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Abstract

25 years after the first sodium images of the huimain were created, sodium MRI
remains on the periphery of MR research, despitenéte sodium involvement in

cellular metabolism and implicated abnormal conegians in humerous disorders. The
difficulties of sodium MRI include not only tissueoncentration, ~1750x less than
proton, but also rapid biexponential signal decBlge purpose of this work was to
optimize human brain sodium MRI and facilitate adgt of sodium increase following

onset of acute human stroke, with potential ‘timiagplication for those patients who
present with unknown time-of-onset, as effectivaatment is currently bound by a 4.5

hour time-window.

Optimization begins with radial ‘center-out’ k-sgaacquisition, which minimizes echo
time (TE) and signal loss, and in particular consehe twisted projection imaging (TPI)
technique, which has not found wide use. This ghiist considers a new application of
TPI, i.e. k-space filtering by sampling density idasto minimize detrimental ringing
artifact associated with cerebral spinal fluid. g@anoise correlation is addressed next,
and a method for measuring volumes of statisticédenindependence presented, as this
correlation together with signal-to-noise ratio @Ndefines the confidence of signal-
averaging measurements. Radial acquisition is tmrsidered with respect to a new
imaging metric, i.e. the minimum object volume tisah be precisely (with respect to
noise) and accurately (with respect to image iritemsodulation with object volume)
guantified. It is suggested that TPI is a highhynddficial radial acquisition technique
when implemented with ‘long’ readout duration (ctaring common thought), reduced
SNR (i.e. small voxel volumes), and in particulanai TPl parametep. Sequence
optimization for bulk-tissue sodium analysis denates a large SNR/voxel-volume
advantage for TPI implementation in a steady-stqtproach, even though excitation
pulse length and TE must be increased to mitigaieep deposition. Finally, an
inversion-recovery based fluid-nulling method tHakilitates sodium environment
separation based on rapid relaxation during sofergion pulses is presented, with

possible application for intracellular weighted gima.

On ‘high quality’ sodium images a clear trend @fidm intensity increase with time-after-
onset is demonstrated for the first time in actiteke patients, as expected from animal

models.
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Chapter 1: Introduction and Background

Chapter 1

Introduction and Background

1.1. Thesis Introduction

In biological systems the ubiquitous sodium ionyplanany critical roles, and in
many disorders sodium concentrations are diredtigrexd as a result of the
pathology; the ability to non-invasively assessséhesodium concentration
changes may provide insight related to the natdirdisorders, the action and
efficacy of treatment, and the pathophysiologidalus of patients. However,
since the first demonstration of human sodium MRges in 1985 (1), there have
been only 22 published studies of pathology in msnavith sodium MRI
(including preliminary studies), these include stgdof: tumour (2-10), stroke
(11-13), myocardial infarction (14-16), paramyotan(5,17,18), osteoarthritis
(19-21), haemorrhage (22), and Alzheimer’'s disg282. Perhaps the greatest
reason for the paucity of medical research in flgkl is that sodium MRI is
complicated not only by low tissue sodium concertdrns ~ 0.05% to 0.25% that
of tissue water protons (1,24), a sensitivity 339attof water protons, and a
Larmor frequency roughly ¥4 that of protons (reqgricapable hardware), but
also by much different nuclear spin dynamics legdio very rapid inherent
biexponential transverse magnetization decay, (Elaxation) and rapid
longitudinal magnetization recovery i(Telaxation) in macro-molecular tissue
(see Chapters 1.5 and 1.6). Due to sodium’s religtilow concentration and
sensitivity, it could be said that sodium MRI rension the cusp of utility,
producing images with resolution considerably lotham expected from standard
MRI. In order to ‘squeeze’ as much as possible friv® sodium nuclei, the
purpose of the work presented in this thesis wasptiimize non-conventional
imaging strategies with regard to rapid relaxafimnsodium MRI of the human
head within the context of a beneficial *high’ stamagnetic field. The goal of
this optimization was to facilitate a study of tirae course of intensity on human
brain sodium MR images following the onset of se&rokith implication to
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Chapter 1: Introduction and Background

provide a timing mechanism for this pathology. Acustroke has a very time-
dependent treatment window, and a timing mechamsy ‘open’ a treatment
option for those patients with unknown stroke or{see Chapter 1.2). The field
of sodium MRI research has also always had a strmmgponent seeking
intracellular f°Na] analysis capability, and so to address theeotirgamut of

sodium MRI consideration for human brain, novelgobial intracellular sodium

imaging methodology is also suggested.

There have been 28 papers published concerningraddiaging of human brain
since 1985 (1,3,5-13,22,23,25-40) apart from tipeildlished and presented in this
thesis (41-44). It was understood in the first mhg#d paper of human brain
sodium MRI (1) that because the df sodium in cellular brain tissue (37 ms at
4.7 Tesla (45)) is much shorter than that of pretpn800 ms — 1300 ms), three
dimensional k-space acquisition techniques, enabledshort repetition times
(TR), could be used to enhance image signal-toen@sio (SNR) (see Chapter
1.3 for an introduction to k-space and its acgwisitin an MRI experiment).
Standard proton images must typically be acquined two dimensional fashion
as a result of time constraints. Although the swdinuclei in cellular tissue
exhibit a fast signal decay component gf ¥ 0.7 ms — 3.0 ms (60%) and a slow
component of ;= 16 ms — 30 ms (40%) (25,37,46-53), the first avahy early
papers implemented a multiple spin-echo technigjtie delay between excitation
and the acquisition of the centre of k-space (ladetcho-time — TE) of 3 ms — 13
ms (1,10,13,22,31-34); increased TE results inaidass within the image.
Addressing the desire for shorter TE, the gradéehio (GRE) technique was also
implemented very early for human brain sodium imggi9,40). This technique
acknowledges that dephasing as a result of locansete field inhomogeneity
within a voxel at short echo times is inconsequntand the transverse
magnetization refocusing of the P8RF pulse associated with the spin-echo
technique, unnecessary; the 18F refocusing pulse simply adds additional
delay before acquisition and unwanted power dejposiThe 3D-GRE technique
remains in use as of 2009 (23) for sodium imagihthe human head with echo

2



Chapter 1: Introduction and Background

times ranging from TE = 0.9 ms — 11 ms (3,8,9,22237,40). For introduction
to the standard spin-echo and GRE sequences tterrisareferenced to (54) or

any other introductory MRI textbook.

The standard sodium 3D-GRE technique acquires ame of k-space per
excitation along a Cartesian dimension beginninthatedge of the sampled k-
space extent, or somewhere in-between the edgehendentre for asymmetric
echoes. As a result, minimum TE values are limbgdminimum phase-encode
times (selecting the k-space line to be acquiraad), the time required to ‘rewind’
and ‘play-out’ each k-space line until acquisitiohthe centre of k-space. An
alternative is ‘centre-out’ radial k-space acqiositwhere the centre of k-space
directly follows RF excitation. For radial k-spa@equisition TE is solely
dependent on the length of the RF excitation pafed any system delays, as TE
is (and T signal loss can be) measured from the centreeoRfR pulse. Standard
radial acquisition samples k-space along straigkslwith constant velocity from
the centre of k-space to its sampled extent, ambaps surprisingly has been
implemented only once, quite recently (2007), fodism MRI of the human
brain (5).

The lack of use of standard radial k-space acgumsitor sodium MRI likely

stems from fact that non-Cartesian k-space acgqnsiéchniques (of which radial
acquisition is a member) are typically not well gaged on MRI systems and
often require development. Another reason is thandard radial k-space
acquisition ‘suffers’ from extreme sampling densrgriation across k-space, i.e.
the centre is sampled much more frequently than edges (where the
gualification of ‘suffering’ points to work presett in this thesis). The effective
sampling density transfer function of radial acqigs is far from ideal and is

typically post-acquisition compensated. This pradesSNR inefficient (55).

In 1997 a radial k-space acquisition technique rmhr8B twisted projection

imaging (TPI) was introduced by F.E. Boada for sadiMRI (30) to achieve
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uniform sampling density throughout the majority lospace (beyond radial
fraction p) and hence minimize SNR inefficiency. This teclugigwhich is a
three-dimensional implementation of an earlier tlimension technique named
‘twisted radial lines’ (or TWIRL) (56), was alsoiginally implemented as a
means to reduce the number of projections requoettitically fill k-space (for
an introduction to TPl see Chapter 1.4). This tegpm has been used quite often
by its original contributors (7,11,12,28,35), actimg a small TE of typically ~
0.4 ms.

Only one other group outside the original contrstto TPl has used this
technique to image sodium in the human brain (69l ¢he original sequence was
provided to this group by Boada). The reason likgiges from the ‘complexity’
of TPl and unanswered questions pertaining to isitmA fairly recent (2003)
paper suggests TPI is hindered by both lengthy AidRlangthy readout duration
(Tro), the former decreasing SNR and the latter causiunging (26). However, it
is an intention of this thesis to point out thas thuggestion is incorrect. Although
TPI has been used exclusively with full fecovery following 90 excitation, an
SNR enhancing steady-state approach with shortaiRatso be used with TPI k-
space acquisition (Chapter 5), and in Chapter 4mnigation suggests that TPI
actually benefits from lengthy ko, given appropriate implementation. It is
suggested in this thesis that the advantage ofkIdplace acquisition for sodium
imaging is very large, but as suggested in Ch&htant necessarily related to the
reason of SNR efficiency for which it was originaihtroduced by Boada (30).

Sodium MRI is somewhat unique in that optimizatoam effectively be separated
into two distinct aspects: NMR related optimizatiaand k-space acquisition
related optimization. NMR optimization begins withe static magnetic field
strength (B), as SNR following an ideal RF excitation pulse dgectly
proportional to B. A majority of human brain sodium imaging papessd what
has been the standard clinical field strength 6fTesla (1,5,6,9,10,13,22,31-34),

one used a 2T system (27), eight used increasistipdard 3T systems
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(7,12,23,28-30,35,36), five used 4T systems (3,28389), and one used a 7T
system (37). The field strength used for the soduiRl studies in this thesis was
4.7T, a now ‘moderately-high’ field system. NMR iopization also concerns
what is typically described as the ‘pulse sequénkehis thesis, optimization of
the NMR pulse sequence concerns optimization oftaan flip-angles, RF
pulse length (in effect TE), and TR for a maximaNR3voxel-volume
relationship, given that imaging sequences will denstrained by power
deposition (resulting in tissue heating) within theman head (a problem
increasing a83) (57). k-Space acquisition optimization in thiggfs is concerned
with the ‘production’ of k-space immediately prito Fourier transform and
includes: post-acquisition filtering, sampling dignslesign, projection evolution
through k-space, readout duration, and the opti&M¥R at which to perform
sodium imaging. k-Space acquisition optimizatiogoatequires relevant image

metrics for quantitative imaging which are introddan this thesis.

The first published paper presented in this théSksapter 2) describes the value
of sampling density design to generate a k-spdtifig shape for human head
sodium imaging. Because k-space is sampled toit@ faxtent, the image point
spread function (PSF) will have a sinc shape (oc jghape for a spherical
sampled k-space extent), manifesting as ringinth@nimage (see Chapter 1.3).
Although it may be expected that the rapid signetay of brain tissue may
provide an inherent k-space filter, sodiumifT cerebral spinal fluid (CSF), which
wraps the brain and fills the ventricles at itstognis substantially longer than in
brain tissue (It = Tos~ 64 ms at 4.0 T (25)). Given that the sodium eotr@tion
in CSF is roughly 3x larger (=150 mM) than in brdissue (~ 50 mM)
(6,31,32,58,59), ringing lobes arising from CSF stabtially contaminate the
brain tissue; this problem is exacerbated by therlsolution of sodium imaging
which spatially extends the ringing lobes, and ly $pherical geometry of the
head which generates ringing superposition. The itat k-space filtering is
required to minimize sodium brain tissue measure¢raeors related to CSF has

not been previously mentioned in the literatures(possible that filtering may be
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commonly used without being mentioned). Samplingsdg shape design other
than uniform was also introduced by Boada in 1980),(however his concern
was with shortening readout duration under a harewanstraint and only very
mild k-space roll-off was produced. In this papeéHamming-like’ k-space filter
shape is presented which can be generated by seidinsity design without
violating the Nyquist criterion. The intention dfis paper is to demonstrate and
guantify from theory and experiment the SNR efficig of k-space filtering by
sampling density design rather than with post-agitjon weighting. A ‘noise

colouring’ advantage of filtering by sampling degslesign is also highlighted.

In Chapter 3 (unpublished) this thesis consideesntimimum region of interest
(ROI) volume required to attain a desired configeimterval for a measurement
of average signal intensity in an ROI with respgxtimage noise. Although
proton MRI is typically unconcerned with the mea&suent of average ROI signal
intensity (proton MRI has historically been con@atrwith pathologydetection
rather than signal intensity quantification), ag®aROI signal intensity
measurements are of primary interest for sodiumginga The minimum ROI
volume required for a desired absolute confidenterval and a given standard
deviation of image noise is trivial to calculateomie understands how noise is
averaged (61). For non-zero-filled images with amif noise power spectral
density (PSD) (the bulk of standard Cartesian ilmpatfee noise autocorrelation is
a delta function, i.e. image noise is uncorrelatett] the standard deviation of
noise in a signal averaging ROI measurement isedsed in proportion to the
square root of the number of voxels in the ROI (6&)wever, when the noise
PSD is not uniform, as it is for radial k-space wsijion, image noise will be
correlated between voxels. To the author’'s knowdedgpp method to measure
correlation volume (CV), or the effective volume siftistical independence in
terms of voxels, has been presented other thartrii@l’ case when the ROI
encompasses ‘all’ of the autocorrelation functiow ghe PSD is of unit value at
its centre (63). A theory is presented in ChaptefoB the computation of

correlation volume given any PSD shape and ROl meluSeveral interesting
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results are demonstrated, including an additiodaaatage for k-space filtering
by sampling density design. This chapter also ggitd that although TPl was
developed in the context of improving SNR efficignstandard radial imaging
with its excessive oversampling at the centre ep&ee and dramatic reduction of
low frequency noise is actually (substantially)teethan TPI in terms of signal
averaging within an ROI, requiring smaller ROl voles to attain a desired

confidence with respect to image noise.

Chapter 4 (unpublished) concerns optimization diaiak-space acquisition for
the directly relevant quantitative imaging metridtroduced. Signal drop-off
toward the sampled extent of k-space, exacerbatéahlg readout duration in the
presence of rapid;ldecay, produces a smearing (down and out) of 8fe &nd
blurring in the image. It is for this reason thakpTeduction has been considered
beneficial (5,29). However, image noise standakdadien will also be reduced in
proportion to the square root of the readout domatiThe following question
remains: assuming voxel volumes are reduced ingotiop to Tro increase such
that SNR remains constant, how are image quality the effects of PSF
smearing to be measured? An optimization for radiBP| related’) readout
duration was very recently performed (36), howevteis the contention of this
thesis that this recent paper does not use a plari informative image metric
with regard to quantitative imaging for their opization — the optimization of
SNR in a point source object. Chapter 4 demonstrtat image intensity is
modulated by object volume when object volumessamnall in comparison to the
spatial extent of the PSF, and the image metrioduiced in Chapter 4 is thus the
minimum object volume in which both a desired measient confidence (with
respect to image noise — Chapter 3) and a deswedge measurement accuracy
(with respect to PSF-related image intensity mattutawith object volume) can
be attained within an ROI. Using this metric, theggproaches to radial k-space
acquisition are compared: standard radial imagirtg short ~ 2 ms fo (5), TPI
with short 4 ms %o (29), and TPI with long ~ 17 ms:d (as used in Chapters 2, 5

and 6 of this thesis). Also included in this chapseconsideration of: k-space
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filtering shape, the J decay ‘reshaping’ advantage of TPI related k-space
acquisition (also very recently highlighted to soregtent by (36)), CSF
containment within its bounds, and ideal implemgotaSNR.

Chapter 5 diverges from discussion of k-space adgpn to tackle NMR
sequence optimization, and was published in 20@3. (Bhis chapter describes
that there is much to be gained from a steady-sigpeoach to imaging, and that
use of TPI does not preclude one from using a gtetate approach, as can be
implied from (26). TR reduction facilitates incredsaveraging and proportional
noise variance reduction, however, reduced TRS8 abksociated with increased
power deposition. A new approach to NMR sequendengation is presented —
optimization for SNR under power deposition coristtaThis optimization
includes the three parameters of a single-quantodiust MR sequence that
govern SNR and power deposition, i.e. excitationgRse length, flip angle, and
TR. Although a prevailing notion for optimal sodiimaging includes use of the
shortest TE possible to avoid signal loss, it isvah in this chapter that a large
SNR increase is associated with some TE increasa (asult of RF pulse length
increase) which facilitates steady-state imagingdeun power deposition
constraint.

As previously mentioned, the purpose of the sodimiaging optimization of this
thesis was to enable the creation of ‘optimal’ sadimages of human stroke and
so evaluate a sodium signal intensity time-linéofwing stroke onset. This is the
subject of Chapter 6. The value of a potential ngnimechanism is given in
Chapter 1.2, along with a brief introduction to frehophysiological increase of
sodium ions within an ischemic lesion during acstteke. Two previous papers
have studied sodium imaging during acute humarketrdhe first (1993 — 7
patients) observed general intensity increase sodaum image at an earliest time
of 38 hours post-onset, and no intensity increasthieee images within 13 hours.
It was concluded thaf®Na MRI is insensitive to early ischemic changes aat

clinically useful for diagnosis” (13). The secondper (1999 — 26 patients)
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showed a relatively large sodium increase as easlyd hours but no clear
potentially diagnostic trend with respect to thaitig of stroke (12). Because
numerous animal studies have demonstrated timeadepé accumulation of
sodium within the acute phase of stroke (12,64-8&xudy of sodium imaging in
human stroke was again reconsidered in this th€sesresulting paper, published
in 2009 (41), highlights for the first time in hunga time-dependent trend for

sodium MR intensity similar to that observed inmai models.

The ability to selectively assess intracellular isod concentrations would be
particularly valuable for the study of many dise@secesses, and it has been
hypothesized that significant sodium relaxatiorfedénces may exist between
intra- and extracellular spaces (see Chapter 1®&)nsiderable research
((28,49,69-74) are a selection of papers since 1888 been devoted to the use of
triple quantum filtered (TQF) sodium NMR since iasvpresented in 1986 (75)
that triple quantum spin-ensemble polarizationsiccdae produced as a result of
biexponential relaxation for spin 3/2 nuclei (forbaief description of triple
qguantum filtered spin 3/2 NMR see Chapter 1.5). eory of the use of TQF
sodium NMR for selective intracellular imaging iBat sodium ions in the
extracellular space are in a considerably mored flemvironment and do not
exhibit biexponential relaxation, and hence do paiduce signal (or produce
considerably less signal). However, difficultiesT@F sodium MRI for human
brain include the power deposition of the minimumee 96 RF pulses of the
TQF sequence, and low signal yield (28). No papey éver used TQF sodium
MRI to study pathology in the human brain. A nod&lIR sequence presented in
Chapter 7 may be an alternative selective imagirgghod, and is based on
inversion recovery. Although a 18RF inversion pulse is required (along with a
90° excitation pulse), the power deposition of thisersion pulse is greatly
mitigated by making the pulse relatively long (moft’). Unlike the TQF
methodology where increasing RF pulse length reslyeed, the Soft Inversion
Recovery Fluid Attenuation (SIRFLA) sequence besefiiom increased yield

with RF inversion pulse softening.
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Before presenting the published (or to be publishesbme form) chapters of this
thesis some time will be taken to introduce sonfevemt background material. In
Chapter 1.2 acute stroke is introduced along wittrent treatment and current
understanding of pathophysiological sodium ionéase within the stroke lesion.
Chapter 1.3 covers the basics of k-space acquisgigineering, and in Chapter
1.4 TPI-related k-space acquisition is introdudgdapters 1.5 and 1.6 cover the
guantum mechanics of the spin 3/2 sodium nuclei d&r interactions in
biological environments respectively. Appendices dnd 2 concern
implementation and image creation of the non-Cee$PI k-space acquisition.
Appendices 3 — 6 highlight software created fors tthesis, and Appendix 7

concerns derivation of sampling efficiency for kasg filtering.
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1.2. Acute Stroke

According to a 2008 American Heart Association regpschemic stroke is the
leading cause of disability, and the third leadoayise of mortality after heart
disease and cancer (as stated in (76)). Conceptusthemic stroke is a very
simple disease involving the blockage of blood flmathe brain, typically as the
result of a blood clot, however, until 1996 theraswno direct treatment to
mitigate the extent of neurological damage follayvistroke onset. In 1996 the
Food and Drug Administration (FDA) approved the ust intravenous
recombinant tissue plasminogen activator (rtPAg akeplase) for treatment of
ischemic stroke within the window of 3 hours foliony the onset of symptoms
(the use of rtPA was granted approval in Canadi®0 (77) and in Europe in
2002 (78)). Administration of rtPA, a protein theé¢aves the plasma proenzyme
plasminogen to form clot dissolving plasmin (24)ithim the 3 hour window
remains (as of 2008) the international standardamé for acute stroke (78,79).
FDA approval was based on a large scale study tiibglehe National Institute of
Neurological Disorders and Stroke (NINDS), whiclygested absolute increases
of 11% - 13% for favourable outcomes, and a 32%tikad increase in number of
patients who were more likely to have minimal orcheability at 3 months when
treated with rtPA (50% of patients for rtPA and 3886 no treatment, based on
the Barthel index measuring performance of dailyvdies) (80). However, the
rate of symptomatic intracerebral haemorrhage waeased from 0.6% to 6.4%
(80). Subsequent reanalyses of this study confirtied beneficial nature of
treatment with rtPA (81) and suggested for evely géients treated 32 will have
better final outcome and 3 a worse final outcon®,(&ith 1 having a severely
disabled or fatal outcome as a result of treatn{88). Efforts to expand the
treatment window beyond 3 hours are ongoing (84-&nd a pooled study

analysis (88) and recent large scale study (89)estgsalue up to 4.5 hours.

The value of rtPA arises from the rescue of tisstierisk of preceding to
infarction, or cell death as a result of ischerfie ‘core’ of an ischemic lesion,

or regions having undergone anoxic depolarizatidiscgssed below), can be
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detected using diffusion weighted magnetic resoaamgaging (DWI) within

minutes following the onset of stroke (90-92). D@dntrast is facilitated by the
restricted diffusion of water associated with awcoxiepolarization and the
resultant cytotoxic edema. The DWI defined ischeaare (or typically portions
thereof) may be salvageable, but this rescue isihhigependent on early
recanalization (93). The ‘penumbra’ of the ischeogeebral lesion was originally
defined as that portion exhibiting ‘electrical tai’ (or electro-encephalogram
silence) but not anoxic depolarization (94), witifFA levels 50% — 70% of
control values (95). Within the context of MRI, thenumbra is defined by the
extent of under-perfused areas as detected onspanfweighted MRI (PWI), or
the PWI-DWI mismatch (96-98), although PWI may @stimate tissue at risk of
proceeding to infarction, i.e. tissue with beniglgemia or hypo-perfusion.
Recent stroke trials have addressed expansioreat®A treatment time-window
to 6 hours by using PWI-DWI mismatch to identifytipats with salvageable

tissue at risk who may be likely to benefit froncamalization (99,100).

While considerable attention has been focussed dentifying the potential

benefits of thrombolysis for individual stroke patis, there is currently no
recommended methodology to decipher the elapsexidinte symptom onset if it
is unknown. This is problematic, given the timeuiegment of current regulatory
approval, as ~ 1/3 of patients present within acettain time of onset making
them ineligible for rtPA (101). Several ‘classicomNMR non-human studies
have demonstrated time-dependent increases inmocmcentration following

stroke onset (58,68,102-108). More recently, séveam-human studies have
demonstrated time-dependent increases in sigredsity measured with sodium
NMR (12,64-67,109-111). Although there may be pb#knfor sodium with

respect to assessment of time after stroke (1h&jethave been only two human
studies of sodium MRI in acute stroke (12,13), hmemitdemonstrating a clear

evolution timeline.
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In this thesis the time-course of sodium accumomatiuring ischemic stroke is
studied within a human population using sodium MRith intention to assess a
potential means for inclusion of patients with uokm time of onset as eligible
for thrombolytic treatment. Although this thesis m®t concerned with the
pathophysiology of acute stroke, current understancof N& and water
accumulation within the ischemic lesion of acuteolst is briefly introduced

below.

It is well known that cells actively maintain agarsodium concentration gradient
across their cell membrane, continually ‘pumping’ dbree N& ions (while
simultaneously ‘pumping in’ two Kions through the Na,K-ATPase) to maintain
an intracellular sodium concentration of ~ 15 mMaiagt the ~ 150 mM
concentration in the homeostatically buffered istital space (24). This
concentration gradient and the resting membranengat of -5 to -100 mV
produced as a combined result of thé,N&, and Cl concentration gradients and
the respective permeability of the cell membranedoh species are vital to the
function of each cell, and are directly responsibletransport of other ions and
metabolites across the cell membrane as well asiteion and propagation of
action potentials in nervous tissue (24). Withie tituman brain at least 40% of
the energy released by respiration is required H®y Ma,K-ATPase for the

maintenance of concentration gradients (113).

Following the ‘cessation’ of blood flow, or the rexdion of ATP levels to ~ 25%
of baseline values (95), the ischemic cascade doeilsid to begin with ‘anoxic
depolarization,” a very rapid depolarization of ttedl membrane associated with
large compartmental ion shifts (interstitial Ndecreases to ~ 50 mM and
intracellular N& increases to ~ 100 mM have been measured) (93134,
Given limited energy reserves in the brain, analépolarization occurs within
minutes following onset of severe ischemia (95,118). Several pathways have
been suggested for the rapid influx of sodium assed with anoxic

depolarization. These pathways may include norcBeée cation channels gated
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by glutamate (116-122). Elevation of intracellutaicium through voltage-gated
calcium channels and inactivation of the ATP depandalcium pumps, along
with the impairment of Na concentration gradient dependent reuptake of
glutamate in the post-synaptic terminal and surdoumn glial cells (123), results
in a flooding of the synapse with glutamate (inese=a > 150 fold (124)).
Pathways of sodium influx associated with anoxigalarization may also
include (non-inactivating) voltage gated sodiumroteds (114,125-129) and other
ion co-transport channels (130-133). The large @tngental ion shifts and
increased cellular osmolality are most certainlgoasated with thecellular
swelling of cytotoxic edema (it should be noted tih@re is ndissue swelling, or
tissue water increase associated with cytotoxienedas defined here) (130,134-
136). While cellular recovery from anoxic depolatian is possible if ischemic
conditions are shortly resolved (within 30 minufes neurons, 60 minutes for
astrocytes (137)), the cellular swelling and catfciinflux, concomitant with
sodium influx (121,126,129,138), among other meidms are typically tied to
cell death (137).

The sodium ion shift of anoxic depolarization proesi a new concentration
gradient between the depleted interstitial spadh®fiesion core (that part of the
ischemic lesion having undergone anoxic depoladmgtand ultimately the
vasculature (67,130). Sodium flux across the erediathcells of the vasculature
while the blood brain barrier remains intact hasrbsuggested to be the primary
source of water accumulation within the lesion cdueing the period directly
following anoxic depolarization, and as such wadecumulation during this
period has been labelled ionic edema (58,102,106183). The transcapillary
sodium flux associated with ionic edema may reqaatéve transport through the
Na,K-ATPase on the abluminal side of the endothekdls (68,106,135), along
with the stimulation of other co-transporters (129)d up-regulation of non-
selective cation channels (130,133). However, @mirgal (non-MRI) rat model
study found no significant correlation between sadiand water concentration in

this period following the onset of stroke; watencentrations were statistically
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elevated prior to sodium increase (68). Lack ofaation between tissue sodium
and water was also observed at 1 and 3 hours folpstroke onset in another
large scale rat model study (107). It has altewedtibeen suggested that sodium
ions are not the sole source of osmoles drivingugswater increase during this
period, a marked increase in catabolic products aisy significantly contribute
(68,102).

The period of ionic edema has been suggested tddas to 6 hours and is
succeeded by vasogenic edema, a process of tissee accumulation in which
the blood brain barrier becomes indiscriminatelyops to blood ultrafiltrate,
allowing passage of brain proteins such as albuib®,130,139,140). Several
mechanisms may be responsible for the increasedeadility of the blood brain
barrier, which retains its integrity with respeatthe containment of erythrocytes
within the vasculature. These include disruptiontight junctions and reverse
pinocytosis (130,135). During vasogenic edema #pllaries of the blood brain
barrier behave like fenestrated capillaries, andrdstatic pressure gradients
contribute to the tissue infiltration of water, omnd other molecules (130).
Ischemic tissue sodium and water concentrationstimmem to increase in

vasogenic sense over a period of several daysd6g,1

It is suggested that the time-dependent tissueusodicrease throughout the
periods of time associated with ionic and vasogediema following the onset of
acute stroke may provide information pertaininginoe past stroke onset. In this
thesis an attempt is made to characterize intemsdyease on sodium images

following onset in acute human stroke.
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1.3. Basic k-Space Acquisition Engineering

A brief description of MR image acquisition is giveébelow, followed by
introduction to relevant aspects of MR image adtjarsengineering. To simplify
the equations, one dimensional images are considaréD image can be viewed
as an object profile). Extension to two and in igatar three dimensions for this
thesis is straight-forward. The description of MRage formation below and its

relevant aspects to this thesis draw from the Wahg references (54,141-143)

1.3.1. Creating an MR Image

Assume that an object we wish to scan in an MRledgRrent is a point-source

with location (x,) (with respect to the bore centre) and signal 'm'tyr(s(xo)).

The image(lm(x)) we would hope to attain from this MRI experimeant i
Im(x) = Sx) - 8(x — X,) . [1-1]

If an MRI scanner simply consisted of a constangme#ic field generating
solenoid there would be no way of knowing the lmrabf the object within the
bore other than by physically measuring it. Fortalya a ‘beautiful’ method of
MR imaging has be developed that makes MR imageaiisitign particularly
interesting for ‘signal processing’ engineers. Hualrier transfom(F(k)) of the
image we would hope to attain from the MR experitvadyove is given in Eq. [1-
2], wherek is in 1/m (it should be noted that spatial freqryespace is labelled k-
space).

F(k) = Sx,) - €720k [1-2]

If it were possible to make the phase of the sifmah each point-source within
an object evolve with sampling according to itsaben, then this sampling could
be mapped into k-space. An inverse Fourier transfof the acquired k-space
data would produce the desired image.
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Chapter 1: Introduction and Background

In an NMR experiment the received signal is a testilrotating (transverse)
magnetization which produces an oscillating EMFPwita tuned receive antenna
(or coil). The rate of oscillation (named the Lamfiequency) is dependent on
the magnitude of the static magnetic fi€R}) and the gyromagnetic ratio of the
nuclei (y). For sodium nucley = 11.26 MHz/Tesla, and at 4.7 Tesla the Larmor
frequency is ~53 MHz. The received signal is dentetéd before discrete
sampling and requires a MR system with a tuneadslel loscillator (such as the
Varian Inova used throughout this thesis). For mofermation on the quantum
mechanical production of rotating transverse magatbn for spin 3/2 nuclei see
Chapter 1.5.

Because the frequency of signal oscillation is depat on the magnetic field, a
spatially varying magnetic field can be used to entlie signal phase of a point-
source evolve with time according to its positidrhree solenoids producing
orthogonal, (linearly) spatially varying magnetields are included in each MRI
scanner. These magnetic fields are aptly namedrddient fields(G) and have a

value of zero at the centre of the bore and uritaD/m. When a gradient field

is applied, the signal phase of a point-source guthlve with time and position

according to

¢(t) = 2mx,YGt . [1-3]

It is immediately apparent from Eqg. [1-2] and E&+3] that the magnitude of the
gradient field and length of time it is applied yide a direct mapping into k-
space,

k = YyGt. [1-4]

To produce an MR image, the values of k-space amplg acquired through
application of gradient fields and subsequentlyense Fourier transformed. The
use of gradient fields to produce an MR image wan#lield and Lauterbur the

Nobel prize in Medicine in 2003.
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Chapter 1: Introduction and Background

There are essentially two methods of ‘getting adbun k-space to acquire its
values. The first is labelled ‘phase-encoding’ @ndsists of the application of a
gradient for a specific period of time prior to adtion (i.e. k-space locations in
a specific dimension are developbkeore the signal is acquired). The second
method is labelled ‘frequency-encoding’ and cossist acquisition of k-space
locations during the application of a gradient. Msndard Cartesian imaging
methods use a combination of phase and frequeramdery (i.e. frequency along
one dimension and phase along the other one or. tRbase-encoding is
disadvantageous for imaging the rapidly decayiggai of the sodium nuclei as
time is required to perform this encoding, durinigich the signal decays. A pure
frequency-encoding technique is primarily usedhis thesis in which the centre
of k-space (i.ek = 0) is acquired directly following excitation vdia gradient
field is simultaneously applied. k-Space is acqlima spokes projecting from the

centre (often labelled radial or projection imaging

1.3.2. The Discrete Fourier Transform and the MR Image

An image directly representing any object to beneed in an MR experiment can
be perfectly produced if the entirety of its contms k-space, without any
external modulation, can be Fourier transformedptoduce the image. In
practice, k-space must be discretely sampled toii fextent in the presence of
external modulation. Practical k-space acquisitggiven in Eqg. [1-5], following

the point-source introduction to MR image generaiio Eq. [1-2]. The distance
in 1/m between sampled k-space locations is lathédlg, kmax is the maximum

value of k-space sampled, artl, (k) (also called the modulation transfer

function — MTF) includes modulation of the pointisce signal at locatior,.

> 1-5
F(k) = Z (Sexy) - €772™ k) « Hyy (k) - rect (2 k ) -8 (k —(m- kstep)) -5l

m=—oo

: kmax
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Chapter 1: Introduction and Background

The termS(, ) is defined to be the NMR signal acquired at zgatial frequency,
or at the centre of k-space. Ideally the magnitfddne NMR signal produced by
each point-source would remain constant througlioeitacquisition of k-space,
but this is rarely the case. Alterations in the NMignal from its value at the
centre of k-space are reflectedHg, ,(k), which is defined to have a value of 1
at the centre of k-space in this description. Theduatation ofH(XO)(k) can
include the effects of local transverse magnetimatielaxation, along with k-

space sampling density and post-acquisition weighti

The inverse Fourier transform of the sampled k-spd=q. [1-5] is given below
(‘+’ denotes convolution, and the scaling factor & thverse Fourier transform
has been left out)

1 > 1-6
Im(x) = S(y,)8(x — Xo) * PSF(y (%) * Esinc (%) * FoV Z 8(x —1i-FoV). [1-6]

Several new terms are introduced in Eq. [1-6] fitlst is the point spread function
(PSF) which is the inverse Fourier transform of MigF. If H y(k) is uniform
across k-spac@sSFy )(x) will be a delta function, however, as mentionedvab
this is rarely the case. H )(k) drops-off away from the centre of k-space the
PSF y(x) will be spatially ‘smeared’ (down and out). Indhéase each point-
source will contribute intensity to a larger volunme the image than a delta
function. However, the total contribution of eaabint-source to the image will
remain constant as the integral R¥F, ,(x) remains constant and equal to the
value of Hp, x)(0) = 1 (as will be discussed below). Because thel tota

contribution of each point-source to the imageoigly dependent on the acquired
value at the centre of k-space, NMR contrast timi{guch as TE) are always

considered with respect to the centre of k-space.

The term(R) introduced in Eq. [1-6] is equal tt/(2 - kay), and oftenR3 is

listed as the voxel volume. Sampling k-space tin#ef extent will result in an
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Chapter 1: Introduction and Background

additional convolution of the point source withiacsfunction having a main-lobe
width of 2R. When k-space is sampled to an infiexéent this sinc function will
reduce to a delta function, however, this is fanfrpractical. Sampling k-space to
a reduced extent will broaden and scale the sinction, spatially spreading the
contribution of each point-source to the imagehibuld be noted that differences
in k-space sampling extent do not alter the integuan of values within the sinc
function, and as such do not affect the total psmirce contribution to the
image.

The sinc function convolution will spread the signantribution of each point-

source to distant regions of the image. In a langérm object the side-lobes of
the sinc function will be ‘cancelled’ by integralramation of point-source
contributions, however, sharp signal transitionghim object will generate visible
ringing in the image (named Gibbs’ ringing). To uwed the spatial extent of
signal contribution to the image associated withc dunction convolution, a k-

space filter (which would be included in the MTF &ly. [1-5]) can be

implemented (Chapters 2 - 4).

The term(FoV) introduced in Eq. [1-6] is equal tb/kg.,, and is labelled the
field of view. The result of the discrete k-spaeenpling requirement is that the
image produced will be replicated at intervals oWVFPoint-sources at a distance
greater than FoV/2 will contribute to the spacenwit-FoV/2 to FoV/2 as a result
of this replication, superimposing with other pesaurce contributions inside
FoV. This well known problem is defined as aliasingd1/(2 - kgep) must be
less than the greatest signal contributing distdtiee ‘spatial’ Nyquist criterion).
For the frequency-encoding k-space sampling of thesis, maximum signal
contributing distances are bound by the Varian &®anti-aliasing filter. When a
gradient G is applied during frequency-encoding pinase of point-sources at
FoV/2 will evolve with frequencywG(FoV/2). This frequency can be set as the
cut-off frequency (or frequency bandwidth — BW) tbe anti-aliasing filter. It is
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Chapter 1: Introduction and Background

trivial to show that this frequency is half of tekampling frequency (SW) which
produces kep (EQ. [1-7], whererg,y,, is the frequency encoding sampling dwell

time), thus satisfying the ‘temporal’ Nyquist critm.

BW = vG FoV G 1 G 1 1 sw [1-7]
2 2 - Kgtep 2YGTgamp 2

It should be noted that the effects of replicagssociated with the sampling of k-
space are not completely eliminated even with gerfdtering and critical
sampling according to the Nyquist criterion. Batle PSF and the sinc functions
will be continuous functions with infinite spatiaktent (i.e. each point-source
will contribute everywhere in the infinite imagease as a result of these
convolutions). The portions of the convolved sigmaénsity beyond FoV will
contribute to the space within FoV as a resulteglication. These replication
contributions are typically very small, but do haamme impact in the context of
Non-Cartesian gridding (Appendix 2).

Practical computation of the inverse Fourier transf of Eq. [1-5] requires a

practical limit onm, i.e.

w M/2-1 [1-8]
Im(x) = f 2 S(XO) . eTj2mXok | H(Xo)(k)
—o00 m=—M/2
. . _ j2mixk
rect ( kmax> ) (k (mkstep)) e dk .

Replacingk with m - Kgep, EQ. [1-8] can be rewritten as

M/2-1 [1-9]
Im(x) = Z S(xg) * €7D - Hiy [ MK e ]
m=-M/2
MKstep r )
-rect|>——| | 8(k —(mk Jamek gk
e [ oo )
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Chapter 1: Introduction and Background

or as
M/2-1 [1-10]
Im(x) = Z S(xo) . @ j2mXomKstep . H(XO) [mkstep] . rect [%::’] el2mxmKstep
m=-M/2
Acknowledging that the image produced will be d#er Eq. [1-10] can be
rewritten as in Eq. [1-11] witbh = nX (where X is the pixel / voxel size in the
image), andX = 1/(kstep-M), yielding what looks like the discrete Fourier
transform (DFT).
kstep nm

. m .
Im[nX] = Z S(nox) * e J2m(noX)mistep . H(xo)[mkstep] - rect [T e?™ M
M

max

M/2-1 [1-11]
|

m=—=

{0<n<M-1}
The commonly used inverse DFT (which includes tadisg factor 1/M to reflect
standard computation of the inverse DFT) is givekdq. [1-12]. Inclusion of the
variableb reflects the required summation limits of the DRERhd involves an

effective swapping of sampled k-space halves (tsttift’ in Matlab).

M-1
) b Kstep| i,.m 1-12
Im[nX] = % Z S(ngx) * e~ 12m(MoX)b(m)Kstep . Hnox [b(m)kstep] - rect [M} 2™ [ ]
m=0 max
M M
{b(m)=m(modN), —ESbSE—l, OSnSM—l}

The inverse DFT of Eqg. [1-12] governs MRI imagenfation. It can also be
written in the alternative form of Eq. [1-13] beloivshould be noted that M must
be greater than or equal 20= 2kp,,x/Kstep (OF the sampled matrix dimension)

for physical meaning.

M-1
1 . b(m) b(m) b(m) | .nm [1-13]
— (noX)
Im[nX] = M 0 St - € TN TFV - Hp vy [W] - rect [W -R|e*™™
m=
M M
{b(m):m(modM), —ESbSE—l, OSnSM—l}
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Chapter 1: Introduction and Background

While the periodicity (at the rate of FoV) of thenage produced has been
absorbed into the inverse DFT equation, one shioaldware that this periodicity
is still present. The discrete image produced hyerige DFT is essentially a
sampling of continuous image Eq. [1-6] (within tiits defined by FoV), and

the functions in Eq. [1-6] without finite spatiattent (i.e. the sinc function, and
for most practical cases the PSF function) will tabate values to the discrete

image from replications beyond the extent of thagm

When M is greater thad = 2ky,,x/Kstep (Or the sampled matrix dimension),
discrete k-space can be said to be zero-filled ey The result is finer

sampling of signal contributions to the image. Ndtewever, that the shape of
each signal contribution does not change, i.e.stiearing of the PSF is not

altered by zero-filling.

The inverse DFT of Eq. [1-13] can also be re-exggdsas Eq. [1-14], whe®

denotes circular convolution
Im(nox) [nX] = S(HOX) (HOX) ® PSFEnOX) [nX] . [1-14]

As with the continuous image of Eq. [1-6], the d&de image produced by DFT
will be the integral sum of all the infinitesimabipt-source contributions within
the object scanned during the MRI experiment. Fachepoint-source signal

contribution, thePSF, x, is effectively centred at continuous locatiag in
image space, multiplied with, x), and sampled at the image matrix locations

defined byn. The definition ofPSF, x, is given as

, 1 ) ([P o] H-25]
PSFn x [nX] = M z Hox | oy ,
m=0
where the prime represents the fact that the ievBIsT produces a function that
is not simply the convolution of the inverse Foutiansforms of the sampled

He x) @and rect functions, but rather the circular contioh of the two inverse
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Chapter 1: Introduction and Background

DFT transforms. The inverse DFT of the rect funttis also not simply a sinc
function, but approaches one within image spacenwheplication folding’ is
minimal (as is typically the case in practice)shiould be noted that the inverse

DFT produces a sampling dTSF(noX) at matrix locationsn. The values of
PSF,, x) at fractional locations of the image matrix carfdaend from zero-filling

the k-space matrix (i.e. increasing M).

As mentioned previously, truncation of k-space dsetonvolution with a sinc
function in image space. The sinc function has loalitions spaced at distance R,
and when R = X (i.e. no zero-filling) ann, is an integer, a point-source
contribution centred ah, will contribute solely to then, matrix location.
However, this is not the case wheg is not an integer. When k-space is zero-
filled the sinc function will be sampled more fipeland the effects of sinc
function convolution may be more visible than wher X (i.e. it is more likely
that minimum and maximum values of the troughs aalteys associated with

sinc function convolution will be sampled).

Because the DFT and the inverse DFT are transfains,ghe DFT of a discrete

image produced in an MRI experiment can be direstdyed as below.

M-1 [1-16]
—jorn™ —j2m( X)b(m) b(m) b(m)
Im[nX] €™M = S e ROV - Hngyy |07 - rect |- R
n=0
M M
{b(m)=m(modM), —7SbSE—1, OSmSM—l}

By consideringm = 0O, it is readily apparent that the total sigoahtribution of

any point-source to the discrete image is direittey acquired signal value at the
centre of k-space (as stated previously for Eg6])1-For this reason, when
designing NMR pulse sequences for maximum signabatrast, the value at the
centre of k-space is of primary concern (as meetioabove). It is again noted

that the shape dfi(k) will not alter the total signal contribution of @apoint-
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Chapter 1: Introduction and Background

source to the image; the shapeHtk) will, however, change the shape of each

signal contribution to the image, potentially snieguit out.

1.3.3. Image Intensity Dependence on Acquisition Parameted Zero-Filling

While the total signal contribution to a discret®NMmage is solely dependent on
the associated signal value at the centre of kespaage intensity can depend on
the k-space acquisition parameteggpland knax (or FoV and R) along with the
inverse DFT parameter M. The dependence of theevatuthe centre of the
PSF(,,x) iS given below

FoV [1-17]
R-M°

PSF'[0] o

When the MTF remains constant, Eq. [1-17] descri®®E scaling and the effects

on image intensity can be introduced as below.

When M is increased (i.e. the case of zero-fillittgg magnitude of the PSF will
be reduced in inverse proportion to this increassyever, the PSF will be more
finely sampled in direct proportion to this increasThe decrease in image
intensity maintains a constant total signal contiitmn. This intensity decrease
also follows from solution to Parseval's theorenhish is stated below for the
DFT wherelm|[n] is the inverse DFT df[m].

=

M-1 M [1-18]

3
I
o
3
I
(=}

From Eq. [1-17] it is apparent that image intensstylirectly dependent on FoV.
A decrease in FoV when all else remains constahtiyia decrease in the value of
X and increased sampling of any signal contributibhe decrease in image
intensity again maintains a constant total sigoalticbution. Note, however, that

the shape oPSFEnOX) (particularly in its periphery) can be (very slilyh altered
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Chapter 1: Introduction and Background

by change in FoV. Direct scaling of the entire sigoontribution with FoV
assumes minimum contribution to ‘replication spameyond the FoV, which (in

general) is effectively the case.

Although each point-source contribution to the imag also inversely scaled by
R (when all else remains constant in Eq. [1-17]jthiv a sufficiently large
uniform object the final image intensity (or theegral sum of each point-source
contribution) remains ‘constant.” When R is deceshghe shape of each point-
source signal contribution to the image is spatislietched, and inversely scaled
in proportion to the increase in R (maintaining anstant total signal
contribution). However, the spatially stretchednsigcontribution from each
infinitesimal point-source will contribute to a gter number of matrix locations
within the image. If a uniform object is sufficigntarge, the average total sum of
contributions at matrix locations ‘sufficiently Wwith’ the object (i.e. not at the
edges) remains the ‘same’ (the teamerage is included as superimposed ringing

throughout the object will be altered with changdi.

For any ‘sufficiently large’ uniform (with respetb signal) object, its image

intensity will be inversely scaled by M, ‘directlyscaled by FoV (assuming
minimal replication folding), but remain ‘unmodwddt by R. This is perhaps a
break from the traditional way of thinking aboutage intensity dependence on
voxel volume (whereR(,, ,, would typically define a 3D voxel). Traditionally,
image intensity in an MRI experiment is thoughtefbeing proportional to voxel
volume, but this is a 0-dimensional ‘spectroscopgy of thinking about things,

where signal intensity is simply proportional t@ ttotal number of spins excited.
For the MRI experiment, the total number of spixgited remains constant

regardless of how their signal phase is made ttvevar how k-space is sampled.
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Chapter 1: Introduction and Background

1.3.4. Image Noise

It is generally considered that the noise presetiteainput to the discrete sampler
(or the analog to digital converter) in an MRI espent is additive white
Gaussian noise with varianeg (zero mean is implied). This noise is dependent
on the resistive load of the coil, which includbe series resistance of the linear
components, as well as (and predominantly for Bjpie-vivo experiments) the
effective resistance associated with the objedhécoil. Sampled noise is also
dependent on the noise figure of the system recean, and isolation from
additional additive sources such as the transmwtepoamplifier. Finally, the
sampled noise power is dependent on the bandwidtheo anti-aliasing filter
(BW), which is of primary concern to this introdigect. The power spectral
density (PSD) of the input noise will be expresssdEq. [1-19], wheres?
represents the sum of thermal noise contributiomd #heir dependencies as
described above.

PSD(f) = 62 = 62 - BW [1-19]

If every location of the k-space matrix is sampds@dctly once, each location will
be associated with a noise power af. As g2 and BW (typically) remain
constant throughout an MRI experiment, a discretgial PSD associated with

each k-space matrix location for an MRI experinent be given as Eq. [1-20].
PSD[m] = 62 - BW [1-2(]

The discrete spatial PSD can be modified by twormee®ne is the additional
sampling of each k-space matrix location (or sangptiensity, given aSD[m]),
and the other is post-acquisition weightifMg[{n]), or the scaling of each matrix
location. Noise power is directly related to nassenming and proportional to the
square of noise scaling. The discrete, windowedti&pPSD is given in EqQ. [1-
21], where A is the number of sampled k-space méigations (A = 2kayKstep=
FoV/R).

PSD[m] = 62 - BW - SD[b(m)] - W2[b(m)] - rect[b(m)/A] [1-21]

27
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Inverse Fourier transform of the continuous spat@ke power spectral density

yields the autocorrelation functiafx).
r(x) = FT"1{PSD(k)} [1-22]

Inverse DFT of the discrete PSD yields the discreaiéocorrelation function

rp[n].

(02 - BW) on  [1-23]

roln] =22 SDb(m)] - W [b(m)] - rectlb(m)/Ale 1™
m=0

The subscript ‘D’ is used to indicate thgf{n] does not have the same shape as
r(x) but contains the effects of ‘replication foldinglssociated with PSD
sampling (however, the shape f[n] will approach that of(x) when A is
large). The factor1/M? accounts for the scaling associated with typical
calculation of the inverse DFT. The value of theaarrelation function at zero is

the variance of the noise in image spésg).

R [1-24]
o2 =r[0] = w Z SD[b(m)] - W2[b(m)] - rect[b(m)/A]
m=0

Image noise variance dependence can be re-expréssedplacing the anti-

aliasing filter BW with its Nyquist link to samplirate, i.eBW = A/2Tge.

M-1 [1-25]
A Z SD[b(m)] - W2[b(m)] - rect[b(m)/A]
=0

20< >
Tro + M
m

On

Introducing the relative power spectral den§itySD), Eq. [1-25] can be re-stated

as
g A [1-26]
m=0
where,
W2[b(m)] [1-27]

rPSD[b(m)] = SD[b(m)] - ————
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Replacing A with the dependendy= FoV/R yields

FovZ = [1-28]
2
0y, X m ZO rPSD[b(m)] .
m=

Finally, expressing the effects of ‘global’ k-spamesraging with its dependence

on total scan timé€Tyy,)
A-1 [1-29]
Z rPSD[b(m)]

m=0

FoV?

2
X
Tim * Tro - R? - M2

On

gives the direct dependency of image noise on thpake acquisition attributes

and zero-filling.

1.3.5. k-Space Acquisition and SNR

As described previously, image intensity is ‘dilgcproportional toFoV/M. As
the standard deviation of noise produced in thegames also proportional to
FoV/M it can be stated that altering FoV (assuming imggiimes remain
constant) and k-space zero-filling have no effecimage SNR. However, given
that image intensity remains ‘constant’ with changeR for objects that are
sufficiently large, it can also be stated that witbufficiently large objects SNR
will be proportional to R. The resultant SNR depamzk of k-space acquisition
design is given in Eq. [1-30].

A-1 [1-30]
SNR o« R+ /Tim - Tro (1/2 rPSD[b(m)]>

m=0
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1.3.6. The Modulation Transfer Function (H(k))

The functionH, x) (k) is given the label ‘modulation transfer functiand can

be split into two parts (Eg. [1-31]).

b(m)| b(m)
H(HOX) FoV - Mxy(noX) FoV +T

b(m)] [1-31]
FoV

The functionM,,,x) is used to define NMR signal dependency with tiime
each point-source in the object. As stated preWouisis assigned the value of
one at the centre of k-space (i.e. the NMR sigm&inisity at the centre of k-space
is included in thes, xy constant). For standard single-quantum sodium imgag
(which typically does not involve spin-echo refoogg Se, xyMyym,x) Can be
effectively defined by 7* decay and the time following excitation at whitie k-
space locations are sampled. However, it shouldobed thaM,,,,x, for sodium
imaging is not necessarily the sum of intrinsic decay and the dephasing
envelopeT,, the development of other spin 3/2 coherencestheid evolution
into observable single quantum coherence can affextM,,xy shape. An

example is triple quantum filtering, briefly dedwd in Chapter 1.5.

The functionT'[m] includes both sampling densityD[m], and post-acquisition

weighting,W[m], and is very often designed to be uniform.
[[m] = SD[m] - W[m] [1-32]

In this introductionl'[m] is assumed to retain a value of one at the cerfitke

space. The trivial scaling of thE[m] function (and the modulation transfer
function) by post-acquisition weighting will increa image signal and noise in
equal proportion. Scaling tHgm] function by sampling density is equivalent to

global averaging producing the associated SNR a&s&re
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1.3.7. Sampling Efficiency

Sampling efficiency is concerned with the generatid a desired’[m] in the
most SNR efficient manner (for constant scan dondtilt has been shown that
sampling efficiency is maximal when sampling dgnsitatches the desirdm]|
shape (55). Any requirement for non-uniform pogjtasition weighting of
sampling points will reduce SNR from the value tbatild have been attained if
sampling density had been altered as desired. €laive increase in noise
variance associated with post-acquisition weightsgiven in Eq. [1-33] (from
(55)), wherec?,yy is the image noise variance in the post-acquisiti@ighted
case and?p is the image noise variance in the sampling demissigned case.
The variablel is used to describe each sampling point, and leatsf the total

number of sampling points.

opaw _ L+ 22 W2[A] [1-33]
oky  (ZaWI[AD?

Derivation (not presented to the author’'s knowlgdgfea similar equation with

respect to the sampling efficiency of k-spacefiifig is given in Appendix 7.
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1.4. 3D Twisted Projection k-Space Acquisition

As previously mentioned, standard 3D radial k-spacguisition ‘suffers’ from
large sampling density variation across k-spacenfiag density can be defined
for radial imaging as the time spent sampling aesphl shell in proportion to the
volume of that shell
dt _ dr [1-34]
dV  4mkZ.r2dr’
where the variabler is a dimensionless fraction of the time required &
projection to reach the extent of k-space, amla radial fraction of the sampled
k-space extent. Within a Cartesian k-space maigi{E34] could be rewritten as

dt dr [1-35]
dv ~ 4n((A —1)/2)%r2dr’

where A is the number of matrix locations across @artesian k-space matrix.

When 411((A—1)/2)2 uniformly spaced projections are implemented the
sampling density is

dr 1-36
SD(r) = oy [ ]

At the edge of the sampled k-space sphere the sampensity will be 1,
describing critical Nyquist sampling. Uniform ‘ovprojectioning’ is equivalent
to a uniform averaging of k-space and can be ireduas such in noise variance
calculation. For standard radial imagidg/dr = 1, and the sampling density

throughout k-space is proportionalttgr?.

If a uniform I'(r) is desired, each acquired sampling point must bst-p
acquisition weighted as? according to its relative radial location. It isnple to
calculate the sampling inefficiency of standardiahmaging for the generation
of a uniform I'(r) using an integral form of Eq. [1-33] (from the yimus
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section). This is highlighted below where the votuf the k-space sphere is
proportional to the total number of k-space mattations within the sphere, and
the total number of radial spokes (or ‘projectignsiplemented is proportional to
the surface area of the sampled sphkgg,{ is the radius of the sampled k-space
sphere).

4 kmax
0-lz’AW _ §T[kf3nax : 4T[kr2nax fo (T.Z)Z dr _5/3

% (41'[R2 fokmax r? dr)2

[1-37]

For standard radial imaging the standard deviabibnoise will be 29% greater

when compared to a case where the entirety ofthers was sampled uniformly.

Into the context of standard radial acquisitioresnpling inefficiency and large
number of required projections, 3D twisted progctiimaging (TPIl) was
presented in 1997 for sodium imaging (30). The ephads to slow the radial
evolution of each projection beyond a given frattid sampled k-space (labelled
p) such that sampling density beyopdemains the constant value of thatpat
This is done while maintaining a constant sampkpged, and to maintain a
constant sampling speed projections are made &b. A& a result, each projection
samples much more of k-space before reaching the etithe sampled extent,
and the required number of projections to criticdill k-space is decreased. 3D
TPl is an implementation of 2D TWIRL (56) on sefscones. A brief derivation

and description of the equations governing TPIgiwven below.

The required projection radial evolution to maintai desired sampling density

beyond radial fractiop can be solved from solution to Eq. [1-36], i.e.

dr 1 L [1-38]
dr~ SD(r)-r2’ r@=0=p
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with the requirement that
1 [1-39]
SD(p) = —-.
p p2
This requirement reflects the fact that at thaatidn of radial evolution alteration

the sampling density must be equal to that of stethcadial acquisition.

If uniform sampling density is to be maintained degp, then Eq. [1-38] must be

solved for a constant value of SDL#p?, yielding
r(r) = Bp*r+p*)'3, [1-40]

where Eq. [1-40] describes the radial evolutionitieigg atr = p. The total
relative projection lengtizt.:), in proportion to that of a standard straight
projection, can be found from solution to Eq. [1-#0 () = 1 and the addition
of the relative time required to sample the initalaight segment before the
initiation of radial evolution.

1-p3 [1-41]

For small values op the relative length of each projection will be stamntially

increased from that of standard radial imaging.

Although TPI was initially introduced for the geagon of uniform sampling
density, Eq. [1-38] can be used to solve radialwgian for a very wide range of
sampling densities. This was also proposed by Boad897 (29). While Boada’s
purpose was to facilitate reduced readout duratiwter a hardware constraint, it
is proposed in this thesis that the logical radiadlution altered design is one that
produces a k-space filtering shape for the minitiopa of ringing artifact
(Chapter 2). Another radial evolution altered desggalso presented in this thesis
and involves thecompensation of the T, relaxation with sampling density to

produce any desired MTF in the presence of relargChapter 4). For the ‘non-
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trivial' SD(r) shapes presented in this paper Eq. [1-38] is dohlugmerically
(using Matlab).

While radial evolution slows to achieve a desirachgling density for TPI, the
speed of sampling throughout k-space is designeenbain constant and equal to
that before the initiation of radial evolution ad#on (dr/dt =v =1). The
speed of positional evolution in terms of spherm@brdinates is given in Eq. [1-
42], where(¢) and () are the polar and azimuthal angles respectivetpm(
http://mathworld.wolfram.com/SphericalCoordinatésih).

. . [1-42]
v=1= \[1"2 + 1r262sin?(¢) + r2¢?

When 3D TPI is implemented on sets of cones, agesigd by (30) (and done in
this thesis), the polar angle is held constantubhout each trajectory. In this

case the azimuthal angle must evolve accordingitq1=43].

[1-43]

()
r2(Dsin?(¢)

Formal solution to Eq. [1-43] for the case of unifiossampling density production
is given in (30). For the ‘non-triviaBD(r) shapes presented in this paper Eq. [1-
43] was solved numerically together with Eq. [1-38¢e Appendix JFigure Al-

1 for an image of a three dimensional twisted prigec

The advantage of twisting each projection, or desig each projection to
maintain constant sampling speed while radial eumtuslows to produce the
desired sampling density, is that with increasegjeation length each projection
will sample many more locations within the k-spapéere than standard straight
projections. The maintenance of constant sampliagsity of 1/p? beyondp
implies that k-space will be globally oversampleydndp to the extent ofl /p?
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when 4n((A - 1)/2)2 projections are implemented. Global oversampliag i
unnecessary and as a result the number of prapsctexjuired to critically fill k-
space can be reduced. In theory, if the sampleitgeas p is maintained
throughout k-space the number of projections reguito meet the Nyquist
criterion is related to the relative radipigrather tham = 1) and could be reduced
as p® from the case of standard radial imaging. For TR, Nyquist criterion
within each cone requires that the number of ptmes filling the cone can only

be reduced by the factpr and the number of cones required cannot be reduced.
However, a reduction in the number of required gutipns by the factgs can be

substantial especially whens small.

Although a reduction in the number of projectioeguired to fully sample k-
space may be beneficial in some cases, this iget#ssarily the case for in-vivo
sodium imaging. Because sodium imaging is a lomaiglow concentration)
application, k-space matrix dimensions are typycadimall and scan times
typically long (for the purpose of increasing SNBgcause sodium in-vivo,T
values are also short (< 65 ms @ 4.7T), in mangtjma in-vivo sodium imaging
scenarios the entirety of k-space can be filledhwstraight (un-twisting)
projections in a ‘reasonable’ scan time. For te&@son the twisting aspect of TPI
with its associated reduction in number of requipedjections is not its most
important aspect. Of much greater importance ighirthe alteration of radial
evolution. 3D radial sampling density altered kespacquisition without twisting
has been very recently presented (36), and is &senTPl without the
maintenance of constant sampling speed.

As an aside, a novel technique that allows botlptilarand azimuthal angles to
evolve during the projection readout and facilsapgojection reduction toward
that of p? was developed and presented at the ISMRM non-§lantevorkshop in

Sedona (Stobbe, Beaulieu, 2007, (144)), Whiletdobnique may find value in a
proton MRI setting, no particular value is suggegte sodium imaging.
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1.5. Quantum Mechanics of the Spin 3/2 Sodium Nucleus

Although this thesis is by no means intended toie of a quantum mechanical
nature, the quantum mechanics of spin 3/2 nuckeinavertheless introduced to
provide some consideration of the unique aspecspiof 3/2 NMR. This section
provides some background to the Sodium Spin Seguéficiple-S”) simulator
created during this thesis, which involves a dineeplementation of coupled
differential equations defining the evolution ofetllensity operator given by
(71,145,146) (Appendix 6).

The ®Na nucleus has 11 protons and 12 neutrons, arglfipin the eleventh
unpaired nucleon that the nucleus derives its ngular momentum (147). The
combination of angular momentum and intrinsic pnospin yields a nuclear spin
for **Na of I = 3/, (148,149). Discussion of the consequences of Zpiand its

difference from that of Hydrogen'H, i.e. proton,I = 1/,) will begin with

discussion of the sodium spin ensemble within gdanagnetic field. Following
description of the density matrix and operator, go@drupole Hamiltonian (the
preponderant interaction experienced by sodium enucin biological

environments) will be introduced and its effectamectral splitting and relaxation
given. Finally, evolution of the density operat@sdribing the polarization of the
spin ensemble will be addressed in the context h&f particularly useful

irreducible tensor operators.

1.5.1. The Sodium Spin Ensemble in a Large Magnetic Field

The sodium nucleus has four ‘spin-states’ assatiatiéh the orientation of the
spatially quantized nuclear angular momentum vedprwhich has a magnitude
[I| = m= V15/2, and a z-component,) quantized according to its
eigenvaluesm = —1/,,1/, for proton andn = -3/,,-1/,,1/,,3/, for sodium

(Figure 1-1) (150-152).
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Figure 1-1 Depiction of the spatial quantization of nucleagular momentum for spin
3/2. While the z-component (along the vertical agisd magnitude values are defined for
each spin-state, the x and y components are npicfdd by the dotted ellipsoids).

The wave-function for each nuclear spin can be esged as Eq. [1-44] (152-
154),

Y= Zamj|mj) [1-44]
j

where thea,, terms are complex constants associated with tbbapilities of
each spin-state (that differ for each nuclear gpthin an ensemble), and the:)
terms represent the spin-states. The quantum mieahamnobability of finding a
spin in statgm) is equal to the magnitude af,, and can be found from the inner
product(¥,,|¥) (where the angle brackets define the inner prodastthe spin-

states are orthonormal, ifen;|m;-,) = 1, and(m;|m;,,) = 0.
(Pl = ap(m|¥) = apam [1-45]

The use of angle brackets in quantum mechanicsfisadl as the Dirac notation

(152,153), and often the ‘bré&¥| and ‘ket’ |¥) terms are separated to label wave-
38



Chapter 1: Introduction and Background

functions or spin-states as above. The t€#{OP|¥) defines the inner product
following operation on the ket by a given opera@e’ (for example, the operator
I, given above weights each spin-state (or ket téym)s z-component of angular
momentum). If the operator is associated with asfuay observable(W|OP|¥)

yields the quantum mechanical expectation of thaeovable.

The interaction energy associated with a nucleagne#c momentu and a
magnetic fieldB, is given by the scalar product below:
E=—-u-B, [1-46]
where
p = hyl [1-47]

andy is the gyromagnetic ratio, which for sodium is2ZBLMHz/T (roughly %
that of proton). Assigning the z-axis to be alonhg dlirection ofB,, the (Zeeman)
Hamiltonian can be defined as:

H, = hyl,B, [1-48]

In the presence of the static Zeeman Hamiltoniah @ave-function will evolve
with time according to Schrodinger’s equation,
ihW = HWY [1-49]

with solution given below (153)

Y() = 2 am,exp(im;yBot)|m;) [1-5(]

]

The quantum mechanical expectation value of a ntagdpole along the z-axis
(labelled (u,)), whereu, = hyl,, is given in Eqg. [1-51] for a sodium nucleus

within a large magnetic field.

() = PRI (O) = YR Y ;- iy [1-51]
j
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The time-dependent phase term of Eq. [1-50] is elded; and the expectation
value for a magnetic dipole along the z-axis iralyé magnetic field is solely
associated with thg eigenvalues and probabilities of each spin-state [1-52]
for proton and Eq. [1-53] for sodium).

yh . . [1-52]
(ﬂz)proton = 7 (am1 Am, — Am, amz)

[1-53]

y * * * *
(Hz)sodium = 7(3 *Am, Am, + Om,Am,— Omy,Amy — 3 am4am4)

Given the orientation of nuclear angular momentwsoaiated with each spin-
state, a magnetic moment projection along the ¥ese plane is also to be
expected for each nuclear spin. To calculate tipeetation valudu,) = yh(ly),

the raising and lowering operatoi, and I_, are introduced with function to
increase or decrease the wave-function spin-stated states with greater or less

projection along the z-axis respectively) (Egs., [54]).

1-54

I+|mmax> =0 & I—lmmin> =0 [1'55]

The I, andl, operators can be expressed as linear combinatiotiese raising

and lowering operators (Eq. [1-56]) (152,153,155).

1 —i 1-56
L=5Uy+1) & I=—(-1) [1-56]

The expectation value for a magnetic moment albegctaxis is given below:

() = YROPOILIWO = YR Y @i, @ (my L )exp(ivBo(my, —m,)e) - [1-57]

pir

For a proton spin system with two spin-states thgeetation valuéi,)proton IS
given in Eq. [1-58]. If the compleda’ constants are expressed according to Eq.

[1-59], then{u,)proton CaN be expressed according to Eq. [1-61]. As easelen,
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for nuclei within a large magnetic field the ex@gin value of a magnetic dipole
in the x — y plane rotates at the Larmor frequenti phase determined by the

combination of adjacent spin-state probability ¢ants.

te)proton = 5 (@i, + i, Jexpiot) 58]
A, = Aje™" [1-59]
$21 =00 — 0y [1-6C]

{tx)proton = YRA1Azc08(h21 + wot) [1-61]
{tydproton = —YhA1Azsin(¢z; + wot) [1-62]

Likewise, the sodium expectation val{e,)..qium Can be expressed as below,
and is the sum of three oscillating components.

vh . . . . [1-63]
(Bx)sodium = 7{\/§(am2 A, tam, amz) + z(am3 m, T am, am3)

+ \/§(a:n4am3 + a;‘n3am4)}exp(iw0t)
[1-64]
(Ux)sodium = )’h{\/gAlAzcos((f’u + wot) + 2A;A5c05(P32 + wot)
+ V3A,4A3c05(as + a)ot)}

In practice we are concerned with not one, but margny spins. In this case the
statistical expectation value associated with amgispin-state for the spin system,
or ensemble, is written as, a,, . In thermal equilibrium within a large magnetic
field the ensemble expectation values for each-sfaite will not be equal, but
will follow the Boltzmann distribution with probdiy o« exp(— E,,,/kT), where
E,, is the energy associated with each eigenstate).(Be2ause the distribution
differences between spin-states will be extremetpls the exponential can be
expanded as Eg. [1-65] (wheFe= (2I + 1) is the number of spin-states, 2 for

proton and 4 for sodium).
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A a, ~ %(1 + mhyB,/KT) [1-65]

To simplify calculation, the ensemble spin-statpestation values are generally
given in terms of deviation from equilibrium whitemoving the extraneous (to
calculation) constants. As can be seen, with thgession the ensemble spin-
state expectation values in thermal equilibriumhwita large magnetic field are
directly thel, eigenvalues.

CmCm =M [1-66]

As a result of the ensemble spin-state expectadifierences, an ensemble
average magnetic dipole (or longitudinal magnetrgtwill be generated along
the z-axis in a large magnetic field. This magrsgton, which is proportional to
the maximum signal that can be produced in an NMPeement, is directly
dependent oB,,. It is for this reason that greater static magniglds have been

sought in which to do NMR experiments.

From experiment it is well known that at thermaluiégrium there is no net
ensemble magnetization rotating in the x-y planethret Larmor frequency
(transverse magnetization), as such a rotating setagfield would produce an
EMF in the detection coil (tuned to the Larmor freqcy). Although the
expectation value of a transverse magnetic dipoteaf single wave function
oscillates in time at the Larmor frequency, it mostthe case that the phase terms
of Eq. [1-64] are randomly distributed amongst #pns in the ensemble at

equilibrium.
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1.5.2. The Density Matrix / Operator

The density matrix is a matrix of the average spmsemble products of state
probability values,c;n]—cm, which for spin3/, is of size 4 x 4. The ensemble
average expectation value for an observable suehraagnetic dipole along the
z-axis or{u,) is then proportional to the trace of the densitytni® multiplied

with the operator matrix (shown in Eq. [1-67] fad&um).

CmiCmy " CmyCmy

— (my|l;lmy) - (my|l;my) [1-67]
(Hz) X (Iz) =Tr . I B . : ]

Cr*nlcm4 Cr*n4cm4 <m4|Iz|m1> <m4|Iz|m4>

At thermal equilibrium within a large magnetic tietlhe density matrix (labelled

DM) for the sodium nucleus is given in Eq. [1-68].

30 0 0 [1-68]
~Ilo1 0 o
DMequilbrium _E 0 0 -1 0
0 0 0 -3

Of particular importance to the computation of @welution of the spin ensemble
is that quantum mechanical operators can be asedaondth the density matrix;
this was shown above for thg operator related to the system in thermal
equilibrium. As such, not only are quantum mechaniperators associated with
their direct operation on the wave-function, bigoalith the statistical ensemble
distribution. The density operat() is introduced as a linear sum of orthonormal
basis operators, and is associated with densitybmatcording to Eq. [1-69]

below.
Cr*n}ka = (m|p|m;) [1-69]

In this sense, the density operator is a descriptdhe ensemble ‘status’, or the
ensemble distribution of spin-states and coherbeert®een each oscillation terms.
From the definition of the density operator the eenBle average expectation
value for any observable associated with an ope(@®) can be given as Eq. [1-

70].
43



Chapter 1: Introduction and Background

(my|pOP|my) -+ (my|pOP|my) [1-7C]
(OP) =Tr : - :

(my|pOP|my) -+ (my|pOP|my)

This equation is written in shorthand below.

(OP) = Tr(pOP) [1-71]

At thermal equilibrium in a large magnetic fietd= 1, and(l,) = Tr(I2). For

spin 3/2,(1,) is 10x that of proton (for whicfi,) = 0.5).

[1-72]

1
(L) =Tr(I7) = Z1r

[« el e RNe]
SO RO
(=3 e ]
O O O O

However, the gyromagnetic ratio of sodium is royg#il that of proton. When the
proportionality constants frofu,) = ay(l,) and the population distribution in a
large magnetic field {yB,/ZKT) are re-introduced, the ensemble longitudinal
magnetization expectation value (Egs. [73, 74B5%0 that of proton.

_ (R*y?B, [1-73]
(uz)—< 21T >Tr(122)

This result can be re-expressed as below uBifef) = (1/3)I(I + 1)(21 + 1)
(54,153).
[1-74]

— _ h*y*B,
<uz>—< 3T )(1(1+1))

Of central importance to the calculation of thelation of the spin ensemble, as
described by the density operator, is the Liouvilevon Neumann equation
(152,154,156)

dp =i [1-75]

where the square brackets denote operator comwntati
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[, p] = (my|Hp|my) — (m;|pF|my) [1-76]

Operators commutation relationships for the Caategirojection operators are
given below. If the order of the operators withie tommutator changes the sign
of the resultant operator changes. All operatormimate with themselves and

with expressions of the same operator.

[I, L] = il,, [1-77]
[1, 1] = —il, [1-78]
L1, = il, [1-79]

For the spin ensemble within a large magnetic fie&lLiouville — Von Neumann
equation takes the form below, whek®, (t) is a perturbing Hamiltonian much

smaller in magnitude than the Zeeman interactiate(that it is typical to remove
h from each of the Hamiltonians when presenting eélielution of the density
operator (154,157)).

dp [1-8C]

pri —i[Hz + H, (0), p]

To remove the constant Zeeman interaction from dhisulation the ‘interaction

representation’ (153,157) is used such that

dp" _ 0,0 [1-81]

dt
where
p* = exp(iH;t)pexp(—iH,t) [1-82]
and
Hy () = exp(iHzt) I, (t)exp(—iH ) [1-83]

It is apparent that use of the interaction repriedgEm represents a coordinate
transformation to a frame rotating about the z-awrisa negative sense at the
Larmor frequency. The rotating frame will be used &ll subsequent equations

involving the density operator.
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One of the great values of re-casting the Liouvi#lé/on Neumann equation
within the rotating frame is that the well known Rkcitation Hamiltonian (an
applied magnetic field, of magnitude,Botating in the transverse plane, with
frequencywgr, producing classical magnetic dipole ‘flippingy independent of
time within this frame. In the rotating frame th& Bxcitation Hamiltonian can be

given as below:
Hrr = h(yB, — wgp)l, — hyBy1, [1-84]

If wgr is equal to the Larmor frequency, i.e. the cas@®ofresonance’, thé,
term can be dropped. The effect of theerm, or ‘off-resonance’ excitation, is
‘flipping’ on a cone not equal to the x-z planedathme inability to produce a

complete inversion pulse.

The formal solution to the Liouville — Von Neumareguation for time-

independent Hamiltonians is given in Eq. [1-85]

dp” 1-85
dpt = exp(—iHt)p*(0)exp(+iHt) [ |

and in many cases a formal solution is of greatevé describe the evolution of a
spin sequence and design NMR pulse sequences. ldgwaev¥ormal solution is
not required and is often not practical for theleation of the evolution of the
spin 3/2 density operator under multiple Hamiltorsiaas will be discussed
further in this introduction. The formal solutionrfan on-resonance RF pulse,
given initial thermal equilibrium conditions (i.*(0) = 1,), is given below
(152).
p*(t) = I,cos(yByt) + I,sin(yB;t) [1-86]
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If the spin ensemble following a 9&F pulse can be described py= I, then

the density matriXDM(p*)) will be as given in Eq. [1-87].

[1-87]

The first thing of note is that when the spin enslencan be described py = I,
the statistical distribution of spin-states throoghthe ensemble are equal, as
denoted by the zeros along the diagonal. Howewer,one-off-diagonal terms

CimyCmy,, @7€ NON-zero. These terms are the ensemble agevhgiee products of

the complex spin-state probabilities describingekpectation of a nuclear dipole
in the transverse plane of Eq. [1-63], and non-zeatues specify phase
correlation between spins in the ensemble. When I, the magnitude of the
expected ensemble magnetization along the x-axexjiml to the magnitude of

longitudinal magnetization in thermal equilibrium.
(i) < (Iy) = Tr(IF) = 5 [1-88]
Thel? term is written out below where the order of ofiers is important.

1 -
12 = Z(1+1+ + I+ I 0+ 1.1) [1-89]
It should be remembered that the expected ensetrdsieverse magnetization

will be oscillating in accordance with the rotatifngme.

For spin 3/2 nuclei, the expectation value of axdverse nuclear dipole is
associated with three oscillating terms. As spid Bdclei possess four energy
states, each oscillating term can be ascribedatesition between adjacent states.
When the ensemble average phases of the oscillgmgs are non-zero, these
oscillations are said to be coherent. The one-@ifi@hal terms are specified as
single-quantum coherence terms. The propagatedrerutes along the diagonal

(or ‘super-coherence’) of the density matrix whe€n= I, is associated with an
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observable transverse magnetization. However possible for spin 3/2 nuclei to
produce an ‘observable’ with positive coherencenvben the outer spin-states,
but negative coherence between the inner spinsstdte linear sum (or ‘super-
coherence’) of which yields no ensemble transveragnetization. Transitions of
2 and 3 quanta, producing oscillation terms at@ &times the Larmor frequency
(related to operatorfl;)? and(I;)* ) are also possible for sodium nuclei with
ensemble double and triple quantum coherence tdilfimgy the remaining

diagonals / corners of the density matrix. The potidn of a density operator that

contains these terms will be discussed later mitttroduction.

The beauty of the density operator is that one roedy follow its evolution to

fully describe the state of the spin system, or §pin ensemble magnetic
polarization, during an NMR pulse sequence. In tbkowing sections the

guadrupole Hamiltonian is introduced, a dominanéraction unique to nuclei
other than spin Y2, along with its effect on releotatand energy level shifting. A
particularly useful basis set in which to exprdss tlensity operator given the
guadrupole Hamiltonian will then be introduced @owith sets of coupled
differential equations ‘completely’ describing thedium spin system during an

NMR pulse sequence.

1.5.3. The Quadrupole Hamiltonian

As mentioned above the quadrupole Hamiltonian éspteponderant interaction
experienced by sodium nuclei in a biological envment. While the charge
distributions of spin % nuclei are spherically syatric, the charge distributions
of nuclei with spin > %2 are not (they are ellipsd)dand as a result these nuclei
will be preferentially oriented in an electric fiegradient (EFG) (153). It is the
energy associated with this orientation that preduche rapid relaxation
commonly known to be possessed by sodium in bicddgnvironments such as
the human brain as well as typically ‘ignored’ (fionaging the human brain)
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energy level shifting. The source of the electieldf gradients in biological
systems such as the human brain will be introdunethe subsequent chapter
section 1.6. Derivation of the quadrupole intei@ctin this section will closely
follow Allen (152) and Slichter (153).

The electric potential energy between a nucleargehdistribution and an electric
potential, arising from the environment surroundihg nucleus and mediated at
the nuclear site by the electron cloud (through $ternheimer anti-shielding
factor) (153,157,158), is given by the equationobelherep is the nuclear
charge distribution (not to be confused with thegiky operator) and V is the

mediated electric potential at the nucleus duectereal sources.

- f PPV () dr [1-9€]

BecauseV(r) is determined by electronic charge distributiohattare much
greater than the nuclear dimensions, it is assuimedlerivatives o¥(r) do not
change over the dimensions of the nucleus andrasué this interaction can be
expanded in a multipole sense over the nucleudD A'8ylor series expansion is
used, however, this interaction can also be exmhndeterms of spherical

harmonics (157). The first three terms of the Tagkpansion oV(r) are written

below,
av(r) 1 92V(r) [1-91]
V) =V + ) s IR > S anac|
Si=X,y,Z r= Si,Sj=XY,Z r=0
and the interaction energy re-expressed as:
E=v0) [ p<r>d3r+2v [somar+ 5y vy [sspmar B2
Si,5j
where
_ov(r) [1-93]
Si —
aSi r=0
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and

R0 [1-94]
Sisj aSi aS] r=0

The first and second terms of Eg. [1-92], which olwe the electrostatic
interaction energy of the nucleus considered asirast pource and a nuclear dipole
moment respectively, are irrelevant to this dismrssThe first term will simply

produce spatial drift, while the second term wi# Bero as nuclear dipole
moments are non-existent (the nuclear centre ofsnzasl centre of charge
coincide (153)). The third term, however, concethg nucleus orienting
interaction associated with its electric quadrupwlement in an electric field

gradient.

Continuing to follow (153) the electric quadrupoleoment, Qs;s;p Can be

introduced (wheréSiSj is the Kronecker delta function):
1-95
Qsisj = f (3Si5j - SSiSjTZ)p(r)d3T‘ [ ]
The integral of the third term in the energy int#i@n equation (Eq. [1-91]) can
then be expressed in terms(ggsj as:
1 -
f Sisjp(r) d3r = §<QSiSj + f SSiSjrzp(r)d3r> [1 96]
The subsequent quadrupole interaction energyhe edlevant third term of Eq.
[1-92], is given below:
1 1-97
E = gz VSiSj QSiS]' + vSiS]'SSiSj f T-Zp(r) d3r [ ]
Si,S]'
It should be noted that the electric field in whitle nucleus is present must (in
general) satisfy Laplace’s equatiaft,V = 0 (i.e. the electric field at the location

of the nucleus should not contain an electronicrgdnaindependent of the
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nucleus). As a result, the second term of Eq. [[Lvd be zero, yielding the

interaction energy of Eq. [1-98] below.

1 [1-98]
E = gz VSiSj QSiS]'

Si,S]'

The delta function in the equation defining the leac quadrupole moment (Eq.
[1-95]), involves subtraction of a term that is @peéndent nuclear orientation, or
the subtraction of spherical electric symmetry frdm nucleus, the interaction

with which we are not interested.

To obtain the associated quadrupole Hamiltonip, the quadrupole moment

can be replaced by an operator term dependenteosuiim of protons within the
nucleus. Without attempting to describe the undeglyquantum mechanics (the

reader is referenced to (153)) the quantum mecabnpneratong?Spj) is simply

given below (Eg. [1-99]) (where the constapis defined as the quadrupole
moment of the nucleus: 1.04 x¥cn? for **Na(159)).

op) ___ Q0 (3 s g2 [1-99]
QSiSj - 1(21 _ 1) (2 (ISiISj + IS]'ISi) SSiSjI )

Following algebraic manipulation, and noting thainpipal axes can always be

defined such thaﬂiSiSj = 0 for s; # s;, the quadrupole Hamiltonian can be stated

in terms of these principal axes.

eq

___ e [1-10(]
Ho = 4121 — 1)

[Vez (312 — 1T + 1)) + (Viex — Vyy ) (17 — 12)]
An alternative representation is given in Eq. [IJL terms of the operatois
and I, highlighting one and two quanta transition termsthe Hamiltonian
(153,157).

H,y = #Q—n [Vo2(312 = I1(I + 1)) + Vay V6 (U, + I11) + VirV6(11)?] [1-101]
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where
Vo =1/2V,, [1-102]
Vig = 1/V6 (Ve £ V) [1-1C3]
Viz = (1/(2V6)) - (Vex — Vyy * 2iVy,) [1-104]

As can be seen the quadrupole Hamiltonian invodvesmplicated’ combination
of I, andl, operators. However, this preponderant spin 3/2 ilamen can be
greatly simplified for calculation of the evolutioof the density operator by
recasting spin 3/2 quantum mechanics in terms béreficial tensor operator
basis set. Before this is done, it should be ntitatlthe EFG terms experienced
by the sodium nuclei in a biological environmentlwmost certainly be time
dependent (the source of the EFG terms and timeg diependency is the topic of
chapter section 1.6). However, in certain environtfiea non-zero-mean
component to the fluctuating EFG may persist over televant NMR time-
course. In this case the quadrupole Hamiltonianbeaaplit into effectively static
(#,s) and fluctuating(#yr) components. Introduction of the static quadrupole
Hamiltonian and its effect will precede consideratiof the evolution of the
density operator under influence of the static quaole Hamiltonian, followed
by consideration of the fluctuating Hamiltonian.

1.5.4. The Static Quadrupole Hamiltonian

To calculate the effect of the ‘static’ (or nonaenean time-averaged)
guadrupole Hamiltonian in a strong magnetic fieBb)(the case of axial

symmetry is assumed for the time-averaged compsneinthe EFG, labelled

Vix (), Vyy (1), andV,, (1), such thaw,(t) = V,,(t) (a good approximation for an
environment with lots of motion as a biological tgys) (152,153,160), arid,, (t)

is assigned the magnitude(q(t)), where |V, (D] = [V (D = |V, ©)].
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However, it is unlikely that the 'z’ axis ofgBvill coincide with the 'z’ axis of the
EFG (labelledz’). The static quadrupole Hamiltonian is expresseldwo in Eq.

[1-105] together with the Zeeman Hamiltonian.

e20(q®) [1-105]

H = yhB,l
YRGBl * = 1)

(3122, — I + 1))

Given the overwhelming magnitude of the Zeemarraat#on in proportion to the
guadrupole interaction, the quadrupole Hamiltorcan be expressed as a first
order perturbation in terms of the principal axé8e as below (wher@ is the
polar angle between z amt) (147,153). However, the orientation of the EFG
experienced by the sodium nucleus in a biologinalrenment will also certainly
change will time. The ‘static’ quadrupole interactiwill be proportional to the

time average of this orientation (over the rele\dNIR time-course).
eZQ(q(t)) 1 [1-106]

H = yhB,l
YhBo * = 12

(3cos?0(t) —1)(312 — I1(I + 1))]

Before discussing the effect of the static quadieiptamiltonian perturbation in a

large magnetic field two common terms will be imlwoed. The term

e?Qq(t) [1-107]

x(t) = A

is defined as the quadrupole coupling constant tlh@derm

we(t) = @(3C0529(t) -1)

[1-108]
is defined as the quadrupole interaction frequefidtye terma,, labelled the

residual quadrupole interaction frequency, is use@present the non-zero-mean

time-averaged (or static) component of the quadeuipderaction (160,161).
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Using the residual quadrupole term the static quamle Hamiltonian can be
expressed as Eq. [1-109].

@ i
Hos = ?‘9(3122 —I1(I+1) [1-1C9]

The corresponding spin-state energy eigenvaluebeavritten as below

1 -
E,, = hw,m +EhEQ[m2 —5/4] [1-110]
with the result of spin-state energy level shiftegdemonstrated frigure 1-2
While the frequency of the central transition isafiected by the quadrupole
interaction, the quadrupole interaction producesually spaced satellite
resonances in the spectrum. The static quadruptgeaction is highly dependent

on the angle of orientation of the EFG, ¥y, (t), with respect to the main

magnetic field. 19 (t) = 54.7° the quadrupole interaction will be eliminated.

Figure 1-2 Spin-state energy level shifting as a resuladdtatic residual quadrupole
interaction (A), and the resultant splitting of gwdium spin 3/2 spectrum (B).

It should be noted that in the case where timeagext non-zero-mean electric
field gradients experienced by sodium nuclei anedoanly distributed in 3D

space throughout a voxel the distributionggf) is not uniform. Rather, it has a
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probability density o sin(6(t)) (i.e. there is only one infinitesimal EFG
orientation associated with(t) = 0°, but much greater orientation ‘freedom’
through the azimuthal angle §t) is increased) (162). As a result, the average
wqy in a voxel with randomly distributed static EFGsllvbe zero (in this
environment the powder spectrum will be producé&8gj. It should also be noted
that the coherence between the outer spin orientaigenstates each produce
30% of the observable transverse magnetization,tlmdoherence between the
central eigenstates — 40% (163). This follows frservation of Eq. [1-63].

Although discussion of energy level shifting as esult of the quadrupole
Hamiltonian may seem specifically related to spmedopy, the secular
guadrupole interaction can also have significanpaat on signal intensity
measured with NMR sequences intending to assesslspsity. This interaction,
which is briefly introduced below, has generallyebegnored for imaging the
human brain. However, it was recently shown at I3MRiawaii (Stobbe,

Beaulieu, 2009) (164) that some signal loss onwsndmages may be the result

of a static residual quadrupole interaction.

1.5.5. Irreducible Spherical Tensors

The use of irreducible tensor operatdf,,) (150,153,154,157,165-168) as a
basis set in which to express the density operstgparticularly helpful for
sodium NMR analysis as they allow for simple expi@s of the quadrupole
Hamiltonian and full representation of all possibfgn 3/2 ensemble coherences
(71,145). The commutation relations for these dpesahave been tabulated
(169), facilitating ‘simple’ derivation of the Lisille — Von Neumann equation
(Eq. [1-74]) under the influence of the quadrupélamiltonian. The use of
irreducible tensor operators also provides a visuaerstanding of sodium spin

ensemble multipoles, or spin ‘polarizations’ (17,1
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Irreducible tensor operators are defined as operdtat transform under rotation
in the same manner as spherical harmonics of dr@erd have operator matrices
defined by the Wigner-Eckart Theorem, which stéite$ the matrix elements are
related to the Clebsch-Gordan coefficients as béld0,166,167):

(m|Tyq|m'y = 21 + 1)™Y2(Im ng|ImXI||T, || [1-111]

Within the Wigner-Eckart Theorem, the Clebsch-Gardaefficients, typically
written (j;mj,m,|/M), are used outside their ‘derived application’ ofigling
two angular momenta. If desired, the values of éhasefficients can be found
from any online table or calculator. It can be dotieat matrix elements are non-
zero only whenm' + q = m. The scaling tern{l||T,||I) is labelled the ‘reduced

matrix element’ and is given below.

nint (21 +n+ D12 [1-112]
2 (2n)! (21 — n)!

(T |11) =

The definition of the irreducible tensor operatoasd the equation specifying
their matrix elements is given above for complessneHowever, full
understanding of the derivation of these tensorraipes is not required to
appreciate their use. The matrix elements assocwaith eachT,,, operator
relevant to spin 3/2 nuclei have been tabulatedaadyiven inTable 1-1 (from
(168)). TheT,_, operators have negative matrix elements mirroledgathe
diagonal. In reference to the tensor operator3,is defined as the operator rank
and(q) its coherence in association with related spitestansitions (sometimes

q is labelled as irreducible tensor ‘order’).
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Too
1
1
1
Tio Ti4
3 -3
1 1 1 )
3
T20 T21 T22
1 -1 1
V3 -1 1
1
T3 T3, T3, T3
1 -1 1 -1
3| s 3 G| af 3
-1

Table 1-1 Irreducible tensor operator matrices with ramgréasing from top to bottom
and coherence increasing from left to right. As barseen, th&;, operator is equal to
the I, operator and thd’;; operator is proportional to thh operator introduced
previously. When used as a basis set for the deapirator, the remaining orthogonal
operators describe other ensemble spin-state lligtrns: quadrupolar - T,,, and
octopolar -T3,; as well as other ensemble coherence combinations

Following from the operator matrices, the irredieibensor operators can also
expressed in terms af; and I,. These expressions are given below from
(145,167,168), wher¢A, B], represents anti-commutation (i}, B], = AB +
BA). Given the definition of the irreducible tensqgregators, it is not surprising
these operators have similar form to the sphehaainonics. For this reason they
are often called irreduciblgherical tensor operators. Although expression of the
irreducible tensor operators in terms/glndl, may be interesting, expression in

this manner is not necessary for their use.
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TOO =1 [1‘1131‘122]

Ty =1
Tys1 = F(1/V2)1
T,y = (1/\/6)(31§ — I+ 1))

Top1 = (1/2)Usl; + I714)

Tso = (1/¥10)(513 — GBI+ 1) — DIy)
Torr = F(1/4) (‘/3/10) 52 —10+1) —1/2,1.],

T3i2 = (1/2) (V 3/4) [IZ' Ii]+

Tsrs = ¥(1/2)(1/V2)13

As a basis set for the density operator, the matssociated with &,, operator

specifies the density matrix, or the sum of ensemgpin-state coherence
(c,*n]cmk) terms, when the density operator can be expressiety by thatr;,,

operator. As such, eadh, operator specifies an ensemble ‘super-coherence’ o
spin polarization. The use of the irreducible teasas a basis set provides a
means to graphically depict this polarization, giviheir relationship to the
spherical harmonics (170,171). The ensemble spignat&zation polarizations
associated with each irreducible tensor operatomifogy a basis for density
operator are shown from (170) kigure 1-3. Although the individual,, tensor
operators themselves do not represent physicalnadses, as their associated

operator matrices are not hermitian (i.e. no caoajegsymmetry about the
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diagonal), hermitiarT,,, operators can be generated from a linear combimati

individual T,,, operators. The hermitizing procedure used for tpaphical

depiction is given below, producing polarizatiohattdiffer by a phase for each

coherence.

(a) Population states

T =l(ei‘7¢T
nq¢ 2 n-q

S

(b) Single quantum coherences

)

/

[1-123]

(c) Double quantum coherences

_/

Figure 1-3 *“Graphical representation of the (hermitized irreitile tensor operator)
basis set using spherical harmonics for a dpin 3/2 nucleus. Any density matrix
representing an ensemble of spin 3/2 nuclei can be illustrated as a linear comiina
of these states. The (irreducible tensor operatmes)specified by their rank)( order
(coherence)d), and phase...” The other angles have meaning specificallatea to
(170). “...The population states (a) are rotatilysymmetric about theaxis, and are not

coherences. The single quantum coherences (b)ehawgyle plane of symmetry through

the z axis; the double quantum coherences (c) have twh planes; and (d) the triple
guantum coherences have three.” (170)
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It is informative to consider that when the densiperator is considered within
the rotating frame, each nuclear spin ensembleripatoon in Figure 1-3 will
rotate at the Larmor frequency. It is the rotatidrihe magnetic dipol€T;,) that
produces the EMF within the receive coil. Each lefé bther polarizations are
rotationally balanced about the z-axis and will rggnerate an EMF. A
polarization rotation rate at 2 and 3 times thenar frequency can also be
observed for the double and triple quantum coh@&®ndhroughout an NMR
sequence the density operator will consist of chrgndinear combinations of
these irreducible tensor operators, and visuatinadf the nuclear spin ensemble

polarizations during different NMR sequences aréh&er shown in (170).

Before discussing the evolution of the density apmrit should also be noted that
in order to form a basis set for the density omerathe irreducible tensor
operators must satisfy an orthonormal relationskifnile they are orthogonal,
they must be scaled to be of unit length. The sgaiequired to produce unit spin
3/2 irreducible tensors operatdf,, ) is given in Egs. [124 - 128] (145,167,168).

. _[@n+ DI -n2nen)! 1/2 [1-124]
nd I +n+1)! nq
Too = (1/2)To0 [1-125]
Tig = (1/V5)Tyg [1-126]
Toq = (1/V6)Ty, [1-127]
Tsq = (V2/3)T3q [1-128]

Symmetric (s) and antisymmetric (a) combinationtheke unit operators are also
formed for calculation to reflect the hermitian wegment for an observable
(145,167).

Tng(s) = (1/N2)(Teg + Tng) [1-129]
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Tog (@) = (1/V2) (Taeq — Tag) [1-13¢]

The symmetric and antisymmetric combinations predomagnetic polarizations
90 out of phase from each other, such thala) = I, andT;,(s) = —il, (note

that the Cartesian projection operators are nainiff length for spin 3/2). The
magnitude of the transverse ensemble magnetizasiothen proportional to

|T11(a@) — T11(s)|. During ‘on-resonant’ conditions the symmetric and

antisymmetric terms for eaéhq are un-coupled.

Perhaps the greatest advantages of consideringevbrition of the density
operator in the basis set of the irreducible temgmrators is that the quadrupole
operator can be directly expressed in terms oflih@s set. From observation of
Eq. [1-101] and Eq. [1-116 — 1-118] it is apparémit Q,, = T,,. The full
guadrupole Hamiltonian is expressed below whereetéetric field gradient¥,,

have been defined above and are now written teattheir time dependency.

2 [1-131]
_eQ
%—ﬁZumm)

The calculation of the evolution of the density ger under influence of RF
pulses and the quadrupole Hamiltonian used to khédsodium spin simulator
used in this thesis (Appendix 6) is based on the sé& coupled differential

equations derived by Van Der Maarel (71,145,14617@). These equations will
be briefly described below, first for the staticdathen the time-dependent
Hamiltonians.
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1.5.6. Density Operator Evolution Under Static Hamiltorsan

Using the irreducible tensor operators the stasidual quadrupole Hamiltonian

can be expressed very simply as Eq. [1-132].
j-[QS = FLQQTZO [1'132]

Transformation to the rotating frame does not affde static quadrupole

Hamiltonian as it commutes witk,.
Hos = UHpsU™! = Hys [1-133]
U = exp(—iH,t) [1-134]

In the rotating frame the Hamiltonian for an onemmnce RF pulse is also

independent of time and can be expressed as below.
Hir = hyBy L, = how, (V5)Ti1(a) [1-135]

Evolution of the density operator in the rotatimgnfie under the influence of
these two relevant static Hamiltonians experienegdhe spin ensemble during
an NMR experiment is given below (from Eq. [1-75]pte that in this
representation the has again been removed from the Hamiltonians).

dp”
dt

[1-136]

Derivation of the Liouville — Von Neuman equatiar these static Hamiltonians
simply requires knowledge of the irreducible tensygperator commutation
relations for spin 3/2 which are given in (169).eTtwo coupled differential
equations describing the evolution of the denspigrator under the influence RF
irradiation are given below. It can be seen thatdffect of an RF pulse on the

density operator is to couple tﬁgq operators of different coherene) within

their rank(n). An RF pulse cannot produ@q operators of rank different than
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those present prior to the RF pulse, however, api$e can produce all tl‘ﬁgq
operators of different coherence within the rankhafse present prior to the RF
pulse. If the spin system is in thermal equilibmigp* = Ty,) prior to the RF
pulse, only single quantum coherences (or obsezvimbhsverse magnetization)
will be produced. Formal solutions to the Liouvité/on Neuman equation under
the influence of an RF pulse (or under a hard REg)uare given in (145) for
each case that density operator is initially onetled 15 irreducible tensor
operators. Although not shown in this introductins interesting to note that RF
‘flipping’ rates between coherences can be 2x andr8ater tham,; for the rank

2 and rank 3 operators.

Tio 0 —iw, 0 0 0 0 0 0 Tho
Ti1(s) —iw, 0 0 0 0 0 0 0 Ti1(s) 137a]
Ty1(a) 0 0 0 —iw, 0 0 0 0 Ty1(a)
Tp(a) | 0 0 —iw, 0 0 0 0 0 Tyo(a)
T | 0 0 0 0 0 —ivea 0 0 Tao
Ts1(s) 0 0 0 0 —ivéw, 0 —iy5/2w, 0 T3:(5)
Ty, (s) 0 0 0 0 0 —iy5/2w, 0 —iy3/2w; || T52(s)
Ty3(s) 0 0 0 0 0 0 —iy/3/2 wy 0 T33(s)
Ti1(a) 0 0 0 0 0 0 0 T11(a)
Too / 0 0 —iv3w, 0 0 0 0 \ Too \ 137b]
T1(s) ‘ 0 —iv3w; 0 —iw, 0 0 0 ‘ 71 (s)
% Ty,(s) =| 0 0 —iw; 0 0 0 0 | T22(5)|
Ts1(a) 0 0 0 0 0 =i 5/2w1 0 Ts1(a)
Ts(a) k 0 0 0 0 —iJ5/2w; —iy/3/2 wl) T32(a)J
Tsz(a) 0 0 0 0 0 ~i/3/2 w, Tsz(a)

The two coupled differential equations describihg evolution of the density
operator under the influence of the residual quaalaiinteraction are given in
Eq. [1-138] below. The effect of the isolated residquadrupole interaction is
somewhat opposite to that of the RF pulse in thabuples thefnq operators of

different rank within a specified coherence.
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Tio 0 0 0 0 0 0 0 0 Tio [1-
F11(s) 0 0 i3/5@, O 0 0 0 0 Fi1(s) 138a
Ty1(a) 0 iy3/5@, O 0 0 if2/5m, © 0 Ty1(a) '
d | Tpa) | 0 0 0 0 0 0 i@, 0 Ty, (a)
el 7, | 0 0 0 0 0 0 0 0 Tao
Tui(s) 0 0 i2/5@, 0 0 0 0 0 Ta1(s)
T35(s) 0 0 0 i@, 0 0 0 0 T3, (s)
Ts3(s) 0 0 0 0 0 0 0 0 Ta3(s)
T1i(a) 0 0 iy3/5@w, O 0 0 0 T11(@) [1-
T2 0 0 0 0 0 0 0 T2 138b
T21(5) i3/5@9 0 0 0 iy2/5@, O 0 T21(5)
% Ta2(8) | = 0 0 0 0 0 iwg 0 To2(8)
Tsn(@ | 0 0 if2/5@, O 0 0 o | T(@ |
T3,(a) 0 0 0 i@y 0 0 0 Tso(a)
T33(a)/ 0 0 0 0 0 0 0 / 733(a)/

Formal solution to the evolution of the density igter under the influence of the
residual quadrupole interaction given an iniffg)(s) state is given below from
(177). Fourier transform of the evolution Bf, (s) with time, g,,(t), yields the

split spectrum oFigure 1-2

T11() = g11(OT11(8) + g21(OTr1(a) + g31(O)T31(s) [1-139]
where
911(0) = 5 (2 + 3cos(@qt)) [1-14¢
V3 [1-141]
921(0) = ﬁsm(th)
[1-142]

6
g31(t) = \/?_(1 — cos(EQt))

To search for the presence of residual quadrupdéeactions in biological tissue
(and underlying tissue ‘order’ as will be introddde chapter section 1.6) an RF

pulse following transverse evolution under thedeal quadrupole interaction can
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be applied to converf,,(a) into T,,(a). A subsequent RF pulse will convert
T,,(a) back intoT,;(a) which will then evolve back int@,;,(s) which can be
observed. Of value is that multiple averages wipprapriate flip-angles and
phase cycling can be used to cancel signal fronusoduclei that do not produce
the T,,(a) spin polarization. This is facilitated by the faleat an RF pulse with a
given phase will ‘interact’ with the double quantwmherence at 2x that phase.
There are many different double quantum filteriagiants that have been used to
assess sodium nuclei in biological environments7{179). Although double
guantum filtering was not used in this thesis, iaflalescription is given as it is

referenced at various times.

In the presence of both RF and residual quadrupateiltonians formal solutions
to the combined differential equations become aiogty cumbersome if the RF
pulse is not sufficiently hard that its effect che considered in isolation.
Solutions that would fill much of this page areegivin (180,181). However, of
particular interest to sodium NMR experiments afitng to assess sodium
concentrations is that soft RF pulses applied ie ghesence of a residual
guadrupole interaction may ‘selectively produceybtiie central single quantum
coherence. In this case the transverse magnetizggoerated will not directly
reflect the underlying sodium concentration evemelbixation effects could be
‘eliminated.’

1.5.7. The Fluctuating Quadrupole Hamiltonian

While theT,, term of the quadrupole Hamiltonian is involvedspin-state energy
level shifting when the electric field gradient tains a ‘static’ (or non-zero time-
averaged) component, each term of the quadrupateltdaian is involved in the

production of relaxation associated with the suppdsed EFG fluctuation. The

zero-mean fluctuating component of the quadrup@mitonian is given below:
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2 [1-143]
FHr(©) = 2 ) Tom [Vn(®) ~ (n @)
-2

The fluctuating quadrupole Hamiltonian producesyvefficient relaxation for
sodium nuclei in biological environments, and thachh weaker dipole-dipole
interaction associated with proton relaxation ci@cévely be ignored. There are
three state transitions for spin 3/2 associatedh Wie production of transverse
magnetization, and ensemble coherence need natidrepted’ at the same rate
for each transition. In fact, the outer and inmansition coherences are reduced
to thermal equilibrium at different rates (biexponal transverse relaxation) as
given by (182) (describing electron spin couplinfhe ensemble spin-state
probabilities are also returned to thermal equililor at different rates
(biexponential longitudinal relaxation) as reportddy (183). The first
mathematical expressions of biexponential relaxafr spin 3/2 nuclei were
given by Hubbard in 1970 (184). It is also of pautar interest that the fluctuating
guadrupole Hamiltonian can algwoduce coherence for the spin 3/2 system
rather than simply destroy it (75).

The equation of motion for the density operatoreistated below from Eq. [1-

136] with the “relaxation superoperator” added.

dp” o . X [1-144]
T —i[Hgiatic P+ f ()

The evolution of the density operator under thdugrice of a fluctuating
Hamiltonian follows from consideration of the flueting Hamiltonian as a
second order perturbation (154,157), and assunasctianges in the density
operator are small on the time scale of the fluatna (145,157). The quadrupole
relaxation superoperator is given below in Eq. 4b]lfor the sodium spin
ensemble and includes the static (in the rotatimgné) RF and residual
qguadrupole perturbations (145).
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5 [1-145]
760 = [ [0, Texp (-0t + 935) )45~ Dexp((ie + 9435)0) 07 O] a
0

The effect of the relaxation superoperator on thasdy operator will first be
introduced in the absence of RF and residual quadeuperturbations; the effect
of these static interactions will be briefly addred following analysis of the

fluctuating Hamiltonian in isolation (145).

Because evolution of the density operator is cared within the rotating frame,
an expression for the fluctuating Hamiltonian withihe rotating frame is

required. The basis frame transformation is resgtaelow
Hop(t) = UHpp (U [1-146]

where
U = exp(—iH,t) [1-147]

Unlike the static quadrupole Hamiltonian, not alhtponents of the fluctuating
guadrupole Hamiltonian commute wiftf,. However, the irreducible spherical
tensor operators are of particular value to fat#itthis basis frame transformation

(150,166). An irreducible tensor is defined bytitsmsformation under rotation as:

RToqR™ = > Dlig(@ 6,1) Tugy [1-148]
ql

In this definitionR is the Euler rotation operator, with rotation cgigm first
about the z-axis (angte), then about redefined y-axis (an@leand finally about
the redefined z-axis (angjg. The termD},,q(aﬁy) is the Wigner rotation matrix,
or the operator matrix associated wRhin thenq representation of the tensor

operators. For the rotating frame transformatioly tire first rotation term is non-
zero andR = U*. For this case (166)

Dé,q(a)ot, 0,0) = exp(—iqwot)d4q [1-149]

and
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RTyqR™ = exp(—iqwot)Tyq [1-15C]

The result of transforming the fluctuating quadriepoperator to the rotating
frame is simply multiplication with an exponentidaving rotation rate
proportional to the quantum value of the operaidre fluctuating quadrupole
Hamiltonian is stated below (145), where tfie1)? term (and other sign
changes) result from rotating frame evolution imegative sense.

2 - [1-151]
Hor = %Z(—l)qTZq [V-a® = (V-q(0)] exp(iqaot)

The relaxation superoperator is expressed belowhénrotating frame for the

isolated fluctuating quadrupole Hamiltonian, whehe dagger represents the

Hermitian adjoin®,}, = (—1)7T,_, (145,157).

[1-152]

) "
fo) = - Z (720 [T 0 @] f (he—fg) Vg (® = (V-g)] [Vat = ©) — (V)| exp(iquor)dr

The integral term looks very much like the Fourteansform of an auto-
correlation function, or the power spectral densitythe fluctuating interaction.
However, as the integral limits do not extend ¢o this term contains both real
and imaginary components. The real terms are teegaet quadrupole interaction
power spectral densitieg,(w), sampled at» = qw,. The imaginary terms result
in very small shifts in the spin-states energy leydynamic frequency shift) and
are generally ignored (145). The relaxation superator is restated in Eq. [1-
153] in terms of the quadrupole interaction powsctral densities.
2 -
flp) = —z [TZq: [Terq,p*(t)]]]q(qwo) s

-2

The coupled differential equations describing thelwion of the density operator

under the influence of a fluctuating quadrupole lamian (calculated from the
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double commutation) are given below from (145), xhg = /,(0), J, =
J1(wo), andj, = J,(2w,)

T T ~ _ 1-154A-C
o o T11(@) 11(a) [ ]
T1:(s) T1:(s) 7 7
’7"21(a) 72101) ~ “ ~ “
A ~ T21(5) Tz1(5)
d | Ty(a) T(a) d | . "
o ~ =A o & | Tp(s) | = B| Tp(s)
dt T30 T30 dt a a
2 N T31(a) T31(a)
T31(5) T31(5) A S
N N T3,(a) T3,(a)
T3,(s) T3,(s) N N
N " T33(a) T33(a)
T33(s) T33(s)
2/5J,+ 8/5], 0 0 0 4/5], — 4/5], 0 0 0
0 3/5Jo+ i+ 2/5], 0 0 0 V6/5]), —V6/5], 0 0
0 0 Joti+ 2); 0 0 0 0 0
A 0 0 0 Jo+2h+t ] 0 0 o 0
~ | 457, - 4/57, 0 0 0 8/5J,+ 2/5], 0 0 0
0 V6/5J,—V6/5], 0 0 0 2/5Jo+J,+ 3/5], O 0
0 0 0 0 0 0 JotJ; O
0 0 0 0 0 0 0 Lt/
3/5]0+]1+ 2/5], 0 0 0 \/E/SJO—\/E/SJZ 0 0
2J1+ 2); 0 0 0 0 0
| 0 0 Jo+Ji+ 2/, 0 0 0 0 |
0 0 Jo+2Ji+ J, 0 0 0
‘ V6/5J, «/_/512 0 0 0 2/5Jo+J+3/5], O 0 ‘
\ 0 0 0 0 0 Jo+J2 0 /
0 0 0 0 0 0 Lt

Although this thesis is not concerned with the ak&igher order coherences to
filter NMR, it is useful to understand the evolutiof the polarization of the spin
ensemble. As a mathematical result of double comtiaut the zero quantuf,
andT;, operators as well as the single quantimandT;, operators are linked

through relaxation:

P10 - Tyo |0.2exp (—) + 0.8 (_t) 2 —t [1-153]
% . — . — —
10 10 €xp Tlf €xp Ty, 30T €xp Tlf exp Tls

where
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1 1 [1-156]

and
T11(s, @) = Ty ( )[06 <_t>+04 <_t)] [1-257]
s,a) > s,a) |0.6exp | — Adexp (—
11 11 p Ty p Tys
_ NG —t —t
+ T53,(s,a) = [exp (ﬁf) — exp <E>]
where
1 1 [1-158]

Tor=——; Tys=
T o+ 2T+,

An appropriately phased RF pulse can be used twecbrthe rank 3 signal
guantum coherence into a rank 3 triple quantum resioe, and a subsequent
appropriately phased RF pulse can be used to repedd, which will evolve
back into7;; under the influence of relaxation. This is theeese of triple
guantum filtering, where appropriate phase cycliredated to the more rapidly
rotating triple quantum coherence) and sequenceagivegy can be used to cancel
all signal in cases wher&;, is not generated (75). The operafa; is not
produced whefT,; = T,,, or when the transverse relaxation is monoexpaaient
This technique has been used ‘extensively’ in gitesmto probe sodium
concentration and relaxation differences betwedradellular and extracellular
space. In this thesis an alternative, potentialighér yield methodology is
proposed for this task (Chapter 7). The naturédnefdpectral density function for

sodium in a biological environment will be introguacin chapter section 1.6.

The coupled differential equations describing thelwion of the density operator

above (Eq. [1-154]) are given in the absence dicsRF and residual quadrupole

perturbations. If a residual quadrupole interactp@nsists it will commute with

theq = 0 term in the fluctuating Hamiltonian, and its degence removed from

the relaxation super-operator with respect to tarsn. The effect of a residual

guadrupole interaction related to the= +1,+2 terms is a shift in the sampling
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of the interaction power spectral density functignsndj, in proportion tow,.
However, this shift in comparison to the Larmormgirency is insignificant. In the
presence of an RF field the static quadrupole Ham#an no longer commutes
and many more terms are introduced into the cougiféerential equations above
(EQ. [1-154]). These terms are dependent on theepepectral density function
Jo sampled not only at 0 Hz, but at the two additidresquencies below (71):

1-159

Ay = \/65 —2w1@g + 4w? [1-160]

It is assumed for the simulations performed in thesis that the dispersion ¢§

at low frequency is negligible. Whef, (0) = J,(4,) = J,(4,) the coupled
differential equations of Eq. [1-154] remain validthe presence of the static RF
and residual quadrupole Hamiltonians. An absencéowf frequency spectral
dispersion is also assumed by the group that dirwel presented the coupled
differential equation describing the evolution afdaim spin ensemble given
above (71). Measurements of low frequency speckealsity dispersion do not
exist for cellular tissue, but it is likely, givetme lack of discrete long-term
sodium ion binding sites in biological environmentise type of which may
contribute energy solely t(0) (chapter section 1.6), that dispersion within this

frequency range is small.

Although evolution of the density operator withhretirreducible spherical tensor
basis set completely describes relaxation for thim £nsemble, it does not
highlight the ‘source’ of the two components of Xgenential transverse
relaxation. Solution to the Redfield relaxation matwhich describes the time
dependence of the three (for sodium) single quardaherences highlights that

the T,y component of transverse relaxation is associaidd aeherence between
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the outer states andyg] coherence between the inner states (75). Theidkkdf

relaxation matrix for a four state system is detive (182).

1.5.8. Sodium NMR Simulation

The evolution of the density operator for the spi@ sodium nuclei during an
NMR experiment involves solution to the sum of theee coupled differential
equations under the influence of RF (Eq. [1-133ffic residual quadrupole (Eq.
[1-138]), and fluctuating quadrupole (Eq. [1-154{amiltonians. While formal
solutions in special cases may be used for sequiegign, for general sequence
analysis formal solutions can be quite impractibalmerical solution provides a
means to observe and optimize the evolution of demsity operator for
‘complicated’ sequence scenarios. The numericaitisol is given below, where
V is the modal matrix whose columns are the eigetorse of the summed
differential equation matrices, and D is a diagomahtrix of associated

eigenvalues (71).
p(t) = Vexp(D)V~1p(0) [1-161]

Eigenvectors and eigenvalues for the coupled diffeal equations were solved
in Matlab. The NMR simulator built during this the$s shown in Appendix 6.
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1.6. Sodium NMR Interactions in Biological Environments

For sodium NMR in biological environments the pregerant quadrupole
interaction, wy (t), will be time dependent, as both the quadrupolepkog
constant,y(t), and the angle of orientation of the ‘experiencetictric field
gradients with respect to the main magnetic fiéld,, will change with time (Eq.
[1-162]).

wo(t) = @(EWOSZB(Q -1) [1-162]

In an environment where the EFGs are randomlyibiged in 3D space and the
fluctuations ofw, (t) are very rapid on the scale of the Larmor periogl'], the
time averagedv,(t) will be zero. This is the case of sodium in a damgaline
solution, where the origin of the EFG arises fraratantaneous asymmetries in
the hydration shell (160,185,186). Although the rage power of these
interactions is very largeq,ns = 1Mhz (161), the interaction correlation time
constant(z.) is very short(< 1 ps) (wheret, is the characteristic time of an
exponential autocorrelation functioexp(—1/7.), a reasonable approximation for

an aqueous NacCl solution (160)).

In biological environments it is possible that mutbwer fluctuations otv (t)
may be superimposed on the rapid variations aridmogn the ‘thermal’
distortions of the hydration shell (the source bégse slower fluctuations is
discussed below). If the duration of an effectivalf{period of the slow
fluctuation approaches,? but is still less than the inverse of the timeraged
wo(t) during a half-period, spectral splitting remairen+existent (i.ew,(t) is
still time-averaged to zero over the NMR time spal#60,161). The slow
fluctuating contribution will, however, increaseetlinteraction energy at low
frequencies, with consequence for relaxation {he.power spectral density at O
Hz will be increased resulting in biexponentialngaerse relaxation). If the

effective period of the superimposea,(t) fluctuations become quite long,
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and/or the magnitude ofv, (t) associated with these slow fluctuations becomes
quite largewq (t) will not be time-averaged to zero over the NMReistale and
the spectrum will be split according to the ‘resiiquadrupole interaction’ -,

(i.e. the time-averaged,(t)) (187). It should be noted that the biexponential

transverse relaxation process will also be verigiefiit in the case of ‘very’ slow

superimposed EFG fluctuations.

While the rapid EFG fluctuations produced by thdragion shell surrounding the
sodium ion in an aqueous environment are well kn(i6), the sources of slow
EFG fluctuations experienced by sodium nuclei ioldgical environments are
not as clear, and diverse mechanisms are likelglwed. Sodium ions may be
‘bound’ to sites within large macromolecules sushilee grooves of DNA (188-
192). Cation binding is essential for the foldingdastability of large RNA

molecules (193), and the binding of Nend K in particular is essential for the
proper function of many enzymes (194,195). Sodiuclai directly and statically

bound to large stationary macromolecules wouldyilexperience large constant
electric field gradients. However, binding to bigilcal macromolecules is most
likely a very transient process, as binding sitegtee minor groove of DNA are

suggested to be occupied for only 50 ns (189).

Models of rapid exchange between ‘bound’ and ‘frems states (discrete
exchange models) have been used to describe sddiliRidynamics and assess
sodium interactions with specific macromoleculesn (particular DNA)
(188,189,196-199). However, the ‘binding’ of sodiulons in a biological
environment can take many forms including inneresphor direct), outer-sphere
(coordination through a water molecule) and atmesph(200). While ‘strong’
binding may exist for molecules of nucleic acid,aker and non-specific (or
‘territorial’) binding is associated with other pedent biological macromolecules
such as carbohydrate chains, proteoglycans or ggynmoglycans (201,202). As
binding weakens, the residence duration of an ighinvan EFG produced by
association with the macromolecule is reduced. His tway the rate and
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magnitude of EFG fluctuations may be related to thpe, strength and
availability of sodium ion binding sites within thenvironment (199). In
biological tissue, the concentration of ‘stronghding sights is suggested to be

very much less than the concentration of ions (D),

Slow EFG fluctuations experienced by sodium nuiciediological environments
will also be influenced by the diffusion of the aod ion through the time-span
of its NMR coherence (161,163,203,204). Repeatettoenters’ with EFGs
having the same spatial orientation will greatlgrease the interaction energy at
low frequencies. While these ‘encounters’ may bertshived, in an ordered
environment the probability of similar ‘encountersay be quite high. In this
sense the rate of the slow EFG fluctuation can iseudsed in terms of local
‘order.” Saline solutions can be described as ‘zemder’ environments, while
‘medium-range order’ environments produce slowtfiatingwq(t) components
but no spectral splitting. It is in environmentgiwiong-range order’ that residual

guadrupole interactions remain.

The EFGs ‘encountered’ by the sodium nucleus throug its nuclear NMR
coherence may involve the specific transient bigdof a sodium ion to a
molecule such as DNA,; they may also involve ‘tem#l interaction.” Of
particular importance to the discussion of theelais the role of the hydration
shell in the EFG experienced by the nucleus. Itdeen considered that the water
surrounding the sodium ion simply acts to screenemitorial electrostatic
macromolecular-generated EFG, as a result of foteatges, at the nuclear site
(i.e. the water simply has a dielectric effect) fgOHowever, this continuous
solvent model has been considered insufficientutly describe the EFG at the
nuclear site, as perturbations of the hydrationl sfself, beyond random thermal
fluctuation, brought about by short-range intex@ctwith large macromolecules
are also involved in the production of EFG fluctoat(206-208). At surface
interfaces, perturbation of the hydration shelhifreymmetry may result from the

preferential orientation of the water moleculesaasesult of hydrogen bonding
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(209). Elsewhere, perturbations of the hydratiorlishre simply discussed as
outer-sphere collisions with macromolecules, witle tEFGs generated being
perpendicular to the surface (161). It has beegestgd that along surfaces, fixed
macromolecular charges may have little to do with EFGs experienced by
sodium nuclei other than the adsorption of ionsngldhe surface, being
overshadowed by hydration shell distortion (210)21%rge, slow-fluctuating
electric field gradients with long correlation timmay arise from the diffusion of
sodium ions in tightly confined and highly anisqi® environments. It should
also be noted that macromolecular density will alsfluence slow EFG
fluctuation (209), increasing frequency of interait

When discrete exchange models are used to assassnteractions with
macromolecules, quadrupole interaction in each ‘ool (either ‘free’ or
‘bound’) is defined by an exponential autocorreatfunction with characteristic
time constant, or a Debye model, and the resutedakation described according
to a population weighted mean. While this methogplmay be functional for the
NMR analysis of molecules with specific bindingesit(199), it is somewhat
awkward to characterize EFG fluctuation twice, wathin the autocorrelation
functions defining each site and within the ‘cheshiexchange,’” especially given
the very transient binding in even the strongesiding cases. The discrete
exchange model can be replaced by a continuouss@fi model in which
distinct Debye models of autocorrelation are abaedcand replaced by a single
autocorrelation function for the diffusing nucldié{,204,210). Within this thesis
a single autocorrelation function is considereddibisodium NMR environments
simulated, with power spectral density values @xlated from relaxometry
measurements via Egs. [156, 158]. Apart from theecaf saline, these power
spectral density values specify autocorrelatiorcfimms that are not exponential
(or Debye). While others have attempted to create@-exponential single
autocorrelation models for sodium nuclei in biot@jienvironments, this sort of

interaction modeling is not relevant to this the&40). It should be noted,
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however, that in complex environments such as legltissue different ‘domains’

or ‘compartments’ may be present with limited sodiexchange between them.

The purpose of single quantum sodium imaging hpiedjly not been concerned
with the use of quadrupolar interactions (i.e.xateon and residual splitting) to
describe the nature of biological environmentdias generally been concerned
with the assessment of tissue sodium concentratiomever, it is important to
have some understanding of the nature of sodiurdrgpale interactions in-vivo.
It is informative to note that studies of yeasticsluggest an intracellular space
containing an effective single NMR population ofd&on nuclei exhibiting
biexponential relaxation but no spectral splittifi0). This suggests no local
regions within the (yeast) cell producing ‘expeded’ EFG fluctuations slower
(and possibly greater) than the rest of the ce#nelsodium nuclei are ‘held’ over
the lifetime of the transverse coherence. Suchoregwould exhibit a more rapid
short component of biexponential relaxation andsiidg residual splitting. While
local regions producing slower EFG fluctuations reaist within the cell, such as
the nucleus (isolated DNA has been shown to progpeetral splitting (163)) or
the mitochondria with its many membrane folds (chikndrial suspensions have
also been shown to produce spectral splitting (Rlifjracellular sodium ions
may only ‘sample’ these regions for limited periaafstime. The discussion of
‘pools’ of sodium ions in biological environments @an old one. Early sodium
NMR studies in biological tissue suggested a lagaponent (65%) of sodium in
muscle, brain and kidney was complexed to macroontds while the remainder
was free (213,214), but these early studies lacketerstanding of the nature of
biexponential relaxation produced by a quadrupaleler (34). More recently,
distinct intracellular sodium pools were suggestied rat liver using a
combination of shift reagent multiple quantum cemee to assess intracellular
sodium (53). Distinct intracellular pools have altsen suggested for perfused rat
heart, based on single quantum relaxation fittiwgh the hypothesis that one
pool contains those ions in the subsarcolemmales(i&®). Finally, differences in

single and triple quantum measures of intracelllilafor implanted gliosarcoma
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(49,50) and perfused rat heart (46,52,215-217) silgmest distinct intracellular

pools.

In general, sodium nuclei within intracellular spare simply assumed to form a
homogenous pool with respect to quadrupole intenachowever, considerable
effort has been applied to measure quadrupolesictien differences between this
intracellular pool and the presumed different ecetialar (or interstitial) pool or
sodium nuclei. Extracellular sodium, present inomaentration ~ 10x that of
intracellular sodium and buffered by the body’'s leostatic mechanisms, may
obscure intracellular sodium concentration chartgaes may be of note, such as
elevation related to the rate of cell proliferati@i8,219), or increases related to
early anoxic depolarization in ischemia (95). Ashsuthe ability to selectively
acquire signal from intracellular sodium based odiem NMR characteristics
would be highly beneficial. The discrimination oftracellular and extracellular
sodium NMR characteristics requires a separatiochanr@sm such as a shift
reagent, and several have been used (220-222hplianted gliosarcoma (49,50),
perfused rat heart (46,216), and perfused rat I{228) relaxation differences
were measured between intra and extracellular spadertunately, although the
blood-brain-barrier has been broken in two studdesacilitate the invasion of
interstitial space with shift reagent (224,225), measures of intracellular and
extracellular relaxation in brain tissue have beemde. However, different NMR
characteristics in the two spaces have been imfriged differences in the signal
intensity timelines of single and multiple-quantdittered methods following
onset of ischemia (74,111,226). The anatomy ofrstiteal space in the brain
which facilitates bulk transport (227-229), alsggests a less dense environment.
A technique is presented in this thesis which maygeful in the discrimination
of intracellular and extracellular space if sigrdint relaxation differences do
actually exist (Chapter 7).

When bulk tissue sodium concentrations are to beessgd, the

compartmentalization of sodium nuclei has imporganc terms of sodium
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‘invisibility;” if a portion of the tissue sodiumgpulation is ‘undetectable’ by
NMR, the NMR signal will not accurately reflect acmmtration. It has been
suggested that > 20% of intracellular sodium resaimdetected by NMR
spectroscopy in a range of mammalian erythrocyteemnwcompared to sodium
measurement by flame photometry (230,231). A simslady with rat muscle
suggested an intracellular sodium ‘invisibility’ ©f30% (232). ‘Invisibility’ is an
awkward term and is really a measure of signal Ess result of the NMR
measurement method and the sodium quadrupole c¢htera. There are two
sources of sodium NMR signal loss, which as desdrilabove reflect a
continuum of microscopic ‘order’: rapid biexponetrelaxation, and residual
quadrupole splitting (233). If all compartments hiiit a tissue simply exhibit
biexponential relaxation without quadrupole spiigti minimization of signal loss
is relatively ‘simple’ and involves, for imaging, minimization of TE (234). It
should, however, be noted that bulk tissue relaratneasurements may not
reflect different compartmental relaxation rateg] & is possible, when TE is not
extremely short, that signal loss may vary for po&ly different tissue
compartments.

While the minimization of tissue sodium signal legigh respect to biexponential
relaxation has been discussed at great length ,80,234,235) the effect of
guadrupole splitting on acquired sodium signal éssentially been ignored. This
is likely for good reason as no residual quadrupateractions where found in a
comprehensive study of the yeast cell (210), ohiwiporcine skeletal muscle or
cat brain (236). However, with more recent usehef double quantum filtering

(237) and Jeener-Broekaert techniques (238) wittreased sensitivity (to

guadrupole splitting), residual quadrupole intematt have been observed in
cartilage (178,238-241), in erythrocyte cells (242), and most importantly for
this thesis in human skeletal muscle and brainivo-(245). As mentioned

previously, residual quadrupole interactions havso abeen measured in
mitochondrial suspensions (212) and isolated DN&BJ1lt is possible that signal

loss related to sodium ‘invisibility’ is a result @sidual quadrupole splitting; this
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is an old hypothesis (246). In an imaging sense sttellite-related signal in any
voxel having sodium nuclei in macroscopically désmed compartments with
residual quadrupole interactions will be rapidlypdased following its production

(i.e. in a spectroscopy sense this refers to theasing of the satellite peaks —
with the production of a powder spectrum). The @itdephasing of this 60% of
the transverse magnetization coherence will be ri#g@ on the average
magnitude of the EFG interaction. Another sourcesiginal loss related to

residual splitting arises from insufficient excitet of the satellite resonances
when soft or narrow bandwidth RF excitation pulaes implemented. When the
central transition is selectively irradiated thexmaum transverse magnetization
that can be produced is only 20% of the longitudmagnetization in thermal

equilibrium (181,247,248).

There is only one early study (1987) of signal lodated to residual quadrupole
interactions in the brain (cat) and sodium was rd@teed to be 100% ‘visible’
(236). When the central transition is selectivetgdiated it will ‘flip” at a rate of
2w;. This early study searched for a flip-angle depemceffect but did not find
one, implying no residual quadrupole related sigoak. At ISMRM Hawaii
(Stobbe, Beaulieu, 2009) preliminary data was prieskfor a similar experiment
using ‘high resolution’ short TE imaging in the hambrain with the result of
positive flip-angle dependent effect, especiallywhite matter tracts running
parallel to the main magnetic field (164). It wasggested that the residual
guadrupole interaction observed may be dependenthenhigh degree of

diffusion anisotropy associated with myelinatedraxo

There is a paucity of knowledge concerning sodiumadgupole interactions in
brain tissue. While it has generally been assurhatl residual splitting is not
present in the human brain, recent double quantwperaments suggest
otherwise. This residual splitting likely represerat source of signal loss not
considered in recent tissue sodium concentratioasmrements that attempt to

minimize biexponential relaxation. Whether or notlisim ‘pools’ with different
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guadrupole interactions exist, such as intracellua extracellular, or within
different cellular compartments, or within diffetenell types, or within the
myelination, remains to be determined. In this ihé&s our stroke study (Chapter
6) we chose to accept some known signal loss va#ipact to biexponential
relaxation in exchange for reduced noise varia@tepter 5). ‘Full’ elimination
of all quadrupole NMR related weighting may requiery short RF pulses with
very short echo times; this requirement is problenaith respect to SNR and
SAR constraints at high field. Although attaining @&-vivo measure for a
physical parameter such as sodium concentratiaeng alluring, correlation of
sodium signal intensity which includes the quadtepalependence on
macromolecular structure with disease state mgydieas valuable (or even more
so, given increased SNR and potentially benefatltied contrast). In the future,
sodium quadrupole NMR contrast could possiblyek@oited, in both its forms,
to assess macromolecular structure and tissue teopgoin the human brain
rather tharminimized which appears to be the current norm for sodiumaginmg.
A sodium imaging technique attempting to enhancgrast related to long-range
order was recently presented at ISMRM Toronto (&olBeaulieu, 2008) (249).
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Chapter 2

Advantage of Sampling Density Weighted Apodizatiarer Post-acquisition
Filtering Apodization for Sodium MRI of the Humaman

A version of this thesis has been published
(R.S. Stobbe, C. Beaulieu, Magn Reson Med, 60,9881 -2008)

2.1. Introduction

Perhaps the greatest detriment to sodium MRI ofhthean brain is the low
sodium concentration in-vivo (~50 mM f6iNa vs. ~ 80 M for'H). Because of
this concentration deficit, sodium imaging voxeles must be considerably larger
than those generally acquired for proton imaging;ircreased voxel size is
required in order to generate an adequate signaioise ratio (SNR). One
consequence of implementing large voxels (and loatrisn size) is that Gibbs’
ringing extends relatively far (in space) beyond sharp transition that generated
the ringing artifact. The affect of this ringing sadium image quality can be seen
in Figure 2-1; it not only degrades image appearance, it may@sfound tissue

and lesion region of interest (ROI) analysis.

Figure 2-1. A sodium image of the human brain generated witliorm k-space (3D-
TPIl) sampling and no post-acquisition filtering. ighmage highlights the effect of
Gibbs’ ringing, which appears to originate along thner circumference of the head and
propagate toward the centre.
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One approach to minimize ringing is to post-acduisi filter a uniformly
sampled k-space with an appropriate apodizing foncjust prior to Fourier
transform (UPFA — Uniform k-space sampling with Pasquisition Filtering
Apodization). Another approach is to sample k-spacsuch a manner that the
acquisition sampling density matches the desiremtliapg function (SDWA —
Sampling Density Weighted Apodization). SDWA forbB¢’ ringing removal is
not a new concept; it was proposed in 1987 (250,86d can be implemented for
low signal, low resolution applications such ascsmscopic imaging, where
multiple averaging is common (252-257). SDWA wasergly implemented for
3D pure phase-encode sodium imaging of the he&&,289). A previous sodium
imaging paper of the human brain using 3D twistegjgation imaging (3D-TPI)
(30) implemented sampling density weighting with thtention to reduce readout
length and ¥ attenuation (using a ‘mild’ sampling density shaf29). In the
current paper sampling density weighting was imgeted for 3D-TPI with the

different intention of producing effective, SNRiefént, image apodization.

The purpose of the current paper is to directlyngiiathe SNR advantage of
SDWA over UPFA with sodium 3D twisted projectionaging (3D-TPI) of the

human head, and to compare this SNR increase widory. This was

accomplished with the creation of two 3D-TPI prtjge sets, one producing
uniform sampling density, and the other a ‘geneeali Hamming’ sampling

density which conforms to 3D-TPI design constrafiotsfull k-space sampling

(the SDWA projection set produces an effective gettiution of the global over-
sampling inherent in uniformly sampled 3D-TPI). Barojection sets sampled k-
space to the same extent with an identical numberapections, readout length,
and number of sampled points along each proje¢ili&) TR, and flip angle were
also constant for this comparison). The SNR adggntaf SDWA (when

compared to UPFA) was quantified, and a significaaise coloring benefit

demonstrated in sodium images acquired from a esghimantom and healthy
human brain.
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2.2. Theory

2.2.1. SNR Advantage of Sampling Density Weighted Apodorat

The relative image noise variance advantage of SDW&4,, ,/03pr4) IS given

in Eq. [2-1] , whereF(k) is the desired shape of the k-space 3D modulation
transfer function (MTF) generated by sampling digni&r the SDWA approach
and post acquisition filtering for the UPFA approak is the total number of
Cartesian k-space grid-points within the MTF. Tatgiation is conceptually the
same as that given by Pipe and Duerk to quantig reédative image noise
variance increase associated with (non-uniform)t-pogquisition weighting of

individual data points (55).

UsgDWA _ Xk Fk))? [2-1]
GSPFA KYx F(k)?

The noise power spectral density (PSD) is givenblmth SDWA and UPFA in
Eq. [2-2] and Eg. [2-3], wherB1*K describes the total number of data samples
collected for the case of uniform sampling (whishidentical for the sampling
density weighted case), ang is the noise variance associated with each data

sample collected.

F(k)2 2-2

PSDyppa (k) = (M) 052 (2]
F(k 2-3

PSDgpwa (k) = ZI;VHE )F(k)af [2-3]

84



Chapter 2: SNR Advantage of Apodization by SangpDensity Design

2.2.2. Design Constraint for Sampling Density WeightinghA8D-Twisted
Projection Imaging

A 3D radial sampling density shag#y), can be generated with 3D-TPI (beyond
p) by designing the radial component of each pr@edr — as a fraction o, .x)

to evolve according to Eqg. [2-4dapted from (29).

dr _ 4 [2-4]
dt 1(r(®)r()

In this equatiorr = yGt/kp.x, the dimensionless fraction of the time required f
a projection to reach the edge of k-space if it mid begin twisting (G is the
gradient magnitude associated with the projectivfen full Nyquist sampling
is desired and the minimum number of cones andniiréemum number of
projections on each cone are to be used (as abthe)following projection
design constraints on(r) exist:I'(p) = 1/p, andI'(r) = 1. If these constraints
are met the resulting sampling density will mafg) without ‘Nyquist holes’.

For a uniform sampling density shap&r) must equal the constantplfor full

Nyquist sampling, highlighting the ‘global averagiiim uniform 3D-TPI.

2.2.3. Apodization Filter

A ‘generalized Hamming’' 3D radial filter (Eqg. [2)5lvas developed for SDWA
sodium imaging with 3D-TPI.

I'(r)=s;— szcos(n(l +7)) [2-5a]
(L -n) [2-50]
s m
2

- 1- cos(n(l + m))
S1=S,+n [2-5¢]

This filter has a value of @ atr = m, and a value of atr = 1 (whenm = 0.08
andn = 1 this generalized filter reverts to the shapthe Hamming filter). The

3D-TPI design constraint for full k-space sampluoescribed above is fulfilled
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whenm=pandn=1 (i.e.l'(p) = 1/p, andI'(1) = 1). For this filter, the greatest
apodization characteristics are generated whensmall. However, the minimum
value ofp (projection design fom = p) will be constrained by the relative length

of each projection.
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2.3. Methods

Two different 3D-TPI projection sets were created the comparison of UPFA
and SDWA: one generating uniform k-space sampliegsdy; and the other, the
sampling density prescribed by Eq. [2-B) € p = 0.16). Both projection sets
included the same number of projections (3700)h earnpling the same number
of k-space locations (225) to a very similar k-spagtent (~156.4 1/m SDWA,
and ~156.8 1/m UPFA). The sampling bandwidth (128@)) and readout length
(17.92 ms) were identical for both. To create prgms of equivalent length,
different twist parameterp) were used to generate each projection set. Wieen t
sampling density shape of Eq. [2-5] is implementdth m = p = 0.16, the
relative projection length is 4.48 times longentlifathe projections did not begin
twisting. For uniform sampling density, the samkatree projection length was
achieved withp = 0.28.

Both projection set designs were gridded with ‘onges highlight sampling
density using a Kaiser convolution kernel of widttand beta 5.8 (with no ‘sub-
sampling’ of the k-space grid). The sampling deesifor both the uniformly
sampled, and sampling density weighted projecteis are highlighted ifigure
2-2aand2-2b. As each projection set acquires an equivalentoauraf points per
projection (and an equivalent number of total p®inhe total sampling ‘volume’
(4D) is the same for each projection set. For hmthjection sets there are no
locally under-sampled areas (or ‘Nyquist holes’silie within the sampling
density matrix generated. The uniform 3D-TPI prboget set generates an over-
sampling in the extents of k-space to a factor.67 3imes. This is slightly greater
than 1p = 1/0.28 = 3.57 as 3700 projections were impleewnivhile the
minimum number of projections for full sampling wa803. This 2.7% increase
in projections is equivalent to the 2.7% increasaniform sampling density. The
SDWA projection set implemented generates a sagplansity that is a scaled
version of Eq. [2-5]. This global scaling resulterh the fact that the SDWA
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projection set was implemented with 80% more ptajes (3700) than the

minimum number required for full sampling (2059).

15

—
(@]

Sampling Density
(6]

a o]
-30-20-10 Q@ 10 20 30 -30 -20-10 @ 10 20 30
k—Space Matrix Radius (1/m) k-Space Matrix Radius (1/m)

Figure 2-2 1D profiles (dotted lines) through the three dmsienal sampling density
matrix are shown for both uniform sampling) @and sampling density weightindp)(
projection designs (minor deviations result for lempentation with a gradient waveform
memory limited system). In the SDWA case, the sargpgboints have been redistributed
from the edges to the centre of k-space, creatiaggampling density shape shown (note
that this redistribution occurs in all three dimens). The solid line ink) is plotted
directly from Eg. [2-5]; the sampling density weligly generated is a scaled version of
this filter shape. Both the SDWA and the UPFA camesover-sampled at the centre of
k-space (an inherent quality of radial imaging)wdeer, this local oversampling is the
same for both filtering approaches presented asal r@latively small in comparison to
the total number of data samples collected (requzempensation yields an ~ 5%
reduction in SNR efficiency).

For image creation, over-sampling at the centrk-gipace, along the z pole, and
throughout the z = 0 plane (as a result of prapacset implementation) was
compensated for with an iterative approach (260Ka#ser convolution kernel of
width 4 and beta 6.5 (gridded k-space ‘sub-samph¢di rate of 1.2 (261)) was
used for this compensation and subsequent Kk-spaiiling for image

construction.

Images were acquired from a spherical 50 mM'[aline phantom (with a long

T,* = 53 ms) and from the heads of three healthy maers for both apodization
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approaches in only 3:10 minutes per scan (2 aveyagih the intention (of the
short scan time) to highlight image noise. For tH&FA case, k-space was post-
acquisition filtered through the sampling densibynpensation process according
to Eq. [2-5] (n= 0.16). For each image, SNR was measured indégical ROI
for both the SDWA and UPFA cases. For each voluriteis ROI consisted of
many large regions throughout the brain includimghbgray and white matter.
Noise variance was measured in the image backgrdqusiig an ROI that
consisted of 4 corner regions per slice on ~ 20es)i High quality sodium
images of the human brain were also generatedpractical scan time of 11.4
minutes for the SDWA approach. The minimum numbleprmjections (3306,
with rounding up on each cone) were used for thigeption set f = 0.16)

covering an isotropic k-space volume to a maximatoe 164.2 1/m.

All images were acquired on a 4.7 Tesla Varian én@@alo Alto, CA) scanner,
using a home-made, single-tuned, birdcage RF he&dAcsteady-state sequence
optimized under SAR constraint (42) was used toegre each image. This
sequence consisted of a non-selective RF pulsengfth 900us and flip angle
55° followed by either the UPFA or SDWA 3D-TPI reatloand subsequent
gradient spoiling for a repetition time of 25 nisstould be noted that the k-space
acquisition comparison described is independeriRlBfpulse length, flip angle
and TR.
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2.4. Results

Images acquired from a saline phantom are showhdtr SDWA and UPFA in
Figures 2-3aand2-3b. Theory (Eq. [2-1]) suggests a relative SNR adsgatof
17% for SDWA; an SNR increase of 16% was measurddis phantom (average
over several scans). The noise colouring is alsiblyi different for both filtering
methods, and the noise power spectral densitieglaited inFigures 2-3cand2-
3d (from Eqg. [2-2] and Eg. [2-3]). For the UPFA cake hoise PSD at the centre
of k-space is the same as when no post-acquiditiering is performed. For the
SDWA case, the noise PSD at the centre of k-spaceeduced to 32%, or
K /Y F(k), of the UPFA case (from Eg. [2-2] and Eq. [2-3]).

UPFA SDWA

Phantom Images

Relative PSD

N

Figure 2-3 Images generated from a saline sphere are shoa) and p). The SNR is
clearly greater (16%) for SDWA over UPFA,; therealso a visible difference in noise
colouring (i.e. less low frequency and greater Higlyuency noise). liic) and @) 1D
profiles of the relative noise power spectral dgn@SD) are plotted from Eq. [2-2] and
Eq. [2-3].
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Representative human brain images acquired froealilty volunteer in just over
3 minutes are shown iRigure 2-4aand?2-4b. For both the UPFA and SDWA
cases the effect of Gibbs’ ringing has been redudéten areas of the brain that
are expected to be homogeneous are compared, fevasiance for the SDWA
case is visibly less than for the UPFA case. A cedu‘speckle-size’ is also
apparent for the SDWA case. The measured relatNe Benefit of SDWA is
plotted inFigure 2-4¢ along with the SNR advantage calculated from[E€],
and for the three volunteers increases of 16%, H%,16% respectively, are in

good agreement with theory (17%).

(c)

20

15

10

Theory V1 V2 V3

% SNR Advantage of SDWA Over UPFA

Figure 2-4 The relative SNR advantage of apodization by samgptiensity weighted

filtering (SDWA) over uniform k-space acquisitionitiv post-acquisition filtering

(UPFA). This advantage is demonstrated with remtagize images from a healthy
volunteer, and quantified over the whole braintfoee volunteers (V1, V2, V3), which
agrees well with theory.

In Figure 2-5 multiple slices of a representative higher resolutmage acquired
from the brain of a healthy volunteer in ~ 11 mewiare displayed for the SDWA
projection set described. This sodium image wittr@pic voxels has an average
SNR of 22 in brain tissue and does not display &ibhging.
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Figure 2-5 Multiple slices of a representative sodium imaggquaed from a healthy
volunteer at 4.7 Tesla using the SDWA approachs Timage was acquired in 11.4
minutes with a nominal isotropic resolution of 3a2n (given asl/2 - k,.x). AS can be
seen there is no visible effect from Gibbs’ ringingd the image quality is excellent for a
sodium scan. The average image SNR in brain tissu@2.
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2.5. Discussion

In this paper a quantitative analysis of the SNRelfie associated with sampling
density weighted apodization (SDWA) when comparedriform sampling with
post-acquisition filtering apodization (UPFA) isepented for sodium 3D-TPI by
introducing a ‘generalized Hamming' function thaiutd be implemented by
redistributing the inherent over-sampling (or gliodgeraging) in uniform 3D-TPI
without violating the Nyquist criterion. For thipadizing filter, a 17% SNR
advantage associated with SDWA over UPFA was catled! from theory, and
experimentally an average 17% benefit was measwmitbdsodium imaging of the
human head for three volunteefagure 2-4). It was also shown that SDWA
apodization exhibits a substantial noise colouremefit over UPFA (i.e. the
noise variance reduction associated with SDWA &¥#eFA is predominantly in
the low spatial frequenciesfrigure 2-3). The reduction in low frequency noise

for SDWA vyields images with smaller noise ‘speckiee’.

The SNR increase of 17% associated with the uSDAVA rather than UPFA is
by no means insignificant. This increase can bdogeo for a 27% decrease in
imaging time (for the same SNR), which can be sdverinutes for sodium
imaging. Conversely, this SNR advantage could peris to sample a greater k-
space extent for increased image resolution. Aatalu in noise ‘speckle-size’
associated with SDWA noise colouring may also Hatplitate the quantitative
analysis of small lesions, along with improving geaappearance, as evident in
Figure 2-5.

Although it may be expected that the rapid biexpdiaétransverse magnetization
decay exhibited by the sodium nuclear ensembleinwitellular environments
would provide adequate apodization to effectivelynimize ringing, Gibbs’
ringing still appears to be a problem when imagitrgctures like the human head
(Figure 2-1). The problem when imaging the brain is that th@ndverse

magnetization of sodium in CSF, which has ~3 timasre sodium ions per
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volume than tissue, decays much slower* F ~65 ms (25)). The apodization
filter for this comparison effectively reduces Gsblyinging as is evident in

Figures 2-4and2-5 (compared td-igure 2-1).

The ‘generalized Hamming’ filter presented in thegper was developed to meet
the 3D-TPI design constraint for full Nyquist enoagl of 3D k-space. This

constraint reflects the fact that when the minimaomber of projections (a
function of the twist parameteqy) are implemented for 3D-TPI the sampling
density ap will be 1f, and a sampling density less than 1 will viol&ie Nyquist

criterion at the edges of k-space. Locally undemsang k-space results in the
introduction of ‘aliasing-noise’ (262), which is desirable for SNR starved
sodium imaging. Because of these constraints naryevilter shape is

implementable. The maximum ratio between the valuéhe centre and at the
edge of the filter is determined hyy (i.e. smallerp values facilitate greater

twisting and greater filtering characteristics).

Much more time is spent during each projection dimgpthe outer regions of k-
space in the uniformly sampled case than in the 8Ake. This is an obvious
requirement as many more points must be sampléteiouter regions of k-space
if a uniform sampling density is to be achieved: &y given twist parametep)(
and maximum gradient strength, readout lengths bmarshortened if sampling
density weighting is implemented. This use of samgpdensity weighting, i.e.
readout length reduction, with 3D-TPI has been ipresty considered for sodium

imaging (29).

The SNR benefit of SDWA over UPFA can be calculatetth Eq. [2-1] when an
equivalent number of sampling points have been issdjdor each case. In the
theoretical development the final MTF for each case equivalent. To

demonstrate this benefit for 3D-TPI, two projectisats were generated that
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sampled an equivalent number of points to the s@mevery similar) k-space
extent using the same number of projections andstime readout length.
However, even though the readout lengths are tine $ar both projection sets,
each set of projections takes a different routeubh k-space (with respect to the
radial component of each trajectory). Because isf e experimental MTF for
cellular tissue, which includes the effects of xalton, will be slightly different
for both cases, and the resolution of the imageBignre 2-4 (although very
similar) will not be exactly the same. The noiseiaface advantage predicted
from theory and demonstrated with phantom and hubnaim imaging, however,
is independent of relaxation effects and arisesnfritie non-uniform, post-

acquisition, numerical k-space weighting in the BRfase.

In this paper the relative image noise varianceaathge associated with the
implementation of SDWA over UPFA was quantified tbatith theory and
experiment. This was done for 3D-TPI sodium imagmwith the generation of
two directly comparable projection sets (each viithk-space sampling). SDWA
may also be implemented (when Gibbs’ ringing reiducts required) for other
radial imaging techniques including 3D-Cones (26®@)th the same noise
variance advantage (over UPFA). This direct qumation of the SDWA
advantage (when a sampling density weighted shapeébe smoothly generated
without ‘Nyquist holes’) also applies to purely gkeaencode imaging techniques,
where the utility of sampling density weighted agation has been demonstrated

(258) for the human heart in comparison to a gradieho sequence.

It has been shown both with theory and experiméat tsampling density
weighted filtering provides a 17% SNR advantagettier 3D-TPI implementable
filter proposed. However, not only does SDWA pravidn SNR advantage, it
also yields an improved noise power spectral derfaihen compared to UPFA).
This paper demonstrates, in a directly quantitatnamner, that whenever ringing

is a problem for sodium imaging the most SNR effitiapproach to reduce this
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artifact is sampling density weighted apodizatitns methodology is shown to
yield excellent quality sodium images of the huntmain in a reasonable scan

time.
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Chapter 3

k-Space Acquisition Comparison with Respect to AgerSignal Measurement
when Image Noise is Spatially Correlated

(unpublished)

3.1. Introduction

In many cases when MR images are to be analyzedgeénage intensities are
measured within a region of interest (ROI). Forigod MRI studies this is a

typical analysis method (6,12,41,66). It is welblum that when image voxels are
averaged the thermal noise variance (i.e. the rangmse associated with image
acquisition) in the measurement is reduced (54hdfimage signal-to-noise ratio
(SNR) is relatively low, signal averaging is a meamimprove the confidence of
the image intensity measurement. The purpose &f plaiper is to facilitate

computation of the minimum ROI volume (in terms w@imber of voxels

averaged) required to attain a desired measureomriidence with respect to
noise, and to compare noise averaging charactarisfi different radial k-space

acquisition methods used for sodium imaging.

The computation of minimum ROI volume for desiredasurement confidence
involves consideration of how noise is averagedrnMR image. For non-zero-
filled standard Cartesian imaging noise averagisgtrivial; noise standard
deviation is reduced as the square root of the eumbvoxels within the ROI. In
this trivial case the noise power spectral den$tyD) is uniform across k-space,
and its inverse Fourier transform, the autocon@hafunction (R) (141), has a
delta function shape. If the noise PSD is not umfoimage noise will be
correlated and the calculation of noise averagiegomes much more complex.
This paper will address this more complicated sgenwhich is directly relevant

to the radial k-space acquisition ‘commonly’ useddodium imaging.

Because of its rapid biexponential, Tdecay, sodium imaging is often

implemented with a short TE facilitating 3D radialaging approach. However,
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standard 3D projection imaging suffers from & ampling density dependence
(wherer is the radial fraction of the spherical extenkedpace sampled), which is
far from an ideal transfer function for imaging apgtions. This sampling density
dependence can be remedied with either post-atiquisveighting, or by using a
k-space acquisition technique such as twisted gtioje imaging (TPI), in which
a constant sampling density can be attained byiradteadial projection evolution
rate (30). Both radial k-space acquisition techagwill have non-uniform noise
PSDs. While TPI produces images with greater SNReslt of improved
sampling efficiency (55), standard radial imagingvalves greater k-space
averaging at its centre with reduction of low-freqay noise. A comparison of
these two radial techniques with respect to noi@aaing in an ROI has never
been considered.

The author is aware of only one other consideradionoise averaging when the
noise PSD is non-uniform. This consideration ineslthe special case when the
ROI volume is sufficiently large so as to contahe tvast majority of the
autocorrelation function (63). In the current papéeory is presented for the
computation of noise averaging within any ROI, givany noise PSD. This
theory is verified through demonstration of theeeffof zero-filling on noise
averaging for standard, uniformly sampled, Cartesiaaging. As will be shown
in the current paper, correlated noise averagimgpgendent on ROI volume, and

also dependent on ROI geometry.

The noise averaging computation presented is fis/d to compare standard
radial imaging with TPI for minimum ROI volumes reged to attain a given
measurement confidence. This first comparison demsi the case when a
uniform transfer function (irrespective of relaxat) is desired (the seemingly
‘typical’ TPI implementation (6,12,30,36)). A seecbgomparison considers the
effect of k-space filtering by sampling density igeson minimum ROI volumes
for a given measurement confidence, acknowledgirag k-space filtering is

likely required for imaging the human brain (60)ndily, three methods of
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generating the same k-space filter transfer funct{orespective of the I

relaxation) are compared: the first involves umiofl Pl acquisition and post-
acquisition weighting to produce the k-space fjlthe second involves filtering
by sampling density design, and the third involsemdard radial acquisition and

post-acquisition weighting k-space filter produatio
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3.2. Theory

3.2.1. Terms Used in this Paper

A term labelled the measurement-to-noise ratio (NIiéRntroduced such that

MNR = SNR,/Ng, [3-1]

where N IS the number of effectively uncorrelated noiséunmes in a signal
averaging measurement. Using the MNR term, the waealbwn Gaussian

relationship for a 95% relative confidence intervah be stated as

95% Cl; = + 1.96 - (1/MNR). [3-2]

As an example, for an MNR of 80 the 95% relativefoence interval will be
plus/minus 2.5% of the signal intensity in the SMRasurement. If small signal
changes are expected in an MR study, high MNRsatie required.

A second term labelled the correlation volume (@/at the heart of the noise

averaging analysis of this paper. This term israsfiaccording to Eq. [3-3] below

N _
v = Rot [3-3]
Nefr

whereNg( is the total number of acquisition voxc{lalcq) within the ROI, and
an acquisition voxel is defined ag.; = 1/(2k;q,)°. The CV term of Eq. [3-3]

is analogous to the one-dimensional correlatiotadie of (63), but is expressed
in this paper in terms of number of acquisition esx A third term labelled the

processing gain (PG) of averaging is given below.

PG = Neff [3_4]
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3.2.2. A Suggested Theory for Correlation Volume Compotati

It is suggested in this paper that CV can be coatpidr a given ROI volume
from convolution and sum of the 3D autocorrelationction within the defined
ROI volume as:

A3
B 2. PSD - %, .eror Maskgoy

[3-5]

cv Z (Maskgo; * R),

vzr€ROIL

whereMaskpgq; is @ mask of ones defined by the volume of the,R®Iis the

sampled dimensions of the k-space matrpy is a zero-filled image voxel, PSD

is the noise power spectral density, R is its Furansform (the autocorrelation

function), and ¥’ denotes convolution. Alternatively, it is suggesthat
A3

cv= Z F~1(F(Mask -PSD
Z PSD - ZUZFEROI MaskROI ( ( ROI) )

[3-6]

vzr€EROI

can be used for practical computation, where nlidapon of the Fourier
transformed ROI mask with a *highly’ zero-filled B®xcludes the extents of the
Fourier transformed ROI mask where ‘folding errassociated with the discrete
FT are expected to be the greatest (i.e. the appabdon in Eq. [3-6] could
effectively be removed).

3.2.3. The Power Spectral Density of Radial k-Space Adtois

Power spectral density directly correlates withi-ahiasing filter bandwidth
(BW), sampling density (SD), and the square of ya@sjuisition weighting (W)

PSD(r - kppgy) % BW - SD - W2, [3-7]

The filter BW dependency is given below for k-spacequisition techniques such
as TPI in which radial evolution is altered to mtta desired sampling density

beyond the radial fractiopmof the k-space sampling extent.

BW « (kmax : TTot/TRO) [3'8]
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In Eq. [3-8]t7o¢ IS @ measure of projection ‘length’, or the relattime required
for a projection to reach the edge of k-space wtmmpared to the case where
radial evolution does not slow to produce a dessaupling density (60)k, is

the readout duration (which remains constant ferahalysis of this paper).

The sampling density dependence is given in EQ][3-

SD(T : kmax) X (1/7"2) : (1/k12nax) (T < P) [3'9]
SD(r - kypax) < T'(r) - (1/k%1ax) (r =p),
wherel'(r) is the desired transfer function (see (29,60))ctvihas a requirement

of
[(p) = (1/p%), [3-10]

for radial evolution altered sampling density desig9,60). Inclusion ofk2,,, in
Eq. [3-9] accounts for global alteration of samglaensity when the radial extent
of sampled k-space is altered for a constant nurabénplemented projections

(or excitations).

Post-acquisition weighting involved the productmfi’(r) within p and any post-

acquisition filteringD (r) (whereD(r) has a value of 1 at= 0).

W(r - kmayx) < (r? - T(r) - D(r))/H(0)  (r <p) [3-11]
W(r - kmax) o« D(r) /H(0) (r =zp)

Division by the value at the centre of the modolatiransfer functionH(0),
produces a normalization of signal intensity wittie image. The value at the

centre of the modulation transfer function hasfttlewing dependency

H(0) o T(0) - (1/kZ gy ), [3-12]

wherek?Z,,, is included for the similar reason given abovesampling density.
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Combining Egs. [3-7 to 3-12] yields the followin@P dependence for a k-space
acquisition techniques in which radial evolutionshaeen altered to attain a

desired sampling density:

3 -
PSD(r - Kimaz) ("m“xﬁ?g)/ TRO))-rZ-FZ(r)-DZ(r) ¢<p O
3
PSD(r - knge) X ("m“xﬁ?g)/ TR")) -T(r) - D2(r) (r =p).

This equation is used in Eq. [3-6] to compare naseraging characteristics
within an ROI for each radial acquisition technigUese of Eq. [3-13] for k-space
acquisition comparison assumes a constant scatiatyrar constant number of

excitations.

It should be noted that the root 3D sum of valmethe PSD is proportional to the
standard deviation of noise in the image. Becausermalization by the value at

the centre of the modulation transfer functionnsluded in Eq. [3-13], the root

3D PSD sum of Eq. [3-13] also reflects image SNRheW all else remains

constant, SNR is proportional ig,,, (acknowledging that the PSD volume of
Eqg. [3-13] also has &3,,, dependence) and inversely proportional/ty, , as is

well known.
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3.3. Methods

3.3.1. Correlation Volume Verification using Zero-Fillechilorm k-Space

The correlation volume computation of Eq. [3-6] veagperimentally verified by
sampling computer generated noise at each Cartlesiation on two different k-
space matrices, one with a cubic (25 x 25 x 25¢mxand the other a spherical
(diameter = 25) extent. Each noise-filled k-spaarix was zero-filled to 128
and inverse Fourier transformed to produce a r@sulhoise image. The
proportionately large zero-filling factor is used facilitate measurement of
correlation volume in a large number of ROI volunjegh spherical, cubic, and
rectangular (1 x 1 x 2) geometries) within the mrfigpm 0 to 30Cacquisition
voxels. 50,000 images of noise were used to expeetatly measure the

correlation volume associated with each ROI.

On each of 100 images the standard deviation efl)(reise in the image was
measured using a very large 3D ROI at the centtbeimage, and the average
(real) signal intensity measured in ROIs for thelRf@ometrics and volume

ranges above. The processing gain was measurebearelative (decreased)
standard deviation of the 100 average signal imtemseasurements from each
ROI volume when compared to the average standan@tam of noise in each

image. Correlation volume calculated as (from E84., 3-3, and 3-4])

_ Ngor [3-14]
V=57

This experiment was performed 500 times and the @®%¥fidence intervals
computed for the mean correlation volumes. Theselation volumes, measured
using 50,000 images of noise, were compared tceelation volumes computed
from Eq. [3-6], using the exact sampling matrix dimions, zero-filling, and ROI

volumes.
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3.3.2. Correlation Volume Calculation Validity with RadiBrojections

The validity of the use of the radial k-space asijwn PSD dependence of Eq.
[3-13] in combination with the correlation volumensputation of Eq. [3-6] was
tested for radial evolution altered projection sa¢signed to generated uniform
sampling density beyond radial fractipnthe standard implementation of TPI).
Four projection sets with values pft 1.0, 0.5, 0.3, and 0.p € 1.0 is the case of
standard radial imaging) were created and madearake computer generated
noise over a k-space matrix diameter of 43. Eadeersampled projection set
was post-acquisition weighted to account for thersampling at the centre of k-
space and any minor sampling density deviation fumifiorm I'(r) design as the
result of projection implementation, producing aifamm transfer function
(irrespective of 7 decay). The required weighting compensation oheamnpling
point was derived using an iterative approach (2@ach noise-sampled
projection set was gridded using a Kaiser kerndltfw4, 3 = 6.5) on a 1.2x sub-
sampled grid. k-Space was zero-filled to 2686 an increased number of different
ROI volumes for analysis) and noise images credtedth inverse Fourier

transform.

For each projection set, processing gain was medsarcubic ROIs ranging in

volume from ~ 0 — 200 acquisition voxels. This wlasie using 12 images with 8
cubic ROIs (toward the corners of the image) orhea@ge (in the same manner
described above). Each experiment of 12 imagesupind a PG measure was

repeated 100 times and CV calculated from Eq. [3-14

The measured correlation volumes were compareldasetcomputed using Egs.
[3-6 and 3-13]. A somewhat larger matrix diametesd was chosen to better
reflect k-space sampling to a sphere. The sphemea#iix for computation will be

‘quantized’ along its outer edge, while the impleneel projection sets (which are

non-Cartesian) will not exhibit this ‘quantization’
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3.3.3. Radial k-Space Acquisition Comparisons

Radial k-space acquisition was compared for thermim ROI volume required

to attain a desired MNR (and hence measuremenidemte interval) using

ROI = (%)2 Cv. 1915
For each projection set CV was calculated via E8i& and 3-13], and relative
SNR calculated from the root 3D sum of Eq. [3-I3fferences in SNR between
compared projection sets were normalized to thgbuwk’ uniform sampling to a
spherical extent by adjusting the acquisition vox@lme (or kay accordingly.
When SNR is normalized between projection setsmum ROI volumes can be
plotted for a range of ROI averaging processingigdnat may be required for
analysis (it should be noted that when SNR is nbze@ between projection sets,
processing gain is directly proportional to measw®et confidence, which can be
calculated from Eqgs. [3-2 and 3-4]).

To assess the value of TPI with respect to mininnequired ROI volumes when
a uniform transfer function is desired (irrespeetiof T, relaxation), the four
projection sets witlp = 1.0, 0.5, 0.3, and 0.2 described above were aoedpwith
‘pure’ uniform sampling to a spherical extent (assgnted for CV computation
verification). For the given values @, k,,,, was retracted from the case of
‘pure’ uniform sampling to a spherical extent b¥1. 0.97, 0.99, and 1.00
respectively in order to maintain constant SNR.

To assess the effect of k-space filtering by samgptiensity design on minimum
required ROI volumes, four projection designs wewenpared with Kaiser(r)

shapes having parameters of 0, 2, 3 and 4 (141). Note thatheD case is that
of uniform sampling density, and that filter roffancreases with increase

Values ofp = 0.200, 0.174, 0.157, and 0.142 respectively weedl such that the
centre of k-space was sampled in the same mannem tie volume of k-space
sampled was adjusted,{,, = 1.00, 1.16, 1.29, and 1.43 respectively). lis th
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design comparison the total number of samplingtsacquired in each case was

the same, along with the extent of post-acquisiverghting.

To compare methods of k-space filtering three caseee considered, each
producing a Kaiser transfer function wigh= 3. The first had uniforni(r) and a
Kaiser Df) (uniform TPI with post-acquisition filtering), ¢hsecond a Kaisé&i(r)
and a uniform D) (sampling density designed filtering). Valuespof 0.226,
and 0.157 respectively were used such that theecehtk-space was sampled in
same manner when the volume of k-space sampleddyasted for constant SNR
(kmax = 1.26, 1.29 respectively). The third case wes df standard radial
acquisition and post-acquisition weighting to proeluhe desired k-space filter.
This is achieved with a Kais€&(r), a uniform Df), and a value gb = 1.0 (for use
in Eq. [3-13]).

It should be noted that this paper includes thepaomon of the production of
transfer functions that do not include the effeotstransverse relaxation (for
example: uniform sampling density with ‘standardPIY. As such, readout
duration is irrelevant to the results presented; éssumed equal for each
technique for appropriate comparison (it is welbwm that noise variance is
directly proportional to readout duration (54)). RMequence parameters such as

flip-angle, TR and scan length are also irrelevarthis discussion.
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3.4. Results

As shown inFigure 3-1, the correlation volumes computed with Eq. [3-48}
within the tight confidence intervals of the expeentally measured (with 50,000
images of noise) correlation volumes for both timgarmly sampled and zero-

filled cubic and spherical k-space geometries,faneéach ROl geometry.

Computed Correlation Volume Theorem
* Experimental Correlation Volumes
- 95% Cofidence Interval of Experiment
Cubic ROIs Rectangular ROls Spherical ROIs
‘l ...........................................................................................................
vz 08 ("
9
% =2 06
x &2
v "2
2 33 ™
= =S v]
O G o2
0 .
0 100 200 300 0 100 200 300 0 100 200 300
ROI Volume (Acquisition Voxels) ROl Volume (Acqusition Voxels) ROI Volume (Acquisition Voxels)

Spherical k-space
Correlation Volume
(Acqusition Voxels)

0
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ROI Volume (Acquisition Voxels) ROI Volume (Acquisition Voxels) ROI Volume (Acquisition Voxels)

Figure 3-1: Verification of correlation volume computationoFboth k-space sampled
to a cubic extent and k-space sampled to a sphesidtant (then zero-filled) the

theoretically computed CV is within the tight 95%néidence intervals of experiment
measured from 50,000 images of noise. Note the €yeddence on ROI volume and
ROl geometry. The dashed line is the inverse of3besampled k-space extent (1.91
acquisition voxels for k-space sampled to a sphbeerelevant case for radial imaging).
The rectangular ROIs have the shape of 1 x 1 x 2.

When k-space is sampled to a cubic extent and ext-fdled the correlation
volume will be equal to one acquisition voxel. Howee when k-space is zero-
filled beyond the sampled k-space extent the C\pslioelow this volume, but
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approaches it within large ROIs. For k-space samgplo a spherical extent the
dashed line in Figure 3-1 represents a theoreticaél volume (defined as the
inverse of the 3D sampled k-space extent) in tesfnghat have been defined as
‘acquisition voxels’ (0rvgcq = 1/(2kpmqy)?). If it was possible to produce an
image from 3D Fourier transform without zero-fitirthe corners of k-space in
the process, the CV is expected to be equal tdhkmretical voxel volume. When
k-space is sampled to a spherical extent and zé¥d;fthe CV approaches this

volume within large ROlIs.

Correlation volumes measured from images generxeithdl Pl projection sets are
shown inFigure 3-2 and are in good agreement with those acquireth fro
computation, highlighting the utility of the comptibn methodology to describe

correlation volumes for non-Cartesian k-space agtijom.

—_— p=1.0
—_— p=0.5
—_— p=03
—_ p=0.2

—_
(9,1

Correlation Volume
(Acquisition Voxels)

o
U

0 50 100 150 200
ROl Volume (Acquisition Voxels)

Figure 3-2 Validation of the use of the CV computation fadial k-space acquisition.

The coloured stars are the correlation volumes uredsfrom experiment with (1200)

images generated by sampling noise with uniform giBjection sets having the values
of p as listed. The solid coloured lines are the 95%fidence intervals. The black lines
are the computed correlation volumes from theorye Hashed line, as previous, is
theoretical voxel volume for sampling k-space tepherical extent (1.91 acquisition
voxels).
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The correlation volumes for standard radial imag{pg= 1) are substantially
smaller than those of TPFigure 3-3A), even when increased voxel volume is
taken into account to achieve the same SNRufe 3-3B) (as much as 3.5x
smaller). It is interesting to note that the caten volume actually begins to
decrease for all values gfrather than approach the theoretical voxels volume
associated with sampling k-space to a sphericaneéxtlashed line), but does so
most rapidly and substantially for large valuespofThis decrease is directly
related to the reduction of noise power at low fitcies near the centre of k-
space figure 3-3C, 3-3D. The total sum of values in the autocorrelation
function is equal to the value at the centre of B8D, and inclusion of larger
proportions of the autocorrelation function for r@ager number of voxels in the
ROI reduces the correlation volume.Rigure 3-3F it can be seen that even when
the acquisition voxel volumes of the standard fagigoroach are adjusted larger
to offset the lower SNR of this method with respectTPI, the minimum ROI
volumes required for any given processing gainl@aneer for the standard radial
approach than they are for TPI. For a processing @a2, a 9% smaller ROI is
required forp = 1.0 tharp = 0.2; for a PG of 4 a 39% smaller ROI is requifed

a PG of 8 a 53% smaller ROI is required.
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Figure 3-3 The noise averaging advantage associated withsampling the centre of
k-space when a uniform transfer function (irrespectof relaxation) is desired.
Computed correlation volumes are given &) (for various TPI projection sets with
different values op and uniformI'(r), along with ‘pure’ uniform Cartesian sampling to
the same spherical k-space extent (labelled USBg. GVs are in general much smaller
for standard projection imaging € 1) with post-acquisition compensation than they
for TPI . This is true even when voxel dimensiore adjusted to maintain constant SNR
(B) (a relative voxel corresponds to the unadjustagligition voxel volume of ‘pure’
uniform sampling). The PSDs normalized accordinthér total sum of values are given
in (C). The relative PSDs with altered k-space sampdirignts and constant total sum
values are given in0)). In (E, and F) the required ROI volumes for different ROI
averaging processing gains are givenFlit can be seen that even when voxel volumes
are adjusted for SNR, required ROl volumes for grpcessing gain are still
considerably less for standard projection imaghantfor TPI.

111



Chapter 3: Average Signal Measurement and ImaggeNorrelation

In terms of acquisition voxels, correlation voluma® substantially increased
when greater k-space filtering by sampling dendigign is implemented (note
again thap = 0 is the case of uniform sampling densiigure 3-4A). However,
when the reduction of acquisition voxel volume assed with SNR
normalization is taken into account, the correlatimlumes associated with k-
space filtering by sampling density design are @btuess than those for uniform
sampling Figure 3-4B). This is a result of redistributing noise powerag from
the centre of k-spacé-igure 3-4D). It is shown inFigure 3-4F that minimum
ROI volumes to achieve a desired measurement andeal are actually reduced
when the k-space filtering shape produced by sampmlensity design is made to

roll-off toward the edges of k-space to a greaxéerd.

In Figure 3-3 it was shown that oversampling the centre of k-ep&
advantageous in terms of minimum ROI volumes toeagha given measurement
confidence when the desired transfer function igoum. In Figure 3-5 it is
shown that this is equally true when the desiraddfer function has a filtering
shape (8 = 3 Kaiser window in this case). The productioruafform sampling
density with TPI followed by post-acquisition k-gedfiltering yields the greatest
low-frequency noise power contributions, while Ienwguency contributions are
greatly reduced for standard radial imagiRgy(re 3-5D). Figure 3-5also shows
that while it is already known that filtering bynspling density design is more
SNR efficient than acquiring k-space with uniforangling density TPI (Chapter
2) (60), filtering by sampling density design alsas a large advantage with
respect to reduced correlation voluntaégure 3-5g. However, the combined
value of filtering by sampling density design idl dess than that of standard
radial imaging with respect to the minimum ROI voki required to achieve a

desired measurement confidence.
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Figure 3-4 The noise averaging advantage associated witieasing k-space filtering
by sampling density design. Computed correlatidames are given inX) for ‘degrees’

of k-space filtering. Although filtering by sampdjrdensity design increases the number
of acquisition voxels in the CV, the reduction ogaisition voxel volume associated with
SNR normalization more than offsets this incre&e The PSDs normalized according
to their total sum of values are given i@)( The relative PSDs with altered k-space
sampling extents and constant total sum valuesgaren in ©). Although more
acquisition voxels are required in the ROI to aechi@ desired processing gaiB),(
expansion of k-space to maintain constant SNR yialehaller ROl volumes for any
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Figure 3-5. The noise averaging advantage associated withsampling the centre of
k-space when a k-space filtering shape (irrespecifvrelaxation) is desired. Computed
correlation volumes are given in terms of acquisitvoxels for three different methods
of producing a k-space filter with radial acqusitiin (A). Even when acquisition voxels
volumes are normalized for SNR, the standard radialging approach yields smaller
correlation volumesR). The PSDs normalized according to their total ©imalues are
given in C). The relative PSDs with altered k-space sampdixtgnts and constant total
sum values are given iD}. It is shown in ) that for images with acquisition voxel
volumes normalized for SNR, minimum ROI volumesattain a desired measurement
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3.5. Discussion

The correlation volume (CV) metric given in thigea directly specifies, together
with SNR, the minimum ROI volume that must be ugdedattain a desired
measurement confidence with respect to noise, asgusignal averaging within
the ROI. While CV is equal to the acquisition voxate for non-zero-filled
standard Cartesian imaging sampling k-space td®& extent, that is not the case
for radial imaging where image noise is correlated.this paper theory for
correlation volume computation was suggested anflacewith experiment. This
was done using zero-filled Cartesian matrices sadhgb either a cubic or
spherical extent with three different ROl geometrigach. In each case the
computed CV was within the tight 95% confidenceeiaal of experiment
measured from the processing gain associated wetaging on 50,000 images of
noise Figure 3-1). Following validation of correlation volume contption for
radial imaging techniqued=igure 3-2), it was shown (using this computation)
that standard radial imaging with its great ovenslamg at the centre of k-space
and reduction of low frequency noise requires sendlOI volumes for a desired
measurement confidence than TPigire 3-3). It was also shown that increased
k-space filtering by sampling density design is adageous in terms of
minimum ROI volumesKigure 3-4), but k-space filtering by sampling density
design is not the most advantageous method in régard, standard radial
imaging also requires the smallest ROI volumes dodesired measurement
confidence when k-space must be filterEdygre 3-5).

Another consideration of correlation volume wasamned with the case where
the ROI volume was ‘sufficiently large’ (63). Whehe correlation volume is

sufficiently large Eq. [3-13] reduces to

_ A3-PSD(0) [3-15]
CV= —Z PSD
This dependence is essentially the same as ther giv(63), however in (63) it is

assumed tha®SD(0) = 1. The one-dimensional correlation distance is glsen
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in terms of physical distance yielding thg); PSD relationship. Notwithstanding
the fact thatPSD(0) approaches zero for radial imaging, this simplatienship

for very large ROI volumes does not account fordhlestantial CV variation with
smaller ROI volumes. It should be noted that catreh distance is also (in other
fields, including antennae theory) considered a&sdistance from the centre of
the autocorrelation function to its first null |dicm. However, the definition of
correlation distance of (63) (or correlation volurme this paper) has direct

meaning with respect to noise averaging.

A theory for computation of correlation volume isneficial for the analysis and
optimization of k-space acquisition techniques piadg non-uniform noise
power spectral densities. Given the involvementafvolution in the gridding
process for non-Cartesian imaging approaches,ahergtion of an image can be
a ‘long’ process. The production ofany images to generate a high confidence
CV measurement can yield a very long experimenthis paper projection sets
were made to sample computer generated noise.akssmed that this noise is
effectively equivalent to that which would be saetplithin an MRI scanner.
Computer generated noise was used, as the acguisitil200 noise images from

the MRI scanner would have involved an exceptigrlalhg process.

Although zero-filling does not improve resolutioft, does improve noise
averaging within an ROI. When k-space is not zdtedf and the PSD is uniform
the autocorrelation function is a delta functiondane could consider the noise
associated with each voxel as being contained nitat voxel. However, when
k-space is zero-filled, the magnitude at the ceafrthe autocorrelation function
is reduced from 1 in proportion to the extent afozglling, and non-zero values
are produced throughout the image, such that thke smm of values in the
autocorrelation function remains constant. In ttése one could consider the
noise associated with each voxel as being spreadghout the image. In order to

‘recapture’ the effect of noise on CV one must perf averaging in an ROI large
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enough that most of the autocorrelation functi@mfrmost of the voxels is within
the ROI.

Autocorrelation function contributions from voxetaitside the ROI are also
included in the ROI. When the ROI is a ‘point s@irthe sum of autocorrelation
function contributions from all the other voxelssares that the noise power in a
‘points source’ image measurement is equal torireege noise power. However,
because image noise power is attained in a voluo@hress than one acquisition

voxel, CV is reduced toward zero.

In Figure 3-1it can be seen that ROI geometries with the gséataface area to
volume ratio produce the smallest correlation vaami.e. the greater the
anisotropy of the voxel, the smaller it need betoduce a desired processing
gain. Greater average distance between voxels rwithe ROI yields less
correlation between voxels and greater processaitg @he ‘ripples’ in the shape
of the CV increase with increase in ROI volumeFajure 3-1 can be explained
by observing the 3D autocorrelation function pesil shown irFigure 3-6 below
for uniform k-space sampling to cubic and spheredénts. The ‘ripples’ in the
CV dependence on ROI volume arise from inclusiothef negative lobes of the

autocorrelation function as the ROI volumes areaexied.
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Figure 3-6. A profile through the 3D autocorrelation functioor fk-space sampled to

spherical and cubic extents (adhigure 3-1). Note that while the negative ‘ringing’ lobe

is much deeper for k-space sampled to a cubic gxtmrk-space sampled to a spherical
extent the negative ‘ringing’ lobe is symmetric @md the centre of k-space (as 3D
ripples in a pond).

For standard radial imaging the centre of k-spachighly oversampled. This
oversampling leads to sampling SNR inefficiency)(59% was to address this
sampling SNR inefficiency of standard radial imapitnat TPl was originally
developed (30). Using the small valuepof 0.2 to produce a uniform sampling
density, the sampling SNR efficiency can be imptveom 0.75 to 0.99.
However, it is the purpose of this paper to point that when an average
measurement is to be made within an ROI, SNR ighebnly image metric that
matters with respect to the confidence of that mmesment, correlation volume
must also be considered. When acquisition voxalmels are adjusted such that
SNR is normalized between the standard radial aRtl KFspace acquisition
techniques, the dramatic oversampling at the cesftiespace and reduction of
low frequency noise power associated with standaddl imaging facilitates the
use of smaller ROl volumes to achieve any desiredcgssing gain, or
measurement confidence. This is the case if a wmmiféransfer function
(irrespective of T decay) is required~{gure 3-3), or if a k-space filtering transfer

function is requiredKigure 3-5).
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It has recently been noted that a uniform tranifiection is perhaps not ideal for
imaging the human brain. Ringing associated with 3k sodium concentrated
cerebral spinal fluid (with respect to brain tisswan contaminate brain tissue
measurements (Chapter 2) (60). It was shown thetifig by sampling density

design was more SNR efficient than the use of taadi uniform TPI and post-

acquisition filtering. It was also shown that these benefit is achieved primarily
at low spatial frequencies. In the current paper\talue of the noise colouring
differences of the two k-space filtering techniqoéserved in (Chapter 2) (60) is
guantified within the calculation of correlation lume. Smaller correlation

volumes associated with filtering by sampling dgndesign add to its advantage
with respect to image noise. However, neither ne¢flagilitates measurement in
ROI volumes as small as that of standard radiagingafor a given measurement

confidence.

k-Space filtering by sampling density design haso abeen implemented for
sodium imaging with other phase-encoding k-spacquiation techniques
(256,258). While the constancy of SNR is well knowimen the same number of
k-space samples are used to ‘smear’ an oversampttangular k-space shape
into a filtering shape with increased sampled kespboundaries (251), in the
current paper an additional advantage of filtebggampling density is presented
other than Gibbs’ ringing apodization. This advgetas the redistribution of
noise power to higher spatial frequencies, the colu of correlation volume,

and the increase in measurement capability withe@so noise.

It should be noted that when k-space acquisitiothots are normalized for
SNR, the TPI approach will have smaller acquisitrorel volumes than standard
radial imaging. While these smaller voxel volumes @ot sufficient to facilitate
smaller ROI volumes with respect to image noise @re@surement confidence,
they will improve image appearance. Smaller vox@lmes will also minimize
‘partial volume’ effects and the spatial extentttoé point spread function which

will include the effects of transverse magnetizaiecay during the readout.
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Finally, it is again noted that the measuremenfidence discussed in this paper
is with respect to the underlying thermal noisethe image. While the signal
intensities in an ROI may be heterogeneous forouarreasons, including those
related to inclusion of different tissue types gpathologic states’, it is assumed
that an average image intensity measure within @hiR sufficient for analysis.

As mentioned in the introduction, average ROI measents are very common
for quantitative image analysis. The alternativexal-by-voxel analysis, will

suffer from either measurement uncertainty reldteihcreased image noise or

the implementation of large voxel volumes requi@denerate sufficient SNR.

The purpose of this paper was to compare radigbka acquisition methods used
for sodium imaging with respect to correlated imagéee and the minimum ROI
volume required for measurement confidence when signal average
measurement is made within an ROI. This requireshethod with which to
compute the correlation volume, or the effectiveluome of ‘statistically
independent noise voxels.” A theory with which mmpute correlation volume
was presented and verified using images generatbdive sampling of computer
generated noise. It was shown that correlation naelus dependent on ROI
volume and geometry; this is true for all zeroefill k-space acquisition. It was
also shown that when a specific measurement corfelas desired, SNR
efficiency should not be the only metric impartvague to a k-space acquisition
method; the colouring of the noise (or the shapéhefPSD) as a result of the
acquisition method, as reflected in the correlatyiume, should also be
considered. It was shown in this paper that stahdadial imaging, with its
‘dramatic’ oversampling of low spatial frequenciesmd associated noise power
reduction), facilitates measurement confidence wébpect to image noise in
smaller ROI volumes than the more SNR efficient. Riquisition methods, such
as filtering by sampling density design, that shifise power from low to high
spatial frequencies are also advantageous witlece$p measurement confidence
and minimum ROI volumes.
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Chapter 4

Radial k-Space Sodium Acquisition Optimization @isject Quantification
with Concern to the Human Head

(unpublished)

4.1. Introduction

The value of human brain sodium MRI lies in thegmigl that signal intensity,
reflecting sodium concentration, may correlate widthological status in many
disorders including stroke (13,41,66), cancer (B,%and Alzheimer's disease
(23). In dense macromolecular environments sudatebslar brain tissue, sodium
nuclei exhibit very rapid biexponentiab Telaxation with B ~ 2.9 ms (60%) and
Tos ~ 29 ms (typical in-house human cellular braisues T* measurements at
4.7T, related T values have been measured at other field strerf@$87)). In
order to capture the signal before it significandgcays, k-space acquisition
methods with short delay between excitation andiia@gpn of the centre of k-
space (TE) are required. To accomplish this taaHjat (centre-out) k-space
acquisition methodologies are commonly used (5;88)1 Because standard
radial acquisition suffers from sampling inefficignrelated to SNR (55), a
technigue in which radial evolution is altered t@mim a uniform sampling density
was developed (twisted projection imaging — TPQ)(However, it was shown in
Chapter 3 that although standard radial k-spaceligitiqn is inefficient with
respect to SNR, its excessive oversampling surriogritie centre of k-space and
reduction of low-frequency noise is actually adegetous when average signal
intensities are to be quantified within a regionimderest (ROI). While the TPI
techniqgue may not be beneficial with respect togenaoise, it has been shown
very recently (2009) that the radial projection letion alteration of TPI is
advantageous to change the shape,afeCay across k-space (36). The purpose of
the current paper is to assess the value of raslialution altered k-space
acquisition (of which TPI is a member) for imagihg human head in the context

of both noise and signal blurring. This is accosipdd through evaluation of
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optimal readout duration and optimal image SNR,levhcknowledging that k-
space filtering is required to minimize the pereasof brain tissue with ‘ringing’
from the 3x concentrated cerebral spinal fluid (CSgnal (Chapter 2) (60).

It is well known that image noise variance will gegse in direct proportion to an
increase in readout duratidfizg), however, roll-off toward the edges of k-space
will also increase resulting in a ‘smearing’ of theint spread function (PSF) and
image blurring (54). It has been suggested thatcieh of Ty, to match the
(monoexponential fit for sodium) ;Tdecay parameter provides a reasonable
compromise between noise and blurring effect (3Dh the other hand, a
theoretical optimal readout duration 50% of Twhen s is 10x T) has been
suggested (36). For the case of ¥ 2.9 ms and £ = 29 ms (measured cellular
brain tissue relaxation at 4.7T) the readout domabf (30) is ~ 9 ms and the
readout duration of (36) is ~ 15 ms. It should b#&d, however, that beneficial
reduction ofTggy to 4 ms (facilitated by altered sampling densigsign under
hardware constraint in this case) has also beegested (29). In many sodium
radial k-space acquisition papers thg, parameter used is omitted (12,30,66).
One sodium TPI paper of human brain uselizrg = 29 ms (6). For sodium
imaging performed at 4.7 Tesla (the field strengglkd in this chapter) ~ 17 ms
readout durations have typically been used (Chaj2eb, and 6) (41,42,60).

Optimal Trg is highly dependent on the optimized image meffice image

metric used by Nagel (36) is that of point-sour®¢RS and is the same metric
previously used for optimization in the presenceapid monoexponential proton
T, decay (264). (It should be noted that no spe@fiimization metrics were
given for Boada'sly, suggestions (29,30)). It is contended in this tdathat

because sodium imaging is primarily concerned witle signal intensity
guantification, an image metric directly related doantification capability is
required. Given (as will be shown) that image istBnis modulated by object

volume when object volumes are small with respedhe spatial extent of the
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PSF, the image optimization metric presented ins tlchapter includes

measurement accuracy related to PSF smearing.

The optimal SNR at which to perform radial sodiumaging of the human head
has never before been considered. It is suggesteithis chapter that while
choosing a high SNR (i.e. large voxel volume) maacilitate a given

measurement confidence (precision) with respetch&mge noise in a smaller ROI
volume (assuming signal averaging within the R@ig larger voxel volumes of
high SNR will spatially stretch the shape of the=Rfd increase the minimum
object volume required to attain a desired measeaném@ccuracy with respect to
PSF smearing. Thus the radial k-space acquisitpiiization presented in this
chapter (which includes optimization for SNR) camsethe minimum object
volume in which a precise (with respect to images&p and accurate (with

respect to PSF smearing) measurement can be dttaine

Radial k-space acquisition optimization begins wfesentation of a radial
acquisition method in which the modulation trandterction (H — which includes
T, decay) remains a constant Kaiser window shape Sk @cross all readout
durations by sampling density design. Because tm#iusy signal from 3x
concentrated CSF (with respect to brain tissuey dm exhibit extremely rapid
biexponential relaxation (~ 65 ms at 4.7T), andaose k-space must be sampled
to a finite extent, the side-lobes of the near dimection when k-space is
unfiltered will extend into the brain tissue (Chap®) (60), potentially affecting
brain tissue signal measurement. In this paperacknowledged that the flexible
Kaiser window trades step-response (at an objedi®) for side-lobe reduction
in a near ideal fashion through gsparameter (141). Maintenance of a constant
Kaiser modulation transfer function in CSF acrosadout duration facilitates
analysis ofTrq for constant PSF shape in CSF and constant CS¥=Iche
amplitude. An appropriate amount of k-space filtgrrequired for imaging the
human head is considered along with the effectgiiace filtering with respect to

image acquisition optimization.
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Three different approaches to radial k-space attoguisare compared in this
chapter with respect to minimum object volume reeplifor precise and accurate
analysis. These approaches include: standard pomjedmaging with a
Tro~ 2 ms similar to that of (5) (labelled SP), radial evdn altered imaging
with a ‘short’ Tzo = 4 ms similar to that of (29) (labelled ‘short reado8R), and
radial evolution altered imaging with a ‘londro = 17 ms similar to that of
(41,42,60) (labelled ‘long-readout’ LR). A constafaiser modulation transfer
function in CSF was generated with post-acquisitaighting for the standard
projection approach and sampling density desigrttferradial evolution altered
approaches. For each k-space acquisition approaal volumes were adjusted
to maintain constant SNR. Computation for radiajuasition relative SNR was
verified using a large 5% agar phantom. Image sitgrmodulation with object
volume was demonstrated in 5% agar spheres ofusriolumes (0.65 cfa- 10
cm’), and compared with modulation computed from riaklispace evolution and
measured 7 decay. Given reasonable correspondence betweesumsdaand
computed image intensity modulation with objectwoé in 5% agar, image
intensity modulation computation with human bragtakation parameters was
used for radial k-space acquisition optimizationacle k-space acquisition
approach is compared with respect to minimum objedtime required for
precise and accurate analysis, as are variatioraadf approach, and an optimum
SNR range at which to perform quantitative sodiumaging is suggested. An
additional image metric, the containment of CSFnalgintensity within its
bounds, is also considered and demonstrated wiiges)acquired from healthy
human brain and saline resolution phantoms. Finalyideal approach to radial
k-space acquisition for quantitative sodium imagimgthe human brain is
proposed.
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4.2. Theory

4.2.1. Relaxation Compensating Sampling Density k-Spaagufsition

Any 3D radial sampling density shapé) (wherer is a fraction of,,,,) can be
generated in the volume of k-space at and beyoidiso a radial fraction of
kmax) DY designing the radial component of each praacto evolve according
to

dr _ 1 [4-1]

dt  T(r(@)r2(@)’
wherez is a dimensionless fraction of the time requiredd projection to reach
the edge of k-space if its evolution were not alieto generate the desired
sampling density. The termp is designated here as the ‘fractional extent of
unaltered sampling density.” Alternatively, thisrgaeter has been designated
‘trajectory twist’ (30), but the twisting of projgons (under the maintenance of a
constant sampling speed) is not relevant to thienigation of this chapter. At the
initiation of radial evolution alteration along d&apgrojection, i.e. at radial location
p, = has the value of zer@(0) = p). If the radial projection velocity slows to
alter sampling density beyomdfrom its1/72 dependence, the relative projection

length,7;,; = 7(r = 1) + p, will be greater than 1.

Sampling density which takes monoexponentiglr@laxation into account to

produce aP(r) transfer function is given below.

. 4-2
F(r(r)) =WY¥(r)-exp <%> [4-2]

The ‘D’ subscript identifies the transverse rel@@atparameter in Eq. [4.2] as a
design parameter (i.e. the actual r€laxation in a given tissue may vary from

T,(py)- The variables in Eq. [4-2] is defined as

s = Tro/Ttots [4-3]
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and produces a conversion to real time, whégg is the duration of the
projection readout. At the radial locatipnthe acquired sampling density remains
unaltered from the /r? dependence and must have a valué of* for correct
projection generation in Eq. [4-1]. The transfendtion, ¥(r), must be correctly

scaled to account for this (i.e. it must have awalf1/p? atr = p).

Solutions to Egs. [4-1, 4-2 and 4-3], were achiewgidg an iterative process. The
relative length of each projection,,, is initially unknown. The iteration process
was initiated by solving Eq. [4-1] with a value ®& 1. The value of(r = 1)
was attained from this solution, the variableecalculated for the desired readout
duration, and Eq. [4-1] resolved. This process eaginued until the change $n

was less that 0.01%.

When a critical number of projections are includeda projection set (i.e.
4m(FoV - kyq,)? projections) the sampling density will be directhat of I'(r).
The combination of'(r) and the actual transverse magnetization decapsa&ro

spaceMyy (), will produce the modulation transfer functidir).
H(r) = T(r) - My, (1) [4-4]

For monoexponential transverse magnetization decay

Mxy(r(t)) — exp (_ (s (t +T[2)) + TE)) , [4-5]

and for biexponential transverse magnetization yleca

Mxy(r(‘t)) = 0.6exp (— (-Ctp) ¥ TE)) + 0.4exp (— (s-Ctp) ¥ TE)) . [4-6]

Tzf TZS

It should be noted that because- 0 at radial fractiorp in the solution of radial
projection evolution of Eq. [4-1], the dimensiorddsme fractiont within p will

be less than zero with dependence
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T=r—p. [4-7]

If the actual transverse magnetization decay isaegponential and ;Tmatches
T2y, H(r) will be a scaled version & (r). Acquisition of more (or less, which is
possible to the fraction gf without violating Nyquist when projection twisting

implemented) projections will produce a simple sgpbfI'(r) and H(r).

4.2.2. The Kaiser Function

The appropriately scale®V(r) (as discussed above) to generate a Kaiser
modulation transfer function is given in Eq. [4-B].this equationglis the zeroth-
order modified Bessel function of the first kinddathep parameter determines
the extent of the main-lobe area for side-lobe ctédo trade (note that wheh=

0 the Kaiser function is a uniform or flat funct)aii41l).

W) = (i) ho(s/G=r) [4-8]
P 1B =)

4.2.3. Post-Acquisition Compensation for Sampling DenBigwiation from
Desired Shape

For radial evolution altered k-space acquisitior tientral portion of k-space,
until the initiation of evolution alteration @i possesses arisampling density

which must be compensated by post-acquisition wvigigh
2, 4-9
W(r)={(r ) 0<r<p [4-9]
1 p<r<1
to produce the continued shapeldt(r)) within the radial fractiorp and the
final transfer function oH(r) over the full k-space extent. The shapel'éf)
within the radial fractiorp required to produce th&(r) function can be found

from solution to Eq. [4-2wheret =r —p (as mentioned above). In practice

post-acquisition compensation was done using aative gridding process (260),
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which also accounts for small local deviations amgpling density as a result of

projection shape deviation from design in the imp#atation process.

4.2.4. Relative SNR for Radial k-Space Acquisition

The total signal contribution to the image of arject is un-modulated by PSF
smearing, and is directly proportionallt@) (assumingV,(0) remains constant
in Eqg. [4-4]). Note that for small objects muchtbé total signal contribution to
the image may be ‘smeared out’ beyond the objed.dufficiently large object

SNR « I'(0)/o. [4-10]

The dependence of the standard deviation of image 1) is given below

ocxVBW-S, [4-17]
where
tr=1) [4-12]
S x f W(r(t))z,
T=—p

and BW is the anti-aliasing filter bandwidth

BW o (¢0t/Tro)- [4-13]

Combining Egs. [4-9 through 4-13] yields the radiefjuisition SNR dependence

below (assuming a constant number of implementeggtions)

0 Tir=1) [4-14]
)( f (rZ(T).r(r(r)))2+f 1).

T=-p

SNR o I'(0) / (

Ttot
Tro

The relative SNR of Eq. [4-14] is solved numerigaii this chapter for the ‘non-

analytic’ T'(r(z)) functions generated.
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4.2.5. Assessment of Minimum Object Volumes Required f@aBurement
Accuracy and Precision

Measurement precision is defined in this paper les t¢onfidence interval

pertaining to image noise in a signal averagingsueament within an ROI
95% Cl = + 1.96 - (1/MNR), [4-15]

where MNR is the measurement-to-noise ratio
MNR = SNR./Ng, [4-16]

and N.¢ is the number of effectively uncorrelated noisdéuxtes in the signal
averaging measurement (Chapter 3). The 95% relatrdidence interval is
plus/minus a percent of the signal intensity in 84R measurement. If SNR is
measured in normal tissue, the 95% CI defines thermmm relative increases
that will be statistically significant. An ‘effeetely uncorrelated noise volume’ is

labelled the correlation volume (CV) (63), suchttha

N = Nro1 [4-17]
eff cv '

whereNgy is the total number of acquisition vox€ls,.,) within the ROI, and
an acquisition voxel is defined &g, = 1/(2kmqay)*. Calculation of correlation
volume, which is also dependent NRq, is given in Chapter 3. From Egs. [4-16
and 4-17] it is apparent that the minimum numbeaajuisition voxels required
within an ROI volume to attain a given measureneamtfidence with respect to
image noise is:

Nro; = CV(MNR?/SNR) . [4-18]

Measurement (in)accuracy in this paper concernanerevaluation of signal
intensity produced by a uniform object (or an ob@oducing uniform signal) as
a result of PSF smearing. PSF convolution with bjea-mask of ‘ones’ yields

image intensity dependence within an object asaltref PSF shape. If the object
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volume is sufficiently large, the object image mgity will approach full-value at
and surrounding the object centre. For a range ©f #®lumes that may be
required for measurement precision, required objeimes can be found such
that the average image intensity in the ROI voluma given fraction of full

value. This fraction of full value is defined ag tlneasurement accuracy.

When SNR andv,., are adjusted in an offsetting manner in Eq. [4-1&]
required object volumes for a given measurementracy and precision will be
altered and an optimal SNR can be determined ahdtiga minimum required
object volume.
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4.3. Methods

4.3.1. Sodium Imaging Aspects

All sodium MRI was performed on a 4.7T Varian Inos@anner, using an in-
house manufactured single-tuned RF birdcage heihdircdhe spirit of sodium
guantification, a minimally relaxation weighted seqce was used for radial k-
space acquisition comparison. This sequence cedsidt a 30 rectangular RF
pulse of length 0.27 ms (producing a TE of 0.194 aml a repetition time (TR)
of 50 ms, allowing ‘full’ T, recovery. Although not required for the comparson
presented, projections were implemented to twisbuph 3D k-space on
concentric sets of cones. For each comparison staannumber of projections

were ‘played-out’ for constant scan duration.

4.3.2. Sodium Phantoms Used for Analysis

SNR was measured experimentally in a 2L, 50 nifi4], spherical, 5% agar
phantom with scans 5 minutes in duration. Two rgsmh phantoms were also
scanned: a 50 mM, 5% agar phantom having transvelaeation of b = 2.7 ms
(60%) and Fs = 23 ms (40%); and a 150 mM saline resolution pdranwith
monoexponential transverse relaxation of ¥ 53 ms. These two resolution
phantoms were intended to represent the sodiunm@maents of brain tissue and
CSF respectively. A set of 2M°Na], 5% agar spheres ranging in size from 0.65
cc to 10 cc were used to demonstrate image infenstidulation with object
volume for different projection sets (as describeelow). A high sodium
concentration was chosen to facilitate the effectigmoval of noise from the
images. Transverse relaxation for these agar spivess measured assFE 2.8
ms (60%) and % = 22 ms (40%).

4.3.3. k-Space Filter Comparison for Imaging the HumanirBra

Three projection sets producipg= 2, 3, and 4 modulation transfer functions in
the presence of CSF relaxation, @ 65 ms) were implemented to assess k-space

filtering required for imaging the human brain. Eagrojection set was designed
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with very similar readout duration, and in such anmer that SNR and gradient
magnitude (G,,4,) remained constant (~5 mT/m in this cas&plle 4-1).
ConstantG,,,, implies equivalent radial sampling rate around ¢eatre of k-

space for each projection sktshould be noted that

Gmax X (Ttot/Tro) 3V rSNR, [4-19]

when acquisition voxel volumes are to be adjustechaintain a constant SNR.
The term rSNR in Eq. [4-19] is the relative SNRaassted with each projection
set calculated from Eq. [4-14]. The valuepoWvas altered to achieve a constant

Gmax: 8STso: IS dependent on the valuef

p Gmax Tro voxel volume

0.17 4.9mT/m 17.1 ms 0.089 cfn
0.15 4.9mT/m 17.2ms 0.064 cin
0.14 4.9mT/m 17.2ms 0.047 cin

A W DN |

Table 4-1 Projection set parameters used for k-spaceifitjeccomparison wittp and
voxel volume adjusted for the samg.Gand SNR respectively

Weighted (for oversampling at the centre of k-spacel gridded sampling points
of each projection set are presented to highligimming density shapd;(r).
Each sampling point is also weighted according tordlaxation during each
projection readout and the associated modulatiansfer function shown. The
SNR of each projection set was measured in therigphegar phantom, and
images of both agar and saline resolution phanteer® acquired along with
images from human brain.

4.3.4. Image Intensity Modulation with Object Volume

The three approaches to radial k-space acquisdfoprimary concern to this
paper are given iffable 4-2 In each case A = 3 Kaiser k-space filter in CSF

space is generated, and in each case voxel volareeadjusted to attain constant
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SNR. For the standard projection (SP) apprddef) is generated entirely by post
acquisition weighting. Both the short readout (3iRY§l long readout (LR) radial
evolution altered approaches were designed f@r,a, of ~5 mT/m. The SP

approach had &,,,, of ~4 mT /m, which for standard radial imagingsdely

dependent on readout duration selection.

p Gmax Tro voxel volume

SP 1.0 42mT/m 1.8ms 0.208 cf
SR 029 5.1mT/m 4.0ms 0.124 cfn
LR 0.15 4.9mT/m 17.2ms 0.064 cin

Table 4-2 Relevant projection set parameters of the theekal k-space acquisition
approaches compared in this chapter. For eachvoasévolume was adjusted to achieve
the same SNR. For the SR and LR approapheas adjusted to attain,gz ~ 5 mT/m

To demonstrate image intensity modulation with objeolume the 5% agar
spheres ranging in size from 0.65 cc to 10 cc veseh individually scanned
using the three projection sets. Each sphere veaeglin the same location at the
centre of the RF coil within a loading shell devoidsodium. Given small object
volumes, additional coil loading was expected twehaery little effect on
acquired signal intensity. Individual object scamniat the same location in the
RF coil eliminates PSF contribution between objacid signal dependence on B
field variation. For each projection set constarMiRS was verified with

measurement in the large 50 mM, 5% agar phantom.

Scaled image intensity values measured at the ecenftreach object were
compared with that generated from effective PSFvealution with a uniform
object-mask of ones. A zero-filled sphericalrii(constructed from Eq. [4-4]
using the relevant projection set parameter$atfle 4-2and the measured, bf
5% agar, was multiplied with the Fourier transfodr@bject-mask and inverse

Fourier transformed to compute effective PSF cauntvarh.
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4.3.5. Comparing Approaches to Radial k-Space AcquisitooriMinimum
Required Object Volume

For each of the SP, SR and LR projection sets ablmweassociated zero-filled
noise correlation volume was computed as describe@Ghapter 3. Spherical
objects (and spherical ROIs) were first considerEdr each approach the
minimum number ofy,., required in a ROI (Rbj) was plotted from Eq. [4-18]
for a range of SNR values from 5 to 80 and a ddésMdNR of 40 (~+ 5%

precision) and 80 (+ 2.5% precision). The required numberigf, in an ROI

volume is also given for a constant correlatioruna of 1.91 acquisition voxels,
the case for a hypothetical, non-zero-filled, umip spherical noise power

spectral density.

For a range of spherical object volumes the maxinR@ volume in which an
80% and 90% accuracy can be attained in a sigremhging measurement (both
in terms ofv,.,) was found from the object image intensities gatesr with the
effective PSF — object-mask convolution descriaalva. For each object volume
the maximum ROI volume producing a given averagasuement accuracy was
found from simple analysis of sequentially largegdIR A high ‘level’ of zero-
filling (H(r) was generated to a spherical diameter of 25 anuHilled to 256 —
the same zero-filling was used for the agar comspariabove) was used to
facilitate analysis of ~ 350 effectively spheriadiject volumes from 8 to 800
acquisition voxels. A high ‘level’ of zero-fillinglso facilitates small ‘spacing’
between sequentially larger ROIs used to deterrmagimum ROI volumes for a
given accuracy. The same ‘level’ of zero-filling svalso used for correlation
volume computation. The use of PSF convolution agtiaiion to assess object
intensities with respect to PSF smearing allowedlysis for brain tissue
relaxation parameters, and followed from correfatiof image intensity

computation with experiment in agar phantoms (apove

134



Chapter 4: Radial k-Space Sodium Acquisition Ozation

To determine minimum object volumes for analysis tumber ofy,., required
in an ROI for measurement precisiong@y was associated with the number of
Vacq T€Quired in an object, such thakdlwas the maximum number af,.,
allowed in the ROI for measurement accuracy in tigect. Physical object
volumes required for each radial k-space acquisiipproach were found from
their SNR —v,, relationships. For each projection set the voxélime ofTable
4-2 was assigned an SNR of 15, similar to that obthinem each projection set
in bothTables 4-1and4-2 for a 10 minute scan of healthy human brain. R t
optimization, when SNR is adjusted away from thei@af 15, the acquisition
voxel volume is also adjusted in proportion to nteiimthe same ratio. If the SNR
— Vqcq Pelationship was to be altered by ‘external’ medins. increased scan
duration, or change in NMR sequence parameters,.)etthe required object

volumes would be scaled by this alteration.

Because the optimization of this paper is primaciycerned with the best radial
k-space acquisition approach to quantify brainolesj which are unlikely to be
spherical, an anisotropic object geometry of (1 xx 12) was selected for
subsequent projection set comparison. Optimiz&toran even greater degree of

anisotropy will ‘intensify’ the result as explainedthe discussion.

Alterations from the SP, SR and LR radial acqusitapproaches were also
compared for minimum required object volume. Edtération was designed for
the same constant SNR. In the first considerateadout durations increased

from that of the SP approach were considered &dstrd projection imaging.
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p S Tro voxel volume

(SP) 1.0 3 1.8 ms 0.208 &m
2 1.0 3 2.6 ms 0.175 ém
3 1.0 3 3.2ms 0.157 ém
4 1.0 3 4.6 ms 0.134 ém

Table 4-3 Relevant projection set parameters for stanganfection imaging analysis
of readout duration longer than that of the SP @gqr.

In the second consideration two additional readlhuwrations were considered for

radial evolution altered k-space acquisition. Treug of p was selected to

maintain constant gradient magnitude.

p S Tro voxel volume

2 0.19 3 11 ms 0.076 ém
(LR) 0.15 3 17 ms 0.064 ém
3 0.14 3 24 ms 0.057 ém

Table 4-4 Relevant projection set parameters for radiablw@ion altered k-space
acquisition analysis of readout duration shortet lamger than that of the LR approach.

In the third consideration the value pfwas adjusted from that of the LR
approach. For case 1 the gradient magnitude ishak df LR; for case 2 the
gradient magnitude is 1.5x that of LR; for casdénd gradient magnitude is 0.5x

that of LR.
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p S Tro voxel volume

1 0.11 3 17 ms 0.064 ém
2 0.13 3 17 ms 0.064 ém
(LR) 0.15 3 17 ms 0.064 ¢m
4 0.22 3 17 ms 0.065 ém

Table 4-5 Relevant projection set parameters for radiablw@ion altered k-space
acquisition analysis gf value other than that of the LR approach.

In the final consideration differences in k-spadeering by sampling density
design are compared. The projection seffalfie 4-1are used along with/a= 0
(uniform sampling density) projection set wiph= 0.2, ko = 17 ms and voxel
volume = 0.139 crh

4.3.6. Comparing Radial k-Space Acquisition in Resoluf®irantoms and
Human Brain

Image from saline and 5% agar resolution phantosre wcquired for each of the
SP, SR and LR radial k-space acquisition approadfeslly, images acquired

from healthy human brain are also presented forpewison.
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4.4. Results

4.4.1. k-Space Filter Comparison for Imaging the HumaniBra

Images generated from projection sets produging 2.0, 3.0 and 4.0 Kaiser
modulation transfer functions in CSF are displaiyeligure 4-1 Each projection
set had the samerd and gradient magnitude, and was designed for aonst
SNR. Sampled k-space radius expansion associatednereased@ to maintain a
constant SNR is highlighted ifrigures 4-1A — 4-1C and constant SNR
demonstrated in the 5% agar phantom imagesFigures 4-1D - 4-1F
Detrimental ringing artifacts can be observed witbjection design for £ = 2.0
modulation transfer function in CSKiQures 4-1G, 4-1J; these artifacts are
reduced in thgg = 3.0 caseHRigures 4-1H, 4-1K), and further reduced fgr= 4.0
(Figures 4-11, 4-11).

While the total sum of values within the normalizeddulation transfer function,
and hence the magnitude at the centre of the R&Hins constant for eaghin
both brain tissue and CSF (a logical requiremenérgithe same gb, gradient
magnitude, and equivalent number of projectiondemgnted for each projection
set), the shapes of the PSF are slightly diffefenteachp. A (very) slight
decrease in the width of the PSF at half its maxmvalue is evident for both the
CSF and brain tissue type environmérigures 4-2A— 4-2B, and4-2F — 4-2G.
The effect of this slight narrowing of the main éobf the PSF can be somewhat
observed with respect to distinguishing resolutielements in the saline
resolution phantomFjgures 4-2C—-4-2E).
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Figure 4-1: CSF ringing artifact dependence on Kaigedesign parameter. A% is
increased the extents of k-space sampled are exgdfd- C) to maintain constant SNR
(D —F). Detrimental ringing artifacts surrounding theFC&ructures fop = 2.0 G, J),
which also superimpose to create a noisy imageaappee, are reduced f6r= 3.0 {,

K) and further reduced fgt = 4.0 (, L). It should be noted that images generated with
uniform sampling density exhibit considerably martgfact than all of the images shown
above.
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Figure 4-2 PSF shape and resolution phantom image dependeriaisels parameter.
While the total sum of values within the PSF arsdciéntre magnitude remain constant
for differentp, the shape of the PSF changes. The proportionamehf the main lobe is
slightly decreased along with its width at half m@x— B, F — G). As a result of this
slight decrease, object distinction is slightly noyed for increaseq (somewhat
observable in the fluid cask)). The effect of proportional main lobe decreasdémage
intensity modulation with object volume will be dissed below. It should be noted that
PSF shape dependence occurs in all three dimens$i@iould also be noted that while
the magnitude at the centre of the PSF remainsahee within the separate environments
for eachp implementation, the magnitude at the centre of RB& for the brain tissue
environment is considerably less than that forG&& environment.
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4.4.2. Image Intensity Modulation with Object Volume

Image intensity modulation with object volume isglayed inFigure 4-3 for the
three different approaches to radial k-space attmuisdesigned for constant
SNR. For each projection set, image intensity matihh with object volume
closely matches that of effective PSF — object-meshvolution computation.
Image intensity modulation appears roughly similaetween acquisition
approaches even though thg,, volumes are very different. The LR approach
with the greatest k-space roll-off related todecay in combination with k-space
filter design exhibits the least ringing superpositeffect for the larger object

volumes.

In Figure 4-4 image intensity modulation is displayed from efifee PSF —
object-mask convolution computation for thg* Tecay parameters of healthy
human cellular brain tissue at 4.7T. As can be Se®age intensity modulation is
quite similar for the two different radial evoluti@ltered approaches (SR and LR)
over small object volumes, but image intensity éase with object volume for
the LR approach slows beyond 80% relative sigrtehisity. Both the SR and LR
approaches exhibit more rapid image intensity a®eewith object volume in
general than that of the standard projection agtroa
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Figure 4-3 Image intensity modulation with object volume (giverhat top of each column

in cn?) in spherical 5% agar phantoms for the LR, SR and SRlrkdipace acquisition
approaches, each designed for constant SNR. Although the iaoqu®xel volumes are
quite different, image intensity modulation with object uealis similar for the three
approaches. In each case the shape of image intensity increasebj@ihvolume at the
object centre (stars)B(— D) matches that computed with effective PSF — object-mask
convolution. For the short readout duration approachesa(®RSP) ringing superposition is
evident in the large objects (visible as hypointensityeatre of image in 10 checase).
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Figure 4-4 Image intensity modulation with spherical object volume poi®d at object
centre for cellular brain tissue relaxation using effecB®# — object-mask convolution. ‘A’
highlights intensity for small objects, and ‘B’ intélysfor larger objects (split for easier
observation of differences). The LR approach has the greaitésitrate of image intensity
increase, but tapers off before approaching 90% of &llle; the SR approach continues with
rapid rise through 90% of full value. The SP approachbésha much slower initial image
intensity increase than either LR or SR, but approachesd@ed value in a smaller object
than the LR approach.

4.4.3. Comparing Approaches to Radial k-Space AcquisitbsrMinimum
Required Object Volume

In Figure 4-5 the required spherical object volumes for a given meament
precision and accuracy are computed for the SPArf8RLR approaches to radial
k-space acquisition. The SP approach with its laggkiction of low frequency
noise requires the fewest numberipf, in an ROI (Mko) to achieve a desired
measurement precisioFigure 4-5A). At an SNR 1/4 the desired MNR, the
minimum Nz, required for the SP approach is ~ 60% that reduie the other
two approaches. It should be noted that when SN&yugl to the desired MNR
only one zero-filled image voxel is required forasarement precision. Given the
high ‘level’ of zero-filling, the required ROI volaes for SNR = MNR are a small

fraction of onev,,.

In Figure 4-5B it can be seen that for the SP and SR approachesi®8aring
across k-space has a similar effect on the maximumber ofv,., allowed
within an ROI for any given number af,., within an object. For the LR
approach the minimum number of., required in an object to attain a 90%

accurate measurement in a very small ROI is roudgiylarger than the SP
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approach, however, a very small increasevjp, within the object from its
minimum number facilitates a very large increasemaximum allowable kb,
For all three radial k-space acquisition methodsrttaximum allowable b, to
achieve a desired accuracy approaches the numbvgr,ofvithin the object when

this number is large.

Combining the minimum number of,., required in an object for a given SNR
(from Figure 4-5A and4-5B, as demonstrated with the gray, arrowed line) with
the v,c, — SNR relationshipRigure 4-5C) yields the physical required object
volume Figures 4-5D and 4-5E). For 90% accuracy the minimum required
object volume for the LR approach is similar tottbithe SR approach, and for
80% accuracy the minimum required object volume tlog LR approach is
smaller. Although the LR approach possess largeeladion volumes than the SP
approach (as reflected Figure 4-5A), and greater PSF smearing effect than both
the SP and SR approaches (as reflectéeigare 4-5B), its much smallev,., —
SNR relationship facilitates minimum required objeclumes comparable or less

than the other two approaches.

It should be noted that iRigures 4-5A 4-5D and4-5E the curves for 2.5% and
5% precision have the exact same shape when Shibtied as a fraction of
MNR. For this reason only the case of 2.5% prenigMdNR = 80) will be given

in the following comparisons. The optimum SNR faryaother precision (or

MNR) can be found from this relationship, i.e.

MNR [4-21]
SNR = WSNRMNR=8O )

at which the minimum required object volume (MRQ¥)

MNR [4-22]
MROV = WMROVMNR:SO .
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Figure 4-5 Optimization for minimunspherical object volume required to achieve a
given measurement accuracy and precision. The nuafb®xels required in the ROI to
attain the MNR associated with 5% and 2.5% pregigogiven in A) (the thin dashed
lines highlight the hypothetical case of constakt<£1.91 acquisition voxels — i.e. the
hypothetical case for a non-zero-filled, uniformherical noise power spectral density).
For each ROI volume required to attain a desiregtipion, a required object volume to
attain a desired accuracy can be found frah Using the SNR — voxel volume
relationship of C) the physical required object volumes can be @ibtfor each
projection set with respect to SN (and E). The gray arrowed lines highlight a
calculation example for the LR approach at an SKR4o a precision of 2.5%, and an
accuracy of 90%. Fapherical objects the minimum required object volume for 8
and LR approaches are similar, however, the optiBINR for the LR approach is ~ 1/4
that of the desired MNR.
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SNR optimization for the SP, SR and LR projecti@sswhen objects have a
geometry of (1 x 1 x 2) is shown igigure 4-6. While the required Rb, is
reduced from the case of spherical voxels for nremsent precisionHigures 4-
6A vs.4-5A), the effects of PSF smearing have greater imgsgecially on the
minimum number ofv,., required within an object to obtain a given accyra
(Note that the minimum number of objagt., to attain a desired accuracy will
produce that accuracy in a very small region atctrd@re of the object — bottoms
of Figures 4-6Bvs.4-5B). The result is increased required object volua@ess
SNR for each acquisition approach, but most subiathnfor implementations in
which SNR approaches the desired MNR. The optimiNR $alue is shifted
lower for each acquisition approach, most noticgdbr SP and SR. The LR
approach facilitates precise and accurate measatameninimum ROI volumes
~ 25% smaller than SR and ~ 40% smaller than StPdars so at an SNR < ¥
the desired MNR.

Readout duration increase from that of the SP ambres considered iRigure 4-

7 for standard radial imaging. Note that in genefga Would have zero impact on
correlation volume in terms af,.,. For this optimization, because the effect of
relaxation is considered in the production of astant Kaiser function within
CSF, post-acquisition weighting is slightly altensdh Tro change. The result is
a very small dependence on correlation volumermseofv, ., (Figure 4-7A). It

is shown that although the PSF is smeared oveeateyr number ob,., when
Tro Is increased (with affect given irigure 4-7B), this increased smearing is
offset by facilitated voxel volume reductioRigure 4-7C). As a result, the same
minimum required object volumes are facilitated 8% accuracy with agb
increase to 3.2 ms, however, the implementatiosnudll v,., (sacrificing SNR)
is critical to maintaining minimum object volumes fanalysis. For 80% accuracy

the minimum required object volume can be slightljuced with increasedd.
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Figure 4-6. Optimization for minimumanisotropic (1 x 1 x 2 rectangular geometry)
object volume required to achieve a given measuneraecuracy and precision. For
anisotropic objects the required numbemwgf, in an ROI to attain the desired MNR is
reduced A) from that for spherical objects (Figure 4-5A).wiver, the maximunw,,
allowed in an ROI to attain a desired accuracyeisreiased (from Figure 4-5B) for any
given number ofv,., in the object B), especially for small objects. Thg., — SNR
relationship of C) is the same as that of Figure 4-5C. The physitgéct volumes
required for measurement precision and confidebcandE) are increased from the case
of spherical objects (Figures 4-5D and 4-5E), paldrly for implementation of SNR =
MNR. Optimum SNR values are shifted to 1/8 — 1/4le$ired MNR for each approach.
The LR approach clearly facilitates the smalleguied object volumes.
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Figure 4-7. Limited effect of readout duration increase omimium required object
volumes for analysis whengd is increased beyond that of the SP approach &mdsrd
radial imaging. The effect of smearing the PSF caegreater number af,., with
increased o is most observable in the minimum numbervgf, required within an
object to achieve a given accuracy (bottonBhfHowever, for objects containing large
numbers of,.,, maximum allowable kb, values are not greatly decreased with increase
in Tro to 3.2 ms. Becauserd increase facilitates,., volume reduction@), offsetting
PSF smearing effect, a minor decrease in objeainvel required to attained 80%
accuracy can be attaine®)( For 90% accuracy the same minimum required ¢bjec
volumes are facilitated by gb increase to 3.2 ms, but small voxel volume
implementations are criticaly.
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Figure 4-8 highlights SNR optimization for 2 additional raldevolution altered
cases with readout durations of 11 ms and 24 men Bwugh PSF smearing is
increased for longer gb, acquisition voxel volumes are reduced. A slight
advantage to increasing the readout duration beyioaidof the LR approach is

suggested. This advantage is achieved with furdgrgirction in optimal SNR.

The necessity of reducegl to facilitate the minimum required object volume
advantage of long readout duration is demonstriat&€igure 4-9. The value op
between 0.11 and 0.22 has effectively no impacthern,., — SNR relationship
(Figure 4-9C). This is because the SNR sampling efficiencyesy\near one for
each case. However, an increasp beyond that of the LR approach to 0.22 has a
large impact on PSF smearing, as can be seen ieffégst onFigure 4-9B.
Increasingp from that of the LR approach is quite detrimentcreasing
below that of the LR approach offers diminishingure, but requires increased

Gmax (1.5x forp = 0.13, 2x fop = 0.11) beyond the 5 mT/m used in this paper.

The effect of k-space filtering by sampling denglsign on minimum required
object volumes is demonstrated kigure 4-10. If k-space filtering could be
eliminated minimum required object volumes couldréguced. However, when
k-space filtering is required, as it is for sodiumaging of the human brain,
increased roll-off from that of the LR approach haginal effect.

When the SP, SR and LR radial k-space acquisifipmaaches are implemented
to achieve the same SNR, thej, volumes are very differenfTable 4-2 —
Figures 4-5Cand4-6C). In the fluid space of CSF the PSF directly ssaiéth
voxel volume between projection sets by designs Thidirectly apparent in the
saline resolution phantom images ijure 4-11 Resolution increase is also
apparent for the 5% agar phantoms, but not to Hraesextent. Resolution
differences between the acquisition approacheslsanbe observed in the human
brain slices ofFigure 4-12 particularly with respect to CSF signal containment
within its bounds.
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Figure 4-8 Small advantage of readout duration increase rmbyihat of the LR
approach. Although the PSF is smeared over a great@ber ofv,.,, when Tro is
increased, this increased smearing has limitedteffie the maximum p, allowed for
accuracy when objects contain large numbers,gf (B). Reduced voxel volumes with
Tro increase €) facilitate small reductions in minimum require@Rvolume for both
80% and 90% accuracY(andE). Tro reduction from the LR approach to 11 ms is
slightly disadvantageous.
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Figure 4-9 The critical requirement of smafl value for minimum required object
volume reduction when readout duration is long t(thlathe LR approach — 17 ms).
Alteration ofp between 0.11 and 0.22 in the generatigh=a3 Kaiser function in CSF
with sampling density has little effect on corridatvolume A), and very little effect on
the v,.q — SNR relationship@). However, increase ip from 0.15 (that of the LR
approach) to 0.22 has an obviously large effed®8R smearing (as reflectedBiy. This
increase irp results in much larger minimum required objecumoés for analysid) and
E). Further reduction op beyond that of the LR approach is slightly advgetas,
especially when high accuracy is desired, but caahése cost of increased g
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Figure 4-10 The marginal effect of increased k-space filtgriny sampling density
design from that of the LR approach. An increasth@p filter shape parameter results in
larger correlation volumes (as reflectediily but reduced voxel volume€). Increased
k-space filtering also results in greater PSF singdgas reflected ifB). The combined
result is a minor increase in minimum required objeclume if k-space filtering by
sampling density design is increased beyond thathef LR approach. No k-space
filtering would facilitate somewhat smaller minimuwaquired object volumes.
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Figure 4-11 Radial k-space acquisition approach PSF and ugsnl phantom image
comparison. The 3.3x increase in extent of k-spsepled for the LR approach,
compared with SP, results in a 3.3x increase ate¢hére of the PSF within CSR), and
reduction of main lobe widthB). PSF differences are easily observable in saline
resolution phantomsC( — E). As a result of T decay the total sum of values in the
modulation transfer function for the LR approach fgflected at the centre of the PSF) is
less than 3.3x greater than the SP approach fam bssue F). While image intensity
modulation with object volume is similar for thed¢k approaches, the shape of the PSF
enables enhanced distinction of smaller resoluglements for the LR approach as can
be observed in the 5% agar resolution phantdins J).
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SP SR LR

Figure 4-12 Slices of healthy human brain acquired using 8/ SR and LR
approaches to radial k-space acquisition. Whilegenguality cannot be directly assessed
for brain tissue, image quality with respect to GSEasily ascertained. The shape of the
modulation transfer function, and hence the PS&gistant for each approach in CSF by
design £ = 3.0). As a result CSF signal intensity containtmeithin its bounds is
directly proportional to the voxel volume of eagipeoach. The LR approach exhibits the
least ‘smearing-out’ of CSF signal intensity beydtscdounds.

154



Chapter 4: Radial k-Space Sodium Acquisition Ozation

4.5. Discussion

In this paper three radial sodium k-space acqarsipproaches were compared
with respect to quantitative imaging for the huntesad. The first (SP) involved
standard projection imaging with a short readoutation ~ 2 ms (similar to that
of (5)); the second (SR) involved readout evolutidiered k-space acquisition to
produce a k-space filtering sampling density witlors readout duration of 4 ms
(similar to that of (29)); the third also involvedadout evolution altered k-space
acquisition but had a long readout duration of ¥7(smmilar to that of Chapters 2,
5, and 6 (41,42,60)). £ = 3 Kaiser modulation transfer function, in whitte
effect of transverse relaxation in CSF was inclydeak selected~gure 4-1) to
reduce CSF ringing image contamination and was a@mphted for each
acquisition approach in the comparison. For thedsted projection (SP) approach
the Kaiser transfer function was generated witht-poguisition weighting, for the
other two it was generated with sampling densityigie using the methodology
presented. Each projection set was designed fostaonhimage SNR (in a
sufficiently large object) using an equation presdnfor radial k-space
acquisition, and constant SNR was verified in @dab% agar phantom. Design
for constant SNR required voxels volumes with 83: 1.9: 1.0 (SP: SR: LR),
however, although the voxel volumes were much difie image intensity
modulation with object volume was ‘similar’ for éaapproachKigures 4-3and
4-4). When measurement precision (with respect to @nagise) and accuracy
(with respect to image intensity modulation withjemb volume) are considered
for an average measurement within an ROI, the LRageh facilitates analysis
in the smallest object volumes for brain tissuexation, this is especially true for
anisotropic objects (~25% smaller than SR, and ~4@8aller than SP for 90%
accuracy inFigures 4-6. It is suggested that optimum SNR for each apgrad
which to generate sodium images is roughly 1/8/4othe measurement-to-noise
ratio (MNR) required for the desired measuremenfidence. However, not only
is the LR approach advantageous with respect tmakigtensity measurement in
cellular tissue, its much smaller voxel volumedliite much better containment

of CSF signal intensity within its bound&igures 4-11 and 4-12). Minor
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improvements may be possible for the LR approacth virther increased
readout duration and reduction of the valug @Figures 4-8and4-9); increased
k-space filtering to further minimize CSF ringing mot detrimentalKigure 4-
10). It is suggested that radial evolution alteresplce acquisition with sampling
density designed k-space filtering, a small valtg@,cand long readout duration

(similar to LR) is an ideal approach for radial smd MRI of the human head.

While shortening %o so as to reduce rapid, Bignal attenuation across k-space
has been ‘fundamentally accepted’ as appropriaterddial sodium k-space
acquisition (5,29), this chapter suggests the dppo#lthough for standard
projection imagindg-igure 4-7 suggests that increasingdbeyond the ~ 2 ms of
the SP approach &g similar to (5)) is not necessarily beneficial innbs of
minimum required object volumes for analysis, tleuced voxel volumes
associated with noise variance reduction of in@éa%zo (Figure 4-7C) to
achieve optimum implementation SNRiqures 4-7D and 4-7E) will facilitate
improved CSF containment for imaging the human hbielles-Vallespin, et. al.
(5) suggest ado decrease to improve their images. In this chapisrsuggested
that a ~50% ®&o increase would improve the sodium images, assuming
sufficiently smallv,., volumes were implemented such that SNR in theidisd

interest was ~ 1/8 the desired MNR for analysigigren.

For radial evolution altered k-space acquisitions tichapter suggests that
substantial readout duration increase from that @b F 4 ms (the %o suggested

in (29)) is beneficial. While reduced noise variame outweighed by increased T
decay across k-space farge Tro increase with standard projection imaging, that
is not the case for radial evolution altered imggifhe reason for this was very
recently given by Nagel (36), and was described‘th& k-space position (for
radial evolution altered acquisition) is always adhein time compared to
conventional radial sampling.” The sampling densaypduced with readout
evolution altered k-space acquisition will be sdalby 1p* (for proper

implementation of Eq. [4]). To achieve this sampling density the relative
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projection length %;,;) will be increased whep is reduced, and an increase in
T¢or TOr the same Ho yields much more rapid sampling at the centre-ep&ce
and slower sampling toward the edges. This efightich is strongly dependent
on the value op implemented, could also be described as ‘bending’ tacross
k-space and is shown Figure 4-13A below. As a result of this effect, the shape
of the modulation transfer function for the sameg, Will be beneficially altered
(Figure 4-13B). The greater total sum of values withit{r) will increase the
value at the centre of PSF in proportidiigre 4-13C). The value at the centre
of the PSF was of concern in the readout optinopationsidered by Nagel (36),
however, the total volume within the three-dimenalomain lobe of the PSF is
increased to an even greater relative extent thendlue at the centre of the PSF.
Object-mask convolution with a PSF having a muadtgda main lobe yields
‘dramatically’ reduced image intensity modulatioithwobject volume Figures
4-13D and4-13F). More of the signal intensity associated with disgect remains
within the object rather than being ‘smeared’ algsits bounds. It is because of
the ‘time bending’ effect across k-space that thage intensity modulation with
object volume is similar for the three acquisitiapproaches compared in this
chapter Figures 4-3and4-4). The requirement of smallto facilitate long ko is

demonstrated ifigure 4-9.
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Figure 4-13 The k-space ‘time-bending’ advantage of radiabletion altered
acquisition. When the value @fis reduced from 1.0 the centre of k-space is sedhpl
much more rapidly than its outer aspeét}, @nd the shape of H(is altered from that of
biexponential decayB(). The result is not only an increase in the mamglstat the centre
of the PSF, but a large increase in main lobe velunith a smaller percentage of values
spread into the peripherZ). When the PSFs of (C) are convolved with ‘smi@# v,,)
object volumes it can be seen that the reductiop lofis ‘dramatic’ effect to facilitate
image intensities approaching full valuiz &éndE).

It is also suggested iRigure 4-8 that an increase ingd beyond that of the LR
approach may be slightly beneficial. Although acréase in readout duration will
‘amplify’ image artifacts related to local fieldhomogeneities, it should be noted
that the gyromagnetic ratio of sodium is ~ ¥ tHgproton. Field inhomogeneity
effects for sodium at 4.7T will be less than thatgroton at 1.5T. It should also
be noted that ‘bending time’ across k-space alsiigates local off-resonance
effects (36). For the LR approach presented in ¢hipter there are no visibly
detrimental field inhomogeneity artifacts even ihet‘extreme’ resolution

phantom case={gure 4-11).
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It should be noted that when images are implemesteth that SNR equals
desired MNR the minimum required ROI volume is a@eeo-filled voxel (i.e. no
averaging is necessary), and the image intensityone zero-filled voxel
approaches 90% accuracy for the smallest surrogngisherical object volume
when theSR approach is implemente#igure 4-4 and the right edge dfigure 4-
5F). While the centre of the PSF has greatest madmitor the LR approach to a
radius of ~ 0.4 cm, the SR PSF has greater magnitudugh the remainder of
the main lobe which includes a much larger 3D vauRigure 4-11F. Note that
the image intensity at the centre of a uniform obje proportional to the total
sum of values within the PSF encompassed by thgicbbmage intensity is
elevated most rapidly in small objects for the Lgpm@ach, but as object volumes
increase beyond ~ 1 énfurther inclusion of the PSF does not contineeithage
intensity rise to full value as it does for the §pproach Figure 4-4). An image
intensity 90% of full value is achieved in an oltjabmost 2x larger for LR when
compared to SR in this figure, despite the fact tha LR voxels are half that of
SR. For the LR approach a greater proportion of RIS is spread into its
periphery creating a PSF ‘tail’ (or a large regioihthe PSF with very small
values). Because a large portion of this ‘tail’ inbe included to produce 90%
accuracy at the object centre the required numbgoxels in the object will be
large, but the image intensity surrounding the reenf the object will also be
very near 90% accuracy (as can be seekigure 4-13C and 4-13D). Large
increases in maximum allowable:®y while maintaining an average measurement
accuracy of 90% can be achieved with very littleréase in object volume. This
can be seen ikigure 4-5B, where for a large number of voxels within an ROI,
the required number of voxels in a spherical obpmtomes similar for the SR
and LR approaches. When SNR is lowered through volume reduction
(Figure 4-5C) and a large number of voxels are used to attadasurement
precision Figure 4-5A), the impact of PSF smearing to achieve a desivedage
measurement accuracy is dramatically reduced #®rLR approachKigure 4-

5B), facilitating its advantage with respect to imagalysis.

159



Chapter 4: Radial k-Space Sodium Acquisition Ozation

The twisted projection imaging (TPI) technique wagially presented for the
reduction of SNR sampling inefficiency inherentstandard projection imaging
(30). However, it was shown in Chapter 3 that statigrojection imaging with
its great oversampling at the centre of k-space raddction of low-frequency
noise yields much smaller correlation volumes. Asslt much fewer voxels are
required within an ROI to attain the desired measwant confidence, as is
apparent irFigures 4-5A and4-6A. For an SNR 1/4 and &he desired MNR
the required ROI volumes must contain ~70% and ~&W8e voxels for the LR
approach than the SP approach. As such, the adeamfareadout evolution
altered k-space acquisition (of which TPI is a membdoes not lie in its
characteristics with respect to image noise (agiraily presented in (30)), but in
‘bending time’ across k-spac€&igure 4-13 to mitigate T decay and facilitate

long Tro with reduceds,, volume.

The optimization of Nagel (36) concerns optimizatior the magnitude at the
centre of the PSF while maintaining constant noiagéance. Although this
optimization for the ‘tiny’ image intensity presemt very small (point-source)
objects may be of minimal direct relevance to dignaantification, the
optimization of Nagel produced a similar resultthat presented in the current
paper. InFigure 4-11Fit is obvious that the LR approach has the gréatdae at
the centre of its PSF, and kigure 4-4 it can be seen that for very small objects
the image intensity produced by the LR approachhes greatest. However,
although the optimization of Nagel also suggestsa@dial evolution altered
approach with long Ao as an ideal sodium imaging methodology, the
optimization of Nagel fails to identify that the \aohtage of long Ao for
guantification is only attained for ‘low SNR’ (snhalcquisition voxel)
implementations. The optimization of Nagel alsdsfé& identify the reduction in
the value op as critical for long ko implementation, as highlighted kigure 4-

9 andFigure 4-13
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To the author’s knowledge, optimization for thead8NR with respect to image
guantification has not been considered in theditee (at least not for sodium
imaging). It is suggested the optimum implementat8NR for the analysis of
anisotropic objects is 1/4 — 1/8 the desired MNR. (for a desired precision of
+2.5% the required MNR is 80, and the optimal SNR betw&@ — 20). Another

large advantage of ‘low SNR’ (i.e. small voxel vole) implementation for

sodium imaging of the human head is the containmoktite 3x concentrated CSF
within its bounds. Spatial PSF smearing for sodinoclei in CSF directly

correlates with voxel volume. Enhanced CSF contamtrwithin its bounds (at an
optimal SNR implementation) is another substantdvantage of the LR

approach over the other two. This is demonstraideigures4-11A—4-11E, and

is easily apparent in the human brain imagdsigidire 4-12

It is reasonable to assume that when brain lesiom$o be evaluated the majority
of these ‘objects’ will not have a spherical shaper this reason a ‘mildly’
anisotropic object geometry (1 x 1 x 2) was choganthe comparisons in
Figures 4-6 — 4-10. Although correlation volumes are slightly decezhavith
object anisotropy (Chapter 3, as reflectedrigure 4-6A vs. 4-5A), the effect of
PSF smearing in objects containing only a few vexsl greatly ‘intensified’
(bottoms offFigure 4-6B vs. 4-5B). Convolution of the smeared PSF with voxels
spaced on average further from the centre of thecoproduces a smaller sum at
the centre of the object from values on averagthéurinto the periphery of the
smeared PSF. As a result, the minimum requiredcbhjelumes are greatly
increased when no ROI averaging is to be doneJNR=MNR - right sides of
Figures 4-6E vs. 4-5E). However, the effect of object anisotropy on ager
measurement accuracy is not as great when ROl wduane large (tops of
Figure 4-6B vs. 4-5B, and right sides ofFigure 4-6E vs. 4-5E). For the
assessment of anisotropic objects the use of smaidbeel volumes (and hence
lower SNR) is of increased importance to the spatiduction of PSF smearing.
For anisotropic objects the LR approach is cle#nly best approach. If object

anisotropy is increased from that of (1 x 1 x 23 tralue of the LR approach
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becomes greater, and the use of small acquisitrelvvolumes even more

important.

For the optimization of do in this chapter the ;I relaxation in CSF was
compensated to produce a Kaiser modulation trarigfestion. This was done
because for long gb increased 7 roll-off across k-space ‘intensifies’ filtering.
Relaxation compensation facilitates constant fitiggrof CSF signal acrossgd
for rigorous comparison between long and short oeadmethodologies.
However, the effect of CSF ,Tcompensation on minimum object volume
optimization is actually quite small. Without re&bon compensation for long
Tro the Kaiser filter in CSF is effectively increadedm g = 3.0 tog = 3.5. If the
LR approach was designed o 3.5 (i.e. essentially equivalent to designfer
3.0 with no relaxation compensation) the effectomimization and minimum
object volumes would be mostly negligibl&iqure 4-10. While CSF 7}
relaxation compensation was used in this chapteffg comparison it is not
required for ‘ideal’ radial k-space acquisition ilmentation. If CSF was absent
from the human head, compensation of brain tisgl@xation with sampling
density may be possible (compensation of braiu¢igglaxation in the presence
of CSF would dramatically over-compensate the C&a$ producing an
excessive ringing problem). In this case, the mummrequired object volumes
for analysis could be further reduced from thattteé LR approach (data not
shown). It is hypothesized that this k-space adgmmsapproach could have value

for CSF-nulled human brain sodium imaging applmadi (Chapter 7 - (44)).

A p = 3 Kaiser transfer function in CSF was selectadcomparison between

radial k-space acquisition approaches. Howevemagased k-space filtering is

of minor consequence to minimum required objecunws Figure 4-10), there

is little reason not to use an increased k-spdiee 6f § = 4 to further reduce CSF

ringing artifact Figure 4-1). Thep = 4 Kaiser window approaches the limit of a
sampling density shape that can be implemented owitlcritically under-

sampling the edges of the sampled k-space extdmp{€r 2) (60). A previous
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paper implemented a ‘Hamming-like’ k-space filter demonstrate the SNR
advantage of filtering by sampling density desi@hdpter 2) (60). This filter
facilitates even greater side-lobe reduction thgn=a4 Kaiser window. Although
the ‘Hamming-like’ filter is not ideal (in terms ahaximizing signal energy
around the centre of k-space (141)) the minimuneabyolume required for
analysis with this filter is suggested to be onlgrginally increased from the=

4 Kaiser window inFigure 4-10 An additional ‘advantage’ of increased k-space
filtering (besides PSF side-lobe reduction) is timprovement of image
appearance. Slight reduction in volume of the naBF lobe with increased
filtering (which produces the small negative effentquantification) is associated
with a marginally narrower main lobe width at hatiax, slightly improving

distinction of objects in a resolution phantdriglre 4-6).

Other radial k-space acquisition papers have censitl different sampling
densities and k-space weightings. Combined withrhgementation of shortgb
similar to the SR approach of this paper, Boadg &fectively implemented a
sampling density shape similar to tife= 2.0 Kaiser window Rigure 4-1).
Although the advantage of longd was shown for & = 3.0 Kaiser window in
this chapter, the same longdvalue exists for the ‘under-filtering = 2.0 Kaiser
window. Neilles-Vallespin (5) in her implementatiof standard radial imaging
with Tro similar to the SP approach of this paper, implaem filtering shape
with post-acquisition weighting having a flat portito a radial distance of 25%
kmax and a 1/ dependence following that. This filter which ddem from the
ideal Kaiser shape was selected with respect toriinemization of error when
less projections than that required by Nyquist wiemplemented in accordance
with (262).

The ‘accuracy’ considered in this chapter concesmerage image intensity
deviation from full value in an ROI with respect RSF smearing. A more
stringent definition of accuracy may require albige voxels within the ROI to be

a given percent of full value. For such a defimtihe minimum required object
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volumes for analysis will be expanded, however, ltReapproach remains the
most beneficial at similar implementation SNR. DR are drawn to include the
full object volume, the average intensity in theaswwement for each approach
will be considerably modulated by object volume dbjects less than ~ 10 &m

20 cn? (at which point average measurement accuracy aphes 70% of full

value). If ROIs that include the full object voluraee used, image intensity will
approach full value in a similar manner for the &Rl LR approaches (with LR
being slightly more beneficial); both will be coderably better than the SP

approach.

Obviously, lesions within the human brain are rtahd-alone objects. However,
when lesion relaxation characteristics remain ungkd from the surrounding
cellular brain tissue, a lesion can be considesed 3D step function ‘on top of’ a
uniform background, with the average measuremeniracy with respect to PSF
smearing being a percent of the signal intensitygase. If relaxation in the lesion
is known to be considerably longer than that ofrbtigsue (i.e. a very old stroke),
requirements on minimum ROI volumes for accuracyl gmecision can be
relaxed. In this case the advantage of the LR amprovill be directly related to
voxel volume. However, if relaxation in a lesionusknown or possibly even
more rapid than in normal brain tissue (as mayhieecase in hyper-acute stroke
(65)), minimum object volumes may be required toiadwerrors related to PSF
smearing and noise. It should be noted that thesamement accuracy and
precision of this chapter does not concern sigmainisity heterogeneity that may

exist within a real lesion.

The optimization for object analysis of this chapte concerned with how one
‘draws’ an ROI within a small object, and the desior either confidence or
accuracy will offset each other. For any small objn increased ROI volume
within the object will increase precision, whiledecreased ROI volume will
increase accuracy. If an application involves ttagigtically significant measure

of small relative increases, a sufficiently tiglainéidence interval is required; if
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the application involves a measure of large redatiwcreases across a range of
lesion volumes, high accuracy may be desired toimme object volume
dependent ‘contrast’. If both precision and accyrare desired, small objects
may have to be discarded. It should be noted thedlibration phantoms with
relaxation characteristics similar to that of bragsue are to be used for absolute
concentration quantification (6), they should b#isiently large and evaluated in
a sufficient manner so as to avoid an image intgalgpendence on their volume.
The result of PSF smearing in small calibrationnbins could yield globally

elevated concentration measurements in the brain.

Finally, concern must be given to the fact that thmimum required object
volume for 90% accuracy and a 2.5% confidence vateas presented iRigure
4-6B, is very large at ~ 15 cinfor the optimal LR approach. It should be
remembered, however, that object volumeBigtires 4-5E& 4-5F — 4-10E& 4-
10F will be scaled by the&,., — SNR relationship. The,., — SNR relationship
of these figures is based on a 10 minute scanrddnéred object volumes can be
reduced by 30% if the scan length is doubled tar@utes. Thev,., — SNR
relationship used is also based on an ultra-shBrt(0'19 ms) ‘non-relaxation
weighted’ sequence. If a steady-state sequencéasitaithat of chapter £42) is
used, required object volumes can be reduced additional ~ 38%. The value
of ‘long’ scan length and NMR sequence optimization SNR are readily
apparent if one desires high measurement accuradypaecision for signal
analysis. In addition, further static magnetic dieincrease and hardware

optimization may also aid analysis of small objects
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4.6. Conclusion

When sodium signal intensity in an object havingdlaxation characteristics like
that of human cellular brain tissue is to be qdematiwith a given precision (with
respect to image noise) and a given accuracy (e#pect to PSF smearing) the
optimum radial k-space acquisition approach is satgyl to be one in which
radial projection evolution is altered to produceampling density designed k-
space filter with a small value @f and a long readout duration. This approach
facilitates both the minimum object volumes reqdifer analysis and a greatly
enhanced containment of CSF within its bounds. #icsently high ‘degree’ of
k-space filtering to minimize CSF related ringindifact is suggested, having
marginal impact on quantification capability. It @so suggested that small
acquisition voxels be selected for radial sodiuragmg such that SNR is roughly

1/8 — 1/4 the desired measurement-to-noise ratjaired for analysis precision.
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Chapter 5

Sodium Imaging Optimization Under Specific AbsooptRate Constraint

A version of this thesis has been published
(R.S. Stobbe, C. Beaulieu, Magn Reson Med, 59,358-2008)

5.1. Introduction

Since the first in-vivo sodium images were createtlo83 (265) continued effort

has been applied to bring this tool with burgeorpotential into the main-stream
of the MRI community. Many human disorders involdesrupted or altered

regulation of sodium concentrations and severalistuhave been conducted in
patient populations to assess the value of sodmaging and its potential to

elucidate and diagnose pathology. These includdiestof: acute stroke and the
time-course of tissue sodium increase followindghéuic onset (12,66,110); the
time-course of tissue sodium following myocardiaarction (15,16,266); tissue
sodium in relation to tumour grade (5,6); renalisodconcentrations (267,268);
proteoglycan loss in relation to sodium contentartilage (19,269); exercise, and

sodium channelopathies in muscle (17,270).

Despite these promising clinical applications, apdtentially others, the
proliferation of sodium imaging has been hampergdtdrhnical limitations.
Apart from the multinuclear capability requiremerthe most significant
drawback of sodium MRI is the low concentratiorvine (approximately 50 mM
in brain tissue). When NMR sensitivity is takenoirdccount, tissue signal-to-
noise ratio (SNR) for an ideal pulse-acquire adtjars would be ~ 0.02% that of
proton in-vivo. Low tissue SNR must be offset bywlgesolution imaging.
Although the goal of sodium imaging is to provideypiological data otherwise
not attainable with proton imaging, sufficient ineagesolution is required to
extend its utility beyond large pathology and tanimize partial volume effects
with neighbouring tissues that have very diffesodium concentrations. Clearly,

there are two approaches, beyond hardware optimizato maximize image
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SNR (and hence image resolution): static magnegld fincrease, and pulse

sequence optimization.

The sodium nuclear ensemble (spin 3/2) experieneeg rapid biexponential
transverse relaxation in dense macro-molecularenwients like those that exist
in cellular tissue (with a ratio of 0.6 fast and 8low). In the human brain a fast
component (%) of approximately 1.7 ms (4T and 4.7T) (25,45)d am slow
component of approximately 17 ms£{Tat 4T) (25) have been fit from regression
for a one compartment relaxation model of braisu#sin subcortical gray matter.
The sodium nuclear ensemble also experiences (b@gponential with a ratio
of 0.2 fast and 0.8 slow) longitudinal relaxatiamedo the dense macro-molecular
environments. For a one compartment model of hubmaim tissue, longitudinal
relaxation has been measured using a monoexpohdihti@ften used since
biexponential T is difficult to separate, especially when comparted the
biexponential 3) as 36 ms (4.7T) (45).

An important aspect of pulse sequence optimizaftwnSNR is to make TE as
short as possible minimizingTsignal loss (which is essentially, Toss, as this
loss is primarily dependent orpd). This can be accomplished by sampling k-
space with a 3D radial acquisition approach, whtwee centre of k-space is
acquired following a hard, non-selective excitatulse. With this acquisition
approach, TE directly depends on the length of Rifepulse. However, most
times this acquisition approach has been implendethi concern has been tissue
sodium concentration (TSC) measurement, which requelaxation weighting to
be minimized; to minimize relaxation weighting répen times must be
sufficiently long to avoid T saturation (6,12,66,110,270). Another method of
sodium image optimization for SNR involves the impkentation of a spoiled
steady-state pulse sequence with shortened TR svaha facilitate increased
averaging within a constant scan duration. Howen®st times spoiled steady-
state RF pulse sequences have been implementedyré&ident-echo k-space
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acquisition has also been used which generates thess ideal echo times
(15,16,19,266-269).

This dichotomy that has persisted in sodium imading ‘fully relaxed” TSC
sequences with radial acquisition vs. steady-statpiences with gradient echo
acquisition) was recently transcended with the en@ntation of a steady-state
sequence employing radial acquisition (5,18) whibdnefits (with respect to
SNR) from both short TE and short TR. This approaels implemented at 1.5T.
However, there seems to be a considerable advaatsgeiated with the use of
higher magnetic field strengths for sodium MRI, aubstantial work has been
done at 3T (12,30,64,267), 4T (19,25,39,269), 444), and even higher fields
(271,272).

Especially at high fields, sequence design must Rk power deposition or the
specific absorption rate (SAR) into account (maxim8 Watts/kg averaged over
10 minutes for the human head) (273). RF pulsetlteridR and flip angle cannot

necessarily be adjusted in isolation from one agotbecreased TR may require
an increase in RF pulse length (and hence TE)pafdreduction in flip angle to

satisfy SAR regulations (Eq. [5-1]) (57).

BZ - 02 [5-1]

SAR « .
TR - TRF

At 1.5T a spoiled steady-state implementation ¢fatshort TE imaging using
radial acquisition with 30@s RF pulses and repetition times as short as 4 ass w
possible (5). However, at 4.7T this is not the c&&R limitations necessitate
either increased TR or pulse length (and by camgll@E), or reduced flip angle.
In our study, quantum mechanical simulations weexfgomed to assess
transverse magnetization, as well as relaxatiorghtigig and relative SNR, for
various RF pulse parameter sets (which include &Beplength, flip angle, and

TR) from steady-state to ‘fully relaxed’ sequencgisen SAR constraints. The
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RF pulse parameter analysis under SAR constragsepted is unique to sodium
imaging as the Adecay of sodium in-vivo is extremely rapid andgérened TE
as a result of increased RF pulse length reduaeavhilable signal at the centre

of k-space.

The purpose of this work was to assess the SNRewalla spoiled steady-state
sequence implemented with radial k-space acqumsfio sodium imaging of the

human brain at 4.7T given SAR limitations. Thiswssace (implemented with an
advantageous set of RF pulse parameters gathenedsimulation) is referred to
as Na-PASS, or projection acquisition in the stestdye for sodium imaging. It
was compared to a commonly implemented TSC imagpgoach, which also
uses radial k-space acquisition along witf 8ip angles and longer TR values
that facilitate ultra short echo times (to minimizelaxation weighting)

(6,12,66,110,270). A substantial SNR advantagecesso with the Na-PASS

sequence was confirmed with in-vivo experimentthefhuman brain.
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5.2. Methods
5.2.1. Simulation

The quantum mechanical (spin 3/2) simulation pengd was based on the sets of
differential equations that describe the evoluttbthe density operator under the
quadrupolar Hamiltonian (71,145,146), and facdithta consideration of
relaxation during each RF pulse. The sequence atedil consisted of a
rectangular (non-selective) RF pulse followed by28 us delay (to account for
system delays before acquisition), a 2 ms gradspdiling pulse, and an
appropriate delay yielding TR. Gradient spoilingsveecomplished by averaging
the total sequence spin-response for a set of pppte gradient frequency shifts
(in the location of the gradient pulse) which proed transverse magnetization
dephasing. The simulation tracked the evolutiorthef density operator over 9
consecutive RF pulses (and subsequent delays)adt determined empirically
that a steady-state was obtained with 9 consecaégeence ‘play-outs.” A final
steady-state transverse magnetization value (relato the total available
magnetization, M), acquired following the system delay at what wiobk the
centre of k-space in the acquisition scheme (o}, was recorded from
simulation and used for subsequent relaxation wigighand relative SNR

calculations.

A one compartment relaxation model of subcortiaainhn brain tissue at 4.7T
with spectral density parameteg$Q) = 558 Hz, Jw,) = 32 Hz, and a2w,) = 12

Hz was used for this simulation. This model yiedd$,s s 0f 1.7 ms, and azljow

of 23 ms Figure 5-13), as well as a 1fast0f 16 ms and a 1Eow Of 42 ms Figure
5-1b). J(wo) and J(2m,) were set to generate agdyrelaxation parameter similar
to the Dgow* Value measured in-vivo (25) (but somewhat longeMgew Will be
longer than Ts0w*, and this Bgow* parameter was measured at 4T) and a best fit
to the monoexponential ; Tsimplification measured in-vivo (45). No residual
guadrupole interaction was assumed. It should bedrbat the fast component of

transverse relaxation and the monoexponential todgial relaxation fit are of
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primary importance to the relative SNR analysisspnted in this paper, and

altering the distribution of;dw,) and J(2w,) has marginal effect on relative SNR.

Relative M, Relative M,
1 1
08 08
06 06
04 0.4
0.2 0.2
0 0

o 1 2 3 4 0 50 100 150
Time (ms) Time (ms)

Figure 5-1: Sodium magnetization relaxation curves plotted ftbm one compartment
relaxation model of subcortical gray matter in theman brain used for simulation.
Relaxation curves are plotted over the relevaribgderof interest.

For each simulation experiment presented, TR wasd/&rom 10 ms to 150 ms,
and the RF pulse lengthrf) varied from 0.1 ms to 4.0 ms. For each TR and RF
pulse length pair, the flip angl&)(required to generate a constant SAR was
calculated from Eq. [5-2]. In this equatiép trro, andTR, are a reference set of
RF pulse parameters known to dissipate the destiegower for the constant
SAR experiment. A constant SAR of approximately WAg dissipated over the
human head at 4.7T was chosen for simulation apdrement. This SAR value is
relatively conservative for short imaging protocoldowever, this value was
chosen as sodium imaging protocols typically ineolNengthier imaging

durations. In this study the imaging duration wasn@nutes (i.e. two 10 minute
oy [T [5-2]
— 70 |Treg - TRg
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Relaxation weighting (RW) was calculated as thecgmtr loss in transverse
magnetization at each acquisition as a resultlakagion (Eqg. [5-3]). Without the
effects of relaxation (i.e. TR is long enough fail fT; relaxation, and the RF
pulse length and TE are infinitesimally shom),sin(6) vyields the ideal
transverse magnetization available.,,Mn this equation is the transverse
magnetization (relative to §)i recorded at TE from simulation for each RF pulse
parameter set.

Myy
sin(0)

[5-3]

RW=[1— ]-100%

The percent loss of transverse magnetization aseet @donsequence of SAR was
determined by considering a case where SAR coulgrmmed and the RF pulse
length made short enough (i.e. the RF power draalfti increased) that
relaxation had essentially no effect during theRilse. For each flip-angle, RF
pulse length, and TR combination calculated from Eg2], the transverse
magnetization was re-simulated with the RF pulsgtle set to 100 ns. ‘SAR loss’
is given in this paper as the percent signal losensthe SAR constrained case is

compared to the non-constrained case.

Relative SNR (rSNR, as the percent difference fraime reference

implementation) was calculated from the magnituti¢he simulated transverse
magnetization at TE (or what would be the centr&-epace) and the repetition
time (which takes into account the noise varianeerehse associated with an

increased number of acquisitions during a givem sicae) (Eq. [5-4]).

[5-4]

This calculation assumes that k-space acquisitien (eadout duration, filter
bandwidth and resolution) remains constant for esathof RF pulse parameters

implemented. In this equatiol,y, is the simulated transverse magnetization
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generated from the reference RF pulse paraméietsr,, and TR (with actual

values given in the next paragraph).

A sodium imaging pulse sequence with RF pulse parars of flip angle = 90
and TR =150 ms, was used as the reference ®p#per (referred to as the TSC
imaging approach). A 9(flip angle was implemented for this referencetas i
common to previous TSC sodium imaging implemeniati(6,12,270,271), and
the 150 ms TR was implemented to minimize Jaturation. With these
parameters an RF pulse length of 0.45 ms dissiate®AR approximately of 1.5
W/kg over the human head at 4.7T (measured usegytstem RF power monitor
and the assumption that human head is ~ 3 kg). $t&oyt echo times are required
for TSC imaging (to minimize relaxation weightingnd with an RF pulse length
of 0.45 ms a TE of 0.353 ms was achieved.

Since many other groups have human MRI scanndislatstrengths other than
4.7T, simulations were carried out to consider éffects of SAR constraints at
3T, 7T, and 9.4T. From Eg. [5-1] it can be seen 87&R varies according to,B
To simulate the tightened SAR constraint on theusege parameters at higher
fields, RF pulse parameter sets of TR, RF pulsgtlenand flip angle were
calculated according to a constant SAR of approteipal.5 W/kg dissipated
over the human head at 4.7T adjusted by the relalifference in magnetic field
squared. For simulation at each magnetic fieldngtie the 4.7T brain tissue
relaxation model (above) was used as an approomafiignal loss at TE, which
is dominated by the spectral density at 0 Hz, {geeted to be very similar at all
magnetic field strengths (209). Small differencesl] relaxation times at each
field strength are expected (i.e. the higher f&tlengths are expected to exhibit
slightly longer T values (209) ). These differences inr&laxation will slightly
over-estimate the SNR advantage of the spoileddgtstate sodium imaging
sequence at higher magnetic field strengths (7T%4t), and under-estimate the

steady-state advantage at lower field strengthg. (Bihally, the optimal flip
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angles for greatest signal at any given TR werasgmied from analysis of the

simulated transverse magnetization data sets.

5.2.2. Experiment

The spoiled steady-state sequence implemented Wih radial k-space
acquisition consisted of a non-selective rectangRfapulse followed by a 138
system delay, 3D centre-out twisted projection &itjon (30,56), and gradient
spoiling. The RF pulse parameter optimization pmesed in this paper is
independent of the radial trajectory from the oerdf k-space (i.e. straight or
twisting); however, prudent trajectory selectiors #BNR merit of its own. 3D
twisted projection acquisition is a particularlyvadtageous centre-out trajectory
as noise variance increases related to samplingitdgecompensation of non-

uniformly sampled k-space are minimized (55).

In-vivo images of the head were acquired on a 4/@fian Inova scanner (Palo
Alto, CA) from four healthy volunteers (ages 24 2@, who gave informed
consent to be part of this study) using an in-hadssigned and manufactured
single-tuned RF birdcage coil. This sodium imagingject at 4.7T was approved
by the Heath Research Ethics Board at the UniyedditAlberta. Two RF pulse
sequence imaging experiments were conducted wah ealunteer. Each had an
equivalent SAR (based on the physical relationslgpcribed by Eq. [5-1]) of
approximately 1.5 W/kg (again measured using tlstesy RF power monitor,
and the assumption that human head is ~ 3 kg)aawén duration of 10 minutes

for a total experiment length of 20 minutes.

SNR was calculated as the average signal measumradbrain tissue region of
interest (ROI) divided by the standard deviatiornofse measured over a large
volume outside the head. SNR in ‘deep gray matt&s measured in an ROI

drawn to contain primarily the caudate, the putantlea globus palidus and the
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thalamus (as best identified on each sodium im&gER in ‘white matter’ was
measured in an ROI drawn to contain primarily teetamum semiovale. Care was

taken to avoid the inclusion of obvious CSF in eR¢Eh.

For each imaging experiment k-space acquisition thassame and consisted of
3996 projections fully covering 3D k-space (voluf@19 1/mm) with a twist of
0.25 and readout length of 19.4 ms. The transversgnetization was
subsequently rewound and spoiled with a gradiefgep(2 ms) consisting of the
negative of the integrated area under the readaglient summed with a constant

value.

The first pulse sequence imaging experiment caesisf a TR of 150 ms, a flip
angle of 90 and an RF pulse length of 0.45 ms (TE = 0.353 @a)y 1 average
was acquired yielding a scan duration of 10 minuBssed on the results of
simulation, the second experiment consisted of @& ms, a flip angle of 55
and an RF pulse length of 1 ms (TE = 0.628 ms}his experiment 6 averages

also yielded a scan duration of 10 minutes.
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5.3. Results

Figure 5-2a displays the flip angle required for each RF puleegth, TR
combination in order to maintain a constant SARtkiis case approximately 1.5
W/kg @ 4.7T). These flip angle values were caladatlirectly from Eq. [5-2]
and the maximum flip angle simulated was’.90he spoiled steady-state spin
response was simulated for each combination tameéte the value of transverse
magnetization at TE. These values are displaydeigare 5-2b as a percent of

total available magnetization.

Relaxation weighting is displayed Kigure 5-2¢ and is a consequence of both
longitudinal and transverse relaxation. Changeagatbe horizontal axis are the
result of longitudinal relaxation. Changes along tertical axis are the result of
both transverse relaxation and longitudinal relaxatincreased RF pulse lengths
(and TE) generate increased ldsses, while increased flip anglésgure 5-29
generate greater ;Tsaturation. For the TSC reference RF pulse pasmet
implementation (‘O’ on the plot, TE = 0.353 ms) tieéaxation weighting is 14%.
At a TR of 150 ms this relaxation weighting is pairity caused by Fdecay. For
the Na-PASS RF pulse parameter implementation ¢X'the plot, TE = 0.628
ms) the relaxation weighting is 41%, the resultTefdecay over TE and T

saturation in roughly equal proportion.

Signal loss (or transverse magnetization loss ataBEa direct consequence of the
SAR constraint is given ifigure 5-2das ‘SAR loss’. This relative loss for each
RF pulse parameter sethigure 5-2dis a result of the ‘non infinitesimally short’
RF pulse length included in each set, but cannotdrapletely explained as
‘increased 7 loss during longer TE’, especially for longer Rllges (see
discussion). For the Na-PASS RF pulse parametelemgntation (‘X’ on the
plot, TE = 0.628 ms) an ‘SAR loss’ of 15.7% is estgel from a simple ‘Tloss

during TE’ calculation when compared to the uncaised case (TE = 0.128
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ms); the simulated loss is only 14.7%. For a paguence implemented with a 3
ms RF pulse (TE = 1.628 ms), an ‘SAR loss’ of 4@%:xpected from a 3lloss
during TE’ calculation, however, the ‘SAR loss’ peated in this figure from

simulation is only ~25%.

Relative SNR for each SAR equivalent RF pulse patanset ofFigure 5-2ais
shown in Figure 5-2¢ as calculated from Eq. [5-4] and the transverse
magnetization at TE acquired from quantum mechéarsicaulation Eigure 5-
2b). It is readily apparent that an SNR advantage sso@ated with the
implementation of shorter TR values. This is thsuteof substantially reduced
noise variance associated with an increased nuaflaquisitions in a given scan
time. As can be seen, RF pulse lengths on the ofdems (or more) are required
to implement short TR values with an appropriate fangle under SAR
constraint. Although longer RF pulse lengths insee® signal loss, a 37% SNR
increase is suggested from simulation when the A&S°approach to sodium

imaging is implemented instead of the TSC referepgproach.
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Figure 5-2: Simulated steady-state sodium sequence analpsier ISAR constraints
(approximately 1.5 W/kg @ 4.7 Tesla). (@) the flip angles calculated frofq. [5-2]
are givenfor each RF pulse length and TR pair. Each fliplangulse length, TR
combination yields the equivalent SAR above. Thaimam flip angle was chosen to be
90, and the top right dark region of each chart whiokscribes flip angles greater than
90° was not simulated. Ifb) the transverse magnetization acquired from simulat®n i
presented for each RF pulse length, TR and flipeangmbination of(a). Transverse
magnetization is given as a percent of the fullspred longitudinal magnetization. Image
(c) displays relaxation weighting (calculated from th&mulated transverse
magnetization) given as the percent of signal &ssta result of relaxation. Imagd)
displays signal loss as a direct result of the SARstraint. This loss (for each RF pulse
parameter combination) is given relative to theecabere SAR can be ignored and the
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RF pulse length made short enough that relaxatsnmio effect over the pulse. () the
SNR advantage (calculated from the simulated tensgvmagnetization) of a spoiled
steady-state RF pulse sequence is shown. This SM&tage exists in spite of longer
RF pulses required to realize this benefit undeRSAnNstraint. The white ‘X’ identifies
the location of the RF pulse parameters used tergém the human brain images in
Figure 5-3bandFigure 5-4 (Na-PASS approach). The gray ‘O’ identifies thealoun of
the RF pulse parameters used to generate the horaemimages irFigure 5-3a(TSC
approach).

Representative images from one volunteer are showigure 5-3. Each image
was acquired with an equivalent scan duration ofrill@utes and an equivalent
SAR of approximately 1.5 W/kg at 4.7T. Imadm, acquired using the Na-PASS
spoiled steady-state approach, has 39% greater $MRsured in deep gray
matter, than imagéa), acquired with the TSC imaging approach. (&), the
measured relative SNR advantage of the spoiledststate approach is given for
each volunteer. Measured relative increases ageod agreement with the value
predicted from simulation for all four voluntee®&mulation predicts a 37% SNR
increase, while an average SNR increase of 38.5%.3% was measured in deep
gray matter and an average SNR increase of 38.3%92.8% was measured in

white matter for the four volunteers.
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Figure 5-3: The SNR advantage of a spoiled steady-state agiprio sodium imaging
with radial acquisition implemented under SAR coaists (approximately 1.5 W/kg at
4.7 Tesla) demonstrated in a healthy volunteer. damh image, k-space was sampled
with the identical twisted projection acquisitiocheme and each had a scan duration of
10 minutes. The pulse sequence used to generage {@ghad a TR of 150 ms, a flip
angle of 96, and an RF pulse length of 0.45 ms (TE = 0.353. 1@k average was
acquired to generate this image. The RF pulse segugsed to generate ima@p@ had a
TR of 25 ms, a flip angle of 85and a pulse length of 1 ms (TE = 0.628 ms). Six
averages were acquired to generate this image) the SNR advantage of the Na-PASS
pulse sequencép) over the reference TSC pulse sequg@yés shown for each of four
volunteers, which agrees reasonably well with satioh.

Figure 5-4 displays slices of a 3D image acquired from a thgalolunteer
covering the extent of the brain. The nominal vosieke for this image is 52.8
mm? (given as 1 / k-space volume). Average SNR in dgay matter is 14.1 +/-

1.5 and 14.3 +/- 1.3 in white matter over all feotunteers.
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Figure 5-4: A representative sodium image acquired from dtlmeaolunteer at 4.7
Tesla using the Na-PASS pulse sequence (paranitbtesame abigure 5-3b) and 3D
twisted projection acquisition. The nominal vosite (given as 1 / k-space volume
sampled) is 52.8 min The in-plane resolution (measured as holesndgisishable in a
saline resolution phantom) is 2.5 mm. The out-afagl resolution is (by design) twice the
in-plane resolution. The SNR measured in white enat 15, the SNR in deep gray
matter is also 15. This image was acquired in Jtutes.
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5.4. Discussion and Conclusions

In this paper optimization of the sodium imaging RHse parameters for SNR
was considered under SAR constraint. It was sugdesising quantum
mechanical simulation (and a one compartment rétaxanodel of the human
brain) that a spoiled steady-state approach tousodimaging with radial
acquisition (Na-PASS) generates a substantial SiNRrdage when compared to
the reference TSC sodium imaging approach impleadentith ultra-short TE,
even when the SAR constraint at 4.7T is taken acimount. This SNR advantage

was demonstrated experimentally for the human Fagure 5-3).

To realize the SNR advantage of spoiled steade-statial imaging at 4.7T, RF
pulse lengths must be increased for SAR to remdinirwapproved limits; this
results in the signal loss labelled ‘SAR lodsigure 5-2d). However, the rapid T
recovery of the sodium spin ensemble and the ushater repetition times (i.e.
increased averaging for a given scan duration) nlome compensates for this
signal loss, facilitating a noise variance reducémd an overall increase in SNR.
Figure 5-2e suggests that under SAR constraint implementatioa sequence
with the shortest possible RF pulse length (anddygllary TE) does not yield an

image with the greatest image SNR for a given sicaation.

The SNR advantage of Na-PASS imaging may be p#atlgwseful, as this SNR
may be ‘spent’ to generate images with smaller Vskaes. As sodium images
have inherently large voxel sizes (when comparegrtiion), all attempts to
improve these images should be considered. Therg@re of images with
smaller voxel sizes may be particularly importaot the detection of smaller
lesions or for the analysis of lesions in the corté the brain where partial
volume averaging with CSF space (which has appratély 3 times more
sodium than brain tissue) must be a major condenages with smaller voxel
sizes may also enable more accurate selective sasalf gray and white matter.

The measured SNR increase of approximately 38%ceded with steady-state
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optimization under SAR constraint presented heralisost equivalent to the
theoretical signal increase associated with a ntagfield strength upgrade from
4.7T to 7.0T. Conversely this SNR advantage magpent’ to decrease sodium
scan duration, which is of particular value whenigra populations are to be
studied.

The Na-PASS sequence implemented to generate dhensamages irFigure 5-

4 is a relaxation weighted sequence. This is reaafiyarent fronfigure 5-2c
While TSC sodium imaging is concerned with the &itjan of a tissue sodium
concentration number [mM], relaxation weighted imnggis generally used for
relative signal intensity comparisons between lesiand the contralateral tissue.
Although TSC measurement (which requires relaxatiwweighting to be
minimized) is one goal of sodium imaging, many imaot findings have been
demonstrated with relaxation weighted sodium imggiand relative signal
intensity comparisons. These include a linear sudgignal intensity increase
with time after stoke (65), correlation betweenisodsignal intensity and tumour
grade (5), and the ability to predict and moniesponse to chemotherapy (274)
to name a few. The extent to which the Na-PASSwondmaging approach (and
the reference TSC imaging approach presentedsrp#per for that matter, which
maintains some residual relaxation weighting) mfleactual tissue sodium
concentration increases in a lesion will dependh@nnature and degree of any
relaxation changes within that lesion. It may bat time unique origin of sodium
relaxation (an interaction between the electricdyupole moment of the sodium
nucleus and the environmental electric field gratliee a derivative of
macromolecular structure, density, and order) plesivaluable information in

addition to and complementing tissue sodium comagan.

A one compartment relaxation model of human brésue was used for the
guantum mechanical simulation of each RF pulsermpai@r set. Use of this model

assumes for simulation that all sodium nuclei witthe tissue exhibit the same
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relaxation characteristics. However, it is mostelyk that the sodium spin
ensemble within intracellular space exhibits mapid biexponential transverse
relaxation than the sodium spin ensemble withinerstitial space (also
biexponential) (28,75,109,275). Although it seentsitive that this should be the
case in the human brain (given shift-reagent aidadlies in other tissue
(46,49,223), diffusion studies in brain (229), atite existence of volume
transmission through the interstitial space) conmpantal relaxation parameters
in the human brain (or any intact brain) are unknoWwhe interstitial space also
contains an abundance of macromolecules (attachelt membranes) and is
bordered by the cell membranes themselves, botvhath can effect long-range
electric field gradients and a rapid fast componeit T, relaxation.

Compartmental relaxation measurement typically ireguthe administration of
shift-reagents which are toxic and do not pass Wheod-brain-barrier. A

technigue has been proposed to measure relaxagoampters for a two
compartment model of the human brain (45), howéhisrwork is ongoing. For
this reason the simulation presented in this papes limited to a one

compartment relaxation model of human brain tissue.

It may be thought that if the intracellular spacehibits more rapid
biexponenential 7decay, any 7 relaxation weighting will unequally weight each
voxel toward the slower relaxing interstitial spadeich is of lesser consequence
than the intracellular space. However, the (mokely) longer T of the
extracellular space will generate greaters@ituration losses. It is possible (based
on preliminary attempts to selectively measure thkaxation parameter of
intracellular and extracellular space (45)) tha& Ma-PASS RF pulse parameters
used in the generation &igure 5-4 actually slightly weight each voxel toward

the intracellular space, although this is purelgcspative at this point.

It was suggested that the ‘SAR loss’ presentedFigure 5-2d cannot be

completely explained as ‘increaseglldss during longer TE.’ If this was the case
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this relative loss should remain constant (acrd®} for every RF pulse length,
and should match simple ;Toss during TE’ calculations. This is not the cése
the ‘SAR loss’ presented iRigure 5-2d, especially for longer RF pulse lengths.
This occurs in part because rapid relaxation duangoft RF pulse alters the
magnetization evolution during that RF pulse (4digitudinal magnetization is
decreased less for a given flip angle, thus modifythe steady-state response.
The simulated transverse magnetization at TE is atsnewhat altered by the
generation of rank three single quantum coherenceglthe RF pulse (included

in the quantum mechanical simulation).

Concerning the simulation performed in this papefew items should be
mentioned. First, an SAR value of approximately \WKkg at 4.7T was chosen
for this study because sodium experiment duratg@msbe quite lengthy (in this
case 20 minutes). This SAR value may be slightlgrestimated, as power losses
in coil were not considered. If SAR was alloweddtmuble, simulation suggests
that SNR could be increased by ~8 % at a steadg-$f of 25 ms. This increase
is associated with the facilitated implementatidnsborter RF pulse lengths.
Second, the system delay (i.e. the delay betweeretid of the RF pulse and
acquisition of the first data point) was 128 for simulation and the images
presented. This delay was related to system gradielays and the transient
response of the anti-aliasing filter. A shortengstam delay will generate a small
benefit for the Na-PASS sequence (however, thetlenf the system delay is
more important when a maximum relaxation weighis¢p be attained for TSC
imaging, as described below). Third, the simulabotcome will differ (slightly)
with the implementation of a different relaxatioode! (i.e. for refined relaxation
measurements in the brain, relaxation measurenremther tissue, or relaxation
measured at field strengths other than 4.7T). Rouatthough the quantum
mechanical simulation presented provides a more pteim analysis of the
evolution of the sodium spin magnetization, a étad<alculation, which models
the RF pulse as an impulse (Eg. [5-5] with paramsetiescribed previously =

system delay), is adequate but only when the impteed RF pulse is sufficiently
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short. This classical model will suffice for the RREIse length used to generate
the sodium images in Figure 3; however, this is thet case for the range of

longer RF pulses simulated in this paper.

. Trr * TR 53]
Mxy = MOSII’I 90 TRFO—TRO
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Because of the proliferation of high-field MRI sgsts, simulations were
performed to assess the SNR advantages of highldr dtrengths for both Na-
PASS and TSC sodium imaging. Notice that as th#cstaagnetic field strength
increases the RF pulse length must increase torgena given flip angle at a
given TR for a constant SARFigure 5-53. For the TSC reference described in
this paper, the effect of this RF pulse length ease is greater relaxation
weighting, as depicted ifigure 5-5b. To decrease the RF pulse length and
minimize the relaxation weighting (which is the o&TSC imaging), either TR
must be increased or the flip angle reduced; obsierv of Figure 5-5c¢ (which
depicts relative SNR) suggests the second approach have a greater SNR
benefit. At each field strength there is an SNRaatizge associated with steady-
state imaging, despite the considerable (and gipwith field strength) RF pulse
length (TE) increase required to realize this SRaaitage at high fields.
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Figure 5-5: Simulated sequence analysis when SAR constrairfisldtstrengths other
than 4.7 Tesla are considered. In Figi@ethe flip angles required to generate a constant
SAR (equal to that generated in this paper) arergier each RF pulse length and TR
combination. Relaxation weightings for each fidigtsgth are given in Figui®). Figure

(c) displays the relative SNR advantage associatddimiaging at higher fields. For each
magnetic field strength displayed there is an SHfRaatage associated with steady-state
imaging. This advantage exists in spite of long] arcreasing, RF pulse lengths (and
TE) required to realize this advantage at higredd$i.

In Figure 5-6 the optimal flip angles (for greatest signal) atle TR are gathered
from this quantum mechanical simulation. It is ietting to note that for large
magnetic field strengths the optimal flip angleansiderably less than the Ernst
angle. This is primarily due to the SAR constraatsmaller flip angles facilitate

shorter RF pulses which reducgldsses.
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Figure 5-6: The optimal (for SNR) sodium imaging steady-stdig dngles gathered
from the simulations presented kigure 5-5. As the magnetic field strength increases,
either the RF pulse length must increase or the dingle decrease to meet SAR
requirements for a given TR. RF pulse length inreesawill lead to greater, Bignal loss.
As a result the optimal flip angles are considerdés than the theoretical Ernst Angle
(shown for a T of 36 ms).

Relative SNR is displayed ifrigure 5-7 for three (implementable) sodium
imaging approaches, calculated from simulation \ilign RF pulse parameters in
Table 5-1 Considering the reference TSC imaging approadticiwuses 90flip
angles) implemented for 10% relaxation weightings(amed to be a maximum
case), simulation suggests that the SAR constsagmificantly diminishes SNR
gains expected at higher fields. For this approacime of the expected SNR
advantage of high field imaging can be recoverethef system delay (between
excitation and acquisition) can be decreased. dlhisvs RF pulse lengths to be
longer and TR reduced while maintaining SAR and% Xelaxation weighting.
Simulation also suggests that under tightened Séwstcaint smaller flip angles
can generate significantly greater SNR for TSC imgdlabelled the ‘modified
TSC approach’). Finally, it is suggested that as $AR constraint tightens, the
SNR advantage of the Na-PASS sodium imaging apprmaceases (with respect

to TSC imaging).

189



Chapter 5: Sodium Imaging Optimization Under Speéibsorption Rate Constraint

I Unconstrained Reference TSC Approach (theoretical)
I SAR Constrained Reference TSC Approach

[ 1SAR Constrained Modified TSC Approach

[ 1SAR Constrained Na—-PASS Approach

A ~1.5 Wrkg B ~3.0W/kg
350 350
300 300 B
$ 250 - ] $ 250 M
o o
System = 200 = 200
Delay w» wn
0128ms ¢ 150 v 150
& 100 B 100
[J] ]
= 50 1]
0 — 0 _—
3.0T 47T 7.0T 94T 3.0T 47T 7.0T 94T
C %o D %o
350 ‘ : ‘ ‘ 350 -
300 300
g 250 B g 250
o [as
System = 200 3 200
Delay wn wn
0040ms g 190 g 130
w 100 T 100
o a
@ 50 @ 50
0 - 0 o
3.0T 47T 7.0T 94T 3.0T 47T 7.0T 94T
Bo Bo

Figure 5-7: Relative SNR from simulation for three differempproaches to sodium
imaging (in relation to théheoretical unconstrained reference TSC approach simulated
with a system delay of 0.128 ms). The RF pulsematers for each simulated approach
are given inTable 5-1for each magnetic field strength. For this cons&#R analysis,
simulation suggests that SNR increases expectéiyaer magnetic field strengths are
mitigated by SAR. This can be seen in the relaBMR difference between the SAR
constrained and unconstrained reference TSC agpreatch uses J0flip angles). It
can also be seen that the modified TSC approackifwses flip angles other than®®0
generates an SNR advantage for the same relaxatayhting as the reference TSC
approach, especially at higher fields. Finally, MeePASS sequence is associated with a
relative SNR advantage over TSC imaging that irm@eas the SAR constraint tightens.
A andC display relative SNR for the same SAR used in phiger; inB andD allowable
SAR is doubledA andB are generated with the system delay associatedthetimages
generated in this paper (0.128 ms)CrandD the simulated system delay is reduced to
0.040 ms.
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Table 5-1

The SAR Constrained RF Pulse Parameters Used inl&ion to Generate the Relative
SNR Charts in Figure 57"

System Delay: 0.128 ms

System Delay 0.040 ms

Bo 0 Tre MS TR ms 0 Tre MS TR ms
30T 90 (90)  0.0001 (0.0001) 110 (110) _ 90 (90) _ 0DQG0.0001) 93 (93)
Unconstrained 4.7T 90 (90)  0.0001 (0.0001) 110 (110) 90 (90)  01@.0001) 93 (93)
Reference T§)C 70T 90 (90)  0.0001 (0.0001) 110 (110) 90 (90)  00G0.0001) 93 (93)
ApproacH'
9.4T 90 (90)  0.0001 (0.0001) 110 (110) 90 (90)  0DG0.0001) 93 (93)
30T 90 (90) 0.19 (0.11) 144 (126) 90 (90) 0.2318). 117 (104)
SAR 421 90 (90) 0.31 (0.22) 217 (154) 90 (90) 0427). 160 (123)
Constrained
Reference TSC 7.0T 90 (90) 0.33 (0.32) 448 (235) 90 (90) 05144). 289 (169)
Approach® 9.4T 90 (90) 0.33 (0.33) 807 (404) 90 (90) 0.5519. 516 (262)
30T 71 (75) 0.16 (0.09) 114 (106) 69 (71) 0.1810). 89 (84)
SAR 421 64 (70) 0.26 (0.17) 134 (116) 65 (67) 0.320). 106 (90)
Constrained
Modified TSC 7.0T 50 (62) 0.31 (0.26) 145 (135) 52 (62) 0434). 116 (105)
Approach®
94T 41 (53) 0.34 (0.31) 162 (151) 43 (55) 0.4842). 127 (118)
30T 58 (61) 0.45 (0.25) 25 (25) 58 (60) 045 (0.24 25 (25)
SAR 47T 53 (58 0.93 (0.55) 25 (25) 53 (57) 093 (954 25 (25)
Constrained
Na-PASS 7.0T 46 (52) 1.55 (0.99) 25 (25) 46 (52) 155 0.99 25 (25)
)
Approacti 04T 40 (47) 211 (1.46) 25 (25) 40 (47) 211 (146 25 (25)

(a) Values in brackets are given for an SAR dothe implemented in this paper.

(b) RF pulse parameters are given for system delg§sl28 ms and 0.040 ms.

(c) For thistheoretical approach the RF pulse length is made exceptioshtiyt (i.e.
SAR is ignored); a 10% relaxation weighting is ntaiimed.

(d) Flip angles are maintained af@hd the TR and RF pulse length combinations that
generate the greatest SNR for a relaxation weigldfronly 10% are used for simulation.

(e) Flip angles are not maintained at 80d the RF pulse parameter combinations that
yield the greatest SNR for a relaxation weightifd@ are used for simulation.

() The RF pulse parameters that yield the gre&@B& at a TR of 25 ms are used for

simulation.
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The SNR optimized Na-PASS sequence presented snptper was considered
within the context of imaging the human brain. Hoesm this steady-state
imaging approach should also have an SNR advarfitagmaging other tissues
such as muscle and cartilage. For these casegptineabRF pulse parameters will
depend on the local SAR constraint and sodium atiex characteristics in the

tissue of interest.
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Chapter 6

Sodium Imaging Intensity Increases with Time aHeman Ischemic Stroke

M.S. Hussain*, R.W. Stobbe*, Y.A. Bhagat, D. EmdfyS. Butcher, D. Manawadu, N. Rizvi, P.
Maheshwari, J. Scozzafava, A. Shuaib, C. Beauhemn, Neurol, 66, 55-62, 2009
(* co-first authors)

6.1. Introduction

Advanced brain imaging methods play an importald o the assessment of the
acute stroke patient (276). For example, perfugPwl) and diffusion (DWI)
weighted magnetic resonance imaging have been gedpas an individual-based
framework to help identify patients with a more Ipable improvement in
outcome following thrombolysis (99,100,277). Howeweven with image-based
patient selection, time of ischemic stroke onsed isritical determinant of the
effectiveness of acute stroke treatment (88,89préximately one-third of stroke
patients present with an uncertain time of onség¢nomaking them ineligible for
thrombolytic therapy (101) since the onset timadsumed to be the time last seen
well which is usually beyond the narrow eligiblené window (3 h currently for
intra-venous tissue plasminogen activator). Theskide patients who wake with
stroke symptoms and those who are unable to cotineystroke onset time due
to acute neurological deficits. However, some a#sth wake-up patients, for
example, may have had their stroke shortly befevakaning yet are currently
denied acute stroke therapy. A non-invasive imagmgghod that could estimate
onset time in such patients with unknown onset ta@d make them eligible for

thrombolytic therapy.

Diffusion-perfusion MRI cannot estimate the time stfoke onset in the acute
time period. While diffusion weighted imaging (DW@entifies areas of cerebral
ischemia within minutes of onset (90-92), appadiffusion coefficient (ADC)

values of water remain low within the infarcted amntil one week post onset
when they begin to pseudonormalize (98,278). Mdit@isoand ions may yield

more specific changes than water as they are itglgnaelated to the ischemic
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cascade. Due to energy failure in acute strokesttum—potassium ATPase,
which maintains ionic gradients, fails and sodiumifts intra-cellularly (95,115).
The newly established concentration gradient betwde sodium ion depleted
extracellular space of the ischemic core and ttravascular space drives the transfer
of sodium ions from the blood to the brain lesiamoas the blood brain barrier
(BBB), either early in stroke through a secondantyva process or later through ‘free
passage’ if the BBB is injured (130,135). In faditect, non-imaging measurements
of sodium concentration in experimental modelssochemic stroke have shown

time dependant increases in brain tissue sodiurcertrations (68,102,106,112).

Tissue sodium levels can be studied non-invasiuéilizing MRI (40,265,279-
281). Animal models indicate that signal intensitighin ischemic brain lesions
on sodium MR images increases in a linear fashitar atroke onset (12,64-67).
In ischemic stroke patients, an earlier study fosodium MRI intensity increases
only at late time points (> 36 hours after ondatf, was limited by low-resolution
images and few patients scanned at < 24 hours (8)dium MRI of human
ischemic stroke has also been studied to find timlds for irreversible injury (12)
and although increases in sodium intensity werendoua specific temporal
relationship was not shown. Thus, an evolutiosadium signal intensity with

time in human ischemic stroke has not been denatnsir

In this study, we tested the hypothesis that sodsignal intensity within the
ischemic lesion, measured with sodium MRI, is edato time after symptom

onset in human stroke patients with known onset.tim
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6.2. Methods

6.2.1. Patient Selection

This study was conducted at the University of AlheHospital, a tertiary care
hospital in Edmonton, Alberta, Canada. The locaman research ethics board
approved study protocols and written informed cahses obtained from all patients
or their next of kinlschemic stroke patients with definite known tinfeonset and

no contraindications to high field MRI scanning weeligible. All patients

received standard care, including intravenous ¢igsiasminogen activator (IV
tPA) if indicated. Patients showing imaging sighsiemorrhage, small lesions (<

1.5 cm), or severe white matter hyper-intensities wergeed.

A total of 21 stroke patients (12 males, 9 fematesan age = 63£15 years) were
included, yielding 32 time points. Patient clinieadd scanning characteristics are
given inTable 6-1 Ten patients received IV tPA before scanning. Tpagents
were enrolled in the Albumin In Acute Stroke (ALIA8ial(282). One patient
was enrolled in the Multiple Interventions for Neprotection Utilizing Thermal-
regulation in the Emergent Treatment of Stroke (MIMES) trial, a local
neuroprotective study in which stroke patients he treatment arm received
magnesium, albumin, atorvastatin, minocycline, agdothermia. The National
Institutes of Health Stroke Scale (NIHSS) scorggemhfrom 1-19. Time of onset
was established clinically, based on patient amdilfareports. Initial imaging
times ranged from 4-104 hours (symptom onset topbtetion of the sodium
scan), and repeat scans were performed in 10 pat(eme patient had two
follow-up scans), ranging from 23-161 hours afteset, to yield 32 time points.
Five patients also returned for repeat scans 347tlmsdater (patient 1 — 212 days,
patient 2 — 133 days, patient 5 — 91 days, patent88 days, patient 8 — 227
days).
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Table 6-1: Clinical and imaging characteristics of the 2Dletr patients.

Relative
) . Sodium
Acute .T,Ime Of. Initial DWI Lesion Increase
Pat. Co- - Initial/Serial /Follow-
Age  Sex . Stroke Localization volume (%)
No. morbidity MRI scans up NIHSS 3
Treatment (cm?) Over
(hr) score
Contra-
lateral
HTN, Right
1 69 M M chol, IV tPA g 17.5/161 12/12 2.9/6.3 23/62
striatocapsular
DM
2 52 M Smoker None Left MCA 14/36 12/10 63.9/90.6 35/48
3 56 M Smoker None Left MCA 6.25/25.5 13/7 27.7/39.9 9/35
HTN,
4 58 F N chol, ALIAS Left PCA 29 11 37.2 49
DM
5 46 M Afib IVtPA Left MCA 4/25.5 7/7 50.6/74 -2/45
/ALIAS ’ ’
HTN, IV tPA Right
6 84 M M chol /MINUTES striatocapsular 23 6 102 26
7 48 M Past Ml IV tPA Right PCA 5.25/22.5 4/3 3.2/15.7 3/31
8 54 M None IV tPA Left MCA 6.75/28 7/5 26.1/36.8 3/13
9 22 M None None Left MCA 6/52 1/1 5.8/17.3 6/34
HTN,
10 78 F N chol, None Left MCA 45 1 4.4 53
DM
HTN, .
11 8 F “chol, None Right 36 6 6.6 88
. striatocapsular
afib
12 55 F None IV tPA Lef,t 47 7 141 96
striatocapsular
HTN,. past _ 25/62/5
13 54 M  cardiac None Right MCA 13/37/61  10/10/10  4.7/4.7/5.7 s
arrest
Right
14 55 F N chol None . 38/58 6/6 1.7/1.7 50/65
striatocapsular
15 61 M None None Right SCA 18.5 7 7.8 59
16 72 F HTN IV tPA Right MCA 9.33/80 19/19 147'7/2165' 24/110
HTN, Left
17 66 M Achol, MI IV tPA striatocapsular 29.5 5 11.8 75
HTN,
18 81 F N chol, IV tPA Left MCA 104 8 335 46
CHF
19 74 f HIN None Right 215 12 153 38
N chol striatocapsular
20 73 M Afib None Left MCA 50 5 57.1 62
HTN, .
21 73 F IV tPA Right MCA 98 17 65.5 96
Smoker

HTN - hypertension, chol - cholesterol, DM - diadgetmellitus, afib - atrial fibrillation, MI - myocdial
infarction, CHF — congestive heart failure, ALIASAbumin in Acute Stroke trial, MINUTES - Multiple
Interventions for Neuroprotection Utilizing Thermralgulation in the Emergent Treatment of StroketP¥&
— intravenous tissue plasminogen activator, MCAiddie cerebral artery, PCA - posterior cerebra¢mnt
PICA - posterior inferior cerebellar artery, SC8uperior cerebellar artery
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6.2.2. MRI acquisition and post-processing

After informed consent, patients underwent scanming 1.5 Tesla (TBonata

scanner (Siemens Medical Systems, Erlangen, Gejmdme scanning protocol
included turbo spin echo T2 (repetition time (TRH800 ms, echo time (TE) = 99
ms), fuid attenuated inversion recovery (FLAIJR = 7950 ms, TE = 94 ms,
inversion time (TI) = 2400 ms), gradient recallech@ and DWI (b = 1000
s/mnf). These images were used to identify the lesipprapriate contralateral
tissue, and the presence of hemorrhage. Five psigdso underwent gadolinium
basedperfusion-weighted imaging (patients: 3,5,7,8,II®tal scanning time was

16 minutes for the complete proton MRI protocol.

Patients were then transferred immediately to tigh field 4.7T Varian (Palo
Alto, CA, USA) MRI scanner for sodium imaging, perhed with an in-house
designed and manufactured single-tuned 53-MHz guadr birdcage head coil.
A new sodium MRI technique named “Sodium Projectiequisition in the

Steady State” (Na-PASS) was used together with Baghplensity weighted
apodization, allowing for the generation of highaljty sodium images of the
complete human brain in a clinically feasible s¢eme of 10 minutes(42,60).
The sequence parameters were: TE = 0.6 ms, TRms2®xcitation flip angle =
55°, and 6 averages. Images generated had a riorowe size of 2.4x2.4x4.8

mm’.

6.2.3. Reqion of Interest Analysis

The sodium and DW images (along with ADC map) wereaegistered with the
high-resolution proton Jweighted and FLAIR images from the same imaging
session using SPM5 (Wellcome Cognitive InstituteNaurology). For images
within 7 days of onset, the lesion was defined na#lyuas voxels with visibly
increased intensity on the DWI. Each region ofregé (ROI) drawn on the DWI
was subsequently transferred to the high resolulisweighted image and ROI

areas containing visible cerebrospinal fluid (C8Fye removed. The resulting
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ROIs were transferred to the sodium image and a&mage intensity measured
from within the complete ROI volume. This averagsidn sodium signal value
was compared with average sodium signal intensitthe normal homologous
volume on the contralateral side. For images aeduafter 7 days of onset, the
lesion was identified and the ROIs were drawn an Th-weighted image. The
sodium signal change was defined as (Signal Irtieia)ysi — Signal Intensity
(Na)ontrg / Signal Intensity (N@)wg. In all cases, the same ROIs used for
sodium image analysis were also used to measusdiveelsignal intensity
increases on fweighted and FLAIR images as well as ADC decredasthe

lesion.

6.2.4. Statistical analysis

A ‘best fit’ line, based on weighted non-lineardeaquares regression, was fit to
the 32 relative sodium signal intensity change gatats collected over the first
week post stroke onset. The non-linear model ssefr this regression was
required to have a relative signal change of zerotirae zero, a logical
requirement for healthy tissue. A second requirdroéthe non-linear model was
that it approach an upper asymptote at later tipaes onset, taking into account
the fact that signal increases do not continue findely. From these
requirements, an asymmetric sigmoid model (a medliMorgan, Mercer, Flodin
model(283)) was selected to ‘best fit' the datanmi The thirteen data points
acquired within the first 24 hours were also binmetd 3 groups with average
time after onset of 5.7h (N=5), 13.3h (N=4), and4h1(N=4) for the sodium, T2-
weighted, and FLAIR images. Relative signal intgnsicreases of the later over
the earlier time after onset bins were tested iigmiScance using a one-sided t-

test that did not assume equal variance betweearpgro
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6.3. Results

Representative sodium images from 6 different ptgiscanned between 7 to
hours are shown ifrigure 6-1 along with the corresponding D' To-Weighted,
and FLAIR images. Each 10 minute -PASS sodium scan has suffici¢
resolution and sign-to-noise ratio (SNR, 16+3 in normal brain tissue)
visualize the lesions a facilitate the identification of small sulcal spacaiding
Image co-registratioand analysislt is evident in the crossectional data that tt
sodium signal intensity within the lesion is ingig with time after stroke onst
This is also observed in serial data from the spatent where sodium intensi

in the lesion progress over timeFigure 6-2).

Patient 8 Patient 2 Patient 7 Patient 4 Patient 11 Patient 9
7 Hours 14 Hours 23 Hours 29 Hours 36 Hours 52 Hours

e » ~-r

.? I A

Figure 6-1: Representative sodiur®®Na), DWI, T,-Weighted and FLAIR images fro
patients who were 7 52 hours post ischemic stroke onset. Areas of sodiignal
intensity increase correspond to the lesions ifledtion DWI. The sodium signe
intensity in the areas of ischemia qualitativelgreases with tim
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4 Hours 26 Hours

Figure 6-2 Representative sodiun?\la) images and water apparent diffusion
coefficient (ADC) maps from a single patient (pati®) scanned at 4 hours, 26 hours,
and 91 days. There is a dramatic increase in sodignal intensity between the acute
time point of 4 hours (no change over contralateid¢) and the time point 22 hours later
(45% increase over contralateral side). At 91 d#ys,sodium signal intensity increase
persists (75% relative increase).

Quantitative lesion analysis over all 32 time psifitom 4 to 161 hours shows a
non-linear increase of sodium intensityigure 6-3). Initially, sodium signal
intensity rose at a slow rate up to 5-6 hourspfeid by a more rapid increase to
18-20 hours. There is an eventual leveling to ppeu asymptote of 69+18%
(error reflects 95% confidence interval) relativecrease in signal intensity
compared to the normal contralateral hemispherg(80maximum reached by ~
31 hours post-onset). At later time points (88-2fays) the sodium signal
intensity in the infarct was elevated by 76+20%.
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Figure 6-3: Sodium MRI signal intensity increases non-lilgaersus time over the
first week after stroke onset and reaches an asympf 69% + 18% (n=32,R= 0.56,
parameters of fito = 69 + 188 = 2.2 + 1.0,y = 6.1 + 2.3). Dashed lines represent 95%
confidence interval of fit.

Early increases in sodium intensity within thetfid® hours are demonstrated in
Figure 6-4A. Each sodium image acquired within 7 hours (n &g a relative
signal intensity increase within the lesion<0fl0%, while each image acquired
beyond 9 hours, with the exception of one imagdectdd at 28 hours, had a
relative signal intensity increag@3%. Relative ADC values over the same time
span were decreased by 15-44%ig(re 6-4B), and no useful temporal
information could be extrapolated from ADC valueishim 40 hours after stroke

onset.
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Figure 6-4 (A) Relative sodium intensity increase shows a gbeagression over time
during the first 40 hours post stroke onset. Imagzgiired within 7 hours (n = 5) had a
relative signal intensity increase within the lesiaf < 10%, while each image acquired
beyond 9 hours, with the exception of one imagdectdd at 28 hours, had a relative
signal intensity increase > 23%. Dotted lines repné 95% confidence interval of the fit
(B) On the other hand, as expected, the relativeageedecrease in water ADC shows no
temporal evolution over this time

T2-weighted and FLAIR images also demonstrate ivgasignal intensity
increases with onset time within the DWI-definedida in the first 24 hours,
although the evolution differs from sodium. Fif$tere is a lag in the rise of the
sodium intensity with more marked increases onlguotng at later time points
>7 hours, whereas the T2-weighted and FLAIR intezssare elevated throughout
(Figure 6-5A). Second, the rate of signal intensity increassvéen the binned
onset time groupings of 4-6.75 hours to 9.3-17 soand 9.3-17 hours to 18.5-23
hours, is greater for sodium (2.9%/hour, and 2.44rhthan for either T2-
weighted (1.9%/hour and 1.3%/hour) or FLAIR (1.2&h and 0.7%/hour)
(Figure 6-5B). Thus the sodium images discriminate onset tisteebthan either

the T2-weighted or FLAIR proton images.
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Figure 6-5. (A) Signal intensity within the DWI defined lesioncieases in a different
manner on sodium images than it does giWEighted and FLAIR images. Relative
signal intensity increases on the sodium imagesndtially delayed when compared to
the proton methods. This initial delay, and stegbanges of sodium at later time points,
result in a substantial difference between earlgt amore subacute time-points as is
highlighted in the binned analysiB){ The mean values of each bin are plotted along
with the bias-corrected, bootstrapped confidend¢enmls. The * indicates statistical
difference from the (4 — 6.75 hour group) at p €50.and the # indicates statistical
difference from the (9.3 — 17 hours group) at pG50
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6.4. Discussion

We demonstrated that sodium signal intensity, nregswith Na-PASS MR,
increases in a time-dependent fashion during humeaute ischemic stroke,
whereas water ADC did not yield any useful tempardrmation. Based on the
present sodium MRI data, patients with a < 10%tiredasodium signal intensity
increase are closer to their stroke onset andikedy Ito be within commonly
accepted therapeutic time windows3( hours IV tPA and<6 hours for
experimental intra-arterial therapies), whereasgdar increases would be
suggestive of older strokes. While signal inteasiton both FWeighted and
FLAIR images also increase with time past onset, slgnal intensity on the
sodium images does so in a substantially diffenesrtner. Signal intensity within
the DWI-defined lesion on sodium MRI appears, fnr@gression analysis, to lag
until about 4-6 hours post onset at which timeeigibs a much more rapid ascent
(Figure 6-4A). It is this lag and subsequent rapid ascent wtistinguishes early
onset times from later ones that may provide wtilir sodium imaging over ;¥
Weighted and FLAIR imagingH{gure 6-5). While identification of the putative
penumbra with diffusion-perfusion MRI is being sed as an approach to
identify suitable individuals for aggressive therg®,100,277), time from onset
remains an inclusion criterion in these studies] aray still be a predictor for
beneficial outcome(88,89). In some cases of unknstnoke onset, sodium MRI
may be able to show that a stroke is likely withiapecified therapeutic window,

thus making an otherwise ineligible patient nowgiele for thrombolytic therapy.

Neither of the two published studies of sodium NtRhuman ischemic stroke has
confirmed a temporal relationship between sodiurtenisity and symptom
duration within the first week after onset(12,18)the 1993 study, there were no
sodium signal changes before 13 hours (n=3), lpmasiincrease was observed at
38-82 hours (n=4)(13), unlike our study where sodimtensity evolution was
observed even within the first 13h. They were haegbeby poor spatial

resolution and low SNR due to the sequence usegrléield strength of 1.5T,
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and a very long spin echo time (TE) of 13 ms. A encgcent study in 1999
investigated stroke patients with a focus on ligkialevated tissue sodium
concentration (TSC) with infarcted tissue(12). their study, all 26 patients
showed minimum TSC increases of 25% within theolesiand there was no
evidence of a temporal relationship between TSC tand-after-onset over the
time window from 4h to 7 days post-onset. An agereelative increase of ~45%
with respect to the contralateral side can be egéichfrom their three patients
within 8 hours; however, our 5 subjects within uteohad much smaller average
relative increase of ~5%. Although both studies leygd twisted projection
acquisition to generate a short TE (0.4 ms versaisnd in our study), they used a
longer TR (100 ms) for 'full’ longitudinal magnetion recovery, while we used a
signal enhancing steady-state approach (TR = 2§4&)s)It is possible that the
difference in early signal intensity increase oa #odium images is due to the

sequence parameters.

In agreement with our human stroke sodium datayraimaging study of middle
cerebral artery occlusion in rats demonstrated &linear increase of sodium
where there was a lack of sodium increases at Hamolirs post onset followed
by significant changes at 12 hours and beyond(&8restingly, they showed a
significant increase in tissue water concentratrihe early time points when
sodium was not elevated. This is similar to ourepbation that T2-weighted and
FLAIR signal intensity increases, presumably rdifler elevated water content,
precede increases of sodium signal intensity. ¢ Ibeen suggested that sodium
ions are not the sole source of osmoles that drardy tissue water increases;
other contributors likely arise from increased batec activity(68,102). The non-
linear progression of sodium has also been obsewifd MRI where little
sodium increase was observed within the first 2 iéallowed by more rapid and
linear sodium increases in both rabbit(65) and ata{l2) stroke models. A rat
model showed linear increases of sodium from 3.9sthdid not have data at
earlier time points(64). The transition from slow more rapid signal intensity

increase may reflect initiation of BBB break-dowog).
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Time-dependent sodium MRI signal intensity increage human stroke, as
measured in this paper, are slower and lower innihade than those shown in
rat(64), rabbit(65), and primate(12) stroke modetere sodium signal intensity
increases were as great as 25%/hour, 11%/hourExdhbur, respectively, in the
acute period. In the current patient study, theimar rate of sodium intensity
increase was 2.8%/hour. These differences mody lileflect the uniqueness of
human and animal brain anatomy as well as differenc the nature of stroke in

humans versus the usual complete cessation of lillmedised in animal models.

There are several limitations to our study. In l@solution images (sodium MRI
is 5000x less sensitive than proton MRI), diffeesof partial volume averaging
over a range of lesion sizes is a concern. Howdesion volumes were well
distributed over time of onsetdble 6-1) and thus are unlikely to have significant
bearing on the sodium regressioRigures 6-3 and 6-4A) Ischemic stroke
patients vary considerably and some data scattdd dwe due to lesion location,
gray/white matter tissue distribution (as we summgpdall the voxels over the
entire lesion), and the degree of perfusion deéciteperfusion (spontaneous or
tPA induced). Perfusion-weighted images were omiguaed in 5 subjects and
thus we cannot assess the perfusion status atrteeot sodium MRI. In future, it
would be interesting to assess whether sodium @samgthe PWI-DWI defined
mismatch region. Also, longitudinal scans at laiere points would be required
in order to assess the role of sodium MRI in delimg potentially salvageable
tissue. The effect of gadolinium on sodium MRI igiy is unknown, although
those subjectgpatients 3,5,7,8,17ere in line with the others. Although we
demonstrated a significant trend in sodium evoiutidth 21 patients scanned at
32 time points, future studies with larger numbefrsubjects, particularly at the
hyper-acute time points, will be required to camfiour findings. Research and
clinical application of sodium MRI requires broaddatransmitters/receivers,
specialized radiofrequency coils, and specific rojged pulse sequences.

However, as more centres gain these capabilitidscanical MRI scanner field
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strengths continue to increase, we believe thausoRI will provide valuable

information for the assessment of the acute stpaltent.
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Chapter 7

In-vivo Sodium Magnetic Resonance Imaging of thertdn Brain
Using Soft Inversion Recovery Fluid AttenuationRELA)

(R.S. Stobbe, C. Beaulieu, Magn Reson Med, 54, -130%, 2005)

7.1. Introduction

The ability to assess intracellular sodium conegitns [N@] may greatly
facilitate the diagnosis of diseased tissue inlthman brain. [Ng appears to
directly correlate with the rate of cell prolifei@at (218) and monitoring [Nd
may be useful in the analysis of neoplasms and tkeeponse to chemotherapy
(284). The ability to assess [Namay also be useful in the setting of acute
stroke, as dramatically increased {Jalevels, associated with anoxic
depolarization (and the subsequent, relatively stliffusion of sodium ions from
other parts of the brain into the ischemic corppear to be directly linked to cell
damage during ischemia (95). Although valuablenmiation pertaining to the
diseased state of tissue can be obtained with soIR1 techniques that facilitate
guantification of bulk tissue sodium concentratigfgsl?), strongly intracellular
weighted imaging techniques that limit the signahtcbution from the more
highly concentrated extracellular space (ECS) (s vs. 10-15 mM
intracellular) may provide an improved means torab@rize [N@] in some

cases.

Three approaches have been considered to isol&eNMR signal from
intracellular sodium.  The first concerns the usk shift-reagents (50).
Unfortunately, toxicity and passage through theo8ldrain barrier remain a
problem forin-vivo experiments. The second approach concerns theofuse
multiple-quantum filtering techniques (28,275). wé&ver, the signal intensity
following a multiple-quantum spin sequence is a lsrffraction of the signal

intensity following a single, ideal, 9@xcitation pulse (10% has been given as a
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typical in-vivo value)(28). The third approach concerns the use of aarsmon

recovery (IR) technique and has been considerechémse tumours (284).

If considerable T relaxation differences exist between two environtselR can
be used to eliminate the signal contribution froither environment (285).
Although it is well understood that the ECS in thrain contains many different
types of proteoglycans, most attached to cell mamds, little is known about the
density of these molecules. It has been suggetad the density of this
extracellular matrix is quite sparse, allowing vaki transmission through the
ECS (229). Because, Tmeasurements have been shown to correlate withixmat
density (209), sodiumiIrelaxation in the ECS may be significantly lontfen in
the intracellular space (ICS). Shift reagent aidederiments using an implanted
gliosarcoma in rats (50) also suggest this to ke ¢hse. Minimal sodium
exchange is expected between the ICS and ECS orelieant sodium NMR
timescale (284). If the sodium, Th the ECS is significantly longer than in the
ICS, an IR sequence may be used to eliminate tt& €t@ghal contribution from a

sodium image.

Unfortunately, sodium IR imaging of the human brisvivo is complicated by
tissue heating or specific absorption rate (SARitations. Because sodium T
relaxation is quite rapidn-vivo (<50 ms) 3D acquisition schemes with hard,
nonselective, rectangular pulses are typically enmnted, and repetition times
(TR) may be as short as 30 ms in a steady-stat®aqip (26). The addition of a
18¢ inversion pulse to a sequence originally contajronly one <90excitation
pulse dramatically increases the power dissipatethé sequence (a 18pulse
dissipates 4x more power than & plse if the pulse lengths are the same). This
power increase can be mitigated by significantbréasing TR, but increasing TR
has an adverse effect on image signal to noise (@&NR), by limiting the number

of averages in a given scan time.
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However, the average power dissipated by an MRuesecg is also inversely
proportional to the length of the RF pulses in sbguence. But, due to the spin
3/2 nature of the sodium nucleus and its rapid gmeential © relaxationin-vivo
(the fast component has been measured as shott@sns (286)), it is important
to limit echo time (TE) (29). For this reason sadilMRI sequences have
typically been implemented with very short excttatipulses (as short as 0.2 ms
(26)). However, the inversion pulse length in @igm IR experiment is not
limited by a short TE requirement. The great inseean sequence power
dissipation associated with a f8@ulse can be significantly reduced by
dramatically increasing the inversion pulse length.

When the relaxation constants dnd T, are much longer than an RF pulse the
effects of relaxation during the pulse can esskyte ignored. The calculation
of flip angle is simple and is directly relatedgolse power and length. While
this is usually the case for the uncoupletnuclide, this is not the case for the
guadrupolar sodium nucleus. In this paper thecefférelaxation during long (or
soft) inversion pulses is explored. An IR technigabelled ‘Soft Inversion
Recovery Fluid Attenuation’ (SIRFLA) is proposed fodium imaging ofn-vivo
human brain and the efficacy of this technique éndnstrated through the
minimization of sodium signal from the cerebrospihad (CSF) in brain images
acquired at a static magnetic field strength ofegla.
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7.2. Methods

NMR Experiments were conducted using a 4.7T Va(Ralo Alto, CA) whole
body MRI scanner. The maximum gradient strength @& mT/m, with a slew
rate of 117 T/m*s. The spectrometer was fit witt &W RF amplifier. All
experiments were conducted using an in-house desgignd manufactured single-

tuned 53MHz quadrature birdcage head-coil.

To explore the sodium spin response during a loRgnRersion pulse, quantum-
mechanical sodium spin simulation software wasgtesi. This software is based
on the differential equations that describe thelgiuan of the density operator
(using irreducible tensors) under the combineduarice of relaxation and RF
irradiation (71,145,146). The simulation resultegented in this paper assume
isotropic environments. Theyd spin operator (unity), omitted from the set of
differential equations described in the previoudenenceswas added so that the
equilibrium value of longitudinal magnetization,)(lcould be included in the
differential equation matrix solution. This enabld, to relax towards M The
response of longitudinal and transverse magnetizaid rectangular inversion
pulses ranging from 0.5 ms to 10 ms was simuladed, spin-response benefits

associated with longer inversion pulses were ingated.

The effects of relaxation during long inversion ggd were examined using
spectroscopic experiments with spherical phant@en®Q% agar gel phantom with
100 mM [N4&] (tissue model) and a 500mM [Nasaline phantom (CSF model).
To simulate the effects of relaxation in the spmudation software, the spectral
density parametersqD), J(mg), and J(2mg)] must be known (145). The high-
frequency spectral densities for each phantorfpgy and J(2wg), were
determined using an iterative inversion-recovenyeginent. The low-frequency
spectral density parameteg(Q), the predominant component of fast transverse
relaxation, was extrapolated from a pulse-acqukpeement. The following

values were determined for the saline phantg®)]¥ 10.64 +/- 0.01 Hz; 1(vg)
211



Chapter 7: Soft Inversion Recovery Fluid Attenoati

= 9.24 +/- 0.003 Hz; Pwo) = 9.24 +/- 0.003 Hz], and the 20% agar phantom
[Jo(0) = 625 +/- 8 Hz; dwo) = 50.8 +/- 1.9 Hz; AJ2m0) = 30.4 +/- 0.2 Hz].
Because of the rapid molecular motion in the salamvironment (i.e. the
correlation time constant is very short < 10 pd) thlee spectral density
parameters in the saline phantom are expected agbal. Although the effects
of magnet inhomogeneity in the pulse-acquire expenit were taken into account
in the regression (i.e. the inclusion of a deptmsinvelope), errors may be larger
than these values which represent the 95% confedémiervals of the least-

squares fitting algorithm and indicate the quatityhe fit.

To explore the combined effects of power depositod spin-response on the
SNR of an IR imaging sequence when long inversiaisgs are used, a constant
SAR experiment was conducted. Ten IR sequencésimiersion pulse lengths
ranging from 1 ms to 10 ms were implemented witprapriate TR values to
achieve the same average power deposition in eaghesce. The excitation
pulse length was maintained at 1 ms. The invensonvery delay (TI) for each
sequence implementation was determined empiricailyg simulation and NMR
experiments to minimize the signal acquired from $aline phantom (with very
similar results). A spoiling gradient was addetlofeing the inversion pulse to
eliminate residual transverse magnetization remgirat the end of the pulse.
The height of the FID was measured at what woulthbecentre of k-space in the
imaging experiments presented (TE of 2.3 ms). dterthine the SNR benefits of
long inversion pulses in an IR imaging experimeing, signal acquired from the
non-nulled (agar) environment was multiplied R, /TR,, where TR is the
length of TR when a 1 ms inversion pulse was impleied, and TRs the length
of TR associated with each consecutively longeeision pulse length. The
calculation accounts for the fact that more avesagen be acquired when a

shorter TR is used in an imaging experiment ofatal duration.
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The time-averaged RF output power from the systeas maintained below 6
Watts (the actual power absorbadvivo will be less due to cabling and coil
losses) for eacm-vivo imaging scan. SAR was calculated using the assamp
that the average human head is 3 kg (SAR < 2 W/Kdje resonance frequency
of sodium at 4.7 Tesla (53 MHz) is approximately Mi®iz less than théH
resonance frequency at 1.5 Tesla, and internalspots’, problematic at the high
resonance frequencies associated with large maghelils, are not expected.
For each image, iterative asymmetric reconstructvas performed with k-space
(Hamming) filtering in each dimension before Foutiansform. Shimming was
performed manually by optimizing the sodium sigaabuired over the entire
head. Both SIRFLA and 3D-FLASH images were acallingith a 5 minute

delay between each scan, from 5 healthy volunteers.

The SIRFLA sequence was implemented by adding ams0nonselective,
rectangular, inversion pulse in front of a standaidgradient echo (Tl = 21 ms,
TR = 93 ms, excitation pulse = 1 ms,’90onselective, rectangular). Using the
shortest excitation pulse length possible limitssl@f transverse magnetization
during the excitation pulse. However, SAR, and dayollary the minimum
sequence TR, is also limited by the’ @3citation pulse (especially for sequences
using long inversion pulse lengths). From simolatiesults (data not shown), a 1
ms excitation pulse was chosen as a good comprobesseen the loss of
transverse magnetization during the RF excitatioilsgpand minimum TR. The
voxel dimensions were 5 mm x 5 mm x 10 mm and th@ging matrix was 128
following asymmetric reconstruction (anterior/pogie— read) x 60 (left/right —
phase encode 1) x 30 (superior/inferior — phasedn@). 60% asymmetric
acquisition was used with an acquisition bandwaitii2.8 kHz, yielding a TE of

2.36 ms. Four averages were acquired and thesitaal length was 11.1 minutes.

3D-FLASH images were acquired for anatomical comgpar with voxel

dimensions of 3 mm x 3 mm x 7.5 mm, and an imagmadyix of 128 x 100 x 50.
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A 0.75 ms nonselective, rectangular RF excitatioisg was used with a flip
angle of 68 and a TR of 30 ms. 60% asymmetric acquisitio \&it acquisition
bandwidth of 12.8 kHz was used yielding a TE of22ms. Four averages were

acquired and the total scan length was 10.0 minutes
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7.3. Results

Using the spectral density values listed in the ho@s, initial simulations
investigating the effect of relaxation during RFvension pulses are shown in
Figure 7-1 During longer RF pulses (e.g. 10 ms) the diffeemnin relaxation
between saline (CSF model) and 20% agar (tissuesbnegynificantly separate

the values of longitudinal magnetization in these environments.
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Figure 7-1 . The effect of relaxation on the longitudinal anahsverse magnetization
generated in both saline and 20% agar during Rér&mn pulses of lengtha) 0.5 ms;

b) 1.0 ms;c) 5.0 ms;d) 10.0 ms. As the RF inversion pulse length in@sathe ‘depth’
of inversion significantly decreases in the 20%rad@ntom. Since the saline inversion
does not vary greatly with inversion pulse length,significant difference in M
magnetization exists between agar (i.e. brain ¢isaodel) and saline (i.e. tissue model)
at the end of a long inversion pulse.

The benefits of increasing the inversion pulse tleng an IR experiment are
twofold. Increasing the inversion pulse length @BoTR to be shortened while
maintaining acceptable SAR. This permits more ayes to be acquired in an

imaging experiment for a given scan length. Insirggthe inversion pulse length

215



Chapter 7: Soft Inversion Recovery Fluid Attenoati

also significantly increases the value of M the agar phantom following the
delay period TI required to null the signal in #a&ine phantom (a direct result of
the reduced inversion in the agar phantom)Figure 7-2 the combined benefits
of long inversion pulses are displayed. In the 2@¥ar phantom an
approximately 85% signal increase could be achidyedwitching from a 1 ms
inversion pulse to a 10 ms inversion pulse in anni@&ging experiment with the
same SAR and scan length. Of this 85% increa$,i2@irectly associated with

relaxation during the RF pulse.
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Figure 7-2 : The beneficial effects of soft inversion pulseweésured in 20% agar) on
relative SNR of an imaging experiment for const8&R and a constant acquisition
period. For each simulated and experimental daifat,pTl has been appropriately
adjusted to null the signal from a saline phantd®esidual transverse magnetization was
sufficiently spoiled following the inversion pulselhe relative SNR of each data point

was calculated from the simulated, or acquired ajgand the,/N,,. SNR increase
associated with reduced TR in a constant lengtier@xent.

In-vivo images of the human brain generated using 3D-FLASH# SIRFLA are
shown inFigure 7-3. For the 5 volunteers the SNR in the 3D-FLASHgmavas
measured to be 16 +/- 2 and 45 +/- 3 in brain éssnd CSF, respectively. In
contrast, the SNR of brain tissue in the SIRFLAgmavas measured to be 17 +/-
1.5, whereas the SNR was only 4 +/- 2 in CSF. Nuaé the sodium acquisition
voxel size of the CSF-suppressed SIRFLA imagesS(6rf) is 3.7 times greater
than that in the standard 3D-FLASH images (0.06@8).c The sodium signal
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from CSF is approximately 2.8x the signal from bréssue in the 3D-FLASH
image, while in the SIRFLA image the signal fromFCiS approximately 0.23x

the signal from brain tissue.

Figure 7-3 : Sodium images acquired from the same healthynteér at 4.7T.a) 3D-
FLASH images acquired in 10 minutes with a voxeesif 0.0675 cfh SNR in the CSF

is 46; SNR in the brain tissue is 1B) CSF-suppressed SIRFLA images acquired with an
inversion pulse length of 10 ms and a TR of 93 msnfa healthy volunteer in 11.1
minutes with a voxel size of 0.25 &mSNR in the CSF is 3.3; SNR in the brain tissue i
18.
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7.4. Discussion

The effectiveness of soft inversion pulses to ssparsodium longitudinal
magnetization in different environments has beewsh(Figure 7-1) along with
the resultant benefit in the SIRFLA sequefEgure 7-2). This separation is the
direct result of the large quadrupole interactiotpegienced by the sodium
nucleus and is not possible in conventioltaINMR. It is because the inversion
pulse length has a dramatic impact on signal aedquirom the non-nulled
environment that this IR sequence implemented loitly RF inversion pulses has
been given the new designation ‘Soft Inversion Recp Fluid Attenuation’ —
SIRFLA. An IR image was also acquired with an mswen pulse of 1 ms and TR
of 334 ms (for equivalent SAR Figure 7-4b). Using two averages and a
reduced imaging matrix (with the same voxel sirgg tmage was acquired in a
scan time of 10.7 minutes. Image SNR was onlynlthé brain tissue when the
short 1 ms inversion pulse was used whereas the tisaue SNR was 17 when

the long 10 ms inversion pulse was used in the BAR$Fequence.
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Figure 7-4 a) SIRFLA images acquired in another healthy volanteith image
parameters the same asHigure 7-3b (inversion pulse length of 10 ms). SNR in the
CSF is 4 and SNR in the brain tissue is bj. Sodium IR images acquired with a much
shorter inversion pulse length of 1 ms and a TRB3 ms. SAR and voxel size are
equivalent to(a) and the image duration was 10.7 minutes (or ~e2brgds shorter than
(@)). SNR in the CSF is 2.5 and SNR in the brairugisis 10. Notice that the SNR is
70% greater ir@) with the longer inversion pulse than(lm. One disadvantage of the
longer inversion pulse is its narrow bandwidth wahicesults in an artifactual
hyperintensity in the known areas of susceptib{litythat is not seen ifb). The images
in (a) and(b) are not globally scaled.
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In this paper CSF-suppressed SIRFLA sodium imadgebeohuman brain have
been presented. These images have an acquisitierof 11.1 minutes, a matrix
voxel size of 0.25 cc and an SNR of 17, and arepewable to those acquired at
1.5T for patient studies (6,12,30). Although remgvpartial volume averaging
from CSF is one benefit, the main advantage ofSirFLA sequence most likely
lies in the potential of IR to generate strongltranellular weighted images (as
proposed by Kline et al. (284) and described inittr@duction). For this reason,
an appropriate comparison of image quality shoelanade with other techniques
that consider intracellular weighted imaging (28). 3D gradient recalled echo
(3DGRE) acquisition was used to acquire the SIRHinages, but this k-space
acquisition technique has rather long echo times gbdium), because of phase-
encode and readout ‘rewind’ gradients. The implaaieon of 3D projection
acquisition (3DPA) would eliminate the need for garatory gradients and, as
acquisition begins at the centre of k-space, waiddificantly reduce echo times.
3DGRE is sufficient to demonstrate SIRFLA as a méghe, however switching
to an optimal form of 3DPA (30) should significantmprove SNR and image
quality.

The Tl used in the SIRFLA images presented waserhtsnull signal from CSF,
demonstrating the ability to null signal in sloweelaxing environments.
Admittedly sodium relaxation in the extracellulggase (ECS) is presumably
quicker than in CSF. Considering the intracelldpace (ICS) and ECS sodium
relaxation times (ICS: 1= 24 ms, Fast= 2.0 ms, Fsow = 13.9 ms. ECS: 1=
46 ms, brast= 3.4 ms, Fsiow = 30.1 ms) measured in a gliosarcoma implanted in
rat (50), the optimal TI to minimize the ECS signahtribution would be ~ 7 ms
(from simulation). This shortened TI, relative ttee 19 ms Tl used for CSF,
results from the fact that the ECS will also expece only ‘partial inversion’
during the long inversion pulse, because of rapigiiecay. The Mvalue of the
ICS after the inversion time Tl of 7 ms would be&6%3 of its fully relaxed value
(from simulation). Considering these relaxatiorapaeters the SIRFLA sequence

may offer an SNR benefit over TQF for intracellularaging (287). The TQF
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sequence is also limited by SAR, as three hafdRIo pulses are required and
increasing the RF pulse length decreases acquigedlsntensity (71). A TQF
sequence with three 1 ms°RF pulses and the same TR presented for the
SIRFLA sequence would dissipate twice the powehefSIRFLA sequence. The
SIRFLA sequence can also theoretically facilitdtél ‘elimination’ of the ECS
signal contribution. In-vivo TQF studies suggest a 40% residual contribution
from the ECS (49).

Several marked artifactual hyperintensities caisden inFigures 7-3band7-4a
that are not apparent iRigure 7-4b. The most significant begins above the
sphenoid sinus and extends into the frontal lodevo other less pronounced
artifacts exist on the outer edges of the parietads. Susceptibility induced,B
inhomogeneities are well known to exist in theseasy a product of the
surrounding sinuses and bone. Artifacts causethése B inhomogeneities are
apparent in other imaging modalities such as sisgt# EPI. These artifacts
(Figures 7-3band 7-4a) are the result of the narrow bandwidth assodiat#h

the long inversion pulse and are minimized by théewbandwidth of the short
inversion pulse inFigure 7-4b. Improved shimming may help reduce these

artifacts.

This paper demonstrates the first application eferision recovery to sodium
imaging in humans. The benefits of soft inversiolses in the SIRFLA sequence
were demonstrated through simulation and compansitn pseudo-biological

environments. The application of the SIRFLA se@eeto disease and its benefit

to in-vivo sodium brain imaging remains to be evaluated.
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Chapter 8

Discussion and Conclusion

8.1. Thesis Summary

This thesis concerns the analysis and optimizaifsodium MRI for imaging the
human head. Using the ‘high quality’ images faatkd by this work, a study of
acute stroke was conducted and time dependentsititeimcrease on sodium
images following stroke onset was conclusively destiated in humans for the

first time.

Chapter 2 highlights that k-space filtering shoblel a requirement for human
brain sodium imaging, minimizing contamination ofim tissue measurements
with ringing from the 3x concentrated cerebral apifiuid (CSF) space which

does not exhibit rapid signal decay. A k-spaceffithape is proposed for twisted
projection imaging (TPI) implementation and usedjt@antify the signal-to-noise

ratio (SNR) advantage of filtering by sampling dgnslesign as opposed to
filtering by post-acquisition weighting. Chapter also demonstrates a ‘noise

colouring’ advantage associated with filtering laygling density design.

Chapter 3 concerns quantification of the ‘noiseuaahg’ discussed in Chapter 2.
This quantification involves measurement of cotielavolume, or the volume of
effective ‘statistical independence’ and is of \alio determine the number of
voxels required within a region of interest (RQd)4ttain a desired measurement
precision. A theory for the computation of corraatvolume is proposed for any
noise power spectral density and ROI volume. Chaptaighlights that standard
radial imaging with its excessive oversamplinghet tentre of k-space and low-
frequency noise reduction facilitates measuremegtigion in smaller ROIs than

the TPI technique even though TPI is more efficieitih respect to SNR.
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While TPI may not be beneficial with respect to geanoise (ironically, the
context in which it was originally proposed), afeient advantage of this
technique with respect to,Tdecay is highlighted in Chapter 4. This chapter
concerns optimization for the minimum object volurequired to attain a given
measurement precision (with respect to image n@isd)accuracy (with respect
to PSF smearing and image intensity modulation vabject volume). It is
suggested that radial evolution altered k-spaceiisitgpn (of which TPl is a
member) with sampling density designed k-spaceriiity, a small (as possible)
value ofp and ‘long’ readout duration is an optimal radippeach to sodium
imaging of the human brain, given small voxel voturmplementation such that
image SNR is ~ 1/8 — 1/4 that required for the m@esmeasurement precision.
This radial k-space acquisition approach is usédhapters 5 and 6.

Chapter 5 diverges from consideration of k-spacguiadion to discuss NMR
sequence optimization. A steady-state approactodiusy MRI is proposed in
combination with TPI to achieve a greatly increas8tiR/voxel-volume
relationship when compared with typical TPl impleration using full T
recovery. This advantage exists despite TE incréadated to RF pulse length
increase) required to facilitate steady-state imggunder power deposition
constraint at high field.

In Chapter 6 a time-dependent intensity trend agh‘lquality’ sodium images
following time after stroke onset is demonstrated dcute human stroke. This
trend follows the shape of an asymmetric sigmomeuand exhibits initial delay
up to < 6 hours at which point rapid increase b&girhis period of increase is
followed by asymptotic levelling at roughly a datea stroke onset. The time-line
for intensity on the sodium images appears to Ibeesdhat different than that on
standard proton MR images, which likely reflectstis water concentration

changes.
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While Chapters 2 — 6 are concerned with ‘bulk #ssodium imaging, or the
analysis of all the sodium within tissue, Chapteroncerns the other aspect of
sodium imaging that has garnered a particular amotumterest in the literature,
the potential for selective imaging of intracellusdium. An inversion recovery
based sequence is presented in which sodium nwdlki different relaxation
times are separated both by fastdlfferences during a soft inversion pulse, and
slow T, differences during inversion recovery. The ‘sofsieof the inversion
pulse also mitigates the power deposition assatiaith the inversion pulse. This
technigue was demonstrated through the minimizatdnsignal from the
potentially problematic CSF space in human brain.

This thesis has attempted to provide improved nuilogy to each (current)
major aspect of sodium imaging as it pertains te Human brain: k-space
acquisition; bulk tissue NMR sequence optimizatiand relaxation selective
NMR sequence optimization. Further discussion djpatly related to each of
these is given below, along with some discussioano&dditional characteristic of
sodium NMR that should be addressed. The possitdeaf sodium MRI in the
setting of acute stroke is discussed, and otheznpiat applications of sodium

MRI are proposed.

8.2. Discussing Aspects Related to this Thesis

8.2.1. Concerning Other k-Space Acquisition Methods fontdm Brain Sodium
MRI

Two other k-space acquisition methodologies hawnhesed for sodium imaging
of the human brain: they include the (asymmetrigdgent echo (GRE) (3,23)
and single point imaging (SPI) (39) techniques. Tdrener, suffers from longer
minimum TE values (the primary result of correlatioetween TE and readout
duration), and problematic partial k-space recasion (unless fully asymmetric
acquisition is used — i.e. each half of k-spaapuired separately). In the case of

fully asymmetric k-space acquisition the use ofgloradout duration to reduce
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noise variance, facilitating voxel volume reductiovill result in extensive one-
dimensional PSF smearing. The gradient echo teabnjgresents no way to
achieve T} decay reshaping across k-space, or smooth sang#imgjty related k-
space filtering (within the confines of Cartesiacgaisition). However, GRE
Cartesian acquisition does facilitate much simplaage production, i.e. a
gridding process (Appendix 2) is not required, 8 scanners do not need to be

reprogrammed.

The pure-phase-encode SPI technique does not ednipimodulation across k-
space related to,decay, however, readout durations are inherestly short as

only one k-space location is acquired per excitatis a result, voxel volumes
must be very large to achieve sufficient SNR. Themkide of very large voxels
is the inability to contain CSF within its spacer fanalysis of brain tissue,
particularly along the cortex. The SPI technigu®auffers from the requirement
of many more excitations to fill k-space than the GRE &1 Techniques. As a
result, SNR inefficient NMR pulse sequences withyamall flip angles and very
short TR values are required. Images copied framptf documents in which the
GRE and SPI techniques have been used to imagkutinan brain are given

below (Chapter section 8.3).

8.2.2. Concerning Anisotropic k-Space Acquisition

Centre-out radial acquisition generally implies ampling of k-space to a
spherical extent. However, that need not be the.cBke oblate spheroidal k-
space acquisition used in Chapters 5 and 6 waemess at the non-Cartesian
workshop in Sedona, Arizona (288). It's developmismery straight forward and
simply involves a scaling of the z-axis gradienluea of each projection during
design (maintaining sampling density shape). Th&® $fN¢rease associated with
the global sampling density increase (which camw &s described in terms of

voxel volume increase) can be use to decreasaimeploxel dimensions.
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Anisotropic voxels are acquired for the vast méyodf standard proton scans.
Most often this is done out of necessity when *fatain coverage is desired for
two-dimensional imaging and scan time must be énhi{i.e. slices are made
thick). There are two reasons to implement anigpidtrosoxels for sodium

imaging. The first, and perhaps most compellingo imatch the voxel shape with
the shape of the object to be assessed. In thi:ienam maximum number of
voxels can be fit within the object, and equal nambof voxels fit across the
length and breadth of the object. As highlightedCinapter 4, image intensity
modulation with object volume for isotropic k-spaasjuisition is exacerbated in
anisotropic objects. This is intuitive for a ‘nanfoobject as PSF smearing will
have greater effect across the narrow width. Spataling of the PSF in

proportion to the shape of an object will minimthés effect. Oblate spheroidal k-
space acquisition may be of particular value toliata sodium within the

hippocampus, with its ‘cylindrical-like’ shape. @bt spheroidal k-space
acquisition may also be useful to evaluate sodiuthimvlong directional white

matter fibres. Higher in-place resolution facistimproved ‘selective imaging,’

or less partial volume averaging with neighbouffibges.

The second reason to implement anisotropic voxelsddium imaging concerns
the ‘matching’ of sodium images to standard pratoages. In the human stroke
study of Chapter 6, sodium images were co-regdtarel re-sliced according to
the diffusion weighted proton images (DWI), on whithe boundaries of the
stroke were identified. The DWI images were highhisotropic, having a slice
thickness of 5 mm with a 1.5 mm gap and 0.65 mrplame voxel dimensions
(i.e. effective 3D voxels of 10:1:1). Anisotropiodsum voxels were acquired to
somewhat match the out-of-plane dimensions of tingusn and DWI voxels (the

sodium acquisition voxel dimensions were 4.8 mmadytlane and 2.4 mm in

plane). Seeking greater out-of-plane resolutionsfadium imaging only to lose it
in the re-slicing process was considered to be Shficient. However, as

sodium imaging contains considerable PSF blurrimgckv can modulate image

226



Chapter 8: Discussion and Conclusion

intensity within the lesion (Chapter 4), implemegtianisotropic voxels to assess

lesions with no particular known anisotropy may betbeneficial.

8.2.3. Concerning Projection Twisting

The advantage of altering the radial evolution athe projection to reshape T
decay across k-space is unrelated to projectiorstitvg (Chapter 4) (36).
However, this does not mean that maintaining a teothsampling speed while
radial evolution slows is not unuseful for sodiumaging (see also Appendix 1).
When filtering by sampling density design is impésrted the extent of sampled
k-space can be expanded. For a k-space samplmgditzrete matrix diameter of
80 (the case for 3.2 mm cubic acquisition voxeld ariield of view of 256 mm),
~ 20,000 straight radial projections would be reeglito fill k-space. Assuming
‘full’ T ; recovery following a 90excitation pulse is desired (with TR = 150 ms),
the minimum scan time would be 50 minutes for cat®lNyquist k-space
coverage. Under-sampling k-space with a reducedbeurof projections will
generate noise-like error in the image (262). Tisblem is exacerbated if
anisotropic k-space acquisition is used as destriladbove. For this
implementation, which maintains sampling densitgps) the minimum number
of projections required to critically fill k-spade given by the discrete matrix
diameter of the expanded ‘high-resolution’ dimensidi.e. the z-dimension
scaling of each projection will not improve project spacing around the z-
poles). For 2.4 mm in-place acquisition voxels (arfeéeld of view of 256 mm), ~
35,000 straight radial projections would be reqiiiré&or twisted projection
imaging, the number of projections required canrdmiced in proportion tp
(30,56). It should be noted, however, that mininegan time can also be reduced
by a factor of 6 if the steady-state PASS apprdachised instead of a full,;T
recovery sequence (Chapter 5); for PASS implemientg@irojection twisting may

not be necessary.
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8.2.4. Concerning Sodium Relaxation Characterization iailBiissue

Although three papers have been written concertiiegmeasurement of bulk
tissue T (or T»*) in the human brain (25,37) the fast domponent, which

accounts for 60% of the biexponential decay, remé&nbe confidently defined.
The first paper in 1989 (48) does not measure loiegptial relaxation, and the
subsequent papers in 2004 (25) and 2009 (37) ameeowed with the slow
component of 7* relaxation. Although a value for the fast*Tcomponent is

suggested in (25) (1.7 ms), this value is assatiatgh a large confidence
interval. Minimum echo times shorter than 12 msadgnt-echo) (37), 3.8 ms
(gradient echo) (25), and 2.5 ms (spin-echo) (48)liaely required to evaluate

the fast T* component of sodium relaxation.

To the author's knowledge only one paper has medsily values for bulk
human brain tissue (6). However, thevBlue measured for CSF (20 ms) is much
less than expected from measurements of the slowpaoent of T* for CSF (>

47 ms) (25,37,48). In fluid environments iE expected to be equal tg Which
will be monoexponential (160). This result castsitstoon the T measurements

made in both white and gray matter.

It is suggested that a comprehensive analysis diisorelaxation in the human
brain is in order. A study including 7 healthy valeers has been initiated to this
end. It is proposed that with the radial k-spacguéstion methodology of this
paper and a minimum TE of 0.4 ms (and a total différent TE values), the fast
component of ‘bulk tissue’ ;f can be identified with high confidence in the
regression (typicallyt+15% for both short and long). The*Tvalues used in
Chapter 4 for radial k-space acquisition optimi@atcome from average ‘general
subcortical tissue’ F measurements in 5 healthy volunteers. It is alisgposed
that using the SIRFLA technique with 6 differentvension times a
monoexponential Tapproximation can be measured with high confidendbe

regression (initial analysis suggests a ‘generhtasuical tissue’ measure of ~37
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ms). These methods have been validated for thesisiency in agar phantoms.

Segmented tissue analysis remains to be conducted.

It is also suggested that a comprehensive anabfsgdium relaxation in the

human brain include some consideration of envirantalecompartmentalization.

It is proposed that differences in ‘bulk tissue; measured with relaxometry
conducted using either a triple quantum approachnoapproach based on the
SIRFLA technique with a fluid-nulling inversion @l may reflect some form of

environmental compartmentalization. Early tripleagtum regression using
simulation based spectral density regression (ptedeat ISMRM Seattle,

Stobbe, Beaulieu, 2006 (45)) suggests more rapidetay when fluid signal is

eliminated.

8.2.5. Concerning Residual Quadrupole Effect in Brain Uéss

Sodium nuclei possess a spin 3/2 related NMR csintreechanism which has
essentially been ignored for sodium imaging offthenan brain. The existence of
this contrast mechanism is of particular importarfcabsolute tissue sodium
concentration measurements are to be made. Forumeasnts of this sort the
signal attained must solely depend on sodium cdretgn, i.e. all NMR related
weighting must be eliminated. To attain concemratneasurements of sodium
nuclei in the human brain minimization oflaxation weighting has been the
primary concern (234). However, in ‘ordered’ enmintents the transverse
magnetization of spin 3/2 sodium is affected by entiran rapid biexponential
relaxation — the spectrum of transverse magnedizais split into three
components (a central peak and two satellites Cdepters 1.5 and 1.6). There
are several problems associated with spectraltisglitncluding: partial signal
position shifts in the image, and partial signaplising in large voxels with
inhomogeneous ‘order’ (the partial signal effeats associated with the satellite
components of the split signal). Another, perhapsaigr problem involves

‘selective spectrum excitation.’ If the bandwidthtlee RF excitation pulse is not
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sufficiently wider than the extent of the split spam, less than 100% of the
available longitudinal magnetization can be ‘flidhento the transverse plane; in
the extreme case of a very narrow bandwidth RFeptile maximum transverse
magnetization possible is only 20% of the availdblegitudinal magnetization
(247).

The notion that sodium signal loss may arise frgectal splitting is quite old,
and has been described in terms of ‘invisibilit946), however, this signal loss
mechanism has essentially been ignored in the xbatemaging the brain since
1987. In 1987 it was reported that sodium was 1008#ble with respect to
spectral splitting in (cat) brain (236). An expeeim similar to that of (236) was
recently conducted in healthy human brain, yieldevjdence of a significant
spectral splitting related signal loss effect. Thesult, presented at ISMRM
Hawaii (Stobbe, Beaulieu, 2009) (164), has impaot &bsolute sodium
concentration measurement, and is exacerbatedfatfieid where maximum RF
bandwidths are increasingly constrained by RF padegosition. A method for
minimizing this residual quadrupole dependent @sttrwould be beneficial.
Alternatively, it is suggested that this NMR costranechanism which is highly
dependent on tissue order may be interesting tdoexpn cases where tissue

order is pathologically altered.

8.2.6. Concerning the PASS Sequence and its Use in tb&esS8tudy

The steady-state sequence optimization of Chapteses a fastJI(or T,*) value
suggested by (25) (which was corroborated by rélexameasurements made
using a novel approach to fast fElaxation that measured@ €ffect during a soft
inversion pulse (45)). More recently, fast Measurements using a more robust
‘standard’ multiple TE approach in healthy humaaitr(as mentioned above)
suggest longer values of fast {i.e. an increase from 1.7 ms to 2.9 ms). If this

longer value of fast Jwould have been used in the optimization of Chapte
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slightly greater benefit associated with the PAS§uence would have been
expected (from 38% to 41%).

It is suggested in this thesis that the large SHRebt associated with the use of a
steady-state approach to sodium imaging is worth dddition of relaxation
contrast to the images. As suggested in Chaptdredminimum object volumes
(with brain tissue relaxation parameters) requicegrecise and accurate analysis
can be quite large. If physically small pathologiase to be assessed, the
SNR/voxel-volume relationship must be increasedrdasing scan duration is
one approach. However, implementing a steady-sigteoach yields roughly the
same advantage as doubling scan duration, and agté&eh4 suggests, may be
required in addition to long scan duration.

The T, weighting at an increased TE of 0.6 ms associatéth PASS
implementation (when compared to 0.3 - 0.4 ms bkofull T; recovery TPI
implementations (66)) is still quite small, yieldia transverse magnetization loss
of only ~ 12% as a result of this delay (compareth w% at a TE of 0.3 ms).
Large changes in tissue @lecay would be required to substantially affeghal
intensity. However, relatively large;Tweighting is introduced by the PASS
sequence. In the setting of hyper-acute strokeutdcbe hypothesized that both
T, and T relaxation may become more rapid given the inthalee
compartmental shift of anoxic depolarization (arfte tsupposed increased
macromolecular density of the intracellular spat®hile T, related signal loss
would increase, this loss would be offset by magd T, recovery in a steady-
state sequence. Any differences between the stdaty- PASS and non-
relaxation weighted TPI sequences in the settingyper-acute stroke remain to
be determined, but are expected to be minimalhénsub-acute setting of stroke
(the period of days post-onset), as tissue stredbegins to disintegrate sodium
T1 times may lengthen toward that of fluid. In thiase, measured lesion
intensities are expected to be reduced by incdegssaturation effect.
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In the past others have been concerned with ansgvéhie specific question of
sodium concentration in tissue (6,12,66). The difienmerit of quantitative

[>*Na] MRI is unquestioned. The potential to evalumieal and directly relevant
component of physiology sets sodium MRI (and prospectroscopy for that
matter) apart from standard proton MRI, whose linksreal physiological

components are indirect. However, in a medical mbagc context image
correlation with pathology is of greatest conceiithough the exact nature of
any given contrast may be complex and involve maes physiological

processes, this contrast can have great diagneahi® if it robustly predicts
pathophysiologic tissue state. This premise is eséensively for standard proton
MRI.

While tissue sodium concentration measurement uteastroke may provide
knowledge of a real physiological variable, anyedircorrelation between tissue
[>®Na] and stroke patient pathophysiologic status widspect to treatment
consideration remains unknown. It has been sughjéisée a specific tissué*Na]
level predicts irreversible tissue damage, howetres, study (which involved 1
treated and 1 non-treated non-human primate) ¢t2id just as easily have been
conducted using the PASS sequence and the sanmatiom made with $Na]

plus relaxation’ image intensity.

Finally, it's again noted, if one wants to arguattthe value for sodium imaging
lies solely in absolute concentration measuremettaining an accurate
concentration measurement may be complicated by rii@n rapid relaxation.
As discussed above, signal loss related to spime®f@ual quadrupole interaction
may also be present in human brain tissue. Forsadium MRI sequence, image

intensity may only be a reflection of sodium cortcation.
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8.2.7. Concerning the Enhancement of Sodium NMR Dependentrast

Further sodium MRI consideration beyond the ‘quatitie F°*Na] box’ may vield
other interesting image correlation with patholo@iie relaxation mechanism of
sodium (i.e. the quadrupole interaction — see Grapt.5 and 1.6) is different
than that of protons in water, and relaxation défees as great as 50x may exist
between sodiumfin cellular environments and that in fluid spacEse purpose
of a novel sequence (labelled Projection Acquisitiavith Coherent
MAgNetization — PACMAN) recently presented at ISMRMronto (Stobbe,
Beaulieu, 2008 (249)) is to enhance the uniqguatian contrast of sodium in an
‘additive’ manner. This is accomplished throughasdtestate imaging with
transverse magnetization refocusing, increasingasigrom sodium nuclei in
environments with longer ;T relaxation constants. It is proposed that the
PACMAN sequence also enhances quadrupole splittependent contrast, and
as such provides a strong link to long range tissuker. The contrast of this
sequence may be interesting to study in demyetinatisorders such as multiple

sclerosis.

8.2.8. Concerning the SIRFLA Sequence

The purpose of the SIRFLA sequence presented ipt€hda was to null signal
contribution from fluid environments. Assuming tha&erstitial space in the
human brain is more fluid-like than the intracedlulspace (which remains
unknown, but likely — see Chapter 1.6), it may lbegible to selectively acquire
signal from intracellular sodium ions. The sameuag#tion concerning these
compartmental relaxation differences is the bawigtfe substantial work that has
gone into developing multiple quantum filteringhaaues (see Chapters 1.5 and
1.6). ‘High quality’ triple quantum filtered imagesf the human brain were
recently presented by our lab at ISMRM Toronto (ggeStobbe, Beaulieu, 2008
(289)). However, even ‘optimized’ multiple quantdittering suffers from very
low yield. It is proposed that the SIRFLA sequeneae produce images with as

much as 5x — 10x the SNR/voxel-volume relationgfiriple quantum images. It
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is suggested that presentation of a direct compatietween SIRFLA and triple

guantum filtered imaging is in order. A quick visuspection is offered below

for a 10 minute SIRFLA image, and the 11 minute Ti@BRge presented in the
ISMRM abstract of Tsang (289).
SIRFLA

). |

Figure 8-1 SIRFLA and TQF images of healthy human brainhlgs#nerated at 4.7T in
approximately 10 minutes.

It is also proposed that the SIRFLA sequence cammpietely’ null signal
contribution from the interstitial space if it imdwn, even if it still exhibits mild
bi-exponential relaxation. Triple quantum filteringll only ‘completely’ null
signal contribution from fully fluid environmentsxi@biting monoexponential
relaxation. However, a SIRFLA image with its softérsion pulse suffers to a

greater extent from susceptibility related artigact

It is suggested that the value of intracellularisodimaging (given its possibility)
lies in the analysis of compartmental sodium redbistion without tissue sodium
concentration change. This is the case expected artely in ischemic stroke
(see Chapter 1.2). Interestingly, triple quantulterigd signal has ‘mirrored’ this
early expected sodium redistribution in an anintedke& model (111). SIRFLA
images collected from most of the stroke patient€hapter 6 also highlight a
different image intensity trend than the bulk tssmages. This data remains to

be presented.

Intracellular sodium concentrations may also begased in correlation to tumour

grade (or rate of cellular proliferation) (218,2,18nd sodium influx is involved in
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apoptotic or ‘programmed’ cell death (290) andtitwac effects of chemotherapy
(284). Although comparison of intracellular sodiwignal (again assuming its
acquisition possibility) from tumour with normalsue may be intriguing, an
evaluation of this sort will be confounded by lamg#l packing changes in tumour
tissue (235). While intracellular sodium concentradé may be increased, this
increase will be offset by a smaller fraction ofasp being occupied by the
oncotic cells. It is suggested that bulk sodium dumanalysis, as recently
conducted by Bartha (3), in which the effects diutar packing and intracellular
sodium increase combine (rather than offset) mayfeiore practical value.
However, intracellular sodium imaging may be ofuealfor the assessment of
early tumour apoptotic response to chemotherapy)(28ssuming the total
sodium concentration remains constant before anéctty following the
administration of chemotherapy (i.e. before expctellular disintegration)
intracellular sodium influx may reflect initiatiaof cellular apoptosis — the design
goal of chemotherapeutic approaches.

The SIRFLA images of Chapter 7 were acquired ugraglient echo imaging
(before TPI was developed during PhD thesis). Buggested that these images
can be improved with the radial k-space acquisititethod used in Chapters 5
and 6 of this thesis (this method is used for lbehSIRFLA and TQF images in
Figure 8-1above). In Chapter 4 it is also proposed that @sating brain tissue
relaxation with sampling density may be advantagefon fluid-nulled sodium

imaging. This has yet to be evaluated.

8.2.9. Concerning Sodium MRI in Stroke

Although an intensity increase on sodium imagesh viine after onset was

demonstrated for acute stroke (Chapter 6), thigsechias considerable scatter. If
sodium imaging is to be predictive for time aftaset, this scatter will need to be
minimized. It is suggested that one of the greateatces of this scatter is stroke

location and the inclusion of different percentagegray and white matter. With
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an increased number of patients scanned, the ségtoenof signal intensity

increase for different tissue types may aid inrguction of this scatter.

The sodium images of Chapter 6 were analyzed uR@ts drawn on the DWI
images, and as such each ROI included the fullneelof the lesion. Analysis that
redefines the ROIs within the lesion according ¢ésiced measurement accuracy
and precision (as per Chapter 4) would remove atgnsity modulation with
lesion volume. However, given varying lesion sizieoughout the study time-
line and the large degree of unrelated scattershiagpe of the intensity increase
with time after onset is not expected to be sigaifily altered with redone ROI
analysis as per Chapter 4. Redone ROI analysis Inoayever, slightly reduce the
scatter in this trend.

An alternative to the use of sodium images in asiteke for ‘timing’ related
purposes may be the use of standasdvé@ighted, FLAIR, or proton density
images. The timelines of tissue water and sodiurouraclation may be
significantly different during the hyperacute periof stroke (68) and differences
in the ‘predictive capability’ of each techniquen@n to be determined. In this
thesis the timelines of signal intensity increasélgweighted and FLAIR images
were compared with sodium, however, signal intgngiicreases on proton
density images, more directly reflecting water aortcation increase, were not
considered.

While considerable effort has been focussed onntaging based identification
of patients with under-perfused, at risk tissud thay benefit from thrombolysis
with rtPA (100,291), recent thought has also bemergto the imaging based
identification of patients who may be at greatsk rof thrombolytic harm from
symptomatic intracranial haemorrhage (292). Eagghémic changes on CT
(293,294), the size of the DWI lesion (295-297),vesll as the presence of
leukoaraiosis (or white matter iyperintensity), a radiological marker of chronic

ischemic damage of the cerebral microcirculatio®8j2 have all been correlated
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with symptomatic intracranial haemorrhage followint@A. If the decision to
treat could be based solely on the risk and berddittified for each patient with
medical history (293) and imaging, a treatment@ptnay be opened to those

beyond current time window constraints.

It has been suggested that blood brain barrier dans@condary to prolonged
ischemia may be an important mechanism for intraata haemorrhage
(130,292,299), and several studies have investgateaging methods of
measuring the permeability of the blood brain learm this regard (300-302). It
is hypothesized that the rate of sodium increagkinvihe lesion core may also
reflect the permeability of the blood brain barrieith delayed rapid increase
reflecting the delayed fenestrated opening of ti@owasculature associated with

transformation to the period of vasogenic edema).13

8.2.10.Concerning Other Proposed Sodium Imaging Uses

It has been proposed through modelling that inthalee sodium concentrations

may be substantially increased (by as much as 3@@s)stained brain activation
(303). If this is indeed the case, intracelluladism imaging may be able to
detect this increase. If the interstitial fluid sparemains buffered through
transcapillary ion flux, tissue sodium concentnasionay also be elevated in the
case of sustained brain activation. Although numerattempts were made to
identify intensity change on sodium MRI correlatingth sustained brain

activation (concerning observation of a flashingdterboard) using both the
PASS and SIRFLA sequences, each attempt provede.fuli must be

acknowledged that neurons, in which intracellutsréase is assumed, occupy
only a fraction of the brain tissue volume (304ksAming (for argument) that
extracellular space occupies 20% of the volumeadetlular neuron space —
48%, and other intracellular space (neuroglia,leogytes, etc...) — 32%, and that
sodium concentrations remain constant in all spamaept the intracellular

neuronal space, a 50% neuronal sodium increasedwarabunt to only a 10%
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tissue sodium increase. However, a 10% tissue sodncrease should be
detectable. A large reason attempted sodium fumakiIRI failed may have been
‘partial voluming’ of a localized effect for low ésolution’ sodium images.
Another hypothesis for failure (among many) maythat interstitial sodium
concentrations are not fully buffered during trensisustained activation (< 2
minutes was typically considered). This hypothesisupported by the lack of
tissue sodium increase measured in the early stdgesite stroke (Chapter 6) in
spite of the large intracellular sodium shift ofoait depolarization. This
hypothesis may also be supported by DWI detectfamearonal activation (305)
which is assumed dependent on compartmental ioferelftial change to
redistribute tissue water. Assuming intracelluladism increases are associated
with elevated neuronal activity, it is thus hypatized that small brain tissue
sodium increases may exist following ‘chronic’ nenal activity elevation. A
simple suggested experiment may be the comparisenoming and afternoon
sodium scans.

A potentially interesting, but yet to be assessmgplication of sodium MRI
concerns the possibility that elevated intraceflsladium concentration may play
a part in the underlying pathophysiology of abndrmaods in bipolar disorder
(306,307). It has recently been shown that admatish of lithium normalized
intracellular sodium concentrations (308); thisatis suggested to be important
to the efficacy of this treatment for bipolar dider (309). A proposed study may
include a sodium imaging comparison between mand/ca depressed bipolar
volunteers and matched normal controls. Alternétjver in conjunction, a study
may include comparison between bipolar volunteetpeBencing mania or
depression and those same volunteers experiendingeaf euthymia (or normal
mood), given expected sodium concentration diffeesnbetween mood states
(306).
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8.3. Final Discussion and Conclusion

Sodium MRI remains in its ‘infancy’ when compared proton MRI.
A quick search of “MRI” yields >100,000 hits on th&eb of Knowledge

(http://apps.isiknowledge.camThere are now 32 studies total (including tha 4 i

this thesis) of sodium MRI in human brain. It igygasted that this paucity of
research isot related to lack of possible application, given swglium ion’s
intimate role in cellular metabolism. While the meoto higher field has been a
boon for sodium imaging (especially given its gyegnetic ratio ~ % that of
proton), perhaps the greatest advancement cam@9in When Boada introduced
TPI for sodium imaging. Although the advantage loé tshort TE of radial
imaging is directly evident, the merit of TPI haseh questioned especially given
its ‘complicated’ implementation, and it has renegirunimplemented by others
unrelated to the original developers. This theghlights a pathway of optimal
TPI implementation for sodium imaging of the hunaain. It is suggested that
selection of appropriate sampling density shapsjaoet duration, value qf, and
implementation SNR provides the substantive stegt ttompletes the 1997
introduction of TPI for human brain sodium imagiagd facilitates its great
advantage. It is also suggested that use of TPuisitign in a steady-state
sequence has an SNR/voxel-volume advantage thatbegnored for a signal
starved application. Combining radial k-space asitioh and NMR sequence
optimization with the high field of 4.7T, this theshopes to nudge sodium
imaging into a realm of excitement within the geza/lRlI community such that

its mostly untapped potential may be explored.

To put the work of this thesis in perspective, othadium images acquired from
the human head must be considered-igure 8-2 below ‘current’ images of the
SPI approach (2006 (39)A), the GRE approach (2008 (3)B), the standard
projection imaging approach (2007 (5¢}, and the TPI approach (2003 (6p-
and 1999 (12) E) are given, copied from their respective .pdf doeats. More
recent TPI human brain images (2005 (66)) arejoumnal with poor .pdf quality.

The images (1997 (30)F and 1997 (29) &) are from the original sodium TPI
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papers. Optimized images produced from the ideplageh suggested in this
thesis are given irH). Multiple axial, sagittal, and coronal slices @sated with

the image inKl) are shown irFigure 8-3, 8-4and8-5respectively.

Q)
Standard PI
1.5T

10 mins’

TPI
1.5T
15 mins - (H)
o S ‘ Optimized TPI
47T
20 mins

(F) (Q)
TPI TPI
3T 3T
13 mins 10 mins »

Figure 8-2 Comparative sodium images of the human brain(20), B - (3), C - (5), D
-(6), E-(12), F - (30), G - (29), H — images aicgd from the optimization suggested in
this thesis (note that voxel dimensions for thisgm are isotropic). Images A — G are
copied from their respective pdf documents.
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Figure 8-3 Multiple axial slices of théigure 8-2H image acquired using the optimal
approach to sodium imaging suggested in this th@diese images are of a healthy
volunteer and were acquired in 20 minutes at 4.7dte( that voxel dimensions are
isotropic).
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Figure 8-4 Multiple sagittal slices of thEigure 8-2H image acquired using the optimal
approach to sodium imaging suggested in this th@diese images are of a healthy
volunteer and were acquired in 20 minutes at 4.idte( that voxel dimensions are
isotropic).
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Figure 8-5 Multiple coronal slices of thBigure 8-2H image acquired using the optimal
approach to sodium imaging suggested in this th@diese images are of a healthy
volunteer and were acquired in 20 minutes at 4.7dtg( that voxel dimensions are
isotropic).

The question, “why do your images look so good® Ibeen asked. The answer is
that long readout duration, with its associated@ariance reduction, facilitates
reduced voxel volumes and the containment of the®@xcentrated non-rapidly
decaying CSF. It is the CSF that directly affebis Yisual appearance of a human
brain sodium image. The Northern Pikes have a songheir 1990 “Snow in
June” album with lyrics, “she ain’t pretty she jlsbks that way.” An intention of
this thesis has been to highlight that thisna the case for the acquisition

approach presented and now extensively used foursoninaging in Edmonton.
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Through evaluation of previously unconsidered anckctly relevant image
metrics including correlation volume and PSF-snrgprelated image intensity
modulation with object volume, an attempt has bemte to evince additional
image ‘beauty’ beyond that of CSF containment (Whi very substantial and
valuable in itself) for sampling density filteringPI with long readout, small
value of p, and small voxel volumes. Perhaps the best visMample of its
‘beauty’ beyond CSF containment concerns its pitasiem of acute stroke,

shown inFigure 8-6 below from Chapter 6.

2Na 4.7T

Figure 8-6. Proton and sodium imaging acquired from an astrtgke patient at 25 hour
post symptom onset (from Chapter 6). This imaggh®wn to highlight visualization of
the stroke lesion on ‘optimal’ TPI sodium imaged &iT.

Much interesting research remains to be done ifighe of human brain sodium
MRI, as mentioned above. The research involves:pcehensive analysis of the
sodium NMR environment in brain tissue, i.e. thdl fmeasurement and
characterization of relaxation and residual quadieisplitting; assessment of
sodium intracellular imaging possibility and sodilNWMR sequence comparison;
and last, but far from least, further exploratiohtiee role of the (critical to
cellular function) Na ion in various disorders. The 10 studies of hurbeain
pathology with sodium MRI since 1990 suggest thater research is warranted
in the setting of acute stroke, cancer and Alzhesndisease. It is likely that

other currently unexplored disorders may also befrei sodium MRI research.
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Appendix 1

Implementing TPI on the Varian Inova

Although it is suggested that the advantages ofar@Iprimarily associated with
altering radial evolution, rather than projectionmisting, there is a practical
advantage to projection twisting for radial evabatialtered k-space acquisition
implementation on the Varian Inova system.

The Varian Inova is limited by a gradient wavefamemory of 64k specification
words (per X, y, z channel). This memory is alledato the entire experiment and
must be used to specify all gradients waveformshiwithat experiment. All
waveform memory for a given experiment is loadethatstart of the experiment
which can be a somewhat time consuming proces€ndiépy on the number of
projections specified. Although one may think tlf@t standard radial k-space
acquisition only one gradient waveform need be ifipdc and this waveform
specified at different angles throughout 3D k-sp#oe Varian Inova system does
not seem capable of performing this operation tenfty.’ Instead, the orthogonal
X, y and z gradient waveforms for each projectioa pre-calculated for each
projection and individually written to waveform mem. In this case the number
of projection savings of TPI (as much as 80% fduea ofp = 0.20, a typical
implementation value) allows each waveform to becgmed with many more

words.

As discussed previously 3D-TPI is typically implaertexd on sets of cones. It can
however, also be implemented in different mannass3D-TPI is really a two
dimensionally twisting technique in that only twbtbe spherical dimensions are
altered with time during the readout. If the azihaltangle is held constant rather
than the polar angle (for implementation on conpg)jection evolution is
prescribed along a disc (30,310). Sets of discsbeamotated throughout 3D k-

space, but this will create an oversampling ofgbkar (‘z’) axis. Implementation
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on sets of discs requires more projections than implementation with cones.
Oversampling along and around the pole, which muosst post-acquisition
compensated, will also reduce sampling efficieddyere is also a gradient word
advantage to implementation on sets of cones, tbegtions sampling the top
and bottom haves of the k-space sphere can betiefle of each other. In this
manner only projections defining one half of thejections sampling the k-space
sphere need be specified with waveform memorypther half can be produced
with negative values (something the Varian Inovstesy can do ‘on the fly’). If
more gradient words are required, a scan can beirsia two experiments and
projections loaded twice, however that has not besressary for imaging the

human brain in this thesis, as will be discussddvbe

While the gradient waveform memory limitation magem detrimental, it has
lead to an effective method of implementing TPI, ickh pertains to
‘implementation beyond the gradient slew rate’. Jted projection
implementation has, in the past been constrainegrégient slew (30). There are
three ‘locations’ where the acceleration of 3D-PRijections are likely to exceed
gradient slew limitations. As discussed previou§R-TPIl projections are
typically implemented on sets of cones. Assuming finst ‘cone’ is a linear
sampling of the polar (‘z’) axis, i.e. no twistinfpe second cone will have a polar
angle of¢ =2/(M — 1). Centripetal acceleratiofa) as the radial evolution
slows beyong could approach that of Eq. [A1-1] (if radial evidtun slowed very
rapidly atp) (30).
dr? [A1-1]
p - sin(¢)
For large k-space matrix dimensions and small waleé p, centripetal
acceleration on this second cone could have a Valodreds of times larger than
the sampling speed. Sampling speed is directly gtmmal to the gradient
magnitude and the required slew rate can be fan fppactical (implemented
gradient magnitudes in this thesis are typicallyuad 5 mT/m, and the current
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gradient slew rate under which effective functimsgble is ~ 120 mT/(m*ms) —

although this value will be discussed below)

The second ‘location’ where the acceleration of T¥- projections exceeds
gradient slew limitations is at the initiation okisting, or at relative radial
locationp. At this location there is a discontinuity in pFofion sampling velocity
as each projection abruptly changes direction fsampling along a straight
radial trajectory to sampling along a twisting @&pry (56). The third ‘location’
where the acceleration of 3D-TPI projections exsegédient slew limitations is
at the initiation of each trajectory. Infinite gradt slew rate is required to begin

each trajectory at the gradient magnitude reqdwedesired sampling speed.

The 3D-TPI implementation used in this thesis inesla sampling of the k-space
projection design at intervals specified by the bamof gradient words afforded
each projection (one word is used to define thialmstraight component, and the
rest the twisting component). The gradient valuesoeiated with each word are
calculated from the previous sampled location althregk-space trajectory and the
constant gradient integral value required to atthen next k-space location. For
this implementation the transition at trajectorytiation is ignored (i.e. full

magnitude is specified at initiation), the trarmsitiatp is ‘smeared’, and the rapid
acceleration of the narrow cones ‘sub-quantize®. (quantized below 2x the
frequency of gradient evolution of the ‘X’ and ‘gxes specified by projection

design).

While this quantized gradient waveform may sourabf@matic, it is quantized in
such a manner such that each interval is suffigidohg for each gradient to
reach its full specified value; implementation cainipe beyond gradient slew rate.
To be more precise, each interval is made suffilyidang for each gradierfteld
within the bore of the magnet to reach its full@ped value, which includes the
effects of eddy-currents. In the ‘continuous’ impkntation case potentially

unknown errors are generated when the gradierits fproduced within the bore
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of the magnet for each ‘infinitesimal’ step are tiw specified value at instant the
next value is specified. Although a ‘continuouslyiplemented projection design
may be within specified gradient amplifier slewerdimitations, imperfectly

compensated eddy-currents can create ‘complexakesjpcation errors.

For the quantized gradient waveform implementaiiorthis thesis the Varian
Inova’s gradient slew rate limiter is used to srhoeach gradient step to within
the limits of the gradient amplifier. For curremiage generation the slew rate
limiter is set to 120 mT/(m*ms). To determine trectual’ k-space locations
sampled the quantized gradient steps are repladhdnmeasured gradient field
transition shapes for each associated step size.‘ddiual’ k-space locations
sampled are then calculated from the integral ef ghadient waveforms that

include the measured field transition shapes.

An advantage of the ‘quantized’ gradient wavefoethhique developed for this
thesis is that compensation for eddy-currents sftbrt time constants need not
be perfect for reasonable implementation; it isfisigit that they are known.
However, this method does not take into accountgieeration of any short
eddy-current cross terms; it was assumed these wémemal. It was also
assumed that short eddy-currerg &hifts were minimal, and that long eddy-

current time constants are sufficiently compensated

As might be expected the actual sampling densithefquantized waveform will
slightly deviate from that prescribed by projectidesign (this will also be true
for the ‘continuous’ implementation which must b#eged from projection
design). However, as described previously (Chaptek-space is oversampled to
a factor of 1p for TPI at relative radial locatiop and typically oversampled
throughout sampled k-space depending on the sagnptiensity design
implemented. As a result, gradient waveform quatibn typically (for the scans
presented) does not lead to critically under-sathpipeations in k-space. Minor

sampling density deviations from that prescribedpbgjection design are post-
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acquisition compensated along with the oversamgirthe centre of k-space, and
local over-samplings associated with the quantmatof the number of
projections implemented on each cone. For each gezsented the desirddr)
function is effectively re-produced with samplinifj@ency (which is reduced for
post-acquisition weighting) 94% - 98% (which inchsdthe post-acquisition

compensation for oversampling at the centre ofdeep

A quantized TPI projection (taken from the ‘longadeut’ projection set of
Chapter 4) is shown iRigure Al-1 below. The gradient steps of the quantized
waveform are shown inA(), along with the inclusion of the measured gratien

field responses. The trajectory of this projectibrough k-space is given i)

and C).
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Figure Al-1. A TPI projection (from the long readout techniqgué ©hapter 4)
demonstrating gradient quantization and the aduditibthe gradient field response (A).
Images (B) and (C) depict projection trajectorytigh k-space.
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The gradient field step response for different stéeg@s was measured in the
magnet using a small proton coil surrounding an NNbe filled with
Gadolinium doped water (set-up courtesy Chris Bowaémversity of Dalhousie,
N.S., Canada). For each orthogonal direction withexmagnet the accumulation
of phase was sampled at two locations (+/- ~ 5 lamgathe orthogonal direction)
for a set of gradient steps ranging from 0.5 m8.tomT in 0.125 mT steps. The
relative evolution of phase difference between dacation (used to exclude any
background Beffect) was differentiated to produce the relativadient field step
response. IrFigure Al-2 the relative gradient field step response for ‘Hie
gradient is shown normalized to its value at 0.5 andgl multiplied with the
corresponding gradient step producing this tramsitiThe gradient field step
responses ofigure Al-2 include the effects of Varian Inova ‘slewing’, ggal

eddy currents, and eddy current compensation.
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Figure Al1-2. Measured gradient field step responses for vamgoadient field step sizes
up to 8 mT/m. ‘Oscillations’ (manifest as over-shaod undershoot for different step
sizes) are related to gradient amplifier instapilithages (B, C and D) show zoomed-in
regions of (A). In (B) it can be seen that the ggatifield response follows a delay of ~
25 ps, and that for gradient steps below 3 mT/m the @it gradient increase is
considerably less than the rate of gradient ineréayond 3mT/m. (C) highlights that the
average rate of gradient field increase is lesa tha 120 mT/(m*ms) specified by the
Varian Inova for these transitions. Also of notetli® inverse exponential rise to
maximum following the linear transition, suggestthg presence of uncompensated eddy
currents. In (D) full gradient value can be seehdattained ~ 350s.

In Figure Al-2A it can be seen that there are ‘ripples’ in the igmatdfield step
responses. These ripples are related to instalfitthe gradient amplifier for
small step sizes. These ripples can also be setimtiae oscilloscope on the
output of the gradient amplifier (they are consiidy more pronounced for the
‘2’ gradient). The Varian Inova was set to prodacgew rate of 120 mT/(m*ms)
for the measurements dfigure Al-2 and the images generated using this
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methodology. While the current gradient system @&t shim set: HFC-10,
Tesla Engineering, West Sussex, England. Gradiaptieer.: QDCM1400, PClI,
Montgomeryville, Pennsylvania, USA) used in ourT4.§canner can generate
much faster step responses, up to ~220 mT/(m*ras)nbre rapid slew rates the
gradient amplifier oscillations are exacerbateds(itroblem is currently in the
process of being resolved by the manufactureghdiuld be noted that Chapters
2, 3, 6 and 7 were performed before a gradientageg(Gradient shim set: HFC-
1, Tesla Engineering, West Sussex, England. Gradraplifier: QDCM700, PCI,
Montgomeryville, Pennsylvania, USA. Slew-rate: 1d0/(m*ms)). The effective
doubling of the gradient step response rate wighuibgraded gradient system may
be particularly useful for potential proton TPI &pations where desired high-
resolution may require larger gradient magnitudhes) tthe < 8 mT/mHKigure 8-

3) used for sodium imaging in this thesis.

For this gradient field step response measuremeatnpling of phase
accumulation begins at the same time that the gnadtep command is issued. A
delay of 25us before the initiation of gradient transition wadrapolated from
Figure Al1-2B. This delay following issue of the gradient wavefocommand
was implemented before beginning TPI k-space aitopuis The gradient field

step response following this delay was used tocatze each k-space location.

In Figure A1-2C the gradient step responses are shown alongstderéscribed
linear slew rate of 120 mT/(m*ms). The initial slaesponse for each gradient
step and the reduced rate of increase for gradieps less than 3 mT/m (most
visible in Figure A1-2B) are the result of the Varian Inova’s ‘slewing.hd
‘linear’ portion of the gradient field step respentor the large gradient steps
shown deviates somewhat from the prescribed 120(mfiis), and is ~95
mT/(m*ms). This deviation during the linear portiohthe gradient increase and
the subsequent ‘exponential’ shaped rise to fulluvapoint to residual
uncompensated eddy-currents within the bore of niagnet. While the short

time-constant eddy current compensation could berawed, its imperfection
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highlights the utility of this gradient waveform antization and k-space location
recalculation method. Perfect eddy-current compensas not required; all that

is required is knowledge of the gradient field stegponse.

At 200 ps past initiation the gradient fields are ~96.750their value at 50Qis,

at 250us ~98.5%, at 30Qs ~99.25%, and at 3535 ~99.75% Kigure Al1-2D).

For the images generated using this gradient fieéhsurement, full gradient
value is said to be attained at 266 and the relative gradient step response is
made proportional to this value. The small errosoasted with ending the
gradient step response at 3%) and making it relative to the value at 280 will

be discussed below. For implementation of the quaahtgradient waveform, the
minimum step durations will be constrained by thedgent rise to full value time.
The gradient waveform step response is implemeiitedk-space location
recalculation in 4us steps, where each step is defined by the meaguaelient

step response at the centre of that step.

While the effect of the gradient step responsénefld-space trajectory is difficult
to see when observing the entire k-space traje¢iigure Al-1), that is not the
case is one zooms in on an initial trajectory segnféigure Al-3). For large
steps the sampled k-space locations are as muzli/as less than that prescribed
by the quantized step. The effect of not taking iatcount the gradient step
response to recalculate the sampled k-space losai® readily apparent in
Figures A1-3CandA1-3D. If the gradient step response is not taken intmant

to recalculate the sampled k-space locations, atpthint in time in which the
second sample of the trajectory is acquired allgpms within the object will
have accumulated less phase than specified by-fipade location to which they
are assigned. The effect could be simplisticallycdibed as erroneously elevated
acquired signal intensity around the centre of &esp producing an associated
non-zero background effect in the image. Imagesnfithe 150 mM saline
resolution phantom which was built using a piecesofangular acrylic with holes

drilled in it were used to assess the validity «dgace location re-calculation.
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Figure A1-3: The effect of the gradient field step resposedn the sampled k-space

locations (B), and the effect on the image of retafculating the sampled k-space
locations (C). In (C) the k-space locations using gridding process are those directly
associated with the quantized gradient waveforne iftege in (D) was created from k-

space location recalculation using the measuregrafield step response.

Images generated using linear gradient responsecédculate k-space locations
are shown inFigure Al-4. By delaying the linear rise in the k-space |amati
recalculation model beyond the gradient step, itlsé $ampled points beyond the
centre of k-space can be ‘said’ to have accumulaedller gradient-time
integrals and as such can be said to have k-spae#idn closer to the centre.
Reducing the recalculation slew rate produces amaffect. If the gradient-time
integrals said to be associated with the first dachpoints are too large, a non-
zero background artifact is present in the centttb@image. If the said gradient-

time integrals are too small a non-zero backgroartdiact in the centre of the
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image is accompanied with edge enhancement effBdferent slew rates and
delays can be used to ‘match’ the measured grafi@dtresponse and minimize
image artifacts, but the most artifact free imagesiill that produced by the

measured gradient field responbgg(ire Al1-3).

SR =120 mT/(m*ms) SR =80 mT/(m*ms)

5 Delay

4 B 4us

3 B sus
é é B 12us

2 - 16 us

1 |:| 20 us

B . 24 us

0 0.05 0.1 0.15 0 0.05 0.1 0.15
ms ms

Figure Al-4: Saline resolution phantom images generated Usiegr slew rate models
of 120 and 80 mT/(m*ms) to recalculate the k-spacations sampled in the quantized
gradient waveform. Both linear rates of rise arglemented for k-space location with
four different delays following the quantized gt step. If the actual gradient-time
integral at the first sampled point(s) beyond thete of k-space is less than specified by
the linear slew model in the k-space location @dation, the image contains a circular
background artifact. For the opposite case, a brackgl artifact is also present along
with an edge effect in the centre of the imagehéugh a linear model with appropriate
‘delay’ can be used to minimize artifacts in theaga, none of the images above are as
visibly free from artifact as the image generatsihg the measured field response (black
line) (Figure A1-3).
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The images of Chapters 2, 5 and 6, produced bé#fergradient upgrade, used a
linear gradient response to recalculate k-spacatitwts. This method also
included accommodation for reduction in step respofor small gradient step
sizes associated with the Varian Inova’s ‘slewing @escribed above). Smaller
gradient magnitudes used in these chapters (< 3/Snjn making the absolute
accuracy of the gradient transition of less releearn association with expected
better (although not measured) short eddy-curresrtnpensation facilitated
effective image generation. A saline resolutionrbm image produced before
the gradient upgrade is shown belowrigure Al-5.

Resolution Element
Diameters
/ Spacings

8 mm
7 mm
6 mm
5 mm
4mm
3.5 mm
3.0 mm
2.5mm

Figure A1-5. A saline resolution phantom image produced leetbe gradient upgrade
with a projection set used in the stroke study.ifedr gradient response was used to
recalculate the sampled k-space locations to pethis image.

The method used in this thesis of gradient wavefguantization and sampled k-
space location recalculation using the measuredigrtfield step response is
demonstrated here to be effective in the presericglosv, and ‘trailing-off’,
gradient field step responses. Improved eddy-ctmempensation and the use of
increased Varian Inova defined slew rate would mirné the error of less
accurate knowledge concerning the gradient fiep sesponse (i.e. a smaller
proportion of the gradient integral associated with first one or two sampled
values along the trajectory would be associated \lie step response). An
improved gradient field step response would alsdlifate the use of smaller

gradient quantization step durations. While thedgnat field step response
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limitation is of little concern for the projectiotesigns presented in general, it
does constrain the minimum duration of the inigahight segment of the TPI
trajectory and hence has impact on the minimumesgbf ‘twist’ (p) that can be
effectively implemented; the initial straight segmef the TPI trajectory used in
the figures of this appendix is 0.35 ms (the loegdout projection set from
Chapter 4). However, as discussed in Chapter 4jctish of p beyond that
implemented in the long readout projection set shdw = 0.15) has some

additional value.

It is assumed for this method of gradient wavefgumantization and sampled k-
space location recalculation that the eddy-currerdsifest within the bore of the
magnet can be expressed as gradient field altesatibhis same assumption is
also required for eddy-current compensation. klgo assumed for this method
that the long time-constant eddy-currents, as aglshort time-constant,Bhift

producing eddy-currents are properly compensated, that cross-generated
eddy-currents (i.e. the production of transientdgrat fields in the directions
orthogonal to the direction of an applied gradidietld) are minimal. Any

invalidity of these assumptions will introduce minerror into the images

produced.

It is perhaps also interesting to note that bec#usesodium gyro-magnetic ratio
is roughly ¥ that of proton, the gradient waveforpresented above would
sample k-space to 500 1/m rather than the 125 dsddium. However, if
trajectories similar to that presented above wereet used to produce 1/(2k)

= 1 mm acquisition proton voxels, 64x more projes would be required to
fully fill k-space (2000 were implemented for th@jéctory presented). In this
case further reduction @f may be desirable to reduce the number of projestion
required. A technique facilitating ordpf projection reduction, as was presented
at the non-Cartesian workshop in Sedona, Arizonab{#, Beaulieu, 2007)
(144). Reduction op and any reduction of the readout duration to &kev

susceptibility problems (protons exhibit 4x greafdrase accumulation than
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sodium in areas of local magnetic field variationll require improved gradient
field step response if TPI is to be used to produgh resolution proton images

on the 4.7T Varian Inova system.

In retrospect the proton test setup could have lbsed to completely define the
gradient field in the magnet for each waveform. Ildwer, this is not a desirable
method of determining the actual k-space locatiserspled for each projection
set implemented, as it is a time consuming procEss.method described above
requires only one initial measurement of gradigltifstep response, from which
sampled k-space locations can be recalculated rigr given projections set

implemented.

It is also important to note that beyond the shape timing of the gradient field

response the group delay of the anti-aliasingrfitteist also be known. For this
thesis the analog filter fitted in the Varian Inowas used which has a group
delay of 0.776 / FB (filter bandwidth). This lag styprecede the acquisition of

sampling points along each projection.
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Appendix 2

Non-Cartesian Image Creation

10.1.1.General Convolution Based Gridding

Convolution based gridding (260,261,311,312) wasius generate images from
non-Cartesian k-space sampling. This process esatgntonsists of weighting
each sampled point according to the required cosagi@m, convolving each
point with a three dimensional kernel, sampling tbgult at the Cartesian matrix
locations, inverse Fourier transform, and compemsdbr image space roll-off
associated with k-space convolution. This is descrimathematically below for
both k-space and image space (Egs. [A2-1, A2-@llpWwing Pipe (260). Mk) is
the continuous intensity in k-space; S is the nant€ian sampling function
associated with the projection set; W is the SDGghteng applied to each
sampled point; C is the convolution kernel; and Rai Cartesian sampling
function (lower case letters represent the Four@nsforms of the upper-case

letters).

M[n] = (((M(k) -S-W)*C)- R) «1C [A2-1]

(((m(k) *S*W) - C) * r) [A2-2]

C

min| =
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10.1.2.Sampling Density Compensation

Successful design criteria for sampling density pensation is stated below

(wherer is the desired transfer function apds Fourier transform).

If
(((S - W) % C) - R) =((r=C)-R) [A2-3]
then
S-w)y=T [A2-4]

within a desired FoV
if there is no replication contribution to the FoV.

There are two ways to ensure that there is nocapdin contribution to the FoV.
The first is to sample the convolution on an irtéty fine grid. In this case the
Cartesian sampling function (R) can be removed fEmm [A2-1] along with its
replication generating Fourier transform (r) in E42-2]. However, computation
of a continuous Fourier transform, or even the DF&n ultra finely sampled grid
is practically impossible. The second way to enstimere is no replication
contribution to the FoV is to use a convolutionrerwhose Fourier transform is
zero outside the FoV bound. This is also practycatipossible as it requires a
spatially infinite convolution kernel.

As it is impossible to completely eliminate reptioa contribution to the FoV,
the intention is to ensure its minimization as gass within computing
constraints. In this thesis the convolution is tgtly sampled 1.2x more finely
than the matrix required for a given FoV; this exgs the ‘replication window’
1.2x beyond the FoV (261). A Kaiser convolutionfarwas selected because it
allows simple control of side-lobe amplitude infsurier transform through if%s
parameter; the width of the kernel in k-space camused to control the width of
its profile in image space (141). A convolution rkelr width of 4 (1.2x sub-
sampled) matrix locations was generally used tagettith af parameter of 6.5

in this thesis. This places the first null crossoighe neighbouring replication at
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the edge of the FoV. A cubic 3D kernel was consgdicfrom orthogonal
multiplication of the 1D kernel. 3D kernel selectiavill be discussed further
below.

The goal in the generation of the sampling densitynpensating weighting
coefficients is to seek the equality of Eq. [A2-3]his is done iteratively
following Pipe (Eq. [A2-5]) (260).
'«C)-S A2-5
(@09 ¢y [A2-5]
((s-Wp+C)-5)

(S -Wiyq) =

While Pipe is concerned with production of a umfotransfer function, here the
concern is with the generation of an arbitrary sfanfunction — in particular one
that is a k-space filtering shape. At any given @aoch k-space location if the
convolved sampled weighting function is less thamgreater than the convolved
desired transfer function the weighting at thattamn will be scaled accordingly.
However, one iteration is not sufficient to achiemn acceptable weighting
function; the subsequent convolution of altered ghthg at each sampling
location will not produce the shape of the convdiesired transfer function.
This is because the value of the weighted and deedosampling locations at
any particular sampling location is also dependamtthe altered weightings
surrounding this location. The iterative processampling density compensation

starts with a weighting function ¥ 1 across k-space.

This iterative convolution-based sampling densigmpensation process was
implemented in Matlab. The sampled convolut(oiﬁ % C) - S) only needs to be

solved once and can be done at the initiation ohpmensation, however, the
sampled convolutio(((S-Wi) * C) . S) IS very time consuming. Each sampled

k-space location must be convolved onto its neighibg locations within the
volume of the convolution kernel. This requires Wiexige of the all the sampling

points and their locations located within the negirhood of each sampled k-
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space location. This is an(N?) process, where N is the number of sampled k-
space locations. Although some of the geometryrojeption design could be
used to speed this search, with an N of 1e6 (fiypeal scan) many operations
are required. In theory this search need only heedmce and the locations of
neighbouring points for each sampling point recdroea matrix for subsequent
use. However, such a matrix would be very largeseigfly for 3D projection
imaging; typically thousands of sampling pointsreunding the centre of k-space

would each be associated with thousands of neigkbou

Instead of directly solving(((S-Wi)*C)-S) the much simpler operation

(((S-Wi)*c)-R) is solved. This again follows in the path of Pi(260).

However, rather than perform a two step convolutem Pipe, the values
following convolution at each sampling point arengly estimated through tri-

linear interpolation. The tri-linear interpolati@stimation method is effective for

smoothly and slowly varyin§' because as the iterative process prod(é(a%-

W) * C) - R) closer to that of (T' * C) - R) this interpolation becomes more and

more accurate. This method has proven effectivéhi@iprojection sets presented

in this thesis.

Sampling density compensation is very mildly ‘coioaled’ at the extents of
sampled k-space. Th& function is sampled on a Cartesian grid prior to
convolution, and this sampling cannot reflect arfget’ spherical k-space
sampling extent. At the edge of the sampled k-spatent the convolvedi and
sampling functions roll-off. If the effective radédre not the same, rolling-off
values along the sampled extent of k-space wifediénd compensation will be
based on radius of k-space sampled rather thanlis@ngensity. For this reason
the sampling points located beyond a radipg«RCyig/2 (Where Raxis the radius

of the sampled k-space sphere ang; & the width of the convolution kernel,
both in sub-sampled voxels) are assigned the cosagien value at Rux- Cuyia/2

(with the same azimuthal and polar angles) throughtbe SDC generation
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process. In this manner compensation is not basetieo convolution roll-off at
the edge of the sampled k-space extent. Becauseadal evolution altered k-
space acquisition the sampling density beyond ad@l fractionp is designed to
matchl’, the required compensation should (ideally) béoumi beyondp.

The greatest difficulty of sampling density compsien for 3D projection
imaging is the generation of appropriate weightaihghe centre of k-space, where
the sampling density is extreme and rapidly varyiAg image produced using
this sampling density compensation methodology @mel iteration is shown in
Figure A2-1. Notice that with only one iteration the ‘incomi@ecompensation
of the sampling density at the centre yields a nenmo- mean background intensity.
For the projection set used kigure A2-1 one iteration produces an error at the
centre of k-space of 50%, and an average erromuginaut k-space (to the
initiation of convolution roll-off at the edges kfspace) of 1.5%. Ten iterations
reduces the error at the centre of k-space to %4lan average error throughout
k-space to 0.31%. One hundred iterations reducestior at the centre of k-
space to 0.47% and the average error throughopééesto 0.07%.
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Figure A2-1. Effect of increased number of sampling densi@isnpensation generation
iterations on the resultant image (images from althe volunteer created used long
readout approach of Chapter 4). Also shown arengighted and convolved sampling
functions for each number of iterations. A) no shngpdensity compensation; B) one
iteration; C) 10 iterations; D) 100 iterations.
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A relatively large number of iterations are reqdireo remove the uniform
background intensity from the images. To furthezegpconvergence to minimal
error throughout k-space it was found that theatten process could be
accelerated according to Eq. [A2-6] below. Theséues were found from
empirical testing to yield accelerated convergerice each projection set

generated. It is more than likely this acceleratioald be improved.

A2-6
((r«cy-s) [ :

((s-W)=C)-s

Aj
(S-Wiyq) = -(S-Wp)
1 I( )]

Aj=11(G < 3)
Aj=18 (i > 3)

Plots of the accelerated convergence are givéigue A2-2. As can be seen the
relative k-space average and centre errors foatioelerated SDC approach are

attained with approximately % the iterations of then-accelerated approach.
Plots of profiles through(((S-Wi)*C)-R)and ((r«C)-R) are given in
Figure A2-3 for Wigo generated with the non-accelerated sampling tensi
compensation and ¥yproduced with accelerated sampling density comgiemsa

These plots are essentially the same. The noisanear inefficiency associated

with post-acquisition weighting is the same fortboases — 2%.
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Figure A2-2: The reduction of deviation (error) of the weiggthtconvolved sampling

function from the convolved design function witltieasing number of sampling density
compensation iterations for both the acceleratettdd line) and non-accelerated (solid
line) methods. When plotted in a log-log fashion @ it can be seen that roughly half
the number of iterations are required for the amedeéd method to produce the same
errors at the centre and throughout k-space.

Convolved k-Space Profile
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Figure A2-3. Profiles through the weighted and convolved damgdunctions for both
the non-accelerated case with 100 iterations (plaoid the non-accelerated case with 50
iterations (red). One half of the convolved dedigmction is also shown (green).
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To save processing time the convolution kerneli§@alculated before-hand and
sampled in the convolution process. Due to compuiemory limitations at the
time of implementation it was quantized at a rdt8.65 sub-sampled (1.2x) grid
points. In the current implementation it is quaatizo a rate of 0.01 sub-sampled
grid points. However, the differences in the imagesduced as a result of the

differences in quantization are infinitesimgldure A2-4).

Figure A2-4. Convolution kernel quantization to the rate o®® sub-sampled grid
points (A, C) and 0.01 sub-sampled grid points [B, The impact of these kernel
guantization differences are undetectable, evemwiiadowed to search in the noise
floor (C, D).

Production of a sampling density compensation matith 50 iterations for the
projection set (from Chapter 4) demonstrated in Fgures above (~690000
sampled k-space locations) takes roughly 18 min{Refl XPS 420). Fortunately
the SDC matrix does not need to be generated offlythbut can be generated

beforehand and recalled for image production. Itastain that more efficient
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coding (ideally outside of Matlab) could improveistbgeneration time. This

remains to be completed.

10.1.3.Image Generation

Directly following Fourier transform the resultamhage will exhibit signal
intensity roll-off toward the edges of the imageaa®sult of the k-space gridding
convolution. The resultant image must be multiplgdthe inverse of the Fourier
transform of the convolution kernel. This ‘inverfdéer’ (as it is labelled here) is
calculated before-hand for different zero-filledpace dimensions and imported

into software at the moment of image generation.

While for sampling density compensation the shdpgbekernel is used to ensure
minimal replication contribution to the FoV spacedathe validity of the
compensation, the shape of the kernel is also itapbin the image generation
process. In the image generation process replicabatributions to the FoV will
be amplified, especially at the edges of the imagedhe ‘inverse filter.” A worst-
case scenario is one where acquired k-space islysimplelta function at the

centre. The image error associated with this cagdescribed below.
M[n] = (C-R)*+71C [A2-7]

(c*r) [A2-8]
c

m[n] =

In this case the Fourier transform of the convolutitself will be replicated
throughout the entirety of image space providingtgbutions to the image space

within the FoV; the inverse filter will amplify tise contributions.

Replication contributions to the FoV space assediatith Fourier transform of
the sub-sampled (1.2x) convolution kernel are showiigure A2-5A for both
the width 4 ang® = 6.5 kernel and a width 6 apd= 10.5 kernel (1D case — both

empirically selected). Replication-amplification sfown inFigure A2-5B for
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both kernels. As can be seen the error within ¥ 5 as great as 2.5% for the
width 4 case. For a wider convolution kernel gfhparameter can be made larger,
and largers is associated with side-lobe reduction. Amplifieghlication-based
error can be seen (around the edges) abo¥égure A2-1A when a non ‘FoV-
limited’ image is produced from image generatiorthout sampling density
compensation; it is also slightly apparent for tase when sampling density
compensation is generated with 1 iteration, and/ wightly apparent (in the
corners) for the case of 10 iterations. Each imsg®vn inFigure A2-1is shown

to its full 1.2x FoV extent.

(A) (B)
£ 006 T 0.05
E Replication Width E
§ 004} i< > Eé
Q¢
<
g & £S o
T 0023 ¢5
5 55
% &5
2z 0 &
k& _ .
g P P -0.05
-0.5 0 0.5 -0.5 0 0.5
Relative Image Space Relative Image Space

Figure A2-5. The relative replication contribution to the F@gsociated with Fourier
transform of the sampled (to 1.2x) convolution letr(A) and the amplification of this
contribution as a result of inverse filtering (Bhis replication effect is shown for Kaiser
kernels with width 4 anfl = 6.5 (solid line) and width 6 arft= 10.5 (dotted line).

Although the width 6 kernel is associated with achmusmaller amplified

replication-based error than the width 4 kernel nvttee Fourier transform of the
sampled kernel itself is considered, it should emembered that the Fourier
transform of the sampled kernel itself is a woesdec scenario in terms of
replication contribution to the FoV (equivalent ¢onvolution gridding a delta

function, i.e. a uniform image throughout the e=itirof image space). If an image

269



Appendix 2: Non-Cartesian Image Creation

is perfectly constrained within its FoV, replicatiamplification based error will
be non-existent (independent of the convolutionn&krselected), but because
images are acquired in k-space, and because k-spatiscretely sampled, all
MRI images produced will not be entirely constraimgthin their FoV. However,
replication contributions from the signal produciobjects themselves, when
these objects are contained within the prescrib@d, re generallywery small.
When appropriate sampling density compensationmpldmented for image
generation such that the ‘delta-error’ at the eewtr k-space is ‘eliminated’ the
replication-amplification based error is essentiabn-existent Kigure A2-1D).
While the signal intensity associated with the algproducing object may be
effectively ‘FoV-limited,” the noise acquired in &MRI scan is not ‘FoV-limited.’
Replication-amplification based errors can be semward the corners of the
images ofFigure A2-6 when one zooms in on the noise. However, this esror
again small. As can be seenhigure A2-6 the effect on the image associated
with convolution gridding using a width 4 kernelrisgligible when compared to
the use of a width 6 kernel. Increased kernel widtjuires a widtlbubed increase

in convolution computations, and for this reasamdth 4 kernel was selected.
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Figure A2-6: Comparing the amplified replication based errardonvolution gridding
using the width 4 ang@ = 6.5 kernel (A, C) and the width 6 afid= 10.5 kernel (B, D).
Very small difference can be seen in the cornethefimages windowed to highlight
noise. However, this tiny difference is beyond Fod/ and of very little interest.
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Appendix 3

Arbitrary Imaging Development (AID) Software

Matlab based software was developed for the demnghimplementation of non-
Cartesian k-space sampling. This software, nameD Prbitrary Imaging
Development), is intended to be independent of dbiial k-space projection
design and so provide utility for any and all noar@sian trajectories that could
be conceived. The purpose of the AID software ipravide a platform for k-
space projection design (i.e. to load, displayatudié design parameters for, and
execute projection designs), to appropriately gaaneach k-space projection
design produced, to generate the gradient fildsetanplemented by the system,
to recalculate sampled k-space locations basedradiegt field step transition
shapes, and to calculate the appropriate weightiagameters required for

sampling density compensation.

The AID software is at the heart of the non-Cadlesmaging performed. The
Varian Inova scanner was programmed as a ‘dumbticgzant in k-space
acquisition, loading and ‘playing’ gradient filesepiously generated by AID, and
storing acquired data for subsequent processinthisnmanner, each (and any)
type of k-space acquisition developed with AID dam implemented for any
given Varian Inova program file. Different Varianova program files (each with
the same ‘dumb’ k-space acquisition) are requiraty dor different types of
NMR sequences, i.e. sequences with different nusnbeERF pulses and phases
preceding acquisition. Use of the AID software idyorequired when k-space
acquisition characteristics are to be changedpvoilg development only the

saved files generated by AID are needed for imagetion.
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Design files for numerous k-space acquisition meétthagies were created during

the tenure of this thesis including designs fotanslard’ TPl and sampling

density apodized k-space acquisition (Chapter @pxation compensating k-

space acquisition (Chapter 4), and a novel ‘Freesfing’ TPI technique (not

included in this thesis, but presented at the NartgSian workshop in Sedona

(144)).

[ NL-Projection

Satus

Proj Set in Memory

Kmat Loaded

[ Analyze Projection Design

Write Gradients [ Run Script
Write Gradierts Wirite Table Seript

Generate kSpace Matrix Analysis Values

Wic 554010
Generate SDC Matrix

Generate SDC

Analyze PD and SDC

Display Images

Piot Sics 30 |
Plot All Slices
Load Kspace

Potsice |
Piot Al Slices !
Loe Arr in Memory

Plot Profie |
LoadFT |

Figure A3-1: Screenshot of the AID software user interface. Hfiecolumn contains
user input and projection characteristics dependerihe k-space projection design files
loaded. The remaining columns are associated Wwéhcteation (of gradient and image
construction files) and projection set analysis.
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Appendix 4

Arbitrary Image Creation (AIC) Software

Images were created using another piece of softdeveloped during this thesis
labelled Arbitrary Image Creation (AIC) softwarehel purpose of this software
was to read and properly format the exported erpental data from the Varian
Inova scanner, import the k-space matrix locatiamsl sampling density
compensation matrix associated with the projects@t used (as previously
generated by the AID software), and perform thevobrtion gridding image

creation process as well as zero-filling and sgalirhe AIC software offers some
rudimentary image visualization as well as expapability to the ‘analyze’

format.

1524 Volunteer Test (KD)'s_2009Apr30_001101 fidl

Image Loaded

Figure A4-1: Screenshot of the AIC software user interfaceios image parameters
are displayed on the right. Some rudimentary indigplay functions are offered along
with image export.
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Appendix 5

Galileo (Image Analysis) Software

Image analysis software was created to fill thednéer an appropriately
functional and flexible tool for the stroke study ©hapter 6. This software,
named Galileo, has many region of interest drawamglysis, and saving features
not present on other software tools available dutire tenure of this thesis. All
the features of this software are keyboard and mobased to facilitate

accelerated analysis capability.

GALILEO

Figure A5-1: Screenshot of the Galileo software user interf&e. this example the
stroke lesion was drawn on the DWI image and \esiBSF contributions to each ROI
drawn on coregistered ,Timages. Encircled regions within a greater ROl are
exclusionary. The Galileo displays ROI volumes &l w&s average intensity measures
and standard deviation. However, any other analfgsisure that could be created in
Matlab is available through the ‘script’ button.
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Appendix 6

Sodium Spin Simulation (Triple-S) Software

A sodium spin simulator was developed to help ustded, visualize, and
optimize sodium NMR sequence. This simulator solves coupled differential
equations describing the evolution of the sodium gmsemble density operator
under all relevant Hamiltonians (these coupled tgos come directly from
(71,145,146) and are described in Chapter 1.5).sirhalations of Chapters 5 and

7 were performed using this software.

Triple-S Software

B TN e e

Run Script 24822 Adjust for TRep
e i o 09993

Adjust for unit SAR

Figure A6-1: Screenshot of the Triple-S software user interfddds simple pulse
sequence contains one RF pulse and a spoiling egradConsiderably longer more
complicated sequences, including multiple quantudlterihng can be assessed. The
evolution of all of the spin ensemble polarizatioas described by the irreducible tensor
operator, can plotted throughout the pulse seqei8mn 3/2 relaxation, as described by
the spectral density parameters, as well as rdsgdatic quadrupole interaction effects
can be simultaneously considered.
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Appendix 7

4.7 Tesla Sodium Radio Frequency Head Coil

A simple, 16-rung, high-pass, quadrature sodiunddaige head coil was built
early in this thesis for the sodium Larmor frequermd the 4.7 Tesla Varian
system, 53 MHz, and was used exclusively for thpearments in this thesis
(Figure A7-1). This coll, intended as a temporary coil untilpeofessionally
manufactured coil was to be completed, remainséeait the end of the tenure of
this thesis.

Figure A7-1: A picture of the sodium birdcage head coil corgttrd and used during
this thesis.

This 4.7 Tesla sodium head coil has a diameteOafr8, a rung length of 18 cm,
and an end rung capacitance is 202 pF. The baatohing Figure A7-2) (313)
for human head loading includes 90 nH inductors 40@ pF capacitors. The

loaded quality factor for the coil is 39.

Figure A7-2: The balun matching circuit used in the sodiumdagk head coil.
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Appendix 8

Sampling Efficiency Derivation

k-Space sampling efficiency is a measure of retatBNR concerning the
generation of a desiredlm] shape. An equation defining the decrease in noise
variance for generation of a k-space filtering €haghen designed sampling
density is used instead of post-acquisition werghtis simply stated in the
introduction of Chapter 2. The simple derivationtlut equation, which was cut
from the paper in revision for length related remsts given below, as it is not

listed elsewhere (to the author’'s knowledge).

The generation of [m] k-space transfer function is reflected in thetreéanoise
power spectral density (rPSD) introduced in Chape3, where SD is the

sampling density, W is post-acquisition weighting
rPSD[m] « SD[m] - W?[m] [A8-1]

Consider first for the case of k-space filtering gmst-acquisition weighting that
N.ve S@amples have been acquired for each k-spacedadatia uniform manner,
i.e.

SD[m] = Naye- [A8-2]

The weighting required to produce tiign] shape with a value of one at the

centre of k-space must be
I[m] [A8-3]

Z
QO
<
®

I'?[m] [A8-4]
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and the image noise variance dependence for k-dppi@ecang by post-acquisition
weighting

1 [A8-5]
olngWocN Zrz[m] :
ave A

Now consider that k-space has been sampled inaumsanner that the same total
number of data pointsN(,.-A), where A describes the Kk-space matrix
dimensions, have been acquired covering the saspaée volume. However, the
excess data points at the edges of k-space have redestributed toward the

central region to generate a sampling density sliagieis a scaled version of
I'[m]

N,yeA = b - Z rim] . [A8-6]
A
The sampling density with thus be
SD[m] =b -T[m] , [A8-7]

and the required constant weighting to maintairoastant value of one at the

centre of k-space

Wim] = 1 | [A8-8]
The relative PSD will be

A8-9

rPSD[m] o <Z§F[’Z]> .T[m] , Al

and the image noise variance dependence for sagnéinsity designed k-space
filtering
[A8-10]

2
oip ! ZF[m] :
NaveA M
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The relative noise difference between the two nathof producing k-space
filtering is
Oiaw  A-Yal?[m] [A8-11]
%y CallmD?

While this simple derivation is related to the gatien of a k-space filter it can
conceptually be applied to the weighting of indivadl sampling points regardless
of their location. The expression of Eq. [A8-12h (its essence) has been

presented previously with different derivation (55)

Opaw L2 W2[2] [A8-12]
oy (ZAWIA])?

In this caséWN|[p] is the post-acquisition weighting applied to aiyeg sampling
point acquired, and (L) is the total number of sE®@mcquired. The most SNR
efficient k-space acquisition is attained when rmstgacquisition weighting is
required. Previously this has been discussed msesf weighting required to
produce a unifornrT[m] when sampling density is non-uniform (55), but the

production of unifornT’[m] may not always be optimal.
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