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Abstract

Arterial Spin Labelling (ASL) is a unique Magnetic Resonance Imaging (MRI) approach for
quantifying tissue perfusionam-invasively. More than two decades of technical developments
established ASL as a valuable tool in neuroimaging, having more recently began its translation
to the clinic.ASL holds great potential for the assessment of kidney disease given that it does
not require contrast agents which are typically contraindicated for patients with impaired renal
function. However, renal ASL applications remain limited and the technique has yet to be
incorporated into clinical practice. The sensitivity of ASL to patiemtement, which severely
corrupts the renal perfusion estimates, is arguably one of the greatest factors hindering a wide

adoption of this technique.

This thesisbeginswith an overview of the main concepts addressed in thizrk (kidney
physiology, MRI anéSl. and athorough literature review of previous renal ASL woilhe
problem of patient movement is then addressaithlllevels of the ASL framework by combining

a motionrinsensitive ASL acquisition scheme with a specificallpréed image processing
pipeline. The feasibility of this technique to provide repeatable renal perfusion measurements
is demonstrated in the first paediatric cohort with impaired renal function to undergo renal ASL.
Finally, the critical findings of thikesis are summarised and prospective future research

directions are outlined.
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1 Context

The aim of this thesis is to develop an optimised Horasive Magnetic Resonance Imaging
(MRI) method to measure renal perfusionpaediatricpatients with impaired renal function. In
particular, the technique known as Arterial Spin Labelling (ASL), originally propoBedti &gt

al. will be employed(Detre et al. 1992; Williams et al. 1992)

This chapter provides context and the motivation for the work carried out. It begins with an
introduction to the basics of renal anatomy and physiolagyh special focus on describing the
blood circulation within the kidneys. The problem of Chronic Kidney Disease (CKD) is stated,
together with a discussion on the pressing need for new approaches to abteivofunctional

information of the human kideys, both in healthy and diseased states

Given the specific focus of this wotkwill review existing methods for measurifignal Blood
How (RBF) and some of their drawbacks. Finally, ASL is briefly introducee\asreethod for

the noninvasivein vivo measurement of renal perfusion.

1.1 Basic Renal Anatomy and Physiology

The kidneys are a pair of intebdominal organs, locatedear the posteriorabdominal wall,
behind the peritoneum. Eachdult human kidney hs a weight ranging from 11670g with
approXmate length, width and thickness ranging from-14cm, 5.67.5cm and 2.8.0cm,
respectively(Taal et al. 2012)T'he main anatomical features of the kidneys are depicté&igare

1-1. Two main regions can be identified upon dissection of a kidney. The outer region, the cortex,
with approximatelylcm thicknesgTaal et al. 2012)receives the majority of the RBF and is
where ultrafiltration occus. The darker inner region, the medulla, contains the renal pyramids
which extend towards the renal calyces. Urine passes through these, and continues towards the
renal pelvis, where the calyces converge. The urine then finally leaves the kidneys ttitreugh

ureters.

The kidneys are responsible forange of intricate and crucial tasks which are key to the overall
normal function of the human body. These include a major role in the regulation of fluid volume
within the internal environment, achieved byglitly controlling the ion and acidase balance

and adjusting the amount of water lost in urine. They also filter the blood, removing waste
products as well as potentially toxic foreign chemicals, while avoiding the excretion of useful
substances such asugose or protein. They also have an important role in the production and
secretion of hormones (e.g. erythropoietin) and enzymes (e.g. renin). Finally, the kidney plays

an important role in gluconeogenegiGerid et al. 2001)
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Figurel-1 Renal Anatomy, with focus on the main arteries and vehtgpted from(OpenStax
2016)under a Creative Commons AttributidrD International License.

1.1.1 Blood circulation in the kidneys

The kidneys are extremely well perfused organs. Even though they make up less than 1% of the
total body mass, they receive 20% to 25% of the total cardiac oyfRagan et al. 1995)
correspondingto approximately £1.2L/minin healthy adultgTaal et al. 2012)rhis amount far
surpasses their metabolic requirements. However, it is key to enable high glomerular filtration
rates to ensure appropriate waste removal and a tight control over the blood volume and

concentrationof solutes in the body.

The renal cortex and medulla have different physiological roles and metabolic demands.
Accordingly, there are regional variations in blood flood throughout the kidney to meet the
specificrequirements of these regions. As it arvanto the kidney, all of the inflowing blood
first reaches the renal cortex. Blood is then supplied to the renal medulla by the efferent
arterioles of the deep nephrons, closest to the renal medulla (juxtamedullary nephiTems)et

al. 2012) Blood flow also varies within thmedulla, where per unit tissue it ranges from about
40% to 10% in the outer and inner medulla, respectively, relative to that of the o@tens et

al. 2004)
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Blood is supplied to the kidneys by one of the branches of the abdominal aorta, the renal artery.
Upon entering the kidney, the renal arteries divide into segmesntigries, which in turn branch

into interlobar arteries. These traverse the renal columns and as they reach the renal cortex they
further divide into arcuate arteries, which in turn branch into interlobular arteries. These finally

give rise to the afferetarterioles which supply the nephrons, which will be described later.

Each afferent arteriole leads into an intertwined network of capillaries, knovwagé@mmerulus,
GKAOK (23SUKSN)I gAGK GKS . 26YFyQa OF L¥erdesk S F2NXa (K
the inflowing blood. The blood then exits the glomerulus through the efferent arteriole.
Depending on the location of the nephron (superficial or deep cortex), the efferent arteriole
leads into different vessel networks. doperficialcortical ngphrons (approximately 85% of the
total number of nephrons in the kidneySaladin et al. 2015)the efferent arteriole leads to a
plexus of peritubular capillaries. In nephrons located in the deep cortex, closest to the medulla
(juxtamedullary nephrons), thefferent arterioles descend to the renal medulla giving rise to
long capillary loops, the vasa tac The peritubular capillaries then reunite forming the
interlobular veins, from which the blood flows through to the arcuate veins. The vasa recta drain
into the arcuate veins. From these, the blood then proceeds to the interlobar veins and then
finallyleaves the kidney through a single renal vein and continues towards the vend&mava.

1-1 highlights the main arteries and veins involved in the blood circulatidhe kidneys.

1.1.2 The Nephron

The nephron is the functional unit of the kidney. The number of nephrons in human kidneys
averages approximately 1 million per kidney, and is fixed at birth. There is nevertheless a wide
variation in their number among subjectexceeding a 1fold range(Bertram et al. 2011})
Interestingly, recent studies have been addressing the feasibility of using MRI for counting the
number of glomeruli (and thereby nephrons) in the rat kidreeyvivo(Beeman et al. 2011;
Heilmann et al. 2012)

Two main components are part of the nephron: the renabpuscle, where the blood filtration
takes place, and the renal tubules through which the resulting filtered fluid flows (also referred
to as glomerular filtrate or ultrafiltrate). Thesand their main roles will be briefly described in

the following sectios.

1.1.2.1 Renal corpuscle: filtration
The difference in pressures in the afferent and efferent arterioles (at the vascular pole of the

renal corpuscle) is largely responsible for driving the ultrafiltration proc&@be shorter
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diameter of the efferent arteriolecompared to the afferent arteriole results in a very high
hydrostatic pressure in the glomerulus. Both the hydrostatic pressure exerted in the Bowman's
capsule by the filtrate and the oncotic pressure caused by proteins in blood are not enough to
counteract the glomerular hydrostatic pressure. This forces fluid to move into the capsular
space Relatively large components, such as blood cells and large proteins are unable to traverse
the filtration barriers in the glomerulus and therefore remain in the lolsipeam. On the other

hand, water and small molecules such as glucose, amino acids and urea (among others) readily
cross these barriers and move into the glomerular space, making up the ultrafiltrate. This fluid,
which already differs significantly frometblood in terms of its compaosition, then continues to
move through the renal tubule, where further changes to its composition will occur. The rate at
which ultrafiltrate is generated in all glomeruli in both kidneys is known as glomerular filtration
rate (GFR). Normal values for GRRdults are approximately 188 /min(Taal et al. 2012nd
decrease with ag€Delanaye et al. 2012Yhe GFR is kept at a relative constant lleespite
changes in blood pressure, owing to several mechanisms both intrinsic (autoregulation) and
extrinsic to the kidney (neural and hormonal regulation). These act mainly by regulating the
amount of blood entering and leaving the glomerulus and adjgsthe surface area of the

glomerular capillaries involved in filtratiqitortora & Derrickson 2014)

Another important parameter to characterise renal ftion is the filtration fraction This
corresponds tolte fraction of blood plasma which becomes glomerular filtrate. It is therefore
computed as the ratio of GFR to renal plasma flow (RPF) and is hypothesized to reflect
glomerular hydraulic pressur€lraal et al. 2012)A typical value for thdiltration fraction in
humans is 20%Hall2016) It is worth highlighting that from the approximately 1500L/day of
blood reaching the kidney (of which around 750L/day would correspond to blood plasma), an
excess of 150L/day of filtrate is formed. Given the small fraction of this which wékpond to

the amount of urine produced, clearly there must exist reabsorption mechanisms in place to
ensure that the vast majority of filtrate returns to circulatiohhese ar@lescribed in the next

section.

1.1.2.2 Renal tubule: reabsorption and secretion

The renal tubule initiates at the urinary pole of the renal corpuscle, opposite to the vascular pole
where the afferent and efferent arterioles connect to the glomerulus. Its componentthare
proximal convoluted tubulethe loop of Henle, and the distal conutdd tubule. Thedistal
convoluted tubuls of independent nephrons then drain into the collecting duct, which

transports urine to the calyces, which in turn drain into the ureter. Each segment of the renal
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tubule has its own specialized roles in the prattuc of urine. Two main basic processes occur:
tubular reabsorption and tubular secretion. During reabsorption, filtered substances return to
the bloodstream by moving into the peritubular capillari®soximalconvoluted tubulecells,

with their brush boder to increase surface area, perform most of the reabsorption. Some of the
solutes which are reabsorbed include glucose, amino acids and ions. The increase in osmolarity
within the peritubular capillaries causes water to follow by osmaosis. This is asexgbpmwater
reabsorption that occurs in the collecting ducts, which is dependent on the presence of
antidiuretic hormone. In fact, the reabsorption of both water and ions in later distal parts of the
renal tubule (i.e. after thgproximal convoluted tubulgis regulated by a variety of hormones.

This allows reabsorption to occur in variable amounts which is key for ensuring a fine control
over the volume and osmolarity of body fluids. Tubular secretion, essentially the opposite of
reabsorption, is the proas by which selected substances leave the bloodstream into the renal
tubules. It therefore allows the elimination of substances that could not be filtered in the
glomerulus (e.g. when such substances are attached to proteins). Unwanted substances that
might have been reabsorbed passively, such as nitrogenous wastes are also secreted and make

part of urine.

1.2 Chronic Kidney Diseasand the need for new biomarkers

CKDs characterised by almrmalities in kidney function and usuaditructure, present for over

3 months, with implications for healtfKDIGO 2013)The loss in renal functiomay be
progressive and irreversible and in its most advanced stage leagiisiagerenaldisease At

this point, renal replacement therapy is required for survival, in the form of dialysis or kidney
transplantation. CKD is recognised as a global health burden affecting more than 10% of the
population in many countriefEckardt et al. 2013)ncluding the Wited Kingdom(Archibald et

al. 2007) Worldwide, the costs of treating patients witnd-stage renal diseasehave been
estimated to exceed US$1 trilliofstenvinkel 2010)In England, more than 1% of the total
National Health Service (NHS) spending in 20020 was attributed to CKD, wherenal
replacement therapyccounted for over half of thesmsts(Kerr et al. 2012)It is expected that

in the future this financial burdewill continueto intensify as the incidence of CKD conéauo
increase(Hoerger et al. 2015)Contributing factors for this include population ageing, obesity
and diabetes (Kainz et al. 2015)t is also a weknown fact that CKD patients are at a much
higher risk of developing cardiovascular disease, compared to the general pop(&dimak et

al. 2003; Daly 2007)

In clinical practiceCKD is classified according to the GFR and proteinuria levels. Kidney

transplant recipients are considered to have CKD, regardless of their GFR levels or presence of
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other markers of kidney damag&DIGO 2013 Serum creatinine concentration is commonly
used to estimate the GFReve et al. 2009)see Sectiory.2.4.2for the approach used to
estimate GFR in this workiRecently other markers such as Cystatin C have been proposed to
improvethe precision in GFR estimation procedufieser et al. 2012)Nevertheless, estimated

GFR (eGFR) measures obtained with creatihamed equations remaiimaccurate in certain
patient groupqStevens & Levey 20090 fact, arearly diagnosis may be hindered when relying

on these methods as alterations in the GFR may only occur wrerelisible damage to the
kidneys has already taken plagelaufe et al. 2006; Artz 2010fkarance studies using
exogenous filtration markenmay be necessatp confirmeGFR valueiStevens & Levey 20Q9)

but many of these are costly, cumbersome to use in the clinic, or involve radiation expAsure
such, additional new biomarkers are necessary to allow for an earlier diagnosis and identification
of individuals at higher risk of developing progressive CKD which can lead to kidney failure
(James et al. 2010; Levin et al. 2011)

Advances in molecular biology combined with a very active field of research in renal biomarkers
has resulted in the introduction of a wide array of new potential biomarkers mantyears
(Fassett et al. 2011; Lop&acoman & Madero 2015; Wasung et al. 20M@dical imaging, in
particular through MRI, has also been emerging as a progimplement to these, offering
distinctive advantages and a unique wealth of information on renal physiology. In addition to
the established capabilities of MRI in providing exquisite anatomical detail and tissue contrast
(allowing for precise total kide volume or independent cortex/medulla volume
measurements), MRI is also capable of providing information on blood flow and perfusion
(Becker & Rossi 201 #icrostructure(Thoeny & De Keyzer 2018nd related to oxygenation
(Niendorf et al. 2015)among other physiological parameters. Importantly, all these measures
are obtained in a completelyon-invasive manner and allow for a separate assessment of both

kidneys and even among different regions of the same kidney

1.3 Assessing Renal Perfusion

Renal perfusion relates to the delivery of oxygen and nutrients to tissue, by means of blood flow
occurring on the level of its capillary bed. It is quantified as a volume of blood delivered per unit

time and mass of tissue. Common units are ml/100g/min. In the kidneys, it is intimately

connected to glomerular filtration and tissue oxygenation. Therefoiig,atcrucial parameter in

the pathophysiology of renal disease, making its measurement highly desirable in the clinical
setting. Biomarkers related to renal haemodynamics have the potential of providing an earlier
and more sensitive diagnosis. This is &gy important given the drawbacks of current

methods used in the clinic (as discussed in the previous section). As such, they would not only
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assist in the determination of the best treatment options at an early stage, but also in providing
the cliniciars with a window into the progression of disease. Furthermore, they would offer a
novel follow up method to monitor therapeutic interventionghis additional information might
also have the unexpected benebf providing further understanding on the patgenesis of

specific diseasmaffecting the kidney.

Investigating the differences in regional perfusion in the kidneys has long been of interest to
physiologists (Aukland 1980; Knox et al. 1984lowever, despite decades of research,
developing methods with the ability to quantify absolute regional changes in renal perfusion is

still a challengéPallone et al. 2012; Beierwaltes et al. 2013)

Paraaminohippurate(PAH) clearancstudies are the classical gold standard agatofor the
estimation of effective RRBandilands et al. 2013; Schneider et al. 201IBjs approach is based

in the fact that the vast majority of PAH is extracteaim the blood,due to a combination of
filtration at the glomerulus and especially excretion by the renal tubules. If one assumes the
extraction to be 100% then the clearance of this indicator allowgstimation of RPFhence

the term "effective" renalplasma flow. The disadvantage of this approach, which makes it
unsuitable for clinical practice, is its invasive and teoesuming nature. In addition, the
estimation of RPF in renal disease may be confounded by damage in the renal tubules, which
impairs the secretion process, rendering the assumption of 100% extraction of PAH
invalid. Nevertheless, PAH clearance may serve as a benchmark to validate newer methods to
measure renal perfusion in healthy volunteers. Indeed, recent work byeRét has shown a
correlation between renal perfusion measurements using ASL MRI and RPF measurements using

PAH(RItt et al. 201Q)before and after a pharmacological intervention.

Radiclabelled microspheres have been used to assess organ perfifgiokland 198Q)
However, this method is limited to animal studies as it involves tissue collectiaretAd. found
a good correlation between perfusion estimates in the renal cortex obtained with both

microspheres and ASL in a swine mddithan S Artz et al. 2011)

Warmuth et al. validated renal ASL in the kidney in extracorporeal porcine kidneys, comparing
perfusion estimates obtained with ASL and calibrated Jefi®sv, using an ultrasound
flowmeter (Warmuth et al. 2007 )after normalizing theltrasoundflow measurements per 100g

of cortical tissue.

Scintigraphy has long been used to assess(GR&ntler et al. 969)and to this day continues

to be used for the same purpog€utajar et al. 2015Positronemission tomography (PET) can
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also be used to assess renal perfusi@een & Hutchins 2011)The disadvantage with all
nuclear medicine techniques is their associated radiation burden, invasiveness and low spatial

and temporal resolution.

Computed tomographyLerman et al. 999) offers better spatial resolution, although also
requires the use of ionizing radiation. Contrast agents are typically required which can be
contraindicated especially when complications in renal function are already present
(Beierwaltes et al. 2013)

Dopplerultrasoundhas be@ proposed as a method to measurRBFout its accuracy is limited
(Wan et al. 2008)The more recently introduced contrashhanced ultrasound technique may
provide a favourable alternatié&schneider et al. 201but there are still concerns regarding its
safety(HergetRosenthal 2011)

MRI has been increasingly playing a larger role in the understanding and diagnosis of renal
diseasgqZhang et al. 2014As with all MFbased methods, exposure to ionizing radiation is not

a concern. Information regarding oxygenation and metabolism can be obtaindd Bigiod
oxygenation levetlependent (BOLEYRI (Prasad et al. 1996)There is data suggesting
limitations of BOLD for CKD assesat(Michaely et al. 2012nlthough the future utility of renal
BOLDBMRI is stillunder debate(Inoue et al. 2012)For a recent review on this topic, refer to
(Niendorf et al. 2015MRI can measure perfusion using exogus intravascularacers (based

on gadoliniumchelates) or endogenous diffusible tracers (with ASL). Over the years, Dynamic
contrastenhanced (DCH)IRI has been delivering promising results and providing a wealth of
information regarding kidney functio(e.g.(Lee et al. 2007; Sourbron et al. 200®ifts et al.
2012) among others). Nevertheless, there are still strict impediments to the use of contrast
agents in certain patient group@Kaewlai & Abjudeh 2012) which have provediseful in
diminishing the iniclence of nephrogenic systemibiiosis due to exposure gadoliniumbased
contrast agentgWang et al. 2011)A disadvantage with this technique is the fact thatltiple
measurements within the same scanning session are not possible due to the relatively long
clearance times of the contrast agent. A review of the IMEE methods used to assess renal

function is beyond the scope of tHisesis For a review of thispic, refer to(Jones et al. 2011)

ASL isaMRI technique that allows a quantitative assessment of perfusion without the need for
exogenouD2 Y i N» ad F3Syidad Ly FLFOG:E (GKS &ddzoa2S0iQa
of writing, no other method that can be used to assess perfusion in the kidneys does so in a
completely norinvasive way, while being able to deliver regional perfusiceasurements. This

makes ASL extremely interesting both from the academic and clinical point of view. This work

23



focuses on the optimisation of ASL measurements for the kidneys. As such, both MRI and ASL
will be introduced in its own chapter together with comprehensive overview of previous

efforts to assess renal perfusion with this technique.
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2 Principles of MRI

MRIlis a powerful imaging modality, unique in its ability to Aomasively provide detailed
anatomical and physiological informatian viva It emerged in the 1970s, the fruit of key
developments which allowed the application of Nuclear Magnetic Resonance (NMR) principles
within the context of medical radiology. As such, its basis rests upon the interaction of nuclear

spins and externally applil magnetic fields.

This section aims to briefly summarize the fundamentals of MRI. The discussion is limited to a
physical description of spin dynamics based on the classical Bloch formalism. This allows a
description of the macroscopic behaviour as értains to theNMR phenomenon, which is
sufficient for the understanding of the work presented in this thesis. Readers interested in a
gquantum mechanical treatment of the subject are referredBvown et al. 2014)in particular,

| will address the origin of the NMR signal, MRI physics and the process of image formation. MRI
sequences most relevant to this work will also be described. Furtherraaignificant focus will

be given toASL.the functional MRI technique developed and applied within the context of this

thesis.

2.1 Classical Description MR

2.1.1 Spin and precession

All subatomic patrticles, such as protons, possess an intrinsic nuclear anguatantum, known
asspin The same is true about atoms with an odd atomic number and/or an odd number of
neutrons. This fundamental property is in some ways analogous to the classical angular
momentum. An important difference is the fact thapinis quanized, taking only discrete
integer or halfinteger values. Hydrogen nucléH) are composed of a single proton. Therefore,
they have norezero spin and thus exhibit tHdMR phenomenon. This fact, combined with their
extreme abundance in biological tissug well as relatively high intrinsic NMR sensitivity make
them most studied and widely used nuclei in MRI. Henceforth, | will refer to hydrogen nuclei
(*H) nuclei simply as spins. Additionally, unless noted, | will also assume we are dealing with

proton (*H) imaging throughout this thesis.

In accordance to the laws of electromagnetic induction, a particle with net spin and an
unbalanced charges(g.a proton) produces a magnetic field around itself. Thus, protons also
possess a magnetic moment. If an ex@rmagnetic field® ) is absent, the spins assume

random orientations, causing their net magnetic moment (resulting from the individual

contributions of each spin) to be zero. An external magnetic field acting upon a sample causes
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spins to align with itA typical convention is to refer to the direction along whichis applied

I & @rrdongitudinal directionA number of spin states are possible for a nuclei of €pin
given by¢'O p. Therefore, two {8 p states are possible folH. This enagy splitting

becomes observable when the sample is under the influencg ofAs a result, two spin
populations emerge: spiraigned withé in a parallel orientation (lovenergy state) andpins
aligned withé in an antiparallel orientation (higkenergy state).The difference in energy
between the two states depends on the strength of the applied magnetic diel(seeFigure

2-1). Thermal energy causes a slight preponderance for spins in the lower energy state. The ratio
of the numbers of spins in each of the two populations is described byBiiezmann

distribution:
£ .
- Q 7 Equation2-1

Where¢ and¢ are the populations of spins in the aiparallel and parallel orientations;O
is the difference in energy betweenthe stat& a . 2t G 1 Y| y y'Gsithe @&ofuded | v

temperature.

Solvingequation2-1 for a temperature of 293.15K.€.20J0) and a field strength of 1.5T yields

a population ratio¢ j& equal t00.999998 Despite this ratio being cloge one, typical
samples contain an immense number of protons (on the order of the Avogadro number). This
translates to an excess of spins in thecompared to those in th& population. The
contributions of all the individual magnetic moments add up and the result is enough to
generate a net macroscopic magnetisation, often denoted by the vettoAfter further
manipulation (as discussed below), this magnetisation beconmessnrable, forming the basis

for the NMR signal.

As we can see frofEquation2-1, the difference in the number of spins in each energy state is
proportional to3‘O, which in turn increases with . Thus, a® increases, so does the available

net magnetisatiod! . This is one of the main reasons driving the increase in the magnetic field
strengths achievable by the superconducting magnets of MRI scanners overttdedades. A
larger amount of available magnetisation is desirable from a sigRadise ratio (SNR)
perspective, provided technical challenges associated with high field imaging can be overcome

(e.g.magnetic field inhomogeneities).
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Figure2-1 Zeeman splitting in a spin % systdma sample of 1H nuclei, two spin populations
are observed when an external magnetic fiéldis applied.The energy gap ‘Chetween the

two corresponding spin stageis proportional to the strength of the applied magnetic field

0 8There is a slight preponderance for spins to exist in the lower energy state, i.e. aligned to
0 8The emission of a photon of energyQpccurs with a transition from the high to thewer
energy state.

Another key phenomenon in NMR/MRIpiecessionThe interaction of spins witth produces

a torque which acts perpendicular to the magnetic field and in the direction of the angular
momentum. This gives rise to a circular motion of ihdividual magnetic moments about the
field direction, analogous to the precessional movement of a gyroscope when its angular
momentum interacts with the gravitational field’he precession frequency is given by the

Larmor equationEquation2-2):

1 ro Equation2-2

Where[ is a constant known as the gyromagnetic ratio < 2.675x10 rad/s/T, for 1H).
Frequently, the gyromagnetic ratio is also referred t¢-agheref- =/ j ¢* = 42.58 MHz/Tlt is

worth noticing that the gyromagnetic ratio varies among nuclei. For 23Nd,1.26MHz/T.This

FTILOG OFy 0SS SELX 27 isERISOZNA QSNEYNFAY IS & § 820F dz
species are subjected to the same external magnetic field, their different Larmor frequencies
allow any one of them to be excited while leaving the remaining nuclei undistuiMesdt of

G2 RI @ Qa |6ktéms bpdraté ai dislds of strength 1.5 and 3 Tesla. Fr&guation2-2

it follows that the corresponding Larmor frequencies for 1H are in the radio wave .range
Electromagnetic radiation at this range of the electromagnetic spectrum is able to penetrate the
patient with relatively low power depositionThis allows the phenomenon of NMR to be

exploited in MRI as a technique with ability to probe inside of the dnutmody norinvasively.

2.1.2 Excitation
Even though spin state population differences result in a net magnetisation, this is not directly
measurable. This is because at rest, individual magnetic moments precess at random phases and

consequently, no measurableansverse magnetisation exists. This is depictdeigure2-2.
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Figure2-2 Snapshot of a spin ensemble in dynamic equilibfiumder the influence of an
external static magnetic field . The spins align with , with two populations arising. A slight
preponderance exists (exaggerated in this diagram) for the lowest energy(staikup, parallel

to " ). Individual magnetic moments precess at random phases. The lack of phase coherence
results in no measurable transverse magnetisation component.

>

In order to generate a measurabMMR signal, the equilibrium magnetisation must tigped

away from the longitudinaly) axis into the transversexdoplane. This can be achieved through

the application of an oscillating magnetic fiéld at the Larmor frequency, perpendicular éo

(i.e.in the w ¢gplane) This is also referred tas a radiofrequency (RF) pulse, owing to the short

duration during which it is applied (on the order of a few milliseconds) and the fact that its

frequency is tuned to the radio wave range. The matching of the frequericyanfd the Larmor

frequency othe spin system allow®sonanceao occur.As a result) causethe magnetisation

vectord to experience a torque, being "excited" out of equilibrium. Individual spins will now

precess synchronously. Consequendly,also initiates pecession, generaiy a timevarying

transverse magnetisation which is readily detectable as it generates an electromotive force in a

YSIFENbe& NBOSA@PS O2Af>x I OO2NRAY3 (2 CINYRIFI&Qa tl g 2
supplied to the spin system by adjusting tsteength and duration of thé field, resulting in

RATFSNBY(G RSIAINBSa 2F aO02y@PSNEA2YyE 2F f2yIAGAdZRRAY ! §
carefully tuning these parameters, the equilibrium magnetisation can be rotated byT9@s

brings all othe longitudinal magnetisation into the transverse component, which maximises the

amount of measurable signal. The correspondrigpulse is aptly name Dor “j ¢-pulse. In

general, the anglef rotation is known adhte flip angleThisgives rise tdhe simplest MR signal

that can be recorded, and is known as free induction decay (FID), a rather descriptive name as

it encapsulates the fact that the measured signal results frofmea precession of the net
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magnetisation vector, which is measured wnductionof current in a nearby coil. Furthermore
it hints that the measured signal will eventualiiecay through mechanisms that will be

described shortly.

A depiction of the excitation process can be seeRigure2-3 a). Before the application of the

RF pulse, all available coherent magnetisation is aligned with the external magnetit field
Ft2y3 GKS f2y3IAGdZRAYIE | EA & NAGUKA & | BYISTARR || dz3
soon as® is applied,d stats 6 SAy I G LIHzZAKSRE Ayl 20 pvKIE G NI
simultaneously precessing about thieaxis at the Larmor frequency. In the laboratory frame of
reference(i.e. defined with respectd the magnet in the MR scanner), this results in a spiralling
trajectory Figure23F 0 0 ® ! ANRGFGAY 3 FNIYS 2F NBHeSNBY O
analysis of tk behaviour of! | as itsimplifies the description of many MR phenomefhis can

be thought of as a coordinate system where theplane itself rotates at an angular frequency
matching the Larmofrequencyof the spin system. The excitation processsasn from the

rotating frame of reference is depicted Figure2-3 b). Note the usage abfw and deén the

naming of the orthogonadxesin this coordinate system for distinguishing it from the laboratory

frame of reference. In this case, the precessiootion of! about thed-axis disappears.

¥4

.
VT i
oo s

a) b)

Figure2-3 Excitation due to application of a RF pulsseen in the laboratory and rotating
frames of referencen) In the laboratory frame of reference, the tipping of the net magnetisation
vector'E towards the transverse plane is accompanied by precession about the longitudinal axis.
b) In the rotating frame of reference, itself rotating at the Larmor frequencyprecession is

no longer visible, and the behaviour Bfis simplified to a monotonic tipping towards tkgU

plane. The anglg betweenE and the longitudinal axis is typically referred to as flip angle.
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Even though the behaviour of individual mageetioments is governed by the laws of quantum
mechanics, a classical description of tehaviour of thebulk magnetization vectot is given

by Equation2-3:
N || Equation2-3

Whered 0 R R ,r is the gyromagnetic ratiand || is the applied magnetic field| (k

6 . This equation describes precessiorlofibout the direction of||.

2.1.3 Relaxation

As was alluded to before, as soon as tiegnetisation vectot istipped to the transversém §
plane, itimmediately starts experiencing relaxation. As opposed to the individual magnetic
moments, this causes the magnitudebfto vary with time. These relaxation effects are in fact
one of the major sources of image contrast in MRI, as if theseatiéxist we would have to
rely on proton densities only which waover a much smaller range when compared to the
relaxation times.Two independent effects are at play. Any perturbation to the equilibrium
magnetisatiord will be followed by a recovery process whereby the magnetisation will return

to its thermal equilibrium state, along theaxis:
@ P % 0 Equation2-4
—_— - U U -
Qo Y q

Where"Y is the spirtlattice (or longitudinal) relaxation time, which characterises the rate at
which excitation energy is lost from the spin system as heat to the surrounding environment (in
early NMRexperimentsthis was most frequently thiattice of crystalline solids). In practice, it

is the time required for the longitudinal component of the magnetisation)(to return to 63%

of 0 following the application of a Ypulse.Equation2-4 shows that the rate at which
changes at any point in time during recovery is proportional to the differénce 0 at that

instant (sedg-igure2-4).

Unlike longitudinal relaxation, there is no energy loss involved in the second relaxation
mechanism. Rather, it hinges on the loss of phase coherendbeofndividual magnetic
moments, which manifests macroscopically as a decay of the transverse component of the

magnetisation{§ ), as depicted ifrigure2-5. Thisis given byEquation2-5:
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Figure 2-4 Y relaxation Simulation of the effect of'Y relaxation on thelongitudinal
magnetisationtop) and corresponding depiction of longitudinal magnetization recovery in the
rotating frame of reference (bottom).
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Figure 2-5 "Y relaxation Simulation of the effect of4 relaxation on the transverse
magnetisation(top) and corresponding depiction of spin dephasing in the rotating frame of
reference (bottom).
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- Equation2-5

Where Y is the spinspin (or transverse) relaxation time. The physical basis of this effect is
directly linked to local magnetic field variations, which cause the precession frequencies of
individual magnetic moments to change. The effects of this are easily understood when
consdered in the rotating frame of reference as depictedFigure2-5. In short,individual
magnetic moments will deviate from the Larmor frequency, causing them to fstaming out.

This phase dispersion causes theasurablesignal to be attenuated compared to what it would
have been if all moments kept precessing at the Larmor frequency, where the net sum of their

vectors would yield the maximum possible signal.

It is worth noticing that all relaxation processes occur at much slower time scales than
precession by several orders of magnitude. Whereas relaxation occurs within the realm of
fractions to a couple of seconds, precession occurs approximatély 1@° faster. Also, note

that Y determines the upper limit fofY (i.e.”Y  "Y), given thatin addition to thespinspin
effects described abovéhe transverse magnetization is inherently reduced a&ffects take

place (i.e. return of towards thed-axis) The latter increases with the strength of the static

fieldo .

Combiningequation2-3, Equation2-4 and Equation2-5 we obtain:

Ll rd 6 0 v S0 e Do Equation2-6

Qo Y

This is known as the Bloch equation, introduced by Felix Bloch in(B8th 1946)wheree, «

and » are unit vectors in the laboraty frame of referenceThis provides a phenomenological
description of the precession and relaxation behaviours of the net magnetisation vector, and

accurately describes the signal measured by the receiver coils.

Wheno is no longer being applied, thealy remaining field is the constant fietd . In this case,

| 6 » and the three component equations can be solved to yield:

0 6 Q) 0 mAI106 0 mOBTo® Equation2-7
0 6 Ql 0 mAilGo 0 mOBIo Equation2-8
0 6 0 mQl) O p Q Equation2-9
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The local magnetic field variations related to théeffect are intrinsic to the spin system, as
they relate to the interactions between the dipole moments of neighbouring spins. In practice,
extrinsic factors can also contribute to an enhanced transverse relaxation, such as hardware
dependentd inhomogereities and those caused by the object under study itgetf.thagnetic
susceptibility differences due to dissue interfaces). The extrinsic field inhomogeneities are
frequently captured by a separate decay teffMQ @ ¢ KA & O 0 @ikeyfh®appaerk ( K

transverse relaxation timéeyd,

P P P .
v Y Y Equation2-10
Unlike pure’Y signal losses, those caused tgean be recovered. This leads us into another

key concept in NMR, that of spatho, described in the next section.

2.1.4 Spin Echo

In the spin echo technique, the first step is to apply d@flse tuned to the Larmor frequency

to generate transverse magnetisamh. Natural spin dephasing occurs as spins in different
positions experience slightly different magnetic fields due to local inhomogeneities, causing
their precession frequencies to vary. The corresponding signal decays (free induction decay)
under a"Y envelope as shown iRigure2-5. After waiting for a given amount of timé&Y(Qc),

an additional 180pulse (also referred agfocussingulse depending on theontext)is played

out. This doesiot have an effect on the rate of phase accrual by different spins, assuming they
remain in the same position and therefore continue to experience the same field
inhomogeneities. However, their phase angles are reverSiegly continue to accrue phase as

before, but because the phases had been reversed, this time they start rephasing.

After another'Y'Q¢ time interval following the 18Dpulse their phases converge, yielding a total
signal which is no longer limited bY but rather”Y (seeFigure2-5). Note that if we keep playing

out refocussing pulses at multiples of the echo tiiW&ollowing the first"Y'Qg¢ interval we are

able © acquire data corresponding to multiple echoes, even though their signal continues to
decrease as governed by th¥ of the sample. Several imaging sequences make use of this
approach, such asapid acquisition with relaxation enhancement (RARENNig et al. 1986)
and 3D Gradient and Spin Echo {BRASHJeinberg & Oshio 1991; Oshio & Feinberg 1991)
The latter was the basis for all imaging expets in this thesis and therefore will be described

in its own section (see Secti@®.4.9.
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Figure2-6 Spin echo pulse sequence and corresponding signal evoldtlos horizontal axis
represents time.

2.1.5 Inversion and saturation recovery

By carefully tuning the parameters of an NMR acquisition, one can set up experiments that are
sensitive to different tissel characteristics, such as magnetic relaxation properties. Several
approaches have been developed for timevivomeasurement of the longitudinal relaxation
times of tissue. A simple, yet powerful way of measuring the longitudinal relaxationtifnef(
tissue is the inversion recovery (IR) methdtbld et al. 1968)Closely related is the saturation
recovery technique (SRYicDonald & Leigh Jr. 1973}he latter was used within this thesis for
mapping the’Y relaxation times of the kidneys (s&haptero).

If, for simplicity, we considesin NMR experiment the IR/SR methods are conceptually very

similar to a simple FID experiment, differing only in two main ways. First, prior to the excitation

pulse, an additional pulse is played out. This causes the longitudinal magnetisation to differ from

0 at the time of the excitation pulse. Second, this is repeated multiple times, each with a
RAFFSNBYyG GAYS RSfl& FNRY GKS aYlI3IySdraaridazy
During this delay, different components of the tissue will recover exponentiallyateayiven

by their particular”Y and thus, a’Y contrast will be generated among them. This is then
exploited by converting the available longitudinal magnetisation to transverse magnetisation,
through the excitation pulse and subsequent data acquisit®epeating this at multiple delay

times allows us to sample th& recovery curves of the different tissues. The obtained signal

intensities are then fit to an equation describing longitudinal relaxation Fsgere2-7).
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Figure2-7 Recovery of the longitudinal magnetisation in IR andoBR tissue species with =
1s and assuming = 1 The curves correspond to the theoretical IR and SR fits to simulated
data points, obtained frontEquation2-12 and Equation2-13, respectively for IR and SR data.

As the name hints, IR experiments start with a 18Wersion pulse, which inverts the
longitudinal magnetisation from thé to the ¢ axis(i.e.0 becomes 0 ). Therefore, it is
necessary to allow for a full recovery of the longitudinal magnetisation between repetitions, and
so the time needed for a full inversion recovery experimentibmapping can be quite long.

SR methods addss this by setting the longitudinal magnetisation to zero in the initial step of
the experiment, replacing the 18@ulse by a 90pulse. Therefore, the range of is reduced
from 0 B inIRto ) in SRgeeFigure2-7). For SR, the state of the longitudinal
magnetisation immediately prior to the saturation pulse is not important, sinceJp8@e will
always set) to zero, irrespective of its current value. As such, SR is a moreeffinient

method for”Y mapping.

The Bloch equation for the longitudinal magnetisatifigation2-4) can be solved to yield:

0 6 0 p p AiBQ! Equation2-11

If —= 180 (IR), we have:
0 6 0 p cQl) Equation2-12

If —= 9QJ (SR), we have:
0 6 0 p Q) Equation2-13
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To obtainY maps in a MRI experiment, we combine the methods described to meagwih
an imaging pulse sequender data acquisitionseeSection2.2.4for a description of several

pulse sequencés

2.2 MRIConcepts

So far, we have considered the signal coming from a large sample, where all spinsassipge

at the Larmor frequency. To obtain images, we need to limit the resonance con@iéomhen

the frequency content of the RF pulse matches the precessional frequency of a spin isochromat)
to a welldefined region in space. For standard (2D) MRthwods, spatial localisation can be
thought of as a stepwise approach, where initially a single slice with a given thickness is
"selected" and then further uplane localisation is performed to restrict the MRI signal
generation to small volume elementsoftels) which are the basic components of an image.
Magnetic field gradients are at the heart BIRL Their usage for encoding spatial information
into NMR signals was initially proposed in 1973 by Paul Lautefbauterbur 1973)
Comprehensive desctipns on the topics of signal localisation and pulse sequences in MRI can
be found in the outstanding books by Bernsteinal (Bernstein et al. 2004nd Brown, Cheng

and Haacket. al(Brown et al. 2014)

2.2.1 Slice selection

The process of slice selection is depicte@igure2-8. The application of linear gradient fields
causes the spin precession frequency to linearly vary in space. If we play an excitation pulse
simultaneously while the gradient is being applied, only the narrow band of spins whose
precession fequencies match the frequency content of the excitation pdsevill meet the
resonance condition. Thus, only the spins in this region will be excited, delineatingdefirsdd

2D plane within the patient. The physical shape of the excited region dispem the shape of

the spectrum of the RF pulse. In practice, to obtain approximately rectangular slice profiles
regions it is typical to apply apodized sinc RF pulses Kapae 2-8). Changing the carrier
frequency of the RF pulse allows one to change the position of a slice, whereas the slice thickness
can be specified by adjusting the bandwidth of the RF pulse or the amplitude of the slice
selection gradient. It iffom these regions that all signals which will be manipulated during an

MRI pulse sequence will arise.

36



L

\f\/\f\l

E 3 :
—Az—

Figure2-8 Slice selection using a sinc RF pul§ile a slice selection gradieht is being
applied, the excitation of spinis restricted to a location with thicknes4l The range of
frequenciesax is centered on the Larmor frequengy, typically at the isocentre of the
magnet. Note that the sinc and the rect functions are a Foyr@r. This RF pulse in practice
would correspond to a function truncated in time.

2.2.2 Frequency encoding and-8pace
Having completed slice selection, the task of spatial localisation is effectively reduced to two

dimensionsThe next step is to do 4iplane Iaalisation within the selected region.

After switching off the slice selection gradief® (in Figure2-8) all spins are back to precessing
at the Larmor frequendy . To obtain information along one of the-ptane dimensions,
another magnetic field gradient is superimposed on the main stigfidd , this time orthogonal

to the slice selection gradient.
¢CKSNBE NBE AYyRSLISYRSyidte O2yiNRffSR DDNIORASYI

and"O, which unliked , can be switched on and off. Mathematically, they can be defined as:

&

—a

o6 — Equation2-14
w

. 10 .

Oo — Equation2-15
W

oo 10 .

Oo — Equation2-16
a

We can express the total gradient field as a vector, which is the 3D gradient@€tdmeponent

of the magnetic field, thatis; 6 n°08
Thed component of the magnetic field due to the linear gradients at a point in spége
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6 Mo 08 Equation2-17

Therefore the Larmor frequency depends on the superposition of static and gradient magnetic

fields:

T M 16 08 1 1 M Equation2-18
In the rotating frame, the term disappears. Therefore, during the application of a gradient of

duration ¢hspins isochromats at positiomhave accrued phase given by:

%o DD L ) 1 0 8D
Equation2-19
[ » T 0 ™

Where the vecto

_corresponds to a point defining a specific spatial frequency in theaied

k-space:

[ 70 D@ Equation2-20

It can be shown (seBrown et al. 2014jor an extended discussion) that the demodulated

measuredsignali 0 can be described bquation2-21:

i 0 "0 "Qw Equation2-21

Where”  is the spin density of the object at location

In spatial frequency terms, for thedimension:

i Q " wQ Qw Equation2-22

This shows that for the case of linear magnetic fielddggnts the signal corresponds to the
Fourier transform (FT) of the spin density. Therefore, the inverse FT allows one to recover the

underlying spin density:

" w0 i QQ a0 Equation2-23
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As we continuously sample data as the gradient is being applied (therefore referred to as
readout gradient;O ), we are creating a mapping between frequency and locatfeequency
encoding(FE). The recorded data will consist of the superimposiiothe signals at different
frequencies. A-D FT on the acquired signal then allows to obtain its amplitude (related to the
LINPG2Yy RSyaArdeo F2N) SFOK 2F GKS ardaylfqQa O2
location in the first irplane dimensionThe time between the slieselective excitation RF pulse

and the maximum signal being recorded during the applicatio@ ofis referred to as echo time

(TE).

The goal of MRI is to sample the wholekedpace corresponding to the object (or part offdj

which magnetisation is excited. The combination of gradients and RF pulses deflasphee
trajectory. The longer a gradient with a given polarity is on, the further away from the origin of
kspace®@ Q Q m) adata point will be. The location of a data poinkispace can also

be affected by RF pulses. A typical example is the change of phase caused BypasiE(as

seen in Sectior.2.4.]) which effectively reflects the coordinates of tkespace point across
both 'Q and 'Q axis. There are countless possiblespacetrajectories, particularly if non
Cartesian imaging is considerdd practice, as discrete ggpling of a continuousime signal is
involved, the Nyquist sampling criteria must be fulfilled to avoid aliasing artefacts. This states
that the sampling rate must be twice the maximum frequency component of the signal being

measured.

The concept ok-space andk-space trajectories proves very helpful in the understanding of
many MRI concepts. This the case for pulse sequences, image artefacts and other advanced
techniques, particularly those related to partial sampling, such as partial F@keeberg et al.

1986)or parallel imagingPruessmann et al. 1999; Griswold et al. 2002)

After acquisition, the process known msagereconstructionallows one to convert the signal
acquired in the frequency domain to the spin densitythre image (real) space, where the FT

plays a critical role as seen above.

2.2.3 Phase Encoding

The frequery encoding step, on its own, is not enough to match the acquired signal to the

location of its source. Localisation along the second in plane dimension is achieved by the
process ophaseencoding(PE) The PE concept is based in the fact the application of a gradient

causes dephasing of the components of the transverse magnetisation. Therefore, after a
gradient is applied for a given amount of time, phase is accrued or lost relative to some

reference.Moreover, if we disregard transverse relaxation, this effect persists indefinitely after
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the gradients are switched off, hence the term pha&seoding. This is contrarily to the spin
precession frequencies, which revert to their original values. As we sese, he amount
(angle) of dephasing by a spin isochromat in the presence of a gradient is related to the product
of the gradent amplitude and its duration. In practice, phasecoding relies on the application

of a separate gradient fieldD , appled along the second in plane direction, befé& and

signal acquisition. For complete localisation of the signal, different measurements are
performed, where the only variable during the acquisition is the strength of the PE gradient

magnetic field.

In the end, frequency and phase, are direct correlates of locations in the image. The mapping
between the spatial frequency domaik-¢pace) and the image domain is achieved by 2D FT. If
during slice selection a thick volume of spins is excited (alsoreefedn as slab), spatial
localisation along the third dimension (following the above discussion) can be achieved by

extending the PE principles along this dimensionk3Dmaging).

2.2.4 Pulse Sequences

In an actual imaging experiment, all the concepts addeédses far are combined into MR pulse
sequences. Here | will outline the two elemental MR pulse sequeqQdhs spin echo and
gradient echo sequence¥he concept of echtrain pulse sequences is briefly introduced
relating to theEchoplanar Imaging (®)and Rapid Acquisition with Relaxation Enhancement
(RARE) techniqueBurthermore, a more advanced echr@ain pulse sequence, which derives
from both the SE and GRill be described. It is aptly known as 3adent andSpin Echo (3D

GRASE) and was tfmundation for the all imaging experiments in this thesis.

2.2.4.1 Spin Echo

The physical basis of the NMR spin echo effect was described in S2dtidnFor imaging
purposes (following the principles of sliselection outlined in Sectio®.2.1), the RF excitation
pulse is played during the application of a sketection gradint (O ). Along the same axis, an
additional gradient of opposite polarity, known ggphasinggradient is used to compensate for
the phase dispersion caused by the main siekction gradient. If not accounted, this would
result in signal loss thrmhout the slice. The first step in the process oplane signal
localisation is the application of g@re-phasing gradient which prepares the excited
magnetisation for an echo to occur later. In term&fpace trajectory the phase accrual caused
by the prephasing gradient moves the magnetisation into high spatial frequency areas at the
edge of Qspace(seeFigure2-9 right location 2) Next, a sliceselective 180refocussing pulse is

played to form a spiecho. This occurs when the area under the readout gradiént)(matches
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the area of the prephasing gradient lob&his framework is repeated a number of times
(repetitiong equal to number of required lines along the phasgcoding direction. The only
parameter that varies within each repetition is the gradient moment of the prasmsding

gradient. The time delay between excitation pulses is knowrpstitiontime (TR).
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Figure2-9 Spin echo pulse sequence diagram ansplice trajectorycorresponding to the
acquisition of the outermost positive phasscoding kspace lineTE = Echo time. AD@ralog
to-Digital Converter

2.2.4.2 Gradient Echo

The main difference between the gradient echo sequerfeigure2-10) and the spin echo
sequence is that the echo is achieved by inveytihe polarity of the readout gradient. The
inversion of polarity is necessary because there is no refocussing pulse, whose effect is to reflect
a 'Qspace point with respect to th&space centre. Furthermore, this time spin rephasing is
limited by“Y. The echo time (TE) is defined as the time from the excitation pulse until the echo
is formed. Gradienecho based sequences can be made extremely fast, for example if low flip
angles are used, which removes the need to wait for an extefidedcovery riod. Notable
sequences that make extensive use of the gradigtio principles include theat lowangle
shot(FLASHHaase et al. 198@ndecho planarimaging(EPIYMansfield 1977jechniques.
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Figure2-10 Gradient echo pulse sequence diagram argplice trajectorycorresponding to the
acquisition of the outermost positive phasscoding kspace line.

2.2.4.3 Echoplanar Imaging (EPI)

The main disadvantage tiie basicspin echo and gradient echechniquesis tha they are
inefficient in their use of transverse magnetisatiomlyone Qspace line is acquired per RF
excitation making these sequences prohibitively long in prackEceetrain sequences, such as
Echoplanar Imaging EP), Rapid Acquisition with Reetation EnhancemenfRARI (section
2.2.4.9 andGradient and SpHicho GRASHsection2.2.4.5 address this issue by acquiriag

fraction or theentirety of Qspace after a single excitation.

In EPJoriginally proposed by Sir Peter Mansfi@ldansfield 1977)a train of gradient echoes is
generatedollowing the excitation pulsthrough the application of a series of bipotdternating
gradients along thdrequency encodinglirection. Small phse-encoding gradients (typically
referred to asblips) allow each echo to beifferently phaseencoded to cover different regions
of 'Gspace. This results in aectilinear Qspace trajectoryThe amount of time saved in EPI
relative tothe standardgradient echosequenceis directly related to the number of echoes
sampled following a single excitation, known as the ethin length (ETL). The maximum
achievable ETL depends on thime window during which there is usable transverse
magnetisation wtgh in turn is determined by thé&Y relaxation properties of the tissue.
Extremely high temporal resolutiaand motionrobustdata can be obtained from EPI whiths
allowed this technigue to find wide use in functional and #émle imaging.An in depth
treatment of the family of ERIcquisition schemes, reconstruction approaches and strategies to

deal with common EPI image artefacts is givefSichmitt et al. 1998)

2.2.4.4 Rapid Acquisition with Relaxation Enhancement
RARHEHennig et al. 1986also referred to as Fast Sgiicho (FSE) or Turbo Sfichqis another

key echetrain sequence which in turn uses a serieR6fefocussing pulses to generate a train
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of spinechoesduring which the transverse magnetisation is sardgie fill multiple ‘Qspace
lines.RARE is relatively insensitive to-afgonanceartefacts given that its primary means for
echo generation if RF refocussinginimum scan time can be achieved by acquiring the entire
Qspace after a single excitatiosifgleshot RARE)particularly when coupled witfQspace
undersampling methods sh as partial FourigiFeinberg et al. 19867 his is known as thidalf
Fourier Acquisition Singighot Turbo spin Echo imagiflASTE) techniquéSemelka et al.
1996) It allows highj dzI f A (G & "&-weightediséadsiiotbe performed, whiareable to
freeze patient movement and as suichvefound wide use in abdominal imaging the context

of RARE, ETL is defined as the number of RF refocussing pukseshou in RARE the signal
decays according to¥ (rather than"Y as in EBJ achievable ETLs with RARE are typically lower
than with ERIThis is due to thisnger echespacing in RAREsultingfrom the fact that therate

of production of echoes per unitime is lower when relying on RF refocussing pulses than in the
case of an echo train induced by gradient switchig.important limitation of RARE is the
increased RF power depositiomving to its large number of RF pulséhis isoften addressed

by reducing the number of slices acquired (particularlydasncreases)which limits patient

coverage

2.245 3D-GRASE

Gradient and Spin Echo (GRASE), a pulse sequence introduced by Oshio and Feinberg in 1991
(Oshio & Feinberg 1991; Feinberg & Oshio 19%8d9rporaes the principles of gradient and
spirnrecho. Each time the magnetisation is excited for each repetition of the sequence), a

train of RF refocusing pulses is combined with an alternating polarity readout gradient to enable
the acquisition of multiple'Gspace lines.Different excitations of the magnetisation are
TNBljdSyife NBTSNNBR (2 Fa d&&Kzseisdhe PRNGf thet ST Y S
sequence. Gnther et. al (Glnther et al. 2005¢xtended the original 2D implementation for 3D
imaging, first applying it for brain peision mapping withASL This sequence was used for all
ASLdata acquisitionsvithin this thesis A schematic of this pulse sequence is showRigure

2-11, as well as the correspondif@space trajectory for the case of a mestiot acquisition with

three segments.

The sequence starts with a skablective excitation using a 9pulse. This i®llowed by a spin
echo train, where each refocussing pulse is followed by a peaseding step along the second
phaseencoding direction (also called the partition directiolRljp angle error accumulation over
the spirecho train which causes loss odhsverse magnetisation is avoided by employing the
CarrPurceltMeiboom-Gill (CPMGphase cycling techniquéMeiboom & Gill 1958)In this

approach, there is a Idffset between the phases of the excitation and refocusing pulses
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applying the excitation along th@axis anl the refocusing pulses along thgaxis). Within the
envelope of each spin echo, an #ikRé echotrain is used to acquire a complete partition. This
phaseencoding strategyféectively allows separation of afesonance andy effects along each

of the phaseencoded directiongMugler 1999)

Furthermore, a centric ordering is used in the partition encoding direction. Here, the acquisition
of the Qspace centre is performed within the first spin echo. This ensures that the lower spatial
frequencies inQspace (which specify the contrast oktimage) are sampled with the largest
amount of transverse magnetisation, and thus signal, available. Subsequently, partitions with
positive values o)(i.e. 'Q ) are acquired by evenumbered spirechoes. Partitions in the

"Q region of Qspace are acquired by oduumbered spin echoes (s€égure2-11).

The number of spin echoes following the initial excitation is called ETL, and corresponds to the
number of measured partitions. This may or may not correspond to the final number of
reconstructed slices. A situation where the number of reconstructed slices is larger than the
number of measured partitions is whé@space undersampling techniques are usBdrtial
Fourier (D. A. Feinberg, Hale, Watts, Kaufman, & Mark, 1886ne of suchechniques. It
harnesses the complex conjugate symmetry properthefFourier TransforrfBracewell 200Q)

and can be used to reduce the overall echo train duratfeD)jn a 3DGRASE readoutlsing

this technique, the number of partitions that need lbe explicitly measured can be reduced,

while still being able to reconstruct a full image dataset.

As previously mentionedy effects are most important along the partition encoding direction.
The longer the totalETD,the more transverse magnetisation will decay throughout the
acquisition of a given shot. This translates into blurring along the partition direction, which limits
the effective image resolution. Segmentation of the acquisition into multiple excitation3pe
"Qspace (also referred to ashotswithin this context), can be used to reduce the ETL (and
therefore ETD)Figure2-11 shows one possibility for such a strategy this particular case
showing segmentation along the phasacoding direction, as inlemented in the experiments

in Chapted.
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Figure2-11 3D-GRASE pulse sequence diagram &space trajectoryThis particulafQspace
trajectory corresponds to an acquisition with a centric reordering strategy for the different
partitions and segmentation along thghaseencoding direction (number of shots = &not
shown in the pulse sequence diagram.

2.3 Arterial Spin Labelling

ASLis a noninvasive MRI technique which uses blood water as a freely diffusible tracer to
quantify tissue perfusior{Detre et al. 1992; Williams et al. 199Berfusion relates to the
delivery of blood and thus oxygen and nutrients tostie at the capillary bed level. This
technique is based on the acquisition of a pair of images. One of these images is knawag as a
(orlabel image. The label image is fleansitized through the use of RF pulses that alter the
longitudinal magnetizatin of arterial blood before it flows into the imaging plane, within the
organ of interest. The remaining image, known as "control" image, is acquired without
perturbing the magnetisation of the inflowing blood. Ideally, provided the two images were
acquied in the exact same way (except for the labelling module) and the organ of interest did

not move, a simple subtraction should cancel the signal from the static tissue. This would leave
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us with a purely perfusiomeighted image (PWI), also called (or dfference) image In
practice, this is rarely the case, with several factors introducing errors into the PWIs. This thesis
focuses on one of thesgthat of subject motion. Finally, the obtained PWI is then fed into an
appropriate mathematical model desbing the relationship between thed signal and the
actual blood perfusion. In the end, we obtain a quantitative perfusion map, in relevant
physiological units (typically ml/min/100g of tissue). The major steps in a typical ASL experiment
are depicted irFigure2-12.
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Figure2-12 ASL overviewin ASlL.onePWIis obtained by subtraction of two separate scans: one
acquired after inverting the magnetisation of the inflowing blood and the other without
perturbing it. The result is then fed to @appropriate model to compute quantitative perfusion
maps.Backgrounduppression (BS) pulses (see Se@i@»), which are optionalvere used to
obtain the data in this Figure (using protocols described in Se4t®B. This explains the large
signal intensity difference between the control and labelled images.

Two important features characterise the ASL tracer and therefore the typesasumements

that can be derived from it. First, the magnetic labelling mechanism is based on the excitation
of the longitudinal magnetisation away from equilibrium. The longitudinal magnetisation
naturally tends to recover which means that the label wéltay with"Y, thereforelasting only

for a couple of seconds. This gives rise to an important tafflen ASL. With the exception of
velocity-selective labellingWong et al. 2006)see Sectior?.3.2 one has to wait a certain
amount of time to allow the magnetic tag to move from the labelling site to the tissue of interest.
Clearly if the measurement is performed too soon after labelling, no perfugeghted signal

will be obtained. On the other mal, the longer one waits (potentially allowing a greater amount

of labelled blood to arrive), the greater will be the amount éfelaxation occurring, yielding a
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lower SNR measuremer$econd, the label can freely exchange between the intravascular and
extravascular compartments. This makes the transit time of a given labelled water molecule
from the arterial to the venous side of the circulation longer that the time it takes for its
magnetic label to vanish. Effectively, this means that once the A&&rtreaches the tissue it

will no longer leave, making the ASL measurement intrinsically proportional to the local

perfusion.

Two important shortcomings of ASL can be identified. First, ASL is that it is an inherently SNR
limited technique. This is due the fact that the amount of signal that can be attributed purely

to blood perfusion is a small fraction-526) of the tissue signal. As such, any fluctuation to this
signal caused by factors extrinsic to blood perfusion will confound the quantitative ASL
measurements To address this, in addition to being performed at relatively low spatial
resolution, ASL experiments typically include multiple repeated acquisifadten referred to

as averagesfor the purposes of signal averaging. The second shortapmparticularly
AYLERNIFYyG 6KSYy AYF3IAy3ad NBIA2ya 2F GKS o62Re
sensitivity to motion. This arises from the need to perform an image subtraction to obtain a PWI.
Any subtraction errors resultinffom an inconsisten position of the tissue of interest will

introduce severe artefacts in the perfusion maps.

Compared to more traditional methods that only allow a global assest ofRenal Blood Flow
(RBF) ASL has the advantage of yielding parametric maps which emaabkvaluation of
focal/regional perfusion defectsFurthermore, unlike imaging methods based in exogenous
contrast agents, ASL measurements can be performed multiple times in a single scanning
session. In additiomephrogenic systemic fibrosis not a cacern with ASL, making it ideal for

the perfusion assessment of patients with impaired kidney function and paediatric populations

(see Section.3).

After more than20 years of development, ASL is now regarded as aestlblished technique,
in particular in neuroimaging for cerebral blood flow quantification (GBEjre et al. 2012)

Significant effort is being put forth by the research community for widespread adopti&sbf
into routine clinical practicqAlsop et al. 2015; Mutsaerts et al. 2015pecifically in the

standardization ofcquisition and analysis strategies.

2.3.1 Magnetisation transfer
Different pools of hydrogen nuclé) contribute to the generation of the MRI signal in varying

proportions. The"Yrelaxation times of "bound" protons such as those associated with

membranes or macromolecules are too short for their signal to be detected in conventional MRI
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(i.e.excluding Ultrashort TE (UTE) pulse seque(fRebson et al. 2003; Eylet al. 2007)On the

other hand, mobile protons in "free" water have long enough relaxation times making them the
largest source of MRI signal in most tissues (excluding fat). Nevertheless, it is possible for an
exchange of magnetisation to occur beten the bound and the fre#H pools. This is a process
known as Magnetisation Transfer (MTVolff & Balaban 1989; Henkelman et al. 1993;
Henkelman et al. 20013nd can be seful for several applications as an additional source of
image contrast(Filippi & Rocca 2007)n ASL, though, it acts mainly as a confounding factor
which if ignored may result in an overestimation of perfusion. The RF pulses used to create the
ASL tracer are ofesonance with respect to the water frequney and consequently saturate
spins associated with macromolecules at the imaging location. Transfer of saturation to the spins
in the free water pool then takes place due to the MT effect, reducing the available longitudinal
magnetization. This reducesdlsignal intensity of the resulting tagged image which is a similar
effect to the reduction of magnetisation caused by the arrival of tagged spins to the imaging
region. Many different approaches have been devised to mitigate this problem, as discussed in

the next section.

2.3.2 Labelling Schemes

Throughout the development of ASL, a wide range of approaches were implemented to
magnetically label the inflowing blod#Petersen et al. 2006These can be broadly divided into
three maincategories: Continuous ASL (CASL), Pulsed ASL (PASelaritySelective ASL
Both CASL and PASL have been used extensively for the assess@BFbof wide range of
applicationgDetre et & 2012; Telischak et al. 2015his work, as well as the majority of renal
ASL implementationsé€e Sectior2.3.6 uses the Flovsensitive Alternating InversioRecovery

(FAIR) PASL technig{ilém 1995; Kwong et al. 1995)

CASL was the labelling approach employed in the first demonstrations (Dat&t et al. 1992;
Williams et al. 1992)Typically, a londuration RF pulse is applied piamal to the egion of
interestwhile a gradient is applied in the direction of flow. Blood spins are then inverted as they
pass through the resulting inversion plane by the process of adiabatic fast passage (originally
used for MR angiograph{Dixon et al. 1986) The temporal bolus width is defined by the
duration of the RF preparation pulse. Therefore, thisrao uncertaintyregarding the duration

of the bolusexcept for dispersion effects en route to the imaging slic&g)he time any of the
labelled spins reach the tissue of interest they have experienced the same amdiridexday.
Since in theory all the spins are inverted closer to the tissue ofastethere will be less decay

of the magnetic tag and consequently tB&Rratio of the resulting?WIwill be higher than in
PASL techniqud&ric C Wong et al. 1998)
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The inital implementation of CASL was limited to a single slice, centered between the tag and
control planes. To allow for mulslice acquisitions, Alsogt. al (Alsop & Detre 1998)roposed

a modification to thecontrol acquisition whereby the MT effects are controlled for using a
double adiabatic inversion technique. Two inversion planes are employed at the same offset
frequency to replicate the MT effects of the label acquisition and their combined effect leaves

the net magnetisation of the blood undisturbed.

A different approach which also permits medtice studies and is robust to MT effects is to use

an additional local coil for labelling. This was originally implemented in animal s{ildige et

al. 1994; Silvateal. 1995; Zhang et al. 199&hd later in human studieg&aharchuk et al. 1999)

The robustness to MT effects exists as long as the RF field from the labelling coil does not
interfere with the region to be imaged. Another advantage of this approach compared to single
coil CASL methods is the lpéd lower power deposition (Specific Absorption Rate, SAR) which is
particularly beneficial at higher magnetic field strengths. The requirement of specialist hardware

haslimited the widespread adoption of this technique.

A relatively new technique, based the same flowdriven adiabatic inversion principle as CASL

is pulsedcontinuous (or pseualcontinuous) ASL (pCASDAi et al. 2008)In this approach, the

long RF pulse used in CASL is broken down into multiple short RF pulses, both reducing MT
effects and the SAR. This technique also presents the advantage of being easier to implement in
modern hardware, which is optimized for short, higlowered RF pulses. This is currently the
recommended labelling scheme for the assessmentBfwith ASL in the clini¢Alsop et al.

2015)and it is being increasingly used in renal ASL in recent studieSdbta2-1).

In PASL, a large volume of blood is inverted almost instantaneously (on the order of a few
milliseconds). The inversion of the blood spins is achieved by a spaghdttivefrequency
modulated adiabatic inversion slalather than flowinduced adiabatic inversion (&s CASL

The first PASL technique was EPISTAR-{#ahar Imaging and Signal Targeting with Alternating
Radio frequency) proposed by Edelmetn al (Edelman et al. 1994)hich controlled for MT
effects by playing out identical inversion RF pulses in symmetrically opposite locations with
reference to the imaging slicélowever, this technique had limited mu#ice capabilities as the

MT effectscould only be completely eliminated in the tagntrol subtraction of the slice in the
central location. Improvements to this technique to enable mslitte acquisitions consisted in

the application of a double inversion pulse for the control image ats#wme location as the

inversion pulse for the tag imag&delman & Chen 1998Fhis implementation also solves the
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issue of negative blood signal which may flow into the imaging region after the control pulse in
the original EPISTARethod.

Shortly after the introduction of EPISTAR, the Féawsitive Alternating Inversion Recovery
(FAIR) PASL technique was propo@ésong et al. 1995im 1995) The tag image is acquired

after a nonspatiallyselective RF pulse. In order for the static tissue signal in the imaging region
to be the same as in the tag condition, the control image is acquired aftanarsion pulse

which is slicesdective for the imaging regio(seeFigure2-13). An immediate advantage of this
approach is the fact that no efesonance RF pulses are applied with respect to theginga
region making this technique insensitive to MT effects. FAIR is the most widely utilised PASL

technique, especially in renal applicati(seeSection2.3.6).

Wﬁ
e

Kidneys

Kidneys

[l inversion slab
[ imaging slab

Figure2-13 FAIR labelling modul@rescription of a) slabelective and b) noselective labelling
and imaging slabs

Unlike in CASL, where the bolus length is determined by the duration of the laliHipglse,
in dngle inflow time (TIPASL studies, the accuracy of the perfusion quantification can be
improved by making the bolus duration a known parameter. Several techniques were developed

for this purpose: initially QUIPSS (Quantitative ImagingediuBion Using a &gle Subtraction)
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and QUIPSS (Eric C. Wong et al. 1998nd shortly after Q2TIPS (QUIPSS Il withghie”YO
Peirodic Saturation (Q2TIP@)uh et al. 1999)in QUIPSS, a saturation pulse is applied at given
time "YOafter the labelling pulse, removing the doibution of the labelled spins which arrived

to the imaging region before this time. In the second version of this technique, QUIPSS II, the
saturation pulse is instead applied to the labelling slab at fif@which cuts off the trailing
edge of the btus. The resulting bolus has then known duration equa¥@ Another advantage

of QUIPSS Il is that it allows for mglice acquisitions. Q2TIPS further improves perfusion
quantification by providing a greater saturation efficiency using a periodia of thinslice
saturation pulses whose slice profile is also a better match to the tagging pulse pR&ile?S

was used in all acquisitions throughout the thesis where renal perfusion was quantified (i.e.
Chapters, 6 and7).

Several other PASL techniques were introduced which differ mainly in the procedure for the
mitigatingMT effectson the signal intensity of the ASL difference image and resulting perfusion
quantification, as summarized in a number of reviaticles (Golay et al. 2004; Gunther 2014;

Wong 2014; Petersen el. 2006)

However, many of these approaches are no longer as relevant nowadays sireffebt$ can
be controlled by saturating the imaging volume either before and/or after the labelling/control

inversion plses.

Overall the main advantages of PA8Smpared to CASL are a lower RF power deposition and
lower MT effects due to the shorter duration RF pulses and high inversion efficiency.

Disadvantages are the lower SNR and the dependency on the RF coil coverage.

Velocityselective AS[Wong et al. 2006is a relatively new approackhichmakes use of the
decelerating property of arterial bloodts main advantage ian insensitivity to transit delay
effects since there is no spatial gap that the blood label must travel before it reaches the tissue
of interest. This is achieved by applying non spatsglgctive, butrather velocity-selective
pulses which will label blood spins closer and within thaging region, as long as they are
travelling above a certain cutff velocity. After a given time delay allowing the labelled blood

to reach the capillary bed, an image is acquired whose signal originates from spins with velocity
lower than the cutoff velocity. This condition is enforced by additional velosgjective pulses

during the imaging module.
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2.3.3 Pre and postlabelling saturations

Pre and postabelling saturation pulses increase the accuracy of ASL measurements by reducing
systematic errors whichtroduce signal differences between the label and control conditions
which are not due to tissue perfusion (i.e. result in artificial perfusigighted signal). Such
errors may be caused by residual magnetisation transfer effects, differences in imversio
efficiencies between label and control conditions or imperfect slice profiles. Furthermore,
saturating the imaging volume also ensures that at the start of each TR the state of the
longitudinal magnetisation is always known (nulled), regardless of thatida of the TR of the
sequence, which may vary due to respirattmggering. This allows backgrousdppression

pulses to be used to null the static tissue magnetisation at the time of the excitation pulse.

2.3.4 Background Suppression

Background suppressio(BS)is a technique that aims to improve the sensitivity of ASL
measurements by attenuating signal from staticstis at the imaging region, and thereby
reducing the noise contribution of this tissi(¥e et al. 2000)it builds upon the principles of
multiple inversion recovery suppression introduced by Digbral (Dixon et al. 1991)In this
work, the BSscheme proposed by Ginthet. al (Glnther et al. 2005vas used. Two nen
selective inversion pees are applied at time$ and T to null tissue components with
longtudinal relaxdion rates’Y; andm® ‘Y .Foreach Tl andt are computed using

the following equations:
t YOci g v mg @ 8 U 7 Ty Equation2-24
t YOcl nguv m@ @ 8 ' F TYy Equation2-25

Where'Y ; equalspj Yy . For all our measurementsy; was assigned the value of 700ms
An example of the evolution of the magnetisation faro tissues with different longitudinal

relaxation times before @a acquisition is shown figure2-14.
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Figure2-14 Incorporation ofBSinversion pulsesluring the ASE preparation in the imaging
region prior to the readout modulein this example, TI=1600ms, with nulling of the
magnetisation occurring at t=1500ms, by applyBfpulses at 549ms and 1249ms. At the time

of the acquisition, the longitudinal magnetisation values in the renal cottex (%66ms)and
medulla @ =1412m¥(de Bazelaire et al. 2004)e approximately % and 6% of the equilibrium
magnetisation, respectively. The sequence blocks are not to scale with respect to their temporal
width.

2.3.5 Quantification in ASL

As previously discussed, the most common applicabASL is CBF quantification. Single
compartment models commonly applied for CBF quantification are typically employed in renal
studies. One might argue that this is a limitation since the unique anatomy and physiology of the
kidneys may not be accuratalgpresented by these models. On the other hand, the application
of complex quantification models is not straightforward and may entail loss of precision in renal

ASL due to current technical limitations, in particular the low SNR of the measurements.

Periusion quantification in the original ASL studies was achieved by modifying the Bloch
equation for the longitudinal magnetization by adding a flow term accounting for arterial inflow

and venous outflowWilliams et al. 1992)

A more general approach was proposed by Buxbral (Buxton et al. 1998vhich describes
the evolution of the magnetisation as a sum over the history of the delivery of the magnetic tag

by arterialblood and clearance by venous outflow and longitudinal relaxation:

30 0 ¢ Q woio 040 o0 Qe& )
Equation2-26

O QM z 0G0
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In this equation30 0 is the signal intensity in thdifference image at timé, 0 is the
equilibrium magnetisation of arterial bloodQis the flow, & is the delivery function,
representing the normalised concentration of magnetization arriving at the voxel atdime
i deeis the residuefunction, corresponding to the fraction of tagged water molecules that
arrived at timedeand remain at the voxel at timé Finally& ofdeeis the relaxation function,
corresponding to the fraction of original longitudinal magnetisation in the hag arrived at the

voxel at timedeand remains there at timéandz denotes the convolution operator.

Assuming plug flow conditions, singlempartment kinetics and that as soon as the magnetic
label reaches the tissue voxel it starts decaying with th of the tissue, the following

expressions can be used oo (PASL casd),0 andd o (PASL/CASL case):
nmh m o 30
o |Ql h =30 o 30 t Equation2-27
mh 30 T 0o
io Q7 Equation2-28

ao QfF Equation2-29

Where30is the arterial transit timet isthe temporal bolus width, is the labelling efficiency,
“Y is the longitudinal relaxation time of blood, is the tissueblood partition coefficient for
water (descthing the relative concentration of watein tissue and blood), andY is the

longitudinal relaxation time of thtissue.

The signal in each voxel tife difference image given Bquation2-26 underthe assumptions

represented byEquation2-27, Equation2-28 and Equation2-29 then becomes:

nh m o 30 _
" U S L . Equation
Y ¢cb Qo0 330/Q!) A oh 30 0 30 T
v e L \ . 2-30
¢ch QtQ! f oh 30 Tt o
Where:
atot qt
Ao ’ 00 30 h 30 0 30 t Equation
to bt Q Fose o 2-31
w o t
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p Q Equation
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= 2-32

Quantification can bechievedby performing one or multiple measuremenat different TIs
after the labelling. In the former cased. singleTl measurements), th@ppropriate sub
function in Equation2-30 can be stved for'Q In multiTl studies, the signal intensities in the

difference images ahe acquired Tls are fit tRquation2-30, from which we obtain values for

flow, arterial transit time and, if not prdetermined by the experiment settings, bolus width

(seeFigure2-15).
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Figure2-15 Example of voxelwise muitil ASL fittingLeft ¢ ASL PWI. Middle/right Buxton
model fit to ASL Tderies for voxels 1 and 2, respectively.

2.3.6 Renal ASL

The majority ofASL studies focus on limaapplicationgDetre et al. 2012)One can argue that

the smaller amount of motion involved when imaging the brain plays a role in this. This is
especially true in ASL, since tR&VIs resulfrom the subtraction of two images acquired at
different points in time. Susceptibility artefacts can also be problematic, especially when imaging
the abdomen as shown by Chet al(Chen et al. 1997 ortunately, ASL is simply a preparation

of the magnetization for the subsequent imaging module, which can be optimiseddaugdo

the intended application. Despite these difficulties, the use of ASL to assess renal function has
been steadily increasingvith more than 2Gstudies in humans published in the last 5 ygaee
Table2-1). Furthermore, comparisons with more established methods to agsesd flow have

been performed. Examples include comparison®#apaaminohippurate(PAH clearance(Ritt

et al. 2010) microspheres(Nathan S Artz et al. 201 1)ltrasound(Warmuth et al. 2007and
Dynamic contrasenhanced DCEEMRI:(Winter et al. 2011; Wu et al. 2011; Zimmer et al. 2013;
Cutajar et al. 2014; Conlin et al. 201@gnerally suppaing the premise that ASL can deliver

reasonable estimates of blood flow. A considerable amount of published renal ASL studies

55



address the quantification of perfusion in healthy volunteers and reproducibility of the
technique.More recently, ASL has beased to compar&kBFneasurements in healthy controls
and patients Table2-1 summarisefRBFjuantification results in the majority of these studies,

in humans.

Robertset. alconducted the fist renal ASL experimen(Roberts et al. 1995)hey modified a

2D gradient echo sequence by adding a CASL module for labelling and acquired one axial slice in
7 healthy volunteers during breath hold (BH). Intravascular signal was reduced using a bipolar
gradient pulse aftr excitation.Chenet. al (Chen et al. 1997Qompared two PASL approaches

with echo planarimaging (EPI) and hdfourier singleshot turbo spirecho (HASTE) readout
modules in the brain and kidneys. This study alluded to the potential issues of using EPI in the
abdomen, namelgusceptibility effectswanget. al(Wang et al. 1998)emonstrated the value

of ASL in the early detection of transplant rejection by monitoring renal perfusion changes

following renal transplantation in an animal model.

Berret. al (Berr et al. 1999tilised a partial Fourier turbo spiecho sequence with a custom
labelling schemgBerr & Mai 1999) To reduce artefacts, they segmented the acquisition
(number of shots =Rand acquired multiple averages, resulting imapproximately30-second
acquisition for a single slice. Their saynirtitative approach showed a signal decrease in the
PWE that correlated with the degree of stenosisdiseased kidneys. Kargetr al(Karger et al.
2000) provided additional data showing realistic values for renal perfusion in 10 healthy
volunteers. They aobined a FAIR labelling scheme with a UFLARE (Ultra Fast gleaRane)
(Norris 1991)imaging readout.Michaely et. al (Michaely et al. 2004used a FAIR HASTE
sequence at 1.5T to acquire a siglice at a Tl of 1.2s in healthy volunteers and patients with
different types of renal disease. Three measurements were acquired under a 15s BH, and
measurements with motion artefacts were manually discarded (retrospective sorting). They
performed only asemiquantitative analysis and report significant differences in the SNR
between healthy and diseased kidneys but no significant differences between the different

groups of patients.

Martirosianet. al(Martirosian et al. 2004presented the firsstudy using a TrueFI$Bppelt et

al. 1986)imaging readouin renal ASL. They report an overall better image quality than when
using EPI. The advantage of this method when compared to the pisdyioeferred norEPI
studies is mainly the shorter scan time. They scanned 12 volunteers and 1 renal transplant
patient inBHand free breathing conditions, where subjects were asked to synchronize breathing

with the acquisition. However, they only repaantitative perfusion values for one volunteer,
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which agree with previous studies. Of the 36 acquired coxgrglpairs (freebreathing), only 26

were used for quantification due to differences in position of the kidneys.

As the previous study alluded,tenotion is probably the greatest challenge in renal ASL. Two
conference abstracts have been presented employing navigators for metmmnection
(Warmuth et al. 2005; Gach et al. 2006)

De Bazelairet. alassessed the feasibility of ASL for the study of metastatic renal cell carcinoma
(de Bazelaire et al. 2005Yhey used a backgrowsdppressed FAIR labelling module in
combination with a singlshot fast spin echo readout with multiple averages at 3T. As a partial
validation of the technique, they scanned 5 healthy volunteers and obtained quantitative values
of perfusion consistent witlexisting literature. Interestingly, their data suggested the potential
value of ASL for tumour blood flow monitoring after antiangiogenic ther&anchelet. al
(Fenchel et al. 2006itilised the previously described FATRIeFISBcheme(Martirosian et al.
2004)to scan patients withn(=12 and without (n=6) history ofenal artery stenosi$RAS)In
patients without RAS, the perfusion values obtained under BH aneBiboonditions were not
statistically different. This time they used rigid registration on the-Béhscans, independently

for right and left kidneys. Theyese able to differentiate patients with no or legrade RAS from

those with highgrade RAS.

The first study addressing specifically the problem of motion in renal ASL was published by
Robsoret. al(Robson et al. 2009Using a singtshot sequence ESE, they were able to focus
specifically on reducing motierelated subtraction errors. For this purpose, different
combinations ofBS and breathing strategies were evaluated. Both the variance of the
measurements and image quality scoring bgliologists demonstrathe advantage of using

BS From an SNR poiatf-view, controlled brathing (synchronizing the respiratocycle with

the image acquisitionjvas superior to BH acquisitiongiowever this requires subjects to be
compliant, which maye a problem in the clinic, especially with younger patients. They also
showed that the image quality of fredreathing acquisitions can be improved by performing
retrospective image sorting, allowing only measurements close to-espitation to be
consicered in the averaging procedur&ieferet. al (Kiefer et al. 2009¥canned 11 healthy
volunteers with a singtslice FAIR TrueFISP sequerkeaty measurements were performed
under multiple BHs (total scan time of 08m24s), of which some were rejected to obtain a
consistent dataset befe averagingPerfusion quantification was performed with both the

classical singleompartment model and a tweompartment model which accounts for
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restricted capillary permeabilityParkes & Tofts 2002yhich reduced the overall variability of

the perfusion measurements among subjects.

In the work of Gardenegt. al(Gardener & Francis 201@he useof EPI was revisitetHowever,

this time parallel imaging was usalowingthem to overcome manyf the drawbacks of EPI
when applied to the abdomerSpecifically, Pl revealed usefulness in decreasing the TE and the
EPI echdrain length (ETL) which botbontributed to a better image quality and to the
possibility of coveringhe entire kidney with 7 sliceSimiarly to a previous studgRobson et al.
2009) they compared different breathing strategies and their combination with a BSrethe
Interestingly, their data suggesthat BS reducgthe SNR of the perfusion weighted image and
causal an underestimation of perfusion. They also utilised rigid image registration which
improved image quality in all acquisition methods. After realigntnthey found no significant

difference between perfusion rates measured from flmeathing andBHdata.

Songet. al (Song et al. 2010)ntroduced a freebreathing duainavigated FAIRTrueFISP
approach. The tagged imagé®. acquired after sliceselective inversion) were discarded if the
lungiver interface position was not within the acceptance windowsath navigators. They
acquired 20 singlslice control/tag pairsvith acceptance rates of 460%, resulting in scan
times of 69 min.Ritt et. al(Ritt et al. 2010 FAIRTrueFISBequenceo scan 24 patients with
metabolic syndrome (3 scans were non diagnostic due to poor image qualityyelsfd after
pharmacological intervention. Importantly, this is the first study comparing the ASL perfusion
measurements witlienal plasma flowPrmeasurements obtained by a clearance study with
PAH, where a moderate correlation was found. This stusty suggests the capability of ASL to
approximate changes in kidney perfusibanzmaret. al(Lanzman et al. 2018ganned 20 renal
allograft recipients (FAIR TrueFISP at 1.5T, 30 averages;sicgld| of 1.2s, scan time 4m30s).
They have shown a significant reduction of cortical perfusion in the group of patients with an
acute deterioration of renal function. Interestingly, they cefed the smaller effect of

respiratory motion on transplanted kidneys (located in the iliac fossa).

Artz et. al (Nathan S. Artz et al. 201&psessed inter and intrasit reproducibility in adult
healthy subjects and transplamecipients The scanning protocol consisted of a single slice,
single Tl (TI=1.2s) FATRueFISRacquisition with 32 measurements. They used respiratory
triggering and coached the subjects to avoid breathing during the data readout. They report
reproducible measurements for the cortex, but not for the medullatajaret. al(Cutajar et al.
2012)demonstrated good intraand intersession repeatability of renal ASL measurements in

healthy voluneers using a FAIR segmentedGRASE acquisition scheme. Using this efficient
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readout module, they were able to achieve whole kidney coverage at multiple inversion times.
Prospective respiratory triggering anBS were used to maximise the accuracy of the
measurementsRosset. al(Rossi et al. 2012)so employed a FAIRueFISBequence to assess

the spatial heterogeneity of perfusion in healthy volunteers and patients with mild CKD (CKD
stages1-3). They acquired 30 singdlice, singlell ASL pairs during 3+Hs of 14s. Image
registration (rigid) was used to correct for kidney shifts between the measurements. They found
significant differences both in corticahd parenchymal (i.e. cortex + ohdla) perfusion of the
healthy volunteercompared to the patientsalthough the differences in the latter case were

smaller.

Schneideet. al(M. P. Schneider et al. 2012ave shown, in a group of 34 hypertensive patients,

an increase in renal parsion during aliskiren therapy. Pesliskiren, RBF returned to original
levels, even though the effect of blood pressure reduction was maintained. Imaging was
performed at 1.5T using a standard FAIR TrueFISP under mBldpl&Vanget. al(Wang et al.
2012)hypothesized ASL could be sensitive to changesnal feaemodynamics following the
intravenous administration of furosemide. They scanned 11 healthy subjects with a FAIR single
shot FSE sequence at 3T. They measured a single slice which rediiedf2030 seconds. A
regionof-interest RO) analysis dcortical RBF. Three out of the 11 subjects failedBRand

image registration had to be used for correcting for the resulting motion artefacts. Both cortical

and medullary perfusion was shown to decrease following the administration of furosemide.

Dorget. al(Dong et al. 2013canned 18 healthy volunteers and 13 acute kidney injury patients

with a FAIRFSE sequence at 3T. Three ASL pairs of a single slice at a fixed Tl of 1.4s were acquired
during a BH with duration of 2380s. Despite respiratoryoaching two patients had to be
excluded from the analysis dueBifailure. Data processing consisted of Horear registration

for realignment of the different measurements, followeddogtandard single&eompartment ASL
analysis. They report significaytlower renal perfusion values in the patient group when

compared to healthy volunteers.

Cutajaret. al(Cutajar et al2014)assessed the reproducibility of ASL andME&E and compared
the perfusion estimates obtained with both techniques. For ASL, a similar protocol whasise
described previouslyCutajar et al. 2012)Both techniques were shown to be reproducible,
although interestingly their data suggests ASL is more reproducible thaiMBCHRosignificant
differences were found between the RBF values obtained with both techniquasther
reproducibility study was performed by Giles al (Gillis et al. 2014)They alsademonstrate

reproducibility in theASL measurements, this time at 3T. A single slice was acquired with a FAIR

59



TrueFISRpproachduring BH Image egistration algorithms were then used to-a¢ign the
different measurements. They report no significant differences between two differeniViSL

measurements performed on different occasions.

Tanet. al (Tan et al. 2014)ised a FAIRrueFISBequencencorporatinga low resolution 2D
FLASH navigator to track the position of the Himgr interface (acquired at the end of the main
readout), which allowed for selectiva/eraging according to the phase of the respiratory cycle.
This was tested in 10 healthy volunteers and 5 patients with CKD §fage ). They have
shown significantly highe\&R in freebreathing acquisitionsompared to acquisitions during
BH dueto the higher number of measurements, even after data rejectidihe acquisition
efficiency was 35% in patient3hey obtained significantly lower cortical and medullary
perfusion rates in patientdn the work of Heusclet. al (Heusch et al. 201498 transplant
patients underwent renal ASL using a FAIR TrueFISP sequence at=1&g3 dnd 3T it = 33.
They were divided in two groucording to theiestimaed glomerular filtration rate GFR
(>300r <30 ml/min/1.73m?). Significantly higher perfusion was found in the group with the
higher eGFRThere were no significant differences between the perfusion estimates obtained
at 1.5T or 3T for both groups. Iddition, the perfusion values correlated with eGFR suggesting

the potential value of renal ASL to progid marker of renal function.

Cutajaret. al (Cutajar et al. 2015onducted the first study assessing renal perfasio living

kidney donorsrf = 8) preand 1 year poshephrectomy. Data acquisition was performed with a
similar FAIRnulti-shot 3D-GRASE scheme as prewslyureported(Cutajar et al. 2012Formal

GFR measurements were also performed to allow the cdloulaf the filtration fraction They
reported an increase in GFR in all donors which was accompanied by a comparatividdy, sma
but significant, increase in RPF per kidney, suggesting an increase in blood flow in every
glomerulus (the number of glomeruli is constamueperet. al(Hueper et al. 2015canned 46
patients 411 days after transplantation. Twengjx of the patients had delayed graft function

and were show to have significantly reduced perfusion (using a FAIR TrueFISP ASL method).
ASL perfusion correlated with renal function assessed with eGFR. The\etdpgher perfusion

in the living donor grafts compared to deceased donor grafts. Additionally, #ifeed year

follow up their data suggests the potential of ASL measurements to help determine whether
dialysis will be required after transplantation. This study provides further evidence of the
potential value of ASL for monitoring renal allograft rejectipotentially reducing the need for
invasive biopsies in the early pesansplantation period, a8anget. al(Wang et al. 1998)ad

previously suggested.
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A recent study by Gillet. al (Gillis 2016has also shown significantly decreased renal perfusion

in CKD patients compared to healthy volunteers. Imaging was performed using asticeyle
singleTI (TI = 900ms) FAIR TrueFISP scheme during mBHkipléffine image ragtration with

a correlation coefficien{CC)type cost function was used to ensuatignment ofd , Y and
perfusion data. Work by Reet. al (Ren et al. 2016has shown a reduction in renal cortical
perfusion comparing healthy controls to renal transplant recipients with normal allograft
function. A further reduction was found when comparing the latter group to recipients with
impaired allograft function. A pd#/e correlation between renal perfusion and eGFR in the
transplant recipients was also reported. Scans were performed indreathing without
respiratory triggering owing to the location of the transplanted kidney. Mileal published the

first longtudinal study with matched pairsenal allograft donors and recipients (all clinically
stable)(Niles et al. 2016)Scans were performed with a standard FAIR Tr&e&pproach with

a coached breathing strategy. They found a progressive decrease in renal perfusion in donors
compared to the baseline scane( before transplant surgery) over a period of two years. Half

of the transplant recipients received losartan tapy at 3 months after transplant. Recipients
who did not undergo losartan therapy showed a more marked decrease in cortical perfusion as
compared to the donors. At the 2 year point, cortical perfusion of the losartan group had

decreased about 50% less thidne losartan therapy group.

A recent study by Robsat. alpresents an innovative approach for acquiring volumetric renal
ASL data at nedsotropic resolution(Robson et al. 2016)This is based in a background
suppressed mukshot 3DFSE pulse sequence with a rad@sipace trajectory, which is preceded

by a PCASL labelling module. This was compared to a more standard ASL approach using a single
shot 2D FSE sequence with the same labelling technique, both in terms of perfusion
quantification and SNR of the measurements. 3D acquisitions were performed both during
synchronized and free breathing, whereas the 2D acquisition was performed with synchronized
breathing only. Similar cortical perfusion values and SNR in healthy volunteer®bianeed

with the two techniques. Particularly interesting is that this result was found in both types of
breathing strategies, including in the segmented msiftot 3D acquisitions with a 23 shots, even
though it was acknowledged that image artefacts dhatring were seen in the frebreathing
acquisitions. A semi quantitative evaluation by radiologists of both acquisitions in patients with
renal masses has shown clinical advantages of the 3D sequence due to higher spatial coverage

and thinner slices wbh reduced patrtial volume effects.

Shimizuet. al (Shimizu et al. 2017hvestigatedhow the choice of poskabelling delaytime in

pCASL affects perfusion estimates in the renal cortex. ASL data was aajuB&dwith a
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multislice 2DspinechoEPlat 3 different postlabelling delay times (0.5, and 1.5s) and was

fitted to a typical single compartment model, to yield arterial transit time corre®&HATG

RBF). More perfusion estimates were also obtained using each of the 3 PLDs indepeAdently.
except the PLD of 1.5s exhibited a moderate elation to eRBF obtained with 99mTGAG3
scintigraphy A recent study by Kim et @Kim et al. 2017hot only assessed the reproducibility

of RBFbut also of arterial transit time in both the renal cortex and medulla. For this, they
scanned 25 adult healthy volunteers at 3T, twice (scans 1 hour apart). The acquisition consisted
of PCASL labelling with 4 post labelling delays (0.5, 1, 1.5 andBRmadule, and a 2D spin

echo EPI readout. Each PLD was repeated 12 times for signal averaging, requiring Bititiple
This resulted in a scan time of ~12 min per subjEaky found RBF to be repeatable in the cortex

but not in the medulla (se&able2-1).

Liet. al(Li et al. 2017)ised a FAIR TrueFISP sequence at 3T with retrospective motion correction
(2D navigator + rigid registration) to evaluate differences in RBF between 30 healthy controls
and 33patients with diabetes and stage 3 CKbedianeGFR46.7 ml/min/1.73m?). A single
coronaloblique slice was acquired at an inflow time of 1.5s (50 control/label pairs) and 2s (100
control/label pairs), for controls and patients, respectively. A constdntalue of 1.15 seconds

was used. Cortical andedullary ROIs were manually selected in the final RBF maps. RBF in CKD
patients was found to be approximately half to that of contradl®rtical and medullary RBF
correlated with eGFR. Interestingly, they determined optimal thresholds for separatingtsont

and CKD patients df42.9and 24.1ml/100g/min, with corresponding Youden indexes of 0.85

and 0.64, respectively for cortical and medullary RBF.

A number of studies also shown the usefulness of ASL for the assessement of perfusion in renal
cell caranoma(Cedric de Bazelaire et al. 2008; C de Bazelaire et al. 2008; Lanzman et al. 2012;
Zhang et al. 2016; Yuan et al. 20@&)t included inTable2-1).

In summary, the majority of studies limit the acquisition to a single slice at a fixed TI (typically
ranging from 11.5s). One recent study used a different fixed TI for healthy volun{@é«d.5s)

and patients (T1=2.0s) to account for possible delays in the arrival of the label in the latter case
(Tan et al. 2014)Multiple measurements (up to 40) are performed for SNR benefits and in
certain cases to obtain sufficient data to cope with retrospective sorting ithgas €.9 to reject

data acquired during unwanted parts of the respiratory cycle). Brbatll acquisitions have
been tested, but even in compliant adult subjects this does not completely solve the problem of
motion. Reasons for this include the fact thiae kidneys change position between differdsits

and residual motion exists withiBHs (Holland et al. 1998)n addition, the SNR per unit time of
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these approaches is lower than in freeeathing scans. A common approach is to train scisj

so that they match their respiratory cycle to the specific repetition time of the sequenge (
(Martirosian et al. 2004; Nathan S Artz et al. 2011; Robson et al. ,2816hg others). If they

are able to comply with these instructions, this essentially results in a seriesc&Biis during
which the data acquisition is performed. The applicability of this approach may be limited, as

compliance is likely to decrease in patient and/or young/elderly populations.

Although BS is recommended as the main method to mitigate motiorfeatte in brain ASL
(Alsop et al. 2015)urther work is required to verify if this holds true for renal imaging. BS has
been used sparingly by certain groups, with different conclusions regarding the effectiveness of
the method(Robson et al. 2009; Gardener & Francis 2003 also important to note that as

the degree of BSncreases, the effectiveness of image registration approaches is likely to
decrease. This is the case given that BS reduces the amount of anatomical information to drive
the registration algorithms, particularly if more advanced #imid registration trasformations

are employed. Gardener and Fran@@ardener & Franci2010)used a combination of BS and
image registration, but one might argue that given their 2D acquisition schB®is, not as
effective as what could be achieved using 3D acquisitions, such as in the work presented by
Cutajaret. al (Cutajar et al. 2012)0verall, image registration algorithms are commonly used,
most frequently employig rigid transformations to ralign the different measurements

(averages). Imagbased navigators have also been gaining attention in the last few years.

ASL has been used for the investigation of thiea§ of certain drugs in renal perfusion.
Examples include furosemiq&/ang et al. 2012)aliskiren(M. P. Schneider et al. 2012nd
losartan(Niles et al. 2016)Other therapies have also been researched) fenal denervation

(Ott et al. 2013). Changes in in renal cortical perfusion following intravenous administration of
colloid fluids in healthy volunteers were alssass using ASL by Chowdhetyal (Chowdhury

et al. 2012)
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Table2-1 Review of Renal ASL studies

Reference dyop: || (M Labeling  Readout RBF (ml/100g/min) Highlights
(Roterts et al. 1995) 7 (H) 15 CASL 2D-GE Cortex = 27855, Medulla = 5525 First renal ASL study in humans
(Chenetal. 1997) 2 (H) 15 PASL HASTE Highlights robustness to susceptibility an
(STAR) chemical shift artefacts of HASTE readot
vs. EPI
(Berr et al. 1999 6 (H); 15 PASL HASTE Renal Vascular Disease. ASL signal
7 (P) correlated to % stenosis fromrgy
angiograms
(Karger etal. 2000) 10(H) 1.5 PASL UFLARE  WK=[140-319], 213t55 (rangd, Quantitative assessent; First using FAIR.
(FAIR) meantSD)
(Martirosianetal. 12 (H); 1.5 PASL TrueFISP Cortex = 22@80; Medulla = 50 First timeusing TrueFISP readout
2004) 1 (TrR) (FAIR) 120 (range)
(de Bazelaire etal. 5 (H) 3 PASL FSE Cortex = 27514 (meaxSD) First study @ 3UisingFSE readout
2005) (FAIR)
(Warmuth et al. 15 PASL TrueFISP Image visual assessement only First study using navigators for prospectiy
2005) (FAIR) motion correction
(Fenchel et al. 2006 12+6 1.5 PASL TrueFISP Patients without RAS: 12 Patients with RAS, 6 without. Correlatir
P) (FAIR) WK:240+57 (149,313); between ASL perfusion vs. stenosis grac
Medulla: 117+25 (8§151) and ASL vs SPECT perfusion
Cortex:316+77 (204c434)
(Gach et al. 2006) 15 CASL Singleshot Freebreathing with reatime motion
spiral tracking using a navigator
(Robson et al. 2009 4 (H) 15 PCASL FSE WK= 332140, £31-601) FoundBS controlled breathing and image
Cortex = 418150, @87-706) sorting helpful to reduce motion artefacts

Medulla =223t76, (L65-346)
(meantSDO range)
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Reference dyo4: || (T) Labeling  Readout RBF (ml/100g/min) Highlights
(Kiefer et al. 2009) 11 (H) 3 PASL TrueFISP Cortex = 24511; Two-compartment model reduced varianc
(FAIR) Medulla = 1025 (mearxSD) of the ASL data compared to standard
singlecompartment model
(Gardener & Francis 9 (H) 15 PASL SEEPI Cortex = 34345; Used parallel imaging to reduce EPI ET!
2010) (FAIR) Medulla = 10232 (meaxSD) achievirg full kidney coverage (7 slices). E
reduced SNR of PWIs. Image registratio
improved image quality.
(Lanzman et al. 20P) 15 PASL TrueFISP Stable >3 weeks postansp: Frst study toassesshe perfusion of
2010) (FAIR) 305134, (25847) transplanted kidneysvith ASL. Used fixed
Stable <3 weeks postansp: renal allograft’Y (mean of cortical ROIs in
297144, (215346) the entire patient group)
Acute decrease in function:
(182153, 11278); (neantSD
range); [all cortex]
(Rittetal. 2010) 24 (P) 1.5 PASL TrueFISP 253 + 2(0(Before telmisartaip Metabolic syndrome patients. Moderate
(FAIR) 268 + 25(After 2 weeks of correlation between ASL and PAH
treatment with telmisartan clearance, as well as between perfusior
WK measurements only. changes assessed with both techniques
after treatment with telmisartan.
(Schewzow et al. 3 PASL TrueFISP SNR analysis of PWIs only. Nonrigid registration improved PWiI
2010) (FAIR) quality. Shown 16 averages as a good
compromise between SNR and scan timi
(Song et al. 2010) 8 (H) 3 PASL TrueFISP Cortex = 376, 19878 (mean, Proposed dual navigator approach for
(FAIR) range) motion correction.
(Nathan S. Artzetal 24 15 PASL TrueFISP  Cortex: Native = 334.23, (81456) 14 transplant patients; 10 native kidneys
2011) (FAIR) Transplant = 27832 (125409) broad range of function. Cortical perfusio

Medulla: Native = 7229 (33121)
Transplant 35+15 (1170)

reproducibility: Intravisit CV: 4.8%.0%
Inter-visit CV: 7.6%3.1%
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Reference dyo4: || (T) Labeling  Readout RBF (ml/100g/min) Highlights
(Wuetal. 2011) 19 (H) 3 PCASL GEEPI Cortex = 22¥30; Comparison of RBF estimates with both 2
Medulla = 10321 (meaixSD) and DCHVMRI. Moderate correlation found.
ICC =0.41. Low SNR hindered medull
measurements with ASL.

(Cutajar et al. 2012) 20(H) 1.5 PASL 3D-GRASE Cortex =196 and 204 (mean, twc  First time 3D readout used in renal ASL

(FAIR) scans ¢55 days apart) Multiple TI perfusion quantificatioriYs
determined on a pesubject basis. Shown
good short and long term repeatability of

RBF.

(Rossietal. 2012) 8 (H); 15 PASL TrueFISP  Healthy subjectsCortex = 32853;  dgnificant difference was foundetween

9 (P) (FAIR) Parenchyma = 3@5b1, RBF in healthy subjects and patients wit
CKD patientsGFR 6812 (Inulin mild CKD
clearance):Cortex =263t81,;
Parenchyma 244+77 (meartSD

(A. G. Schneideret 34 (P) 15 PASL TrueFISP Pre-aliskiren= Renal perfusion increased during aliskire
al. 2012) HT (FAIR) 272+25ml/100g/min; During therapy. After withdrawal of aliskiren, renz

aliskiren = 28%29 ml|/100g/min; perfusion returned to original levels.

Postaliskiren =2272+26
ml/100g/min
(Wang et al. 2012) 11 (H) 3 PASL SSFSE Prefurosemide: Shown ASL to be sensitive to changes i
(FAIR) Cortex = 36%41; Medulla = 11825 renal haemodynamics following
Postfurosemide: administration of furosemide. Used nen
Cortex = 31#49; Medulla = 9¥18 linear registration for correcting for failed
(meartSD) BHs (3 out of 11 subjects)

(Dong etal. @13) 18 (H); 3 PASL SSFSE Healthy volunteersCortex = 357  Shown significantly lower renal perfusior

13 (P) (FAIR) 426, 39920; Medulla = 107126, values in aracute kidney injury patient

118+20; AKI patientsCortex =223
392, 292+47; Medulla =89-116,
10517 (range, meatSD)

group when compared to healthy
volunteers.
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Reference dyo4: || (T) Labeling  Readout RBF (ml/100g/min) Highlights
(Ott et al.2013) 19(P) 15 PASL TrueFISP 1-day before RDN = 256341¢278 RBF assessed in patients witedtment
HT (FAIR) 1-daypost-RDN = 263.4, 25277 resistant hypertesionbefore and after
3-monpostRDN = 261.2, 24285  renal denervation (RDN)eRal perfusion
(mean,interquartile rangé and function did not change after RDN
(all WK perfusion values)
(Park etal. 2013) 1 (H) 3 PCASL TrueFISP Cortex = 320 Part of a study assessing féabkty of PCASI
TrueFISP ASL in brain, retina and kidne
(Sugimori et al. 5 (H) 3 PASL EPI Cortex = 28¥49 Acquired data at multiple Tls, but

2013) (EPISTAR performed single Tl quantification using tr

Tl yielding the highest signal intensity

(Cutajar et al. 2014) 16 (H) 1.5 PASL 3D-GRASE Cortex = 26841 (meaxSD) Shown good agreement between RBF
(FAIR) estimates with ASL and DCE. Also found

more repeatable thalCE MRI.
(Gillis et al. 2014) 12 (H) 3 PASL TrueFISP Cortex = 32¥63; Shown ASL to be repeatable over a peric
(FAIR) WK= 229341 of up to 28 days (ICC=0.85; CV=9.2% fc
(meantSD cortical perfusion)
(Heusch et al. 2014, 98 15 PASL TrueFISP Cortex: No significant differences between

(TrR) (n=65) (FAIR) 283161 (eGFR>30 ml/min/1.73in  perfusion estimates obtained at 1.5T or 3

;3 n=60); (both groups). RB¢orrelated witheGFR.

(n=33) 178c o0 O0SDCwXon %Y
n=38)

(Tan etal. 2014) 10 (H); 3 PASL TrueFISP Cortex: Employed a navigator technique émable

5(P) (FAIR) Healthy volunteers 26%27; free breathing scans. BH scans with low

number of measurements yielded very lo
SNR data. Good quality perfusion maps
patients with reduced perfusion.

CKD patients 155+25;
(meantSD)
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Reference dyo4: || (T) Labeling  Readout RBF (ml/100g/min) Highlights
(Breidthardtetal. 20 (H); 1.5 PASL TrueFISP Cortical perfusiorfmeartSD) RBF correlated to eGFR in patients witt
2015) 20 (P) (FAIR) Young volunteers 278+59 chronic heart failure (HF). Correlation
Agematched volunteers 274165 between volumeadijusted global kidney
HF eGFR > 60 ml/min/1.73m perfusionmeasured by P®RI and RBF
171+31 measured by ASL. HF patients with anc
HF eGFR < 60 ml/min/1.73m without renal dysfunction shown to have
14650 comparable RBF.
(Cutajar et al. 2015) 8 15 PASL 3D-GRASE Prenephrectomy: Frst studyto asses®RkPF in healthy living
Kidney (FAIR) 186+36 ml/100g/min; 21432 kidney donorspre and postlonation. RPF
Donor ml/kidney/min per kidney increased in almost all donors
s Postnephrectomy: but not as much as GFR. Filtratioaction
184+37 ml/100g/mn; 253t45 increased in all but one donor pest
ml/kidney/min nephrectomy
(meantSD)
(values for right kidney onhfeft
kidney nephrectomy)
(Hueper et al. 2015) 46 15 PASL TrueFISP 231+15 vs. 33115 Transplant ptientswith delayed graft
TrR (FAIR) (DGF vs. patients with initial function shown to have significantly
function) reduced perfusionASL perfusion correlate
339+19 vs. 24314 (Living donor vs with eGFR. Higher perfusion in living don
deceased donor grafts) grafts compared to deceased donor graft
202+35 vs. 24614 (Allograft
rejection vs. DGF but no rejectior
(all cortical perfusion values)
(Gillis 2016) 24 (H); 3 PASL TrueFISP Healthy volunteers: ASL perfusion correlated with eGFR.
17 (P) (FAIR) Cortex 27%69; WK = 22138
CKD CKD patients:

Cortex =136+37; WK = 14624
(meantSD
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Reference dyo4: || (T) Labeling  Readout RBF (ml/100g/min) Highlights
(Hammon et al. 5 (H); 15 PASL TrueFISP WK = 30F#26 Shown good reproducility study of RBF
2016) 9 (P) (FAIR) Cortex = 33¥35 using ASL for both WK, cortex and medu
HT Medulla = 28@27 measurements
(meantSD)
(Ren etal. 2016) 20 (H); 3 PASL TrueFISP Healthy volunteers: Cortical RBF lower in allografts with gooi
62 (FAIR) Right kidney = 390+61 function (eGFR60mI/min/1.73n¥)
(TrR) Left kidney = 39284 compared to volunteers. Cortical RBF low
Transplant recipients: in allografts with impaired function
eGFR > 60 ml/min/1.73hn = 34) (eGFR 60ml/min/1.73n?) compared to
290175 those with goodunction. RBF correlated
eGFR < 60 ml/min/1.73hn = 19) with eGFR in TrR.
200+90
(Niles et al. 2016) 15 15 PASL TrueFISP Donors: ASlperformed 3, 12 and 24 months pest
(TrR); (FAIR) Baseline = 422+17; transplant in both TrR and TrD. In TrD al:
15 Decrease 2 yeaposttransplant = pre-transplantation. Both TrD a&hTrR:
(TrD) 50+19; perfusion decreased over time, more So ¢
Transplanted kidneys: TrR. Smaller decrease in TrR with losart:
Baseline = 412+19; therapy.
Decrease 2 years pestnsplant =
141+21;
(all cortical perfusion values)
(Robson et al. 2016 4 (H) 15 PCASL 3D-FSE Healthy volunteers: First 3D neafsotropic resolution renal ASI
4 (P) (radial Cortex = 284+21; study. No difference between RBF
trajectory) Patients (renal massesemt measured by 3D FSE and 2EFS&. No

guantitative assessment only

difference in RBF obtained in free vs.
synchronized breathing with 3D FSE. Bet
renal mass detection witBD imaging
readout.
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Reference dyop: | M

(Shimizu et al. 2017, 14 (H)

(Kim etal. 2017) 23 (H)

(Conlin et al. 2017) 7 (H),
8 (P)

(Lietal. 2017) 30 (H);
33 (P)

3

Labelling
PCASL

PCASL

PASL
(FAIR)

PASL
(FAIR)

Readout
SEEPI

SEEPI

TrueFISP

TrueFISP

RBF (ml/100g/min) Highlights
Whole group = 139+38 RBF Quantification performed at 3 PLDs
Young volunteers (n=8, ages-22) Moderate correlation of RBF and effectiv
= 157+38; Older volunteers (n=6 RBF usingmTcMAG3 scintigraphyexcept
ages 5375) = 117+24 for longest PLD (1.5s), when performing
(cortical perfusion obtained with singleTI quantification.
multi-PLDmodelling)
Scan 1: Cortex = 2165%; Medulla = Multi-slice acquisition (4 podabelling

81+21; delays).
Scan 2: Cortex = 215+63; Medulle =~ Two scans ¢hour apart) shown good
79+28. reproducibility of cortical perfusion and loy

reproducibility of cortical and medullary
arterial transittime.

Healthy subjects: RBF derived from slope of ASL differenc
Cortex =151+37; Medulla =25+22 signal (averaged within manually drawn
Patients: ROIs) using up to 16 different Tls. ASL F
Cortex =158t103;Medulla =36£31  estimates agree with those obtained with
(units: ml/min) DCEMRI. Reliability of perfusion
measurement dependent on having more
than twoTls

Healthy subjects: RBF approximately half in patients

Cortex =207+42; Medulla =47+16 compared to controls. Cortical and
Patients (median eGHR®.7 medullary RBF correlated with eGFR. RI
ml/min/1.73m?) thresholds were determined to separate

Cortex =106+36; Medulla =23+9 controls frompatients.

H: Healthy volunteers; P: Patients; RAGE = Rapid Gradient Echo; Wkkidiheye TrR: Transplant recipient; TrD: Transplant Do@vt. Coeféiient of

variation; ICC: Intraclass correlation. HF: Chronic Heart FailWdRP.haseontrast MRIDGF: Delayedraft function; HT: Hypertension
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3 Motion Correctionin MRI

Motion has been a problem in MRI for as long as the technique has existed. It has deleterious
effects on image quality and often renders scans -d@gnostic. As a result, certain MR
sequences need to be repeated during an examination, which in additiadding to the

LI GASYGQa RAAO2YF2NIZI AYyOdz2NE | RRAGAZ2YIE FAYL
the order of $100,000 per scanner due to the added stt@e required to repeat MR scans

(Andre et al. 2015)

A major focus in the MR research community is in establishing MR scanners as fully fledged
scientific measuringnstruments capable of deliveringuantitative measurements related to

Nuclear Magnetic ResonandeNIR) properties of tissue (such as, T, and proton density). This
represents a key advance compared to the more traditional MR acquisitions which instead
PNBE A RS ljdz- t Al GAGS 2N agSAIKGISRE YSIEadaNBYSy
Ultimately, with accurate quantitative measurements, biological tissue (both healthy and in

diseased states) could potentially be characterised based on these pananete

Many of these modern MRI approaches are based on the acquisition of large amounts of data,
routinely involving hundreds of images and different types of contrasts. The full potential of
these rich datasets can only be harnessed if techniques arade pthich ensure that all images

are not only free of motion artefacts but also aligned in the same space allowing them to be
combined. This is the case for many of the MRI methods able to prpladeolaically relevant
parameter maps, such as blood flawaps as obtained with ASL. Ensuringoae¥to-voxd
correspondencehroughout a time series is a challenge when such acquisitions take several
minutes, and even shorter periods of time when tbrgansof interest are under thenfluence

of involuntary mdion, such as that caused by breathing. Furthermore, certain groups of patients
are particularly prone to moving during the scans, due to a variety of medical conditions (such
Fd tIFNJAYAaA2YyQa RAASEH&ASUOUI 2N NBgeHtdeshR G2t SNIF y O
Research on motion correction started in the early MRI d&chultz et al. 1984; Wood &
Henkelman 1984; Haacke & Patrick86) and over the years, a plethora of techniques have
been developed to prevent, reduce and correct the negative influence of motion on image
quality (Zaitsev et al. 2015Neverthelessthere is no universally optimal approach for motion
correction. The wealth of MR techniques existing and the variety of applications in the clinical
arena often mean that tailored motion correction solutions are necessary for a given task. In
fact, reseachers frequently combinmultiple approaches from the large pool of techniques that

have been developeddften acting at different stages of the imaging workflowhese range
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from effective scanning standard operating procedures to prevent motion artefadtee first

place (effective patient training and communication and immobilization devices), avoiding and
reducing the negative influence of motion on image quality uspegialized motion insensitive
imageacquisition techniquesnd correcting artefast throughadvancedretrospective image
processing methodsA significant challenge is to determine the best approach to perform
motion correction in any particular application, as noted in a recent review by Zaitsey

(Zaitsev et al. 2015)

This section aims to introduce the physical basis of met@ated artefacts in MRand to
summarise different approaches that have been developed over the years and are most related

to the work in this thesis.

3.1 Effects of motion in MRI

Before delving into the basic principles which describe the effects of motion in MRI, it is
pertinent to consider the time scale of physical movement by the subject and how it relates to
the different stepdn image acquisition. Firstly, motion artefacts are typically avoided along the
frequencyencoding direction simply because this stage of the spatial localization process is fast
Sy2dzZAK odzadzZ tte fmanvYao (GKFG Fye SYzZo3ySyidk yda K3 aa
not the case for phasencoding, and therefore this is the direction along which motion artefacts
are most common. Nevertheless, in many applications translational motion still occurs on a long
time-scale when compared to the time reiged for acquisition of a compleD or 30Qspace.

This is particularly true in singdhot acquisitions, where all data is acquired following a single
MR excitation In these cases, the total length of time during which data is being acquired is
necesarily small due to relaxation effects, which may allow irghmt motion to be assumed

negligible.

Multi-shot sequences are inherently motisensitive owing to the extended time gap between

the different excitations required for the complete data acqtinsi. In this scenario, both
involuntary physiological motiore(g.respiration) and bulk body motion are no longer slower

than the timescale of data acquisition and can have a dramatic effect on the quality of a given
image. Furthermore, even if muisha motion artefacts are avoided or singdhot sequences

are used, movement can still play a detrimental role in the consistency of the complete MR
dataset, by causing the misalignment of successive images in a time series. This can be addressed

by image rgistration methods (see Secti@b).

As discussed before (see Sectihfl), MR data is acquired in the frequency domai@space)

and thereafter reconstructed into images using the FT. Intrinsic to this process is the assumption
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that the sampled object remains static during the entirety of the data acquisition process Whe
this assumption is violated, the reconstructed image will contain artef&tsm the Fourier
relationship it follows that eachQspace sample is a complex number whagecifies the
contribution of a given spatial frequency to the entirety of the objecthe field of view FOV).

As such, a single point i2space influences the image intensity of every pixel in the image.

Consequently, movement at any point in the scan has the potential to corrupt the entire image.

The simplest types of motion incladranslations and rotations. Their effects in the frequency
domain are wetknown and described by the Fourier Shift and Rotation theorems, respectively
(Bracewell 2000)Consider a 2D objed®@chn . A translated version of this object can be given
by Qo who & . AssumingO'QhQ corresponds to the FT &Raft, the FourierShift

theorem states:

Mo ol © v "0QRQ Q Equation3-1

Therefore, a translation in image space results in phase changes in the frequency domain. In

addition, theFourier rotation theorem states that:

QWA T-06 WO E—~Ih;)O E—t d?A"I' ;é~e ~"OTQ’ AT-0 Equation3-2
QOEMQOE+ QAIl-©

As such, a rotation of the object in thefw -plane causes a rotath of Qspace in the QhQ -
plane by the same amount and directigBracewell 2000)These Fourier relationships are
widely used in algorithms that retrospectively correct movemssiated "Qspace
inconsistenciessge Figure3-1). If there is a means to determine the amount of translational
movement by an object during the acquisition, multiplying the raw data by the complex
conjugate of the added phase term due toid motion corrects for the corresponding image
artefact. Rotational movement may in addition result in missifgpace sections and
interpolation algorithms are required to satisfy the requirement of a regularly sampled grid

imposed by Fast Fourier Trdosn (FFT-pased reconstructionfAtkinson & Hill 2003)

Unlike translational ad rotational motion, there is noa direct relation between nomnigid
motion in imagespace and its effect in the frequency domain. This limits the types of techniques
that can be used to tackle this problem. The physics of the acquisition process and artefact
causes can be elegantly described using matrix notaigatchelor et al. 2005)This can be
solved itgatively with a conjugate gradient scheme to recover the mofi@e image, as long

as the underlying motion is known. Whige al.provided this prior information in the form of a
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patient-specific respiratory motion model, obtained by rogid registraion of a low resolution

training datase(White et al. 2009)External sensors can also be used for this purp@sdille et

al. 2008)
AppIy //
phase ramp

k-space|

k-space|
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Figure3-1 "Qspace operations corresponding to rotations and translations in image sphese
are some of the building blocks d®spacebased motion correction techniques, such as
autofocus or navigatebasedapproaches.

A substantial amount of work on prospective motion correction using external tracking systems
has been performede(g. (Maclaren et al. 2012)Ooi et al. 2013)since the initial proofof-
concept paper by Zaitsest. al (Zaitsev et al. 2006 However,at the moment these solutions

are targeted exclusively to neuroimagiigaclaren et al. 2013)nterestingly, recent research
addresseshe possibility of extracting physiological signals using a markerless external tracking
system(Maclaren et al. 2015)Prospective and retrospective motion correction methods have

als been used in combinatiofMacLaren et al. 2011)

3.2 Autofocus

Autofocus (Atkinson et al. 1997; Atkinson et al. 1999)a retrospective motioorrection
approach whereby trial corrections are iteratively perfied on the raw data and then
evaluated according to a particular cost functi@g(an image quality metric), typicallyitar
reconstruction (seéigure3-2). Ideally, an artefaefree image yields the minimum value for the
cost function. Various image quality metrics have been reviewed previf(Msigee et al. 2000)

Examples of frequently used metrics include the image ent(égkinson et al. 199%®r gradient
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entropy (Cheng et al. 2012verall their minimisation favours images with reduced blurring
and distinct edges. Aufocus has been applied in areas outside the brain, such as the shoulder
(Manduca et al. 2000)wrist (Lin et al. 2007and abdomer{Cheng et al. 2012 hese methods

are attractive as they can be readily applied without additional hardware or modifications to the
pulse sequence, but the optimisah stage can be very time consuming. Nevertheless, recent
improvements in this area tackle this problem by reducing the search space of possible motion
estimates through the use navigato(€heng et al. 20129r performing a more effieint
gradientbased optimisation(Loktyushin et al. 2013)The problem of nomigid motion
correction has also been adebssed recently by Chemrdg. alby approximating nosiigid motion

as localized linear translatiof€heng et al. 2012; Cheng et al. 2018)is framework was also
employed for m&ion correction in angiographfingle et al. 2013)Loktyushin also expded on

their original work(Loktyushin et al. 2013p allow for nonrigid correction(Loktyushin et al.
2015)

Intermediate

image
Corrupted & Corrected
K-space (\5'6‘) image
""'-.ss ‘Qac’o ‘o"
- . .
"-..,~. _-=" minimum
Apply ~ update motion Cost
correction | estimate function

Figure3-2 Autofocus loop

3.3 Motion correction using data redundancy

Modern MRI systems acquire data in parallel using independent receiver coil elements. This
permitted the advent of parallel imaging the second half of the 199@Sodickson & Manning
1997; Pruessmann et al. 1999onstituting an important technical advancement in MRI
technology. Initially devised to speed up MR imagquésgition, parallel imaging can also be
useful to improve image qualitye(g. decreasing blurring in singkhot scans) and redac
artefacts €.g.due to motion). An example shown by Larkmetn al (Larkman et al. 2004)
consists of splitting a corrupted dataset into two in a way that makes each of them amenable to
a parallel imaging reconstruction. After reconstruction, the two itamediately be averaged,
which may mitigate image artefacts, or an image registration algorithm may be used in the first
place to achieve a greater level of data consistency before the averaging procedure. Parallel
imaging carbe used to detect and rejectorrupted parts of kspace, and if the corruption is due

to a shortlived event, thegeneralisedsimultaneous acquisition of spatial harmon{&ASH)
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approach(Mark Bydder et al. 2002)an be used to regenerate the incomplefespace(M
Bydder et al. 2002)Consider a fully sampled dataset whehne facquiredohaseencoded line

is used to generate line p. Because the data is fully sampled, two "versions" ofdinep

are available, the sampled data and the data generated using parallel imaging. If a comparison
of both lines reveals differences consistemth a certain model of motion, the data can be
corrected. This forms the basis of the SMASH navigaigesoach by Byddest. al (Bydder et

al. 2003) The fact that data is corrected instead of rejected is beneficial in terms o$itdeat
to-noise ratio ENR of the final image. Adrawbackis that errorsmay end  propagating
through 'Qspace as the different lines are processedhimData convolution and combination
operation (COCOA) metho@Huang et al. 2010)a synthetic kspace is produced and then
compared to the acquired data for the detection of cqeted data. An optimised combination

of the two then yields an image with reduced artefacts. A different approach proposed by
Atkinsonet. al(Atkinson et al. 2004)ses multicoil data in an optimisation scheme whereby the
artefact source is parameterised and the pardere iteratively adjusted to maximise
consistency of the data from different coils. Also in tineage space, Winkelmanet. al
(Winkelmann et al. 2005)erform a voxelwise consistency check to locate artefacts which are
then removed with an extende8&ensitivity Encodin(SENSHEeconstruction algathm. More
recently, Hwet. al(Hu et al. 2011)ised multicoil data to develop a seffating approach for free

breathing cine MRI.

3.4 Navigators

Navigators are fast pulse sequence eleméntorporated intoa "parent” sequence. They can
provide motionrelated information (bulk motion, respiratory/cardiac phases) and/or hardware
related information €.g. 6 changes(Hess et al. 2012) This information is used either
prospectively or retrospectivelyespectivelyto guide the image acquisitioor reconstruction

to obtain a higher quality imag@ main assumption ighat negligible motion occurs between
the navigator and the acquired data to be corrected. These can be divided into three categories:
i) Qspace, ii) image and ifiee inductiondecay FD)-based navigators. Ehma. alintroduced
the concept of navigator echwith the 1D linear navigatofEhman & Felreke 1989) This is
simply a non phasencoded ine that crosses the centre dspace and allows monitoring of
transhtions in the direction of thecorresponding readout gradient. To resolvepiane
rotational motion, Fuet. al proposed orbitahavigabrs (Fu et al. 1995Welchet. alextended
this concept to three dimensions, introducing thecalled spherical navigatorghich are able
to capture translations and rotations in 3Welch et al. 2002)These improvements require

more data to be aquired which inazases the time required for not only for the navigator
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acquisition but also its processing to extract the motion information. Nevertheless, recent
studies addressed this issue by introducing a tempksteed approach to speed up the
processing of the spherical navigator dafdiu & Drangova 2011; RBleson et al. 2016)
Alternatively, some methods focus on reducing the time necessary for acquisition of the
navigator data, such as the cloverleaf navigai®an Der Kouwe et al. 2006hich limitthe
amount of data acquiredto 3 orthogonal lines crossing the centre ofspace (to track
translations) and 3 quartecircles (to track rotatios), takingless than 5ms to be acquired. A
different approach is to perform an imadpased estimation of the motion parameters during
the scan. Theseret. al(Thesen et al. 200@ddressed the problem of motion correction in fMRI
(functionatMRI) by registering successive mglice echo planarimaging EP) datasets in a
time-series to a reference volume in retdhe and using the obtained motion parameters to
update the imaging coordinates for the following acquisitions. Other iMEged navigators
include PROM@White et al. 201Q)whichhas been used ibrain ASLKZun et al. 2014)and
volumetric navigatorgTisdall et al. 2012which have been shown capable of reducing the
detrimental effects of motion in brain morphometry analyg&ssdall et al. 2016gain, & the
amount of data in the navigator increases, more time is required for its acquisition which may
limit their application especially in clinical sequences, which are optimized to have little dead
time. Fat navigatorgNguyen et al. 2003)ave been combined with highly accelerated parallel
imaging for motion corre@n in neurocimagingSkare et al. 2015; Giahan et al. 2016; Gallichan

& Marques 2017)Finally, FIBhavigators are simplest type of nhavigator, sampled for a very brief
period while no gradients are being applied. Initigiroposed by Brau et. aBrau & Brittain
2006)to gate abdominal acquisitions, these have more recently been used to detect motion and
trigger data reacquisition in the brainKober et al. 2011; Kober et al. 2082 for MRI of the
carotid arteriegDyverfeldt et al. 2014)Another possibility, given their speed is to santhiem
frequently throughout the scare(g.at least every TR) to detect motion and if necessary trigger
the acquisition of a more complex navigator as previously discufs&sbzak et al. 2@).
Extracting motion information from FID navigators @uarent topic of researcfBabayeva et al.
2015)

3.5 Image Registration

Image registration refers to a class ofidge processing algorithms whose aim is to align
structures within images. This is achieved by determining a spatiatbeore mapping between

the pixels in the images. In the medical imaging context, the successful application of image
registration is ake to producedatases which correspnd to what would haveideally been

acquiredhad the patientnot moved. These have been increasingly used to compensate for
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patient motion during image acquisition, which degrades the quality of the data. Image
registraion algorithms have been found useful for a variety of applicat{@uiraset al. 2012;
Oliveira & Tavares 2014including registration of similar types of images (intoa mono
modality registration) and images obtained with different techniques (inbemulti-modality
registration). Registration of data from different subjects is also common, as is registtatio
certain types of atlases, allowing group analyses and comparisons across studies to be
performed. These and many other applications have solidified image registration as an
ubiquitouspre-processing step in the MRI literature, available as part otlyidsed software

packagegAshburner 2012; Jenkinson et al. 2012; Klein et al. 2010)

This section aims to summarise the main components within an image registration algorithm.
These are depicted Figure3-3 and include: a type dfansformationapplied to the input image

to match a reference image, an imagemilarity measure which quantifies the degree of
alignment between two images and aaptimiser, involved in the estimation of the
transformation which maximises the similarity between the images. A particular focus is given
to the discussion of image similarity measures, in particular to those based on information
theory, as some of the invadd concepts €.g.image entropy) are not only useful for image
registration but also in other motion correction strategies relying on image quality measures. An
example of these is the autofocus meth@atkinson et al. 1999; Atkinson et al. 199ich was

previously discussed and developed within the framework of tiesis (seé\ppendix A

Comprehensive reviews on this topic can be foun(Maintz & Viergever 1998; Hill et al. 2001;
Pluim et al. 2003; Zitova & Flusser 2003)

Reference Similarity
Image Measure

Source
Image

l

. Dldn t Converged
w converge Opt'm'sat'on — — »END

Figure3-3 Typical image registration workflow (simplified)

3.5.1 Transformation
Image registration involves the computation of a transformation. This can be thought as the
spatial mappingﬂ whichmaps the position and corresponding intensity fréine pixels in one

imageto another, making them spatially alignehe latter remains sttionary, being commonly
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referred to as reference, or target image. The image which will be transformed to match the

reference image is typically referred to as moving or source image.

The transformation is characterized by its degrees of freedom. Faaoftuencing the choice of
transformation include the dimensionality of the data (2D images or 3D volumes) and whether
it is expected that the object of interest will undergo deformations or distortions during imaging.
Another consideration is the resolati of the data which influences the required accuracy of

the registration process.

In general, we can group transformations in two main families: those bas@arametric
models andnon-parametricapproaches. The latter type of transformations employ i@da
number of parameters characterising a deformation vector for each pixel locatiaassic
example is the Demons algorithffihirion 1998; Pennec et al. 1998l registrations performed
within the context of this thesis belong to the group of parametric approaches. Therefore, non

parametric transformations will not be discussed any further.

The majority of medical image registration tasks involve registration of image voluiuee)
images). A standard approach, in particular when dealing with data from a single sigject,
apply transformationgn which there are six degrees of freedpatlowing forthree translations
YR GKNBS NROGFGAZ2yad ¢KAA A& (y26y & | GNR:
preserving all distances between any pair of poivtdditional degrees of freedom may allow
scaling and skews in addition tmanhslations and rotations. When these are incorporated, we

are dealing with affine transforms, which preserve parallel lines. In 3D, they are represented by
4x4 matrices (using homogenous coordinates). It is worth noting that rigid body transforms are
a special case of affine transforms (unit scaling and zero skews). These have a relatively narrow
range of applications where rigid body transforms do not suffice. This is the case since when
tissue deformations exist, these are usually complex in nature amdtypically limited to
stretching and shearing\evertheless, affine transformations find use generally in initializing
non-rigid transforms, as it is helpful from an optimisation perspective to ensure a good initial
alignment for complex registrations.dditionally, these have been used to correct MRI

hardwarerelated issues, such as image distortigHgl et al. 2001)

Nonrigid deformations are particularly useful for inteubject registrations. An illustrative
example depicting the application of different typestatnsformations in imageegistration is
shown inFigure3-4. Nonrigid transforms allow to model much more complex deformations.
Unlike the previous types of transfos, these have a higher number of degrees of freedom,

sometimes on the order of the number of pixels in the images. A common approach for the
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parameterisation of the deformation fields is using cubsplines(Rueckert et al. 1999; Klein et
al. 2010) A comprehensive review of deformable registration methods can be fouf®btiras
et al. 2012)
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Figure3-4 Different types of image registration transformations this illustrative example, th
transformations were applied independently for each of the objects, an approach which was
used throughout this thesis, as the two kidneys can move independently.

3.5.2 Similarity Metrics

Image registration algorithmsely on specific imagecharacteristics fordetermining the
transformation that best aligns them. Examples of these include points, lines or curves defining
edges, corners or other types of geometric features. Alternatively, the image intensity levels can
be used directlyWe focus on registrationlgorithms which are based on image intensities. As
such, the transformation we recover aims to optimize some similarity measure which takes into
account the intensities of the two images. Specifically, the role of image similarity metrics is to
guantify hav well the target image matches the reference image after the target image has been
transformed. This typically involves an iterative process where, in each iteration, the similarity
of the reference image and the moving image (being brought into alighmith the reference
image) are compared. Several types of image similarity metrics have been developed over time,
and their suitability to a given application is intimately dependent on the types of images

involved.

3.5.2.1 Intra-modality registration
When regiséring images of the same modality, where any changes between them can be
attributed to motion, and to a smaller extent, noise, we are referringintra-modality

registration. Therefore, if two images are aligned, their subtraction yields an image with reduced
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signal throughout the field of view. This is the rationale behind one of the most commonr intra

modality similarity metrics, the mean of squared differen@dS$D) which is defined as:

0 YO UB 00 010 Equation3-3
Where'Q pfB [ are the indexes of the pixels within the field of view of both images@rit
and 'O "Qare the image intensities of the reference and moving images, respectively, at the
pixel locationQAlso widely used are the less restrictive correlatimsed techniques, such as
the correlation coefficient (CC):
B '0Q O0nQ ©

60 Equation3-4
B 0Q OB 00O O

Where’Oand O are the mean intensities of the reference and moving images, respectivrady.

CC allows registration of objects whastensities are related by linear transformations.

However, these metrics face challenges when where there is not necessarily a direct relationship
between the intensities of the source and reference images. This is the case when registering
images of diierent image modalities, or in the case MR\ different pulse sequences atml

MR parameters. An important class of metrics, which are better suited for this purpose have

their underpinnings in information theory.

3.5.2.2 Inter-modality metrics

The concept ofentropy is frequently borrowed from information theory for use in image
processing as a statistical measure of the amount of information or uncertainty in a given
process. The most widely used definition of entropy was introduced by Shannon in his 1948

seninal paper(Shannon 1948 nd defined as:

O niteg Equation3-5

for a process whose evengs>  Xatcurwith probabilities £ X > LJ

Entropy can be interpreted in various ways. It is maximized when the probabilities of all events
occurring are equal. This corresponds to thdestaf highest uncertainty regarding the outcome

of the given process. On the other hand, when the probability of a single event occurring
dominates over all others, we are increasingly certain of the outcome of the process, and the

value of entropy decre&s. Therefore, entropy can be thought of as a measure of uncertainty.
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A practical example is shown kigure3-5, where a number of processes, each characterized by

5 events which occur with different probabilities, were simulated. The entropies of each of the
processes were computed. The outcome of process 1, whose events have the most similar
relative probabilities of occurring, is the most difficult to predict. Bnéropy of this process is

therefore the highest of the set.

20k .I I [ I I i [l Process 1 A Process 2 | @ Process 3
;&* p: 0.1012 0.0514 0.0809
2+ * X
f *K [ 0.2541 0.5652 0.0473
* 0.2545 0.0996 0.0143
2181 *% A i P3
2 ﬂg& ps 0.2924 0.1859 0.8013
{0 1.6 * ] Ps 0.0977 0.0978 0.0562
*ox H 2.1858 1.7963 1.0790
14 * *
121
1 1 Il 1 1 1 . 1
0.1 0.15 0.2 0.25 0.3 0.35

Standard Deviation

Figure3-5 Entropy of general processdsach data point in the plot corresponds to a simulated
process, each with 5 possible events which occur at different probabilities. Three processes are
highlighted (Processes 1, 2 and 3), and the probabilities of their events are shown in the table
on theright-hand side. The higher the uncertainty of the outcome of each process, the higher
the entropy (Process 1). In this context, entropy can be thought as a measure of dispersion of
the probabilities of the events. Although not the same as standard dewiagintropytendsto
decrease as the spread in the probabilities increases.

Another common interpretation of entropy is as a measure of information. The closer we get to
a process with a single event dominating in terms of its probaluifityccurrence (Rrcess 3 in
Figure3-5), the lower the amount of information. This can be understood as in the limit where
a single event is 100% likely, entropy will be zerp (1 T @ m). Indeed, the amount of
information in this process is zero as we already knew its outa@préoriwith certaintybefore

it took place.

In the context of image processinge focus on the probability distribution of the grey levels

within an image whegomputing its entropy. The entropy is maximized for an image whose grey

levels occur at equal probabilities (Image Aigure3-60 @ !y A Yl 3S gAGK | avYlffSN
Ay T 2 NX¥(ieij & |&rgE proportion of voxels converging at a similar intehsifyl have a

smaller entropy (Image B Figure3-6). Image entropy therefore decreases as the histogram of

Fy AYF3AS 3SG& daKIFENLISNEP® ¢KAAa Aa dzaSR Fa GKS ol aj
work. Similarly to as discussed abowethie limit where all the pixels of an image have the same

intensity, entropy izero.
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Figure3-6 Simplified example of image entrogy image A, all intensities occur with the same
probability, which maimises the information content of the image, and thereby the value of
entropy. When a larger proportion of pixels converge around a similar intensity level (Image B),
the entropy value is minimised.

Shannon also introduced the concept of joint entrd@hannon 1948)n the context of image
registration, joint entropy provides a measure of the ambof information in the combined
reference and moving images. This can be conveniently represented by a joint histogram. Each
axis in the joint histogram contains the range of possible intensities for each image. Each entry
is obtained by counting the maber of times a given combination of grey values occurs in

corresponding locations of both imagdadure3-7).

Pixel value in B

Pixel value in A

102

0.15

0.05

Figure3-7 Joint histogram corresponding to images A and Bigure3-6. In this instance, the
value of the joint entropy equals the value of teatropy of image A as all combinations of
intensities in the 3x3 images occur only once.

This is particularly useful when attempting to align two images, and the basic rationale for this
is depicted irFigure3-8. Taking a renal MRI image as an exanlgeneratedan additionalset

of images by applying translations of different amounts in the hiead direction to the original
image. The degree of misalignment beevethe images increases with the absolute value of

the translation applied. This is easily visible in theckerboard images combining one pair of
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original and translated images. As the degree of misalignment increases, the locations of
corresponding anamical structures in both images no longer match. This translates to joint
histograms with increased blurring, as the likelihood of finding the same combinations of image
intensities in corresponding locations of the two images decreases. In a way aratogine
entropy of a single image, the joint entropy increases as the intensities in thehjstogram
spread from the weltlefined clusters which exist when the images are aligned. Even though the
particular example ifrigure3-8 deals with intramodality registration, it is important to realise

that these clusters will exist regardless of the relationship between the intensities of
corresponding structures in botimages. This is the property that makeit entropy-based

information theoretic measures suitable for interodality registration.

The joint histogram can be normalized by dividing it by the total number of voxels. The result is
a joint probability densy functionr] "@Qof images A and,Bvhich is used for the calculation of
the joint entropy (Hg):
O naQl 1 gao
h

The joint entropy was first proposed as an image similarityrimér image registration in 1995

by both CollignorfAndré Collignon et al. 1998hd Studholmé&Studholme et al. 1995)

A known issue with using joint entropy for this purpose is that optimiiifige. minimizing the

joint entropy of two images) may in fact resultarfailed registration Thisis the case because
minimization of joint entropy occurs when the all entries in the joint histogram cluster around a
single value. Depending on the field of view and structure being imaged, a large proportion of
the voxels in bth images may correspond to air. A jognitropy based optimization may
therefore result in a maximisation of the correspondence of air in the two images at the expense

of ensuring the alignment of other structures, as this would yield the sharpest jisiaignam.

This is known as the overlap problem and other metrics have been proposed which perform
better and are somewhat less sensitive to this problem. One of these metrics is mutual
information, another informationtheory conceptproposedas a similarit metric for image

registrationin (A Collignon et al. 199and (Viola & Wells 1997)t can be defined as:
© O 0O O°

Where 'O and 'O are the marginal entropies of images A and B, computed within their
overlapping volume. Their values will be low when background intensities make up a large

proportion of this volume.
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Figure 3-8 Influence of increasedmage misalignment onimage theoretic measure§oint
histogram, joint entropy and mutual informatiprimage A, a coronal oblique anatomical image

of the kidneys, was translated the in planey direction from-22 to 22 pixels with increments

of 1 pixel. This generated a new set of images (Image B) which were overlaid to image A. Joint
Entropy and Mutual information between the two was computed (plots). For the translations
correponding to multiple values of ten, a checkboard image combining image A and B
(neighbouring squared tiles displaying voxels from different images), and the joint histogram of
the two images is displayed. Note that for the case of no translatienigentical images) all

grey level counts lie on the diagonal of the joint histogram. Although these images are of the
same subject / modality, which is a case which could be handled by one of the simpler similarity
metrics, this example suffices to illusteathe inner workings of information theoretic based
similarity metrics.

A maximisation of mutual information therefore will correspond to a scenario characterized

simultaneously by:

1 High marginal entropiesoth images will contain a relagly high amounof

information, avoidingimages dominated by background.
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1 Low joint entropy:large amount of shared information between the two images,

implying they are aligned.

This explains why mutual informatigmer seis less sensitive to the overlap problem when
compared to the joint entropy alone. Further robustness to changes in image overlap was
demonstrated by Studholmet al. (Hawkes et al. 1999yho proposed a hormalization scheme

for the mutual information, which outperformed the standard mutual information measure in
inter-modality MRCT andPETMRregistrations:

000 ———
(@)

A comprehensive review of mutual information based registration applications can be found in

(Pluim et al. 2003)

3.5.3 Optimisation

hLIGAYA&aLrdGA2y A& STFSOGAGSte I adaSLwAaS LINRBOSaa ek

which brings the structures of interest into alignment.dractice, a given transformation is
applied to the moving image and the corresponding output is compared to the reference image
using an image similarity metric (see section above). This result informs the registration
algorithm with regards to the transfmation to apply in the next iteration, if convergence has

yet to be reached. A key component of this step is the optimisation strategy. An evaluation of
the complete parameter space by performing an exhaustive search is rarely performed as a
multitude of efficient numerical optimisation techniques can be employed to tackle this issue.
This is of crucial importance as the computational burden of a registration task increases rapidly
with the complexity of the transformations €. their number of degrees dfeedom). Examples

of such techniques include: Gradient DescdrgyenbergMarquardt, Newtoritype methods
(GausdNewton and QuasNewton), Robbing 2 Y NBR 2 52 gy KATf § {AYLX SE
method, stochastic and evolutionary algorithms, among others. Aildet description of many

of these algorithms can be found (Rress et al. 2002)n (Maes et al. 1999)and in(Klein et al.

2007) In the latter, Kleiret al. (Klein et al. 2007@valuated a subset of the existing optimisation
strategies within the framework of a cubigspline based deformation model and a mutual
AYF2NXYEGA2Y AaAYATFNRGE YSFadaNBEd® LYLRNIhe yitex
computational time considerably without compromising the accuracy of the registration results

by using fewer voxels to calculate the cost function and its derivatives, especially when using
stochastic gradienrbased algorithms, which do not require thexact derivatives to be

computed. An example of algorithms amenable to this type of approach is the Rébim®
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(Robbins & Monro 1951)n fact, Kleiret al. (Klein et al. 2007fpund this gproach to perform

the best among the methods assessed in their work.

In 2009, Kleiret al.further proposed an automatic approach for an adaptive determination of
step size along the search direction, to be used in conjunction with the Relblung
optimisation approachKlein et al. 2009)This was the optimization technique used for all
registration tasks in this thesis, as implemented in the epeure registration toolboxelastix
(Klein & al. 2010)
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4 Investigation and minimisation of the sources of image

artefact in 3BDGRASE ASL of the kidney

Part of this work was presented at an European MRI conferéNeey et al. 2015aand a
National MRI conferenc@Nery et al. 2015b)

4.1 Introduction

As discussed in Secti@3.6 renal ASL using a segmied, backgrounguppressed 3E5RASE
acquisition scheme with respiratory triggering has been shown to be reproducible in healthy
volunteers(Cutajar et al. 2012)allowing for multislice studies with a range of Tls. However,
when scanning less compliant subjects, motion represents a significant hurdle that needs to be

overcome before AStan be routinely applied in the clinic.

This chapter describes an investigation into the sources of image artefacts due to motion in
multi-shot 3BDGRASE ASL of the kidneys. The primary aim was a thorough overview of the image
acquisition and reconstructioscheme to identify the major sources of artefacts due to
movement during the image acquisition. Even though motelated artefacts that corrupt the

ASL blood flow maps may arise at different steps of the acquisition and processing pipeline, here
the foaus was on the quality of the individual ASL perfusi@ighted imagegPWIs) Further

issues related to alignment of different sets of image data requiredRemal Blood FlowRBIFy

calculation €.9.0 and”Y) were addressed elsewhere in the thesis (S&&pters).

We scanned healthy volunteers who were instructed to move and change their respiration
patterns during the scan to examine the major sources of motion and their effects on image
guality. Different schemes based on the -BIRASE pulse sequence were comparkd.
retrospective analysis of the effectiveness of respiratory triggering during irregular breathing
was performed by synchronizing the respiratory waveform recordings to the data readout
instants, allowing identification of instances where respiratorygeigng was unable to ensure

data acquisition at a consistent point in the respiratory cycle.

The 3BGRASE pulse sequence was chosen as the basis for renal ASL experiments within this

thesis as it constitutes an attractive image readout module for ASIsoRgdor this include:

1 Intrinsically highersignatto-noise ratio (SNR of 3D imaging which is particularly
important for a low SNR technique such as ASL. This is also advantageous in paediatric
imaging due to the lower amount of signal available (comipaely smaller structures

to image);
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1 Fast wholekidney coverage

1 Consistenbackground suppressidBS}throughout all slicesall slices are excited at the
same time so BS is equally effective in all of them, unlike in 2D-slio#imethods;

1 Exactly thesame inflow time for all slice$or the same reasons as in the previous point;

1 Reduced SAR when compared to F8&e to the lower frequency of spicho
refocussing, particularly important for high field strength imaging;

1 Lowersensitivty to field inhomageneity/susceptibility effects than gradient eckoho

planarimaging EP) due to spin rephasing at th@space centre in each partition.

4.2 Motion-sensitivity in segmented 3E5RASE ASL

As discussed ifiection 2.2.4.5 acquisition schemes based on the-GRASE pulse sequence
either consist of a singlexcitation (singleshot imaging) or require multiple excitations for
completely filling'Qspace (multshot imaging)In both casesintra-shot motion (i.e. motion
occurring during the imaging readous$) assumed to be negligible given the sampling time for
each shotwhich is necessarily short (typically less than 300ms) to avoid severe degradation of
the image qualitydue to signal decay during the echo tra®n the other handin the case of
multi-shot imagingthe time between the acquisiti@of the different segmentsorresponding

to a given 30Qspaceis much longer. Within these larger time intervatster-shot motion is

bound to occur when scanning less compliant subjects, especially in the paediatric population.
When an objectd.g.a kidney) changes position between the acquisiiofhdifferent segments,
phase inconsistencies will be present among the prersmding lines of the fully samplé@

space as discussed in Sectidil This will generate artefacts along the phaseoding
direction in the reconstructed inges.Unless the amount and type of motion was precisely the
same during acquisition of the ASL control and labelled imalgedevel of artefacts wildliffer
among them Consequently, the quality of tHeWI (resulting from a subtraction of the twis)
sewerely affected geeFigure4-1).

One obvious strategy to reduce inconsistencies in the position of the kidneys related to
breathing effects is simply to acquire dataring subjectoreath-hold. Nevertheless, this is of
limited applicability in paediatric MRI given the difficulty that children have in consistently
holding their breath for a reasonable amount of tirf@havhan et al. 2013Yo allow for free
breathing scans with some degree of robustness to breathing motion, respiratory bellows are
typically used in abdominal MRI. These record a waveform corresponding to diaphragmatic

motion and as such offer a proxy of the kidney moventhrg to respiration.
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Control Difference Anatomical Scan

b) Slice 6/12; TI = 2700m:

Figure4-1 Sverely corrupted imagefom a multishot 3DGRASE ASlataset (transplant
patient). Motion between the acquisitions of the different segments; [
combination of blurring and ghosting after image reconstructidhe red arrows point to the
kidney, almost invisible in these slichse to a combination of BS and motion artefacts.

Throughout all the experiments in this thesis, respiratory bellows wser to prospectively
triggerthe nonselective and slaBelective inversion FAIR ASL pulses at thesampitation stage
of the respiatory cycle. This ensures all inversions to be consistently applied at the same point
in the respiratory cycle. Furthermore, this also increases the probability of different shots at the
same Tl to be acquired in the same part of respiratory cycle, signily decreasing breathing
related motion artefacts. The drawback with using triggering is the increase of the acquisition

time, since the true acquisition TR varies according to the duration of the respiration cycle.

An additional source of error existshenever multiple image volumes are acquired and
combined during the processing stage, either to enhance SNR (such as the case of averaging
several measurements at the same TI) or for mliltiperfusion quantification using
compartmental models. Despite ¢hindividual images being artefaftee, the position of the

target tissue may vary throughout the time series (d§6gure4-2). In fact, this is always a

potential ssue in ASL since two image volumes are required to obtain a perfusion weighted
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image. Different techniques can be used to address this problem, such as image registration
(see Sectiord.5) andimplemented inChapter6 or the use of retrospective sorting algorithms,

as reviewed in Sectios€e Sectior2.3.6 and implemented irChapters.

2100ms 2300ms 2500ms 2700ms

Figure4-2 Renal interscan translational movemeniThe kidneys ardargely atconsistent
positions during the acquisition of each shot in a given Tl, yietdivgjly artefactfree images.
However, the different Tl lengths result in adsjtions at varying parts of the respiratory cycle.
Thevalues below each image correspond to the Tl used for the corresponding acquisition.

4.3 Methods

Renal ASL data, in the form of reconstructed DICOM images, was available at the start of this
project which had been previously acquired with a midliot 3DGRASE sequence. A careful
visual inspection of these data revealed a fiomial amount of motion artefacts. These included
blurring and ghostingappearance of replicas of the object or its structuresngl the PE
direction). The nature of these artefacts makes it challenging to confidently discern their cause,
whether it is involuntary movement due to breathing, bulk body motion, flow or peristalsis.
Imagebased registration algorithms are not suitabla fcorrecting these types of artefacts,
since the data corruption occurs at tfiespace level. Consequently, appropriate data correction
algorithms must also act at this level. As such, access to théQspace data is paramount.

Furthermore, even thougrespiratory bellows had been used, physiological informatientke
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respiratory trace) for these data was not recorded. These three main reasons motivated the
acquisition of a new renal ASL datasets, in healthy volunteers, where both respiratory
wavebrms and rawQspace data were recorded. Acquiring data in compliant healthy volunteers
is advantageous as it is expected that motion will be kept to a minimum. Furthermore, tasks may
be assigned to attempt to replicate some of the common artefacts and tinderstand their

origin.

Recording rawQspace data was made a mandatory step in the standard operating procedures
for an (at the time) ongoing study where renal ASL data was acquired in transplant patients also
using a multishot 3BDGRASE sequences guch, some of these data is also shown in this chapter,

even though | was involved only in scanning, but not recruiting these patients.

4.3.1 Optimisation of the acquisition loop structure

Image reconstruction software was developed to serve as a basis famefi@space based
motion correction algorithms.For each scan, the raw datadssentially a file which strings
together all outputs from theanalogto-digital converter (ADC)uring data acquisition (in the
order they were acquired) together with specific headers for e&dpace line containing
information useful for the reconstruction algorithm. The order in which data is acquired (as
implemented in the pulse sequence softe® on its own, can have a dramatic influence in the
motion sensitivity of a mukshot multiTI ASL sequendérom an implementation poirbf-view,

acquiring alfQspace volumes is an iterative procéssluding four main loops:

1. Segments (or shots) Iqm iterates to completely fill a 3Mspace in segmented
acquisitions;

2. ASL loopalternates from the control to tag condition;

3. Inflow time (TI) loop iterates to acquire all Tls specified in the scanning protocol;

4. Averagingloop: iterates to acquire all masurements specified in the scanning

protocol (for averaging purposes);

The averaging loop will no longer be discussed for two reasons: first, no averaging was
performed in all experiments in this chapter. Secondly, this was the outermost loop in the
sequence implementation and thus did not directly contribute to an increased sensitivity to
motion artefacts. Through an analysis of the raw data fitegas found that the loop structure

used in the acquisition scheme was syftimal from a motion sensitity perspective Firstly,

the innermost loop in the image acquisition is the ASL loop. Previous work supports this choice
to reduce ASL subtraction errofBerr et al. 1999; Alsop et al. 2013\)ter one iteration of this

loop, the firstQspace segment at the first Bl acquired for both control and tag conditions. In
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the following steps, instead of acquiring the remaining shots at the first inflow time, all first
segments corresponding to all TIs were acquired. Only then the remd®spgce segments

were acquired. &r a hypothetical Zegment 2T1 acquisition, the ordering of the scans is thus:
C.S1.TIE-T.S1.TI3--C.S1.T---T.S1.TI2-C.S2. TI%4-T.S2.TI:--C.S2.TI2-T.S2.TI2

Where C/T correspond to Control and Tag scans, S1/S2 refer to segments 1 and 2, d&d TIL/T
refer to the two specified Tls. This results in a long interval of time during which the patient can
move and thus introduc&space inconsistencies which manifest as motion artefddiss time
dependdargelyon the length of the perfusion time sesd.e.number of Tls in a given protocol)

This loop structure (from now on referred to as loop structure #1, LS#1) is depic¢tgpine4-3,

as well as an example from an actual acquisition which shows that in this case (6 Tls), separate

segments corresponding to the sarf@¥space were acquired approximately 1 minute apart.

We mdlified the sequence loop structure (now referred to as L®#2nodifying the sequence
source codeso that the outermost loop is the "TIs" loop (deigure4-4). Follaving the previous

example, the new ordering is:
C.S1.TIE-T.S1.TI3:-C.SZTL---T.L.TL---C. 4. TR---T.L.TR---C.S2.TI2-T.S2.TI2

The time between the acquisitions of the different segments corresponding to the ‘Qspace

is significantly reduced (from approximately 1 minute to less than 10 seconds in the example in
Figure4-3 and Figure4-4). In addition, a major advantage of LS#2 is that any given bulk body
motion event no longer potentially affects all Tls in the acquisition but instead motion artefacts

are now "localised" to the Tl wheraé motion took place.

Shot 1 (S1) Shot 2 (S2) Shot 3 (S3)
: | [ : \ : \
Seg loop
Tls loop
z
LS# ASL loop L Pa—
® tag
Tls loop
Seg |00p | 1 1 1 1 1 1 | 1 |

20 40 60 80 100 120 140 160 180 200
Time (s)

Figure4-3 Original loop structuréLS#1)sedin multi-shot multiTI 3DGRASE ASL acquisitions
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TlIs loop 3r
Seg loop

TI(S)

@®  control
@ tag

LS# [ ASL loop

Seg loop
Tls loop 00

20 40 60 80 100 120 140 160 180 200
Time (s)

Figure4-4 Modified loop structurgLS#2jor multi-shot multi- TI 3DGRASE ASL acquisitions

4.3.2 Retrospective investigation of motion during acquisition

As mentioned in the start of this chapter, potentially useful motion information &lable in

the respiratory bellows waveform. Thistised during the data acquisition but neecorded by
default for a retrospective analysisitside the scanner. This is the case for the software version
which interfaces with thiRscanner used in thisork (Siemens NUMARIS/4 VB1l7i&phabled

the automatic recording of the respiratory trace amplitude, together with the triggering
instants, by modifying the sequence source code. Combining this with the timesiainips
acquisition of the differeniQspace segments (which can be parsed from the raw data headers)
one can create plots as shownkigure4-5. This allows one to precisely identify where in the
respirabry cycle the image readouts occur, and as we will show later in this chapter, provides a
handle into understanding common motion artefacts in this type of sequehiais. particular
example shows that the enexpiration "static" portion of the respiratory cycle varies
throughout the scan. In addition, due to the different delays between the trigger and data
acquisition, longer Tls can be acquired at different parth®fespiratory cycle when compared

to the shorter Tls.

6 Legend:
Data acquisition
Trigger instant O

~

Figure4-5 Example of a mpiratorywaveformrecorded with bellowswith highlighted instants

of triggering(gray dotsland data acquisitiofgray olumns). Note that the columns highlighting

data acquisition are in their actual time scale (readout durations of 237ms). The numbers in the
top of the plot indicate the shot index in the acquisition.
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Anotherpotential source of motion informatiors embelded in the 3BGRASE pulse sequence.
Non-phase encodetines are acquired immediatebefore the first refocusing puldseeFigure
4-6). These lines are used to coctghase errors related to the data sampling under alternating
polarity readout gradient§EPI modules within 3BRASE pulse sequenceés}ourier transform

of any of these reference lines yields a projection of the obgdabg the orthogonal direction
of the readout gradientIn our acquisition the readout gradient is along thdead® Foot
direction. Therefore, our hypothesis is that these data intrinsically contain mettated
information along this direction, which is the direction along whitbathingrelated kidney

movement is predominant.

RFA(O;
[
Y

0°, 180°, 180°,

E

ADC A [YVVVVVVVVL VYV VYV

Figured4-6 Non-phase encoded scans embedded in theGRASE pulse sequericeEPI Nyquist
ghost correction A Fourier Transform of these yieldspeojection of the object along the
orthogonal direction of the readout gradient (Héa&oot in our MR protocol)

Finally, as a last tool to investigate the source of motion artefacts, we performedfitedo
reconstructions of the individuallspace segmes. The rationale behind this is that even
though aliasing artefacts will be present in the reconstructed images, because the low number
of segments (one third of the fullspace data acquired per excitation), the approximate
position of the kidneys dimg acquisition of each segment will be possible to discern. An
example of this approach is givenFigured-7, which depicts a simplified motion simulation, as
well as undersampled reconstruction 6fspace segments. The vertical translations applied to

each of the segments are clearly visible in these reconstructions.
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fully sampled recon  shotl zerafilled recon  shot2 zercfilled recon shot3 zerdfilled recon
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shot2 shift = 30 pixels shotS shift =-15 pixels

Figure4-7 Simulation of the effects of mulihot motion and zerdilled reconstructiorof each
segment The second and third segments where shifted in thedapvn direction. This results in
ghosting along the phasencoding direction in the fullgampled reconstrction.

4.3.3 MR acquisition and Subjects

MR data was acquireth a Siemens Avanto 1.5T scanner (Siemens Healthcare, Erlangen,
Germany)running the Siemens NUMARIS/4 VB18&aftware version. Both the spine coll
embedded into the scanner table andladicated abdminal array coilvere used. The latter is
composed of two clusters, each with 3 coil elements in therigfit direction, whereas the spine

coil has eight clusters also with 3 elements each in therigffit direction (of the eight clusters,
three or fourare active, depending on the FOXmulti-TI FAIR 3IGRASE pulse sequensed
Figure2-11) was used, with segmentation (number of shots = 3) in the pleasedingdirection
(left-right). Rartial Fourier(factor = 0.75wasused in the second phasancoding (or partition
encodingXdirection(anterior-posterior).Sliceselective prdabelling WET saturation pulsé3gg

et al. 1994)as well as a single pektbelling sinc saturation pulse were usdthchcoronat
obliguevolume is comprised of 12 partitions with 5mm thicknédse fieldof-viewwas400mm

0l SFR h C22G0 P JRapdYERere, fesaciivelf3000/amBk8ing. iplane
resolution was 3.1mm x 3.1mm. The bandwidth and espacing were, respectivel®170Hz/Px

and 0.6msFourteen controtag ASL pairs were acquired at Tluea ranging from 100ms to
2700ms with 200ms incrementilo data averaging was performefdespiratory bellows were
used to capture a waveform corresponding to the breathing cycle with a sampling frequency of
50Hz, allowing triggering of the ASL inversialsgs at eneexpiration.Background suppression

is implemented as described (@lnther et al. 2005)seeFigure2-14), resulting in a consistent

suppression across a range of (BeeFigure4-8). Spectral fat saturation was used. AlFGRASE
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images were reconstructed elihe usingprograms written by myself iMATLAB (Matlab

R2013a (The MathWorks, Inc.)).
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Tl (ms)

Figure4-8 Longitudinal magnetisation available at the time of tRé-excitation pulse over a
range of TIs used in our measuremerBanulation performed fof| relaxation timesof 966ms
and 1412mscorresponding respectively to theenal cortex and medulléde Bazelaire et al.
2004) at 1.5T

To plan the different experiments to be performed withirsingle MR scannirggssionaround

60 minutes, a preliminary analysis of the time penalty due to the use of respiratory triggering
was performed. The dataset consisted of 58BRASE ASL scans from 15 subjages (years)
=31 18 (mean std), range=141). These were data acquired outside of the scope of this
project with a similar protocol as described above. The nomimal Without respiratory

triggering) scan time"% ) of a 3BBGRASE ASL acquisition is given by:

e ¢ YY O 0 0
Where theg factor accounts for the acquisition of two distinct sets of images (control and tag).
For a multishot 0) acquisition with 14 TIs, TR of 3 seconds and no averaging,

) is252 secondsThe true acquisition time (including triggering( ) of each of

the 58 scansvasdetermined by calculating the time elapsed from the acquisition of the first to

the lastQspace linsusing the timestamps dahe raw MR data. The ratiod 4]
was calculated for each scan. A boxplot summarisinghe 70 results is shown
in Figure4-9.
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Figure4-9 Triggering time penaltpoxplot in 58 3BGRASE ASL scans, calculated as the ratio
b 1B . The central line corresponds to the mediahe edges of the box to the
25% and 75% percentiles (q1 and g3, respectively). Rangsr than q3+.5q3¢ ql) or smaller
than ql¢1.5g3¢ gl)are considered outliers.

Thetesting protocol is summarised rable4-1 (localiser scans are not included).

Table4-1 Volunteer 3SDGRASE ASL scans

Scan# Task Loop Structure dl veodg 4 vl «v 4 ILv
1 Stil LS#1 12 3 12
2 Still LS#2 12 3 12
3 Still * 10 1 12
4 Still * 10 1 12
5 Bulk Motion LS#1 12 3 6
6 Bulk Motion LS#2 12 3 6
7 Resp. Motion LS#1 12 3 6
8 Resp. Motion LS#2 12 3 6

* Loop structure LS#1 and LS#2 are identical for the casmgeshot imaging The difference
between scans #3 and #4 was the voxel size Tsdxe4-2 for details)

The maingoalsfor these acquisitionsvere:

1 Compare images from both loop structures in still (Scans #1 and #2) and motion (#5/#6
and #7/#8) conditions;

9 Assess the image quality of singleot scans (Scan8 &nd #);

9 Assess to what extent motion artefacts due to breathing correlate with the
information from the respiratory trace together with the data readout intervals.

1 Investigate if the EPI phase correction projections can provide usefuigatog

information.

In scans &and #, the volunteers were instructed to move into a new position twodsauing
each scan, at the instants indicatedFigure4-10. They were asked to attempt to limit bulk body

movement to these instants, and not to return to their ginal position after the intentional
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movement eventsThese corresponded to the moment in LS#1 after therdd 2 segments

had just been acquired for all TIs in the experiment. Visual instructions were displayed in a
screen inside the scanner room, visible through a mirror inside the scanner(®se€igure

4-11). All the volunteers moved at the intended time and were asked to perform movements of
similar amplitude n both scans. For scans #nd #8, they were asked to speed up their
respiratory rate for 5+ respiratory cyclesviarying parts of the scan. The goal was to force data
acquisition during different parts of the respiratory cycle to assess breathing motion effects,

an attempt to replicatavhatis likely tooccur when subjects with very irregular respiratory rates

arescanned.

Four healthy adult volunteers, with previous experiencklRI(age (years¥33 5(mean std),
range=25-37) were scanned using this acquisition protocol. In one of the volunteers, Scans #6

and #7 could not be performed due to time constraints.

0 r r r r r r r r r

0 20 40 60 80 100 120 140 160 180 200
Acquisition time (s)

Figure4-10 Instants when the volunteers were instructed to makgring the scan (arrows)
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Figure4-11 Visual commands displayed inside the scaneinform the patients about the
voluntary movement instants€Each of the figures d) corresponds to what the patient could
side inside the bore.he patients were instructed to move after shots 12 and &¥he instants
indicated by the arrows iRigure4-10.

4.4 Results and Discussion

In the presence of motiorthe loop structure order greatly impacts image quality. A comparison
of the images acquired with both loop structures is showhigure4-12. As would be expected,
given the instants within the acquisition where the subjects moved, all data at six Tls acquired
with LS#1 shows severe motion artefacts despite the fact that only two motion events took place
during the entire acquisition. This is no longer the case withdhta acquired with LS#2. In
theory, assuming that i) all movement within the scan was limited to the instants when the
subjects were instructed to move and ii) that the subjects would be capable to remain in a static
position after moving, all images adged with LS#2 should be free of motion artefacts, and only
show the kidneys in different positions. This is not the case, and a few reasons may explain this.
On one hand, a consistent observation by the volunteers is the difficulty in remaining inca stat
position after voluntarily moving into a new position following the scanning protocol. Therefore,
even though the largest movements within the scan were those when the subjects were
instructed to move, it is likely that these were not the only motioreme during the whole
acquisition. Furthermore, it was challenging to instruct the volunteers to move by a
predetermined amount. Therefore, the amplitude of movement between the volunteers varied
widely. A visual inspection of the data suggests the largegiunt of movement was seen in
volunteer two (seeFigure4-12, images at 1300ms and 1700ms acquired with LS#2 in this
volunteer). Such amplitudes of movement will have an effect on the ASL labelling efficiency,
which can also explain the reduced perarssignal in the PWIs. In any case, the benefits of using
LS#2 are evident, in particular if we consider the images at the lower Tls, which for the case of
LS#2 were completely acquired before any motion event, when the volunteers were able to

remain stillgiven that they were in their default, more comfortable position. On the other hand
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even at these lower TIs, movement artefacts are already evident in the data acquired with LS#1,

as the later segments are acquired after the patient has moved into aelitf@osition.

LS 500ms 900ms 1300ms 1700_ms 2100ms 2500ms

] i ait, [ ol

c) Control images (Volunteer 2)
¥ o £ {\’:&;ﬁ A;"-:"i' ‘r'}.’-"‘r.
#1 :

#2

“ »

. d) Difference image (Volunteer 2)
Figure4-12 LS#1 and LS#2 comparison in two volunteers
A visual inspection of the scans where the subjects exhibited a voluntary irregular respiration
revealed that the appearance of motion artefacts is consistent with the information from the

respiratory waveformSpecifically, motion corrupted images result when the segments of their

correspondingQspaceare acquired in different parts of the respiratory cycle. An example is

101



shown inFigure4-13c). As can be seen in tHeellowswaveform(Figure4-13 a)), the first shot
corresponding to te motion-corrupted image (sho#19 in the acquisibn) was acquired at a
significanty different part of the respiratory cyclehen compared to the remaining two shots
corresponding to the sam@space (shots #21 and #23). According to the respiratory waveform,
shot #19 was acquired following the insgticen of a deep breath, which causes the kidneys to
move to an inferior position. This explains the artefact) which will be further confirmed in
Figure4-17 e) ard h). A similar example, from a different volunteer can be sedfigare4-14,
which in addition shows how these artefacts, which are initially seen in the control and tag

images, propagate to the PWIs which are used for RBF quantification.

19 20 21 22 23

VI /
\/ v(\\/ ﬂ\/ ol

13

80 85 90 95 100
tis) |\ J

b) Motion-free image ¢) Motion-corrupted image

Figure 4-13 Effects of intershot motion due to respiration(l) in multishot background
supptessed 3D GRASE acquisitions.Raspiratory trace recorded with bellows. Thkie
readouts correspond to the acquisition of the motitmee image (b)) and the green readouts
correspond to the acquisition of the motiesorrupted image (c))
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control (TI = 1300ms | PWI (Tl = 1300ms control (TI =1700ms’ PWI (Tl = 1700nj)s

Figure 4-14 Effects of intershot motion due to respiratiorn(ll) in multi-shot background
suppressed 3D GRASE acquisitions and comespyp difference imagefeadout #23j.e. the

third shot of the ontrol image at the Tl of 1700ms, was acquired in a significantly different part
of the respiratory cycle.

Consistent with the existingiterature, the increased motion sensitivity of ndsackground
supressed data was confirmed. Image artefacts are sometimes encountered even when
respiratory triggering appears effective, ensuring the segments of a Stgpece volumere
acquired in conparable parts of the respiratory cycleigure4-15b). ASL subtraction errors also
appear more prevalent imon-background suppressed data, especially at longer(Hitgire

4-16).
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a) 70 80 90 100 110 120 130 140

b) Motion-corrupted image ¢) Motion-free image

Figure4-15 Effects of intershot motion due to respiratiofflll) in multi-shot non background
suppressed 3D GRASE acquisitia)s Respiratory trace recorded with bellows. The blue
readouts correspond to the acquisition of the motioarrupted image (b)). Unlike iRigure
4-13, each readout occurs at consistent points in the respiratory cycle, but breatbiatgd
artefacts are still evident.

The projections obtained frorthe FT of thefirst phase correction reference line of each shot
corresponding tahe images shown iRigure4-13andFigured4-15are shown irFigure4-17d),h)

and Figure 4-18 d),h), respectively. In both cases, tan be seen that the projections
corresponding to théQspace segments () in both figures) giving origin tdé corrupted
images are the less cos&nt. This suggests that to a certain extent, there is motielated
information embedded in these projectionsvhich could be used as a proxy for kidney
movement The question of whether this information can be used for detecting or correcting

motion atefacts is outside the scope of this chapter, but will be revisite@hiapters.
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Figure4-16 Comparison of backgrourslippressed (BS) and n@®S$ dataacquired inthed & G A f £ £
condition in volunteer2. BS is effective in reducing subtraction errors, especially at longer Tls
when the effectiveness of respiratoryddering is reduced.

The undersampledreconstructions of each shot corresponding to each of the previously
referred projections are also shownhigure4-17 andFigure4-18. The respiratoryvaveformin
Figure 4-13 a) indicates that shot#19 was acquired at erdspiration. he zercfilled
reconstruction of this shotHigure4-17 e)) is consistent with this observation, showing the
kidneys (which overlap due to aliasing) in a significantlye inferiorposition when compared

to the other two shotsFigure4-17f) and g))These shifts in position cause phase inconsistencies
in the fully sampledQspae giving rise tahe artefacts inFigure4-13 c¢) (highlighted by the
arrows). Furthermore, the projections shown kigure4-17 h) also show a greater variation
among shots when compared with the projectionsRigure4-17 d) acqured immediately

before, inthe motionfree scanFigure4-13b)).

The origin of the artefacts iRigure4-15b) can also be explained by respiratory related shifts as
suggested by the undersampled reconstruction&igure4-18 e), f) and g) and the projections
in Figure4-18h). In this case however, the renal shifts in position among the shots were smaller,

and hard to detecbasedonly onthe respiratory trace plot ifrigure4-15 a).
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The zerdfilled reconstructions of each shot making up the control imageBigure4-1 are
shown inFigure4-19s. In a) the undersampled reconstructions reveal different structures
among the sements (arrows) This, together with potential bowel movements between the
acquisition of the different shotsesults in ghosting in the fully sampled reconstruction. These
data were acquired before enabling the recording of the respiratory data. However, in these
cases, breathingelated motion is probably less problematic given the location of the transplant
kidney(Lanzman et al. 2010)o reduce bowel movement, a more important source of artefacts
when scanning more inferior regions, fasting feél before the scan or using améristaltic
drugs may be helpfURomero et al. 2014Nevertheless, me might argue that in these severe
corruption cases, data rejecticand/or reacquisitiorare possiblealternatives if correction is a

challenge.

a) b) o d)

shotl/3
shot2/3
shot3/3

h) signal int (A.U.)

Figure4-17 Zerofilled reconstruction of each shdtom datain Figure4-13 and corresponding
projections obtained from the EPI phase correction datg b) and c) (which correspond
respectively to shots #1315 and#17 inFigure4-13) suggest that the acquisition of each shot
took place at a similar point of the respiratory cycle. Conversely, both the-filew
reconstructions e), f)g) (which correspond respectiyeto shots #19, #21 and #23kigure4-13
and the projections suggest that shot #{i%. projection #1 in h)jvas acquired when the
kidneys were in aignificantlylower position compared to the other two shots. This matches
what can be seen in thigellows waveformn Figure4-13 a), providing euvilence for the origin of
the motion artefacts irFigure4-13c).
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voxel#

shotl/3
shot2/3
shot3/3

e) f) Q) h) signal int (A.U.)

Figured4-18 Example analogous teigure4-17. Both e) and the projections in h) show the kidneys

acquired in a different part of the respiratory cycle compared to the other shots, giving origin to
the artefacts inFigure4-15b)

Shot 1 Shot 2 Shot 3

Fully sampled recon  Projections

shotl/3
shot2/3
shot3/3

b) Slice 6/12; TI = 2700ms

Figure4-19 Zerofilled reconstructioprojectionsfrom corrupted data These data correspond
to each shot making up theontrol images shown iRigure4-1.

Another alternative is to use sing#hot acquisitions. These are more robust to motion, given

that the entire Qspace is sampled after a single excitationthis scenaripcare must be taken
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so that the readout duration is keptithin acceptdle limits. On one hand, His is cruciato

ensure that the assumption of negligible intshot motion still holds In addition, this is a
requirementto avoid excessive blurring due t& decay whichbroadens the poinspread
function of the system, deeasingthe effective resolution of the scans. ExamplesPdYIs
acquired with singleshot scans are shown iRigure4-20. Relevantimage readout specific

parameters areletailed inTable4-2.

Table4-2 Singleshot and nulti-sha image readouparameters

Resolution TE BW Echo EPI Readout
Scan#
(mm) (ms) (Hz/Px)  spacing (ms) factor duration (ms)
3 4.2 4.2 6 38.24 2741 0.4 78 302
4 6.3 6.3 6 26.46 2790 0.4 52 208
Allothers 3.1 3.1 5 26.8 2170 0.6 40 237

One of the disadvantages of the singleot scans is the lower imagesolution. However, from

an SNR poindf-view, a lower image resolution is beneficial. This is especially important in an
inherently low SNR technique such as ASL. In singleacquisitions, one can trade the extra
time previously used to acquire multgp segments for additional sing&hot measurements
(multiple averages)which not only is beneficial in terms of SNR but further increases the
robustness of the measurement to motion. Data acquired at 6.3miplane resolution, with

the shortest readout dration of the set, is of high quality, but the coarse image resolution
results in a severe loss of cortiomedullary differentiation. At this resolution level, partial
volume effects will likely have a pronounced effect on the quantification of cortedligion.
Nevertheless, the high SNR and speed of acquisition of these scans can render them useful for
transit delay mappingDai et al. 2012)An improved resolution of 4.2mm-jplane can still be
obtained in a singkshot condition Figure4-20 b), at the expense of a 27% increase of the
readout duration (237ms to 302ms). The resulting readout duration is still within the limit of
what is acceptabléwith respect to the total amount of signal decagcurringduring theecho
train) accordig to a consensus publication with recommendations of pulse sequence
parameters for 3BGRASE AS%Alsop et al. 2015)Even though this was targeted to the brain,
the relatively similafY values of the braing(g.92.1 2.6ms for gray mattetDeoni et al. 2003)

and kidneys €.9.87 4ms for cortex (de Bazelaire et al. 2004)mplies that this particular

recommendation is arguaplranslatable to renal imaging.
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¢) Single-shot acquisition (In-plane resolution: 6.3mm isotropic, Slice thickness: 6mm)

Figured-20 Multi-shot andsingle shot ASL difference imag€smparison oPWIsacquired with

the optimised multishot sequence and a singdhot sequencgethe latter at two different in
plane resolution settingsScans acquired during free breathing, without any extra intentional
motion by the subject.

4.5 Conclusion

ASL is intrinsically a moti sensitive technique since is dependent on an image subtraction step
(controktag) to generate a perfusion weighted image. Imaging in the abdomen presents
additional challengegnotion in paricular,when compared to the brajmwhere most of the ASL
research is conducted. Respiratory triggering has shown to be useful, even when using advanced
image registration algorithméSeif et al. 2015)However, it is unable to solve all respiratory
related problems because of the time ldg between the trigge(ASL inversion pulsand the
imaging readout. Additional motion ssitivity is introduced whenQspace is filled in a
segmented fashionwith significant time gaps beten the acquisition of thalifferent RF
excitations | have slown the importance of reducing these time delays, in particular nhe
acquiingdata at multiple Tld.have shown that our acquisition scheme can intrinsically provide
motion-related information, by using EPI| phaserrection lines in a navigatdike fashon.
Whether this information can be used for rejection of corrupted PWIs, due to displacements
between control and tag images was investigated elsewhere in this thesis (see CBapter
Alternatively, inconsistencies between the projections corresponding to different shots in
segmented acquisitions will likely allow for detection of corrupted data, even before cdagol
subtraction.Our preliminary volunteer datauggests that there is value in further investigating
singleshot acquisition schemes. Oneay hypothesize that these are potentially better suited

in the routine clinical environmentvhere motion is more likely to be an issue, especially in the

paediatic population. With optimised sequence parameters, image artefacts due to motion
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should be avoided ithe control/tag images simply becausetbé fact that all data is acquired

in a very short period of timeeffectively freezing any motiorNeverthelesshboth subtraction
errors and shifts in position by the tissue of interest throughout the milwata will still be a
source of error in the perfusion measuremenksiage registration algorithms will be used to
tackle these issues iBhapter6. In summary, 3ERASE is an efficient acquisition scheme for
ASL but must be optimised when applied in the abdomen to overcome mmglated issues

before it can be routinelysed in the clinic.
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5 Robust kidney perfusion mapping using a sineggbot 3D

GRASE readout and retrospective noisgluction methods

Part of this work was presentest an European MRI conferen@dery et al. 2016band (Nery
et al. 2016a)

5.1 Introduction

The ultimate aim with this thesis is to develop a renal ASL method for clinical application in
paediatric patient cohorts. This specific application demands for a robust approach capable of
delivering usable data in the facé jpotentially uncompliant subjects. Therefore, the renal ASL

approach developed in this chapter focuses on speed and robustness to motion.

This chapter is divided into two parts, building on the conclusions laid out in the previous
chapter. The first partonsists of a feasibility study of perfusion quantification in the kidneys of
healthy volunteers where for the first time singdhot 3D GRASE was employed as an imaging
readout module. Unlike iiCutajar et al. 2012Wwhere ASL data was acquired at multiple Tls,
here we take the conservative approach of using a single Tl. The disadvahtageapproach

is that it relies on the assumption that at the chosen TI the labelled bolus has arrived at the
imaging region, which can be problematic in situations where the renal haemodynamics deviate
from normal. Nevertheless, this approach is irelivith our goal of achieving a fast acquisition

scheme resilient to motion. Reasons for this include the fact that using a single Tl results in:

I Shorter scan timeghe scan time is proportional to the number of Tls in the ASL
protocol, which if combinedith signal averaging may result in a prohibitively long scan.
On the other hand, in singl€l singleshot 3ADGRASE imaging thmminal scan time
remains most likely under 3 minutes, even when acquiring a large number of ASL
controlabel pairs;

1 Possibiliy of performing signal averagindue to the shorter scan time;

1 Highersignatto-noise ratio SNR resulting from signal averaging, particularly useful in
cases of reduced perfusion, as is expected in patients with impaired renal function;

1 Possibility ofrejecting corrupted data3 A @Sy (1 KS LiNdaia 2e@ddaiei 0 dzA
resulting from the acquisition of multiple ASL pairs at the same TI. This may be
particularly beneficial in backgroursippressed acquisitions, given that the reduced
static tissue sigal may affect the effectiveness of image registration algorithms;

1 Increased effectivenessmspiratory triggeringsince even though the triggering event
R2Say Qi RANBOGEE AYyAGAIFIGS REGE FOlidA&aAla
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readout is costant for all acquisitions. This increases the likelihood of acquiring the data

at consistent points in the respiratory cycle;

Another reason why singlehot scans are beneficial is their reduced motion sensitivity when
compared tonon-background suppressemulti-shot scansThis is afssue even if these scans
are not used to computeerfusionweighted imagesRWI9, but rather for calculation of

baselined and”Y maps, used in the quantification &enal Blood FlowrRBH.

Inconsistencies if@space that translate to artefacts such as those seen in sedt®are no

longer expected when data is acquired in a single fast readout (assuming naegireen
motion). However, movement will still play a detrimental role as after corsiogl subtraction

it gives rise to spurious signals which instead of reflecting tissue perfusion are caused by
subtraction errors. This is particularly important when imagimgkidneys since they are subject

to breathingrelated movement. Furthermore, standard respiratory triggering implementations

may face ASk&pecific challenges (séégure5-1).

Sveral methods have been developed which reduce the contribution of corrupted ASL
difference images to a mean P\{Wlan et al. 2009; Shirzadi et al. 2015; Tdrsaim et al. 2015)

In the work described in the second part of this chapter, | tackled this problem using two main
strategies to either outright reject or downweigh the contribution of corrupted measurements.
First, we developed and implementezh algaithm that makes use of thé& y I @A-Eke G 2 NE
Nyquistghost phase correction projection@s discussed in Chaptd) for identifying and

rejectingASL pairsorrupted by motion

Furthermore, we apply for the first time in the kidneys two threshivleke weighted averaging
approaches, based ofiTanenbaum et al. 2015)All motion compensation strategies are
evaluated in terms of the quality of the final averaged/| using metrics such as ti@NRand

image entropy as potential image quality proxies.
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Figure5-1 Challenges with respiratory triggerin§¢ Varying inflow times may result in different
acquisitions being performed in different parts of the respiratory cycle, even in subjects with
reasonablyegular respiratory patterns. 8lrregular respiratory rates. Note how the highlighted
acquisitions occur at significantly different parts of the respiratory cycle, and consequently the
kidneys will be in different positions.

5.2 Methods

5.2.1 MR acquisition andubjects

MR data was acquireth a Siemens Avanto 1.5T scanner (Siemens Healthcare, Erlangen,
Germany)running the Siemens NUMARIS/4 VB18gAftware version. Both the spine coil
embedded into the scanner table andladicated abdominal array cailere used.The latter is
composed of two clusters, each with 3 coil elements in therigfit direction, whereas the spine

coil has eight clusters also with 3 elements each in therigfftt direction (of the eight clusters,
three or four were active, depending ohdg FOV)A singleshot FAIRQ2TIPSD-GRASE pulse
sequence gee Figure2-11 and Figure2-14) was used. Partial Fourier (factor 3/4) was applied
along the partition direction, resulting in &l Dof 248 ms (for the brain, it is recommended an
echo train shorter than 300 n{&lsop et al. 2015p avoid excessive througblane blurring)In

order to maintain the highest possible SNR (which is crucial for maximising the accuracy of
measurement for the low perfusion values expected in disease), it was decided not to use a
parallel imaging acquisition method. Thdagtor SNR penalty resultiigpm the small number

of coil elements in the PE-R) direction (3 for both the abdominal and spine array coils, as
described above) would severely compromise image quality, even if a relatively modest parallel
imaging acceleration factor (e.g. R=2) wagployed, and so only partial Fourier methods were

used in this workEachcoronatobliqguevolume is comprised ofQipartitions withémm thickness
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(8 sampled, 2 zero paddedjhe fieldof-viewwas288YY 61 S| R PB8YCY2 200[0S FRI b
Right). TRandTEwere,respectively, 3000 and 3Ints. Inplane resolution was 4.5mm x 4.5mm.

The bandwidth and echspacing were, respectivel®790Hz/Pxand 0.4ms. Fifteenontrol-tag

ASL pairs were acquired afTl of 1200ms, allowing for signal averagiffte bolus duratiorgt)

was fixed td®00 ms.The nominal scan time was 90 seconds. Respiratory bellows were used to
trigger the application of the ASL inversion pulses atexuiration.Background suppression is
implemented as described (Gilnther et al. 2005seeFigure2-14). Sliceselective prdabelling

WET saturation pulsg®gg et al. 1994as well as a single pektbellng sinc saturation pulse

were used.

Five healthy adult volunteers, with previous experienckIRI(age (years¥32 5(mean std),

range=26-37) were scanned using this acquisition protocol, under two different conditions.

During the first scan, the volunteers were instructed to remain still. No further instructions were

necessary as the acquisition was performed during -fremathing. In the seaw scan, the

volunteers were asked to change their respiratory rate/amplitude during approximately five out

of the fifteen ASL pairs to intentionally reduce the efficacy of respiratory triggering. To assess

the reproducibility of the technique, one of the dzo 2SO0t a4 o6+ a &V2Y¥YSERE Ay (KS
condition on three different occasions, with the second and third scan occurring 7 and 21 days

after the first.

5.2.2 Image analysis

Perfusion quantification was performed using a sirgdenpartment mode(Song et al. 2010)
assuming aY value for the kidney cortex of 0.96¢de Bazelaire et al. 2004Because at the
time of writing this chapter, registration algorithms able to register ASL images (background
suppressed in this protocol) to the reference Aeackground suppressedhta (referenced
images)had not been validated yet, theé value used for quantification the median0d in
whole-kidney regions of interest (Fig. 1), obtained from a-haickground suppressed 3D GRASE
reference scan.This ensures that in the casé the ASL and thé data being misaligned,
perfusion quantification valueslose to the boundaries of the kidney (i.e. in the corteit) not

be biased by using values from outside the kidneys. Renal cortical ROls were manually drawn
in the refererte nonbackground suppressed data. Average cortical perfusion values were

calculated within these ROls in each of the subjects.

5.2.3 Reducinghe effects of motioncorruption ¢ theory
Several methods were implemented with the aim of minimising the effect gelatovements,

which corrupt data beyond what is generally feasible for image registration methods to
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compensate for. This is highly relevant in backgresugpressed renal ASL data, as on one hand
the backgroundsuppressionB3 reduces the effectivenesd onage registration algorithms and
on the other hand extreme abdominal motion may be characterised by -rigoh

transformations which further increase the complexity of the registration problem.

5.2.3.1 Strategy 1: Data rejection

As discussed i@hapterd immediately before the image readout portion of the 88RASE pulse
sequence, noiphase encoded lines are acquired foetpurposes of phase correctioihe 1D
Fourier transform of each nephase encoded echo from thghase correctionmeference scan
corresponds to a projection of the object along the orthogonal direction of the readout gradient
(Head® Footin all imaging protocols in this thesis). Wevbahown inChapter4 that these
projections contain intrinsic motion information. A simple algorithm was developed and
implemented to make use of this informatido identify misaligned ASL contralg pairs, which
after image subtraction yield a motiecorrupted ASL PWI. These corrupted intermediate PWIs
are then rejected before data averaging. An overview of this algorithm is depickgure5-2.

This figure shows a practical example of acceptance and rejection of PWIs, respectively in a case
where the position of the underlying control and tag images is consistent anseandzere the

two are misaligned. This algorithm can be divided into three steps:

1 Step 1: definition of the ROI (within the projection data)hin which shifts caused by
motion will be tracked;

1 Step 2: determination of the shift (in pixel units) which maises the similarity
between control and tag projectionbéstShifj;

1 Step 3: acceptance/rejection of an ASL pair accordirgbShift

The aim with Step 1 is to determine the region within the projections which ideally provides the
maximum amount of irdrmation related to kidney motion. Following a visual inspection of the
projection data and their variability especially in inconsistent ASL pairs, a set of heuristics were
defined to determine this region in an automatic way. A consistent observatiortiveathe

region with highest signal in the projection data is located at the level of the liver region. For the
purposes eliminating highly corrupted data (assuming a more fine motion correction to be
feasible with image registration), it was assumed tinatking this region signal would suffice to
detect significantbreathingrelated mismatches between the position of the kidneys in the
control and tag images of a given ASL pair. As such, the ROI for motion tracking was defined to
be the 9cmwide region vith the highest signal intensity in the sum of the control projections

(seeFigure5-2.a)). The rationale for the size of this ROI is to provide a large enough rt@argin
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likely include the lundjver interface (proxy for breathingelated motion) within the tracking

region in the second step of the algorithm.

a) b)
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Figure5-2 Automatic retrospective rejection in ASL using Nyggigist elimination dataa)
Definition of the ROI from which changes in position are tracked; b) example of rejection of a
motion-corrupted difference image; c) example of acceptance of a mdtemdifference image

In the second step of the algorithm (s€&ure5-2.b) and c) for a practical example), for each
ASL pair, the projection from the control acquigitie taken as a reference, and the projection
from the corresponding tag acquisition is iteratively shifted frehbcm to 4.5cm-Q0 to 10
pixels at the resolution at which these data were acquired) in the Heatldirection, relative

to its original pogion. For each shiftthe sum of squared differencasetween the control
projection and the shifted tag projection is computed within the previously defined ROI. The

obestShift is defined as the shift which minimizes thism of squared differences

Firally, in step 3 ASL pairs are accepted/rejected accordihgstShift

1 QIO p © reject ASL pair
1 QIO p © acceptASL pair

The threshold of 1 was chosen to avoid false positivesréjection of motion free data), as a
small shif in the ROI may not necessarily translate to a significant mismatch between the

positions of the kidneys at the time of acquisition of the control and tag image volumes. It is
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assumed that in the event of the algorithm failing to reject motion corruptedadwhose
absolute value obestShifis smaller or equal than 1, the underlying mismatch between control

and tag image is small enough to be amenable for correction using image registration.

The biggest advantage of this method is that the ipbiase encoded data is acquired
immediately before the actual image readout. Therefore, the motion information within these
data matches exactly the position of the different organs exactly at the point of image
acquisition, which is not the case with triggerirdye to the delay between the triggered

labelling pulse and the image acquisition.

5.2.3.2 Strategy 2: Weighted averaging

An alternative strategy is to weight the contribution of the different measurements in different
proportions according to noise estimates dexil from the ASL data itself. The contribution of
measurements deemed corrupted by motion (and potentially other artefacts) to the final PWI
can then be significantly reduced. The advantage of these approaches is that they largely require
no user input (ithe user wishes to restrict the FOV region over which the noise estimates will
be calculated then the only step that requires user interaction at this stage is the definition of
masks for specifying these), do not depend on arbitrarily defined threshadiscan be readily
implemented for any type of ASL sequence with little computational cost. The disadvantages
include the fact that they are a purely retrospective method and unlike registration, they do not

correct corrupted data.

In general, if is a vector of noise estimates for each measuremeing.@n ASL pair in this

case), the vector of weights can be obtained by:

. p .
0] -— Equation5-1
& q
Where:
. p .
w — Equation5-2

AndO is the number of measurements. As such:

0 p Equation5-3

The calculation of the mean PVW(s simply the dot product:
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® 0 t0 Equation5-4

Where"Ois the PWI corresponding to the contitalg pair.
We explored two approaches for computing the noise pdweior each measurement.

In the first, noise is estimated by computing thecstled DVARS measui@myser et al. 2010;
Power et al. 2012)In this approach, applied in a previous neuroimaging ASL Efatgnbaum

et al. 2015)

D‘B 01 O i O 1 0i Equation5-5

Where™Oi corresponds to the intensity of the PWI corresponding to the ASLnpairthe

locations (voxelsi . The total number of voxels over which the noise metric is calculaied is

Ly GKA& OFasSz GKS 5x!w{ YSI&adaN®S Aa 2yfé& RSTAYSR
As such, both the ASL pairand( are discarded, regardless of them being corrupted by motion

or not. This method will henceforth be referred towasMeanA

| propose a second approackvNleanB, where the difference between each individual
measurement and the mean of the PWI time serieimputed:

D‘R o1 0 i Equation5-6

Unlike when using , no data needs to be discarded for the computation of the weights for

each ASL pair. One might expect this tghgicularly important for multiTl ASL. This is because

such protocols necessarily include a smaller number of measurerdesttotime constraints,

and as such, avoiding the rejectionusfcorrupteddata is crucial-urthermore, this modification

allows the pssibility of running this algorithm in an iterative way. In the first iterati@n,

corresponds to a typical ASL averaged image where each measurement is assigned the same

weight X0 ). In subsequent iteration&)  corresponds to the outpt weighted mean image

in the iteration that preceded itAs such, in the second and later iterations the individual PWIs

FNBE aO2YLI NBRé¢ G2 Iy |t NBFRe AYLNRGSR YSIyYy AYlF3AS:

corrupted measurementgseeTable5-1). Our preliminary tests show that after a small number
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of iterations (ess than 1P the algorithm converges (the change in individual weights across

iterations becomes ndigjible).

Both approaches allow the regions over which the noise estimates are calculated to be specified.
The user therefore has control over the desired area for optimisation. In the particular case of
renal ASL, subtraction errors due to respiration at®o occur in organs/regions other than the
kidneys. As such, each weighted averaging algorithm was tested in two conditions: 1) including
all voxels within the FOV, to assess whether more robust noise control is achieved when
accounting for possible carpted data outside the kidneys; and 2) restricting the processing to
voxels within renal cortical regions of interest only, where the perfusion would be subsequently

calculated.

Table5-1 Pseudecodel: Iterative weighted averaging

For each iteration of ON_ITERATI ONSO
If (first iteration)
% output of first iteration O unweighted mean image
meanimage = mean(pwlmages, 4);
out{iteration} = meanimage;
Else
% meani mage in iterattiontpntt of iterddi on oOn
meanlmage = out{iteration};
EndIf
For pwilmage of ON_MEASUREMENTS®é
Compute 7 ;
Compute 0 ;
EndFor
% compute weighted mean image using weights 0
out{iteration+1} = mean(pwlmages, 4, 0 );

EndFor

In summary, five methods for data rejection were tested ($able5-2):

Table5-2 Summary ofmplementeddata rejection / misereduction methods

Method # Name Noise estimate Mask No. of iterations
1 rej
2 wMeanA X none 1
3 wMeanAmask X cortex 1
4 wMeanB X none 10
5 wMeanBmask X cortex 10
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5.2.4 Reducinghe effects of motioncorruption ¢ quantitative evaluation
To quantitatively assess the effects of the motion/noise correction algorithms, four metrics were

employed:

I.  Cortical signato-noise ratio TYOY )

1 Ratio between the cortical signiatensity and thestandard deviation of the
signal intensity in a background RDhe background ROI consisted of a region
of 7x7x3 voxels without discernible perfusion signal.

T "YoY D j,

[l.  Cortical temporal standard deviation (XOY )
9 Standard deviation of the signal intensity time series in cortical voxels
T o™OY

lll.  Cortical temporal SNR ('Y¥ )

9 Ratio between thesorticalintensity and thestandard deviation of the
correspondingsignal intensity time series

T 0"V Dj,

IV. Image (volume) entropyd )

1 Image entropy (as discussed in SecBdn 2.9 computed througbut the
entire image volume.

T O B naé&¢m

Where:

1 "® : perfusionweighted 60 ) signal in a cortical voxel

17 . : standard deviation of the signal intensity in a background ROI
M1 . :standard deviation of the corticiime series in a cortical voxel

1 6: number of bins for entropy calculation (B = 256)

T n : normalised intensity histogram counts (probabilities) atdin

Note that for the evaluation of the weighted averaging methogls, is calculated as the

weighted standard deviation using the vector of weights (whose sum equals one) obtained

RANA Y3 (GKS 6SAIKGSR | SN IAy3d YSGK2Rad al¢[! . Qa
deviation was used, which for a vectds with elements & oo 8 hio  and usimg weights

0 I B s defined as:

B 0 w o
" B o0

Wheredfis the weighted mean ah

All metrics exceplO are computed in a voxalise basis. Results, where presented in numeric

form, are expressed as meastandard deviion considering all voxels within the cortical ROI.
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Two-tailed paired ttests were used to assess for statistically significant differences in each of
0KS YSONARO&a TFOUSNI LW eay3a SIOK Yz2idizy O2N
02 NNB O A 2 yhe theghgld¥dr Statigicaldignificance was chosen to be 0.05.

5.3 Results

5.3.1 Perfusion quantification in the still condition

In the still condition, BASL scans were free of motion artefa@seFigureb-3). Note that given

the nature of the readout used during acquisition (3D), all slices are acquired simultaneously
and therefore the level of motion corruption (and the effect of the motion m@ssion
algorithms) is identical for all slices. For this reason, and for simplicity, only a central slice from
each subject is shown when visually evaluating the effects of the motion suppression algorithms.
Good image quality was obtained in a short rioah scan time (90 seconds) with clear contrast
between renal cortex and medulla. Perfusion maps for subject 3 are shoviginme 5-4,
demonstrating good reproducibility of the technique. The mean cortical perfusion across all
subjects/scans was 295 + 81/100 g/min (range: 2486343 ml/100 g/min), which agrees with

the range of renal cortical perfusion values obtained in healthy volunteers in previous studies
(see Sectior2.3.6). Some degree of heterogeneity of the perfusion values ba see within
different cortical regions in th&idneys,a finding whichs repeatable in the case of subject #3
(seeFigures-4). Intrakidney variations in perfign havebeen found in the literature with other

MRI techniques such as DEIRI (Sourbron et al. 2008; Cutajar et al. 20d may reflect
different metabolic demands according to the kidney regieuarther reasons that may explain
some of the variability in RBRcludethe fact that a single constafitiwas usedor all subjects.

Even though care was takein the choice of Tl (1.2s is standadross singld| renal ASL
literature), an intravascular contribution in some subjects can be an inevitable consequence of
choosing a single TI whichay be suboptimal for@ne subjects. Furthermore it must also be
acknowledged that partial volume effects are likely fraagligible given the chosen voxel size,
which ultimately is tied to the tradeff of sensitivity (high SNR) and accuracy of the

measurements (high resoluticemd thus minimisation of partial volume effects)
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Figureb-3 PWIs and perfusion maps for the 5 volunteiershis study Wholekidney and cortex
perfusion maps are showRor each subject, the perfusion maps shown on the right correspond
to the central slie in the difference image sefThe cortical ROl was obtained by manual
segmentation.
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Day 0 Day 7 Day 21

Figureb-4 Perfusion maps from subject 3 from three scanning sessibms row: whole kidney;
Bottom row: cortical region of interest. The mean cortical perfusion for days 0, 7 and 21 was
respectively 305+100, 320+110 and 343+1011@0g/min.
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5.3.2 Effect of thenoisereduction methods

5.3.2.1 Qualitative evaluation

All methods were implemented successfully and reduce the effect of the corrupted
measurements in the final PWI, albeit to a different extent. The boundaries of the automatically
defined motiontracking regions (ROI Figure5-2 a) forthe rejmethodare shown irFigure5-5

for all subjects.

=
w“ilf |

Subject 2

Subject 4% | * \ | Subject5

Figure5-5 Boundaries of the motiotftracking regiordetected automaticallyn the first step of
the data rejection algorithm (corresponding to step afigure5-2) overlaid on a central slice
from the first controlBSvolume for each subject.

Figure5-6 allows a qualitative evaluation of the result of applying thgmethod. Rejection of
corrupted data reduces blurring artefacts caused by the inclusion of matiorupted
difference imagesn the averaging procedure. This increases the contrast between the renal
cortex and medulla and will translate to a more accurate perfusion quantification. The algorithm
is effective at preserving good data, thereby avoiding a SNR loss in Ar@#datssets. This

can be seen in subje#8, who remained motionless and whose regular respiratory cycle allowed
for effective respiratontriggering resulting in no motion artefacts. No data was rejected in this
case. Subjeat4 was asked to breathe irregulaftyr 2/3 of the scan to induce a greater amount

of motion artefacts. Consequently, almost half of the measurements were rejected (7 out of 15).
The decrease in the temporal standard deviation of the perfusierghted data is also evident,
particularly in he more severely affected data from subjeéts and#4, and as expected, not
restricted to the kidneys. A visual analysis of the individual PWIs together with the measurement
indices indicated for rejection by thej method suggests that this method isryeeffective at

rejecting severely corrupted data and in not rejecting motime data. These two factors are

123



particularly important if one wishes to combine this method with other motion correction
approaches, such as image registration. In fact, thetrimgortant challenge faced by thej
method appears to be instances where data is not severely motion corrupted and fails to be
rejected. However, these are the cases where one would expect an effective image registration

algorithm to be able to corredhe data.

Subject # 1 2 3 4 5
No. rejected pairs 4 6 0 7 3
Before
Mean AM
After
Before
Temporal
StDev AM
After

Figureb-6 ASLPWIs andSTDmapsbefore andafter automatic data rejectionCentral slices are
shown.The intensity display range is the same for each set of images of each subject. For the
tSTD maps, the intensities range from 0 to the 99% percentile.

An instance whereej failed to reject one motion corrupted measurement can be sedfiguire

570 ¢KA& FAIdNBE aK2ga (0KS AYRAQDARdlI Bi1€2 BDI TRR Y 43 dz
expected, the last 5 measurements different significantly from the first 10, showing prominent

motion artefacts resulting from the kidneys (and adjacent organs) gingnposition from the

control to the label condition. The table accompanying the figure shows the weights assigned to

each measurement by methodgj and wMeanBmask As can be seen, measurement #13

(which clearly shows subtraction errors) was not rejectsy rej. All the remaining motion

corrupted measurements were rejected, and all of the motion free good quality data was

preserved. Also in this figure, at the end of iteration #1 ofwiMeanBmaskmethod, the last 5

corrupted measurements contribute 8.3% of the final perfusion image. Running additional

iterations of the algorithm appears beneficial, as after 3 iterations, this contribution is reduced
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to 3.5%. Therefore, the contribution of the set of corrupted images to the final difference image
is gproximately one order of magnitude lower than in the standard unweighted averaging
method (3.5% vs. 33% (5/15)).

Still
1

Movement

Method #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13  #14  #15

rej 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0 0 0.091 0 0
It#0 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067
wMeanBIt #1 0.075 0.097 0.125 0.089 0.105 0.091 0.076 0.084 0.107 0.068 0.021 0.022 0.02 0.013 0.007
mask It#2 0.065 0.099 0.137 0.094 0.131 0.102 0.073 0.081 0.111 0.067 0.01 0.011 0.009 0.006 0.003
It#3 0.062 0.096 0.138 0.095 0.14 0.106 0.073 0.077 0.109 0.067 0.009 0.01 0.008 0.005 0.003

Figure 5-7 Effect of noise reduction algorithms on the contribution of each P{éfore
averaging)to the ASL averaging step (subject #2). Top: Individual PWIs; Table: Weights
attributed to each individual PWI, by both the data rejection method and one of the weighted
averaging methods (4 iterations shown, where the first corresponds to alatdrunweighted
averaging averaging). Both methods are able to reject, or greatly gdoswgh the contribution

of the later measurements in the time series, which are corrupted due to severe motion.

Central slices for each of the subjects before and afpgiliaation of all methods are shown in
Figure5-8® ¢ KS f I NHESald Oradd t RAFTFSNBYyOS | yz2y3a GK
condition and any of the motiosuppression methods. Notable differences between the motion
suppression methods can be seen in subjgtt where the methodvMeanA (both with and

without applying the cortical mask) shows the increased blurring which reduces the
differentiation between caex and medulla, when compared t@j and wMeanB (with and

without mask). Although difficult to perceive visualyMeanBmaskwas the most effective

method in reducing blurring in subje#b.
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Figure5-8 Final average®W!Is (central slice) for all subjeisllowing application of each of the
proposed motion/noise suppression methgds

5.3.2.2 Quantitative evaluation

The absolute values of all image quality metrics averaged across all subjects are shabie in

5-3. In order for these metrics to better reflect the effect of the motion suppression methods on
the actual perfusion measurements, only voxels in the cortex wieeresidered during their
calculation. The cortical masks used for each subject can be s&dguire5-9, overlaid onto a
central slice from the averaged PWI dataset. The excepti@ iswhich was calculated as a
proxy for the image quality over the entire field of view (8=xtion3.5.2.2for more details on

the use of entropy in image processing). The first metric being considerédMs , calculated
dziAy3a GKS aol Ol 3INBdzyR whLé¢ | LILINRBFOK® ¢KS NBadzZ a3
decreases inlamethods. Two possible explanations are 1) the fact that motion artefacts often
cause the signal within the region of interest to increase (most obvious in subject 4) and 2) the
reduced noise suppression in the background ROI resulting from the incloSiarsmaller

number of measurements (or an increase in the variance in the weights assigned to each

126











































































































































































































































































