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Abstract

The work described in this thesis was conducted at the University of Nottingham in

the Sir Peter Mansfield Imaging Centre, between September 20d2014.

Subject motdn in high resolution magnetic resonance imaging (MRI) isxa@or
source of image artefactdt is a verycomplexproblem, due to variety of physical
motion types, imaging techniques, ofrspace trajectories. Many technigues have
been proposedver the yarsto correct images for motiorgll looking forthe best
practical solutionin clinical scanningwhich would givecost effective, robust and
high accuracygorrection, without decreasingatient comfortor prolonging thescan
time. Moreover |f the sugeptibility induced field changadue to head rotatiorare

large enough, thewill compromisemotion correction methods.

In this worka method for prospective correction of head motion for MR braingma
ing at 7 Twas proposed. ltvould employinnovative NMIRtracking devices not g+
sented in literature beforeThe device presented in this theséscharacterized by a
high accuracy of position measuremen®06 + 0.04 mr)) is considered very pca

tical, andstands the chance to be used in routine imagimthe future.

This study alsinvestigated the significance die field changesnduced bythe sus-
ceptibility in human brain due to small head rotat®(t10 deg)The size and lae
tion of these field changewere characterized, and then the effects of tiseanges
on the imagewere simulated.The results have shown th#te field shift may be as
large ag -18.3| Hz/deg. For standard Gradient Eckequence at 7 T and a typical
head movement, the simulated image distortions were average equal to 0.5%,
andnot larger than 15% of the brightest voxel. Tisisot likely tocompromise no-

tion correction, but may be significant in some imaging sequences.
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Glossary

List of terms an@bbreviationaused in this thesis

MRI¢ Magnetic Resonance Imaging

NMR¢ NuclearMagnetic Resonance

RF¢ Radio Frequency

90-RF¢ 90 degree Radio Equency Pulse

'H ¢ Hydrogen

2-D ¢ Two dimensional

3-D¢ Three dimensional

IFT¢ Inverse Fourier Transform

TL¢ Transmissionihe

TEc Echo Tme

TR¢ Repetition Time

GE¢ Gradient Echo

SE¢ Spin Echo

SD¢ Spin Density

FO\ Field of View

FAC Flip Angle

FLASH Fast Low Angle Shot

bSSFFe Balanced Steady State Free Precession
HASTIE Half Fourier Acquisition Single Shot Turbo Spin Echo
ECGQ; Hectrocardigraphy

DWiI¢ Diffusion Weighted Imaging
PROPELLERPeriodically Rotated Overlapping Parallel Lines with EnhancedhReco
struction

RARE, Rapid Imaging with Refocused Echoes
EPI¢ Echo Planar Imaging

GRASE Gradient and Spin Echo

PROMQ; Real Time Prospective Motion Correction
PACE, Prospetive Acquisition Correction

SVIx Singular Value Decomposition

PTFE, Poltetrafluoroethylene

SPIc Sound Pressure Level

FFE; Fast keld Echo(GE on Phillips Scanner)

Vi
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FD¢ Frequency Determination

6-DOR 6 Degrees of Freedom

T/Rc¢ Transmitter/Receiver

MPRAGE Magnetization Prepared Rapid Gradient Echo
PSIR; Phase Sensitive Inversion Recovery

VOIc¢ Volume of Interest

GS¢ Grey Sale

SNR; Signalto-Noise Ratio

Vii
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Chapter 1 Introduction

1.1  Motivation

Magnetic resonance imaging (MRIarsimportant and powerful toalised inclinical
applicationsand in academic research to image interrstituctures of the bodyAn
ultra- high magnetic field allowthe production ofimages withextremelyhigh sga-
tial resolution Unfortunately subject motion durinthe MRI scans afundamental
problem that causes major degradation of image quality, witl- known effects
such as ghosting, signal dropouts or imdgarring [1, 2] Theartefacts originating
from bulk head motion have been problematic for the majority of clinical agplic
tions since the itroduction of MRI in medicineOver 30 years of research nume
ous methods for correcting images for motionvieabeen developed, with more
emerging every yed]. MRI has always been vesgnsitiveto motion, due to the
peculiarities of image acquisition process and the significant amount of tene r
quired to collect the data in most sequencewlfich isusually mucHonger than a
time- scale ofa typical ptysiological movement The dfferent appearance of o
tion artefacts in the image due to thlarge variety of imaging sequencesspace
trajectories or image contrast methods, as well as the complexitgpnevement,
makes the problem of motion in MRI extretg challengingl, 2, 5] Moreover, the
susceptibility induced field changa the brin due to head rotation additionally
distorts the image[31], which cannot be accounted for using available motion-co
rection techniquesFor thesereasons there is noniversal correction method to
compensate for motion artefacts, but a range of methods, where different tools are
applicable in particular situati@{3]. Most of the methods presented in litetare
strugglewith broad clinicabcceptancesince they are imgactical This for example,
includes motion tracking hardware which comproms@atient comfort or pro-

longed acquisition timeThe commorgoalfor all the motion correction techniques
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is thereforenot to create a single method to correct for all movemantefacts but
to find the most practical solution to itThe continuous improvement of motion
correction methods isherefore of a great importanceand the work presented in

this thesis contributes towards it.

1.2  Purpose of thisthesis

The purpose of thithesis is twofold. Firsit will demonstrate a method for the pr
spective realtime correction of head motiom MR biin imaging at 7 T, which will
employ small NMRracking devices of an innovative design, having manyaad
tages Secondit will invesigate how significant are the field chargg@duced by
susceptibility in human brain due to small head rotation. The size and location of
these field changes will be characterized, and then the effects of the changes on the
image quality will be simulatedhis will be done to answer the question whether
these residual field distortions will compromise availaplespectivemotion ca-

rection methods, and if yes, then what can be done about it.

1.3  Achievements and difficulties

The workpresented in this thesisontributed to the development of motion coree
tion research area of MRI, by proposiag innovativehardware solution for pre-
pective motion correction, as well &y shining a new light on thepic of suscept
bility induced main field shifts due to headtation. The latter has raised a pauic
lar interest in MRI research society, as has been nominatednfara presentation
during the Joint Annual Meeting of the International Society for Magnetic Resona
ce in Medicine and the European Society for MatgmResonance in Medicine and

Biology (ISMRMESMRMB) in Milan, Italy in May 2014.

The main difficulties encountereduring ths PhDwere related to theMR scanner
software development while incorporating the developed hardware into ithe-
gingsystem.Overcoming these difficulties was time consuming and was onlygparti

ly resolved due to timsome practical limitations
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1.4  Chapters overview

This thesis is organized into 7 Chaptestter the introdudion (Chapter 1) the phst

ics behind the MRI will be presea in Chapter 2 This will include description of

the nuclear magnetic resonance phenonoen the origin of the sigal in MRl can-

trast mechanisms anthe susceptibility effectsas well as the principles of image
formation. In Chapter 3 théormation of motion artefacts will be explained, and the
overview of the availablenotion correction techniques will be givemcluding the
motion prevention and artefact reductiomethods In Chapter 4 the prospective
motion correction method, employing innovativeMR tracking sensors will bufis-
cussed In this chapterthe prototype of the device will be presented, and its ieypl
mentation proposed in form of a complete external tracking system. In Chapter 5
the size and location of the susceptibility induced fieldrgig@in human brain due

to small head rotation (+x10 deg) will be characterized. This research will produce
the average field shift maps, which will be usecCimapter 6to simulatethe image

distortions
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Chapter 2 Introduction to MRI

Magnetic resonance imaginga medical imaging technique used to visualizerinte
nal structures of the soft body tissues. MRI makes use of the phenomenoun-of n
clear magnetic resonang®dMR)to imagenuclei of atoms inside the body, 5]. In
this chapter the physicabrinciples ofthe MRItechniqueand the background d»

hind the image formatiois presented

2.1  Spins in theexternal static magnetic field

2.1.1 Zeeman splitting and the LarmorEquation

The atomic nucleus is characterized by several physical properties, one of which is
nuclearspin giving rise to a magnetic moment. Nuclear spin is an intrinsic property
of the nucleus itself, represented mathematically as the spin angular momertum,
The spin angular momentum vector is-dimear and proportional to the magnetic
momentvecta, to, which representshe nuclear magnetisii6]. The two vectors are

related by the scalagyromagnetic ratios :

p [ IO 2-1) (

The gyromagnetic ratio values for nuclei typically usedIRI[7, 8] are shown in

Table 2:1.

Nucleus F'(pmd © JY) [ 7¢* (p m3J0ATY )
H 267.513 42.576
“Na 70.761 11.262
¥p 108.291 17.235

Table2:1 Gyromagnetic ratio values for nuctgpically used in MRI.


https://en.wikipedia.org/wiki/Phosphorus
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Spin angular momentum and the magnetic moment are quantized, and usually d

fined using the dimensionless angular momentum operator

D 2 (2-2)
D [ D2 (2-3)
whereo — p8tuv @ . * @& the Planck constar(value taken from CODATA

2014). The* operator has eigenvalues df) p , with thenuclear spin magnitude
), taking eitherintegral or half- integral valuesfor nuclei with respectivelyeven

mass numbers anddd mass numbers.

The nuclear state witkpin),is ¢) p -fold degenerate in the absence of an exte
nal magnetic fieldWhen the field is applied, the degeneracy is broken and the
Zeeman splittingoccurs.Zeeman splitting is the formation of energy eigenstates,
i.e. the descrete energy levels within a spin state which are observable. When
placed in the external magnetic field, the direction of angular momentum isiqua
tized,i.e. descaibed by only allowing certain values of the azimuthal quanturmsu
ber & . This does not mean that spins are restricted to either state though, kist e

in a linear combination of bottEigenstates are usdd describe observable popaH

tion difference in tle state of an ensemble of spins which occurs in the external
magnetic field This means thator *H nuclei with spin of p¥cg, the external ma-
netic field applied along-axis"p ' , creates twoeigenstates segrated by

a quantum of energy , idéntified by theazmuthal quantum numbera p7c,

as.
YO 1268 (2-4)

The energysplitting is shownin Figure 2:1which illustratesthe two spin eigen-
stateswith their corresponding pa@ntial energy and the energy differencettveen
them [4-6].
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yhB,
E.—_ =
m=-1/2 2
AE,=yhB,

yhB
Em=1/2 = — 2 :

-~
r

Magnetic field strength

Figure2:1Zeeman diagram foH nuclei

NMR is a physical phenomenon defined as an induction of transitions between n
clear Zeemareigenstateswithin the nuclear spin state.Transition between the
energy levels obeys the selection r p), and involves the emission oba
sorption of aportion of energywhich is delivered by radio frequency (Rfhag-
netic field oscillating at the frequency of measured in the units of rad/ghe
process of which will be discusktater in this tiapter) [15]. The trangion is only
possible when thegortion of energyis exactly equathe energy difference between

the two spinstates:

9 ~

YO 126 9 h (2-5)

which requires theRF magnetic fieltb oscillate atexactlythe characteristic res

nance frequency of the nucleus:
1 ro 8 (2-6)

Equation 26 is known as the Larmor Equatjomth the b called the Larmofor the

resonancegfrequency[5].

2.1.2 Bulk magnetization,spin precession and the Bch Equation

In classical description of NMR when the magnetic field is applied, spins are said to
reside in each of the eigenstatei thermal equilibrium This simplification allows

for calculating theobservablepopulation difference between the spieigenstates

as adifference between the number of spins in each eigenstates.'Ranucleithe
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spins restricted to the energetically lower state are caNearalleQ& pfc) and
the spins in energetically higher eigenstate are caidi- parallelYa pA¢) spin
states Taking this approach it can be calculated that the spirlsl nucleiare popu-

lated according tothe Boltzmanndistribution [9]:

—L QoL (2-7)
where . 7 is the number of spins in edc energy state and Q p& @

p . J/Kis the Boltzmann constarftalue taken from CODATA14).

At body temperature (~3deg andfor clinical field strengthghe energy difference
is: Y% y ro" L E 04, therefore itholds that:

~ep —38 (2-8)

Equation 28 shows an excess in the number of protamish spins alignedparalleQ

to the main field meaning the loweenergy state is favoure(Figure 2:2a, b)As-
AAIYAY3I alLAya -KSNWLE S8 @t Bi RE Oy Ribigt: yXi &
the observable population difference between the two energy eigenstates or in
other words is a physical interpretation of the relevant quantum mechanica-equ
tions. The ratiois proportional tothe main magnetic field inductigrand inversely
proportional to thetemperatureof the envronment. Verysmallexcesof the spins

in the lower energy statéthe ratio d 1.000004 at temperature of 37 deg 1.5T
magnetic field/1]), is enough tgpolarize the average magnetization ohé¢ spinen-

semble (isochromat)This magnetization idefined asthe vector sum ofindividual

nuclearmagnetic moment$n a unit volume and epressed in units of A/m as:
0P -B p8 (2-9)

The use ofPallows for simplification of the mathematics when describitige be-
haviour of spins in the external static magnetic fieRl. The equations of motion
RSNA SR T NBevondoh® dreéi émylO to describe this behaviourFor

rotational motion the principle of conservation of angular momentum is:



Motion Correction in HighField MRI

b

- Y (2-10)
where #is torque, ad can be represented as:
Y p &. (2-11)

Combining Egations 22 and2-3 with Equations 210 and 211, we have

b

— I''p &8 (2-12)
Substituting Pfor tpin Equation 212, givesthe Bloch Equation:
— 1P &h (2-13)

which, re- written for three magnetizatiorvecta components separately
(0P o b  ¢&Bu)andwith the main field applied alonthe z- axis(®  &bu
gives:

—— 1D 06 b 06 1006 (2-14)

© O o 0 ANGO 0 OEIy

— 0 06 0 06 006 (2-15)

°©o 9 o 0 ANGO O OEITY

—— b 06 b 086 m (2-16)

°© 0 o U WEET OME D
If the energy is not gained or loBy the isochromafi.e.in absence ofhe RFexcia-
tion and relaxatior), then the expansion of Bloch Equatishowsthat the longitu-
dinal component ofPis constantover time (Equation 2:16)while the transverse
componentsof -b execute simple harmonic motion in quadratufgquatiors 214

to 2-15), thus defining the precession wéctor-Paround the" - direction, at a co-

stant angleand the Larmor frequengy (seeFigure 22¢)[1, 6, 10, 11]

The stronger the magnetic field and the larger the gyromagnetic ret@faster is

the precessionThe regative sign in Egtion 26 is important for a consistent def
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nition of the direction of precession. Therefore whé&nis positive ( is negative)
the precession is performed countarlockwise ©© w©° ®w© ). On the other
hand when 5 is negative ( is positive) the precession direction is clockwise
(W% O wo% W[12]

a) b) c)

TB(,' TBn- TZ TBU‘ "
"'.'.'.'".'.'.'1:.'.'.'.'.".'.'." B i SV 1
:

a m=+1/2
wnrrﬂ:_l/z

Figure2:2 Spins of théH nuclein thermal equilibrium, exposed to the static magnetic field,
applied in irection a) Zeeman diagramBlack arrows represent the spignedin \Par-

allelQand ‘nti-paralleQwith 6 B. The proportion of arrows strongly exaggeratedp) En-
sembleof individual spins with assigned; c) Net magnetization vectoi)p, precessing

Energy

M= %Zf;if »

v m=-1/2

around 6 Pat the resonance frequengy , shown i the laboratory(static) frame of refe-
ence.

2.1.3 Nuclei response to applid varying magnetic field
When spins are placed in a static magnetic fleldand the RFpulse is transmitted
as a time varyig magnetic fieldp O, applied alonghe x- axisand rotating inxy-
planeat the frequencyof 5 , defined as:

PO 6 wwgio « QEoh (2-17)

then the effective magnetic field® Ohexperienced by the spirtsecomes the sum

of the static field,? , and the time varying fieltP O, and can be expressed as:
® O Wwdio Bi N6 aBL. (2-18)

To describe the behawur of the magnetization vectoduring the RFexcitation,
'® O must besubstituted in pla@ of"® in the Bloch Equation (Equation13). This

gives:

— 0P U 6 abgio o REY). (2-19)
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It is convenient to introduce the rotating frame of reference at this powichis
the laboratory (staticCartesiag coordinate systenthat rotates about thez- axisat
the frequencyof b (seeFigure 23). In the rotating frame of reference theector-P
is denoted asBsto indicateits time- invariancein the staic field (due to the cancé-
lation of its transverse componenbefore the RF applicatignTranslating Equation

2-19to the rotating frame of reference, we have:

= P a4t — . (2-20)
Just afterthe RF pulse is appliethe magnetic moment-P, starts precessng
aroundthe direction of® O, which i the rotating frame of referencés the pre-
cessionin the zy planeat the frequencyalueof 5 r" . This in the laboratory
frame of referenceresults in a spiral motion (nutation) of the magnetization vector
from the original z- orientation towardsthe xy- plane[5, 10, 13, 14] The angle b-
tween the magnatation vector and the- axisis defined asf r" z, wherezis
the period of time when the® Qs applied. This means thtte resultant magnet
zation afterthe application of an Rpulse which correspondgo the angle—, is

given by
0B 0 mh "Qdwé+h (2-21)

where- is the sample magnetization maitude in the equilibrium statg¢l]. The

angle[ is sometimegalledthe flip angle[2, 11] A90 degpulse(90-RF)otatesthe

- Rgectorfrom its equilibrium state to thexy- plane

10
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a) b)
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Figure2:3 Magnetization vectoin a) the static field, before the application of RF pulse
after application of theRF pulsé® ), after a time sufficient to flip thePagector ontothe xy

plane (96RF) both presented in the rotating frame of reference

2.1.4 Relaxation processes

Once the RF pulse is turned off, the magnetization vector relaxes back to tite equ
librium state(i.e.too n 0 n w0 n 0 )(seeHgure 2:4). Relaxation process

is described by two mechanismthe longitudinalrelaxation, characterized by the
time constant parameten;, and the transverseelaxationcharacterized by the time
parameterT,. The Bloch Equation which describes the tiewolution of the ma-
netization vector, during the excitation and relaxatioan be re written to include

the Ty and T relation [13, 15] Thesolution shownis for certain limiting conditions:
with arotating frame of reference, the systemitially in equilibriumand the90- RF

pulseapplied along the:- axis. We have:
—— D 08 0 06i NEO — (2-22)

ST 0.
°© 0 o © OEIbO&@EVh

D 06GEi0 b 08 — (2-23)

° 0 o 0 ANMOCORATE,

—— D 06iMEO b 06 DFgio —— (2-24)

o 0 o U p Aob .

11
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Theseequations show thathe T, relaxaion is a process in which the longitudinal
component of the net magnetizatiot} , returns to its inintial maximum valuef
- . This process is associated with the energy loss of the spin syastehrepe-
sents the transfer of heat to nearby neclThe process was modelled mathemat
cally by Bloch athe exponentialreturn of excited magnetizationto equilibrium

with a firstorder time constant, I, whichis the time required for thé} to reach

(p -),or approximately 63%of its maximum valugseeFigure 24) [1, 8, 16, 17]

Mxy A AM;
My : My
T, recovery
0.63M,
0.37M,
I | |

Time

Figure 24 Magnetization regrowth in longitudinal (1) and decay in transverse,|Telaa-
tion. Adapted fron{15].

Thetransverserelaxation mechanism, on the other hand, is caused by the gradual
cancdlation of the magnetization components, as the spins irreversiblypthase
relativeto each other mainlydue tothe dipole- dipole interactions. The bulk nga
netization is mairgined, but thexy- component of themagnetization decays egrp
nentially with time constant,, which is the time required for the transverse gia
netization to fall to-, or approximately 37%agf the value it had in the moment the

RF pulse waswitched off[13, 15]

Experimentally, the transverse magnetizatidecays faster thathe T,, due to the
fact that the " b inhomogeneities cause slight shifts in the local resareafre-
guency, leading to additional spin dphasing. This accelerated decay ratees d

scribed using th@,* notation, given by:
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—~ — —h (2-25)

where ¢ LQaccounts foithe imperfections in the' bfield [2, 16, 18]

There are a few physical mechanisms identified to be responsible for both the-long
tudinal and transverse relaxatisnThe dominant mechanism is the dipeléipole
interaction, i.e. the interactios of the magnetic fields produced byé¢ nearby @
poles, which createnain feld distortions and contributéo the T, relaxation. Mo-
lecular motionoccurringbetween environmentsan also cause local field fluetu
tions and contributes to bothifand | relaxatiors [19]. The nuclei shielding (lilie
electron clouds) against the full imeity of the external field, can causlee reso-
nance frequencies of nuclei to vary slighthhichisreferredto as the chemical shift
anisotropy. Other processes which contribute te &hd T relaxatiors include:
chemical exchange processashere the atoms are physically transferred from one
molecule to anotherscalar couplingwhich is an interaction of two nuclear spins on
the same moleculeand istransmitted throughthe distortions in electron cloudyr
quadrupdar coupling which is a dominant relaxation process for nuclei with spin
) € hand in which thequadrupolar moments interact witthe electric field graé
ents in electron clouds, resulting an unequal splitting of the quadrupolar energy
levels[5, 13, 20]

2.2  Free induction decayz the origin of the MRI signal

The Free Induction Decay (FID) signal forms the basis for all MRI experiments. A
sample is placed in a static magnetic figldsurrounded by an RF caited to ge-

erate an oscillatindield™® (seeFigure2:5). When the RF pulse is switched off the
relaxation of magnetization beginand the signal induced via Faraday induction in
the coiladjacent tothe sample, is recorded. The result is the expaimelly decaying

signal at the resonanceequency with the rate of decay characterized by the time
parameter4” discussedn section 2.14. It is possible to directly measure only the
transverserelaxation;hence the decay of the FID is characterized by the transverse
time parameter6, 11, 20, 21]

13
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b)

a)  Precession of the
transverse
magnetization M

T ” f

y ¥ x
/ :

X Transverse magnetization

Figure2:5 a) FD signal generation via Faraday inductidx);decay and oscillation of the
transverse magnetizatigrshown for x and y componis of the signal Adapted from[6].

2.3  Magnetic susceptibility

In this section the general description of magnetic susceptibility is giteemmpar-
tance to MRI discussed briefly, atifte mathematical backgrountehind mapping
the magnetic susceptibility of a complex sampgresented. This will be important
later in this thesis, ast is the base of simulatianof susceptibility induced field

changein the braindue toheadrotation.

M3y SGiAO &adzs ®d@mdisiodigss (ih 8l&yStem) Rroportionality constant
that indicates the degree of magnetizatiof @ material - b, in response to the px

plied magneticfield [22], and can be defined as:
b .06 (2-26)

where (Pismagnetic field strengtimeasured in A/m.

Magnetization of materials somewhat different to previously discussed net gna
netization of nuclei, ag includesthe effects of motion of electrons in atoms and
any unbalanced magnetic dipole moments that may be inherited in the material

itself.

Magnetic inductionghis relded to magnetic field strengtby:
® 20 0P *@p ? ‘G (2-27)
where‘ ismagnetic permeability.
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Most materiab can beclassified as diamagnetic, paramagnetic or ferromagnetic

[23]. The molecules of diamagnetic materiplssses$o intrinsic magnetic moment

because of the net cancellation of tlebital and spin angular momentum of the

St SOGNRYA 6St SOUNRYya FFNBX LI ANBRO® Ly GKS
moments start precessing, which leads to the generation of an extra magnetic m

YSyid FfAIYSR 2LILIR aAdS matetials h&& webk, hefjaivE R U S
suscepibility and donot retain the magnetic properties when the external field is
removed. Biological tissues are diamagnetic, amith valuessimilar to that of va-

ter (.. wdPp 1 )[24]

In molecules of paramagnetic materials the net angular momentum does not cancel

(due to presence of ungired electrons)Therefore, in the presence of an external

Celd these molecules adopt the leaginergy state, with the dipole oriented along

0KS | LILX ASR UStR® ¢KSANI adzaOSLIiAGAETAGE
they do not retain their magnetic propertieahen the external field is removed.

Paramagnetic materials include magnesi molybdenum, or tantalum.

Theferromagneticmaterials have a large positive susceptipitio an external mg-

netic field and retin their magnetic propertiesifter the exernal field has been
removed. They get their strong magnetic properties due to the presencéhef
magnetic domains. The domains are nearly randomly organized with no presence of
external field, but when exposed to it, the domains become aligned to produce a
strong magnetic field. Iron, nickel, and cobalt are examples of ferromagnetie-mat
rials[25].

The microscopic variation of magnetic susceptibility within tissues providesian i
portant source of contrast in MRlor example in fMR]26-29]), but is also one of
the majorsourcesof image artefact$30], as well assignificantsafety concernsgs-
sociated with metallic foreign bodies or external orthotic devifk4. It has been
mentioned in literature that the main field #s induced by the susgptibility in
tissueschange with the orientation of the object being scanri8d-34]. It was ss-
pected that these additional artefacts may compromise motion correction, and

therefore the sgnificance of these residual distortions was investigdtethis the-
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sisand will be presentedn Chapter 5. Herethe mathematical background of how
the susceptibilityfield shiftsof a complex sample can be modellsdshown based
on [35].

If a sample is described &y magnetic susceptibility distribution, ®, andthe ex-
ternal homogeneous magnetic field is applied along thalirction, only the z
component of the induced magnetization ©, will be significantly different from

zero, and equal:

0 b .b—— ..b— (2-28)

b

with the assumptionof s.sL phand wherelp afufix is the position vector

measuredn the object space.

The susceptibilitynduced variation in magnetic field generated at a given tpwsi
can be represented assum of single dipole fields generated by the magnetization
distribution. If the main fieldis applied along the-airection, only the longitudinal
component of the susceptilify induced variation; 2 his of releance and can be

expressed as:

> ohEf p 6 2.®O- — h (2-29)

where® E FE FE is the position vector inkpace- B h? B arethe Fourier
transform of- © and? ©; and is theangle between the direction of the main

magnetic field and, such that:

Gel - —— - & - (2-30)

The changen suscepibility inducedfield variation which will occur due to sample
(object) rotation aroundx- or y- axisis denoted asz' ©, and can be dedued
from Equation 230. Ifthe objectwas rotated by an angleabouty- axis then:

Q" dbéi Wi 0 — (2:31)

andthe change in the field can be expressed in Fourier domain as:
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W @ b @ & 9 (2-32)

where" @ B is thesusceptibilityinduced magnetic field generated at a given ipos

tion after the object has been rotated. Solving teguation 232 gives:

N Vhél Qi 0t —p Q
W B 63..'923% i

o o
ORI Q- OBOET — QE — (2-33)

with the substitution of:
®® 8 3.®@—— and o® 6 22— (2-34)

The field change at any location in the object spate &hcan be found by appt
ing the3-D inverse Fourier transforn3D IFT),and will be equal to:

wd b 00 B Obd V- ObdEi —i QF —
Ybi QO-0— ob , (2-35)
where AOPA ©® are the IFTof ABandAB;26 A ©® A ©;andA®
OA T—Z is aspatialy varying parametethat depends on distribution ofthe susce-

tibility in object.

It can be deduced frorkquation 235 that for small angles of rotatiory( p A C

the second component of the equatiowill dominate the field change. i.e. :
p Géané £@mOOABES T QdQHOP I QL p
¢ DEanét ETHROAOES N QORI Ibé i —i €I Q— Ob 38

Therefore for small angleg the change in fieldcan be approximated by a linear

function of the angle of rotation:

w6 b Wb 3~ (2-36)
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The Equation -36 will be wised in Chapter 5, to approximate linearly the susceptibi

ity inducedchange in fieldlue to small rotationss a function of degree angle.

2.4  Principles of imaging
The signals generated from a sample do not have any particular spatial information.
Introducing spatial encoding into the MR response from a sample allows for image

reconstruction and forms the foundation of the MRI techniqu@].

2.4.1 MRI instrumentation

The major components of the MR system as well as some theoretidgpractical
aspectsconcernirg RFeircuits and NMR probes will be discussed in this section.

The major components of the MR system, apart from the computer responsible for
user interface and measurement control, include: the main magnet and the-shi
ming system, gradient coils arile RF systenjl, 17, all shown schematically in

Figure 2:6

The magnet is a basic component of an MRI scanner, with the strength typically
from 0.1 Tto 3T in medical MR imaging, and usually up to 7 T for the whole body
human scanimg in research (but higher fields are also in J&d). There are 3 types

of magnets available, characterized by the metal used in their composition: geerm
nent magnets, electromagnets and superconducting magnets. Permanent magnets
are made of a ferromagetic material and have minimum maintenance ceskey
create a magnetic field that last for years, without an external power supply. These
magnets are heavy (ofteover 100 tons)sensitive to the fluctuations of room e
perature and are only capable @fenerating low magnetic fields (up to O19. Ele-
tromagnets on the other hand, are made of resistive wires (usually copgpepend

on a high and constant power supply to cre#ite magnetic field (which is expe

sive to maintain)and can be switched ofh case of emergency. Due to limited
amount of the current the wires can carry, these magnets genevaty low ma-

netic fields(of up to 0.3 Jof a very poor homogeneitjl]. Most of the modern
magnets arenade ofsuperconductingoils(usually niobiurditanium). In the cry-

genic environment (helium and nitrogen baths) the resistance to current flow is
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practically eliminated due to the properties thfe superconductingnateriak. These
magnets are maintained without additional power input,dacreate exemely large
fields. The only disadvantages tiiese magnets are the necessity of regular-re
filling or regeneration ofthe cryogen bathand the risk of quench (sudden loss of

superconductivity), which is a very dangerous and costly faifyre4]

Forimagingrequirements a magnet needs to be characterized by both a high st
bility andhomogeneity of the field. To achieve hifjeld homogeneity adjustments

to the main field are made using active or passive shimming. The passive shimming
is done by plaeing pieces of sheet ferrous metal at specific locations within the
magnet to correct for local inhomogeneities, while active shimming emplogs sp
cialized coils, which are activated rémhe to produce additional, superimposing

magnetic fieldg1].

The gadient system consists of thresparate coils of copper wirgjith a separate
power supply. Each of the coils produces lin@deally) distortions of the main
magnetic field in each of the three orthogonal directions, allowing for spatial-loca
ization d the signals. The amount of distortion is regulated by the amount of cu
rent flow through the coil. The gradients generate small magnetic fields compared
with the mainfield (maximum of 3040 mT) but require a large current of several
hundreds amperes.High intensiy (easily exceedin@00 dB SPL}L] acoustic noise
occurs during the rapid alterations of currents within the gradient coils, which is
hazardous to human hearinhegradient fields must be extremely stable in order
to avoid additional image idtortions. Furthermorethe gradient systenmust be

able tocompensatefor eddy currents; which are the circular electric currentsy-i
duced within conductors by a varying magnetic field due to Faraday law of induction

[1,17]

The RFsystemcomprises a powerfuRF generato (several kW)which produces
pulses that correspontb the resonant frequency dhe imaged nucleiand a highly
sensitive low noisefigure receiver The signals are transmitted or received using
coils integrated into the scanner or as separate devices. To adequately detect the

MR signal, effective RF ®hitding of the scanner room is necesgdo prevent inte-
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ference fromexternal sources, which is achieved by housingrifagnet in a closed

conductivestructure known as a Faraday cqddé].

Main magnet

RF transmitter and receiver

X-direction gradient coils

Y-direction gradient coils

Z-direction gradient coils

Figure 26 MRIsystem:main magnettransmitter, receiver, anthe gradientcoils. Adapted
from www.ovaltech.ca]

NMRprobes are the interface between a sample and the transmitter/rece{VéR)
of the MR scannerAn NMR probe typically consists of a resonant circwithich
containsa sample in a coil at the end of a transmission line Elshematic da-

gram of aa NMRprobewith these three key elements ghown inFigure 27.

Transmission line

Figure 27 Schematic diagram @n NMRprobe, showinda) a transmission line(b) a reso-
nant circuit andc) a coil.

The phenomenon of resonance in oscillating ptgisisystems occurs when the
natural frequencyof the system coincides with the frequency of a driving signal,
called the resonance frequendy.is not necessarily a requirement that the probe is

tuned to the resonance frequency, butdetuned coil, isnot very efficient[36, 37]
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Thereforetuning the probe to the resonance frequenisycrucial for maximsingthe
energy tranger to the coil, in orderto obtain the best quality signal from the rsa
ple. An electrical resonant circuit can hened to different frequenciesusually by
adjusting the values of the capacitarscluded in the circuitThe frequencies used
in MRI varydepending on the strength of the main fieland on the resonance #-
qguency of the nuclei being imaged (for example at 7 T for protbesrésonance

frequency i298 MH2) [36].

Theresonant circuit of the probesiconnected to the transmitter/receiver of the MR
scanner by a transmission liméth characteristiantrinsic impedance . It is impa-
tant to match he circuit to appropriate load resistandg/picallyp n , % satisfy
the boundary condition at thered of TLwhich saysthat the reflection coefficient,

3, should be (ideally) equal O:
3 — — — TnNAY ®, (2-37)

where6 and 6 are the signal voltagamplitudes of the reflected wave and the

incident wave, along the lin@nd2 is the load resistance.

If the load resistance is equal to the intrinsic impedance of the lihere is nore-

flected power in the line. If this conditiois not satisfiedthen not all of the incident
SYSNEBé gAff 0S OGNIyaYAGUISR (2 GKS OANDdzA
a2NB2ISNE (GKS Syh$hsHanNDriade ha redeivbtaichihyis
usuallyachieved by adding another capacitor to the circuit, ingblat or series co-
figuration[36, 37]

The colil inthe NMR prde typically has two purposes: excitation and etgton. In

excitation mode itproduces y 23 OAf f F G2NB YIFI3IySGAO USER
sample, thereby exciting the spins. The second purpose of the NMR coil is to detect

a signal produced by the sample. The coil will detect a signal most strongly at its
resonance By reciprocity, a cbhaving a higt®, generation efficiency will also have

a good receive sensitivity (and SNH)

21



Motion Correction in HighField MRI

2.4.2 Signal localization

In order to localizean FID signal iis required to make the resonanéequency vary

as a function of position. It is done by superimposing the gradient fi#¢lds,, onto

the main field The gradient magnetic field may vary along any of the three axes,
and as the static fieltl Pis aligned to thez- axis the full tensor representation (not
shown here) of the field gradientfican be simplify to a vector containing only the

terms:

~

D —0 —@ —of (2-38)

where — "O,— "O and—  "O are the amplitudes of thgradients.The

®i 6 Ob (2-39)

This causes the Larmor frequency to vary lineasha function dposition along all

three axes, according to:
1 P 6 Ob. (2-40)

Given a signal obtained from a single point, the frequency determines the position
uniquely if the three gradient componentge introduced independeriy. This can-
not be done in D as a single nasurementbecause the®Mis a scalarwhich is

the basis otthe coil systenpresented in Chapter.4

Three steps are required to localize the signal: slice selegtbase and frequency
encoding.Thedlice selection is thefirst stage of thespatial enxcoding(Figure 23a). It

is based orihe excitation of a slab or a slice of spins in a sample and is achigved
applying the RF field (called tiselective pulse) ithe presence of a magnetic field
gradent, "O . According to the Larmdfguation (Equation 26) only the spinsreso-
nating at, or close tq the frequency of the RF pulse will be affected, so that only a
slice ofa sample is excited. The thickness of the slice can be varied by adjusting the

bandwidth of the selective pulsand the amplitide of the gradient
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660 0 Qi———-8 (2-41)

Finally, the orientation of the slice is determined by the direction of the magnetic

field gradient[5, 8, 11]

TheRF pulse excites all of the tissue the selected slicghusthe emitted signal is
a sum of contributions from all of the spins withhre slice To identify the contrib-
tion from each tissue element, spatial information is encoded thwsigral, in the

frequency and phase encodisteps of image acquisitiafrigure 28b, c).
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Equation applies

Figure 28 Schematically presentegatial encoding stepsa) dlice selectionb) frequency

encodingand c) phase encodingAdapted from15].

Frequency encodingnechansm uses the same principle aie slice selection, but
the field gradient™O , is appliedin x- direction during image readout rather than
excitation and influences the precession frequency afly the spins that have la
ready been egited. The amptude of the frequencyencoding gradient remains ne
stantin each repetition and the gradient is applied continuously during datadea
out (seeFigure 2:7h The origin of the signal can be identified by its frequebay
because the sigal comes from theentire slice, the position information st this
stage encoded onlin one direction within the slice, and therefore not sufficient
to reconstruct anmage[15, 17] Position information in thesecond,perpendicular

direction is obtained through a mechanism known as phase encoding, which is
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fact, mathematically equivalent to frequency encodirexcept that the data are
acquired in a discretemanneré A y & LJA S[ABRE7] GiedieYit® &pplied in the
phase encoding direction "Q |y before the signalreadout, andalters the Larmor
frequency of the spins for a brief ped which resultsin a relative phase shift
amongstthe spins. The detected signal nawntains components with different
phases, which originatefrom different positons along the direction of th® . The
entire process of excitation and sigmahdout must be repated many times, with
gradient pulses in phasencoding direction of incrementally different strengths

which is shown schematically in Figur8:

Thethree processes combined together uniquely identtig position of the tissuge

which is required tor@ate a faithful picture of the imaged voluni®, 15, 17]

2.4.3 Contrast and the pulse sequence

There are three sources of contrast in MR&t enable to differentiate between
tissue types, and these aré&; relaxation T, or T,* relaxation and spin density (SD).

All three contrast mechanisms are present in any imaging sequence, but usually
only one mechanisndominatesand the image is then callef, T, (or T,*) or SD-
weighted. By manipulating vimus pulse sequencparameters, the imagsensitv-

ity can beadjustdto the chosen contrast mechanism.

A pulse sequence is a set of RF and gradient pulses of fixed duration, separation,
shapes and amplitudes represented in a pulse sequence dia(geetigure 29)

where eachobject is placed in order on a time lin€reation and manipulation of
pulse sequencesan be done irthe Pulse Programming Environment provided by

the manufacturer.

An FI(also referrechere to asFIDecho)is acquiredwhen the transverse magniet
zation is refocused after a certain time of gdasing There are two commonly

usedFIDecho formation methods: spin ecH&E)Rnd gradient ech¢GE)

A typical spirecho pulse sequends shown in Figure 2a. Itemploysa 90 degree
excitation pulsefollowed by one or more 180 degree 4ghasing pulses to generate

the signal After the 90 degree RF pulse is turned, tfie spinsthat were initially
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coherentwill de-phase due to F effects. The application 080 degree pulsdips

the spins,cancelling the pase shiftand producingan echo.flthe inversion pulse is
applied after a periodE/2(echo timé2), the inhomogeneous evolution wilkef

phase to form arechoat time TE A spin echo method refocusesd STF SO &
field inhomogeneity (by employing the8@ degree RF pulse), and can be used to

give the F contrast.

A typical gradient echo pulse sequence is shown in Figure 2f8atherthan re-
focusing the transverse magnetization with the 180 degree pulse &&imaging,
the bipolar gradient projection refocuses the transverse magnetization. Fitbie
defocusing gradient lobe is applied, causing the spindetqphase. Refocusinghe
field gradient will reverse the dghasing effectThe gradienecho methodcannot
eliminate the feld inhomogeneity cotmibution, and gives the ;f contrast [8, 11,

15, 17]

a) TE/2 TE/2 b) e
90° 180° 90°

0 o 4 =
O V- O —'_-
Signal LTI Signal

-."Im,""u“ T|me Tlme

Acqu'ilsition Acquisition

Figure 29 Typicala) spin echo and) gradient echo pulse sequencEE echo time, TR
repetition time not shown here, is thame between two 90 degree excitation®idapted

from [15].

2.4.4 Data colection and image reconstruction: kspace

The same slice of tissue is excited repeatédiyh the constant repetition time, TR,
measuredbetween two 90 degree excitationshownin Figue 29). The signal is
sampled as a function of time after each excitation and recorded as an array of

data. This array is used in two formats: as raw or image data, both containing the
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same image information, and related by the Fourier transformatioiine image
matrix is a map of the signal intensity from an imaged volume, with the speeific fr
guencies and phases of the signals unique to the location of this volunsanatrix
is displayed as an array of real or integer values, consisting either sfghal ma-

nitudes or the relative phases at each pdihL

The raw data matrix, known asspace, is a complex array of digitized signals from
an imaged volume collected pri¢o it being processed into the image space. The
array B described as-P grid of spatial coordinates; &nd k (measured in units of
mm™) with the readout direction displayed horizontalk direction) and the phase
encoding direction displayed vertically- (direction). The rows are typicallyra
ranged inorder of increasing phaseencoding amplitudeswith the (0, 0) point in

the middle of the matrix. Thedimensions of the matrix (and so the image resol
tion) depend on the number of readout data points and phase encoding steps for
the scan. Each (kk) data point corresponds to the echo signal influenced by the
combination of readout and phase encoding gradients, and contributes to phe a
pearance of the entire FOV of the final image. Some data points emphasize diffe
ent features in the image: data neé#re centre of kspace i.e. point (0,0), core-
spond to low spatialfrequency components (largescale image structures) while
data near the outer edges ofdpace correspond to high spatiilequency comp-

nents (fine image structure§)}, 15}

Theapplication of the gradienteavigates the filling of a kspace, which can be done
in many different ways (different-gpace trajectories)some of which are shown in
Figure 210. The most common is the linear trajectory (sequential filling), in which
the kspace is filled onejkine at the time (Figre 210a). The readout gradient of a
certain amplitude is applied for a period of time, identical for allikes, during
which the k points are acquired (echo is sampled) with a constant samplieg fr
quency. The increment of the phase encoding gradisntonstant, with the &« 0

line measured halfway throudh the data collectionSome MRI applications benefit
from using different kspace filling approaches, in which the number pfikes is

reduced or the kspace filling is completely t@rdered.In many cases this is done
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to shortenthe scan timeor alter image contrast t@void certain artefact$l, 38,

39].
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Figure 210 a) Gradient navigation of the linear-dpace trajectory; Schematicallypre-
sentedb) linear trajectory with reduced number of phase encoding stepsdial and d)
spiral traje¢ories.Adapted from[15]

For example, the number ofdpace lines can be reduced symmetrically around the
central k line (Figure 210b). Another examge is the entric ordering whichapplies
a low amplitude phase gradierfirst, with higher amplitude phassteps acquired

only later during the scan.

Other, alternative techniques of filling thedpace are nonrectilinear, and include
for example the2-D radial (Figure 2:0c) and spiralsampling(Figure 210d). These
techniques are based on acquiring data in a presence of sinusoidal gradieet wav

forms, which traverse the-kpace lines along #se unique trajectories[1, 15]
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Chapter 3 Motion in MRI

The definition of an artefact with regards to MRifers to a voxel that does not
faithfully represent the anatomy being imagebhere are many different origins of
MR image artefacts: gross physicalpbrysiologicaimovement of an imaged stod

ture, differences in magnetic susceptibility of adjacent tissueardware imperfe-

tions, external noise, and sequence/protocol limitations such as aliasing, chemical
shift or truncation[1, 40, 41] In this section only motion artefacts and main motion

compensation methods Wibe discussed.

3.1 Image artefacts related to motion

Motion artefacts appear in the image because when a structure thakegted at
one location movesijt experiences different phase gradient amplitude ana-pr
duces signals that are mapped to a differentdbon during detection. The phase
encoding step is repeated multiple times during data acquisition, allowing for di
ferent amount of motion contamination in each measuremertte result is thathe
entire set of measurements does not result in a uniqué akefrequencies and
phases required for correct spatial localization, but is a mixture of -seandom
signals, which in turn produces artefacts throughout the entire FOX5. The si-

nal misregistration builds up mainly in thghase encoding direction. This direction
issensitive tomotion because the phasencoding process is slow enough to leave a
significant time for motion to affect the imadégypically of the order of seconds)s
opposed to much fastefrequencyencodingstep, where all the samples of a signal
are acquired in the time of a single ecftgpically of the order of 1§ [2]. For this
reason, although motion artefacts along the frequency encoding axis may occur,
they are usually insignificantypical motion induced artefacts observed in ihe
age area combination of: blurring of object edges (sharp contrashpgiing due to

pulsating motion orsignal loss due to spin dephasing. The specific appearance of
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the artefacts depends on the nature of motion (rigid body motion, elastic motion or
flow; spontaneous, slow/fast continuous or periodic), but also when it occurs during
data acquisition (central or peripheratdpace, how many-kpacephaselines d-
fected), as well as on the specifics of the pulse sequemzkk-space trajectory
[17].

Incorrect phase accumulation due to tissue motion, during the periods whereigrad
ents are switched on, is a typical data motion corruption mechanism in GE pulse
sequences. In this sequence spins are normally refocused with two gradients equal
in magnitude but pposite in polarity(see section 2.4.3Yut once in motion, the
dephasing and refocusing occur at different physical locations and the samie grad

ent induces different phase shifts leading to inconsistenciessipace[1, 5, 17]

For sequences wherthe sliceselective RF pulses are used for excitation saturation
or refocusingthe out-of-plane motion between these pulses affects the signal-ev
lution, resulting in generation of signals that are too strong or too weak which leads
to alterations in inage ontrast. It is called the spinistory effect and is visualized in

Figure 3:1

Figure 31 Spinhistory effectfor 3 RF excitation pulsel the case of no motion, regions
excited by all three pulses would overlap entiredgulting in the desired sighavolution,
but because the motion occurs this signal is reduaed someof the undesired signal e
lution appears (coloured regiongdapted from40].

Forarigid bodythe translatioral motionleads to a phase ramp in the acquired k
space, whilerotations of the objectcorrespond tothe rotations of the spatial fe-

guency components associated with the object with respect to the encoding-grad
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ents, which effectively relistribute the samples in-kEpace[40, 42] The effect of

rotations on kspace sampling is shown in Figure 3:2.
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Figure 32 The effect of rotations on thedpace sample locations in object coordinates.
Uniform sanple spacing ithe absence of rotation®. Inhomogeneous-kpace sampling in
the presence of rotations. Adapted frg4®].

Motion as a function of 4space position is one of the most relevant parameter d
termining the appearance dhe artefacts.When t occursduring the acquisition of
the central kspace (where most of the contrast information is hatdjauses much
larger image artefacts compared to corruption near thepace periphery8, 38]
Theartefacts will be more severe K-space is corrupted close to its origin point. If
the motion is periodic, theeriodicartefactswill appearreferred to as ghostf43].
The ghost signalwill cause artefacts in phase encoding direct&riocations m-
versely proportional to the difference between the periodicity of the motion and

the TR parameted].

The length and timings of the sequemsaesed for imaging, as well as the choice -of k
spaceacquisition methodare important factorghat determne the significance of
motion on the imagequality. For slower inging sequences.€. with the relatively
long TR significant artefactswill be generated since there will be a largggnal

measured from different spatial locations.

The susceptibilityinduced field shifts will also change with the orientation of the

body part[31, 33] the effects of which wilbe explored in detailn Chapter 5.
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3.2  Motion compensation methods overview

There is not a single methodological solutiorthe problem of motion in MRIThe
choice of wich tool to apply depends on the individual imaging situation and the
type of motion. Motion reduction methods can be categorized into three groups:
motion prevention,artefactsreduction and motion correctiofd0] and will be ds-

cussed in this section.

3.2.1 Motion prevention

A number of techniques have been developed to prevent the patient from moving
during the scan. These include: breatiolding for abdomen or cardiac imaging,
sedaton or generalanaesthesig44, 45] training with a mock MRI or timing the
scan after feeding for infants (feednd- sleep technique)46], simple wrapping of
imaged body parts, foam or iafiable restraints, vacuum cushions, bite bars
mounted on head coils or personalized plaster cast head holdiérs48] All of
these methods are in common use, however, most of them are only partiallg-effe
tive, ome not widely availabler costly. Manyof them maycause discomfort to the
patient. Additionallythe breath- holding restricts the scan duration significani®j

which often downgrade the image quality

3.2.2 Artefact reduction

The artefact reduction strategies include shoritegthe imaging timeto below the
typical time scale of motion, gradient moment nulling, radiat spiral based no-

tion compensation, phase reordering, application of spatial saturation bands, tri
gering and gating40]. Patients are less likely to become uncomfortable and move
during shorter scans, and fast sequences allow for larger data set acqugsii®n
amples of fast pulse sequences include FLEAS32], bSSFI53-55] or HASTES6-

58], as well as the revolutionagyarallel imaging59-63] and the compressedesis-

ing MRI techniquesvhich shortenthe acquisition timegurther [64-70], and alow

for simultaneous multislice imaging71, 72]

Gradient moment nulling methodalsoky 2 6y | & WF¥t2¢ O2YLISyal i

tional gradient pulses to the sequence, to correct for difference in phase slats a

31



Motion Correction in HighField MRI

quired by stationary and moving spif@3-77]. It is done by refocusing bothe sta-
tionary and moving spins at the echo time. This method is employed in a range of
multi- echo sequences such as mugiradient echo or turbo spin ech@8], and is
often used to overcome the artefacts caused by approximately constant tissue

movement (for example flowelatedartefacts.

The use of spiral or radialdpace trajectories (instead tie linear) helpsto reduce
motion related artefactd39, 7981] because these methods typically oversample
the centreof k-space. The extra information is then used to either correct the image
in post processing82-85] or inherently averagehe signals to smear out the art

facts[86-88].

Reordering the acquisition of-kpace lines can be employ@dtwo ways one isthe
WY20GA2y | NI STI @lbcatdsImbtion drtefattQ in shi imd@ge spide

while the second igi KS WNXB & LIA NI (i 2aNigh sign#icantdBedudcesi A 2 y Q
ghosting from respiratior{l, 40] Respiratory compensation requires information

about mdion, for example respiratory bellows which gives information abd t

chest positior{89, 90]

Spatial presaturation pulses (bands) athe selective 90degee RF pulses applied
before the actual excitation, isonjunction with goiler gradients, which later de
phasethe arising transverse magnetization. It is done to prevent the moving spins
from contributing with artefactual signals within the organ of intergat, 91,92].

Pre saturation pulses are often used to reduce blood flow artefacts from the aorta
or inferior vena cava in abdominal imaging by saturating the blood before it enters

the imaging volum¢93].

In case ofa periodic motion such athe heartbeat o breathing two artefacts e-
duction methods are in common use: triggering, i.e. collectgMR data at the
same point in the cycl§94-96], and gating,i.e. acquiring data continuously and
then re- orderingretrospectively[97, 98] Both methodsrely on theadditional n-

formation about the physiologial motion, such as for exampléhe electrodes for
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cardiac imaging to record the electrocardiogram (ECG), or pulse oxitygieally
FdGFr OKSR (2 [25p2S00Qa FAYISNI

3.2.3 Motion correction

Various approaches have been presented to actively correct MR images for motion.
These canbe divided into three groups: the navigatobased, prospective and

retrospective motion correction methods.

The navigatorbased methods acquire the position information of the movingtana
omy using the MR scanndny employing a short prpulse sequence, namely, riav
gator sequenc¢99, 100] The navigator sequenceeésecuted repeatedly during the
main imaging procesd; Y R LINR PGARSa AYTF2NXNIGA2Yy | 02 dz
comparing each acquired navigator signal to the reference. Navigators are classified
in terms of their dimensionalityas 1-D, 2D, or 3D. The 1D and 2D navigators
were originally developed for abdominal and cardiac imaging to correct for foreat
ing motion and are still widely usetere [101, 102] Inbrainimagingthe 2-D and
3-D navigators are in common usehere theyallow for correction of rigid body
motion [103-111]. The 2D navigtors are of a great importanda multicshot DWI,
where they allow for corretion of very small phase instabilitiesused by brain
pulsation, whichif not corrected for, can in turn lead to major image artefacts due
to the strong gradients usenh this sequencg110, 111] The 3D navigabr-based
approaches have been recently developed to characterizentbgon of a sample
with up to 6DOH112, 113] The increased complexibf these navigatorsomes at
cost of prolonged acquisition and procegsitimes (on the order of millisecond in
the caseof 1-D navigators but hundreds of milliseconds floe 3-D navigators). Itis
therefore desired to keep the navigators dimensionality as low as possible and a
ceptable for the target application. On the @hhand, the times very often ava
able in manysequences due to, for instance, contrast preparation or recovery d
lays. Moreover, faster-B navigators which rely on parallel imaging or multiband
excitationhave been recently presented aidve become ery popular, especially

in brain structural imaging and spectroscopic acquisiti@sl14, 115]An alterra-

tive to the presented above is the setfavigated method, which uses the MR image
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data to determine the ration [82, 116, 117] The slf- navigated methods are typ

cally restricted to ZD. A good representation of these methods is PROPHLLER

122], a technique based on radianaging with the entire strips of severalspace

lines collected simultaneously, in the subsequent acquisition cycles and realized by
various readout strategies such as RARE], EPI[15] or GRASEL24-126]. The
sensitivity to motion is reduced due to owampling the central region dfspace,
which can be used to detect and corrabe in- plane ro&tions and translatins of

the single kspace strip Additionally by crosgorrelating the central disc of the co
rected strips,the through plane motion can be detected. The limitations of(RR
PELLER include the increased acquisition time, restrictioB<$D imaging and poor

robustness againghe through plane motion

Retrospectivemotion correctiontechniques areusedto undo the motion related
changes that occurreth the MR data. These correction techniques are applied a
ter the image acquisitionby modifying the collected data or the reconstruction
model in post processingstage by applying special transformatiaiosthe succs-
sive image volumegl27, 128] The detailed knowledge of the motion dog the
scan (e.gusing navigator datayirequired for these techniques. If this information
is not availablethe iterative algorithms are applied to recover the motion infam
tion (e.g.optimizing image or gradient entropy)29-132]. The translational rigid
body motion can be corrected by applying thppaopriate phase change to data,
while ary rotational motionrequires the use of sophisticatedpmputationally -
tensivealgorithmsof non Cartesian reconstructiof100, 133135]. This can be done

in 3-D for damaged, but not lost signals (no dropouts) and-ix l2ut only forthe in-
plane motion Elastic motion remains a major challenge for retrospective correction
due to its exreme underlying complexityl36-139]. An alternativeretrospective
technique can be used when the dataset is only partially corrupted, by discarding
the motion-corrupted data and filling the parts ofdpace usig parallel imaging
techniques[140]. It has also been shown thée cardiac imaging can be corrected
for motion by including a general description of motion into the MR signal equation
[141] using measured or estimated displacement fie[d42] and/or with incorm-

rating the compressed sensing methodoldg9]. Retrospective image reconstu
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tion methods are very popular, and find application in many imaging tasks. These
methods do not require any additional equipment during scanning and do et pr
long the total scan time. On the other hand these methods atteeenely compua-
tionally intensive, which presently is the major drawback that limits their use mainly

to research.

Prospectivemotion correctionstrategies compensate for motion in the acquisition
stage by keeping the imagelane at fixed orientation rettive to the spatial pads
tion of the object being imaged. These correction techniques became very popular
in recent years, especially in brain imaging where head motion is treated &6
rigid body motion. The idea behind the prospective technique® iseasure the
position and orientation of the object real time, and then knowing the trans@rm
tion parameters adjust the gradients, RF pulses, receiver frequency and fhase
keep the imageplane at fixed orientationTo correct for rotations, theencading
gradients need to be rotated.hE translationson the other handrequire a change
of transmit and receive frequency and phdde 8, 40] In the case of head motion,
head pose can be measuresing MR navigabrs compatible with the sequence
timing (e.g. PROM@L43], cloverled [113]), spherical or orbitanavigators[107,
108], and external tracking devicesich as inbore camera systemfs, 144146,

miniature RF probefd 47-149], or ultrasound systemfL50].

The first full develpment of a complete prospective refine compensation pde
age capablef handling an arbitrary rigidody motion was pesented by Ooi et. al
in 2009[149]. The correcting routine sections are interles into the imaginges
quence allowing for intraimage motion compensation and can be flexibly in@arp
rated into multiple imaging sequence®rospective motion arrection using active
sensorsis a promising approach for neuroimagimvgth growingpopularty in the
last few years resulting in numerougw applications including fMR151, 152]
DWI[153], and spectroscopyl54, 155] It is notfree from limitations though, and
these include practical considerations (engarker mounting for external tracking

systems), hardware calibrations and compatibility with strong magnetic fields, and
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finally the uncorrectable éécts ofmotion- related susceptibility gBdistortions[40,

156],

The prospective motion correction method desigrfed this PhD was based on the
approach proposed by Ooi et §149], but employed innovative tr&ing devices,

not yet describedin the literature. The prototype of the tracking device was built
and tested for the functionality, measurement accuracy and repeatability. I thi
thesis the subject of motioirelated susceptibility &distortions was ingstigated in
detail, in order to verify whether these distortions are significant enough tm-co
promise motion correction. The attempt was made to develop a metfurdcor-
reding these, potentially serious image effects. The results of this research are

shown in the following chapters.
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Chapter 4 Miniature TL-based tradk-
Ing devices for prospective motion co
rection in MRI

4.1  Introduction

It is well known that living subjects have restricted ability to maintain the position of
their body for extended period of time ding the MRI scan. Patient movementreu

ing a brain scan is a fundamental problem that causes major degradation of image
quality. Various techniques have been proposed to compensate for image motion
artefacts and were discussed in Chapter I8 was mentiond in Chapter 3, that
some of the prospective correction methods presentedthe literature were ca-
NASR 2dzi dzaAy3 &avYltf baw LINRoSa FTrRESR
vices[149]. Following this approach an innovative NMBRcking device was dele
oped in this study and intended for use as a motion active sensor for prospective
motion correction in MRI at 7 T. In this chapter the prototype of the devicees pr
sented, and its implementation proposed in form of a complete endétracking

system.

Aim: The aim of this study was to create method for the prospective reatime
correction of an arbitrary rigid body motion (human head) for ultf@gh resou-

tion MR brain imaging studies at 7 T.

4.2  Background theory
In this sectionsome of the theoretical aspectsf the motion tracking system and
correction methodsare presented. The include some of the transmissiofines

properties employedin this studyto design the position sensogs well asthe
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mathematical background of theegmetry update module, whickwill be a crucial

componentof the motion correcting algorithm.

4.2.1 The input impedance of a lossless transmission line with a shedircuit
termination

A transmission line is a specialized device designeaduty alternatingRFcurrents,

that is, currents with a frequency high enough that their wave nature must be taken
into account A lossless TL is modelled as an infinite series ofptwbinfinites-

mally short segments, each consisting of an inductor and a capacitor. Whiemsa T
excited on one end, these components charge up creating voltage and current
waveforms along the ling37]. The behaviour of thee waveforms is describetly
0KS ¢St S gubtionisité@ BHOwvin) tie solution to whichjn phasedomain

andfor sinu®idal excitationcan be written as:

wa 0w XN w XD h (4-1)
T —! —X h (4-2)
where : - m is the characteristightrinsic impedance of the lineg 6 [V]

are the amplitudes of the fovard and backward propagatingaves respectively;

[ — — — — s the wavenumber! i is the wavelengthand O is the

velocity of the signal prmagation 6 = -

For convenience the termination of the Was set at a cordinate pointU 1, and
the input to the line atd 1 (wherel is the length of the ling For a shortircuit

termination thereflection coefficientat the erd of the linez | is:
W — P ® W W W w 8 (4-3)

Substituting Equatiod-3 to Equations 41 and 42, the solution of thet S S 3 NJ LIK S NX

Equatiors becomes:

wad w 2Q Q Qw D ETah (4-4)
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o —00Q Q —AT1068 (4-5)

At the end of the line ) the amplitude of the voltag&vave is therefore equal
to zero 6 ), and the amplitude of the current wave is maximym (& ®w
The input impedance of a TL terminated with a shontcuit is given by:

©w —— & DAT® (4-6)

Based on the Equation-@lit can be concludedhat the input impedance to the TL

with a short circuit termination can be:

1. Infinite (an open circuit)f 1 - 1 EJi : H 4-7)
2. Capacitive, if- a -, (4-8)
3. Inductive,if T a -. (4-9)

The input impedance repeats itself every half of wavelengnd in certain set

up, it is seen by the source as inductivecerding to the Egation 49 [157-159].

This means that such TL can be used as the NMR active device, provided there is a
proton sample signal source complementiitg design.Near the shorted end the
voltagevalueis close tozero and the current is maximal. Henagthis point of the
standing wave there will be a maximum in the magnetic field and minimum in the
electric field. If the TL is oriented along the magnetic field then all the magnetic
field generates B which is used to excite the sample. According to rén@procity
theorem thepoint near the termination will have a high sensitivitytive receiving

mode[37].

4.2.2 Mathematical background of the geometry update module

This section is based ¢h49, 160] In order to realign two sets of points (rigimbdy)

in a 3D space from one position to another the transformation matrix needs to be
identified. The motion is fully defined by the o rotation matrix 2 [ hf hf

and theo p translation vectoré O OO . Let the8 B MBHF be the initial

point pattern and9 B HIRI the point pattern measured after some arbitrary
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motion in 3D spaceThe matrix2 and \ector ®that realigns9 into 8 are found by

minimizing the following leassquares estimation:
Q'Y'» -B s VYé 0. (4-10)

The solution to this equation together thi a detailed proof has been shown by
Umeyama if160]. The minimum value of the mean squared egrar 2h® , of the

two point patterns with respect to the transformation parametegsand®) is:
a0 k - ” _ (4-112)
where thevariancesk f, around the mean vectors  hare:

-B s s and'p -B w, (4-12)

., -B s Ps andd -B @, (4-13)
and thematrices$ and3in Equation 411 aredefined as
o QMK Q Q m (4-14)

® QA AD T

i~ il i R A : (4-15)
QQpiB ph p QA AD Tt

If the singular value decomposition (SVD) of covariance matrikis:

36$% 36§j ® D ®

VY oo 6 (4-16)

then for rank( i p(wherei is an integer value larger than fhje optimum

transformation parameters2 and® canbe determined as:

2 Y%, (4-17)
® » 2. (4-18)

Whenrank( i p,then the matrix3 (in Equation 415) must be chosen as:
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© CAABAAD p

Y @B hi p CAAGAAD o

(4-19)

In this way the transformation matrix that realigns two sets of positiortasccan
be calculated. Equations¥7 and4-18 are intended for use in the geometry update
module of the prospctive motion correction method, discusséater in this cha-

ter.

4.3  The tracking device

A few different prototypes of the device were created during the development,
three of whichare presented in this sectio®nly one of them met the experime

tal requiranents, butin its current form must not be used with a person inside the

magnet bore.

4.3.1 General design of the tracking device

Each model was built as a short extensafra coax TLt oL _¥t, where length:

le xI Thandl ¢ @ A ), terminated with a shorcircuit. This means that the
input impedance to the TL was consideredbi® inductive, according tthe Equa-
tion 4-9. Each of the prototypes was made of copper dedigned to rece® an
FID signal from a very small volume of proton sample f<). The sample was
placed between the inner core arttle outer shield, making an unusual insulating
layer of the otherwise classical TL. Pure, still water was used as a proton sample in
early stages of the development, and was later replaced by olive oil. In ordes-to a
commodate the sample, the TL had a total diameter ofi , which made the é-
vice resemble a small cylindefhe schematic drawing of the trackimgvice is

shown in Figure 4:1.
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d= 4mm

soldered

Sample < 90 pl

I= 7mm

Outer shield

Centre core

Figure 4:1a) Prototype NMR tracking device with selectbylinternalsection with marked
magnetic field directions, ang) crosssection of the modelglength, dinternal diameter.

All models were desigrd to work in both transmitting andeaceiving modesThe
devicewas seH shieldeddue to its cylindrical geometnybecause the geneted
transverseRF magnetic field®) was enclosed between the inner core and the
outer shield.This field was not radially uniform, and therefore haditiedent spa-
tial response, which will manifest inéhmeasured position uncertainshown later

in this chapter.

A short length (approximatelya A i) of nonmagnetic coaxial wire (with copper
shield and core, PTFE insulation) connected the device toutmed and matching
circuit, which consisted divo capacitors in a serieparallel configuration. In this
way the prototype device was matched to the impedance of at the resonance

frequency ofQ ¢ w4 ( U The NMR tracking device connected tortatching

and tuning circuit ishown in Figre 4:2.

42



Motion Correction in HighField MRI

6.5cm
Q) -
Goax cale /
\ Tuning and o B Coax cable connects
Tracking device, L matching circuit the device to the MR
\\ scanner \
G
b) /
Qoax cable G
G
C) /N  Goax cable =~ 11 7\
L
L

TGw

Figure 4:2The prototype of the NMR tracking device connecteth¢omatching and tuning
circuit; a) A photograph of the assemblly) Schematic of the assembly) Equivalent cingit
of the assemblyG; ¢ tuning capacitor, (¢ ¢ matching capacitor, k inductanceof the trak-
ing device.

4.3.2 Development of the tracking device

During the development of the tracking device multipiéetent models were @-

ated, three ofwhich are shown ifFigure 4:3 The models were based on the same

basic design and were similar in size. Tian difference between them was the

way the sample was placed inside the device. The first médglie 4:3ahad two

small openings<{p& i i in diameter), each othe side of the TL device. Theaw

ter/oil sample was injected using a syringe, and the openings later secured with the

PTFE tape. The second mod&g(re 4:3p also had two small openings of a similar
RAFYSGSNI SIFOK3X odzi LI | OS5(Rp o tffie culifkdsr). The LI Wi A
sample was injected in a similar way, but secured using a silicon sealant paste. In

both models the inner core was soldered to the outer shield in the central area of

GKS (G2L) WEARQ 2F (KS RS &xpoStie sitlkvillsaridA O1 y S
0KS Wt A RG@er)2as less th&pd Oi@ The jinal model had one small ape

Aya Ay GKS OSYyidNIft FNBF 27F cbi,BigueaBif e K
The opening was of a bigger diameter (i ) and was egipped withthe on-wall

inner threads. In this case the core wire was not soldered to the outer shield, but a
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tight clamp connection was made between the core and a small screw (length of
approximatelyt i i, diameter of the thread of approximatetyi i). The sample
was injected through the single opening, and secured by less than three turns of the

screw.

a)

Figure 4:3Theprototype NMR tracking device. Photographa)fthe I model, b) the 2"
model, c) the 3° (final) model.

4.4  Sensor validation and theposition measurement

4.4.1 Hardware set up

Position data from a single tracking device was acquired on a 7 T Philips Achieva
Scanner (Philips Medical Systems, The Netherlafid®).tracking device was 1o
nected to the first channel of the experimental 7 T Aghi®Quad TR Linear Interface
Box. Prior to the position measurement, tuning and matching of the device were
adjusted tov mMmat ¢ w4 ( which waschecked withHewlett Packard 4396B MNe
work Analyser Thequality of the signal (shape, amplitude and duratiar@sexam-
ined before the actual position measurements using the standard spectrosespy s
guence. Due to expéenental claracter of the deviceand its small power requaer
ments, it was necessary to modify some of scanner system ggitin order to a-
quire the FIDfrom the sensorThe maximum average power was settto , refer-
ence'® to wt 4, reference scale to@dt m rand the " to SAR conversiowas setto

1. Thesereference scalecorrespondd to aboutpi 7 of power delivered to the
coil (assuming a linear power amplifiefhe coil was also attached to tHdRI
phantom (water bottle) and imaged using one of thetandard GEsequences, in

order to confirm it hacho effect on the image data.
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4.4.2 Tracking pulse sequence

A 4pulseacquire readout sequence was implemented it Philips Pulse &
guence Programming Environment to obtain the FID signal from the trackiigede
under each of the 3 orthogonal gradient directiorse¢ Figure 4} The gradient
amplitude was set towi 411 . The RF pulse was applied 4 times (4d86), before
each acquisitionThe 4" acquisition, without gradient projection, was added to the
sequence for static field drift correction. The total duration of this experimental
sequence was approximatelyi OThis sequence was addéal the front of a sta-

dard FFE sequence.

-

30° 30° 30° 30°
o B
0 AR
0 m

Signal

Figure 4:4The tra&ing pulse sequence created by modifying tiriginal Philips FD code
routine. This sequence was added to the front of andard FFEesjuence. Adapted from

[15].

4.4.3 Tracking algorithm

The FID frequency of each acquisition was calculated using the modified phase i
crement algorithm, originally implenméed by Philips in the Frequency Drift Dete
mination (FD) software routine. The working principle of this algorithm was to
summarize the total phase increment within each acquisition and divide this sum by
the number of sampling intervals. In this way thlease valuavhich corresponded

to each interval was obtained, and the frequency of the signal calculated. After each
acquisition the frequency data was printed to the temary system logile, from
where it was easilyecovered and used in ftiver calculdions. Finally, the location

of the TL device® OO was determined in the ® scanner coordinate sy

tem using the relationship
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Opi —— [ R (4-20)

where ' jj is the gradient amplitudén units of4xi .

4.4.4 Position accuracy evaluation

The accuracy of the position measurements was evaluated using -@nagnetic
platform. The platform consisted dfvo parts, moveablein x and z direction. It
was built asa mobile kase mounted on rigid wooden boarsecured to the scanner
bed in coronal orientation. The mobile basas movedby turning two wheels, e
signed in such way that the full turn of the first wheel caugddi translation
movement of the mobile base in direction, while the full turn of the second wheel
causedp A A mtational movement in xyplane. Knowing the dimensions of the
wheel and length of the platform components, the rotational movement was co
verted to translations in-xdirections. The accuracy the platform was examined
with dial gauge as betteahant@t mip | . The tracking device was rigidly attached to
the mobile base and precisely movedtire two directionsinside the magnet bore
(between scans). This movement was then compared with postion data a-
quired by the MRscanner. The device was moved 10 times in each direction, with a
step ofui I, starting from the isocentre of the scanner. The repeatability of snea

urements was checked by measuring each position 20 times.

 dial gauge

Figure 4:5Non-magnetic platform constructed to provide a framework for aatel mo\e-
mentin zdirection(the wheel for movement in ®irectionnot shown)

4.4.5 Preliminary results of the position measurement
A 90 degree 100 microsecond pulse could be obtained with afdywv mW of RF
power. The FID recorded as a single pulse had an SNR typigaliy 11 lout was
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expected to vary with the flip anghalue (higher SNR for larger flip angles), which
in turn will influence the position uncertainty/isual inspection of the phaom im-
age with the sensor attached to it confirmekat the sensor hado effect on the
image (latanot shown). The accuracy of MR measured distanceg)(Rith respect

to platform measured distances ) is shown in Figure 4:6®ue to similarity of
the physicak- andy- gradients,and the platform limitations, théehaviour in they-
direction was not presented herelLeastsquares linear regregon demonstrated
high correlation between measurements. Better visualization ofsimall errors is
preserted in Figure 4:68S RiowrRur VS. Raown. LOcalization errors (mean absolute
value of RowrRur  Std) were calculated asgt ¢ m@tt | and m@tw @y |
along thex- and z- direction. Reproducibility of the position measurements is shown
in Figure 4:6@sa histogram of the deviation of each measurement from its eerr
sponding meanand depicts Gaussian distribution with fulldth at halfmaximum
(FWHM) p ¢ aand ¢ o afor x- andz direction, indicating high measurement
precision.These values arcalculated under assumption of perfectly linear grad

ents.
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Figure 4:6a) Accuracy of measurements displayed as a comparison betwgeamB Roown;
b) Measurement error represented agRn-Rur VS. Raown, C) Reproducibility of MR position
measuements with a Gaussian fitting.
4.5  Tracking system design for future implementation
In this section the idea of how to correct the MR image for motion prospectively,
using the designed position sensors is presented. The system would consist of the
tracking hadware unit and the Philips Software Patch for 7 T, both discusskxiv.

4.5.1 Tracking system hardware unit
Because thdhead movement can be d¢ated as an arbitrary-B rigidbody motion
described fully by ©OF transformthree points in the 3Bpace are suigient to

uniquely solve for this transformTherefore the tracking system hardware must
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consist ofa minimum of three position sensors, to provide accurate measurements.
The sensors were designed to work in both transmit and receive modes, hence the
conrection to the T/R switch was required. The experimental control circuit board
hosting the T/R switch for multiple sensaosss created in this study and scle-
matically shown in Fige 4:7 A low power transmit amplifier would supply all the
sensors in tk future, but in the current dsignthe control circuit board served the
function of splitting the signal from the Philips transmitter between the TL devices.
This was done using simple resisteplitter due to low power (few mW) requar
ments for each othe RF pulsesThe sensors would be connected to ti3eof 32
available channelsf the Philips receiver boxwith the other 29 being used no
mally. This could sacrifice the image SNR, but choosing the appropriate elsann

could minimize this effect.

Such @signed systemin its experimental versigrwas tiecked with one position
sensorproving its functionality. Each of the position sensasuld be (in the -
ture) attached to a wearable, rigid frame on the heseparately connected to an
individual tuningand matching circuitisolated from the patient. The frame would
be firmly secured maintaining a fixed location with relatiortiie head. In this way
any head movement would be captured in the tracking position data. The faest
vourableof the ideas waso use a glasses frame, but dental frames or hbadds

were considered as well.
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T/R switch

RF tracking device 1 [

Receiver

Tothe RF tracking device 2 — —

To the RF tracking device 3 Transmitter

Splitter

Figure 4:7Simplified schematic of the tracking system hardware;-.

4.5.2 Software patchfor 7 T

The patch would consist of the position acquisition sequerst®wn insection
4.4.2), the algorithms to modify the general image acquisition |G the geore-
try update software modules. This section is based on swigtipresented irthe
literature [148, 149]

The position data acquired retime during the head scarwith the useof three
sensors would provide the transformation matrix, which could be then be fed back
dynamicdly to the image acquisition loop. In this way the image plane would be
adjused realtime and kept at fixed orientation relative tine head, mechanism of
which lies at heart of the redime prospective motion correction. The idea of how
to modify the aquisition loop in order to correct for motion regime with the

scanningjs graphicallypresented inFigure 4:8.
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with updated
geometry |

Figure 4:8 A flowchart representing necessary modificationghte acquisition loop. Steps
(1-5) are described in the text. Adaptedrrg149].

In step 1 be initial positions of all tracking devices are measured at the start of the
scan before the prgulse(for scans that contains ig.g. inversion, saturation, and
magnetization preparation)Then, in step 2,lte trackng module re measures the
positions after any arbitrary motionThe geometry update module compares the
current positions of the devices with their reference positioamstep 3 The 6DOF
transform is calculated according to &&gion 4:19derived in seton 2.3, and used

to update the imageplane orientation. Motion compensation is done by modifying
the relevant RF, gradient, and data acquisitatiributes in the imaging pulsee-

quence.

Motion threshold modulen step 4,checks if the displacement betwa the current

and previous tracking maearement is greater than a useefined threshold. This

distance is measured in the image plane, from and to the outermost edge of the

FOM C2NJ LR &AAGADS yassSN owy2iAzy SEOSSRSH
acquired kspace datarerejected and the subsequent imaging module-aequires

the rejected kspace with updated geometry. For negative answer the dasac-

cepted and the following imaging module acquires the next segmentgfdce as

usual.In siep 5 he imaging module performs normally with a chosen imageg s

guence. Once thecorrected kspace acquisition is fished, images are reoe

structedand are immediately available for viewing.
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4.6  Discussion and conclusions

In this chapter a method for prosgtive real time correction of an arbitrary rigid
body motion for MR brain imaging studies at 7 T has been proposed. The prototype
of the NMR tracking device was built and the genestahtegy ofcorrection was

planned.

The design of the tracking deviceasvbasedn certain properties of the transrai

sion lines Carefully calculated length of the TL and a shomcuit termination
made the input impedance of the TL inductivéherefore the device could be
treated as a simple NMR probe (RF colil), but withuausual desigmaving many
advantages, such as sathielding(which allows for use of high flip angleavingno
effect on the image data), small dimensiomghich should ease its mountingith-

out compromisingthe comfort of the patien), dual workingmode (asboth trans-
mitter and a receivex with the proton source of NMR signal being an integral part
of the device. The source of a sigmalsa very small volume of an olive oil, which
made up the insulating layer of the TL. In suahsmall volume of th samplethe
gradient deohasing is limited, which should extend the signal measurement thkne.
90 degree 100 microsecond FID signal could be obtained with only a few mW of
power. The device has been demonstrated to be highly accurate and the position
measuements reproducible. The localization error was calculatesl 8t @

1 | andm@tw ™t | along the xand z direction in the scanner coordinate

frame.

The tracking device proposed in this stugyguiressomeimprovement beforeit is
ready for usean routine scanningsuch as the method of placing the proton sample
inside it permanentlyWater tended to leak fromt or evaporate (while soldering).
The thick olive oil was chosen to replace the water in later stages of development,
due to its higher viszsity (smaller risk of air bubbles and leakinghother practical
limitations were the cables and separatelectrical circuits which will needto be
separated from the patientinally, the shape of the devioeay be a limiting factor

in the accuracy of masurements, because the generatéeld is not radially ur

form, and therefore haa different spatial response
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The device implementation was proposed in form of a complete external motion
correction system, and inspired by the literatuf#49]. The correction method
would consist of the hardware uni3 sensors minimumand a sftware patch
meant to be compatible with most of the imaging sequences. The hardware unit
was designed and built in this study, and provesdfunctionality. It ©nsisted of 3
sensors attached to sepaetuning/matching circuits anthe control board, where

the signal was split between each separate sensor, transmitter and the receiver.
The sensors were meant to be attached to a wearable frame (glasses, bards), pr
viding a rigid frame which would move with the anatomy. The correcting software
was only drafted, inspired by literature. The software structure included the- pos
tion capturing sequence (tracking sequence and phase increment algorgéismell

as the geometry update module which calculates the transformation matrix based
on the equations derived in section 4.2.2 and implements it to correct the imaging
data, by making appropriate changes to the general image acquisition loop real

time.

The common problenthat links all the prospective correction techniques is the
practicality. In most cases the prospective techniques require expeapparatus
compromise patientomfort, are difficult to set up or prolong the total scan time
significantly. For these reans there is a general goal to achieve the most practical
solutions possible, especially by means of the tracking system hardware. Brospe
tive motion correction method proposkin this chapter shows promis&he proo-

type sensor has many advantages, amgte ready for implementation in its final
version (i.e. improved for the current limitations) it stands a great chancbeto
suitable for practical use iprospective motion correctionlt is potentially a cost
and time saving solution, when compared tdet tracking techniques (discussed in
Chapter 3). The prototype of the device presented in this chapter was built using
small volumes of cleg materials (olive oil, copperlt does not require much of an
additional equipment, and the set up should be ggiaforward. It is also believed
that the application of the tracking system will be relatively comfortable for the

patient, and no calibration should be required before each scan
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Chapter 5 Investigation of the susce-

tibility induced magnetic field variation

In the human brain due to small head
rotations

51 Introduction

Part of this work was presented in form of an oral presentation at the Joint Annual Meeting
of the International Society for Magnetic Resonance in Medicine and the European Society
for Magnetic Resorrece in Medicine and Biology (ISMRM-ESMRMB) in Milan, Italy in May
2014,

It has been previously reported that susceptibility induced magnetic field peaturb
tion in the human brain will change with head rotati¢dl1-34] but the indepth
investigation of the topic has notet been presented in the literature The know
edge of how field perturbatiom changewith head rotation is of great importance. If
the changes ardarge,they may cause significant image signal dropand voxel
shifts in certain areas of the brain, leading to gross image artefatis. problem
has been tackled for single shot EPI time courses in [BIRIwhere each acquis
tion provides a field map. It will be less tractable though, for melibt imaging
sequences used for high resolution imaging (e.g. MPRAGE, PS\Reighted at 7
T) where the local field shiftsan cause not only the residual image distortion, but
also phase encoding artefacts distributed over the whole field of Views.neces-
saryto characterize the magnitude and location of the field chasigehe brain,to
verify whether theyhave tobe taken under consideration while correcting images
for motion, using available methods or while developing new ondlra- high
magnetic field offers the chance to produce images with extremely high spatial
resolution, but motion i& major barrier to usingntese sequences routinely in ahn

cal populations. Different retrospective and prospective motion correctiorh-tec
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niques have been proposdgresented in Chapter 3jut will all be compromised by
the effects of the change in static field distribution in theain, if those field

changes are large enough, and cannot be accounted for.

Aim: The aim of this study was to characterize the size dadation of the suscp-
tibility induced fieldchangewithin the brain due to small head rotations at T, for
types of head movement likely to be encountered during clinical imagirgm@ll

rotations of up to+10deg).

In this chapter annvestigation of the change imagneticfield in human brain due

to small head rotation is presented. In order to characterize the fidldnge at
various head orientations (in relation to main field), numerical simulations eyaplo
ing digitized human brain model were conducted, as well as the MRI experiments
which involved 14 human subject§he simulation was done for small rotational
angleslikely to be encountered in real scanning, but also larger angles were used to
look at the testing methodThe characteristic field patterns were evaluated qualit
tively, and the areas of the biggest observed field change identified. The field shifts
were investigated in the brain for chosen volumes of interest, and also across the
whole brain volume. Maps of the field change were createdfnction of angle of
rotation. Thus an atlas of the change in field per degree of rotatiwas created
These map will be used in the next chapter to assess if shisceptibilityinduced
changerelated to head rotatiorhas a significant influence on the image quality and

to determineits importance in correcting images or motion.

5.2  Numerical simulation of the susceibility induced magnetic
field changein model human braindue to head rotation

5.2.1 The purpose of the simulation

The purpose othe simulationwas to investigatehe suscepbility induced field
changein amodel human brain due to smdikead rotations Thiswas doneto pro-

vide some insight into both the size and location of th@ngeexpected for pure
angles of rotationi.e. not a combination of botfihe separation ofingles pitch and

yaw was not possible in experimental measorents)and model this fieldpertur-

55



Motion Correction in HighField MRI

bation as a function ofotational angle andocation in the brain The simulation
results werethen comparel with the experimentsto assesf the agreement b-
tween these wa good enough to allow fahe simulationto be usedto model the

field change.

5.2.2 Simulation methods
Thesimulation was done in Matlab R2010b (The MathWorks Inc., Natick, MA), while

the plots and figures were prepared in Excel 2010.

Magnetic field variation in the brain was investigated using a portion of digitized
and segmentedbrain modelIHUGQMedical VR Studio GmbH, Lorracrhe susce-
tibility distribution model was simplified to 5 compartments: C&fey and white
matter, cerebellum, and a small length of the spinal cord (approximateiy fbng),
all of which were assignedhe volume susceptibility value of water? (

w8t wp 1 ). The surrounding air space was given the susceptibility value of va

uum @ ).

Head rotation was simulated by rotating the direction of the main magnetic field
around the object of a fixed orientation. The maindievas rotated in such way that

it corresponded to head rotations, defined in the scanner coordinate system as:
1 yaw, which was theotation about the anterioposterior axis (yaxis),
1 andpitch, which was theotation about the mediolateral axis{axs).

The %, y- and z axes of thescannercoordinate system, original direction of the
main magnetic field and the pitch and yaw rotational angles are depict&dgure

5:1.
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5:1 a)Sannercoordinate systemy) Yaw head rotation about the &erior-posterior (y) axis.c) Pitch

Figure

head rotation about the mediolateral{xaxis.

Both clockwise (positive angles) and aribckwise (negative angles) pitch and yaw
rotations were simulated separately. This was done for a wide range of unrealistic
andes (+90deg) toassesghe simulation method, and fosmall angles (x1@eg),
likely to occur in clinical population3he rotation about the z axis (roll) does not
induce the change in field, therefore the effects of this rotation were not invest
gatedin this study[31, 33]

The simulation was carried out using the FouridBased Method proposed by
Marques and Bowtelin [35]. This method assumed perfectly homogeneous static
field of 7 T oriented in the superianferior (z axis). The field¢hangeat each point
within the brain was calculated as a combination of single dipolar fiald,the
mathematical background of this method wgisen in 8ction 23 of Chapter 2 The

output field variation maps wersimulatedin units of Hz.

The fielddifference maps were calilated for each head rotation by subtracting the
field map generated at a given pitch or yaw orientation from ihiéial orientation

(66 difference maps in total)Thedifference maps were firsgtvaluated qualitatively,

by identifying the location of thdargestobserved fieldchange The quantitative
analysé was then carried out in 5x5x®xeb (8 mm°®) volumes of interest (VOIs)
selected in the approximate locations of the largest observed field chamyOls
were chosen from each of the 37 differenogaps for pitch rotations and 4 VOIs
from each of the 29 difference maps for yaw rotatiofifie arithmetic mean value

of the field change in each VOI was calculated and plotted against the angleof rot
tion. For large angles of rotation (x8@g) the agreenent was checked between the

shape of the calculated curve and tBguation 235 (in Chapter 2) For small angles
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of rotation (x10 deg)the change in field was approximated by a linear function
(with 95% confidence bounds, intercep®¥ andthe sensitiviy of the field variation

to angle of rotation (in units of Hz/deg) was extracted from thigditeach set of
VOIs.This was done to create a map uskedpredict the field shifts per angleed
gree The standard deviation error within each M@s also caldated, to invest

gate thehomogeneity within thdocal field shift.

5.2.3 Simulation results

Ten difference maps were chosen to present the simulated field change patterns
characteristic for pitch and yaw rotations. The maps are showfigare 5:2 de-
picted on sagittal, coronal and horizontal slices chosen from approximately the
middle of the model brain volumewith the typical locatios of the largest field
changehighlighted.

Forboth types of rotation thdargestfield change was observed near-aontainng
structures, i.e. above the nasal cavity in the inferior frontal and temporal lalees (
arrows 13 in Figure 5:2ayellow arrows 12 in Figure 5:B). The field changels
served forpure pitch, in the inferior frontal lobe red arrow 1in Figure 5:2awas
characteristically symmetrical in both hemispheres. For this rotation a visible field
change was also registered in the occipital loksal (@rrow 4in Figure 5:2aand si-
perior parental lobesréd arrow 5in Figure 5:2a Forpure yaw the field changen

the inferior frontal lobe was characteristically bipolar in the hemispheyedlgqw
arrows 2 in Figure 5:2p. The bipolar field change was also observed on both left
and right sides of the brain in the superior temporal lobgslpw arrows 34 in Fig-

ure 5:2h.
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Figure 5:2Simulated field difference majag pitch andb) yaw. Typical locations of the largest field
change highlighted with red and yellow arrows.

The approximatelocation of 5 VOIs for pitch, and 4 VOIs for yaw selected from the
correspnding difference mapghe arithmetic mean value of the field shift in each
VOI calculated against the angle of rotation for large and small range of ang§es (
deg and +1@leg) the standard deviation witimn each VOlandfinally the field sens

tivity to rotationare all shown in Figure 5:3.
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f) VOl location (simulation yaw)
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Figure 5:3VOlIs locations in tha) pitch and f) yaw difference magpitch=10deg) the arithmetic
mean value of the field shift in each VOI calculated against a large rargept€h and g) yaw an-
gles £90deg) and for small range df) pitch andh) yaw angles£10deg);standard deviation of the
field shift calculated in each V@ir d) pitch andi) yaw rotations;field sensitivity to rotation foe)
pitch andj) yaw VOI set, witkerror bars representingthe 95% confidence bounds of the linear fitting
andthe R valuesof each fitting shown in the corner
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For large range of pitch and yaw rotations («8})) the average field variationlea
culated in all VOIs as a function of angle {fég5:3b,g) hasshownthe sirf enve-

lope of both pitch and yaw curves.

For smaller range of angléise average field variation in each VOI set could ke re
sonably approximated balinear function (Figure 5:3ch). The linear fits in VOIsA4
for both rotationswere caracterized by high®alues but much lowetin VOIs &

(values shown in the corner of Figure 5:Be,

The standard deviationf the field variation within VOIs wasot larger than 144z
for pitch and 7Hz for yaw. It was observed that the homogenalgpends on the
VOI location and the size of rotation. The most uniform field skitre regigered

in VOI 45 for pitchand in VOI 3or yaw. The least uniform field on the other hand
was oflserved inVOI 2for pitch and in VOI Xor yaw. The homogeneityended to

decrease with the increasg value of rotational angle.

The field sensitivity tdoth rotations depended on the VOI location and varied from
| -14.7|£0.2 Hz/deg in VOI 2 t6Q.3|+1.3Hz/deg in VOI 3 for pitch (Figure 5:3e) and
from |-6.7|£0.9 Hz/deg in VOI 1 to.5|+1.3Hz/deg in VOI 3 for yaw (Figure 5:3j).

5.2.4 Discussion ofsimulation results
The simulation prediction of the susceptibility induced fishdftsdue to head roa-
tion was limited by the assumptions made for the calculations, as vgelyathe

simplification of the brain model

This simulation has shown thalhe susceptibility induced field change in human
brain due to head rotatiorman be modelled as function of rotational angle, withsin
envelope for large range of rotation (90 dedhis function could be approximated
linearly for small angles (up to £10 deg), likely to be encountered during real sca
ning. The largest field changes were observed near air containing structures in the
frontal and temporal lobes, with pitch and yawtfens distinguishable. It wasd-
culated that pitch rotation causdarger field shifts compared to yaw. The change of

field per degree angle variedepending on where in the brain it was measured,
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with the maximum sensitivity of-14.7|+0.2 Hz/deg regtered in temporal lobe

near nasal cavity for pitch ration.

It was assumed in the simulations that the main field within the brain was initially
perfectly homogeneous, which means that the externally imposed field variations
(not related to susceptibilit, e.g. magnet or shim field imperfectiomspvement of

the lungs and chest cavityyvere neglectedLimited accuracy othe HUGO model
segmentation and theliscretization effects of the 30FFT method could have also

potentially introduced errors in theimulation.

The model was simplified, @sconsisted only of the brain and a short length of sp
nal cord, surrounded by a vacuurdike medium, with all tissues treated as water.
Therefore, the subtle distortions caused Hye intra- tissue susceptibilitydiffer-
ences were missed in the simulations. Moreover, it was not considered in the sim
lation, thatthe susceptibility of water can be a function of temperature and other
physiological variable83]. The volume and shape of the brain, the size of the air
filled cavities of sinuses and other anatomical features differ between individuals,
possibly generating different size of field shifts which was aabunted for in
simulations. Finally, all the elements of the model were treated as one rigid object
and rotated together. Neck and shoulders were not included in the model, which
means that any potential field shifts due to the conformation of neck werecap-

tured.

The simulation provided an insight into the size and location of the field shifts, but
was limited by many factors, related to calculation method and the HUGO model.
Therefore, it was crucial to conduct experiments with similar methodolegyl

produce the field maps to which the simulation could be compared to. In the next

section the results of these experiments will be presented.
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5.3 Experimental measurementsof the susceptibility induced
magnetic field variation in real human brain

5.3.1 The purpose of &periments

The purpose of the experimental measurementss tomeasurethe susceptibility
induced field variation in real human brain due to small, relatively pure pitch and
yaw head rotations (£1@eg), and compare it with the simulation resultShe aim
was b quantify the experimentashifts which would include small environmental

effects which were not captured in simulations.

5.3.2 Experimental methods
The field variation in human head was experimentally investigated for pitch and

yaw head rotatios defined inSection5.2.2

The field maps of the human brain were acquired from 14 healthy volunteers on a 7
T Philips Achieva Scanner (Philips Medical Systems, the Netherlasitish 32
channel receive array and a volume transmit head coil. A stang&radlouble ga-

dient recalled echo sequence was used withmn isotropic resolution, FOV:
300x300x200nm°, TEK n ¢ 9 K ¢ w s and FAR12°p The double echo sequence
was chosen to eliminate th®, phase errors. Flow compensation was turned off and
the waer- fat shift was set to 5.5 voxels. The shimming was kept constant and its
magnitude manually set to 0. Two types of images were acquired in each scan:
phase image (the field map) and the modulus image (to monitor the change in head
orientation). Two exprimental data sets were collected. The first set employed just

one volunteer, the second involved 13 volunteers:

1 Single subjectOne subject was scanned at 19 different head orientations.
The subject was asked to stay still in the horizontal positioan therform 9
head rotations as purely pitch as possible and 9 rotations as purely yaw as

possible.

1 Multiple subjects:Each of the 13 subjects was scanned at 4 different head
orientations. Each volunteer was asked a to stay still in the horizontad pos

tion (reference), then perform 2 head rotations as purely pitch as possible
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and finally 1 rotation as purely yaw as possibMl. volunteers were n-
structed to perform relatively small rotations (the exact angles were not

specified) and to stay still in eachi@mtation during the imaging.

Data processing and analysis were done partially in Matlab R2010b (The MathWorks
Inc., Natick, MA)Excel2010 and partially in FSL, the comprehensive library of
analysis ools for MRI brain imaging data (http://fsl.fmrib.ox.ak/).

Phase images of the head were unwrapped to yield the field fisiE. The brain
volumes were extracted fim the modulus head images acquired at each odent
tion, using theBET Igrain extraction tool in FS[}62], with the threshold for the
cut-off voxel values set to 20% of the maximum. Extracted modulus brain images
were used as masks and applied on the field maps. The modulus brain imitages
each orientation were coegistered to the initial orientation for each subject sep
rately, employing the @©OF rigid body transformation function of the FLIRe&r
registration tool in FSI[163]. The rotational matrices were extracted from the set
of coregistration parameters for each rotatipand applied to the field maps using
the fslmathsfunctions. This operation brought all 3 field maps of each of 1B-su
jects, and 18 field maps of a singlebgct into the samespace(but characteristic
for individual subject)The experimental fieldlifference mapswvere produced for
each scanned brain by subtracting theregistered field map at each head orient
tion from the initial orientation. The ceegistered difference maps from all of the
subjects §7 maps in totaljvere alsoadditionally transformed into the shape of the
chosen reference brain, using the affine 12 parameter model transformatioo- fun
tion in FLIRT FSL. Finally the angles of rotatior wegtracted from the rotational

co-registration matricesn Matlab.

Similarly to simulation methodshé experimental field difference maps were first
evaluated qualitatively, by identifying the location of the biggest observed field
variation. This was dw for 20 difference mapsco-registered within each subject,
which corresponded to the rotations considered as the most experimentally pure.
Based on the simulation methodSx5x5voxek (8mnt) VOlIswere selected in the

approximate locations of théargestobserved field changes VOIs were chosen
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from each of the 10 difference maps for relatively pure pitch rotatj@ms 4 VOIs
from each of the 10 difference maps for relatively pure yaw rotatiofise VOI
analysis was done in a similar way to simulationih) the arithmetic mean value of

the field change in each VOI averaged over all subjects.

Voxel maps of the © and" © linear fitting parametersvere generatedfor the

experimental difference mapsccording to

9

y' (ke ' Q "B 7, (5-1)

where | isthe pitch andy isthe yaw rotational angleThe fit was generated with
95% confidence bounds and the intercept was set tolbis was done separately

for a single shject as well asaveragel for multiple subjects(together with the co-
responding inter subject standard deviation mapsQuantitative analysis of the
parameter maps was carried out in one 19x13 vogets (Area 1in the! © map)

and two 11x20 and 13¥2voxel areasArea 2and Area 3in the" © map) selected

from the locationof the biggest observed parameter vaki For each box the caef
sponding histograms were created. The bins of the histograms corresponded to a
certain range of © or" © values, calculated as parts of the maximum observed
values (4 bins: %-50% of maximum, 50%0% of maximum, 70%0% of maximum

and finally 90%mnaximum).

5.3.3 Experimental results

Ten experimental field difference maps (from 9 subjegtsye chosen to present
the experimental field change patterns characteristic for pitch and yaw rotations.
The maps are shown iRigure 5:4 with the typical locations of the largest field
change highlighted and depicted on slices chosen from approximielgniddle of

the brain vdume.
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pitch = 21.8" pitch = 12.3° pitch = 12.9° pitch = -10.2° pitch=6.7"
yaw =1.1 yaw=0.2"

yaw =0.9° yaw =-0.2° yaw =0.4°

ol b
e
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GS (Hz) =-100to 20  GS (Hz): -60 to 20 GS (Hz): -15 to 50

yaw =8.9° yaw = 10.8° yaw =-7.9" yaw = -5.8° yaw =-7.1°
pitch =-0.9% pitch=3.8" pitch=0.1° pitch =-0.8" pitch=0.2°

&
§
4

GS (Hz): -60 to 20

GS (Hz):-22to 8

GS (Hz):-44 t0 7 GS (Hz): -35 to 20 GS (Hz):-15to 44  GS(Hz):-20 to 40 GS (Hz): -18 to 35

Figure 5:4 Experimental field differencenapsa) pitch andb) yaw. Typical locations of the largest
field change highlighted with red and yellow arro&reyscale (GS) is adjusted for each mag-ind
vidually for optimal contrast.

Similar patternsof the change in field perturbation were observed across thie- su
jects. The experimental pitch and yaw patterns were distinguishable (but mixed).
For both types of rotation the biggest field shifts were observed neacaitaining
structures (ed arrows 13, yellow arrows 12 in Figure 5:4). The field change »
served forrelatively pure pitchin the superior frontal loberéd arrow 6in Figure
5:48 was characteristically symmetrical in both hemispheres. Field shifts for this

rotation were also observed ithe cerebellum ed arrow 3in Figure 5:43 in the
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occipital lobesred arrow 4in Figure 5:48 superior parental lobegdd arrow 5in
Figure 5:4aand symmetrically on both left and right sides of the brain in theesup
rior temporal lobesred arrow 7in Figure 5:4a The field change observed fala-
tively pure yaw in the frontal lobe was characteristically bipolar in the hemispheres
(yellow arrows 12 in Figure 5:4h The bipolar, asymmetrical field change was also
observed on both left and right s8d of the brain in the superior temporal lobes
(yellow arrows 3 in Figure 5:4h There was no observable field change in tie 0

cipital lobes, cerebellum or the superior parental lobe for this rotation.

The approximate location of 6 VOIs for pitch, and@Is for yaw selected from the
experimental difference mapshe arithmetic mean value of the field shift in each
VOI calculated against the angle of rotation (averaged over all subjects), the sta
dard deviation within each VOI, and finally the field sewisy to rotation are all

shown in Figure 5:5

68



Motion Correction in HighField MRI

a)

b)

Field change (Hz)

VOI location (experimental pitch)

\IOI5m : !

100

50

-100

Ne)

Deviation (Hz)

o
=

Sensitivity A (Hz/deg)

16

B O R N WS ;O

Field change (experimental pitch)

a

GS (Hz):-22to 8

] g

O
-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

Angle PITCH (deg)
Deviation (experimental pitch)
@
1 @
' [ ] X @ ) . -
J @ ®
* .o 3 ® e ®
T O (@]

Qe i e ' g ® 8

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12
Angle PITCH (deg)
Sensitivity (experimental pitch)
1 elJE: VoI 5
] (2|_.|1;;do.;; 1.8:0.5
z/deg]
1 VoI 1 VoI 2 VoI 4 (Hz/deg)
E 6.7+ 0.8 6.21+0.4 -2.5+1
1 (Hz/deg) (Hz/deg) (Hz/deg)

69



Motion Correction in HighField MRI

€)

VOl location (experimental yaw)

GS (Hz): -18 to 35

z m
T r
g.,zs- | | o
g 0 u [ ]
1 I
3 = m
- [
O

Field change (experimental yaw)

~
w

w
o
M
)

[m]
=
25 o = u
O
50 4 |
|
-75 T T T T T T T T ]
-10 -8 -6 -4 -2 0 2 4 6 8 10 12
Angle YAW (deg)
g) Deviation (experimental yaw)
6 9 @) ®
§ *
2 [ ]
= 4 4
£ e ® o 8 ®
g, o ® 8 A
8 ®
0 r : : —8 O T T 8 T T ]
-10 -8 -6 -4 -2 0 2 4 6 8 10 12
Angle YAW (deg)
h) Sensitivitv (experimental yaw)
8 -
7 Vol 2 Vol 4
6 - 2t2 2212
= 0 (Hz/deg) (Hz/deg)
o 4
T
;.:r 3 - VoI 1 VoI 3
;’ 2 -3.6t 2.5 -2.6+1.8
2 11 (Hz/deg) (Hz/deg)
2 0+
F 1 -
c
g 2
,3 -
4 A
-5 4 VOoI3: 0.55
6 1 voi4: 035
7

Figure 5:5VOIls locations in tha) pitch ande) yaw experimental difference maphe arithmetic
mean value of the field shift in each VOI calculated against the anglepith andf) yaw; standard
deviation of the field shift calculated in each VOIdppitch andg) yaw rotations; field sensitivity to
rotation for d) pitch andh) yaw VOI set, witlerror bars representing the 95% confidence bounds of
the linear fitting andhe R valuesof each fitting shown in the corner.
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The experimental results were similar tioe simulation resultsFor small angles of
pitch and yaw the average field variation in each VOI set could be reasormably a
proximated bya linear function (Figure 5:5bf). Thelinear fits in VOIs-2 for both
rotations were characterized by higlf fRalues, but much lower in VOIs53(values

shown in the corner of Figure 5:5al,.

The standard deviation of the field variation within VOIs was not larger than 29 Hz
for pitch 8 Hz dr yaw. It was observed that the homogeneity depends on the VOI
location and the size of rotation. The most uniform field shifts was registered in VOI
5 for pitch and in VOI 4 for yaw. The least uniform field was observed in VOI 2 for
both rotations The lmmogeneity tended to decrease with the increasing value of

rotational angle.

The field sensitivity to both rotations depended on the VOI location and varied from
| -6.7|£0.8Hz/deg in VOI 1 to 1.8+0.5Hz/deg in VOI 5 for pitch (Figure 5:5d) and
from |-3.6|x2.5Hz/deg in VOI 1 to 2+2Hz/deg in VOI 4 for yaw (Figutg.5:5

The experimental sensitivity maps bf® and" © parameters calculated for one
subject and averaged map for multiple subjecse presented inFigire 5:6 The
maps are shown for sagittatoronal and horizontal slices selected approximately

from the middle of the brain volume.
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a) Single subject
0 b map

GS (Hz/degree): -4 to 4

GS (Hz/degree): -8to 8

b) Multiple subjects

0 b map

6 b map

GS (Hz/degree): -6to 1 GS (Hz/degree):-2to 3

Figure 5:6The sensitivity b andd i maps fora) single subject antd) multiple subjects.

The distribution offt ©® and" © valuesthat coresponded to pitch and yaw rat
tions in both singular and averaged maps (in Figure 5M@)s such thathe field
change patterns characteristic for these two rotations were clearly visible! Tée
map pattern was symmetrical and centralized in the fedriobe of the brain while

the" © map pattern was bipolar, asymmetrical in this area.

The values of these fitting parameters were investigated quantitatively in boxed
regions depicted irFigure 5:7for single subject mam@nd multiple subject map
(maps shown in horizontal slice only)he varianceand standard deviation mapse
presented together with tk histograms showing the fraction of voxels within each

bin range
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Figure 5:7Thehistograms sensitivityd i and6 i mapswith marked areasnd the corresponding
variancédeviation map fora) one subjecandb) multiple subjectgdetails in text).
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TheArea 1wasselected from the frontal lobe of the ©® parameter map (apprax

mately the middle of the brain volume), as this af®cused the largest © values.

TheArea 2and Area 3were selected from the frontal lobe of the ® parameter

map, as this area focused the largés® values.The dataare summarized inTable

5:1.
A| Pa- MAP Max- Number of counts | Number of counts in| Average | Maximum
R| ram mum in a bin range (N > | a bin range (y <50%| variance/ | variance/
E| eter 0 or 90% ofd  or of maximum deviation | deviation
A o} 6 [Hz/deg] | [Hz/deg]
[Hz/deg]
SINGLE [-3.8 N, =3.6%N[| -3.4], N. =52.3% 1.8 2
1|6 SUBJECT | -3.8] Hz/deg) N[0, |-1.9] Hz/deg)
MULTIPLE| |-6.1] N, =8.5%N[| -5.5], N. =0.5%N [0, 2.6 3.2
SUBJECTS | -6.1] Hz/deg) | -3.1] Hz/deg)
SINGLE |-2| N, =20.7%6N[| -1.8], N, =22.2%N [0, 9.4 11
2|6 | SUBJECT | -2| Hz/deg) | -1] Hz/deg)
MULTIPLE| |-4.3 N, =1.8%N[| -3.9], N. =4.5%N [0, 53 6
SUBJECTS | -4.3| Hz/deg) | -2.1| Hz/deg)
SINGLE 10.4 N.=3.2%N[9.3, 10 N, =22.7%N [0, 9 10.2
3|6 | SUBJECT Hz/deg) 5.2 Hz/deg)
MULTIPLE 21 N.=1.8%N[1.8,2.1 | N,=76%"~ [0, |-1.1] 5.6 6.2
SUBJECTS Hz/deg) Hz/deg)

Table 5:1Quantitative analysis of the choseneas of single subject and muttibjects parameter
maps.

5.3.4 Comparison of experimental resultsvith the simulation

Experiments confirmed change irsusceptibilityinduced field variation in the brain

at 7 T due to small head rotations. Desptkarge variety of sizes and shapes of the
scanned brains, similar field shift patterns were observed across the subjects. The
simulated field shift patternsharacteristic for pure pitch and pure yaw rotations,
could be observed in experiments for cases where one rotation was much larger
than the other. Experimentand simulationslearly showed the field change near
air-containing structures, i.e. in the infer frontal and temporal lobes, as well as on
both sides of the brain, in the approximate location of the superior temporal lobes
The symmetryfor pitch)and bipolarity(for yaw)of the field change in the inferior
frontal lobeswas registered irboth smulations andexperiments.Experimental
data additionally revealed fieldrariation not observed in the simulatian mainly
related to rotations where pitch was large compared to yaw, and located inuhe s

perior parental lobe, in occipital lobes, the cerdben and in the superior frontal
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lobe (see Figure 5:2 and Figure 5:4). This indictitasthe experimental fators
contributed to the change in fieldnd suggests that simulathas may not be suf
cient to reliably demonstrate these field shiftsh@ regios of the largest field
changein the brainwere identifiedin literature [31, 33]to be adjacent to the spd
noid sinus and at the back of the head (for pitag well as in flat, lateral surface of

the brain (foryaw)which agrees with the data shown in this chapter.

The quantitative analysis carried out MOIshas shownthat for both simulation
and experimentghe change in field per angle degréa sensitivity to rotationfor
small rotations (approximatelyputo +10 deg)can be approximated witla linear
function and depends on the type of rotation (pitch or yaw) and location in the
brain. The highest sensitivity to rotation was found in the frontal and temporal
lobes YOI 1 and VOI for both pitch and yaw atations). The simulation andxe
perimentsgenerallyagreed on these locations within the brain, utiscrepancyn
the sensitivities valuesvas registeredqeeFigure 5:3 and Figure 5:5)hese values

are compared in Table 5:2

Rotation Sensitivity in DI 1 [Hz/deg] Sensitivity in VOI 2 [Hz/deg]
simulations experiments simulations experiments
pitch [-3.9|+0.3 |-6.7|+0.8 |-14.7] +0.2 |-6.2|+0.8
yaw |-6.7|+0.9 |-3.6|+2.5 55+1.2 2+2

Table 5:2Comparison of simulated and experimental sensitivityieslin the areas of the largest
observed field change, for both pitch and yaw rotations.

These numbers show that, in general, the pitch rotation causes bigger field shifts
than yaw rotations, which agrees with the literatuf83]. The discrepancy in the
sensitivity values between simulation and experiments is caused by the influence of
experimental factorsdata analysis method (for examptbe assumpibn of angle

purity made in experimentsgnd the limitations of the simulation methods.

Forthesetwo sets of VOI data the?Ralue of linear fitting to pitch rotatiorwas
very largein both simulation and experiments, as well as for simulated yaw, but

significantly smaller for experimental yaw due to scatter in the data. This suggests
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that the experimental yaw field shifts are largely affected by the experimdatal

tors not accounted for in simulations. Thé\Rilues are compared in Table 5:3.

Rotation Rin VOI 1 Rin VOI 2
simulations experiments simulations experiments
pitch 0.98 0.93 0.99 0.98
yaw 0.93 0.54 0.91 0.33

Table 5:3Comparison of simulated and experimerflinear fitting values in the areas of the ¢ar
est observed field chang®r both pitch and yaw rotations.

The VOIs were desigdé¢o be very small (5x5x5 vogeto maintain high homogest
ity of the field shiftwithin each VOI, for reliable modelling t$ angular deped-
ence. The arithmetic mean value of the field shift caldath from each VOI was
characterizedtypically by a small deviationwhich depended on the VOI location
and the size of rotation, and tended to increase linearly with the angletation.
Theyawfield shiftswere typically more homogeneousomparedto pitch (seeFig-

ure 5:3 and Figure 5:5)

The features of thditting parametermaps were compared witeimulation ancthe
experimentalfindings of previous data analysis (qualitative patterns and VOIs). The
results were satisfying: the distribution dhe paametervalues in the singlesub-

ject maps as well as in averaged muttibect maps quite clearly showed similar
rotational patterns (see Figure 5:2, Figure 5:4 and Figure S.6gse patterns were
better defined in the averaged multsubjects maps congredto the single subject
maps(see Figure 5:6)Thequalitative analysis in the boxed regions selected from
the! ©® and" ©® maps showed that the frontal lobe focused the largeatuesof

both parameters. These valuegere compared with the simuteon and previous

experimentalVOI analysig corresponding areas of the frontal lobeTable A4.
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Rotation (parameter) Sensitivity in VOI 1 [Hz/deg] | Averagesensitivity[Hz/deg] in boxed areas

of the frontal lobe

simulations experiments Singlesubject map Multi-subjectmap

Pitch (A) [-3.9]+0.3 |-6.7+0.8 |-3.8+1.8 |-6.1+2.6

Yaw (B) [-6.7+0.9 |-3.6[+2.5 [-10.4|£9.4 |-4.3+5.3

Table 54 Comparison of simulated and experimergahsitivities calculated from VOIs and pamm
ter maps in the fronthlobe (area ofthe largest observed field changdor both pitch and yaw rat
tions.

Table 54 shows that thesensitivities calculated in experimental VOI analysis were
in good agreement with the multisubjects! ® and" ©® maps. The table also
shows that thevalues of A and PBarameters in singleand multi subjects maps
differ from each other quite significantly. This could be due to the differences in
field shift size and location afidividual brainsFor this reasonthe aveaged, mult
subjectparametermaps were consideredsthe most reliable data set, and were
chosenin formulatingthe final conclusions about the size and location of the field
shifts. According to the multiplesubjects mapsthe field shift could be as large as

| -183| Hz inthe frontal lobe of the brain, assuming pitch and yaw rotatimoth of

10 degand taking thdargest error of each If we compare this value with a typical
bandwidth per voxel of a standard 7 anatomical imaging sequences like PSIR,
MPRAGE or any3 T2* we will see that a 1deg combined rotatiorcould cause

the field shifts of a voxel magnituderecisdy:

1 115Hz for 0.6 mm isotropic PSIR, leading to a voxel shiftcofoxel (0.96

mm).

1 2100Hz for 0.6 mm isotropic MPRAGE, leading to a voxel sHif8ebxel
(2.2mm).

1 80Hz for 0.5x0.5x0.3 miBD T2* weighted, leading to a voxel shift of 2.3

voxel (1.2 mm, 0.7 mm).

These voxel shifts can be considered large in some MRI applications, and cause a

significant image distortion.
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5.4  Conclusions and summary

In this chapter thesize and location ofhe susceptibilityinduced magnetic field
shiftsin the human brain due to smidiead rotations pitch and yawere characte-
ized.Thefield changewas investigatet various head orientationfpitch and yaw
usingnumerical simulations, as well asthe MRI experimentswhich involved 13
human subjectsThe characteristic field patterns were evaluated qualitativeehyl

the field shift sizewasthen investigated quantitatively in the brain locally, forceh

sen volunes of interest, but also across the whole brain volume. The field change
for small angles ofotation was approximated witha linear function andhe atlas

maps of theaveragechange in field perturbatiowere created.

Numerical and experimental resultge only in partial agreement due to various
factors, including numerical limaitions of themodel brain, purity of thexperimen-

tal rotational anglesas well aghe experimental factors contributing to the overall

field shifts.For these reasonghe simulations could not be used exclusively to fully

characterize the field shifts.

The field shift patterns characteristaf two types of rotation (pitch and yaw) are
distinguishable. Similar experimental field shift patterns were found across ftire su
jects despite large variety of sizes and shapes of the brains. The largest field shifts

were observed in the frontal lobe and in the areas adjacent to sphenoid sinuses.

Theaverage atlas mapgenerated in this studgouldprovidea practical way to co

rect for the field shifts, without the need afollecting a field map at every headp
sition during the scan. The maps show tlia¢ susceptbility induced field change
due to head rotaibn may be as large 4s183|Hz for typical head rotations, which
translated inb resolution values of typical techniques used in Highd imaging
gives the image distortion of a voxel magnitude. However, it is important to stress
here,that a larger population should be studied to create a definite field shift atlas.
Neverthelessthis work gives a general idea of tls&ze and locatiorof the field
shifts
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The atlas mapswill be used in the next chapter to assaskether the change in
susceptibilityinduced field perturbation has a significant influence on the image
quality in hidn resolution imagg, and thereforeto determine its importance in
correcting imagedor motion by answeing the question: will field shifts due to

small head rotation compromigerospectivemotion correction?
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Chapter 6 MRI simulations of human
brain model with incorporated inter-
scan magnetic field change due to small
head rotations

6.1 Introduction

In the previous chaptethe size and location of the susceptibility induced field
changesin human brain, due to small head rotat®@10 deg) were characterized

in detail. The main output of that investigation was the set of twd® parameter
maps, corresponding to the linear coefficients ® and" © describing the field
change for small angles of rotation. These maps suggested and rather large
voxel shiftsthat could potentially occur for certain sequences in high resolution
imaging, if motion takes place. In this chapter the problem was approached-diffe
ently- from the image quality perspectivejith the assumption oknownfield shifts
which were already vell characterizedThe parameter maps were useddnulate
the effects onimage quality of susceptibilitinducedfield changes in the human
brain, caused by small head rotationEhe emphasis was put on the size and-pa
terns of phase encoding artefactdat could potentially be distributed over the
whole FOV The simulations were dorn® answer the question, whethaheseim-
age distortions will compromise availalppeospectivemotion correction techniques

in highfield anatomical imaging. In other word$e simulations performed in this
study aimed to show if further correcting action needs to be taken on the image,

after it has been corrected for physical motion using available techniques.
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Aim: The aim of this study was teimulate the effect onimage qudity of the sus-
ceptibility induced field variation due to small head rotation within the brain at 7
T, for types of head movement likely to be encountered during clinical imaging
(i.e. pitch, yaw rotations of up to +1@eq), using previously generate®D linear
parameter maps, and conclude whether the image distortion caused by thisph
nomena will leave the residual artefacts of the size such that it will compromise
availableprospectivemotion correction techniques, and further correcting actions

will have to be taken to compensate for it.

6.2 Background theory

6.2.1 The Versatile and Realistic Magnetic Resonance Imaging Simulator

A Javabased MR simulator, VERMAGRI&velopedby Mougin et.al. [164] was

used in this study to investigate the effects of change in field (caused by small head
rotations) on image quality for the standareCBGradient Echo sequencEae input
image to the simulation was generated as a collection of discrete voxels. Each voxel
contained a number of isochromats, ixicroscopic aggregates of spins resongtin

at the same frequencyThe resonance frequency of each isochromat was distinct,
drawn from the Lorentzian distributionentred around the Larmor frequencyTo
model the } decay he bulk magnetization of an isochromat was calculated for
each time point of the simlation. The evolution of magnetizatiothroughout the

MR acquisition witlrealistic field inhomogeneitiegras modellednumerically using

the BlochEguations The MR sighalvas computed as a sum of the transversegna
netization from all isochromats.The k-space was populatedisingthe transverse
magnetizationcalculated at each time poinandthe simulated 3D MR image was
reconstructedin a similar manner to that by which it is reconstructed in the MR

scanner, i.eby Fourier transforming the-&pace datanto the image space.

6.3 Simulation methods

6.3.1 Programming environment
A series of changesere made to the simulator to customize its functions. All the

changes were written in Java v. 1.6, and NetBeans IDE 7.4 was used as-the pr
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gramming environment. The cedvas embedded in the ImageJ project, which is a
Java basetnage processingoftware developed in public domain at tiNational
Institutes of Healt165]. The input maps, as well as thieear k-space trajectory
script wee created in Matlab R2010b and FSL. The starbf each simulation
process was done via Bash .sh script on Unix platform, which automatizedrtire co

putationsby combining all the files composing the simulator.

6.3.2 Digital input maps

The digital phantom wathe main input map to the simulation. It was generated as
a collection of discrete voxels and is shown inufdg6:1a. Human braindata
(HUGOY¥ormed the basis fothe model, spanning 34x46x57 voxels (witimgn is-
tropic resolution) in respectively-xy- and z direction (z is the long axis direction).
The model was placed in the dem of much bigger, 224x224x150 voxelatrix o
zeroesto allow the monitoring of potential artefacts in the background, as well as
to minimize the effects of the Fourieransform discretization. Four slices (70:73 in
z- direction) were extracted from this matrix, from the middle of the brain volume
closeto the sinuses. In thisrea the biggest susceptibilityduced field change
were previously ecorded(in Chapter . The 4 sliced brain phantom wamitially
assigned voxel values of 1 fanytissue and 0 for the backgroundArtificial fea-
tures were then incorporated in this model. For a regiorBofoxels thicknessur-
rounding the head waassigned voxel value of 2,&then 6 small volumesarying

in size from 1 to 6 cubical voxels weassigned value of @&ee Figure 6:1a)The
cubes were positioned approximately in the areas of the biggest field change ind
catedwith the! ©® and" € maps (created in Chaptds). Theseparameter maps
and the main field"? ) phase mapare shown in Figuré:1b,c. The phasenap and

the averaged, multsubject parameter maps wermescribedin Chapters. All maps
were already ceaegistered to themodel brain volume,andthe same4 sliceswere

extracted from them.

In this way four digitized voxel input maps were prepared, matching each other in

size and orientation, ready to be used in the simulation.
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a) Digital Phantom
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Figure 6:1.The input maps depicted for one slice in horizontal orimiathe 2" slice of
the 4sliced maps)a) The main digital phantom, witeuperimposed feature®) The main

field @) phase mp;.c)Thed b map; d)The d b map.

6.3.3 Simulation mechanism

The simulated sequence was teandard 3D GradientEcho The actual simulation

was divided into two processeshe first process was carried out by functions called
once at the beginning of the each simulation. In this process the isochromats were
read from the input voxel maps providéghantom) A serias of .ISO files was then
created resuminghe positions of the isochromats and relaxation times of the slice

of interest. The information required to enable this process was provided by two
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auxiliary files, containing user specified sequence parameters) ag the output
image size of 112x112x4 vogeFOV 100x100x20mm? TE/TR=2/25 ms, FA=5
deg The files also linked thé&, 6 ® andd i maps, and the linear-kpace traje-
tory input .bin file (generated iMatlab R2010bto the rest of tle simulation pra-

eSsses.

In the second procedkie isochromats from each of théSCfile together with the
sequence parametensere used to calculate the MR signal time courBleis was an
intensive computational taskvhich hadto be parallelizedfor large isachromats
numbers.The resultingk-space of the image was Fourier transformed to produce

the MR image.

6.3.4 Simulated movement

A variety of realistic head movements were taken from fMRI motion correction, and
three possible (but simplified) motion paramesewere simulated during thinear
k-space trajectoryThe susceptibilitynduced change in field variation due tbis
movementwas introduced by employing the ® and" © parameter maps for
non- zero angles of rotation (pitch and yaw), but the thgphantom itself was kept
static. Thanks to thathe field changed in a way it would have during head rotation,
if prospective motion correction was used to modify the gradients, so tiinatob-
sewved image artefacts originatepurely from susceptibilitychangesThe! © and

" ® maps were applied during the simulated acquisition of chosspdce lines of
the 2" slice of the phantom, between th&™ and 112" line in phase directior(k,).

The three types of motion considered were:

1 Theabrupt motion, occurringfor the 20 phaselinesin various pars of k-
space:from k=46 to k,=66 here referred to as TOP -kpace, therfrom k=
10 to k=10referredto as MIDDLE-&pace andfinally from k=45to k=65
referred to as BOTTOM dspaceof k-space(seeHgure 6:23. This type of
movementsimulatedvery rapid head rotation after whicthe headwould
stay still in this new orientation for the acquisition of the 2@pace lines,

and went back tahe reference position once the 20 line acquisition was
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complee. The rest of the dspace would be acquired in the normal reference

position. This motion is schematically shown in Figur2b6:

Thelinear continuous motioroccurring forthe 20 middle lines of kspace
but also through the entire slice (112 lines)his type of motiorsimulated
slow head rotation, linearly increasing in angle (pitch and yaw). If only 20 k
space lines were affected, the head would go back immediately to reference
position once the acquisition of the 20 lines was compl&teis motionis

showngraphicallyin Figure 6:2;

The sinusoidalcontinuousmotion, would occur in the middI@0 lines of k
space but also tlough the entire slice, with the period of T=20 lines or
T=112 lines. This type of moti@mulatedis slow or fast, continuos and

periodical head motionThis motion igraphicallyshown in Figure 62
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Figure 6:2Types of motiomccurringbetween the phase encoding steps, for chosspdce

lines (in phase directiony)ka) TOP, MIDDLE and BOTTO#bpéce les positionsh) abrupt
motion; c) linear motion andd) sinusoidal motion as &unction of k-space position. T Pe-

riod of the sinusoid.

6.3.5 Data analysis methods

The output images were generated by subtracting tiesulting motion affected
images from the reerence image (with no motion). Images were normalized to the
brightest voxel of the reference image. Differerineages were firsanalysedquali-
tatively, by visuahssessmenof the size and location of the artefacts. The images
with the largest visiblehanges were then sulgéed to quantitative analysid-or
these images, histograms were created showing the number of counts of image
intensityvalues for voxels. The bin size was chosen as 1% of the maximum observed

intensity in the image. The averageensity change was also calculated for each
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image in the whole FOV. This value indicated how the entire FOV was affected, i
cluding the areaoutside the object boundarieszinally two images were selected,
and the voxel intensity values were plotted aloogytain lines and compared with

similar analysis of the reference image.

6.4  Simulation results and analysis

In Figire 6:3the simulated reference image together with the example motién a
fected image (abrupt pitch and yaw combined rotettj 10deg each) ar@resented:
normal size, zoomed in andrftwo differentgreyscales (0%100% and % 20%).
Additionally the phase imags presented, showinghe phasechangesin the whole

FOV Images show the typical output of the simulation.

a) b) c) d)
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Figure 63 Sinulated reference image and withotion of 10 deg pitch and yaw combined
a) Simulated normalized imagb) zoomin of the simulated image) smulated normalized
image shown for 20% of the origirgreyscale to visualizbetter small background changes
and d) phase image.

The difference images simulated with the abrupt motion occurring during the a
quisition of 20TOR BOTTOMand MIDDLEk-space lines are shown in Big 6:4for

selected (ldeg 30deg) pitch and yaw rotations (pure and combined).
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Figure 6:4Difference images for abrupt pitch and yaw rotations (pure and combined). All
images are depicted for thé%slice of the phantom, in horizontal orientatica) MIDDLE of
k-space b) BOTTOMT k-space c) TOPof k-spacelmages are presenteaif the samegrey
scale (82%).
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The change in voxel intensity was observed in the entire FOV, mostly in the phase
encoding (y) direction. The difference images showed that for this type of motion
the effect of pitch rotation was slightly larger (and diffat in pattern) compared to

yaw. The biggest change was observed when the two rotations were combined and

occurred during acquisition of middle ofspace.

The difference images simulated with the continuous linear and sinusoidal motion
occurring duringhe acquisition 020 middle kspace lines and tiough the entire
slice are shown in Rige 65 for selected (1deg 30 deg) combined rotations pitch

and yaw.

It has been observed that continuous linear rotation occurring during the aequis
tion of the mddle of kspace, as well as the sinusoidal rotation (T= 20 lines)roccu
ring through the middle of ispace and the entire slice (Figure 6:5a, c, e) caused the
intensity change visually similar in magnitude but different in pattern to the abrupt
motion in the middle of kspace (Figure 6:4). In all these images the FOV wgas di
torted, with the changes most visible in the phase encoding direction. Ctstety
different distortion pattern was observed for continuous linear and sinusoidal m
tion (T= 112 linesyhich occurred during the acquisition of all the 1*2dace lines

of the slice (Figure 6:5b, d). In this case there was no observable background

change, and only the voxel intensity within the object boundaries was affected.

Head movement likely to occun clinical populations is in the range of £10 deg. The
effect of larger, 30 deg, rotation was depicted in Figure 6:4 and Figure 6:5, to show
what happens to the image for such big rotational head movement, but will not be
analysedurther. This study foused on investigating the residual image distortions,
assuming the image has already been corrected for small motion. In practice, if such
large, 30 deg head movement takes place, then the image will not be corrected for
motion but often just simply reacquired. Therefore the effects of 30 deg rotation

will not beanalysedquantitatively, limiting the range of rotations to +10 deg.
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Figure 6:5Difference images for continuous linear and sinusoidal pitch and yaw rotations
(combined). All images adepicted for the ?' slice of the phantom, in horizontal orient
tion.

Eight difference images, showing visudheg largest distortion for abrupt, sinuso

dal and continuous movememnwere chosen from Figure $:and Figure &, and
subjecedto quantitativeanalysisn order to find the magnitudes of distortions. The
chosen difference images together with corresponding histograms, the average and

the typical maximum voxel intensity change values are all presentedureFag.
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Figure6:6 Quantitative analysis of chosen difference images, showing the largest distortion
for abrupt, sinusoidal and continuous motion.

Figure 6:6 showthat the average intensity change of the whole FOV varied from

0.04% (abruptmotion, top 20 lines, Figure:@) to 0.5% (Sinusoidal motion, 112
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