODUCTION

MRI can be described as a medical imaging technilgaeproduces detailed images
of internal structures of the body. More specifigaMRI uses a strong magnetic field
and the properties of nuclear magnetic resonanceraduce images of molecules,
namely hydrogen protons. MRI possesses several@ragvantages over other medical
imaging modalities. Unlike X-ray, Computed TomodrggCT), Single Photon Emission
Computed Tomography (SPECT), and Positron Emis3iomography (PET), MRI
operates in the radio-frequency energy range auasl tises no ionizing radiation. MRI
has the ability to generate three-dimensional (8Blumetric images at any oblique
orientation. MRI also provides excellent soft tisstontrast, which makes it especially
useful in imaging the brain, muscles, the heartl eancerous tumors compared with
other medical imaging techniques.

The process of generating an MR image can be divideo three steps: signal

generation, detection, and reconstruction. At thelear level, the magnetic moment of



hydrogen protons serve as the source of the MR kigieese magnetic moments
manipulated in the presence of a magnetic field taeir collective behavior forms th
basis of the measured signal. This signal is tieenrded and latereconstructe to form
an image. Th remainder of th chapterdescribes the mechanics how magnetic
moments are manipulated to produce a signal, wis then reconstructed to form an N

image.

NUCLEAR MAGNETIC RESONANCE

Hydrogen atomgontain a single electron (negatively charged @ay), which orbits
a rotating nuclecontaining a single prot« (positively charged particl, which has non-
negligible massAtomic nucle have an intrinsic quantum property known as spimciv
is classically associated with h atoms rotate about their axis. TB@r combined with
the proton’s mass producangular momentum, whichan be expressed as a vel
guantity having both magnitude and direction. Tspin and chargef hydrogen nucls,
combined with itsintrinsic angular momentu, produces grecessingmagnetic field.
This magnetic field is represented by a nuclearmaig dipole momeniu (in units of
kgxmfxs?xT?, where T is Tesl, which is also a vector quantity having both magge
and direction thais related to the angular momenttL (in units of kgxn®xHz), by the
following equation(Figure 1:

p =1L, [1]

wherey is the gyromagnetic rati(in units of MHz/T, where MHz is Megahertz)or

hydrogen the measuredlue i<

MH
v = 42,576~ 2

2]
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Figure 1. A hydrogen proton, which carries a massjtive charge, and intrins

nuclear spin with angular momentuL, produces a maegtic dipole momenju.

The MRI signal generated by hydrogen nuclei, wrach naturally abundant with
the human body, is comprised of a collection ofrbgén protons, or spinThe sum of
all the magnetianoment produced by each spin is called thet magnetizationM.
Normally, the directiorof these spins arrandomly distributedThus, the sum of all tt
spins yields anull net magnetizationM = 0, Figure 2A) In the presence of large
external magnetic fieldBy, nuclear spins align along tlagis of the main magnetic fie
(defined as the axis). Some of the spins aliwith the field (parallél and some alig

against the field (anfraralle) as seen in Figure 2B.
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Figure 2.Randomly distributed spins produno net magnetizatic (A) while in
the presence of an applied fieBy, spins align either parallel or a-parallel

producing a net magnetizati(B).

Parallel spins are said to be in a low energy steltde ant-parallel spins are said
be in a highenergy state. The number of spins in the low enatgye exceeds ti
number in the higlenergy stal. This leads to anet magnetizationM # 0). This
magnetization is a vector quantity that can beaggmted by a "longitudinal” compone
along the z-axisMl; in Figure 3)and by a second component perpendicular to the

called the "transverse magnetization" along tr-plane My in Figure3).
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Figure 3.In the presence an applied fieldBy, the magnetizationrM, has two
components: longitudinal magnetizaticM,, which lies alongthe z-axis and
transverse magnetizatioMyy, which lies within the xy-planéVi,, is a complex

value possessing both a magnitude and a phase ocem

In addition to the development of different energfates and the resulting r
magnetization, the presence of an external magfieticinduces a torque on each ¢
as a consequea®f the balance of forces described by the eqguationotion for a spi
ensemble, whiclilustrates hov each spin precesses about thexis. This precessii is
analogous to a spinning top. The angular frequesfcthe precession, known as i
Larmor frequencygo, is proportional to the strength of the main maignigeld (Figure
4).

wy = 7By. [3]

These precessing spins form the net magnetizandserve as the basis of MR sigi

10



W

St

Figure 4. Kectorial description of épin precessing at the Larmor frequer(m)

about the axis adn external magnetic fie (Bo).

RADIO FREQUENCY EXCITATION

Although each spin precesses at the same frequétey do notnecessarilyprecess
in-phase. As a resulthe sum of the microscopic transverse magnetizatidreach spil
yields a no nettransverse macroscopic magnetization (Figur. By design of the
detector, onlytransverse magnetization producedetectablesignal in MRI. Thus, in
order forthe spins toproduce a transverse signal, they mreach phase coheren:
requiring the application can external force-or a magnetized spin systemnis external
force comes from amscillating magnetic field denoted Bs(t), which i< distinctly
different from the statienain magnetic fieldBo. Clinical scanners usBg ranging from
1.5-3T while typicalvalues forB; are about 5xI0T. For reference he strength of th
Earth’s magnetic field is aboux10° T. Classical physics mandates tiB,(t) rotates in

the same manner as tprecessing spins it acts upon. Thégjuiremer, known as the

11



resonance condition, dictates that the rotatiothefappliedBs(t) field mustmatch the

Larmor frequencyf the precessing spi.

y

-0 0 O
0000

O > X
z

Figure 5. Although the spins have a net longitudmagnetization compone
(Mz; into the page)phase incoherence results in ret zero transvers

magnetization componetM,,, which leads to no measurable signal.

The requiredoscillating B,(t) field is achieved through the application of a ce
frequency (RF) pulsdRF pulses act to force the net magnetization opteeessing spir
away from the direction of the static main magndiaid (z-axis) and towards tfr
transverse xylane. This results in a measureable transversalstgmponeniM,,. The
time-dependent behavior c¢he magnetizationM, in the presere of theB, and B;

magnetic fieldss described quantitatively by tiBloch equationwhich takes the forr

IM Myi+ M5 (M. — M)k
M _ g Mot Mg (M- AR 4]
T T

di

12



whereM, is the equilibrium valucof M in the presence dd, only, and T, and & are
time constants, whicbhharacterie the relaxation process tife bulk magnetizatic after
it has beerrotated away from itsequilibrium state which are not described in tt
dissertationFor the purposes of characterizing the -dependent &avior ofM during
the application of the RF excitation pulse, whishrelatively short compared to norn
T, and T, values, the last two terms in E4 can be omitted. With this assumption,

Bloch equation takes a much simpler fol

ARX

dt

I
2
ki
ey
X
b

1Al

To further simplify the mathematics, we will intnack a new coordinate syste
known as the rotating frame of referenThe rotating frame is a coordinate syst
whose transverse plane is rotating clock at an angular frequeney, which is equal tc
the Larmor frequencyFigure 6. To distinguishthis new rotating fran from the
conventional stationarffame, we usx’, y', and zto denote the three orthogonal axe:

this frameand correspondingly’, j', andk' as their unit directional vecto

13
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Figure 6. Motionof the bulk magnetization in the presence of atireg RF field,

Bi(t), as observed irA) the rotating frame and (B) the station&igme

Equation 5 can be expressed in the new rotatimgdras

OiVipgi

where

[7]
represents the effectiveagnetic field that the bulk magnetization vectgperiences ir
the rotation frame.

Next, the effects of an RF pulse on a spin can Hsacterized by examining tl
behavior ofM during the excitation peric In addition to its frequency, the applied
pulse is characterized by its envelope functB;(t), andthe phase of the applied F
pulse,p. B;%(t) uniquely specifies the shape and duratiothe RF puls: while ¢ defines
the axis within thetransverse pland¢hat spins are rotated about by the pulse.

Assuming a single spin resonating at the Larmagueacy and an applied RF pulse w

14



an initial phase of zero and a pulse shape defiryeB;(t), the effective magnetic fiel

from Eq. 7 can be rexitten ac

o]
vy,
=M

ess =Byl 5]
Substituting Eg. 8 into the Bloch equation resutdinf Eq. 6 describes the bt

magnetization vectdyl in the rotating fram

g

Equation %can be expressed a more traditional scalar form as:

A

=10

vBY (i) M [10]

A closed form solution to Ec10 under the initial conditions ®fl,(0) = My, (0) = 0 and
M, (0) =M, yields:

M, (1) =0

had NS

/ot N
My, (1) = MJsin | [ ~B5(t)dt) [11]
NSO /
e N
M., (i) = MJcos | [ ~Bf(1)dt)
ARV /

These equations indicate that the effect of th-resonanceexcitation B; field, as
observed irthe rotating frame, is a precession of the bulk mesigatior about the x'-axis.
The precession d¥l about theB; field is called forced precession. Tapplied RF pulse
leads toforced precessi¢, which tips the bulk magnetization away from theaxis,
resulting in a measureable transverse magnetizat@mponeniM,,. An RF pulse of

duration,tgr, andflip angle, a, is described as the angle betw&érand thi the z'-axis,

15



which can be describda the following equatic (Figure 7)

_rtRF !,tRF |
ao ), ewlam g ab 12]
?
/ 'Y
/_:: fi’iry

Figure 7. AnRF pulst with an initial phase angle;,, and flip angle, «, tips the

magnetization into the transverse plane producimgasureable signal in M.

The signal magnetization (ignoring relaxation frdi; and %) in the longitudinal, M,

and transverséd,y, planes can be calculated from Eqgs. 11 angdw@ereM,, = My + iMy:

M. = Mcos (o)
My, = MDsin (o) [13]

MAGNETIC FIELD GRADIENTS

Up to this point, two of the main components of MRIdware have been discuss
the main magnetic fielcBy, and the rotating RF magnetic field;. A third and final
magnetic field component is used to determine thgsipal location of the sign

generated by, andB;. This component, known as the magnetic field gmaidsystem
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consists of thre@rthogonal gradie coils (Figure 8), which are desied t« produce a
time-varying magnetic fiel. These gradient coilare referred to as the-gradient, y-
gradient, and gradient, which varthe zeomponent of the magnetic fielinearly along
the x-, y-, and directions, respectively.he overall magre field in the presence of

gradientfield can be expressed

Wy

— (D

]
]

v

Foea

-

-

a

=

where

7Y f7Y 7Y sy P T B g B 1l

Magnetic field gradients are usually defined byirtlgradientamplitude or strengtt
therate at which this maximum gradient strength caiachievedwhich determinethe
duration of the gradiermisetime¢, and the applied gradient directidradient strength |
normally measured in units of millitesla per m¢(mT/m) anda higher value represent:
stronger gradient. The rate at which this gradsérgngth is achieved referred to as the
gradient slew rate and is normally measured insuwnit millitesla per meter pe
millisecond (mT/m/ms)A larger slew rate means the gradient reaches sinmuan
strength faster than a smaller slew r

When a gradient is appli, the magnetic field strengtthat a spin experiences
increased/decreased depending on the spins positiomespect to the magnet isoce.
This change in magnetic field leads to increases/decreases in tginsprecessional
frequency based on (Eg8and 14). @anges in precessional frequerlead to changes
in the phase of the spinghich allow each spin to be uniquely identifieglsbd on thei

location with respect to the main magnetic field amagnetic field gradien
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SPATIAL ENCODING

Previously, it has been described how an objeateplan the presence of a main
magnetic field and excited by an Rjenerates a signdijy,, which can be detected via
Faraday’s Law of induction and a nearby and apjeitgdy tuned coil. The generated
signal is the sum of the local signals from alltpasf the object. Since most objects
imaged in MRI are heterogeneous, such as the hinodyy we need to isolate the spatial
origin of the measured signal to differentiate los@gnals from different parts of the
imaged object. This process, known as spatial iat#bn, is achieved by means of
selective excitation and spatial encoding. Centrddoth forms of spatial localization are
magnetic field gradients, which are used to prodocal signals with distinct spatial
information.

Slice selection is the simplest form of selectixei®tion and is the first step to
spatial localization. Slice selection involves bathmagnetic field gradient and an RF
pulse. RF excitation was previously described assuillating magnetic field gradient.
An RF pulse transmitted at the Larmor frequenay. (he frequency of the oscillating RF
magnetic field matches the resonance frequency yolrdgen nuclei) will produce
transverse magnetization and a signal from theesintiaged object. Conversely, if the
RF pulse is transmitted at a frequency that dodsnmmatch the Larmor frequency,
excitation of the hydrogen nuclei will not occurdamo transverse magnetization will be
generated. However, if the magnetic field varieatigfly, then parallel planes within the
imaged object will have a distinct frequency. Magnéeld gradients are applied in the
direction of the desired slice selection to varg thagnetic field spatially along that

direction (Figure 8).
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Figure 8. Amagnetic field gradie, G,, applied along the direction of the m:
magnetic field By, spatially alters the magnetic field strengthto  be  highel

(3.17T) or lower (2.9T) than the main magnetic fj By = 3T.

The application of anagnetic field gradient ancn RF pulse at a range of frequenc

results in slice selectiaffrigure 9)
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Figure 9. A spatially varying magnetic field proédcby an external magne
field, Bp, and an applied magnetic field gradieG, in conjunction with an RI

pulse applied at a range of frequence, results in slice selection.

To select anarrow bancof frequencies the RF pulse ne¢dshave a square shape in
frequency domain. The Fourier transform of a squ