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Abstract

Fluorine19 (°F) magnetic resonance imaging (MRI) of the lungs using inhaled inert
fluorinated gases can potentially provide high qualitgtomical and function@inages

of the lungs This technique is able to visualize the distribution of the inhaledsoasar

to hyperpolarized (HPhelium3 (He) and xenoii29 {2%e) MRI. Inert fluorinated
gases have the advantages of being nontoxic, abundant, and inexpensive compared to HP
gases. Due to the high gyromagnetic ratid®f there is sufficient thermally polarized
signal for imaging, and averaging within a single brdwaild is possibledue to short
longitudinal relaxation times.Since inert fluorinatedgases do not need to be
hyperpolarized prior to their use in MRtis eliminates the need for an expensive
polarizer and expensive isotopes. Inert fluorinated gas MRI of the lungs drastidied
extensivelyin animalssince the 198Qsand more recently in healthy volunteers and

patients with lung diseases.

This thesisfocused on the development stfatic breatkhold inert fluorinated gas MR
imaging techniques, as well as the developimtinctional imaging biomarkers in
humans and animal models of pulmonary dise@ptimized ultrashort echo time (UTE)
% MR imaging was performed in healthy volunteeasd images from different gas
breathing techniques were quantitatively comparéd.UTE MR imaging was then
quantitatively compared t§F gradient echo imaging in both healthy volunteers and in a
resolution phantom. A preliminary comparison to #fe MR imaging is also presented,

along with preliminary®F measurements of the appareiftusion coefficient (ADC) and



gravitational gradients of ventilation in healthy volunteeffie potential of inert
fluorinated gas MRI in detecting pulmonary diseasasfurtherexplored by performing
ventilation mapping in animal models of inflammatiand fibrosis Overall, interest in
pulmonary!®F MRI of inert fluorinated gases is increasing, and numerous sites around
the world are now interested in developing this technique. This waak help to
demonstratethat inert fluorinated gas MRI has the @otial to & a viable clinical
imaging modality that can provide useful information for the diagnosis and management

of chronic respiratory diseases.
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Chapter 1

Introduction

1.1 Clinical Motivation

Respiratory diseasgsuch as asthma, cystic fibrosis (C&fjronic obstructive pulmonary
disease (COPD), and interstitial lung disease (IL&d§ avery significant worldwide

heath care burdenChronic obstructive pulmonary disease (CORDpssociatedvith
progressive and irreversible airflow limitation in the luf@. COPD encompasses
chronic bronchitis and emphysema, which represent airway obstruction and the
enlargement of alveoli due to tissue destruction, respectively. COPD is currently one of
the six leading causes of death in theited States, and death rates from COPD have
been steadily increasing since 192 In Canada, approximately 4#lof adults aged 35

and over have COPD (~7@00 people)and this number very likely underestimates the
true prevalence of COPD in Cana(®. On the global scale, COP&ffectsbetween9
and10% of adults aged 40 and o\(d). Asthma is associated with airway narrowing and
airway wall inflammation in the lun¢p). Like chronic bronchitis, asthma leads to airway
obstruction and reduced ventilation in the lungs, however, this airway limitation is
reversible with treatmen(6). It has been estimated thasthmaaffects between 5 and

16% of the wof.l débs popul ati on



Interstitial lung disease(ILD) are a group of pulmonary disordetthat affectthe
interstitial tissues in the alvepliesulting in inflammation and fibros{8). A 20 year old
epidemiological studyestimated that ILD féects 80.9 per 10@00 men, and 67.2 per
100000 women in the United State$9). More recent studies have shown that the
incidence and mortality of idiopathic pulmonary fibrosis (IPF), one type of ILD, is on the
rise (10). Although these numbers seem low comparedCOPD and asthmahe
prognosiof ILD is generally very pogras the root cause is sometimes unknown and the

basic mechanisms are poorly understood.

Given the substantial prevalence of respiratory diseaseserous research efforts are
currently undeway that aim to help improve clinical outcomemfortunately,a number
of gaps have been identified in the cafepalmonary diseasesvhich can lead to an
inadequate assessment of diagnosis and treatment progr@s3idn other wordsthere

is a problem in translating existing knowledge to routine clinical praciiberefore,
there is a significanneed for newand effectivemethods to diagnose andanage
respiratory diseasgthese techniquessuld be relatively lowcost and easilyranslatable

to clinical practice

1.2 Pulmonary Physiology

The principal function of the lung is to permit gas exchangeereoxygen (Q) from the
air is ableto move irto venous blood and carbon dioxide (@ ableto move ouf(12).

The lung branches from the trachea into progressively narrower airways araivéolar



ducts and alveolar sacs are reacttédure 1 s hows a diagram of
structure, with approximately 23 generations of branching between the trachea and
alveoli (13). The first 15 generations are called fit@onductingAirwayso; their purpose
is to transport gaand they do not participate in gas exchange. The 8ig@nerations are
called thefAcinar Airways, which containalveoli that participate in gasxchange

through diffusve mechanisms.
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Figure 1-1: We i b airivaylsranching diagram. Image reproduaeith permission(13).

There are on average 480 million alveoli in the human [@dywith a mean diameter of
~ 2 0 0 (19.rmoverall, the total surface area available for gas exchange in the human
lung is approximately 130 ©§13), which isroughlyhalf the size of a tennis couRigure

1-2 shows a micrograph from a human lung sectwinere the alveolappear to have a



spongelike structure and a terminal bronchiole clearly branches into respiratory

bronchioles, alveolar ducts, and alveoli.
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Figure 1-2: Lung micrograph showing the structure of the alveoli lrahchingairways. Image
reproducedvith permissbn (13).

The interested reader is referrediRespiratory Physiology: The Essentiatsy John B

West for more details on lung function, végiion, and gas exchang#2). In addition,

the ¢ ompani Pumonarp Pathophysidiogyrhe Essentiats by John B. West
offers nsight into the pathology, pathogenesis and clinical features of various pulmonary

disorderq16).



1.3 Pulmonary Function Tests

Pulmonary function tests (PFTs) aifee current gold standard for the diagnosis and
assessment of respiratory diseases such as COPRand asthm#l7). One type of PFT

is spirometrywhich tests lung functin by measuring airfloyparameterss a function of
time while a patient is either inhaling or exhalthgough a tub&18). The volume of air
that is exhaled in the first second of a forced expirataailed the forced expiratory
volume (FE\), while the total volume exhaled ¢alled the forced vital capacity (FVC)
(12). The diseaseseveritycanthenbe evaluatedwith these parametees well agatios
such asFEV/FVC. For exampleCOPD is characterized by airflow limitationhere
both FEV: and FVC are expected to decrease; howdwek/, generally decreases more
than FvVCandthereforean FEV1/FVC ratioless thar0.7 isa typical threshold used to
diagnoseCOPD(17). COPD is further classified into four stages according to the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) guideliEg. These stages
are defined according t6EV: as a pecentage of the predicted valtleat is normalized

based omlemographic parameters such as age, sex, height, weight, etc.

1 Stage | (mild) has aREV: of >80% of the predicted value

1 Stage Il (moderate) has &EV: between 50 and 80% of the predicted
value

1 Stage lll (severehas arFEV1 between 30 and 50% of the predicted value

1 Stage IV (very severdjas arFEV: <30% of the predicted value



Another type of PFT is body plethysmography, which is able to measure lung volumes
while a patient is sitting inde an enclosed boi9). By measuring pressure changes
inside the box during respiratory efforts, lung volumes can be calculated. Parameters of
interest includehe residual volume (RV), functional residual capacity (FRC), and total
lung capacity (TLC).Figure 13 shows how these lung volumes relate to breathing
manoeuverghat are performed during PFT measuremente TLC is the total lung
volume after a maximainspiration, the FRC is the volume remaining after normal

expiration, and the RV is the volume remaining after a maximal expiration.

TLC

Figure 1-3: Lung volumesneasured with PFT#dapted from(12).

Other parameters include the vital capacity (VC), which is the volume exhaled following
a maximal inspation, and the tidal volume (TV), which is the volume change during a

normal breathing cycle.



In addition to spirometry and plethysmographthes types of PFTs include helium
dilution (20), multiple breath nitrogen wastut (MBNW) (21), and the diffusing
capacity of carbon monoxide (&) (22). Although PFTsare considered to liée gold
standarddiagnostic tod, they do not provide anyegionalinformation with respect to

lung function whereas thedistribution of lung function is well-known to be
heterogeneous and largely driven by grai®s). A number of nonnvasive lung
imaging techniques have been developed recently that may be able to provide critical
functional and regional informatiothat PFTs lack. Overall, these developments may

help to improvehe diagnosis and treatmeritrespiratory diseases.

1.4 Conventional Lung Imaging Techniques

The following sectiongriefly describea number ohorrinvasive imagingegchniqueghat

can be used to study lung structure and funciiecluding X-ray computed tomography
(CT), single photo emission computed tomography (SPECT), positron emission
tomography (PET), and magnetic resonance imaging (MRl). more details on the
physicsof these imaging modalitieshe interested reader is referredfithe Essential

Physics of Medical Imagiry y Bushberget al (24).

1.4.1 X-Ray Computed Tomography

X-ray computed tomography (CT) of the lung has been performed since the 1970s and
still plays an important role in the diagnosisregpiratorydisease425). A CT system

consists of a rotating gantry mounted with arrax tube anddetector system.



Transmission measurements are performed at many angles around the patihet Xand
ray attenuation data is used to reconsteuatap of the tissue density. Tissue density is
measured on a linear scale in Hounsfield units (HU), wisdefined as zero for water,
and-1000for air (26). Therefore, higkdensity structures, such as bone, appear bright;

while low density structures, such as the lungs, appear dark.

Some of the first reports involving quantitatiyguimonay CT were publishedoy
Hoffman et al. in the 1980s, and these studies exaniimedolume and shape of the
lungs(27), gravitational gradients in the distribution of ventilat(@8,29), the effects of
orientation on lung expansio(28,29), and models for calculatingthe fractional air
content(30). PulmonaryCT imaginghasalsobeen used to study airway narrowing and
airway wall thikness in asthmatic subjed®l). CT is also able to quantify emphysema
by measuring the fraction of the lung where air spaces haveedsmged due to tissue
destruction(32). A threshold CT number is set, typical950 HU, below which the
tissue is considered emphysematolkerefore, CT is able to phenotype COPD by

idenifying disease attributes through the measurement of khaged biomarker83).

Stable xenon (Xe) gas can be used as a contrast agent in CT imaging to olctaondu
information fromthe lung (34). Since Xe is nomadioactive and denser than air, the
measured CT density is directly proportional to the Xe concentration. Dydangc
imaging during Xe breathing cycles allevior the measurement of wagthand waskout
characteristic$35), andthis techniquealso permits the calculation of regional ventilation

(36). The use of duatnergy CT allows for a direct visualization of the Xe distribution



without the registratin artfacts that arise in methods that require a subtraction of
enhanced and unenhanced ima@®438). Pulnmonary gerfusioncan also be measured
usingduatenergy CT by injecting an iodifgasedcontrast agen39). Ventilation and
perfusion measurements obtained using-@nargy CT have been successfully validated
with comparisons t&PECT andconventionalCT (40). Recent studies have shown that
dualenergy CTis able to provide clinically meaningful information thahdze used to
evaluate lung functiom asthmatic subjects, and ventilation defect scare® shown to

correlate withPFT parameter@ll).

Overall, CT has the ability tachiee a very high spatiaksolution and it has the ability
to obtain quantitative functional lung informatiddowever a significant disadvantage

CT is its use of ionizing radiatiogrwhich limits the potential for longitudinal studies
especially in childrenThe lung is a pécularly radiosensitive organ, and the radiation
dose delivered during CT scanof the cheshas historically been very higd2). Reent
efforts have focused on reducing t8@ radiation doagethrough the development of
novel reconstruction techniqués3) and efficient imaging protocol@l4). CT will likely
continue to be an importasbmponent of clinical pulmonary imaging; howevertufe
developments in CT will havi® leverage theuantitative and functional aspects against

theneed to use ionizing radiation
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1.4.2 Nuclear Medicine

Nuclear medicineefers to techniques that usalioactive tracer®r diagnostic purposes,
such as SPECHAnd PET Both of these techniques can potentially be used to obtain
functional lung information; however, the use of nuclear medicine in pulmonary imaging
is not as ubiquitous as CTn SPECT, the regional distributioof ventilation can be
studied usinghe inhalation otechnetium@9m (°*™Tc)-labelled graphite particles. This
techniquehas beersuccessfullyused to study airflow limitation ipatients withasthma

(45) and emphysem@6). In addition to ventilatiofrelated information, SPECT can also

be used to measurbe regional distribution of perfusiamsing an injection ofindium-
113m (*3Mn)-labelled albumin. The use of both radioactive trac&¥&[c and!*Mn,
allows for the measurement of the regional ventilaperfusion ratio (V/Q), which ian
important parameter in pulmonary physiolo@7). V/IQ is directly related to gas
exchange and a ratio of unity 1indi atantad a
perfusion in the lung¢12). On the other hand, V/Q ratios greater or less than 1 are

indicative of gas exchange impairment and disease.

Similar to SPECT, PET is an imaging modality that also requires the injection or
inhalation of radioactive tracers. The isotopes used for PET imagyioh, as'C, 18F or

%, emit a p o*sdechyrOace hetpbsitraniemcountdan electronthe two
particles will annihilate and emitvo gamma raysn opposite directions. The final PET
image is then reconstructed from measurements of coincident photon detections
Numerous studies have us®&ET to investigatelung structureand function including

techniques that can determine the tissue volume, blood volume and alveolar gas volume
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(48). PETcan be used to assess regional ventilation by quantifiggngrashin and wash

out of N gas(49). This method can help to identify air trapping in lung compartments
that empty slowlyThe injection of®N dissolved in saline alsmables the measurement
of perfusion with PET, anchewashout of the dissolvedN can be used to calculatee

V/Q ratio (50,51). These approaches have been used to steiylation and perfusion in
animalsmodek of acute lung injury52) and pulmonary embolisr(b3), as well asin

humans withmethacholinanducel bronchoconstrictio(bl).

Like CT, nuclear medicine techniques also use significant levels of ionizing radiation,
which limits longitudinal studiesf lung function(54). Although PET and SPEChave a

very high sensitivity, these techniqussffer from a relatively poor spatial resolution
compared to CT47). Furthermore, there amgnificant problems in the supply chain of
radioactive isotopeg55). The National Research Unérsal nuclear reactor in Chalk
River, Ontari o produces a substanti al frac
isotopes, and shifting government priorities have led to an uncertain future for this
facility. Therefore, there has been a renewed pastievelop alternative methods for

isotope production, including the use of cyclotrons.

1.4.3 Magnetic Resonance Imaging

MRI was first demonstrated by Paul Lauterbur id9v3 Nature article (56). In this
seminal publicationtwo-dimensionaMR imagng was performedby applying magnetic
field gradients to a conventional nuclear magnetic resonance (NMR) sySteme

images were ohined from watefilled capillaries placed inside tabe of heavy water
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In the presence od magnetic field gradient, the NMR signal is essentially & one
dimensional projection of the sample. A 2D image can then be reconstructed by applying
backprojecton techniques that are commonly used in CT imagkaul Lauterbur
proposedhat this technique beferredto asi z eugmat ogr aphyo, meanir
magnetic fields.For these discoveries, Paul Lauterbur won the Nobel Pniz2003

shared with PeteMansfield. Despitet he f ac't t h a tmorkkardol thist aut er
techni que d MBRImMastrevatuaonizeth medical imaging with its ability to

provide images with high spatial resolutiagpod soft tissue contrast, and without the

need for ionimmg radiation.

ConventionalMRI is generally sensitive to thermally polarized hydrogen nuclei (often
referred to as protons &) in water molecules(The physics of MRI will be discussed
in greater detail inSectiors 1.6 and 1.7) Conventional!H MRI of the lung has
historically been very challengingwing primarily to a low tissue density that yields a
smaller signal than othgrotonrich tissueg57). PulmonaryMRI is further confounded

by high magnetic susceptibility differences at air/tissue interfagbgsh leads to short
transverse relaxation times and a short signal lifetime. Furthermespiratoryand
cardiacmovement during imaging ocalead to motion artifactsAs a result, the lungs

generally appear to be a large blaanal void in conventiondH MR imagng.

Figure 24 shows a comparison of conventioHdlMR lungimages acquired ithunder
Bay, Ontario, froma healthy volunteesind a patient with severe COPD. In both of these

cases, therés very little MRI signalfrom inside the lungsother than the pulmonary
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vasculatureThe lungs are clearly enlarged in the COPD casech is to be expected
due to a loss of elastic recdipwever these imageis generakhow very little functional
information inside the lungthat might give insight into which portions of the lung are

activelyparticipating in ventilation and gas exchange

Figure 1-4: ConventionafH MR lungimages acquireih (a) a healthyvolunteer andb) a patient with
severe COPD.

A number of novel and efficientH-based MRIacquisition strategies have been
developed for lung imaging, such balanced steady state frpeecession (SSFR)9),
ultrashort echo time (UTHpY9), zero echo time (ZTE[(60,61), and pointwise encoding
time reduction with radial acquisition (PETRA§2). Theseapproaches, in combination
with respiratory gating, capotentially mitigate all of thetraditional shortcomingsof
conventionafH lung MR, however, the resulting imagssll providemainly anatomical
details rather than functional informatiolm. spite of thispotential disadvantagethese
H-basedMRI acquisition techniquemay still have potential clinical applications, since
it has been shown that UTE signal intensity is reproduciblated to tissue densi(g3),

and correlated with PFT parametarsl CT metricen patients with COPI}64).
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1.5 Functional Approaches to Pulmonary MRI

1.5.1 HMRI

Oz-enhanced(OE) H lung MRI is a functional technique that is able to provide
ventilationrelated information by taking advantage of i signal enhancement that
results from inhaling pure OSince molecula®: is paramagnetjdt tends to shortethe
longitudinal relaxation ofH in the body and therefore, inhaled €@n serve as a contrast
agent in pulmonaryH MRI. By subtracting an unenhanced MR image obtained during
normal air breathing, the resultirgignal enhancemers related to the distributionf
ventilation. In patients with lung cancer and emphysema, OE MRI is able to detect
ventilation defects, which are signal voids that indicate unventilated regions of the lung
(65,66). Results from OE MRI have also been shown to agree with nuclear medicine

imaging techniquesb).

Dynamic imaging duringalternating breathing cycles of air and €an be used to
investigate wasin, wash-out and air trapping67). A model describing the Owvash
in/washout kinetics can beused to compute a map of regional ventilatiand this
technique yields thexpected gravitational gradient in ventilati@®B). Regional V/Q

ratio measurements have also been demonstrated*WitMRI using acombination of

three techniquesOE MRI to measure specific ventilation, a modified arterial spin
labelling (ASL) approach to measure perfusion, and a fast gradient echo method to
measure regional lung dens{§9). This technique haseen used to investigate posture

dependent gradients in the V/Q ratio.
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OE MRI can potentially be used to assess pulmonary diseases st asice the
resulting images are sative to ventilation heterogeneity and changes in tissue density
(70). OE MRI has the advantag# being able to be performed artually any MRI
scanner, and 8s a readily gailable and inexpensiveontrast agentUnfortunately,OE

MRI has a few potential disadvantagemd in particular, the £induced signal
enhancement is vergmall. It may be possible to improve the quality of OE MRI with
efficient acquisition strategiesuch as UTEbut OE MRI may still suffer from a mis
alignment of enhanced and unenhanced images (i.e. misregist(@iprijurthermore,ti

is alsounclear whether the 8enhancemerttuly represents ventilation of the air spaces,

since the signal change arises frimteractions betweetH in tissueandO; (57).

Fourier decompositiorfFD) is another'H-basedMRI technique that is able tobtain
functional lunginformationwithout the use of a contrast ag€ng). This method rapidly
acquiresfree-breathingimages at a rate of 3.33 images Since no form of gatingsi
used during image acquisition, aonrigid registration algorithm B required to
compensate for respiratory motioA pixel-by-pixel FD of the signal intensity yields
spectral peaks corresponding to ¢acdand respiratory frequenciesllowing for the
calculation of perfusionand ventilatiorweighted image$=D MRI has been shown to be
reproducible(73), and ithasalso been validated with a comparison to SPECT and CT

imagingin porcine lungg74).

FD MRI has been successfully used to image a porcine model of pulmonary embolism

(75), and recent work in human lungs has demonstrated the expeciildtion defects
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in COPD (76). Ultra-fast SSFP techniques have recently been applied to FD MRI, and
significantly improved image quality has been demonstréi@). Like OE MRI, this
techniquecan be performed owvirtually any MRI scanner; however, FD MRIso has a

few potentiallimitations. For exampe, FD MRI is an indrect method for the acquisition

of ventilation and perfusion informatioifhat is, the ventilation and perfusion related
fisignab essentiallyarises from the regional change'ih density due to the motion of the

chest, andhis techngue cannot directly image tlagr space of the lungr blood flow

1.5.2 Hyperpolarized Noble Gas MRI

The advent of hyperpolarizg#iP) noblegas MRI, using heliur® (He) and xenoi29
(*?°e), has substantially improved the ability of MRI to measure anatdnaine
functional changes in the lung due to disease progression and response to kg .
MRI of the lung was first demonstrated by Albettal in a 1994 Nature publication,
where HP!?°Xe imaging was performeth excised mouse lungs at 9.4(78). HP gas
MRI can overcome the limitations of conventiofidl lung MRI by directly visualizing
the distribution of the inhaled gasg®). Since 1994, various search groups around the
world have performed HBHe and'?®Xe MRI studies in the lungs of animdB0-82) and

humang83-87).

In conventional!H MRI, the signal arisefrom a net magnetization due @ small
population difference of nuclear spins in the presence of an externally applied magnetic
field. This populationdifference isreferred to as thermadolarization andH has a

polarization of approximatel9.9 x 10° at body temperature and anclinical magnetic
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field strengthof 3 T. (Thermal mlarization isquantitativelydefined in section 1.6.2Ih

HP gasMRI, 3He or 1°Xe is prepolarized outside of the imaging system, yielding a
polarization that is 4 5 orders of magnitude greater than thermal equilibrium 1€88)s
Therefore the available polarizatiom HP gas MRIis independent of the imaging field
strength(89). The hyperpolarization proceggenerally uses aon-equilibrium optical
pumping technique called spinexchange ptical pumping (SEOP)(90). Other
hyperpolarization techniques include dynamic nuclear polarization (ODNB) and
metastability exchange optical pumping (MEQP2); however, it should be noted that

MEOP can only be used to hyperpolarize.

The SEOPprocessbegins with circularly polarized laser lightathis absorbed by an
alkali metalvapour, such afubidium (Rb)(90). The circularly polarized laser light
excitesspecific Rb electronic transitions, and the Rb becomes polarizée. angular
momentumis then transferred to the noble gas nuclei by collisions. This @aoses
typically performed athigh pressure (up to 10 atrapdin the presencef a magnetic
field (~a few mT).1%°Xe is efficiently polarized at low partial pressurei (3%) and in a
continuous flow modewhile pure®He is typically polarized in datch male for several
hours irside a sealed glass vesseiterature values for the final gas polarizatieary
considerablydepending on the instrumentati@s well as temperature and pressure
parametershowever,He and!?°Xe polarization values up to 50% atgpical. Once
polarized, imaging can be performed onMiRI scanneithat hadroadband multinuclear
capabilities(i.e. the system can detect nuclei other thdh and dedicatedHe/A?%Xe

radio frequencyRF) colls.
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HP gasMRI has been used to visualize tneg air spaces in humans with a high degree
of reproducibility(93), andimagederivedbiomarkersshow a good correlation witAFTs
(94), OE MRI (71) and FD MRI (75,76). HP gas MRI has also been successfully
compared to established CT ventilation met(RS), and it has been shown that H&sg
MRI can potentially provide additional functiongiformation that cannot be obtained
from CT (83,96). HP gasMR imagederived biomarkers have the ability to phenotype
respiratory diseaseand these measurements h&eenextensivelyused to investigate
diseases such as asth(@d), COPD(83) andCF (98,99). For example, Figure-% shows

HP *He MR images that wemabtainel in Thunder Bay, Ontario frora healthy volunteer

and three patients with pulmonary diseases: asthma, moderate COPD, and severe COPD.

Figure 1-5: HP *He MR images acquired from four individuals: (a) hegl{b) asthma, (c) moderate
COPD, and (d) severe COPInages were reproduced with permiss{@a0).

The HP3He signal is relatively homogeneous in the healthy volunteer, although there is
some structure inside the lungs due to the pulmonary vascul@ionitar to OE MRI and

FD MRI, ventilation defectsan be observed in patients with pulmonary diseases, which
are signal voids that indicate the presence of airway obstructions and unventilated lung
regions. By ceregistering HP gas images with a conventidithllung image, the total
ventilated volume (VV), ventilation defect volume (VDV) and ventilation defect percent

(VDP) can be measurdd01l). It has been daonstated thathhese metricean potentially
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help to evaluate the severigf COPD which makes this a very sevsitive technique for

diagnostic purposdgd.02).

In addition to static breathold ventilation imagingHP gasMRI can also be used to
obtain functional information from the lung, such as the measurement of the apparent
diffusion coefficient (ADC), which has been correlated with tissue destruction and
emphyema (103-105. By measuring changes in longitudinal relaxation due to the
presence of @the regional algolar partial pressure of2@PAO) can be probed106-

108). Air trapping and the distribution of ventilation dynamics can be assessed by
acquiring multiple images at a high temporal resolution throuighcsingle ingiration,
breathhold and forced expiratio(®6). These studies have quantified the heterogeneous
nature of obstructive lung diseases, demonstratingHRagasMRI has the ability to
provide regional information that is not available from traditid?&l's Measurements of

the regional V/Qratio obtained from B gasMRI have the potential to yield a greater
spatial resolution than what is currently achievabl&é\&PECT and PETL09). Overall,

HP He and'?®Xe MRI have the ability to obtain anatomical and functional information

from the lungs using a nanvasive technique that does not require ionizing radiation.

1.5.3 Inert Fluorinated Gas MRI

The first demonstragn of gas phaseMRI was reported in the 19808y Edwin
Heidelberger andPaul Lauterbyrwhere pulmonaryluorine-19 (*°F) MR imagng was
performed usingetrafluoromethangCFs). Heidelberger and.auterburwere able to

acquire crudemagesin phantoms, esised rabbit lung$110), andin healthy dog lungs
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(111,112 at a field strength of 0.T. F MR images were obtained during a 25 minute
acquisition that resulted in a 6565 x 65 matrix with a resolution of 23 mm. Unlike

HP gases, inert fluorinated gases are imaged without hyperpolarization, which leads to an
inherently lower signalo-noise ratio (SNR). Thereforeitle progress was mada the
developnent of inert fluorinated gas MRbr many yearsas investigators focused on

developingHP gas MRI.

In 1998, Kuetheet al demonstrated high resolution 38 MR imaging of rat lungsand
images wereobtained duringcontinuous breathing of a mixture bexafluoroethane
(CoFs) and Q (113. These inages had ra isotropic resolution off 0 Om, and the
acquisition took 4.3 hourt® complete It is interesting to note that Kuethe et al. used an
image acquisition approach that wagry similar to P a u | Lauterburos
demonstration of MRI in 1973exept the image reconstruction used3@ inverse
Fourier transfornrather than a back projection appro46b). In the same 198 paper,
Kuethe et al.hypothesized thahuman lung imaging withnert fluorinated gas MR
would be possible witla similar SNR efficiency a¥H MRI. This hypothesis was based
on two assumptionghat the shortongitudinalrelaxation of fluorinated gasetlows for
more averaginghan'H MRI, and a relatively awse matrix sizeof 64 x 64would

increase the number &F nuclei per voxe{113).

Inert fluorinated gas MRI of huam lungs was first demonstrated Wplf and Schreiber
et al, and this work was reported at the 2008 annual meeting of the International Society

for Magnetic Resonance in Medici&EMRM) (114). In this brief report2D whole lung
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projection images wereacquired m a healthy volunteeusing a mixture ofsulfur
hexafluoride §Fs) and Q. Theseinitial images weregatherpoor in quality andthe SNR

was approximately 9rhis low SNR was perhaps due to the exceedingly short transverse
relaxation of SFin the lungs.Neverthelessthis initial human imagingwork was an
important benchmarkhat openedhe doors to new developments in this lung imaging

modality.

In 2013, inert fluorinated ga8D UTE MRI was reported in healthy voluntee(415).
Figure 16 shows a comparison obnventionafH MRI and!°F 3D UTE MRIacquired

in the lungs of a healthy volunteefhis imaging was performed under breatsid
conditions, following several breaths afmixture of 79% perfluoropropane (PFP) and
21% Q. Similar to HP gas MRI, the® dgnal is fairly bright and homogeneous
throughout the lungs of this healthy volunteEnis work was performed at the Thunder
Bay Regional Research Institute (TBRRI)Tihunder Bay, Ontario, anitlrepresentshe
major focus of this thesisChapters2 thraugh 5 discussthe development ofnert
fluorinated gas MRin Thunder Bay, Ontarioincluding imaging performed in both

human and animal lungs.
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Conventional 1H Inert Fluorinated
MRI Gas MRI

Coronal

Figure 1-6: Comparison of ceng slice'H localizer and®F UTE images acquired in the coronal and axial
planes.

In 2013 3D inert fluorinated gaMRI wasalsoreported inpatients with COPD, asthma,
and postung transplaraition (116). This work was performedybHalaweish and Charles

et al. at Duke University, and the same inhaled gas mixture of 79% PFP anc:2i&% O
used. Figure (a) shows an example of 3% MR imaging in the lungs of a COPD
patient with emphysemalthough the image quality was rather poblalaweish et al.
showed that inert fluorinated gas MRI has the ability to detect ventilation defects in
patients with COPD, in a manniat issimilar to HPgas MRI.Figure 17(b) shows the
same 3D'F MR image overlaid in greyscale on a conventidhaMR image. Similar to

HP gas MRI, this approach cé&e used to analyze volumetric parameters, such as the

VV, VDV, and VDP(101).
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Figure 1-7: (@) Coronal®F 3D MR images obtained in a COPD patiaith emphysema(b) °F MR lung
images overlaid in greyscatsm conventionalH MR images Images were reproduced with permission
from Halaweish et a(116).

Halaweish et al. also developedtastombuilt MR-safe gas delivery system to deliver
the PFP/Q@ mixture to subject§l17). The computecontrolled delivery system was able
to switch between air, and the fluorinated gas mixtur@s well as provide additional
information in realtime, such as heart rate, Gaturation, @CO, concentration, and

flow rate. Ideally, a robust gas delivery system can potentially improve patient
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compliance, repeatability, as well as provide additionahformation to aid in the

interpretation of inert fluorinated gas images.

Overall, the work to date hademonstrated that inert fluorinated gas MRI is a safe and
well-tolerated techniquéll18), and that it can be performed in volunteers and patients
with severe pulmonary diseasdéske HP gas MRI, mert fluorinated gas MRI can be
performed on any MRI scanner that has broadband multinuclear capabilities and
dedicated RF coilsVloving forward, researchers will focus on validating inert fluorinated
gas MRI withrigorous comparisons to exisig diagnostic techniques, such as HP gas
MRI, CT, and PFTs. This work will help to determine if inert fluorinated gas MRI is able
to provide clinically meaingful information that can benefit individuals with pulmonary

diseases.

1.6 Nuclear Magnetic Resonance

In order to facilitate a discussion of MRI acquisition technigoegpulmonary imaging

in this thesisthe basic principles afuclear magnetic resonand¢MR) are describeth

this sectionincluding the nuclear magnetic moment, magnetization, Bieces a static
magnetic field, precession in a tiraarying magnetic field, spiattice relaxationand
spinspin relaxation.Section 1.7 will continue this discussion, by introducing spatial
localization and image formation principldsor more detailon the physics oNMR,

MRI, and image formation,he interested reader is referred ifdagnetic Resonance
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Imaging: Physical Principles and Pulse Sequence DeésimynHaackeet al. (119 and

fiPrinciples of Magnetic Resonance Imaging b y ghtwNishimurg120).

1.6.1 Nuclear Magnetic Moment

NMR arises from nuclei with an odd number of protons/@ndeutrons. Such nuclei

possess spin angular monh@m, which is given by:

® 0@ [1-1]

wheredi s t he reduced Pisthenrtriksic faHmeger spin.arhetspin a n d
angular momentum causes the nucleus to behave like a spinning charge, which gives rise

to a magngc dipole moment:
D [® 10@ [1-2]

wherel is the gyromagnetic ratio, which is unique to each nucleus and characterizes the
ratio of the magnetic dipole moment to the spin angular momentumgyrbeagnetic

ratios for a fewspin-“z nuclei of interesare shown inrable 1. Nuclei that have a spin
greater than %2 can also be NMRBnsitive such as3Kr and**Xe, however these nuclei
havea quadrupole mometibhat leads to relaxation properties tha¢ not ideal for lung

imaging(121).

Table 1-1: Gyromagneticatiosof a fewNMR-sensitive nuclef122).

Nucleus Spin,| [ [MHz-rad-TY 71jc¢“ [MHz- T

H Yo 267.519 42.577
*He Yo -203.814 -32.438
13C Yo 67.280 10.708
19 Ya 251.818 40.078

12%e Yo -74.519 -11.860
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1.6.2 Magnetization

When placed in an external magnetic field, spins tend to align with the magnetic field,

thus giving rise to a net magnetization density:

o ] B [1-3
whereYwis a volume of interesErom a classical perspectjwis net magnetizatiop,
can simply be nterpreted as a vector sum of all the magnetic dipole moments in a
sample.A schematic of the nemagnetization vector is shown frigure 1-8 for an

external magnetic fieldo, thatpointsin the positivez-direcion.

o
o

v
<

Figure 1-8: Net magnetization of an ensemble of nuclear spins.

A more rigorous treatmeiitom a quantum mechanical perspectnié show thatthe net
magnetizatiorvectoractuallyarises from a populian difference in energy level§irst,
considerthe potential energy of a magnetic dipole moment in the presence of a magnetic

field, whichis definedasthe following

O paP8 [1-4]
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Using Eg. [1-2], the potential energy can be rewritten to include the spin and

gyromagnetic ratio in the following way:
O 129038 [1-5]

Since pin-“2nuclei canexisine i t her-u po ficPomawi t ate, the s
value of O pjgor'O pj ¢. Thaefore, thes statesre separated by the following

guantity of potential energy:
YO 1926 h [1-6]

whee the lower energy state is alignpdrallel to themagnetic field, and the higher
energy state is aligneahti-parallel tothe magnetic fieldThis phenomenon is known as

theZeeman effec{119).

At thermal equilibrium, there will be alight excess of spins in tH®  pj ¢ state,
thereby giving rise taa net polarization, which can be definedith the following

expression:

~ UOu  Us,
) ——h 1-
v Un Us [ 7]
wherelu is thenumber of spins aligned with the magnetic field aads the number of
spins aligned against the magnetic field. This situation is showigume 1-9 for an

ensemble of nuclear spins placed inside a magfelil; Bo, and there is a slight excess

of spins in the lower energy state.
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Figure 1-9: Thermal plarization of an ensemble of nuclear spins.

The polarization in EQ[1-7] can interpreted as a probability of alignment with the
magnetic field, and itan be quantified using th@oltzmann distributionQ ! | in the
following way:

. Q! 9 | A A ; [1-6]
e OAI—.B—Y AI Y8

Since ¢'Q"Ys typically much greater thasj 6 , the polarization in Eqf1-8] can be
approximated in the following way:

. I0
< c'rQ..

[1-9]

If there is no externamagnetic field, then théwo spin states are degenerate. That is,
there is arequal probability of being in either state, leading to a net polarization of zero.
At body temperature and in a clinical magnetic field strength of 3 T, the polarization of
'H is approximately9.9 x 10°. Although this polarizationis very small, MR imaging is

still possible since there is a large quantityidiuclei in tissue.
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In general, the net magnetization can be related to polarization in the following way:
O 0 O h [1-10]

where0 is the number of magnetic dipole moments per unit volume. A final expression
for the net magnetization @&pin'z nuclei can be derived by inserting E¢%-2] and
[1-9] into Eq.[1-10]:

of oo 092 O 3
¢ QY 1QY

[1-11]

whered refers to thehermalequilibrium magnetization.

As noted in Section 1.5.2, HP gas MRI us&¥Xe or *He that has beepre-polarized
outside of the imaging system via SEQRe polarization ot?*Xe or®He can reacdi 5

orders of magnitude greater than thermal equilibrimwhich yields a greater
magnetization densitaccording to Eq[1-10] and hencea greater MRI signa(88).

Therefore, HP media represenunique case where Eq4-8], [1-9], and[1-11] do not
apply. Figure 1-9 shows a schematic diagram of aon-equilibrium hyperpolarized
situation, where anuch larger fraction of the spins are in the lower energy siade

aligned with themagnetic fieldBo.

1 1
I=—5,E=+5vhB

2
B,
f_-l-l E= L i8:]
- Er __E}r 0

Figure 1-10: Hyperpolarizecensemble of nuclear spins.
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1.6.3 Precession in a Static Magnetic Field

At themal equilibrium, nuclear magnetic momentsnd toalign with the magnetic field
and the net magnetizatidi®, points in the same direction @s. If the magnetic
moments are perturbed away from the directio® ¢ofthen they will experience a torque,
given by the following expression:

b o 8 [1-12]

By noting thattorqueis equal tothe timederivative of angular momentum, Ed-12]

can be rewritten in the following way:
Q
—® b @8 [1-13]
Qo

Multiplying Eq. [1-13] by the gyromagnetic ratia, and inserting Eq[1-2] yields the
following differential equation:

Q

—'p ' 1-14]

o ®°f @8 [1-14]
The nuclear magnetic momelat,in Eq.[1-14] can be replaced the net magnetization,

0P, in order to consider the macroscopic behavi an ensemble of nuclear spins

2o o 138 [1-15]

— v -

Q6
Assuming® points in the positive-direction,the differential equation can be solved to
describe the behaviour of the net magnetization vector

0 0 OBt hO 0 Al-6 [1-16]

where 0  is a rotating vector in they-plane composed ofb "Q0, 0 is the

component in the positivedirection,andd is the polar angle. Overal,q.[1-16] implies
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thatthe net magnetizatiomector precesses about the magnetic field lines at a frequency
of] . The precessional frequencyailsoreferred to as the Larmor frequencydancan

be calculated using thearmor equation:
T r6 8 [1-17]

Sincedis unique to eachucleus ¢eeTable 11), it canbe seen from Eq1-17] thateach
nucleus has a unique precessional frequency. The negative factor implies that for positive

9, the magnetization precesses clockwise.

1.6.4 Precession in a Time-Varying Magnetic Field

An NMR signal can be obtained by applying a radio frequency (RF) pulaeséonple.
When the RF pulse is applied, there is an additionaltianging magnetic field, denoted
as@, in a direction perpendicular to the main magnetic field. In gen®ra$ a rotating

vector in thexy-plane:

~

5 ® 0 h [1-18]

where] is the angular frequency of the RF pulsgince® is a rotating vector, it is
convenient tdransformthe coordinate systeto a reference frame rotating about the
diredion at a frequendy . The total effective fieldn the rotating reference franocan be

described by the following expression:

® 6 HSE — [1-19]
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where the® field appearsstationary along the x-direction, and thelongitudinal
component appears reduced. If the RF pulse is rotating at exactly the Larmor frequency,

then the effective fieldan be simplified in the following way

@ 6 H 6 Wr— Q 6 8’ [1-20]
Therefore, thebehaviour ofthe netmagnetizationvector during an RF pulse&an be
described bynodifying Eq.[1-15] to included®

Q.. . , . .

g 0° P& 00 16 RU [1-21]
wherea solution this differential equation would show ttie net magnetizatiorvector
precesses about tide field in a clackwise fashiorat the following frequency:

] 168 [1-22]

The angle at which the net magnetizati@ttoris rotated away from the-direction by
the RF pulse is referred to as the flip angleisTangleis equal to the magnitude of Eq.

[1-22] integrated with respect to time:
— g§ sQor 06 Q8 [1-23]
After an RF pulseof flip angle—has been applied, the components of the magnetization
vector have the following magnitudes:
0 O OBh 9 s 0 AT-O [1-24]
A schematiadiagramof this process ishown inFigure 1-11, wherea 90° RF pulse has

been applied anthe net magnetization has been rotated 90° clockwise dheudP

vectorin the rotating reference frame.
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Figure 1-11: Application of a 90° RF pulse in a rotating reference fraxhe/( z).

After the RF pulse is turned othe netmagnetizatiorvectorcontinues to precess about

the main magnetic field} , according to Eq[1-16]. A signal can be detected in the RF

coi l , since the precessing magnetizati on
coil. Since the RF coil is oriented perpendicular to the main magnetic field, only the

transverse component of the gnatization vectqrd , will induce a signal response.

From Eq.[1-24], it can be seen that9®°RF pulse will yield the highest possible signal.

The detectedMR signal b calleda free induction decay (FIDyand the edctromotive

force induced in the coil is given by Far a
"Y¢ 2p ¢ QoD B bh 1-2
° gho  oogg ° 125

where"Y0 is thereceivedsignal in units of/olts, 0P B is the magnetization density in
the transverse plane at a positipi@® b is the magnetic field produced by the RF coil at

a positionb per unit current, and is the volume of the sample. Recognizing e

F



34

is a rotating vector of the formP b 20 , the MRI signal that is received in the RF

coil can be rewritten without thexplicit time derivative:
Yo QQ QP IP P38 [1-26]

After the magnetization vector has been perturbed from equilibrium by an RF tpelse,
magnetizatiorcomponentn the transverse plane decays via sgpm relaxation, while
the magnetizationcomponentin the longitudinal directionre-grows via spinlattice
relaxation.Thus, the net magnetization vec®rentuallyreturns to equilibriumThese
relaxation mechanisms are desedhn detail in Sections 1.6.5 and 1.6.6, and theyl

provide additional factorthat affect theeceived signahat was defined ikq.[1-26)].

1.6.5 Spin-Lattice Relaxation

Spinlattice relaxation refers to the return to thermal equilibrium along the longitudinal
direction. An RF pulse stimulatesatrsitions between the energy states described in
Figure1-9, where the difference between the energy levels is givéfCby [ 96 . The
system relaxewia interactions with rapidly fluctuating magnetic fields caused by the
motion of magnetic dipoles. These thdependent magnetic fields have frequencies
close td 6 , causing transitions between the energy stated,returning the system to
thermal equilibrium. This relaxation behaves according to the following differential

equation:

¢

Q
— 1-2
o [1-27]
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where 0 is the longitainal component of the magnetization, is the thermal
equilibrium magnetization, andl is the longitudinal relaxation time constant. Equation

[1-27] has the following general solution:
0 o dDmQ!l O p Q' h [1-28]
whereb Tt is the longitudinal magnetization at zero time. If a 90° RF pulse is applied to

the sample, theit can be assumed that m 1, and theefore, themagnetization re

grows to thermal equilibrium accordingttze following:
b0 6 0 p Q! 8 [1-29]
The behaviour of the longitudinal magnetization followin@ RF pulses shown in

Figurel-12for three differentt values: 10 ms, 250 ms, and 1000 ms

12

D 1 T T T T
o 1000 2000 3000 4000 5000

Time (ms)

Figure 1-12: Longitudinal relaxation following a 90° RF pulgw three diffeent T, values
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A general rule of thumb tates that after a duration of Ta; the longitudinal
magnetization has recovered approximately to thermal equilibi8inte T: can be a
function of position, itwill be an important factor in determining imageafity and
contrast Thus, the signal equation from the preceding section can be modified to include

the effects of T:

Yo QQ QPP Op Q) ° P B8 [1-30]

The exponential kgrowth of longitudinal magnetizatioapplies to conventionaH MRI

and inert fluorinated gas MRI; howevearfew special considerations are requifedHP
gasMRI. Since HP gases initially have a magnetizatiuat is4 7 5 orders of magnitude
greater than thermal equilibriufavels, he first term in Eq[1-28] dominates, and the
relaxation of thdongitudinal magnetizatioms effectively an exponentiatiecay with a

time constant off;1. The Ty of HP gasess environmentependent, and canvary from
severalhours in a strong homogeneauagneticfield to 10s of secondmside the lungs.
Following the application of an RF pulse, the hyperpolarized magnetization does not
return to its initially high value. Instead, the longitudinal magnetization continues to

decay toward the much smaller at a rate opj Y as indicated by Eq1-2§].

1.6.6  Spin-Spin Relaxation

Spinspinrelaxation refers to the decaytbke magnetizatiorcomponentn the transverse
plane. The mechanism for this relaxatisnacal dipolar interactions, which cause local

variations in the zomponent of the magnetic field. This leads to a broadening in the
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resonage frequency and hence, a dephasing of the transverse magnetiZaatecay
of the transverse magnetizatiorgsverned byhe following differential equation:

Q. 0 h [1-31]
ad

where 0  is the magnetization in the transverse plane, ands the transverse
relaxation time constant. Equatifix31] has the following solution:

0 o 0 nmQl h [1-32]
where0 Tt is theinitial transverse magnetization immediately following the RF pulse.
Thedecay oftransverse ngnetization following @0° RF pulse ishown inFigure1-13
for three differentT, values: 2 ms, 10 ms, and 100.m$e T, valuesshown inFigure

1-13 are less than theiTvalues shown irFigure 1-12, and generally speaking, Ts

always less than or egl to Tu.

100 200 300 400 500

=]

Time (ms)

Figure 1-13: Transverse relaxation following a 90° RF pulgethree dfferent T, values
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The apparent transverse relaxation tidie,is shorter thad , since it includes additional
components that cause dephasing of the transverse magnetization:

p P P P~
YOV Ve [1-33

where 4 is the inherent transverse relaxation due to dipolar interactibrdas the
transverse relaxation due to static magnetic field inhomogeneities4 gnd is the
transverse relaxation duo differences in the magnetic susceptibility of the sample. It
should also be noted that diffusion plays a rolenodulating spirspin relaxation arising
from magnetic susceptibility difference$he signal expression frofiaqg. [1-30] can be

modified to includet” effects in the following way:
Yo N Q QPP Ip Qi ©» Wi 2 b8 [1-34

Similar tothe 4 effects descried in Section 1.6,5the 4° can vary asa function a
position, whichcan provide a source of image contrdairthermore, the Tand T
effects can be incorporated into Bd}:15] in order to fullydescribethe dynamics of th
net magnetization vector:

(0] 0 HO H O 0 .
—1P DD ¢ N 1-3
o 0P @ o o Q [1-39

Thex-, y-, andz-components oEq. [1-35] areoften referred to as the phenomenological

Bloch equations.
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1.7 Magnetic Resonance Imaging

Building on the NMR physic¢hat was introduced in Section 118is section describes
the MRI physics okpatial localization andnage formation. Spatial locaf#on is first

described in general terms, followed by more specific discussions of thedsRlI
acquisition techniques used in this thesis, including gradient echo imaging, UTE imaging,
and xcentric imaging.This section also briefly discusses some SNRsaerations that

areimportant for comparing the image quality between different MRI acquisitions.

1.7.1 Spatial Localization

In order to acquire aMR image, the received signal must be spatially localized by
applying linear gradient magnetic fields in aéuh tod . Thenet magnetidield points

in thez-direction, withspatialvariations in thes-, y-, or z-directions:
Padchy 6Q "Ow 0w "Od [1-36]
whereO —,'0 —and’O —. In general, magnetic field gradients can be time

varying, they can be a function of positioh, and the combined magnetic field gradient

can be written as a single vecioithe following way:

n@\ld:’b 'Q ” B HJ 'Q ”w B HJ 'Q ” B 7(8 [1 37]
ad ° Vad ° Vag °
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The application oh magnetic field gradiertas the effect of addingn additional linear
pha® factorto the signal equation:
Yo QQ QPP Op Q1 2 M 23 b
[1-38]
XY hh
where he phasaccumulated durinthe application o& magnetic field gradient is

definedby the following:
Ye ®D Q&) IDipmels [1-39]

The accumulated hasein Eq. [1-39] can be simplified by introducing thk-space

formalism:

D — Q&O&g suchthale BHD ¢ 0. [1-40]
Therefore k-spacecan be interpreted as a conjugspace wher¢he position irk-space
characterizeshe amount of phase accumulated by magnetization dthisn@pplication

of magnetic field gradientsAlternatively, k-space can be interpreted as containing

information related to spatial frequencies.

Thebasicobjectiveof spatial localizations touse the received signal tecover a map of

the magnetization density, which is inherently modulatedetgxation,the ® field of

theRF coll, andalinear phase factor correspondingptecession.
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For the purposes of this discussion, considerefiective magnetizationlensity that

incorporateshese relaxatior® , and phaseffects:
0P ‘QQ JIPpIp Qi ° i °3P b8 [1-41]
Inserting Eqs[1-40] and[1-41] into [1-38] yields the following signal equation
YR . Q) bR P, [1-42]

wherethe received signas nowa function of the positiom k-spaceand intgrated over
all of image spacd-ollowing data acquisitionwith a sufficiently sampled-spacethe
effective magnetizationdensity can be recovered by performing an inverse Fourier

transform:
b . QOYyYam [1-43]

wherethe effective magnetization densitynisw a function of the position in image

space and integrated owadt of k-space.

In order to sufficiently samplé-space prior image reconstruction, MRées data
acquisition fArecipeso call ed p ypredetermieed gquenc
set of RF pulsesnagnetic field gradient waveformand timing parameter§hus, an

MRI scanner is able texcite magnetization, apply the desired phaswfacand acquire

datawith the desired image contragthe following sections describe examples of MRI

pulse sequences that were used in this thesis, such as 2D gradient echo, 3D gradient echo,

UTE, and xcentric.
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1.7.2 2D Gradient Echo Imaging

A pulse sequere diagram for a typic&D gradient echo image acquisition is shown in
Figure 1-14. This pulsesequence can be brokeiown into four main steps which are
described separately below: RF pulse, stekection, phse encodingand frequency
encoding.Each time thegulsesequaceshown inFigurel-14is played outa singleline

of data ink-spacdas acquired. Therefore, the pulsequencenust be repeatadany times

in orderto fully samplek-space, andhe duration between eadbading RF pulse is

defined as the repetition timé€R.

o=
= \

T

Figure 1-14: Pulse sequence diagram fo2@ gradient echo image acquisition.

1.7.2.1 RF Pulse

The puse sequence begins with an RF pulse to tigdhgitudinalmagnetization into the
transverse plane. In general, any desitgn angle may be used, and it need not be a
constant. Ths, theflip angle and timing parameteese chosen carefully in order to

achieve the desired image contrast and to use the avaiagleetization efficientlyln
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conventional!H MRI and inert fluorinated gas MRthere is a tradeff betweenthe
between thesignal gain from using high flip angles and the available longitlidina
magnetization from Trelaxation. Therefore, the optimal flgnglefor afixed TR and &

is given by thedollowing equation
— AT 0Q nh [1-44]

where—is referred to as therist angle, which ensures an optimal SNR efficiency.

As noted in Section 1.6.5, theitially high longitudinal magnetizatiolof HP gasess
nonrecoverable Thereforelow flip angles are typically used so that the available
magnetizationcan be spread owver the entire data acquisitiqh23), such that the

transverse magnetization following the nth RF pulse is given by the follegnation

o)
0 & 0 mMOELAI-O O 8 [1-49]

Eq.[1-45 is often referred to as a constant flip angle (CFA) approduh.disadvantage

of using CFAIs thatthe signal strength following each RF pulse will be -naiform,
which has a filtering effect on the final ima@es. blurring) An alternative technique is

to usevariable flip angles (VFA), where each successive flip angle is incremented in

order to yield a constant signal response as a function of RF muiseer(124).

Each RF pulse has an associated bandwidi , or range oprecessionalrequencies
that will be excitedUnder the small flip angle approximatigtypically lessthan 30°),
the RF bandwidth can be determined by computing the Fourier transformRi fhdse

shape. For simplicity, a rectgmlar pulse is showm Figure 1-14, which has a sinc
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shaped profile in the frequency domain. In general, any arbitrary pulse shape may be

used, depending on the desired timing parameters and frequency profile.

1.7.2.2 Slice Selection

In order to excite a 2D slice of magnetizatithre RF pulse is turned on in the presence of
amagnetic fieldgradient whichis commonly referred to as tlséice-selectgradient.For
illustrative purposes, the slice select gradient is shiowffigure 1-14 in the z-direction

By convention, the-directionis alwaysin the direction of the magnet boend therefore

the pulse sequence showrFigurel-14 will excitean axial slice of magnetization in the
xy-plane.Imaging can also bperformed in the axial, coronal or sagittal planes, and
linear combination of gradient magnetic fields can excite any arbitrary plane of

magnetization (i.e. an oblique plane).

The thickness of th2D slice of magnetizations given by the following expression:

. b .
Yo ——=h [1-46]
o O

whered w is the RFbandwidth, andO is the strengttof the magnetic field gradient.
Since thetransversanagnetization accumulates phase while shee-select gradients
turned on, an additional gradient @&pplied in the opposite direction to rewind the
accumulated phase back to zero. The second gradient dsblealf the area of the first
lobe, since most of the magnetizatioragssumed to b&pped into the transverse plane at

the center of the RF pulse.
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1.7.2.3 Phase Encoding

Following slice selection, @hase encodingradient isapplied and this gradient is
typically shownin the y-direction for illustrative purposesWhile the magnetic field
gradient is turned onhe spins precess at a frequency that is a known function of position
(.,e.] @ [ "0w. When the gradient is turned offie spins return taheir original
precessional frequency, but they retain the phase that was accumwlatedthe
magnetic fieldgradientwas turned onTherefore, the position ik-space after the phase

encoding gradient is turned offgsven by thefollowing equation

~

Q Cr—Y J0h [1-47]
where”Y is the duration of thg@hase encodingradient For simplicity, Eq.[1-47]

assumesthe integral from EQ.[1-40] was performed ovel rectangular gradient

waveform, while most gradients actually use a trapezoidal profile.

2D gradient echo imaging samplespace in a Cartesian fashion, and each repetition of
the pulse sequence acquires one link-gpace. Thus,of each line ok-space that is to

be acquired, ahase encadg gradient with a slightly different maximum amplitude must
be turned on. In other wordsach repetition of the pulse sequence moves the acquisition
to a differentQ positionin k-space. For this reason, multipdgerlappingGy lobes are
shown inFigure1-14. The field of view (FOV)and resolutionn they-direction Y are

related tak-space througthe following expessiors:

=]

o P p L
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whereYQ is the sampling period in tH® direction,’Q; s the full exéent ofk-space
coverage in the positivg-direction, andY"O is the difference in thenaximum "O

gradient amplitudefor two consecutive lines dfspace.

1.7.2.4 Frequency Encoding and Readout

Following phase encodinfrequency encodingradients ar@ppliedand data acquisition
(ACQ) occurs.In Figure 1-14, the frequency encoding gradient is shown in the
direction. A pre-phasinggradient of negative amplitude &ppliedfirst, in order to add
phase in the mmative ke-direction Then areadoutgradient with positive amplitude
applies phase in the positikg-direction during which data is acquiredlhe gradient
echois defined as the point during theadout wheréy= 0, and he time between the RF
pulse andthe centre of the gradient echo is called the echo, tifge If the readout
gradienthastwice the area of the pyghasing gradientthen gradient echooccurs at

exactlythe cente of the readout gradient

Figure 1-15 shows examples ok-space trajecties for a gradient echo acquisition
Following the RF pulse and slice select gradi¢ing transverse magnetizatitias an

initial phase ofky = 0. If the prephasing gradient is turned on at the same time as the
phaseencoding gradient, then the trajectory will move diagonally away from the centre
of k-space. When the readout gradient is turned on, the trajectory moves horizontally to
the right, and a line ok-space data is collected. Therefore, by repeating thsep
sequence with &lightly different phase encody gradient k-spacecan be uniformly

sampled A 2D inverse Fourier transform of tkespace data yields the image.
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Figure 1-15: Threek-space trajectdgsin a gradient echpulsesequence.

In order to reducéhe TE and overall scan duratidaspace can be intentionally under
sampled. In such cases, the conjugate symmetyspéce can be used to reconstruct the
correct image. For examplk;space coulde undersampled by only collecting onlg
fraction of the horizontal lineshown inFigure1-15. This is achievabléy reducing the
duration of the prghasing gradient, and the fraction of the horizontal lia¢ ihactually

collected igeferred to ashe partial echo factor.

Similar to Eq[1-48], the FOVand resolutiorn thex-direction Yo are related t&-space
through theollowing expressios

06 ¢ —o P h o P
2 T oo o [1-49]
C

where"O is the strength of the readout gradient, dnds the time required to sample

each data poinfThe readout bandwidtl simply the inverse of the sampling time:
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6 G Tﬂs [1-50]

Thus,k-space is adequately sampled when the following Nyquist condition i€Lar#t
€ ¢ 1TQ 000 wh [1-51]
where¢ and&¢ are the number samplddspace points in thi- and ky-directions,

respectively.

1.7.3 3D Gradient Echo Imaging

With a few modifications, th@€D gradient echomage acquisition described in Section

1.7.2 can be extended to 3D imagifggure 1-16 showsa pulse sequence diagram for a
typical 3D gradient echo image acquisition. 3D acquisitions generallyidsa r d 0 RF
pulses, which ave a short duration and broad excitatoofile in the frequency domain

The magnitude of the slice selection gradieam bereduced in order to excite a thick
slabof magnetizationor slice selection can be omitted completétyFigure1-16, phase

encodng gradientsare appliecsimultaneouslyn two directions Gy and G;, followed by
frequency encoding gradients aloBg The k-space trajectorjor a 3D gradient echis

very similar tothe 2D case showin Figurel-15, exceptthe G; phase encoding gradients

also app} phasen thek-directionbefore the readout in the-direction
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Figure 1-16: Pulse sequence diagram foB@ gradient echo image acquisition.

It should be noted that since more phase encoding steps are needed to acquire a 3D
image, the acquisition time will be significantly increased compared to 2D imaging. Once
a 3Dk-space datet has been sufficiently sampled, a 3D inverse Fourier transform can

be used to reconstruct the firg image.

1.7.4 UTE Imaging

The primary purpose of UTE is to enable imaging of signal sources that have very short
T2 relaxation timeg125). Figure1-17 showsa pulse sequence diagram of 8i2 UTE
acquisitionused in this thesisSimilar to 3D imaging, UTE uses a hdRé pulse Instead

of usingslice or slabselection abrief phase encoding gradient is played out alGag
Readout gradientare then played out in both ti&x and Gy directions. Unlike gradient

echo imaging, where data acquisition only occurs during the gradient wavatdeat,

UTE data acquisition occurs starting at the beginning of the trapepoathéntramp.
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Figure 1-17: Pulse sequence diagram for a 3D ultrashort echo time (UTE) acquisition.
Since theGx andGy gradientsshown inFigure1-17 are of equal magnitude, the resulting
k-space trajectory will be a radial spoke that starts at the cerkrgpaice and is 45° from
both theky and ky-axes.For each repetition of the pulse sequenaedifferent linear
combination ofGx andGy gradients is used to acquire many differeniaispokes to fill
up k-space. A few examples of these radligbace trajectories ashown inFigure1-18.
Since UTE uses a polar coordinate system rather than Cartesian sakipfiage data
points are closenogether near the center lokpace and further apart near the edgk- of
space. As a result, more radial spokes need to be acquired in order to adequately sample

k-spaceThat is, radiak-space trajectories have the following Nyquist condi(iito):
¢ ¢ ¢ Q 000 wh [1-52]
where¢ ande& are the number samplddspace points in the radial and polar

directions, respectively. Thereforfelly sampledUTE acqusitions will likely be longer

than gradient echo imaging.
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Figure 1-18: Examples of radidt-space trajectories in@dTE image acquisition

With additional phase encoding in tkedirection, the final 3Ck-space dataset will look
| i ke a nst ackispaae fdatasid then gridlded ohtb a Cartesian plane using
interpolation techniques, amd3D inverse Fourier transforsiused to reconstruct ti&b

final image.

It should also be noted thather vaiants of UTE appear in the literature, such as ZTE
(60), andPETRA (62). Most notably, UTE imaging in the literature generally uses a 3D
isotropic approach, where tli@ageresolutionis exactly the same ieach ofthe x-, y-,

and z-directions(59). This is accomplished by omitting the phase encoding gradient in
the z-direction and replacing it with a readout gradieiithis modification can
substantially reduce the TE, andthvmanylinear combinations of readout gradients in
the x-, y-, and z-directions, the resultingk-space trajectories resemble aokh ball.

Similar tothe stack of stars UTE approach, image reconstruction requires gridding and a
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3D inverse Fourier transform. Based on the timing and geometric parameters that were
desired, lhe stack of stars UTE approach whs primary technique used f&fF human

lung imaging in thighesis

1.7.5 X-Centric Imaging

X-centric imaging is a Cartesian technique that ensures a short TE and short acquisition
window, which is especially importafdr imagingshort " signal sourcesThe xcentric

pulse sequence is essentially aiaatr of 2D gradient echo imaging with a partial echo
factor of 50.59%123126). Figure1-19 shows an example of ancentric pulse sequence
diagram In this case, the RF pulse, slice select gradient, and phase encoding gradient are
the same as for 2D gradient echo imagimywvever, the pephasing gradient along thxe
direction is very smallThus, the TE will be very short, sinkespace trajectorietake

less time tgpass throughy = 0.

-
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Figure 1-19: Pulse sequence diagram fo2@ x-centricimage acquisition



53

Ead repetition of thex-centricpulse sequence will acquihalf of a horizontal line k-
space, plus a few additional poirmgsor to kx = 0. Someexamples of-centric k-space
trajectories are shown Figure1-20. The gradientshown inFigure1-19 will producek-
space trajectories that acquire data in the poskid@ection. In order to acquire a
complete horizontal line ik-space, the pulse sequence is repeated Ww&hopposite
readout gradient polaritythe extra pointrior to kx = 0 allow for phase correction prior
to joining the two halves df-space . Similar to 2D gradient echo imaging,sanple 2D
inverse Fourier transform of thghasecorrected and joinek-space data yields thienal
image Unlike UTE imaging, gridding and interpolation is not required for image

reconstruction.
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Figure 1-20: k-space trajectaes for a 2D xcentric pulsesequenceSince xcentricuses a partial echo
factor of 50.5%, the sequence is repeated with the opposite readout gradient polardsgr to preserve
visual clarity, the corresponding horizontal lines are offset slightly.
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1.7.6 SNR Considerations

The signalto-noise ratio (SNR) isa very simple indicator of image quality, and it is
generally defined as the mean signal value divided by the standard deviation of the noise.
As discussed in Section 1.6, the received signal is dependent on factors such as the
available magnetizatiorflip angle,T1, T2, and &'. In addition, the choice of pulse
sequence and timing parameterseéha substantial impact on SNR. For example, if the

TR is used to contrdhe amouni; recovery and the TE is used to control &meount of

T2" decay, the SNR issaollows:
YO¥ p QO Q '8 [1-53]
The above relationship essentially determines the image contrast, which migit be T

and/or & -weighted given a particular TR and TE. In additithe SNR is also dependent

on the voxel size and acquisition time in the following way:

YO'Y 0 € oiQadidl Qi Qs Qe 0

. [1-54]
.o, U VLU
0 YOYOYa)D ————8
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whereYa Yoy andYa are the physical dimensions of the voxel (i.e. resolution); is
the number of signal averages; is the number of readout poirits the x-direction 0

and0 are the number of phase encodethecr andd- directions respectivelyandd w

is thereadoutbandwidth (i.e. the inverse of the sampling time).

A major focus of this thesis involves comparing the SNR and image quality from various

acquisition strategies, such as UTE and gradeehb, as well as comparing the image
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quality from various signal sources, including inert fluorinated gases and HP gases.
Given the preceding discussion regarding MRI data acquisition, there are many factors
that contribute to image SNR. One approach tmmaring the image quality from
different acquisitions would be to calculate the SNR efficiency, which corrects for
differences in relaxation effects and pulse sequence parameters. Although SNR efficiency
can potentially provide a robust and quantitativenparison, this thesis focused more on

the pragmatic aspects of lung imaging and its potential applications. In practice, lung
imaging is typically constrained by the length of time that a subject is able to hold their
breath, and this factor puts an upgienit on how muchk-space sampling can occur
within a breatkhold (i.e. the readout time the above SNR equatiprirherefore, instead

of presenting comparisons of SNR efficiencies, the comparisons presented in this thesis
represent the highest possibldfSthat can be achieved within a brehttid for a given

set of conditions.

1.8 Comparison of 12°Xe, 3He, and Inert Fluorinated Gases

After discussingoasic NMR and MRI principles, these concepts can now be used to
understandhow the differences in thghysial properties otheinhaled gases relate to the
imaging parameters and acquisition technigiis are needed for pulmonary imaging
12%¢e, ®He, PFP, and Sk are all nortoxic gases that can safely be used in MR imaging of
lungs however,they have vastlylifferent properties thanust be taken into account in

order to design an imaging protocol that yields the highest possible signal gaality.
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comparison of the physical properties%¥Xe, *He, PFP. and Sk is shownbelow in

Table 12.

Table 1-2: A comparison of the physical properties'®Ke, *He and inert fluorinated gas€¢$00,116,127).

Parameter 129%e *He F (PFP) F (Sk)
Nuclear Spin) 1/2 1/2 1/2
Gyromagnet i cragdTa]t i -74.51 -203814 251818
Natural Abundance [%)] 26.4 1.37x 10* 100
Chemical shift ra 250 0.8 150
_Srlpmlattlce relaxation time ithelungs, 20's 25 g 12.4 mé 1.2 mé
Self-diffusion coefficient Do, [cn?-s?] 0.061 2.05 0.023 0.033
Diffusion coefficient in airD, [cn?-s?] 0.14 0.86 0.071 0.094
Ostwald solubility L 0.17 0.0085 5.2x10* 54x10°
Density, [g-LY] 5.75 0.134 8.17 6.51

*Approximate chemical shift between PFP ands $€sonances. PFP also has two peaks which are
_separated by ~48 ppm.
AThe r e paluestofdP&P ahdFsassume the gas is mixed with ~20% O

12%e, *He, and'°F are all NMR sensitive nuclei, as thegivea nuclearspin of %. He
and°F have high gyromagnetic ratios compared?®e, which leads to a greater signal
strength. At thermal equilibrium,Eq. [1-38] demonstrateshat the received signal is
proportionalto 2, with one factor ob coming from the pecessional frequen@and two
factors incorporated into the magnetization density (i.e. one from the rtagr@hent
and one from thermal polarizatiorjor HP gasesthe polarization depends on external

norrequilibrium factors, and therefore, the receigaghalscales according ts.

%He, PFP, and Sk all have a negligible solubility88,128), whereas'?*e is ableto

dissolve ino blood and tissue Due to the large chemical shift range'éiXe, unique
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spectal peaks can be detected that correspond ttutigeairspaces, barrier tissues, and
red blood cellsRBCs). Therefore, HF?°Xe allows for theneasurement gferfusion and

gas exchangen the lungs(129133), as well as sensory stimulation the brain
(134139. It should also be noted that Xe has anaesthetic properties in high
concentrationg136), and thereforesafety considerations must bekin into account
when developing human breathing protoddl87). Fluorinated gases are ntoxic and

safe for human inhalation, as they are commonly usg@ailimonary function tests, such
SFs (albeit in small concentrations) in the multiple inert gas elimination technique
(MIGET) (138). Inertfluorinated gases have other medical imaging applications, such as
fluorinated microbubbles that are used as contrast agents in ultrgd@dPreliminary
imaging results have shown that the inhalation of highly concentrated fluorinated gas
mixtures has been well toleratéd15116); however, future work will continue to
evaluate safety and tolerability on an ongoing bdeisddition, PFP and SFre very
heavy gases comparedde, and the density df°Xe is slightlylessthan the density of

SFe. Future studieswill need to determine whether the hid@nsity ofinert fluorinated
gases adversely affectbe resulting images and the functional biomarkers that are

derived from those images

The T relaxation times oPFP and S&in the lungs are substaally shorter than HP
gaseq115140142). In HP gas MRIT1 characterizes the decay of the HP magnetinati
back to thermal equilibrium, and therefaéong T (i.e. on the order of tens of seconds)
is beneficialfor imaging within a single breathold. In the context of inert fluorinated

gas MRI, a short Tis advantageous, since averaging is necessamnetcame a thermal
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polarization that has much less available magnetization than HP gases. Therefore, it is
possibleto use a short TR (i.e. a few it SFs anda few tens of m$or PFB and many

averages to aglire inert fluorinated galglR lungimages within a single breatold.

There are several different fluorinatgdsesthat can potentially be used #F MRI,
including PFP, S§ CFK, and GFs. However, the choice of gas for a particular
experiment depends on a number of factors, including the nuafo®F nuclei per
molecule, differences in relaxation properties, availability, and the need for medical grade
mixtures.The human inert fluorinated gd4R imaging presented ithis thesisused PFP

as the inhaled signal souroghile Sk was used irthe aimal work presented in this
thesis Both PFP and SFhave six magnetically equivaletfF nuclei; however, PFRas

two additional*®F nuclei that contribute to a smallsignal peakhatis separated from

the main peak by about 48 ppithe RF excitatiodandwidth used in this thesigasless

than the chemical shift between the two PFP peaks, and therefrsubstantial

chemical shift artifacts are visible in PFP images.

PFP was primarily used in human imaging due to its ideakl@xation time. PFP saa

T1 of about 12 ms in human lungs, and at a TR of 20 ms, the Ernst angle of 79° would
yield the highest possible SN#tficiency. In this thesis, a flip angle of 70° was used for
human lung imaging due to RF power limitatiolibe RF coil used in this &sis had a
minimal reflected power-16 dB or ~2.5%), whereas the transmitting path from the 4 kW
RF amplifier suffered from 3 dB losses that resulted in an available RF power of

approximately 2 kW at the coiSince SFs has amuch shorter T, using simila Ernst
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angle conditions would require eitheesshortefTR ora higherflip ange (compared to the
PFP settings)Therefore,PFP was ideal for human imaging because it would not have
been possibléo image SEunderErnst angle conditiongiven the limiton the available

RF power However, Sk was ideal for animal imagingince small animal RF coils
require less powerSFk imaging in animal lungsis possible undenearErnst angle
conditions witha TR of 4 ms and a flip angle of 70°. Therefdhe shorer T of Sk is
advantageous, because more averaging is possible witto8i#pared to PFBuring the

same breatihold duration

Since Q is paramagnetic, it strongly affects the af 2°Xe and>He. Under ideal
conditions(i.e. a perfectly homogeneous esttal magnetic field)the T, of HP 12°Xe and
3He can be on the order of several ho(88), whereas the iTis reduced t@ fewtens of
seconds isidethe lungsand in the presence of,An fact, the T of 1**Xe and®He is
proportional to the concentration @b, and this relationship can be exploitedrap the
alveolar partial pressuie oxygen(paO2) (108. On the other hand, the Telaxation of
inert fluorinated gases is dominated by spin rotationrasteons (i.e.the coupling of
nuclear spingo local magnetic fields produced by the rotation of large molec(148),
and the Tis generally on the order of a few millisecon8sicethe presence of {has a
much less dramatic effect on the @f fluorinated gases than it does for HP gases,
fluorinated gases can be mixed with ©© improve patient safety with little impact on

image quality.
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The presence of Oin inert fluorinated gas mixtures can potentially allow for longer
scanghan anoxic HP gas inhalations. WresseIP gas inhalations hawvestorically used

a bolusinhalationon the order of 1 land a 10i 15 s breatkhold, a mixture of inert
fluorinated gassand Q can be breathed continuoushdfter several breaths dhe gas
mixture, the concentration ohert fluorinated gases will reh@ steady state in the lungs
thereby maximizing the available magnetization for imaging. Continuous breathing of
inert fluorinated gaseslsoallows for dynamic imging measurements, such as wash

and waskout time constants, anitl can potentially alow for the acquisition of more
physiologically meaningfuinformation (144-146). Likewise, multiple breath HPgas
imaging techniquesare now being exploredor the measuremenphysiologically
meaningful biomarkers; however, these techniques require additional considerations to

account fopotential signal losses due te &nd T. (147,148).

In terms of cost®He is an gceedinglyrare and expensive isotope, and its only means of
production is through the radioactive decay of triti(@8). The high costsof *He arealso
partly due tothe US government sequesieg *He for use in neutron detectors for
national security{149150). For this reasonnvestigators ar@ow turning their attention
towardsHP 12°Xe imaging sincethe source gas isheaper and more widely available.
12%¢e arguably has a better chance tRBe of being clinically adopted as a routine
pulmonaryimaging modality; however, the majority of tH&Xe literature uses gas
mixtures that have been isotopically enriched with up to 98%e (compared to

naturally abundant Xe gas that conta®6862°Xe). Therefore HP 12%Xe can also be very
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expensive and investigators are now exploring the feasiboitymaging using naturally

abundant Xe gas mixturé80,151).

SEORDbased polarizers aremw commercidly available for the production of HiMe and
129¢e for clinical studies (Polarean, Inc. and Xemed LL@)provements in polarizer
technologyare ongoing152,i ncl udi ng t he devel oppnetedt of
design(153154); howeverit should be noted thatolarizers require a substantial capital
investment, as well as ongoingaintenanceosts and specialized personr@bnversely,
inert fluorinated gassdo not need to be hyperpolai prior to their use in MRI, which
obviatesthe need foexpensiveolarizer technologyrurthermore,nert fluorinated gases
are relatively abundantand inexpensive compared to HP gasesthey have numerous
industrial applications, such as semicondator processing and electrical insulation
(155. It should alsdbe notedthat fluorinated gases are potent greenhouse gad$&;,
andtherefore,minimizing the environmental impact will ken important consideration.
Fortunately, fluorinated gasdo not deplete atmospheric 0zofid3); however, future
developments will continue to investigagas delivery systemthat havethe ability to

capture andecycletheexhaled gased.17).

1.9 Thesis Outline

Chapter 1has described the motivation for studying respiratory diseases, basic lung
physiology andPFTs An overview of lung imaging using variodisnctional imaging

modalities was presentgicludingCT, nuclear medicine, conventiort#d MRI, HP gas
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MRI, and inert fluorinated gas MRThe basic principles of NMR and MRhysicswere
presented, followed bg comparison of the physical propertiedtsd inhaled gases used

in this thesis?*Xe, *He, PFP, and Sk.

Chapters 2 through 5 are Whedescribed below; these chapters represent work that was
completed in partial fulfillmentof the requirements for the degree of Doctor of
Philosophy in Biotechnologgt Lakehead UniversityChapter 2 describase firstinert
fluorinated gasMR imagingstudythat was performed ifhunder Bay, Ontario. In this
work, 1% 3D MR imaging was performed ia group ofhealthy volunteers using an
optimized UTE technique and images from different gas breathing techniques were
guantitatively comparedThis work wa publishedin the peerreviewed journal,

Radiology in 2013.

Since inert fluorinated gas MRI is a technique that is still under development,
comparisons between various acquisition techniques are required in order to fully
optimize the image qualityChagter 3 describesa quantitative comparison ohert
fluorinated gasViR imaging performedusing both UTE and gradient echo imagingn

this work,°F MR imaging was performeid both healthy volunteers and in a resolution
phantom.This work iscurrentlyin preparation for submission to a peeviewed journal

as an original research article

Chapter 4discussesnitial efforts to quantify imaging biomarkers using inert fluorinated

gas MRI.This chapter presentspeliminary comparisof inert fluorinatedgas MRI



63

andHP *He MR, along with preliminarymeasurements dfF ADC and gravitational
gradients of vetilation in healthy volunteer$ortions of Chapter 4 were published in the

peerreviewed journalNMR in Biomedicingas a review article in 2014.

In order to demonstrate the potential for using imdgeved biomarkers to provide
guantitative functional informationChapter 5 presentan inert fluorinated gas MRI
ventilation mappingstudy that waperformed inrat models ofpulmonaryinflammation
andfibrosis Fractional ventilation wasomparedetween disease model rats declthy
controls, and the presence of inflammation was confirmed by histoldgy. work is
currently in preparation for submission to a pesiewed journal as an original resgla

article.

Chapter 6 provides a brief summary of this work and discusses possible future directions.
Overall, this work may help to demonstrate that inert fluorinated gas MRI has the
potential to become a routine clinical imaging modality that can geodiagnostic

information that can aid in the management of chronic respiratory diseases.
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Chapter 2

Pulmonary Ultra short Echo Time *°F MR Imaging
with Inhaled Fluorinated Gas Mixtures in Healthy
Volunteers: Feasibility

2.1 Abstract

Purpose: The purpose of this study was to perform static braattl fluorine19 (¢°F)
3D ultrashort echo time (UTE) magnetic resonance imaging (MRI) of the lungs in

healthy volunteers using a mixture 79% perfluoropropane (PFP) and 21% O

Methods: This study protocol was approved by the local research ethics board and by
Health Canada. All subjects provided written informed consent prior to their participation
in this study. Ten healthy volunteers underwent MR imaging afT3.8F 3D UTE
images were acquired during a 15 second brbatll, following one of two breathing
protocols: (A) a 1L inhalation of a mixture of 79% perfluoropropane (PFP) and 22% O

or (B) continuous breathing from al5bag of a mixture of 79% PFP and 21%, O
followed by a 1L inhalation of the same PFP/@nixture from a separate bag, and
subsequent breatiold. The signato-noise ratio (SNR) was measured in the three most

central image slices, and compared between breathing protocols using an ureaired t

" This chapter was originally published in Radiology, 2013; 2691 903, DOI:10.1148/radiol.13130609,
and was ceuthored by Marcus J. Couch, lain K. Ball, Tao Li, Matthew S. Fox, Shallittlefield,
Birubi Biman, and Mitchell S. Albert.
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Results: Overall, the SNR was significantly greater for breathing protocol B (continuous
breathing)compared tdreathing protocol A (single breath) (p = 0.018). The mean SNR
(xstandard deviation) was 18 6 and 32+ 6, for images acquired using breathing

protocolsA and B, respectively. Breathing protocol B improves SNR by washing out the

air from the lungs and increasing the PFP cotregion prior to'°F imaging.

Conclusion: This feasibilitystudydemonstrates the use'8F 3D UTE static breathold

imaging ofhuman lungs with inert fluorinated gases.

2.2 Introduction

Chronic respiratory diseases, such as asthma, chronic obstructive pulmonary disease
(COPD) and cystic fibrosis are a significant global health care burden. COPD is currently
the fourth leading causef death in the United Stat€4), and here is a need in the
medical community for functional imaging techniques that can provide regional data on
lung function. Available modalities for the assessment of lung function include
spirometry, nuclear medicine imaging using radmopes, chest Xay, computed
tomography (CT) and conventional protdhY magnetic resonance imaging (MR2)3).
Spirometry has the advantage of being low cost and widely available but provides only
information on global lung function. Chestrays, nuclear medicine and CT all expose

the patient to ionizing radiation.
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H MRI cannot typically provide high qualitynages of the lungs due to the low tissue
density, high magnetic susceptibility differences at air/tissue interfaces and respiratory
motion. The image quality frofH MRI can be improved through the use of ukheort

echo time (UTE) pulse sequences, howeveis technique can only obtain structural
information(4). It is possible to obtain some functionaldmhation from the lungs using

O, enhancedH MRI (5), however, it isunclear whether the enhancement represents
ventilation of the air spaces, since the signal change arises from protons interacting with
O, dissolved in tissué3). Hyperpolarized (HP) noble gas MRI, using hel@nHe) and
xenonl29 (?°Xe), is a nornvasive imaging technique that allows for the direct
measurement of lung ventilation, gas exchange, and lung microstrufe
Unfortunately2He is an extremely scarce and expensive isotope. Althttdga is more
plentiful and less expensive, bothle aml 2%Xe require a polarizer to prepare and

process the gases.

An attractive alternative to HP noble gas MRI is functional MRI using inert fluorinated
gases, such as sult hexafluoride (S§), hexafluoroethane ¢Es), and perfluoropropane

(CsFs or PFP) adnhaled signal sources for MRI. These gases offer the advantages of
being nontoxic, abundant, and inexpensive compared to HP noble gases. Furthermore,
inert fluorinated gases, due to the high gyromagnetic ratio of flud8n@’F) and short
longitudinalrelaxation times, do not need to be hyperpolarized prior to their use in MRI.
This eliminates the need for an expensive polarizbrinert fluorinated gas MRI was
initially reportedover 15 years ago, where it was used to acquire 3D images of rat lungs

during continuous breathing of a mixture offg and Q (8). Investigators quickly saw
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the potential for this technique farovide functional measurements in animal lungs,
including washkin/washout kinetics of pulmonary ventilatiof®), volume measurements
throughout the respiratory cyq|#0), and the measurement of ventilation/perfusion ratios
(11,12). Subsecond imagindnas been demonstrated witheSif pigs, which allows for

fast and dynamic measurements of gas kinetid. Washin/washout kinetics of
pulmonary ventilation agree well with respiratory gas anal(sts. Efforts have been

made to perform diffusiosweighted imaging in rat lungs using inert fluorinated gas MRI
(15,16), including a study of elastaseduced emphysema in rafd7). Diffusion
measurements have also been performed in healthy and emphysematous excised human

lungs(18,19).

Recently,Soheret al. demonstrated lung imaging using inert fluorinated gases in a single
healthy human subjecf20). 3D gradient echo imaging was performed following
inhalation of PFP through a gdslivery system. Although thisvas a promising
development, the image quality was less than what can currently be achieved using HP
noble gas MRI. There is a clear need to further develop and improve the image quality of
MRI using inert fluorinated gases. Since inert fluorinated gasekrown to have short

T2 relaxation times(12), 3D UTE is expected to have a higher sigioahoise ratio

(SNR) than 3D gradient echo imaging. The purpose of this study was to perform static
breathhold 1°F 3D UTE MRI of the lungs in healthy volunteers using a mix@@% PFP

and 2% Q.
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2.3 Methods

2.3.1 Subjects

This study protocol was approved by the local research ethics board and by Health
Canada. All subjects provided written informed consent prior to their participation in this
study. Ten healthy volunteers (8 female, 2 male) weralled with no history of chronic
respiratory disease, and a smoking history of less than 10ypack. A packyear was

defined as the number of cigarette packs smoked per day multiplied by the number of
years the individual smoked. The mean age of dljesis (+standard deviation) was 28

11 years. Men had a mean age of 38.5 with a range of 20 to 57. Women had a mean age
of 25.3 with a range of 21 to 29. Digital pulse oximetry was used to measure peripheral
oxygen saturation (®.) for all subjects dung scanning sessions (Veris, Medrad,

Warrendale, PA)

2.3.2 Image Acquisition

Imaging was performed using a 3.0Philips Achieva scanner and a flexible wiaound
quadrature transmit/receive coil (Clinical MR SolutioBspokfield, W) tuned to theé°F
resorarce frequency (120.18/Hz at 3.0T). Since the resonance frequencies%fand
'H are relatively close, th€F coil was actively proton blocked to allow for artifdiete
4 imaging while the subject was lying inside th& coil. Active decoupling was
achieved by using PIN diodes that are controliéth an external DC power supply. The

PIN diodes are able to selectively control which components of the coil are turned on in
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order to shift the resonance frequency of the coil away fro’Ehrequency dring *H
scanning(21,22). Conventional'H MRI was performed prior t6°F MRI with subjects
imaged during d L breathhold of air.'H images were acquired using a 2D maslice

gradient echo acquisition, and were used as reference scans for planfAtRgr8Bges.

Prior toF imagdng, the flip angle was calibrated for each participant. Due to differences
in subject size (and hence different coil loading conditioth® RF power required to
produce a given flip angle may vary slightlyo calibrate the flip anglesubjects inhaled

all Tedlar bag (Jensen Inert Products, Coral Springs, FL) of a mixturé/ePFP and
21% Q (Air Liquide, Plumsteadville, PAand held their breath for 15 seconds. During
this breatkhold, a series of wholking spectroscopic acquisitions were performed with
increasing RF powe(23). 20 FIDs were collectedvith the folloving settings: TR = 750
ms, TE = 0.83 ms2048 points, bandwidth = 8 kHz, starting flip angle = 10°, and flip
angle spacing = 10°. Figure12shows an idea®F flip angle calibration acquired in a
fluorinated gadilled phantom. As expected, the 90° RAsguyields the maximum signal
intensity, while the 180° RF pulse yields the minimum signal inten$ithe flip angle

was overpowered, the curve in Figurel 2vould shift to the left; conversely, the
calibration curve would shift to the right if the flgngle was underpowered. Using this
spectroscopi@approach, the transmitter gain can be adjusted such that the maximum

signalintensity occurs in the 90° biwhich ensures a correct calibration.
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Figure 2-1: Ideal flip angle sweeponsisting of 20 spectra with increasing flip anglés.spectra were
acquired in a fluorinated gdiled phantom. As expected, a 90° RF pulse yields the highest possible signal
intensity.

Following calibration,**F lung imageswere acquired following one of two breathing
protocols: (A) a 1 inhalation of a mixture of 79% PFP and 21%ffom a single Tedlar
bag followed by a 15 breathkhold, or (B) continuous breathing from a 5 L Tedlar bag of
a mixture of 79% PFP and 21%,0dollowed by a 1L inhalation of the same PFP/O
mixture from a separate Tedlar bag, and & Ieatkhhold. Subjects were instructed to
inhale a normal tidal volume of gas from thé bag, and exhale around the tube, and to
continue this procedure untildtbag was emptythe second Tedlar bag filled withL1of

gas allowed the subsequent image to be acquired at a reproducible lung inflation state.

19F 3D UTE images were acquired with the following settifg®:= 20ms, TE = 0.2ns,
matrix = 64x 64, inplane FOV = 450x 450 mn?, flip angle = 70°, noselective

excitation, and bandwidth = 14z/pixel. For both breathing protocols, half echoes were
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acquired at 750 different angles starting from the centerspfakce. Due to scanner and
hardware limitationsQ.2 ms was theshortest possible THhe T. of PFP was measured

to be 12.4ns in the lungs at 3.0, which is close to previously reportadvitro T1values

(24). Therefore, a flip angle of 70° was close to the Ernst angle (78.5°) for a TR of 20 ms.
For breathing protocol A, 8 slices were recons&dah the coronal or axial plane with a
thickness of 22nm, while in breathing protocol B, 12 slices were reconstructed in the
coronal or axial plane with a thickness of m#n. The signato-noise ratio(SNR) was
measured by finding the mean signal valueT a rectangular region of interest (ROI) in
the right lung, and dividing by the standard deviation of noise from a similar ROl and in
the background. The SNR values from the two breathing protocols were compared using
an unpaired-test in Graphpad PrisifGraphPad Softward,a Jolla,CA), and p< 0.05

was considered significant.

2.4 Results

Table 21 summarizes the subject demographics, oxygen saturation, and image SNR for
all %F UTE acquisitions. SNR was measured from coronal images,tiencerror
represets the standard deviation of SNR measurements in 3 central $laelsreathing
protocol A, the mean SNR (xstandard deviation) was &8while for breathing protocol

B, the mean SNR was 326. Overall, the SNR was significantly different for breathing

protocols A and B (p = 0.018 by an unpairgdsdt).
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Table 2-1: Subject demographics, oxygen saturation, and SNR (+ standard deviation) from all available
coronal'®F 3D UTE images. The breathing protocoldi$er each subject is indicated.

Subject Sex Age B;?;t;lég? (k%?/lnzz) STS?(';}S Brsigtzhig}oc;ld Image SNR
1 f 26 A 18.90 99 96 22+3
2 m 20 A 18.62 99 94 18+ 2
3 f 29 A 19.03 99 98 11+1
4 f 27 A 21.45 99 93 21+2
5 f 21 A 19.63 99 95 27 +2
6 f 23 A 18.16 99 96 11+1
7* f 29 - 19.47 99 98 24+ 4
8 f 24 B 28.43 99 93 38+4
9 m 57 B 23.13 99 97 32+2
10 f 23 B 23.61 99 96 26 +2

*Forthis subjecbnly, the 1 L inhalation of the PFP/@ixture was preceded by a 1 L washfrom a
separate Tedlar bag of the PFRPMxture.

Figure 2-2 shows eight slices from §F 3D UTE lung image in the coronal plane that
was acquired in subject #4. This static bredadld image effectively visualizes the
distribution of the PFP gas idg the lungs of the subject. This image was acquired using
breathing protocol A, where a Xbreathkhold followed a single 1 inhalation of the
PFP/Q mixture. The SNR in the camtslices was 2% 2. Figure 23 shows eight slices

of al% 3D UTE lung inage that was acquired in the axial plane from subject #5, also

using breathing protocol A. In this case, the SNR in theeslites was 3& 6.
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Figure 2-2: *°F 3D UTE lung images acquired in the corigplane from subject #4 during a 15 s breath
hold, following inhalation of a 1 L mixture of 79% PFP and 21%6rGm a Tedlar bagmages were
reproduced with permissiq5).

Figure 2-3: *°F 3D UTE lung images acquired in the axial plane from subject #5 during a 15 shwkhth
following inhalation of a 1 L mixture of 79% PFP and 21%f©@m a Tedlar bagmages were reproduced
with permission(25).



88

Figure2-4 shows 12 slices from F 3D UTE lung image in the coronal plane that was
acquiredduring a 15 second brealttold in subject #9 using breathing prool B:
continuous breathing from al5Tedlar bag of the PFP/mixture, followed by a 1L
inhalation of the PFP/Omixture from a separate Tedlar bag. There was sufficient signal
in the lungs to increase the number of slices from 8 to 12, and decreasiedtthickness
from 22 mm to 15mm, while maintaining full lung coverageh& SNR in the cerg

slices of Figure-4 was 32+ 2.

A M AP

A\ AL KR B}

B2 AR MR

Figure 2-4: % 3D UTE lung images acquired in the coronal plane frobjest #9 during a 15 s breath
hold, following continuous breathing from a 5 L mixture of 79% PFP and 24&n@®a 1 L inhalation of
the same mixturdmages were reproduced with permissfaB).
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Figure 2-5 shows 12 slices from ®F 3D UTE lung image in the axial plane that was

acquiredduring a 15 second breatiold in subject #8. Breathing protocol B was also

used in Figur@-5, and yielded an SNR in the center slices ot44

Figure 2-5: 1°F 3D UTE lung images acquired in the axial plane from subject #8 during a 15 shwkhth
following continuous breathing from a 5 L mixture of 79% PFP and 231#n@a 1 L inhalation of the
same mixturelmages were reproduced with permiss{@g).

2.5 Discussion

This feasibility study demonstrates the potential%f 3D UTE for imaging of human
lungs with inert fluorinagdd gases. The images obtained using the single breath protocol

had a reasonable SNR, which serves as a baseline for comparison since a similar
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breathing protocol is generally used for HRe or 12°Xe MRI. These images show
substantial blurring and lack cfdge detail due to the fact that radial acquisitions
oversample the center ofdpace while sparsely sampling the edges, effects which are
compounded by the shortTof PFP. The true potential of this technique can be realized
in the use of continuous lathing protocols. Subjects typically breathed the entite 5
bag of thePFP/Q mixture in 57 breaths, which effectively washes out most of the air
from the lungs. The entire continuous breathing protocol, including the 15 second breath
hold, was performeth less than one minutén all subjects, the measur&dO, never fell
below 88%, which would be considered an adverse €2éptand therefore inhalation of

the PFP/@mixture was weltolerated in healthy subjects.

With continuous breathing, there is a greater densityfohuclei in the lungs to provide

a signal, and the PFP gas is able tolighe periphery of the lunghe greater available
magnetization leads to a higher image quality, and allows for more slices to be acquired
at smaller slice thicknesses. The SNR from the center slices of images obtained using the
continuous breathing pratol wasa factor of 2 greater than the SNR from simghces
reported bySoheret al.(20). A number of factors contribute to this difference, including

the shorter echo time used in UTE compared to 3D gradient echo, the low bandwidth
used in this study (148z/pixel compared to 20B1z/pixel used bysoheret d.), and the

use of continuous breathing.

We recognize that there are a few limitations regarding the imaging technique and

breathing protocols. There is a slight o&ha
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is a consequence of the UTE technigaeg points to the need for optimization of the
trajectory and gradient delays to compensate for eddy currents. In general, UTE yields a
high SNR for species that are known to have a shortsuch as inert fluorinated gases.

The T2" of PFP in human lungsas2.2 ms, as measured from a single FID following a

90° pulse.Sk may benefit even more from a UTE acquisition, since it is expected to
have a shortef, than PFR12). Another potential limitation to this imaging technique is

the ability of patients with lung diseases to perfathe breathing protocols, and this
needs further investigatio®ince it is possible to mixert fluorinated gases withthis
technique has an advantage over HP noble gases. Therefore, it is possible to araintain

acceptable FO. without a significabhloss of image quality.

2.6 Conclusion

In this initial proof of concept study, static bredwbld imaging of inert fluorinated gases
was performed in healthy subjects only. It may be possible to improve the image SNR
through the use akspiratorygated imging as opposed tstatic breatkhold imaging. It

will be of great interest to measure additional functional biomarkers, such as wash
inf/washout kinetics and thapparent diffusion coefficient (ADC), both of which have
already been demonstrated in anin(8l46). 1°F 3D UTE imaging may also be a useful

tool for imaging the lungs of patients with chro respiratory diseasesuch as asthma,
COPD, and cystic fibrosis. Overall, this feasibility study demonstrates the poterfial of

3D UTE MR imaging for visualizing the distribution of inert fluorinated gases in human

lungs, and this technique has tvantages of being inexpensive and-imoasive.
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Chapter 3

Optimized Strategies for Pulmonary  *°F MRI Using
Inert Fluorinated Gases and Comparison of
Ultrashort Echo Time and Gradient Echo Imaging

3.1 Abstract

Purpose: Pulmonary fluorinel9 (%) magnetic resance imaging (MRI) using inert
fluorinated gases is a technique that can potentially provide high quality images of lung
structure and function; however, optimization studies are required in order to achieve the
highest possible image quality with thisately new technique. In this study’F 3D

MRI of inert fluorinated gases was performed in both a resolution phantom and in the
lungs of healthy volunteer$’F lung images obtained in the same imaging session using

ultrashort echo time (UTE) and gradiecho techniques were quantitatively compared

Methods: Five healthy volunteers were imaged & B following continuous breathing
of a mixture of 79% perfluoropropane (PFP) and 21%3D UTE and gradient echo
images were acquired during separate &Bosd breattholds. Similar imaging was
performed in acustombuilt resolution phantom filled with either 100% sulphur

hexafluoride (SF) or 79% PFP and 21%,0
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Results: The mean wholkung signalto-noise ratio (SNR) in healthy volunteers was
significanty greater for UTE than for gradient echo imag{pg= 0.04) The mean SNR
was 27+ 12 for UTE and 16+ 6 for gradient echo imaging. This trend was also

confirmed by phantom imaging.

Conclusion: Although the SNR was higher in 3D UTE images, 3D gradiehbdung
images qualitatively appeared tehow more detail and had better edge definition.
Overall, this preliminary study demonstrates that high quaifyMR images of inert
fluorinated gases in human lungs can be obtained using either a UTE or geatiient

method.

3.2 Introduction

Pulmonary fluorinel9 (°F) magnetic resonance imaging (MRI) using inert fluorinated
gases has recently received increased attention, as it can potentially be applied to patients
with lung diseases for neinvasive and longitudal imaging(1). Inert fluorinated gases

may be able to provide functional lung information that is similar to hyperpolarized noble
gas MRI, without the need for expensive polarizer equipif@ntnert fluorinated gases,

such as tetrafluoromethane @Fsulphur hexafluoride (S); hexafluoroethane (&%),

and perfluoropropane ¢€s or PFP) are nontoxic, abundant, and inexpensive. Due to the
high natural abundance (100%) and high gyromagnetic rati@Fofthere is sufficient
thermally polarized signal for imaging. The df PFP has ken previously measured to

be 12.4 ms in human lungs at 3 T, which allows for the use of fast repetition times and
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averaging within a single breatiold (3). The first demonstration afert fluorinated gas

MRI was reported over 30 years agoHygidelberger, Lauterbur and colleaguasd this
technique initially used GRo acquire!®>F MR images of excised rabbit lun@g$) and
healthy dog lung$5,6). In 1998, Kuethe et al. demonstrated high resolution 3D imaging
of rat lungs(7), and since that time, the measurement of various functional biomarkers
has been explored, such as wasglwashout kinetics(8-12), volume measurement$3),

apparent diffusion coefficients (ADCE)4-16), and ventilation/perfusion rati§s7,18).

Inert fluorinated gas MR imaging in human lungs was first demonstrated usingi&h

Wolf et al. reported 2D whole lung projemti images with a relatively low sigred-

noise ratio (SNR)Y19). More recentlyHalaweish et al. reported 3D gradient echo MR
images using inhaled PHR healthy volunteers, and patients with chronic obstructive
pulmonary disease (COPD), asthmapost lung transplantatiq@0). Recently, Couch et

al. demonstrated substantial improvements in the imggealdo-noise ratio (SNR) using
static breatthold 3D ultrashort echo time (UTE) imaging of healthy volunteers following
continuous breathing of a PFR/@ixture, and a subsequent 15 s brdaild (3). Since

the T." of PFP was measured to be 2.2 ms in human lungs at 3T, the use of UTE
acquisition techniques may be a promising alternative to gradient echo im@&ying
However, UTE imaging of inert fluorinated gases in the lungs results in significant image
blurring and lack of edge det&iB), whereas gradient echo imaging tends to provide
superor edge detail but suffers from a lower SNR due to the longef2UE Since the
preliminary work published thus far has involved staf@he studies using different

image acquisition techniques, it remato be determined what type of image acquisition
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will provide the highest image quality. The purpose of this study was to petf6raD
MR imaging using inert fluorinated gases in both a resolution phantom and in the lungs
of healthy volunteers, and tmmpare the image quality from images that were obtained

using UTE and gradient echo acquisitions in the same imaging sé&§ion

3.3 Methods

3.3.1 Phantom Measurements

All phantom and human lung imaging was performed at 3 T (Philips Achieva, Best, The
Netherlands) using a flexible wraggound quadrature transmit/receive coil (Clinical MR
Solutions,Brookfield, W) tuned to thé®F resonancérequency (12.15 MHz at 3 T). A
hollow custorbuilt resolution phantom was filled with either 100%s ®F a mixture of

79% PFP and 21% Jf3Air Liquide, Plumsteadville, PA). A schematic diagram of the
resolution phantom is shown in Figu8€l.. The resolution phantom tan outer diameter

of 126 mm and five circular obstructions with various diameters of 19, 10, 6.5, 5 and 3

mm.

T, was measured in the resolution phantom for both gas types assiggle free
induction decayFID) following a 90° pulseThe real compomg of the FID was phase
corrected and fitted to an exponential decay function using dimear least squares

approach to extract the'T
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20 mm x 15 mm
Input Valve 10 mm

20 mm x 4.5 mm 20 mm x 12.5 mm

19 mm
Outer dia. 126 mm

6.5 mm

20 mm x 9 mm
Overall Length 109 mm

Figure 3-1: Schematic diagram of the resolution phantom that wad €or SEand PFP imaging. The
outer diameter was 126 mm, and the diameters of the circular obstructions are shown.

19F 3D UTE, gradient echo and radial images were acquired with the following settings:
TR = 20 ms, matrix = 128 x 128, 7 slices;plane FOV = 200 x 200mn¥, 15 mm
thickness, flip angle = 90°, and bandwidth = 140 or 200 Hz/pixel. The TE for each case is
shown in Table3-1. Both gradient echo and radial imaging used the same partial echo
factor of 62.5%. The number of averages was seteld gimilar scan durations for each
acquisition: 12 averages for UTE, 49 averages for gradient echo, and 31 averages for
radial. SNR was measured in all UTE, gradient echo, and radial images using Matlab
R2011a The MathWorks, Natick, MA).SNR was defineds the mean signal value from

the largest possible rectangular region of interest (ROI) inside the phantom, divided by

the standard deviation from a similar ROl in the background.
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Table 3-1: Echo times uskfor all PFP and SfFesolution phantom measurements.

Bandwidth TE (ms)
(Hzlpixel) gy Cradient g dial
Echo
140 0.13 1.63 151
200 0.14 1.36 1.25

3.3.2 Subjects

This study protocol was approved by the looedearch ethics boaranhd by Health
CanadaAll subjects provided written informed consent prior to their participation in this
study.Five healthy volunteers (4 female and 1 male) were enrolled in this study with no
history of chronic or current respiratory disease, and no smoking history. The mean age
of all volunteers (tstandard deviation) was 30 = 15 years. The women had a mean age of
23.5 years, and the male volunteer was 57 years of age. Digital pulse oximetry was used
to monitor Sp@ for all subjects during scanning sessions (Veris, Mediéalrerdale,

PA).

Conventional'H MR images were first acquired while the subject was lying in the
actively decoupled®F coil. 2D multislice gradient echéH images were acquired during

a 1 L breatkhold of air, and with the following setting§R = 50 ms, TE= 1.49 ms,
matrix = 128 x 128, 12 slices,-plane FOV = 450 x 450 mfn15 mm thickness, 1.5 mm
slice gap, flip angle = 11.5°, and bandwidth = 500 Hz/pRebr to°F imaging, subjects
breathed continuously from a 5 L Tedlar bag (Jensen Inert Pro@eotd, Springs, FL)

of a mixture of 79% PFP and 21%.(ubjects were instructed to breathe continuously

until the bag was empty, by inhaling a normal tidal volume of gas from the 5 L bag, and
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exhaling around the tube. Once empty, the 5 L Tedlamaasgnmediately replaced with
a full 1 L bag of the same mixture of 79% PFP and 21%4rGm FRC, the subjects were
instructed to completely inhale the 1 L bag and hold their breath for 15 s during image

acquisition.

For both!®F 3D UTE and 3D gradient echo aming, the scan duration was limited to a
single 15 s breathold. 1°F 3D UTE imaging used the following setting®R = 20 ms,
TE = 0.2 ms, matrix = 64 x 64, 12 slices;plane FOV = 450 x 450 mim15 mm
thickness, flip angle = 70°, 75% radial samplinggl/, 1 average, bandwidth = 140 or
200 Hz/pixe) and scan duration = 15'SF 3D gradient echo images were acquired with
the following settingsTR = 27 ms, TE = 1.12 ms, matrix = 64 x 64, 12 sliceglame
FOV = 450 x 450 mrf) 15 mm thickness, flipragle = 70°, partial echo factor = 62.5%, 2
averages, bandwidth = 200 Hz/pix@ind scan duration = 15 ¥holelung SNR was
measured in all 3D lung images, by manually setting a threshold to separate the lungs
from the surrounding background and dividihg tmean wholkung signal value by the
standard deviation of an ROI in the background. WAhatg SNR measurements from
19 3D UTE and 3D gradient echo lung images were compared usingtaiteebpaired
t-test performed in GraphPad Pris@r§phPad Softwar La Jolla,CA), and p< 0.05 was

considered significant.
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3.4 Results

Figure 3-2(a) shows!®F MR images for the resolution phantom filled with PFP from
gradient echo, UTE, and radial acquisitions at bandwidths of 140 andZpiXel. The

T." of PFP was meased to be 3 ms in the resolution phantenvhich led to a similar

SNR for gradient echo and UTE imagirggure3-2(b) shows Sk resolution phantom
images from gradient echo, UTE, and radial acquisitions at bandwidths of 140 and 200
Hz/pixel. The T of Sk was measured to be 1.2 ms in the resolution phantdmch led

to a higher SNR for UTE compared to gradient echo imaging

140 Hz/pixel 200 Hz/pixel 140 Hz/pixel 200 Hz/pixel
a(i) b(i)

Figure 3-2: Comparison of one slice from 3D imagbat were obtained ia restution phantom filled
with a mixture of § 79% PFP and 21%®r (b) 100% Sk. Images were acquiraging (i) gradient echo,
(i) UTE and (iii) radial acquisitions, at bandwidths of 140 and 200 Hz/pixel.
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Table3-2 shows the mean SNR measurements foofathe images shown in FiguBe2.
The error in Table&-2 represents the standard deviation of SNR measurements in the 5
most central slices. In order to make a fair comparison between UTE, gradient echo, and

radial imaging, the SNR was normalized by theae root of the scan duration.

Table 3-2: PFP and SfResolution Phantom Measurements. Mean SNR (+ standard deviation) fi& all
3D UTE, 3D gradient echo, and 3D radial images. The SNR was normalizkd guare root of the scan

duration.
. PFP SNR SFs SNR
Bandwidth . -
. Gradient . Gradient .
(Hz/pixel) UTE Echo Radial UTE Echo Radial

140 11.9+0.4 11.6+0.5 8.1+0.3 12.7+0.7 6.4+0.3 4.6+0.2
200 8.3+0.3 10.1+0.4 6.7+0.2 8.9+0.4 6.5+0.3 4.8+0.2

In order to demastrate the resolving power of PFP and Bkaging in the resolution
phantom, Figure-3 shows examples of 1D profiles taken from images in Figi&e
acquired at a bandwidth of 200 Hz/pixel. Horizontal profiles were chaserthat signal

changes due ttné 3 mm and 10 mm circular obstructions could be visualized.

PFP SF,
3 4
~25
5 S S
S ] ——Gradient
2 Echo
@
—UTE
é 1.5
c
=y ——Radial
c
2
n 05 ‘
0 | ALTA

50 100 150 2000 50 100 150 200
Position (mm) Position (mm)

o +

Figure 3-3: 1D profilestakenfrom PFP (left) and SHright) images acquiredn the resolution phantoit
a bandwidth of 200 Hz/pixeNote tha the horizontal signgbrofiles for gradient echo, UTE, and radial
imaging were offset for visual clarity. The white arrow indicates the 3 mm obstruction, and the black arrow
indicates the 10 mm obstruction.
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In general, PFP appears to visualize smallufest in the resolution phantom very well,

whereas for S§&the 3 mm obstruction is only visible in gradient echo imaging.

Table 3-3 summarizes the results from all five healthy volunteers, including the whole
lung SNR measurements from &F UTE and gra@nt echo images acquired in the
coronal plane. For SNRhe error represents the heterogeneity’6fsignal throughout
the entire lungsSincethe imaging parameters for both UTE and gradient echo were
adjusted to keep the scan duration to within a bhEeathhold, the SNR valuewere not

normalized in Table-3.

Table 3-3: Human Lung Imaging. Mean whelang SNR (+ standard deviation) from all availatfie 3D
UTE and gradient echo images that were aegliin the coronal plane.

Image SNR
Subject Sex Age UTE (140 UTE (200 Gradient
Hz/pixel)  Hz/pixel) Echo (200

Hz/pixel)

1 f 27 11+5 9+3 8+3
2 f 24 40+ 21 - 23+ 10

3 m 57 40 + 17 - 18+ 7
4 f 23 29+ 12 20+8 20+ 13

5 f 20 17+ 9 14 + @ 14 + 6

aFor subject #4, gradient echo images were acquired with TR = 18 ms and NSA = 3.

b For subject #5, UTE images were acquired with FOV = 400 x 408 MiR= 16 ms and 92% angular
sampling density.

° For subject #5, gradient echo images weguaed with FOV = 400 x 400 mMmTR = 16 ms, TE = 1.09
ms and NSA = 3.

For 1%F 3D UTE images at a bandwidth of 140 Hz/pixel, the mean whalp SNR was
27 = 12, while for 3D gradient echo images, the mean SNR was 16Qvéall, the

whole lung SNR fromUTE images at a bandwidth of 140 Hz/pixel was significantly
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higherthangradient echo images at a bandwidth of 200 Hz/pixel (p = 0Sdye UTE
images at 200 Hz/pixel were only acquired in three subjects, the SNR was not statistically
different from theUTE images at 140 Hz/pixel or the gradient echo images at 200

Hz/pixel.

Figure 3-4 shows a comparison of 4 central slices in the coronal plane frék a
localizer,®F 3D UTE, and'%F 3D gradient echo lung images that were acquired from
subject #3. The twlelung SNR was@+ 17 and 18 * 7, for the coronal 3D UTE and 3D

gradient echo images shown in Fig3ré, respectively.

Figure 3-4: Comparison of four central slices from lung images in the coroaakpcquired in subject #3
in the same imaging session: tH)localizer, (b)°F 3D UTE, and (c}°F 3D gradient echo. The UTE
images were reproduced with permiss{8n
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Figure 3-5 shows a similar comparison of 4 central slices in the axial plane frém a
localizer,'®F 3D UTE and'F 3D gradient echo lung images that were acquired from
subject #2. The wholking SNR wa29 + 13 and 21 £ 9, for the axial 3D UTE and 3D

gradient echomages shown in Figu®5, respectively.

Figure 3-5: Comparison of four central slices from lung images in the axial plane acquired in subject #2 in
the same imaging session: {e)localizer, (b)*°*F 3D UTE, and (c)*°F 3D gradient echo. The UTE images
were reproduced with permissi@s).

Figure 3-6 shows a comparison of center slice coronal and axial imdggswere
acquired usindJTE and gradient echo overlaid in colour W localizer imagesSince
Figure 36 clearly shows the boundary of the thoracic cavity, the blurring effects in UTE

imagingare morenoticeable
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UTE

Gradient Echo

Figure 3-6: Comrparison of centre slice coronal (left) and axial (right) MR lung images ¥6rAD UTE
(top) and*°F 3D gradient echo (bottom) overlaid in colour on conventi#id¥lR images. The coronal
images were acquired in subject #3, while the axial images wengeatdn subject #2.

3.5 Discussion

Phantom imaging was initially performed using the same mixture of 79% PFP and 21%
O. that was used for human lung MR imaging. UTE and gradient echo resolution
phantom images had very similar SNRs for PFP, and both tecknlipg the same
resolving power as all five circular obstructions were visible at both 140 and 200
Hz/pixel. However, the 7 of PFP in the resolution phantom was substantially longer
than the T of PFP in human lungs (5.1 ms compared to 2.2 (3spnd also much

longer than any of the TEs used in this study (up to a maximum of 1.63 ms), and
therefore, the phantom measurements made using PFP could not be fairly compared to
human lung imaging. On the other hand, the Bf SFs was measured to be 1.2 ms in the

resolution phantom, which was closer to the af PFP in the lungs. For the case o§SF
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UTE resolution phantom images had the highest SNR, compared to gradient echo and
radial imagng. The UTE SNR also benefited from a lower bandwidth, at the expense of

increased blurring due to the shost @nd longer acquisition window.

SFe gradient echo images at a bandwidth of 200 Hz/pixel had the highest resolving
power, as all five circulaobstructions were visible (as small asng& in diameter). SF

UTE images had a lower resolving power, as only four circular obstructions were visible
at both 140 and 200 Hz/pixel (as small asd in diameter). Since all five circular
obstructions were sible in all cases with PFP, the fhantom images confirm thagT
decay is the main reason for blurring in the case of a shofslich as PFP in human
lungs). Radial imaging was also performed in the resolution phantom to provide a point
of referencehat had similar space sampling to UTE, and also had the same partial echo
factor as gradient echo imaging (62.5%). Since radial imaging had a lower SNR than both
UTE and gradient echo imaging, it is clear that gradient echo benefits from a uniform k

spae sampling, and UTE benefits even more from having a very short TE.

Human imaging showed a trend similar to phantom imaging, as the UTE images had a
statistically greater SNR than gradient echo images (p = 0.04). For subject #2, the SNR in
the center stes of coronal 3D UTE images was 43% higher than 3D gradient echo
images. An improvement in SNR was expected, since the UTE acquisition had a much
shorter TE than gradient echo imaging (0.2 ms compared to 1.12 ms). Assumirafa T

2.2 ms in the lung$3), the difference in TE alone should theoretically lead to a 52%

difference in SNR. In addition to the increased SNR in UTE images, substantial blurring
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was apparent due to the shost ®f PFP in combination with a long acquisition window

at a bandwidth of 140 Hz/pixé22). On the other hand, gradient echo images had a lower
SNR, but they also had better edge definition than UTE imdgmsthe purposes of
comparing image quality for UTE and gradient echo imagingh) lagquisitions were
limited to a 15 second scan duration. Although the two acquisition techniques had
different kspace sampling strategies, the brdaild length constrained how much
sampling could occur within a single image acquisition and holdirg parameter
constant allowed for a fair comparison to be made between UTE and gradient echo

imaging.

3.6 Conclusion

In conclusion, his preliminary study demonstrates that high quafiy MR images of

inert fluorinated gases in human lungs can be obtaisedyeither a 3D UTE or 3D
gradient echo method. Although the SNR is higher in UTE images, gradient echo images
gualitatively appear tshow more detail and have better edge definition. Once fully
optimized, this technique may have significant advarstager hyperpolarized noble gas
MRI, since it is inexpensive, the gases are abundant, there is a sufficiently high thermal
polarization for imaging, and the technique can be performed on any MRI scanner with
broadband capability. Overall, inert fluorinatedsddRI| has the potential to be a viable
clinical imaging modality for noinvasively and longitudinally obtaining functional lung

information.
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Chapter 4

Preliminary Measurements of Functional
Biomarkers Using !°F MRI of Inert Fluorinated
Gases

4.1 Introduction

Chapters 2 and 3 have discussed preliminary developments in inemdhadrigas MRI,
where UTE and gradient echo imaging was performed in healthy volunteers. This
imaging was performed during 15 second bréuthis, which provides a static
Asnapshoto of ventilation function. The
distribution of the inhaled gas, and future imaging in patients with respiratory diseases is
expected to yield the characteristic patterns of ventilation defacsldition to the static
breathhold imaging that has already been presented, inert fluodingte MRI can also

be used to measure functional biomarkers that can provide sensitive and quantitative

diagnostic information.

This chapter consists of three brief studies that investigated the potential for using inert
fluorinated gas MRI to measure fttronal imagederived biomarkers. The first study
performed volume measurements in healthy volunteedetive the ventilated volume
(VV), the ventilation defect volume (VDV), and the ventilation defect percent (VDP). In

order to provide a baseline for mparison, these results were compared to similar
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volume measurements that were obtained using®H® MRI. Although ventilation
defects are expected to be small in healthy volunteers, validating these measurements is

an important step towards imaging patsewith respiratory diseases.

The second study in this chapter presents preliminary measurements of inert fluorinated
gas apparent diffusion coefficients (ADGs)a single healthy volunteerThe ADC is a
biomarkerthat is sensitive tanicrostructural canges in the lungsuch as the destruction

of alveolar walls in emphysemahe final study in this chaptémvestigats gravitational
gradients in ventilation usingert fluorinated gas MRIGravitational gradientsvere
evaluated ina group ofhealthy vdunteers, and these results agreed with expectations
based on knowmatternsin lung physiology Overall, theimagederived biomarkers
presented in this chaptbave the potentialield valuableinsight into lung function and
disease severityzuture stud@s using these techniques in patients with lung diseases will

to helpevaluate the diagnostic abilities of inert fluorinated gas MRI.

4.2 Volume Measurements and Comparison to HP 3He MRI

4.2.1 Introduction

Fluorine19 (°F) magnetic resonandeaging (MRI) of thelungs using inhaled inert
fluorinated gases is a technique currently under development that can potentially provide
images of the distribution of pulmonary ventilation, similar to hyperpolarized (HP) noble

gas MRI. Inert fluorinated gases, such as sulexafiluoride (SE) and perfluoropropane



114

(CsFs or PFP), have several potential advantages over HP gases, as they are nontoxic,
abundant, and inexpensive. MRaging of thermally polarized inert fluorinated gases is
made possible due to the high gyromagnedito and high natural abundance &.
Furthermore, the short longitudinal relaxation times of inert fluorinated gases allows for
many signalaverages within a single bredibld. Therefore, pulmonary®F MRI is
possible without the expensive polarizedacarce isotopes that are required for HP gas

MRI.

Inert fluorinated gas MRmaging of the lungs has been previously demonstrated in a
number of animal studie€l-3), and more recent work has demonstrated imaging in
healthy volunteerg4) and in patients with lung diseases such as chronic obstructive
pulmonary disease (COPD), asthma, anthltransplantg5). The work to date has been
performed in standlone studies using variougnaging techniquesand different
parametergo optimize the image quality. As interest in this new pulmonargginy
technique is growing, validation studies and comparisons to existing pulmonary imaging
techniques will be required in order to consider all factors that contribute to image
features and image quality, including the physical properties of these tha@anmated
gasesTherefore, the goal of the present study was to perform a quantitativearison
betweenlung images obtained usingert fluorinated gasMRl and HP®*He MRI in the

same subject).
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4.2.2 Methods

This study protocol was approved by the looadearch ethicboard and byHealth
CanadaAll subjects provided written informed consent prior to their participation in this
study. Five healthy female volunteers ¢an age= 23 £ 3 years) were enrolled in this
study with no previous history of lung diseas® no previous history of smokingll
imaging in this study was performed using & 3canner(Philips Achieva, Best, The
Netherlands)and two flexible wragaround quadrature transmit/receive coils tuned to
either the’He or!°F resonancérequencies (Clinical MR SolutionsL.onventionafH 2D
multi-slice gradient echo images were initially acquired usinglabteathkhold of air
with the following settingsTR =50 ms, TE = 1.49 ms, matrix = 128 x 128, 12 slices, in
plane FOV = 450 x 450 min15 mm thickness, 1.5 mm slice gap, flip angle = 11.5°, and
bandwidth = 500 Hz/pixelConventional'H images werebtained in both the coronal

and axial planes to facilitaanning®He and'F image acquisitions.

3He was polarized using spaxchange optical pumping (SEOP) in a custmuit
polarizer. After approximately 18 hours of optical pumping, e polarization was
about 15%. HP *He MR images were acquired followgninhalation of a 1L bag
containing 330mL of HP 3He balanced to 1 with N,. HP ®He images were obtained
during a 15s breathhold using a 2D mukslice gradient echo method in the coronal
plane with the following settings: TR 56 ms, TE= 1.53 ms, matix = 128 x 64
reconstructed to 256 256, 14 slices, iplane FOV= 450x 450 mn¥, 15mm thickness,

flip angle= 7°, and BW=500Hz/pixel.
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19F images were obtained during a2Breathhold using either a 3D ultrashort echo time
(UTE) or 3D gradient eah acquisition that followed several washt breaths of a
mixture of 79% PFP and 21% G°% 3D UTE imaging used the following settings: ¥R
20 ms, TE= 0.2ms, matrix= 64 x 64, 12 slices, iplane FOV= 450x 450 mn?, 15mm
thickness, flip angle: 70°, 75% radial sampling density, and B¥\200 Hz/pixel. % 3D
gradient echo images were acquired with the following settings:s TBRms, TE= 1.08
ms, matrix= 64 x 64, 12 slices, ifplane FOV= 450x 450 mn?, 15 mm thickness, flip

angle=70°, 5 averagesnd BW = 200Hz/pixel.

The signafto-noise ratio (SNR) was measuria all 1°F and®He images using custem
built software written inMatlab R2011a (The Mattworks, Natick, MA) The semi
automated segmentation algoritlofKirby et al.(7) was used to calculate the VV, WD
andVDP for all 1°F and®He images. Figure-4 showsa schematic diagram of the semi
automated segmentation algorithithe first step in the lgorithm is to segment the
ventilation image using-kneans clustering, which separates the image into five distinct
clusters with gradations in signal intensity from no signal (cluster 1) and low signal
(cluster 2) to high signal (cluster 5). Next, thertdwic cavity is segmented from the
conventional!H MR image using a seeded regigrowing method. The ventilation
image is then overlaid on the segmented thoracic cavity using a lantbase#
registration methodFollowing image segmentation, the VDV ikenh calculated by
multiplying the number of voxels in cluster 1 by the volume occupied by each voxel.
Similarly, the VV is the sum of the voxels in clusters 2 through 5 multiplied by the

volume per voxel.
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Step 1 °*He MR . *He MRI Segmentation

*He Cluster Map

Step 3
Landmark-based
Registration
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Figure 4-1: Schematiaiagramof the semiautomated segmentation algorithimages were reproduced
with permission from Kirby et a(7).

The VDPis essentially he VDV normalized to théhoracic cavity volume (TCV)and it
is given by the following expression:
w00 ?—?%nnbﬂmnnb [4-1]
Yo ww wow
The SNR and volume measurements were compared betweédeH&hd'°F imaging

using a two-tailed paired testin GraphPad PrisniGraphPad Softwa, La Jolla,CA),

wherep < 0.05 was considered besignificant.

4.2.3 Results

Figure 4-2 shows a comparison of 4 central coronal slices that were obtained using a
conventionafH localizer,a HP 3He 2D multi-slice gradient echoa *°F 3D gradient echo,
anda'®F 3D UTE in subject #4Qualitatively, theHP *He imageslearly have a superior

SNR, and imagegan easily beacquired ata much higher resolution than the inert
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fluorinated gas images. The HRe images also show more fine detail, such asrthjer
airways and pulmonary vasculature. On the other handintage quality from inert
fluorinated gas imaging appears promising, in spite of the factiRtis clearly lower

than HP®*He imaging.

NN N

Figure 4-2: Comparison of representatiy&) H localizer,(b) *He 2D gradient echdg¢) *°F 3D gradient
echo, andd) *°F 3D UTE images acquired in the same healthy volunteer.
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A summary of the measured SN all HP *He and'°F images is shown in Tablel.

Note that the type of image acquisition usedfsr MRI is indicated The HP®*He SNR

was significantly greater than the SNR from inert fluorinated gas imagin@(@1). The

HP *He SNR ranged from 39 to 75, whileetinert fluorinated gas SNR ragd)from 8to

18. Variability in the HPHe SNR can be explained by diyday variability in polarizer
performance, while variability in the inert fluorinated gas SNR can be explained by
variations in coil calibration due to body size as well as subject compliaticeegard to

taking multiple breaths of the fluorinated gas mixture.

Table 4-1: Comparison of SNR measurements obtained fidemand'°F MRI in all subjects.

Subject °He SNR 19F SNR 9F Sequence

1 72 +£37 18+8 3D UTE

2 99 + 50 8+3 3D UTE

3 75 + 36 8+2 3D UTE

4 40 + 18 16+ 6 3D Gradient Echo
15+ 6 3D UTE

5 39+16 9+4 3D Gradient Echo

Table 4-2 summarizes the volusiric measurements that were obtaingdm three
subjectsin this study Two of the five subjects in this study were not included in the
volume measurements, since a larger slice thickness was used in thos@2aves
compared to 15 mm}or the 3 subjects shown in Tabl€4the VV, VDV, and VDP
measurements were not statially different betweemP 3He MRI and inert fluorinated

gasMRI (p > 0.05)
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Table 4-2: Comparison of VV, VDV and VDP measurements obtained fidmand°®F MR imaging in
the lungs of three subjects.

3He 19|:
Subject | WV (L) VDV (L) VDP (%) | VWV (L) VDV (L)  VDP (%)
3 3.8 0.11 2.9 3.34 0.55 14.14
6.13 0.55 8.3 (GE)
4 4.9 0.28 5.35
5.33 0.24  4.29 (UTE)
5 5.33 0.27 4.83 5.05 0.59 10.5

4.2.4 Discussion

This preliminary study demonstratefor the first time,a quantitative comparison
between HPHe MRI and inert fluorinated gas MRI in the same healthy volunteers. In
order to assess the images that were produced by these two techniques, SNR and
volumetric parameters were measured. As expected, the SNR wdisandtyi larger for

HP 3He MRI compared toriert fluorinated gas imaginAt this point in time 1%F images

do suffer from apoor resolution, poorly defined edges, ang-ifiduced blurring is
particularly apparent in thé®F UTE imagesThe image quality foinert fluorinated gas
MRI will continue to be improved with these of phased array coi{8,9), as wellas
novel and efficient image acquisition techniqussch as scentric(3); however, there is

a possibility that the current image quality of inert fluorinated gas imaging is sufficient
for diagnostic decision makg. Future comparisons in patients with pulmonary diseases,
such as asthma and COPD, will helpdetermine the true clinical potential of inert

fluorinated gas MRI.

The VV, VDV, and VDP measurements from FiRe and inert fluorinated gas imaging

were stéstically indistinguishablein this preliminary study.As expected,the VV
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measurements were similar for both techniques in most casex imaging was
performed at approximately FRE1 L. In most cases, the VDV and VDP weslgghtly

larger for inert luorinated gas imaging compared ¥de MRI. This result may be
explained by a lower SNR and poorly defined edges, or it may be relatététences in

the physical properties of the inhaled gases. Thahésdensity and diffusivity of PFP

will be impottant in interpreting the size of ventilation defects, as a recent comparison of
VDV measurementperformedusing HP3He andHP 12°Xe MRI in COPD patients
demonstrated a significantly greater VDV as measured from'23& MRI. It was
suggested thahese aparent differences in VDV might be related to thgher density
andlower diffusivity of 12°Xe, which might leado slower filling in the terminal airways,

andhenceJargerapparentventilationdefectg(10).

Although it may be reasonable to assuhedthe high density and low diffusivity of inert
fluorinated gases will lead to large apparem@ntilation defectsin patients with
pulmonary disease# is also possible thahe use of continuous breathingght offset
these effects. That is, continuous bigag prior to imaging allows for ateadystate
concentration of the inert fluorinated gasbe reached, whicmay compensate for the
slow filling of heavy gaseand make ventilation defects appear small#timately, the
context of the measuremenill needto be taken into accounh order to properly
interpret the size of ventilation defecEsrthermorean accurate measurement of VV and
VDV using inert fluorinated gas MRhay require corrections foriBnhomogeneit (11).

Naturally, many rore subjects will be required in order to fully validate inert fluorinated
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gas imaging as well asfuture comparisonsn patients with pulmonary diseasés

determine ithe volume measurements yielhically meaningful results.

4.2.5 Conclusions

Although the SNR frominert fluorinated gas MRung images was less than HPle
imaging the lung volume measurements imst preliminary study were statistically
indistinguishablebetween the two techniques. Therefore, inert fluorinated gashdgfl
the potential to yield meaningful functional information that is similar to°H® MRI.
Future comparison studies aaditional subjestand inpatients with pulmonary diseases
will detemine if inert fluorinated gas MRI can become a viable clinical imaging

modality that can aid in diagnostic decision making.

4.3 Diffusion Imaging

4.3.1 Diffusion Physics

Brownian motion refers to the random movement of particles, and this phenomenon was
famouslydescribedby Einstein in one of higroundbreakingl905 paper$l2). An atom
or molecule undergoing a random walk will travebat meanscur ed di thatianc e,

given by the following equatioim three dimensions

., 90 . [4-2]
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where @ i s t heDotithe $ekidfusionncoetfigient.&or exantple, a gas
such as’He has a selfliffusion coefficient 0f2.05cn?-s?, and in 1 ms, it will travel a
root mean squared distance of 1.1 mimair, *He has a lower diffusion coefficient of
0.86¢cn?-st (due to collisions with larger gas molecules), and it would travel amean

squared distance of 0.72 mm in 1 ms.

In a restricted environment, such as porous media and lung tissue, the actual distance the
atom or molecule travels is limitdxyy the geometry of the containéror example, human

alveoli have a approximate dianter of 2 0 0 (&3n and therefore, this physical
boundary would reduce the measured diffusion coefficiedtHefat diffusion times on

the orderof a few milliseconds. In this regime, the measured diffusion coefficient is
referred to as thapparen diffusion coefficient (ADC). ADC can be measured in MRI

by encoding the diffusion informationith the appication of bipolar diffusion
sensitizing gadientsprior to the signal readoufFor exampleFigure 4-3 shows a basic

2D gradient echo acquisition with diffusion sensitization along the phase encoding
direction. The time between the leading edges of theolbip diffusionsensitizing
gradientibes i s def i ned alsprinciple, difusidnfseanstizatiom can i me ,

be combined with virtually any readout strategy.
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Figure 4-3: Pulse sequence diagram fo2@ gradient echacquisitionwith diffusion sensitization along
the phase encoding direction.
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In Figure4-3, the total area underneath the bipolar diffussensitizing gradients is zero,
which means that any phase accumulated during this tirdaeisto Brownian motion
only. Therefore, the diffusiofinducedsignal decaycan beexpressd in the following

way.
Y O'YR 0, [4-3]

where Y is the original signal without diffusion sensitizatioriYis the signal with
accumulated phase due to diffusion sensitization,caisda parametecharactering the
amount of diffusion sensitization in units efcn?. A simple rearrangement of the

previous expression can isolate the ADC:

5086 —. [4-4]

Therefore, at least two measoments are required in order to calculate the ADC: one

image with diffusion sensitization, and one with@Gé. b = 0).
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4.3.2 Diffusion Measurements in the Lung

In conventionaltH MR, diffusion-weighted imaging (DWI)s typically used to measure

the ADC of water molecules, and there are numerous applications such as diffusion
tensor imaging (DTI) and tractograpli4). In the context of the lungs, DWI of gases
uses essentially the same basic prilesiphowever,te diffusion coefficients of gases are
typically several orders of magnitude larger than the diffusion coefficient of \Vaiele

4-3 lists the diffusion coefficients ofHe, 12°Ke, PFP and S and for comparison, the
self-diffusion coeffcient of water is approximately-20° cn?-st at room temperature
(15). Generally speaking®He is a very light gas thabas a relatively high diffusion
coefficient, while the inert fluorinated gassm®very heavyandhave the lowest diffusion
coefficients. The diffusion coefficient of*®Xe is somewhat betweefHe and the

fluorinated gases.

Table 4-3: Diffusion coefficients fo?%Xe, ®He, PFP, and SFin units of[cm?-s?] (16-18).

Parameter 129% e SHe PFP Sk
Self-diffusion coefficientDg 0.061 2.05 0.023 0.033
Diffusion coefficient in airD 0.14 0.86 0.071 0.094

HP roble gas ADC measurememsrformed usingHe and!?°Xe are weltknown to be
sensitive to the lung microstructure, and these measurements can distinguish between
healthy and emphysematous tisg16,20). That is, a higheADC can be measured in
patients with emphysema, and this difference can be explainedldrgel alveoli caused

by the destruction of alvéar walls.HP gas ADC measuremeritave been shown to be

reproduciblg21), and ADCs have been correlated with spirometric indices, such as FEV
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and FVC ADC measirementshave also been successfully validated with a comparison
to standard histological measurements, such asuhace to volume ratioS{V) and

mean linear intercept g) (22).

HP gas ADCis also able to measureorphological parameters by acquiring images at
multiple b values and fitting to geometrical modetsich as the model of Yablonskiy et
al. (23,24). The Yablonskiymodel is able taneasurghysicalparametershat arerelated

to anisotropic diffusion and the geometry of acinar airyapslthis model has also been
successfully validatedith a comparison to histologi25). Due to theexceedingly high
cost andlimited availability of 3He, HP ?°Xe MR imaging hasreceied increagd
attention recenthandthe literature has focusedn developingHP 2°Xe ADC (20) and

validatingthese measurememntéth a @mparison tdHP *He MRI (10,26).

Preliminary inert fluorinated gas ADC measurements are currently underwayhian
technique may be able to provide similar information to HP noble gas MRI. The first
demonstration of inert fluorinated gas ADC measurements was performed in healthy rats
using Sk, and the measured ADC was slightly less than thedgélfsion coeffcient of

SFs (18,27). An elastasénduced model of emphysema in rats was employed to help
determine whether this technique had a potential to detect pulmonary disease, and
elevated @Fs ADC values were detected in emphysematous regions of rat (28pgs
Significant differences in £ ADC values were also detected in a studyhedlthy and
emphysematous excised human lu(®$30), which was an important first step towards

translatng this technique to human imaging.



127

4.3.3 Preliminary 1°F ADC Measurements in Human Lungs

Despite the challenges of imagifiglorinated gases with very short.T values, it is
possible to probe ADCs in humans using a UTE approach in combination vadtabi
diffusion-sensitizing gradient§31). As an exampleFigure4-4 showstwo sets of%F 3D
UTE lung images that wereacquired in a healthy volunteduring a single 15 second
breathhold of a mixture of 79% PFP and 21% OSimilar to the!%F 3D UTEimages
shown in Figure 2 and Figure 25, imaging followed continuous breathing of the

PFRO:2 mixture.

PY Bt

b) b=9.59 s-cM

£Ex FY B2

Figure 4-4: Three slices from®F 3D UTE lung imaing acquired in a healthyolunteer(a) without
diffusion weighting(b = 0 s-cn¥), and(b) with diffusion weighting 16 = 9.59 s-cr).

" Inert fluorinated gas ADC results are presented for one healthy volunteer only. This work was part of a
study protocol that was approved by the local research ethics board and by Health CanadhbjeEhis s
provided written informed consent prior to participating in this study
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Each set of% 3D UTEimages shown in Figure-4: consisted of three slicesnages
without diffusionweighting (b = 0 s-cn?) are shown in théop row, and image with
diffusion weighting(b = 9.59 s-cr1f) are shown in the bottom row order to achieve a
b value 0f9.59 s-cnf and diffusion time of 5 ms, a TE of 3.8 ms was requirdd.this
case, these settings yielded an SNR in thereshite imageof approximately 22 in the

unweighted image armpproximatelyl8 in the diffusioaveighted image

The top row inFigure 45 shows thePFP ADC mapsthat were calculated using the
diffusion-weighted!®F 3D UTE images shown in Figure44 ADC wascalculated on a
pixel-by-pixel basis using Eqg. {4]. The histograms for each ADC map are shown in the

bottom row in Figure %.
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Figure 4-5: (a) PFPADC maps measured in a healthy volunteer, and (b) thregmonding histograms for
each slice.
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Themean ADC valuefrom each slice in Figure-8 were0.034 + 0.021 cis?, 0.025 +
0.016 cm-s?, and 0.023 + 0.011 chs?, respectively, where the error represents the
heterogeneity in each respective ADC mdaphese ADC results were similar to
previously published values for the diffusion of PFP mixed with{X®). This was to be
expected for a diffusion time of 1 ms and the lightly restricted diffusion length scale that
was probedAssuming an ADC of 0.02¢n?-s! for PFP mixed with 21% £(16), a
length scale of approximately &Inm will be probed in 5 ms, whichless than the
diameter of an alveolug-0.2 mm)(13). A longer diffusion time would be required to
reach the restricted diffusion gene that is normally used for HP noble gas
measurements of ADGince longer iffusion timesnecessitate long TEs, and thg ®f
inert fluorinated gases may be prohibitively shodnventional restricted diffusion and

lung morphometry measurementsynot be possible with inert fluorinated ga%ag).

However, by probing multiple diffusion timekat are less than or on the order of, Tt
may be possible to measure the SAtio with inert fluorinated gasesyhich is an
important biomarker of lung microstructure general, restriction causes the ADC to
decrease as a function of diffusion tin@s shown irFigure 46 (30). By acquiring2 or
moredata points in théinear shorttime-scale regimgthe slopefrom Figure 46 can be

used to determine S/V according to the following equaBa

whereO 0 is the timedependent ADCIt is also possible to mix inert fluorinated gases
with other inert gases, such &de, to increase the frediffusivity, and hence the

diffusion length scale that will be probed. Although there are a number of potential
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difficulties, inert fluorinated gas diffusion measurements have been demonstrated in
humans, andhere is a possibility foprobing the lung miostructure in humans with

pulmonary diseases.

-

s /o

Figure 4-6: ADC normalized to the seHiffusion coefficient D(t)/Do, is shownplotted as a function of
diffusion time,t. Note that the diffusion time is dea in dimensionless units by making use of the free
diffusion length scale and the surfacevolume ratio (S/V)Image reproduced with permissi¢30).

4.4 Gravitational Distribution of Ventilation

4.4.1 Introduction

Functional 1°F MRI using inert fluorinated gasdsas already been established as a
potentially valuable technique fopulmonary imagingandthe measurement of image
derived biomarkers can provide adalital information regarding lung functio®ne such
biomarker is the gradient ipulmonary ventilationwhich is a welknown phenomenon
that is caused by a gravitationatlgpendengradient in regional complianck order to
support the weight of the mgs, the intrapleural pressure surrounding the lungs is less

negative in dependent regiofise. regions of the lung that are closer to the ground)



131

whichleads to a smaller resting volume. Ui§ alveoli in dependent lung regions are on a
steeper portion fothe pressur@olume curve and they are easier to infld8).

Therefore, ventilations always greater in more dependent regions of the lung

Gravitationally dependent gradients in ventilation h&een previously demonstrated
using a number dtingimaging techniquesncludingxenonenhanced CTXe-CT) (35),
Oz-enhancedH MRI (36), and HP noble gas MR(37,38). Although one study has
investigated ventilation gradients hrealthyrats using inert fluorinated gas ME3), a
gravitational distribution of pulmonary ventilation has not been quantitatively
demonstrated usinF MRI in humans. In this brieftudy, °F 3D UTE imaging was
performed in healthy subjects with inert fluorinated gases, and arpgestarior (A/P)

ventilation gradients were measu(&d,39).

4.4.2 Methods

This study protocol was approved hyetlocalresearch ethicboard and byHealth
CanadaAll subjects provided written informed consent prior to their participation in this
study. Imaging was performed using a 3.0 T scar(filips Achieva, Best, The
Netherlandshnd a flexible wragaroundquadrature transmit/receive coil tuned to e
resonance frequency of 120.15 MHz (Clinical MR Solutions). Six healthy volunteers (5
female, 1 male) were enrolled in this study with no previous history of lung diaedse

no previous history of smokinghe mean age of all subjects was 30 + 13. Subjects were
imagedin the supinepositionduring a 15 second brealiold following inhalation of a

gas mixture of 79% PFP and 21%f@m a Tedlar bag.
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For 4 subjects!®F 3D UTE MR images were acquired in theah plane following a 1L
inhalation of the PFP/Omixture with the following settings: TR = 20 ms, TE = 0.2 ms,
matrix = 64 x 64, 8 slices, 22 mm thicknessplane FOV = 450 x 450 minflip angle =
70°, and bandwidth = 140 Hz/pixel. For 2 subjeéts; 3D UTE MR images were
acquired following continuous breathing from a 5 L bag of the PFRigiure, followed

by a 1 L inhalation of the same mixture from a separate bag and 15 shwkhtRor

these 2 subjects only, 12 slices were acquired with a 15hmckness.

The resulting images were analyzed in MatR®01lausing a custorbuilt graphical

user interfacgMathworks, Natick, MA). Each slice in the 3D image was normalized
such that all slices had similar noise levels. Nexthreshold was manuallget to
separate the lungs from the surrounding background and all sliceswmeneedo create

a single projection image of the entire luingthe axial planeThe signal intensity was

then normalized to the maximum signal value in the 2D projection indge.mean

signal intensityfrom the final projection imag@asthenplotted as a function of distance

from the most posterior edge of the lung, and the slope of a linear regression yielded the

ventilation gradient.

4.4.3 Results and Discussion

Table 4-4 showsa summary of the measured ventilation gradients from all six healthy
volunteers, along with the coefficients of determinatiod),(Rnd percent changes in
ventilation along the vertical direction. Qualitatively, rdnavas no apparent difference

between the ventilation gradients calculated for subjects that inhaled the:PhiRli@e
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as a 1 L bolus (subjects i1 4) and subjects that inhaled the PFPf@ixture using
continuous breathing from a 5 L bag followed by a fdlus inhalation and breatiold

(subjects 5 and 6).

Table 4-4: Summary of measured ventilation gradients, coefficients of determinatthra(®l percent

changes in ventilation along the vertical directionall six healthy volunteers. The first four volunteers

inhaled the PFP/Omixture as a 1 L bolus, and the last two volunteers inhaled the PRP{Dre using
the continuous breathing method.

Subject Ventilation R2 Percent
# Gradient [cm™] Change [%]
1 -0.03058+0.0000¢ 0.742 -75.4
2 -0.04107+0.0000¢ 0.747 -81.2
3 -0.03315+0.00004 0.635 -80.4
4 -0.02259+0.00004¢ 0.548 -66.6
5 -0.03759+0.0000% 0.808 -76.6
6 -0.03325+0.0000: 0.928 -84.2

Figure 47(a) showsone example of avhole lung axial projectio image that was
obtained from a representati{® 3D UTE image that was acquired in the axial plane in
subject #6.Figure 4-7(b) shows thesignal intensity from the image shown kigure
4-7(a) plotted as a function of vertical distance frdine dorsal surface of the lunghe

solid line in Figure 4-7(b) represents the calculated ventilation gradient, which has a
slope 0f-0.033 cmt; this gradientepresents an 84% change in signal intensity from the

posteriorto anterioredges of the lung.
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Figure 4-7: (a) Whole lung axial projectiofF MR image acquired in a representative galolunteer
(b) Sgnal intensity as a function vertical distance in the lungs. The solid line represents the calculated
gradientImages were reproduced with permissi8).

Although this preliminary data appears to demonstrate the expected gradient9s the
signal, it is difficult to compare these results to literature values, which generally quantify
fractional ventilation rather than analyzbe '°F signal distribution irstatic breatthold
images.Measuring fractional ventilation requireswashin and/a washout approach
where dynamic imaging is interleaved with breaths of the inhalethgaprovides signal
contrast (i.e. washin) followed by breaths of room air (i.e. waseht) (2,3840).
Therefore, imaging is abl® capture the signal enhancement as the inhaled gas washes
into and out of the lungs.r&ctional ventilation can be determined by fitting the resulting
data to a theoretical modelnd then gradients in ventilation are calculated in the vertical

direction.

It is also important to note that the results of this study might be confound&d by
inhomogeneity which would lead to regional variations in the excitation flip angle. An

extra calibration step is required in order to correct for the resulting signal intensity
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variations in static breathold imageg11); however corrections for Bnhomogeneity

will not be required for fractional ventilation mapping. Since fractional ventilation
mapping relies on the breatirbreath signal changes during silan and/or wastout,

any regional variations in the baseline signal will not bias the results. Therefore,
fractional ventilation mapping will provide a robust method for obtaining meaningful

information regarding ventilation function.

4.4.4 Conclusions

This proof-of-conceptstudy demonstratethat there isa clear gravitational distribution
gradient of inert fluorinated gases in human lungs uSlR@D UTE MRI, and there is a
potential for this technique to provide functional and regional information regarig
physiology.Future work will explore¢he measurement dfactionalventilation mapping

in humansusinginert fluorinated gas MRI and dynamicwashin/washout approach
which will provide additional quantitative information related to the distidioutof
ventilation, gas kinetics, anair trapping. Furthermore, imaging in patients with
pulmonary diseasesvill help to determine if ventilation gradients measured from

dynamic inert fluorinated gas MRI can provide clinically relevant diagnostic infaxmat
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Chapter 5

Fractional Ventilation Mapping using Inert
Fluorinated Gas MRI in Rat Model s of
Inflammation and Fibrosis

5.1 Abstract

Purpose: The purpse of this study was to extend established methods for fractional
ventilation mapping using’F MRI of inert fluorinated gases to rat models of pulmonary

inflammationand fibrosis

Methods: In this study,5 rats were instilled with lipopolysaccharide @pPin the lungs
two days prior to imaging rats were instilled with bleomycin in the lungs two weeks
prior to imaging, and an additiondlrats were used as controlSF MR lung imaging
was performed at 3T with rats continuously breathing a mixturailéirshexafluoride
(SK) and Q. Fractional ventilation maps were obtained using a veashapproach, by
switching the breathing mixture to pure;,Cand acquiring images following each

successive wasbut breath.

Results: The mea fractional ventilatior(r) was0.29+ 0.05 for control rats, 0.28 0.10
for LPSinstilled rats and 0.1% 0.03 for bleomycinnstilled rats. Bleomycirnstilled

rats had a significantly decreased meawmalue compared to controls @ 0.010).
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Although LPSinstilled rats had a lghtly reduced mean value, this trend was not
statistically significant (p= 0.556). Fractional ventilation gradients were calculated in the
anterior/posterior (A/P) direction, and the mean g/&dient was0.005+ 0.008 cmt for
control rats, 0.013t 0.005 cm' for LPSinstilled rats, and 0.00% 0.018 cm' for
bleomycininstilled rats. Fractional ventilation gradientgere significantly different for
control rats compared tbPS-instilled rats only (p=0.016)The ventilation gradients
calculated fromcontrol rats showed the expected gravitational relationswipile
ventilation gradients calculated from LP&nd bleomycinnstilled rats showed the
opposite trendHistology confirmed that LP$stilled rats had a significantly elevated
alveolar wall thekness, while bleomycimstilled rats showed signs of substantial

fibrosis.

Conclusion Overall, 1% MRI may be able to detect the effects of pulmonary
inflammation and fibrosis using a simple and inexpensive imaging approach that can

potentially be traslated to humans.

5.2 Introduction

Interstitial lung disease (ILD) refers to a group of pulmonary disorders that are associated
with inflammation and fibrosis in the interstitial tissues between the alveoli and capillary
blood (1). In many cases the cause of ILD is unknown, and the prognosis is generally
very poor. Animal models play an important ratehielping to understand the causes and

pathophysiology of ILD, andni particular, the instillation of lipopolysaccharide (LPS)
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and bleomycin in rodent lungs have been established as models that produce
inflammation that is similar to ILDLPS is a cell wadlcomponent of Grarmegative
bacteria, and the inflammatory response following LPS inhalation is associated with
increased levels of neutrophils, cytokines and chemoki)e8leomycin is an @tibiotic
derived from Streptomyces verticillusand it has a long history of use as a
chemotherapeutic age(®). The inhalation of bleomycin causes an acute nmffetory

response in the lungs that is followed by fibrddis

Preclinical imaging of ILD models can potentially aid in the development of novel
therapeutis and diagnostic techniqueSonventional protontd) magnetic resonance
imaging (MRI) has been shown to correlate with histology in-iri38lled rodents, as
areas of increased signal intensity correspond to a higher tissue density and the presence
of inflammation(5,6). Similar results have been demonstrated in bleomysitilled rats

(7) and decreases ifH MRI signal were detected following treatment with a
glucocorticosteroid(8). Other work has suggested that the product of‘Hhesignal
intensity and the dvalue is corelated with collagen content, and is therefore a potential
biomarker for inflammation and fibros{®). The presence of pulmonary inflammation
can also be detectagsing hyperpolarized (HP) noble gas MRI, since the injured and
poorly ventilated regions of the lung appear as signal voids known as ventilation defects
(10,11). Helium-3 He) or xenorl29 {2°Xe) is initially polarized using spiexchange
optical pumping (SEOP) to enhance the M&gnal by up to 100,000 times above

thermal equilibrium levelg12). Following inhalation, HP gas MRI is able to provide
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high resolution images of the gas distribution and quantitative information related to lung

function(13,14).

HP 12°%e MRI is emerging as a particularly sensitive technique for studying LPS and
bleomycirinduced inflammation. Following inhalation, xenagadily dissolves into
blood and tissue, and the large chemical shift rangé*¥fe can be exploited to
separately detect the HE®Xe in the lung airspaces, barrier tissues, and red blood cells
(RBCs) (15-17). Timeresolved spectroscopy has been used to demonstrate a reduced
129%¢e RBC signal in bleomycin treated raf$8) and those treated with whole lung
radiation(19), which was indicative of reduced gas exchange ability due to tissue barrier
thickening. With the additio of theoretical models, dynamié®Xe measurements are
able to detect differences in biomarkers such as the surface to volume ratio (S/V) and gas
transfer timeg20,21). Cleveland et al. recently demonstrated simultaneous imaging of
the barrier and RBCG?%Xe signal in bleomycin treated rats, and the resulting images

effectively visualized the distribution abfotic thickening(22).

Unfortunately, HP*?®Xe MRI is a technique that has certain disadvantages, which will
make translation to routine clinical use difficult. ##®e MRI requires a polarizer and
isotopicallyenriched xenon gas, both of which contribtbelarge expenses that are
necessary for imaging. One potential alternative to'¥®e for functional lung imaging

is 1% MRI using inert fluorinated gase@3). Inert fluorinated gas MRI has the
advantages of using gases that are nontoxic, abundant, andnisiegpeompared to HP

gases. Due to the large gyromagnetic ratid®6f there is sufficient thermally polarized
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signal for imaging at clinical field strengths, and averaging within a single Hne&ths
possible due to short longitudinal relaxation timBserefore, the gases do not need to be
hyperpolarized prior to their use in MRI. Inert fluorinated gas MRI has recently been
demonstrated in healthy voluntedf®)), in patients wih pulmonary diseases such as
chronic obstructive pulmonary disease (CORDJlasthmaandin patients that received

lung transplant§25).

Although human imaging with inert fluorinated gases is ctiyein the development
phase, numerous animal studies have been performed using this technique since 1984
(26). Inert fluorinated gas MRI studies in animals have explored high resolution 3D
imaging (27), as well 8 the measurement of functional biomarkers such as-wash
infwashout kinetics (28), dynamic volme measurement§9), apparent diffusion
coefficierts (ADCs)(30,31), and ventilation/perfusion ratios (V/@32,33). Ouriadov et

al. recently performed a dynamic lung imaging study where fractional ventilation was
measuredising®F MRI in healthy rats it were ventilated with gas mixtures containing
sulfur hexafluoride (S§f or perfluoropropane ({Es or PFP)(34). In the present study,

we hypothesized that a similar dynamic inert fluorinated gas imaging appxoadth be

able to detect the effects of inflammation and fibrosis in rat lungs. In order to test this
hypothesis, rat lung imaging was performed ust¥§ MRI of Sk in LPS and
bleomycininstilled rats; fractional ventilation maps and ventilation gradiewere
quantitatively compared between inflammation rats and controls. To our knowledge,
fractional ventilation mapping has not been previously performed d¥mniyIRI in an

animal model of lung disease.
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5.3 Methods

5.3.1 Animal Preparation

This animal study follewved specific animal use protocols approved by the local animal
care committee of Lakehead University and the guidelines set forth by the Canadian
Council on Animal Care (CCAC). A total db male Sprague Dawley rg340 + 31 g,
Charles River Laboratorie§aintConstant, Canadayere imaged in this study. fats

were instilled with a dose of 2.5 mg/kg of LPS in the lungs two days prior to imaging
(20), while an additioal 6 rats were instilled with a dose of 2.5 mg/kg of bleomycin in
the lungs 14 dayst(1 day)prior to imaging(18). At these timepoints, the LPS model

was expected to produce inflammation, while the bleomycin model was expected to
produce fibrosisFor intratracheal instillations, the rats were anesthetized d4€in§.0%
isoflurane (Abbott Laboratories, Saibaurent, Canada) and therstilled using a gavge
needle and otoscope. In order to create an even distribution of the instilled agent, the rats
were gently rotated before being returned to their cages for the prescribed ddiagion.

remaining4 rats were used as controls.

On the day of imaging, ratsere initially anesthetized with 2.6.0% isoflurane and 60
mg-kg! ketamine (Baxter Corporation, Mississauga, Canada). A 26G catheter (Hospira,
Lake Forest, IL) was placed in the tail vein and an intravenous injection of 3.0"mg-kg
propofol (Astra Zenex, Mississauga, Canada) was delivered. Rats remained anesthetized
by a continuous infusion of a 10:1 mixture of propofol and ketamine in the tail vein at a

rate of 50 mg-kg-ht. The trachea was exposed by blunt dissection, and a 14G catheter
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(BD Angiocah, Sandy, UT) was inserted into the trachea through a small incision. Three
loops of 20 silk suture (Surgical Specialties Corporation, Vancouver, Canada) were tied
around the trachea to ensure an airtight seal. Rats were then ventilated in the supine
postion with a mixture of 80% sulfur hexafluoride FRnd 20% @ using a custom

built MR-compatible ventilato(35). The breathing rate was set to 60 breaths*miith a

tidal volume of 8 mL-kg and peak inspiratory pressure (PIP) of 20 ca®HBody
temperature was maintained using a heating pad, autsa oximetrysensor was taped

to the hind paw to monitor blood oxygen saturation and heart rate.

5.3.2 MRI

All imaging in this study was performed at 3.0 T (Philips Achieva, Best, The
Netherlands) using eustombuilt linear duaituned*H/*°F transmit/receive birdcage coil
(36). ConventionalH localizer images were initially acquired using a fast spin echo with
the following settingsTR = 2000ms, TE = 55 ms, FOV = 75 x 75 mMymatrix = 256 x
256, FA = 90°, BW = 3701z pixef!, and 5averagesFractional ventilation maps were
then obtained in the axial plane using the method of Ouriadov @4al.The breathing
protocol for fractional ventilation mapping during the wasit phase was as foils:
after at least a 3 minute period of continuous breathing of teESmixture, the Sk
concentration was assumed to be at a steady state in the lungs and a 10 lofewls
initiated for the acquisition of a baselif® MR image. Breathing wasén switched to
pureO; for 9 consecutive breaths, and aslBreathkhold was initiated following each:0
breath in order to acquire a series of wash images. After the wasbut series was

complete, breathing was switched back to thg@Fmixture.
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During each breathold, a wholdung 2D projection®F MR image was obtained in the
axial plane using the-gentric pulse sequeng®7). °F MR image acquisition sed
Cartesian sampling with the following settings: TR mg, TE = 0.48 ms, FOV =75 x 75
mm?, matrix = 64 x 64, FA = 70°, BW = 408z pixel!, 65 averages, and partial echo
factor = 0.505. Imaging was manually triggered at the beginning of each -hoéth
Since onlyhalf of k-space was collected during each wash series, the entire wasiit
protocol was repeated using the opposite readout gradient polarity for later combination

during post processing4).

5.3.3 Data Analysis

In order to reconstruct a fully sampledspace data set, two waseht series with
opposite readout gradient polarities were combined. For each linspede data in the
readout direction, the haéfichoes were phase corrected, adgitioral points prior tdky =

0 were removed, and the two halfthoes were combined into a full eckally sampled
k-space data sets were then averaged three times. An exponential filter was applied just
prior to the inverse Fourier transform in order to babstsignatto-noise ratio (SNR) by

a factor of approximately twd.he baseline images were manually segmented in order to
separate the lungs from the surrounding background and to create a binary mask, which
was then applied to all ten images in the washseries. The wholeing SNR was
measured by dividing the mean signal in the segmented baseline image by the standard

deviation from a background noise sample.



148

Following image segmentation, ventilation maps were calculated by fitting the final
washout images on a pixddy-pixel basis in Matlab R2011a (Mathworkdatick, MA)

with the following equatiori34):

S(n) = considfi- r)", [5-1]

where S is the availal® signal at breath numbey andr is the fractional ventilation
parameterr is defined as the volume of fresh g&fge() entering a volume at each breath,
divided by the end inspiratory volum¥diai = Void + Vnew) (38):

r = Vnew - Vnew 5-2
V Vold +Vnew . [ ]

total

Fractional ventilation gradients were calculated in the anterior/posterior (A/P) direction
(i.e. the vertical direction) from the resultimgmaps in the axial plane. That is, 1D
profiles werefirst formed by averaging rows ofmap data. The 1D profiles were then
fitted with a linear regression, and the slope of the regression yielded the fractional
ventilation gradient. The mean values and fractional ventilation gradients were
compared beteen groups using a Wilcoxon rank sum test in GraphPad RasmpliPad

Software La Jolla,CA), where p < 0.05 was considered to be statistically significant.

5.3.4 Histology

Rats were euthanized at the end of the experiment using pentobarbital sodium (Schering
Canada, Point€laire, Canada). The rat lungs were excised postmortem and fixed in
10% neutral buffered formalin for a minimum of 72 houssx representative sections
(upper, middle, and lower in each of the left and right lungs) were extracted and

embeded in paraffin before being mounted on slides. One set of slides was stained with



149

hematoxylin and eosin (H&E), whil e anot hel
trichrome. The slides were then analyzed using a 40x objective, and representative

photogrphs were taken at random locations.

The mearmalveolar wall thickness was measured from H&E stains using ImageJ (NIH,
Bethesda, MD) by overlaying a grid on top of the image and measuring the thickness of
each alveolar wall crossing. Since collagen appaaesin trichome stains, the amount of
fibrosis can be quantified by thresholding the image. Trichrome stains were thresholded
in ImageJ to produce lainary map and the resulting maps were analyzed in Matlab to
calculate the percent area that consistsfibfosis (22). The mean alveolar wall
thicknesses and % fibrosis were compared between groups using a Wilcoxon rank sum

test in GraphPad Prism, where p < 0.05 was considered to be statistically significant.

5.4 Results

Figure5-1 shows representative conventiofldl MR lung images that were obtained in
the axial plane from a control rat (Rat #4), an liRSilled rat (Rat #8), and a bleomyein
instilled rat (Rat #12). Qualitatively, tHel images from the control rat am®S-instilled
rat appear to be normal, while tHe image from the bleomycitreatedrat has areas of

increased signal intensity throughout the lungs.
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Control Bleomycin

Figure 5-1: Representative conventioria lung image®btained in the axial plane from a control rat
(left), an LPSinstilled rat(middle), and a bleomycinstilled rat(right).

Figure 5-2 shows three representatiseries of 2D whokdung projection'F washout
images that were obtained in the axial plane from the same rats that wererskayune
5-1. As expected, the baselifd images havehe highest possible SNR, while the
subsequent ©washout images have a stelyddecreasing SNRThe mean wholung
SNR (x standard deviation) for the baseline imagdsigure5-2 was19.8 £ 6.2 for the
control rat, 29.8 + 8.5 for the LP8stilled rat, and 14.1 + 5.6 for the bleomyairstilled
rat. In the control rat (Rat #4), théF signal was essentially zero by tHe®, washout
breath, indicating that the gas in the lungs was completely replaced wioQhe LPS
instilled rat (Rat #8), thé’F signal was almost zero by th& 6 7" washout breath,
indicating that the Sfwashout was slightly slower than in the control rat. For the
bleomycininstilled rat (Rat #12), th&F signal qualitatively appears to wasit slower

than both the control rat and the LiPStilled rat.
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Figure 5-2: Representative series of 2D whdlmg projection'®F washout images obtained in the axial
plane from a control rat (top row), an Litgtilled rat (middle row), and a bleomyeiinstilled rat (bdtom
row).

Figure5-3 shows three representative fractional ventilation maps that were obtained from
the F washout images shown figure 5-2. The meanr values for thefractional
ventilation maps shown iRigure5-3 were0.32 £ 0.03 for the control rat, 0.31 + 0.02 for
the LPSinstilled rat, and 0.15 £ 0.0r the beomycininstilled rat. The error represents

the standard deviiain of ther map, which in turn reflects the heterogeneity ofrtheap.

Control Bleomycin

Figure 5-3: Representative fractional ventilation maps obtained in the axial plane from a confiedtyat
an LPSinstilled rat(middle), and a bleomychinstilled rat(right).
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Table 51 showsthe fractional ventilation values calculated for all 15 rats, and these
results are shown graphicaltyFigure5-4. Themeanr value for all controlats was 0.29
+ 0.05, while the meanvalue for all LPSinstilled rats was 0.23 + 0.10, and the mean

value for all bleomycininstilled rats was 0.19 + 0.03.
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Figure 5-4. Comparison of mean r values frathrats in this study. Thevalues were only significantly
different for bleomycirinstilled rats compared to controls (p = 0.001).

Overall, there was a trend towards decreasealues in LPSnstilled rats compared to
controls, however, this trend wanot statistically significant (p = 0.556). On the other
hand, the mearr values in bleomychinstilled rats were significantly decreased
compared to controls (p = 0.001), but statistically indistinguishable from the LPS

instilled group (p = 0.699).
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Table 5-1: Summary of the meanvalues andractional ventilation gradients from all rats in this study.

Rat Group Mass [g] Meanr Ventilation .
No. value Gradient [cm™]
1 Control 360 0.27+£0.03 -0.00294+ 0.00003
2 Control 386 0.34+0.02 -0.00113+ 0.00003
3 Control 348 0.24+0.03 -0.01695+ 0.00005
4 Control 311 0.32+0.03 0.00089+ 0.00009
5 LPS 344 0.12+0.03 0.01168+ 0.00001
6 LPS 377 0.28+£0.03 0.02082+ 0.00003
7 LPS 318 0.12+0.02 0.00809+ 0.00004
8 LPS 307 0.31+£0.02 0.01115+0.00002
9 LPS 365 0.32+0.03 0.01572+ 0.00002
10 Bleomycin 383 0.21£0.04 -0.02079t 0.00008
11 Bleomycin 296 0.14+0.03 0.02469+ 0.00003
12 Bleomycin 344 0.15+0.04 0.01917+ 0.00002
13 Bleomycin 343 0.22+0.03 0.02519+ 0.00003
14  Bleomycin 295 0.22+0.04 0.00933+ 0.00005
15 Bleomycin 319 0.18+ 0.05 -0.00414+ 0.00009

Figure 5-5 shows three representative fractional ventilation gradients calculaté in t
A/P (i.e. vertical) direction from a control rat (Rat #3), an liRSilled rat (Rat #8), and

a bleomycininstilled rat (Rat #12). In the control rat, fractional ventilation decreased as a
function of vertical distance in the lungs, leading to a negatentilation gradient. The
LPS-instilled rat inFigure5-5 showed the opposite trend, where ventilation increased as
a function of vertical distance in the lungs and the ventilation gradient was positive. In
this case, the meanvalue from the LPSnstilled rat was slightly higher than the mean
value from the control rat. The bleomysirstilled rat in Figure 5-5 also showed a
positive ventilation gradient trend, similr the LPSinstilled rat; however, the intercept

of the linear regression was much lower than the-lciR&lled case.
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Figure 5-5: Representative fractional ventilation gradients calculated in the anpestefior (A/P)
direction from a control rat (triangles), an LifStilled rat (circles), and a bleomyeinstilled rat
(diamonds).

Table 51 alsosummarizes the fractional ventilation gradients calculated for all 15 rats in
this study, and these resulise shown graphically ifrigure 5-6. Overall,there was a
statistically significant difference between fractional ventilation gradients calculated from
control rats compared to LHBstilled rats (p = 0.016). Theaan fractional ventilation
gradient was0.005 + 0.008 cn for control rats, 0.013 + 0.005 chfor LPS:instilled

rats, and 0.009 * 0.018 cmfor bleomycininstilled rats. Although the ventilation
gradients for bleomychmstilled rats were generally ptise, there was a large variability
between rats, and therefore the ventilation gradients were not statistically different from

LPSinstilled rats (p = 0.699) or controls (p = 0.352).
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Figure 5-6: Comparisan of A/P ventilation gradientfom all rats inthis study. Theventilation gradients
were only significantly different fotPSinstilled rats compared to controls (p =06D

Figure5-7 showsrepresentative H&Estained micrographs imaged using a 40x objective
from a control rat (Rat #1), an LRSstilled rat (Rat #8), and a bleomyaimstilled rat
(Rat #12).In this casethe dveolar wall thickness was noticeably thickened compared to

controls in both the LRSnd bleomycininstilled rats

Control LPS Bleomycin

Figure 5-7: Representative H&stained micrographs obtained from a control rat (left), andibBi8led
rat (middle), and a bleomycinstilled rat (right) imaged using a 4@%jective.
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Table5-2 summarizeshe mean alveolar wall thickness for all rats in this study, and these
results areshowngraphically inFigure5-8. The mean alveolar wathickness was 5.6 +
1.9 em for control ranstillbe® Nat2s,2 a&nmd

bleomycininstilled rats.
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Figure 5-8: Comparison othe mean alveolar wall thicknefsm all ratsin this study. Thealveolar wall
thickness wasignificantly different folLPS-instilled rats compared to controls (p =82

Overall, there was a statistically significant difference between the control and LPS
instilled rats (p = 0.032). The errorsasiated with the alveolar waliicknesses iffable
5-2 represents the standard deviation of measurements in the six represeigatie
sections. Although the alveolar wall thickness was generally elevateteomyxcin
instilled rats, the wall thickness was not statistically different from-icR8lled rats (p =

0.432) or controls (p = 0.257).

f S
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Table 5-2: Summary of the meaalveolar wall thicknesand fraction otollagen conterfrom all rats in

this study.

Rat No.  Group _I/_AIr\]/eiolgrilNr?lle : % Fibrosis
1 Control 46 +0.6 0.46
2 Control 3.4+0.2 0.99
3 Control 6.7+x15 0.60
4 Control 75+15 1.05
5 LPS 11.0+23 0.69
6 LPS 12.0+3.1 4.06
7 LPS 88+1.2 1.61
8 LPS 115+44 2.31
9 LPS 6.8+0.5 0.12
10 Bleomycin 13.5+5.8 19.74
11 Bleomycin 7.2+0.9 4.16
12 Bleomycin 146+6.4 19.09
13 Bleomycin 58+1.4 6.68
14 Bleomycin 7.2+12.8 7.56
15 Bleomycin 6.2+11.2 3.42

Figure 5-9 shows representativeichromestained micrographs obtained using a 40x

objective from a control rat (Rat #3), an LiStilled rat (Rat #7), and a bleomycin rat

(Rat #12).The blue areas iRigure5-9 indicate that there was subsiahfibrosis in the

bleomycirinstilled rat compared to both the Lit&tilled rat and the control.

Control

A

Bleomycin

Figure 5-9: Representative trichrorrained micrographs obtained from a control rat (left), and LPS
instilled rat (middle), and a bleomyeinstilled rat (right) imaged using a 40x objective.
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Table 5-2 alsosummarizes the percent area containing fibrosis for all rats in this study,
and these results are showmnaphicdly in Figure 5-10. The mean area containing
collagen was 0.77 = 0.29 % for control rats, 1.8 £ 1.5 % for-inBfled rats, and 9.2

8.1 % for bleomycirinstilled rats.The bleomycininstilled rats had a signdantly greater
amount of fibrosis compared to both LiStilled rats (p = 0.009) and controls (p =
0.010). On the other hand, the percent area containing fibrosis was not statistically

different between LP$hstilled rats and controls (p = 0.413).
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Figure 5-10: Comparison ofhe fraction of collagen content fall rats inthis study. Theollagen content
wassignificantly different fobleomycininstilled rats compared tooth LPSinstilled rats (p = 0.009nd
controls (p = 0.00).

5.5 Discussion

This study demonstrates for the first time, dynatiicMRI of inert fluorinated gases in
rat models of pulmonary inflammation and fibrosisactional ventilation mapping
performedusingSFs in this study, wasbleto provide quantitative information thaias

related to lung function, and gradients in ventilatieere able t@rovide insight into the



159

regional distribution of ventilationThe meanr values from control rats in this study
agreed with expectations based the known ventilator settings and expected lung size
[TV =8 mL/kg, FRC =8 mLr =TV /(TV + FRC) = 0.25]. The resultsom control rats
were alsoconsistent with ractional ventilation mapping techniques that have been
reported in animals using xemenhanced computed tomography {8€&) (39,40), HP
noble gas MR[38,41-43), and inert fluorinated gas MR34). The mearr values in LPS
instilled rats were somewhat lessmnh the control rats, but not significantly different from
the control group. On the other hand, the mesalues in bleomychinstilled rats were
less than both the controls and LPStilled rats, but only significantly different from the
control rats.Similarly, reduced fractional ventilation values were observed in a study
involving fractional ventilation mapping using HPle MRI in bleomycininstilled rats,

and it was suggested that a decrease in lung compliance was a major factor in

diminishing alvetar expansion and ventilatiqa4).

The fractional ventilation gradients from control rats agreed with expectations from the
literature, where rats in the sop position had a greater ventilation in more dependent
regions of the lung34). As discussed in Section41, there isa gravitational gradient in

lung compliancethat leads to the welknown gradient in venation (45). This
relationship in ventilation distribution has bgaeviously demonstrated with a variety of
imaging techniques, such as-Kd (40), O-enhancedH MRI (46), HP noble gas MRI
(41,47) and inert fluorinated gas MRB4). The mean fractional ventilation gradients
from LPS and bleomycinnstilled rats had a positive slope, and this resuljht be

explained by a decrease in lung compliance in dependent regions of the lung due to the
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presence foinflammation and fibrosisOn the other hand, the variability in the fractional
ventilation gradients in LRSand bleomycininstilled rats may also be explained by
heterogeneity in the distribution of the instilled agent, which would lead to disruptions

normal fractional ventilation gradients.

This work made use of a linear ddahed*H/*°F transmit/receive birdcage c¢B6), so

that conventionatlH MRI and inert fluorinated gas MRI could be performed without

moving the animal. Although, the SNR wilieoreticallybe a factor o¥ic less than the
quadrature'®F birdcage coilused by Ouriadov et a{34) (assuming all parameters are
equal), the ability to acquire highuality conventionallH MR images provides an
important baseline for comparison. For examplee conventionaH MR images
acquired in this study suggested that there was substantial fibrosis throughout the lungs of
bleomycininstilled rats; however, thesimages do not provide information related to
changes in gas replacement inside the lungs. Furthermore, the convetitioht®
images from the LP$stilled rats appeared to be very similar to the control rats, insofar
as there was littléH signal insidethe lungs other than blood vessels. On the other hand,
fractional ventilation mapping was able to demonstrate changes in ventilation gradients in
the LPSinstilled rats.Future work will investigate the use afquadrature dudlined

'H/*F transmit/receie birdcage coil.

It is also interesting to note that tA¥ images presented in this study were able to
visualize the major airways slightly better than the images presented by Ouriadov et al.

(34), which is Ikely due to the use of a slightly shorter TE (0.48 ms compared to 0.54
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ms). Although arr value close to unity would be expected in the major airways, the
control rats in this study had anvalue of approximately 0.45 in the major airways.
Ouriadov et alestimated that the>Tin the major airways was as short as 0.5 ms, while
the To* in the lung parenchyma was expected to be approximately 1 ms. Thus, the very

short T* explains the relatively poor visualization of the major airways.

The alveolar wallliickness measurements from control rats in this study were similar to
morphological measurements reported in the litera@@®e As expected, the LR&nd
bleomycininstilled rats generally had increased alveolall wacknesses, which led to
impaired gas exchange and reduced ventilatidistological measurements of the
collagen content confirmed that the bleomycin model produced diffuse fibrosis,
especially surrounding airways and vessels, whereas after 2 daysP&emodel
produced substantial wall thickening with no noticeable fibrosis. Furthermore, it is
interesting to note that the fibrosis produced in the bleomycin model led to significant
changes in fractional ventilation, whereas the inflammation producte ihPS model

led to significant changes in ventilation gradients. Future work will determine if
fractional ventilation mapping can be used to differentiate between inflammation and

fibrosis.

Fractional ventilation mapping usitgc MRI has potential litations compared to HP
12%¢e MRI techniques. Since inert fluorinated gases have a very low available
magnetization compared to HP gases, efficient acquisition strategies, sualeratsicx

(34,37) are required in order to compensate for the low thermally polarized signal. In this
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study, the use of-gentric imaging provided a short TE and short acquisitiordaw,

and the final images had minimal blurring and reconstruction artifacts. Since inert
fluorinated gases have a very low solubili(49), this technique mainly yields
information related to alveolar ventilation. Although V/Q mapping has been
demonstrated in animals using Mapping of inert fluorinated gas€33), it remains to be

seen how dasible T mapping will be in humans. Therefore, H¥Xe MRI may be a

more sensitive technique for detecting inflammation and ILD due to the ability to probe
12%¢e in the dissolved phase. However, this study demonstrates that changes in lung
function dueto inflammation and fibrosis can be detected usifg MRI of inert
fluorinated gases, and this technique is inexpensive compakd gasesThat is, inert
fluorinated gases do not require an expensive polarizer, and the source gases cost
approximately 0 per lite, compared to $200 perriitfor enriched"?*Xe (50). Other!°F

MRI techniques have also been used to detexiptesence of inflammation induced by
LPS, suchasusinginjected perfluorocarbons (PFQ#®1). The use of injected PFCs may

in fact complement the inert fluorinated gas fractional ventilation mappirmitpee

used in this study, since the PFCs are able to directly localize the site of inflammation in
tissue, while the ventilation mapping is able to provide additional quantitative

information with respect to changes in lung function.

Ventilation mappindhas recently been performed in humans usingl#®MRI, and the
expected gravitational gradient in fractional ventilation was obsdB#d Furthermore,
altered distributions ofréctional ventilation have recently been observed usingH¢P

MRI in patients cystic fibrosis and asthr(&8). It should also be possible to measure
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fractional ventilation in humans using% MRI technique similar to the animal imaging

in this study, where dynamiéF MR imaging is pgormed during consecutive breaths of

a fluorinated gas mixture that contains at least 2126R@eliminary efforts to quantify
inert fluorinated gas wash and waskout time constants usingF MRI are currently
underway in healthy volunteers and patiemith COPD(54,55), and these results appear
to be promising.Continuing this work will help to determenif fractional ventilation
mapping obtained using®= MRI of inert fluorinated gases in humans gamvide
meaningful and functional information regarding lung physiology and the gravitational

distribution ofventilation in the lungs.

5.6 Conclusion

Fractianal ventilation mapping usingF MRI of inert fluorinated gases was successfully
performed in two models of pulmonary inflammation in rats. The detection of reduced
fractional ventilation and altered ventilation gradients in LB&d bleomycirinstilled

rats demonstrates the potential for using inert fluorinated gas MRI to detect the effects of
inflammation and fibrosis on lung function using a simple and inexpensive approach. The
fact that an expensive polarizer and scarce noble gas isotopes are metredglumake
clinical translation very attractive. This technique may help to provide clinicians with
diagnostic information that can aid in decision making for respiratory diseases such as

ILD.
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Chapter 6

Discussion

6.1 Summary

Due to he significant prevalence of respiratory diseasesh as asthma, COPILD,

and CF, there is a need in the medical community &~ nechimlogies that can
potentially aid in diagnosis and treatmennhanagement Standard PFTS, such as
spirometryand plethysmographyack the regional information that imaging technologies
are able to providéAlthough imaging modalities such as CT, SPECT, and PET are able
to obtain functional and regional informatiorn the lung, they all use significant levels

of ionizing radiation, which limits the potential for longitudinal assessment of the lung.
ConventionaltH MRI is a nonrionizing technique that is able $tudy lungstructure and
function; howeverthe image qality has historically been very poot. it alsounclear
whetherindirect H-basedimaging techniquessuch as OE MRI and FD MRian truly
measureventilation in the air spaces of the lung. WHP *He and!?®Xe MR, it is
possible obtain a direct measoment of lung function using a completely nimwasive

and norionizing methodAlthough HP gas MRI has been a successful research tool for
over 20 years, it may not beplementednto routine diagnostic imaging, since it is a

technique that requires anpensive polarizer, scarce isotopes, and specialized personnel.
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1% MRI using inhaled inert fluorinated gasissa relatively new pulmonary imaging
modality thatcan potentially provide high qualistructural and functionaimagesof the
lungs.Inert fluorinated gases have the advantages of being nontoxic, abundant, relatively
inexpensive, and the technique can be performed on any MRI scanner with broadband
imaging capabilities.Therefore, inert fluorinated gas MRI has the potential to be
clinically adoped as a pulmonarymaging modalitythat can aid in disease diagnosis
Inert fluorinated gas MRI of the lungs has been performed extensively in arsimeds

the 1980sand the measurementdriousfunctional biomarkertias been demonstrated

such asADC, fractional ventilation,washin/washout kinetics, andv/Q. Preliminary

work in the lungs of healthy volunteers and patients with lung diseases has been reported
recently, and improvements in image quality are ongoifgs thesis reports inert
fluorinated gas MR imaging in healthy human volunteers and in animal models of
pulmonary diseas&/arious imaging techniques were introduced, including static breath
hold ventilation imagingand preliminary measurements déinctional imagederived

biomarkers.

6.2 °F MRI Developments in Thunder Bay, Ontario

Chapter 2 discussed an initial feasibility study involving inert fluorinated gas imaging in
healthy volunteergl). Since initial reports of°F MRI in human lungs had a very poor
image quality, it was hypothesized that a UTE approach would help to overcome the very
short relaxation times of inert fluorinated gas@&&us, a'®F UTE acquisition was

optimized, and imaging was performed in a grotid® healthy volunteerdn addition,
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this work compared the image quality from twdferent gas breathing techniques
single 1 L bolus inhalation that is commonly used for HP gas MRI, and continuous
breathing from a large fluorinated gas reservoir.eXpected, the continuous breathing
method allowed for a greatéfF spin density in the lungs, and hence a significantly
improved image qualityOverall, the SNR from the optimized UTE approach and
continuous breathing was a factor of about two times hitifa previous results in the

literature(2).

Since inert fluorinated gas MR is still being developed and optimibedwbrk to date
hasreportedstandalone studieshat used different techniques, fdifent hardware, and
different imaging parametershus, the literature lacks quantitativemparisons between
different types of%F image acquisitions. Chapter 3 discusaegLantitative comparison

of inert fluorinated gas MR imaginthat was performedni a group of 5 healthy
volunteersusing both UTE and gradient echo imagin@). Although SNR from UTE
imaging was significantly higher than gradieuho imaging, the UTE images suffered
from blurring and poorly defined edges. These results were confirmed with similar
imaging performedn a resolution phantonOverall these data will help to guide future
developments if°F MRI and the choice of pulssequence parameters to be used in

future imaging studies.

In addition to static breathold ventilation imaging, inert fluorinated gas MRI can
potentially provide imageerived biomarkers that caneld insight intolung function

and disease severitChater 4 discusgkinitial efforts to quantify imaging biomarkers
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using inert fluorinated gas MRnages obtained in healthy volunteeventilation defect
measurements can provide indicators of airway obstruction, angreBminary
comparison to HPHe MR imaging suggestedhat ventilation defect volumes were
indistinguishable between the two techniqu@$. The ADC is a biomarker for
microstructural changes in the lungs, ameliminary'®F ADC maps were presented for a
single healthy volunteg5). Finally, gavitational gradientsn ventilation are expected
based on known patterns in lung physiology, and prelimit&WRI measurements of

gravitational gradient&erepresented for Gealthy volunteergs,6).

In order to demonstratehe potential of inert fluorinated gas MRor detecting
pulmonary diseaseit is worthwhile topilot novelimagingbiomarker measurements in
animal modelsChapter 5 discusdenert fluorinated gagractional ventilation mapping
that wasperformed in ratmodels of inflammatiorand fibrosis(7). Fractional ventilation
mapswere obtained using an established dynamic veaglimagingtechnique(8), and
the resultswere compared between contr@ed rats that were instilled with LPS or
bleomycin There was a trend towards decreased ventilation valuelsP$ and
bleomycininstilled rats, and theserats also had substantially different patterns of
gravitational ventilation gradient¥hese results werconfirmed with a comparison to

histology.
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6.3 Future Work

6.3.1 Reproducibility and Validation

As researchers consider the potential clinical implememadf inert fluorinated gas
MRI, rigorous reproducibility and validation studies will be required. Foaraple,
various studies have established the reproducibility ofHEPMRI in COPD(9), CF (10)

and in exercisénduced bronchoconstrictio (11). One preliminary study at Duke
University has demonstrated a reasonable reproducibility for inert fluorinated gas MR
imaging in patients with asthm@?2). Future work will evaluate the reproducibility of
inert fluorinated gas MRI in larger cohorts, including both healthy individuals, assvel

patients with various respiratory diseases.

Since *°Xe has emerged as the preferred HP gas in recent years, quantitative
compaisons betweerPFTs, CT,HP 3He MRI, and HP '?°Xe MRI have helped to
establish the clinical relevance of HE®Xe imaging (13,14). Furthermore, these
guantitative validation studies can help researchers to understand how differetiees i
physical properties of the gases relate to differences in the measured biomarkers. Since
SFs and PFP are both heavier than Xe, similar comparison studies will be retguirelg
validate inert fluorinated gas MRAIthough the preliminary results ggented in this
thesiscomparing**F MRI and HP®*He MRI appearto bepromising(Section 42), more
subjects will be required in order tocrease statistical power and ftdly validate the

technique.



174

6.3.2 Hardware Improvements

In general, themage SNR is a @inction of many variables, including spin density,
relaxation,hardwareand pulse sequence parameters. Since the human imaging presented
in this thesis used flexible coils shaped like a life vest, the coil design may have
contributed to inhomogeneities irthe excitation flip angle. Therefore, future
guantification of imagdased biomarkers will require corrections fori B
inhomogeneities, and similar techniques have already been characterized for HP gas MRI
(15). Alternatively, the application of novel RF coil designs may help to provide an
improved SNR as well as more robust measurements of functional biomarkers. For
example Dregely et al. recently reported ‘&Xe coil that included a Imsedarray
receive and anasymmetric birdcage transmit coil (16). The asymmetric birdcage
transmit coil maximizes space inside tbeanner bore while providing a uniforn B
excitation homogeneity. The 32hannel phaskarray receive coil providethe SNR
benefits of combining data many small coil elements that individually have a very high

SNR(17).

The animal imaging presented in Chapter 5 made use of a linektuded *H/*°F
birdcage RF coil (18). The purpose of using a ddained RF coil was so that
conventional’H localization and inert fluorinated gas imaging could be performed
without moving the animal to change RF IsoiThus, the resultingH and '°F lung
images will be perfectly coegistered. Likewisehe use of dual frequency coils might
also allow for a more accurate comparison offHBE, HP'2%Xe, and inert fluorinated gas

imaging in humans. A dualuned '*>XePHe RF coil has been recently reported for
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simultaneous'H, 3He, and!?°Xe imaging during a single breatiold (19). Since the
resonane frequency of:°F is relatively close to the frequencies’dak and'H (seeTable

1-1), it remains to be seen what ciihed coil designs will be possible.

Since inert fluorinated gases are used in numerous industrial applications, atmospheric
concentrations of these gaseavé been increasing in recent decadesrthermore,
fluorinated gases are known to be potent greenhouse gases with long lif€20nes
Therefore, efforts will be made to capture and recycle the exhaled fluorinated gases. For
example, te MR-compatible gas delivery system reported by Halaweish et al. was
designed to use a ngabreathing valve that isolates the inspiratory and expiratory,gases
so thatthe exhaled gasesan be collectedh a large reservoi(21). Similarly, the high

cost of*He has motivated the delopment of devices that can captéife gas and purify

it after an imaging experime(22).

6.3.3 Pulse Sequence Improvements

Various &celerated image acquisitiaachniques have been reported for #ife MRI,

such agarallelimaging (23) andcompressed sensir{@4). In essence, these techniques
undersample the data acquisition such 8patialand/or temporatedundanciesn the
acquired dataan be exploited to reconstruct the correct imatiz®He has the advantage

of having a initially very large available magnetization that camiaipulated to obtain

high qualityacceleratedmages despe undersampling. Since inert fluorinated gases have

a much lower available magnetization than HP gases, it remains to be seen how much of

an advantage accelerated acquisition techniques can BHeallel imaging with inert
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fluorinated gases will likelype explored in conjunction with the development of phased

array coil design§25).

The use ofa computeicontrolled gas delivery system may also help improve the
robustness of inert fluorinated gas imagesdaying long acquisitions If the image
acquisition is longer than a bredibld, then data can be acquired over multiple
respiratory cyclesnd the gas delivery system could trigger the acquisition so that data is
only acquired during a particular portion of tlespiratory cycl€21). A number of other
gating methods have been successfully demonstratétifbased lung MR, including

the use of a respiratory bello6), navigator signal§7), or direct current@C) signab

from coil elements near the diaphra@®8). Although this thesis focused aleveloping
optimizedimaging techniques fol0 i 25 second breatholds, the true power of inert
fluorinated gas MRI may be realized by imaging duraogtinuous breathing. Longer
acquisitions will enable inert fluorinated gas lung imaging with a higher SNR and higher

resolution.

Since pulmonary MR imaging is typically performed during a brkald, it is extremely
difficult to perform repeated imagireg a consistent lung inflation state. Any errors in the
inhaled lung volume will result in a change in the apparent lung size and gas distribution.
Therefore, it may be extremely difficult to accurately compare conventibnsiR| and

inert fluorinated ga MRI for the measurement of ventilation defects. For this reason, the
human volunteers imaged in this thesis were coached to hold their breath at

approximately FRC + 1 L for imaging. The use a compaotertrolled gas delivery
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system may help to alleviatesue by recording inhaled gas volumbewever, another
approach might be to perform simultanedis and %F imaging following an inert
fluorinated gas breathold. Simultaneous imaging dH and HPHe lung imaging has
been previously demonstrated, and allows for a perfect coegistration of the
anatomical information from conventiondAH MRI and the functional information

provided by HPHe MRI (29).

6.3.4 Functional Imaging

Dynamic imaging during continuous breathing of a mixture of inert fluorinated gas and
O, can potentially provide physiologically meaningful indicators of lung function, such
as washn/washout kinetics, fractional ventilation, aradr trapping.The dynamic wash

out imaging technique presented in Chapter 5 could easily be translated to clinical
imaging, as similar techniques have been reported in humans usiidghtRaging(30).
Dynamic imaging using HP gasescisallenging since the HP magnetization has a finite
lifetime, and polarizers typically have limited production rates. Inert fluorinated gases, on
the other hand, are not subject to such restricti@mslimnary reports of dynamic
imaging in humans using inert fluorinated gas MRI have been presented at scientific
meetings(31-33), and future work using optimized acquisition strategies will help to

refine these techniques.

Preclinical imaging of animal modelsas been recognized as an important step in drug
developmentsince imaging carprovide functional biomarkerghat relateto disease

severity(34). Thus, inert fluorinated gasiaging of animal models will remain important
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for the development of novel biomarkersvesll asfor validating biomarkers that have
previously been established using HP gas MRIture work will likely continue to
prototype novel pulse sequen¢8y as well agmprovedynamic imagingechniqueg?),
ADC measurement&5) and S/V ratio measuremen(®&6). This wok will help to refine

novel inert fluorinated gas imaging techniques prior to clinical implementation.

6.4 Outlook

Although the first inert fluorinated gas images reported by Heidelberger and Lauterbur
were extremely primitive, it was recognized in their 12&&tract that gas phase MRI
could potentially become an important component of pulmonary imaging technology
(37). That statement still rings true today, as HP noble gas and inert fluorinated gas
technology continues to evolve. The sameug that originally cepioneered HP noble

gas MRIin 1994is now helping to develop the next pulmonary imaging modality: inert
fluorinated gas MRI. Once fully optimized, this technique may have a significant
advantage over HP noble gas MRI, since it expensive, the gases are abundamd, an
expensive polarizer is not requiredlll of these developments and advantages may help
lead to Health Canada regulatory approval for clinical imaging using inert fluorinated gas

MRI.

Since this is arery new pulnonary imaging modalityhat is still under development,
only healthy volunteers were imaged in thi

at TBRRI is currently seeking regulatory approval to perform inert fluorinated gas MR
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imaging in patients witlpulmonary diseases, such as COPD, asthung, cancer, lung
transplants, mesothelioma, pulmonary embolisthD, and CF. Although inert
fluorinated gas MRI haalreadybeen performed in patients wigulmonary diseasest
Duke University, the reported imag quality has beerelatively poor, and there is a
lack of quantitative functional daté2). Therefore, continued imaging in patients with
pulmonary diseases will help to determine if inert fluorinated 4RI can provide

diagnostianformation that is relevant and clinically meaningful.

Pulmonary inert fluorinated gas MRI can potentially help to address the
disproportionately high rates of obstructive lung disea@seaboriginal populationsFor
example aboriginals are 1.41 times more likely to have ast(@8aand up to 2.4 times
more likely to have COPIEB9) than non-aboriginas. There are aumber of sbng risk
factors for obstructive lung diseas#sat are particularly prevalent in First Nations
communities, such as smoking, sectrahd smokeand biomass burnind@ herefore, the
development of inert fluorinated gas MRI will provide a substantial betoediboriginal
communities, since it is a technique that can provide neamigal indicators of lung
function, thereby providing insight into th@rden of obstructive lung diseaséBRRI is
alsouniquely situated, since it has accassel lung imagingechnologies, and there is a
relatively large population(9.8%) of aboriginal individualsin the Thunder Bay

community(40).
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6.5 Conclusion

This thesis has presented a number of exciting developments in inert fluorinated gas MR
imaging, ncluding statidoreathhold ventilation imaging and a number of imatgrived
biomarkers that may be important in detecting and understanding respiratory diseases.
Inert fluorinated gas MRI can potentially provide functional lung information that is
similar to HP3He and'?®Xe MR, but without the need for scarce isotopes and expensive
polarizer equipmenOverall, interest in pulmonar’F MRI of inert fluorinated gases is
increasing, and numerous sites around the world are now interested in developing this
technique.The ongoing improvements in image quality will allow for the continued
investigation of novel and robustfunctional biomarkers, such as ADG/V, and
fractional ventilation. Overall, inert fluorinated gas MRI has the potential to become a
viable clinical imaghg modality for nornvasively imaging the lung ani@r providing

critical diagnostic information.
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