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ABSTRACT

Pulmonary ventilation is a complex physiological phenomenon controlling the gas
exchange process, through localized physiological responses. Detection of regional
changes that occur with the onset of early disease conditions and changes occurring over
short time intervals are of increasing importance as imaging is applied to the evaluation
of the efficacy and safety associated with surgical and pharmaceutical interventions.
Therefore, it is critical to establish and validate the regional sensitivity achievable via
imaging modalities relative to the standardized global anatomical and functional
assessments obtained through pulmonary function tests (PFT). Hyperpolarized 3Helium
(HP ®He) magnetic resonance imaging (MRI) provides metrics associated with the size of
the most peripheral airspaces in the lung, free of the use of ionizing radiation. Thus
derived measures have been sought as an index of regional changes associated with
emphysema in an assessment of smoking associated lung disease. The minimally invasive
nature and suitability for longitudinal and pediatric assessments are key advantages in its
synergistic and/or surrogate use in probing the underlying function and structure. In this
thesis we explore the underlying relationship between the diffusion weighted
measurements attainable via HP ®*He MRI and lung inflation levels, as well as its ability
to assess regional ventilation and the density and flow rate based distribution
discrepancies within the lung airspaces.

Evaluation of the diffusion weighted measurements of lung microstructure
demonstrated a statistically significant relationship between microstructure expansion and
degree of lung inflation at the time of imaging on a regional and global basis, following
well recognized alveolar ventilation patterns. Regional ventilation estimates obtained via
HP °He MRI showed significant correlations and near unity slopes with estimates
obtained via conventional MDCT in normal never-smoking subjects, with similar

gravitationally dependent-nondependent gradients throughout. Coefficient of variation
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analysis demonstrated similar regional heterogeneity between the MRI and MDCT based
measures. Further assessments of the MRI based ventilation measures against xenon-
enhanced MDCT demonstrated an insensitivity to slow and fast ventilating regions, but a
superior depiction of ventilation defects. Evaluation of the density and flow rate
dependent distribution patterns of helium in a normal airway model via dynamic HP ®He
MRI and computational fluid dynamics (CFD), demonstrated an increased preferential
distribution in the nondependent airways, irrespective of flow rate.

In combination with the developmental aspects of the presented research, we have
validated the ability of HP ®He MRI to assess regional ventilation, via multiple
quantitative assessments against conventional based and exogenously enhanced MDCT
techniques and extracted the lung inflation level dependencies. Complimented with
dynamic imaging and CFD simulations of helium distribution, these results provide
insight into future considerations critical to the establishment of the technique as a
surrogate to the ionizing radiation based modalities in assessing the regional changes

occurring with the onset of early disease conditions.
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ABSTRACT

Pulmonary ventilation is a complex physiological phenomenon controlling the gas
exchange process, through localized physiological responses. Detection of regional
changes that occur with the onset of early disease conditions and changes occurring over
short time intervals are of increasing importance as imaging is applied to the evaluation
of the efficacy and safety associated with surgical and pharmaceutical interventions.
Therefore, it is critical to establish and validate the regional sensitivity achievable via
imaging modalities relative to the standardized global anatomical and functional
assessments obtained through pulmonary function tests (PFT). Hyperpolarized 3Helium
(HP ®He) magnetic resonance imaging (MRI) provides metrics associated with the size of
the most peripheral airspaces in the lung, free of the use of ionizing radiation. Thus
derived measures have been sought as an index of regional changes associated with
emphysema in an assessment of smoking associated lung disease. The minimally invasive
nature and suitability for longitudinal and pediatric assessments are key advantages in its
synergistic and/or surrogate use in probing the underlying function and structure. In this
thesis we explore the underlying relationship between the diffusion weighted
measurements attainable via HP ®*He MRI and lung inflation levels, as well as its ability
to assess regional ventilation and the density and flow rate based distribution
discrepancies within the lung airspaces.

Evaluation of the diffusion weighted measurements of lung microstructure
demonstrated a statistically significant relationship between microstructure expansion and
degree of lung inflation at the time of imaging on a regional and global basis, following
well recognized alveolar ventilation patterns. Regional ventilation estimates obtained via
HP °He MRI showed significant correlations and near unity slopes with estimates
obtained via conventional MDCT in normal never-smoking subjects, with similar

gravitationally dependent-nondependent gradients throughout. Coefficient of variation
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analysis demonstrated similar regional heterogeneity between the MRI and MDCT based
measures. Further assessments of the MRI based ventilation measures against xenon-
enhanced MDCT demonstrated an insensitivity to slow and fast ventilating regions, but a
superior depiction of ventilation defects. Evaluation of the density and flow rate
dependent distribution patterns of helium in a normal airway model via dynamic HP ®He
MRI and computational fluid dynamics (CFD), demonstrated an increased preferential
distribution in the nondependent airways, irrespective of flow rate.

In combination with the developmental aspects of the presented research, we have
validated the ability of HP ®He MRI to assess regional ventilation, via multiple
quantitative assessments against conventional based and exogenously enhanced MDCT
techniques and extracted the lung inflation level dependencies. Complimented with
dynamic imaging and CFD simulations of helium distribution, these results provide
insight into future considerations critical to the establishment of the technique as a
surrogate to the ionizing radiation based modalities in assessing the regional changes

occurring with the onset of early disease conditions.
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CHAPTER 1: MOTIVATION AND AIMS

The complexity of pulmonary ventilation as a physiological process during which
gas exchange between the outside environment and internal structures occurs, is reflected
in the complexity of the lung’s anatomic structure and localized physiologic responses.
The human lung is composed of approximately 300M alveoli, up to 23 generations of
conducting and respiratory bronchial segments leading to the terminal ascini which
represent the smallest gas exchange unit of the lung. (174, 175, 177, 179, 180). This
complexity is further complicated by the fact that numerous muscle groups serve to
generate transpulmonary pressures serving to bring air into the lung while elastic recoil
largely serves to expel gas back out of the lungs. Proper assessment of these
physiological events rely on the ability to regionally characterize inflow, outflow and
distribution of the gases within the anatomical structures governing the overall
functionality of the lungs (alveoli, airways, bronchioles, etc ...) (69, 147, 174, 176). The
appearance of ventilation defects or abnormalities within a majority of pulmonary disease
conditions suggests the importance of this phenomenon in regulating the overall integrity
and function of the lungs. Assessment of these disease conditions suggests the dominance
of a ventilation/perfusion imbalance as the driving force in the onset of early disease
states (185). Early on, the classifications of ventilation discrepancies were observed to be
either restrictive, obstructive and/or diffusion related, demonstrating the intrinsic
complexity lung diseases and the onset of their deleterious effects (185). It is therefore
critical to establish and develop proper tools and techniques to quantitatively and
qualitatively provide serial measurements of the underlying physiology within the clinical
setting. The significance of these tools is of considerable interest within the clinical
setting to assess suitable treatment plans and pre-operative planning assessments,

evaluation of new and targeted therapeutic agents, guide diagnosis of disease progression
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and to better understand the pathological processes leading to the onset of these
conditions.

The current reliance on Pulmonary Function Testing (PFT) via spirometry
provides a static anatomical measurement of lung function dependent upon the
characteristic alterations that occur following disease onset (128, 185). However, PFTs
lack the regional ability to detect early changes in lung disease prior to the advent of the
full deleterious effects. Spirometric measurements, which are dependent on individual
subject efforts, only evaluate how the disease has altered the underlying function without
any regards to the anatomical and/or pathological pathways taken (128, 185). Chronic
obstructive pulmonary diseases (COPD) are a group of slowly progressive diseases
characterized by airflow obstruction as a result of airway destruction, pulmonary
parenchymal destruction or the combination of both (15, 46). COPD affect more than 5%
of the adult population, is the 3" leading cause of death and the 12" leading cause of
morbidity (128). Current literature and spirometric guidelines limit the treatment options
of patients suffering from mild to severe COPD, as assessed via spirometry, to pulmonary
rehabilitation, long term oxygen supplementation and the use of inhaled bronchodilators,
long acting anticholinergics, long acting B-agonists and corticosteroids (12-15).
Guidelines set forth by the American College of Physicians (ACP), American College of
Chest Physicians (ACCP), American Thoracic Society (ATS) and European respiratory
Society (ERS), limit the use of spirometric evaluations to subjects that could possibly
benefit from such therapeutic interventions, but clearly state the lack of evidence
supporting the use of these spirometry as a clear screening strategy (128). Similarly,
evidence suggests that the use of patient reported health history and physical
examinations are poor predictors of disease onset, progression and diagnosis and in
combination with spirometry, result in unnecessary testing, increased costs and
unnecessary disease labeling. A quote from The Lung, written by Comroe et al. states

that “Pulmonary function studies will not tell where a lesion is, what the lesion is, or even
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that a lesion exists if it does not interfere with the function of the lung. Therefore they
supplement and do not replace a good history and physical examination, radiological,
bacteriological, bronchoscopic and pathological studies” (31). Although comprehension
of this reality occurred several decades ago, the current guidelines mainly rely on the use
of these global, pathologically inspecific measurements. Therefore, it is becoming critical
to develop techniques that are regional, comprehensive, sensitive and disease specific, to
evaluate these conditions and improve the overall effectiveness of the treatments
administered as a result of disease severity, with the hopes of improving the lifestyle of
the affected population and reduce the mortality rates.

The use of medical imaging methodologies to provide quantitative and qualitative
visual assessments of pulmonary ventilation and the onset of disease conditions, lends
themselves as minimally invasive modes of providing serial measurements of the various
disease conditions on a more regional basis. Early attempts to quantitate the interplay
between the wide array of variables leading to the onset of disease have relied mainly
upon regional density measurements of computed tomography (CT) (67, 70, 130),
regional strain assessments via bi-plane x-ray fluoroscopy (73, 77), nitrogen washout
curves (36), radioactive aerosol assessments (135) and positron emission tomography
(PET) based topographic evaluations via radio-tracer distributions (132, 166). While
these diagnostic procedures are successful in providing a clear delineation between the
normal and pathological processes occurring within the lungs, they have been criticized
for their use of radio-active elements, limited spatial and temporal resolutions and limited
longitudinal use, based on the ionizing radiation nature of the techniques. More recently
the use of CT has become the current gold standard in assessing regional density changes
in normal and disease states (68, 161), leading to a considerable amount of development
into the use of stable xenon as an inhaled contrast agent to assess the washin and washout

of the gases, along with regional distributions throughout the airspaces (25, 29, 57, 60).
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The significant insights provided via this methodology have limited use in longitudinal
and pediatric assessments, governed by the radiation based nature of the technique.

The emergence of Magnetic Resonance Imaging (MRI) is a result of the
exploratory efforts into the strong magnetic properties of the hydrogen atom and its
characteristics within a homogenous magnetic field. Triggering the curiosity of several
scientists such as Felix Bloch, Edward Mills Purcell, Sir Peter Mansfield and Paul
Lauterbur, brought forth the use of the magnetic properties and characteristics of this
simple yet powerful element in acquisition of 2D and 3D images of the human anatomy
(1, 37). The strength of the produced magnetic resonance signals relies on the total
available magnetization, which is a byproduct of concentration, excess spin density and
the volume of the probed element. Albeit the success of MRI in visualizing and providing
means of assessing normal and pathological conditions in cardiac, orthopedic and brain
applications, the thermal equilibrium polarizations (~10°) available within the lung
structures has limited its use as a result of the motion and susceptibility artifacts (2).
Recently, several attempts to assess pulmonary structure and function have emerged,
relying on the use of exogenous contrast agents such as pure oxygen, fluorine and noble
gas isotopes(helium and xenon) , providing means of counteracting the available signal to
noise (SNR) limitations of conventional *H MRI. Most prominently, the emergence of
Hyperpolarized Noble gas MRI utilizing 3-Helium (°*He) (99, 105) and 129-Xenon
(***Xe) (2) as exogenous contrast agents, have counteracted the poor signal intensities
and magnetic susceptibility artifacts generated as a result of minimal proton density and
numerous air-tissue interfaces. Initially demonstrated via ***Xe, recent interest in the
modality has shifted towards the use of *He, due to its low solubility coefficient, higher
gyromagnetic ratio and more efficient means of achieving higher non-equilibrium
polarizations (81, 109). At room temperature and atmospheric pressure, these gases
exhibit a molar concentration of approximately a few tenths of a percentile to that of

H,O. Therefore to increase the available excess spin density (polarization), considerable
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enhancements are achievable through spin exchange optical pumping with intermediary
alkali metal (Rubidium — Rb) vapor, during which the continuous polarization of the Rb
via absorption of circularly polarized 795nm resonance laser light, results in the transfer
of the accumulated angular momentum from the electron spins of the alkali metal vapor
to the nucleus of the noble gas, through gas phase collisions (2, 172).

Although initially used in nuclear physics experiments as a neutron mirror (an
application still used for detection of radioactive weapons), the technique was introduced
into the medical imaging field with remarkable results (22, 42, 43, 84, 99, 102, 169, 170).
While being a byproduct of tritium (*He) nuclear decay, this stable, non-toxic, non-
radioactive isotope has shed a light into what was considered the black hole of MRI, the
lungs (99, 105, 141). The following presented material aims to explore the underlying
physiology probed via HP *He MRI in relation to our previous understanding of lung
ventilation, expansion and physiology based on functional Multi-Detector CT (MDCT)
methods and the limitations involved. Both developmentally and experimentally, we
evaluated the uncertainty revolving around HP ®*He MRI and its sensitivity to regional
ventilation and expansion changes through the following hypothesis and developmental
driven aims.

In Chapter 2, we present a brief and comprehensive introduction into the
background and founding principles of MRI, the underlying limitations of the technique
with respect to lung imaging and image acquisition and quality considerations. Following
which we discuss the background and current perspective revolving around pulmonary
physiology with focus on the structural and functional aspects of lung ventilation as
understood physiologically and technically. Finally the background review is wrapped up
with a comprehensive technical overview of HP *He MRI, along with several other MRI
based lung imaging techniques utilized in probing both lung structure and function.

In order to successfully conduct HP ®He MRI experiments at the University of

lowa Hospitals and Clinics (UIHC), we needed to become familiar with the proper
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operating procedures of the equipment utilized, develop adequate pulse sequence
protocols and perform comprehensive testing of the tools to validate proper operating
conditions and generation of structural and functional information (Aim 1). Chapter 3
discusses the developmental and testing phases of the HP ®He MRI program at the UIHC,
including polarizer training, maintenance and fine-tuning, along with pulse sequence
testing and preliminary animal experiments. Given the unit-less nature of HP *He MRI
images, the need arose for the creation of a custom graphical user interface (GUI) to
facilitate the reconstruction and analysis of the acquired HP *He MRI static ventilation
and diffusion weighted datasets and facilitate the multi-modality assessments against the
generated MDCT based measures (Aim 2). Chapter 4 discusses the aforementioned GUI
and the components included within for the reconstruction, segmentation, visualization
and analysis of the collected imaging data and the different means of interpreting the
acquired datasets and its effect upon ones understanding of the data. Chapter 5 (Aim 3)
discusses the development of a simple yet effective method for the standardization of
lung volumes in MRI imaging sessions via exploitation of PFT and slow vital capacity
(sVC) measurements, to study the effects of varying lung inflation levels upon the
underlying function observed. Initial results, testing and final considerations are
discussed. Furthermore, to aid the quantitative and qualitative comparisons between HP
*He MRI and the MDCT functional estimates of lung ventilation, unification of image
spaces is required (Aim 4). Chapter 6 concludes the developmental aspect of the
presented research, as we discuss the development of a flexible image registration work-
flow based on the Insight Toolkit (ITK) libraries and functionality of the various
components within, along with testing results on multi-modality and multi-volumetric
functional and structural datasets.

HP *He MRI has several unique functional measures that are of interest, one
specific measure the Apparent Diffusion Coefficient (ADC) probes the underlying

airways and microstructure through exploiting the diffusive nature of *He. The present
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literature has shown the dependence of this functional measure on many variables
including but not limited to subject position and degree of lung damage (asthma and
COPD, alpha-1-antitrypsin (A1AT) deficiency) with respect to normal lung findings (4,
39, 44, 83). Minimal advancements have been made to evaluate the suitability of the
method for assessing differences between longer time intervals where lung compliance is
most likely to change or between subjects at very different lung volumes. Because of the
non-linear characteristics of the pressure-volume curves of the lung, we believe it to be
important that the lung be imaged at the same vital capacity (VC) across time and
between subjects, if this technique is to be utilized in longitudinal assessments of disease
heterogeneity. In Chapter 7 (Aim 5), we evaluate the dependency of the ADC
methodology upon variability in lung inflation levels based on subject specific VC. We
hypothesize that the variability of ADC values based on anatomical location (dependent
— nondependent, left — right, apical — basal, whole) will follow similar ventilation patterns
as demonstrated by Millic-Emili et al. (106, 107), where degree of ventilation varied with
lung expansion as a function of inspiratory initiation.

The underlying sensitivity of HP ®He MRI to changes in ventilation and its ability
to extract this functional biomarker has been minimally evaluated throughout the years.
In chapter 8 (Aim 6), we evaluate the ability to extract regional ventilation and expansion
information from ADC and Static Ventilation HP *He MRI images, via correlating the
findings to changes in regional mean lung density (MLD) and local air volume (AVC) as
determined from mass preserving matching of functional residual capacity (FRC) and
total lung capacity (TLC) MDCT scans. The mass preserving matching of the MDCT
scans allows a prospective analysis of the regional ventilation and expansion changes
observed between the two lung inflation levels (187), were we hypothesize that the ADC
and static ventilation changes at TLC or possibly between FRC and TLC will provide
similar insights. More recently, studies in our laboratory have demonstrated the ability to

extract regional ventilation information from MDCT based measures utilizing xenon as
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an inspiratory contrast agent, xenon-enhanced MDCT (Xe-MDCT). The method has
shown great sensitivity in evaluating regional ventilation and the differentiation between
slow and fast ventilating regions in both animal and human subjects alike. The ability to
differentiate between normal-never smoker subjects and smokers has also been
demonstrated with great sensitivity. In chapter 9 (Aim 7), we aim to evaluate the
similarities and differences between HP *He MRI and Xe-MDCT, where we hypothesize
that HP ®He MRI assessment of ventilation will reflect CT assessment of ventilation (Xe-
MDCT) except in slow ventilating regions defined by CT, while HP *He MRI
assessment of ventilation will demonstrate ventilation voids better than Xe-MDCT. The
use of exogenous contrast agents such as helium, xenon, fluorine and krypton in
generating sufficient SNR or contrast to facilitate lung function assessments is becoming
increasing popular within the medical imaging community. Although xenon and krypton
have been used in Nuclear Medicine imaging, these require radioactive isotopes to be
used and spatial resolution remains inferior to that of CT (113, 120, 156-158). Albeit the
success of these attempts in probing the underlying structure and function, density based
differences in distribution with respect to air have not been fully evaluated to establish
the similarities and trends with respect our known physiological understanding of
ventilation distribution. Therefore in Chapter 10 (Aim 8), we explore the anatomical and
gravitational dependence of *He distribution in a rapid prototyped normal airway model,
via HP *He Dynamic MRI and Computational Fluid Dynamics (CFD) modeling, to assess
the similarities and trends with respect to our physiological understanding of air
distribution.

The importance of this work lies within its non-invasive nature of probing the
limitations of HP *He MRI in evaluating regional ventilation and expansion changes and
has significant implications for the advancement of the technique as a clinical research
tool and/or a surrogate for available techniques. In combination with the developmental

aspects of the presented work, the validation of the regional sensitivity revolving around
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the HP *He MRI methodology against the current MDCT based measures presents a
simple and effective pipeline to extract and validate the capabilities of a given technique

on an intra or inter modality basis.
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CHAPTER 2: BACKGROUND

2.1 Magnetic Resonance Imaging (MRI)

Medical Imaging techniques such as Multi-Detector Computed Tomography
(MDCT), Ultrasonography, Single Photon Emission Computed Tomography (SPECT)
and PET have become increasingly sophisticated since their first documented medical
use. Scientists and engineers all over the world have dedicated many years of research
into developing what is now, state of the art systems, allowing for real time diagnosis and
assessment of anatomical structures. One area of research that has risen up from all these
efforts is functional imaging of the anatomical organs and structures through the use of
these advanced imaging techniques. The usefulness of functional imaging is obvious,
shining a light into the overall functionality of the various organs, physiological
mechanisms within the human body and the changes occurring during and following the
onset of pathological conditions (45, 170).

Although the aforementioned imaging techniques have proven their power and
value in assessing anatomical structures and physiological states, their main drawback
has been the use of ionizing radiation, single plane acquisitions and the use of radio-
active isotopes. As the name implies, ionizing radiation has the ability to ionize any atom
or molecule in its path, thus creating a hazard to the overall health of the human
population undergoing such procedures and limiting the overall achievable results (74,
104). Other drawbacks of these imaging modalities include the confinement to single
plane imaging, limited spatial and temporal resolutions and limited longitudinal and
pediatric assessments. Over the past several years, regulations regarding the allowable
radiation doses have been getting stricter, starting with the European Union with the
United States not far behind.

One imaging modality that has overcome the ionizing radiation and radio-active

aerosol limitations that have hindered the development of MDCT and nuclear medicine
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techniques is Magnetic Resonance Imaging (MRI). MRI is based on the use of magnetic
fields to align the environmental magnetic moments apparent within hydrogen (*H)
molecules in the body, resulting in an overall macroscopic and measureable net
magnetization. Being that the human body is composed of approximately 75% H,O, this
natural occurring magnetic moment serves as an excellent doorway to imaging the soft
tissue and organs of the body, with superior resolutions compared to MDCT and nuclear
medicine techniques (45, 170, 178). The use of MRI in clinical settings is a very
appealing option, as it requires no ionizing radiation and there are no known side effects
to prolonged and/or longitudinal magnetic field exposure. MRI is far from perfect as it
requires long examinations times on the order of 1-2 hours for imaging organs and
structures and the inability to image air filled spaces, specifically the lungs. This inability
to image air filled spaces does not come as a surprise as the amounts of *H atoms present
are minimal in comparison with compact tissue throughout the body. The numerous
tissue-air interfaces apparent throughout the lung, serve as an obstacle limiting the overall
available net magnetization for imaging, through the introduction of susceptibility
artifacts. Even with such limitations on pulmonary imaging, MRI has been successfully
utilized in gadolinium based vascular assessments (7, 55, 58), thoracic cavity volume and
diaphragmatic measurements, along with multi-modality cancer screenings and treatment
planning (19, 125-127). Recent advancements in magnetic gradients, pulse sequence
design and radio-frequency (RF) coil designs have given further impetus to the
development of imaging the pulmonary airspaces via inhaled exogenous contrast agents
such as oxygen (O,), Helium (3He), Xenon (***Xe) and Fluorine (**F). Upon inhalation,
these gaseous agents fill up the airspaces facilitating assessment of the pulmonary
structures, respiratory dynamics and perfusion parameters between these airspaces and

the pulmonary vasculature (80, 81).
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2.1.1 MRI Basics and Physics

MRI is only applicable to atomic nuclei that have an odd number of nucleons,
resulting in a magnetic moment, which describes the direction and magnitude of the
bipolar electric field induced by the rotation of the charged particle (angular momentum)
(1). The simplest of all nuclei is hydrogen, with its single proton, high abundance,
mobility and concentration, resulting in a more sensitive detection and evaluation of the
molecular level environment, exceeding that of PET by several orders of magnitude. In
an external magnetic field, the magnetic moments of a specimen under evaluation are
oriented along the field in two states, parallel and anti-parallel, each with different
energies. This energy difference can be described as a function of the gyro magnetic ratio
of the nuclei (y), Plank’s constant (h) and the strength of the field (B,).

E=7.h.B,
The population of each energy level follows the Boltzman statistic, where the lower
energy states tend to have a larger occupational capacity, resulting in a measureable net
macroscopic magnetization (Figure 1)(1, 75, 178).

At thermal equilibrium, this macroscopic net magnetization can be further
distorted utilizing a radio-frequency (RF) pulse with energy equal to that of the energy
difference between the parallel and anti-parallel states,

Epirr=h.Wo
where w, is the resonance frequency of the spin system under evaluation. The additional
energy gained is dissipated as a function of T; and T, relaxation times, where T; is the
longitudinal (spin-lattice) relaxation time, as a result of coupling of the specimen to the
microenvironment and T, is the transverse (spin-spin) relaxation time, due to coupling of
the spins within the specimen to themselves (Figure 2). In normal biological tissues, the

ranges of T; and T, relaxation are are 100-2000 ms and 10-1000 ms respectively.
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Additionally, the magnetic field inhomogeneities contribute to the overall energy
dissipation, through the T relaxation time (1, 75, 178).

Untouched, this measureable macroscopic magnetization is an arbitrary value,
with no spatial information. To facilitate the generation and reconstruction of an image
with spatial information representative of the specimen, additional spatial-varying
magnetic fields can be added along the three main spatial coordinates ( antero-posterior,
dorso-ventral and left-right axis ), with an overall field strength several orders of
magnitude smaller than the main magnetic field B,. This additional spatially varying
energy application, results in a different net magnetic field for each element (voxel)
within the specimens, leading to different resonance frequencies based on spatial location
(1, 75).

To add to the overall complexity of an MR experiment, several key components
are required, the most important of which are a strong homogenous magnetic field,
gradients coils and transmit and receive coils. The two main methods of generating the
strong magnetic fields are through the use of a superconducting magnet or a permanent
magnet, the latter of which is more commonly used, due to the high cost and availability
of the material for the permanent magnets. Permanent magnets are made of NdBFe, a
magnetic material characterized by its non-linear response to an externally applied
magnetic field (hysteresis curve), such that increasing the field strength of the
aforementioned field, increases the material’s magnetization. A saturation point is
eventually reached, where all the magnetic domains of the material are aligned (maximal
field strength). These types of magnets require no maintenance following the removal of
the external field, as they maintain their magnetization as a result of the high remanance
fields within. As the desired field strength of these permanent magnets increases, as does
the weight and overall cost, thus permanent magnets have been limited to field strengths
ranging between 0.3-0.4 T (tesla). As the name implies, superconducting magnets are

based on the concept of superconductivity, where a material losses all its resistance at a
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certain transitional temperature. The most common materials are niobium-titanium
(NbTi) and niobium-tin (Nb3Sn), with transitional temperatures around -270 °C and 263
°C, which are achieved through the use of liquid helium cooling. To ensure safety of all
individuals working around the MRI magnets, shielding of the facilities is required to
decrease/eliminate the stray magnetic fields of the magnet. This is achieved through
passive or active shielding, where passive shielding utilizes iron to confine the stray field
lines to the inside of the facility, while active shield utilizes a second set of wire loops
around the magnet to create a magnetic field in the opposite direction of the main one,
thus eliminating the stray fields (1, 178).

Gradients are generally placed between the imaging volumes and the magnet, thus
reducing the overall bore diameters to approximately 60 cm. These imaging gradients are
conceptually similar to the main magnetic fields, where current through a loop of wire
generates a magnetic field. Now if we were to add another coil of wire, with current in a
counter propagating direction and a certain distance away from the first, the resultant
magnetic fields cancel each other at the iso-center of this distance and increase linearly as
we move away from the iso-center, thus creating our varying magnetic fields for imaging.
Finally, RF coils can be split into two categories, either transmit (Tx) or receive (RXx).
The Tx coils are utilized to excite the spin system through the use of an RF pulse.
Through the use of a frequency synthesizer oscillating at the larmor frequency of the
specimens, the output is then modulated by a pulse shaper to take on the form of an RF
pulse, thus resulting in spin system excitation. In order to receive the resultant weak
echoes induced, the RX coil must amplify the signal (close to coil, to avoid external
signal interference) and demodulate it to remove the unwanted larmor frequency
components to be left with the low frequency components as a result of the varying
gradient fields applied. The signal is then passed through an analog to digital (ADC)
converter and sent to the image reconstruction computers to extract the spatial

information of the acquired signals (150, 178).
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2.1.2 Spatial Encoding and Pulse Sequences

Spatial encoding of the induced signals is achieved almost entirely through the
use of the spatially varying gradients. Superimposing the main magnetic field (B,) with
these gradients generates a spatially dependent variation in the larmor frequency of the
desired spins, resulting in selective region excitation and position encoding within.
Selective excitation of a slab of interest is achieved by superimposing the magnetic field
with a gradient that varies perpendicularly to it, in the case of axial acquisitions, this
would be the gradient in the z-direction (G;). Application of an RF pulse tuned to the
frequency bandwidth of this slab results in excitation of the spins within, following which
spatial encoding can be applied. This is achieved by frequency and phase encoding of the
spin system. For simplicity purposes, let’s assume an axial acquisition, with the z-
direction gradient representing the slice-selective gradient, while the x and y-direction
gradients representing the frequency and phase encoding ones respectively. Turning on
the phase encoding gradients induces a spatially varying phase shift, dependent upon
magnitude and duration of the gradient, such that each line (y-direction) throughout the
imaged slab has a unique phase shift. Furthermore, turning on the frequency encoding
gradients induces similar effects upon the underlying spins, such that their precession
speeds are spatially dependent as well. The combination of these three encoding
mechanisms and the application of a two dimensional Fourier Transform (2D FT) (x- and
y-direction) upon the acquired signal allows for proper voxel identification (150, 178).

Readout of the excited spins is achieved only when the magnetization vector of
the excited spin system is rotated into the transverse plane of the field (due to RF pulse)
such that the vector is perpendicular with the gradients. Prior to excitation, the
magnetization vector is referred to as the longitudinal magnetization (M), representing
the sum of all magnetization available within the specimen placed inside the magnetic
field. While the vector flipped into the transverse plane is referred to as the transverse

magnetization (My,). The flexible nature of MRI lies within the ability to achieve
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different combinations of excitation and contrast manipulation through the use of the
slice-selective, frequency and phase encoding gradients. This combination is referred to
as a pulse sequence. Conventional imaging pulse sequences, such as Spin Echo (SE) and
Inversion Recovery (IR) rely on the use of multiple RF pulses for the excitation and
refocusing of the spins into the transverse plane. Once this is achieved, repetition of the
procedure is only allowed following complete recovery of the magnetization to the
longitudinal plane (pre-excitation) (1, 75, 178).

More recently, advancements in gradient hardware and partial excitation of the
longitudinal magnetization into the transverse plane through the use of smaller flip angles
(o), than the conventional 90° ones, has shined a light into faster acquisitions, improved
SNR, while maintaining identical spatial resolutions as achieved with conventional
imaging pulse sequences. Fast Low Angle Shot (FLASH) and Fast Imaging with Steady
Precession (FISP) are two pulse sequences from the gradient Echo (GRE) family of
sequences that have allowed for such achievements (Figure 3). Both sequences operate

under identical principles, but vary in their contrast manipulation characteristics (1).

2.1.3 Image Quality Considerations

Image quality is assessed by the signal to noise ratio (SNR), which is a measure of
single corruption via noise. In MRI, noise factors include magnetic field inhomogeneities,
patient based sources such as motion causing artifacts and image acquisition and
reconstruction parameters. The image acquisition and reconstruction are of upmost
importance as control of these parameters is much more feasible than the aforementioned
ones. These parameters include magnetic field strength, field of view (FOV), number of
acquisitions, slice thickness, inter-slice gap and receiver bandwidth to name a few. More
often than not, the optimal slice thickness is defined as the thinnest one possible, but in
MRI, the amount of noise increases (SNR|) as a function of decreasing slice thickness.

On the other hand, increasing the slice thickness results in numerous partial volume
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artifacts, thus careful consideration must be taken to minimize the these deleterious
effects. Although not ideal, these effects can be partially counteracted via increasing the
number of planar acquisitions and or repetition times, at the cost of increased overall
acquisition times. Due to the non-rectangular excitation profiles applied via the slice
selective gradients, the inter-slice gaps play an important role in determining overall
quality of the images. The lack of inter-slice spacing between the adjacently acquired
slices results in cross-excitation between the slices, leading to saturation of the signals
within and decreases in SNR. Receiver bandwidth relates to the range of frequencies
collected on the receiver end, which is directly related to acquisition speed and noise,
such that a wide bandwidth allows for a much faster acquisition with the introduction of
more noise artifacts, while a narrower one results in SNR improvements at the cost of
increased motion artifacts and slower acquisition times. Spatial resolution is one of the
more important quality factors to consider in the overall acquisition process as it is a
measure of how clearly one can distinguish structures with imaged volume. The
relationship between the FOV and acquisition matrix (FOV / Matrix) is the main
determining factor of pixel size. The complex interplay between these factors, results in
trade-offs between SNR, acquisition times and spatial resolution. Another method of
increasing the overall SNR is the use of higher magnetic fields. The number of protons
that align with the main magnetic field increases as a function of increasing magnetic
field, resulting in improved SNR. Due to other limiting factors such as safety concerns
and application needs, as well as the inability to change the field with the push of a

button, minimal consideration is usually given to the strength of the field (1, 75, 178).
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Figure 1. The origin of the macroscopic (net) magnetization of the nuclear spins within
an external magnetic field, follows the Boltzman statistic, stating that a slightly
larger number of spins will fall on the lower (m=+1/2) energy level parallel to

the BO field, in relation to the higher energy level (m=-1/2), or anti-parallel to
the BO field (1).
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Figure 2. Graphical representation of longitudinal (A) and transverse (B) magnetization
relaxation, following excitation by a 90° pulse. T; represents the time required
for the longitudinal magnetization to reach 63% of its pre excitation
equilibrium value, while T, is the time required for the transverse
magnetization to reach 37% of its post excitation equilibrium (1).
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Figure 3. Gradient echo (GRE) based Fast Low Angle Shot (FLASH) Gradient schematic
(A) and trueFISP gradient schematics (B). The main differences in acquisition
between the two GRE based sequences revolve around the destruction of the
remainder transverse magnetization following each acquisition in the FLASH
and refocusing of it in the trueFISP (1).
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2.2 Pulmonary Physiology

2.2.1 Structure and Function

The lung is compromised of approximately 300 million alveoli, generating up to 6
liters of volume and 85m? of surface area for gas exchange. The most important element
in the gas exchange process is the blood gas interface, which allows diffusion of oxygen
(O2) and carbon dioxide (CO,) between the blood and the alveoli based on a high to low
gradient. Governed by Fick’s diffusion law, the amount of gas moving across the
interface is proportional to the area and inversely proportional to the thickness, thus the
alveoli are wrapped in capillaries to increase the efficiency of the gas exchange process.
Aiir reaches the alveoli via a series of branching airways and airspaces which are divided
into two zones based on their unique features, the conducting zone and the transitional
(respiratory) zone. As the name implies, conduction (bulk flow) is the main driving force
of gas flow through the conducting zone which encompasses levels 1-16, starting with the
trachea at the uppermost level and further dividing into main, lobar and segmental
branches and ending at the terminal bronchioles. The terminal bronchioles are considered
to be the smallest airways without alveolar lining and are the closest to the gas exchange
regions. The transitional (respiratory) zone is compromised of the respiratory
bronchioles, alveolar ducts and sacs and encompasses levels 17-23. The respiratory
bronchioles are partially lined with alveoli, while the alveolar ducts are completely lined.
Airflow through these branches is a multi-faceted process, initiated by diaphragmatic and
intercostal muscle contractions, leading to the descent of the diaphragm and movement of
the intercostals muscles, thus increasing the cross-sectional area of the thoracic cavity. As
mentioned previously, bulk flow is the main process by which gas flows through the
conducting zone, distal to which gas flows via diffusion, due to increases in cross-
sectional area and slower velocities throughout. The elasticity of the lung allows it to

return to its pre-inspiratory volume. Given that the lung is the largest surface area
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exposed to a hostile environment, several mechanism are available for eliminating
inhaled particles such as mucous, cilia in the conducting airways (which can be paralyzed
by toxins) and macrophages in the alveoli (91, 179, 180).

Similar to the airways the blood vessels are a series of branching tubes starting
with the pulmonary arteries and leading to the capillaries and returning to the pulmonary
veins. Initially the arteries and veins run close together, but at the lobar levels, they
separate, while the arteries follow the bronchi. The capillaries form a dense network on
the alveolar walls, generating an almost continuous sheet facilitating efficient gas
exchange (91, 92, 179, 181).

2.2.2 Ventilation

Ventilation is a process by which the lungs exchange gases between the outside
air (relative to body) and alveolar compartments, where gas flow is driven by the
apparent gradient between the outside atmospheric pressures and that within the lungs
(atmospheric pressure > alveolar pressure during inspiration and vice versa for
expiration) (179). Respiratory movements regulating ventilation are controlled by
afferent nervous stimulation, either through chemical stimuli and/or the vagus nerve. The
excess of O, and/or the excess CO, within the inspiratory volumes, leads to the increased
respiratory center activity, resulting in increased respiration efforts. Slight changes in
overall alveolar CO2 concentration can double alveolar ventilation during rest (179, 180).

Attempts to quantitate the regional distribution ventilation nitrogen washout curve
technique (36), regional density changes observed in CT (67, 70), regional strain
measurements obtained via bi-plane x-ray fluoroscopy (73, 77), as well as the distribution
of radio-active 133Xenon gas following inhalation (135, 136), have paved the way for
future methods and needs in this emerging field (68). Lung scintigraphy using macro-
aggregates of albumin can facilitate the detection of pulmonary emboli (96, 97), while the
use of radio-active tracer gases such as O (O isotope), *N (nitrogen radio-isotope) and

133%e (xenon isotope) can provide the means for a topographic evaluation of lung
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ventilation. Although ideal, the technique suffers from a few shortcomings which include
high cost of the nitrogen and oxygen isotopes utilized, along with their short half-lives,
but more notably its gross estimation of lung ventilation (135, 136). PET complemented
with the use of inhaled radio-active tracer gases such as *°Ne (neon isotope) and **N can
measure regional ventilation, by means of its minimal invasiveness, low radiation
exposure to subject and the administration of a single dose to acquire the data (113, 131,
132, 166). The main disadvantage of the use of PET was purely physics based, as the
resolution of the extracted functional maps were dependent upon the distance traveled by
each positron before annihilation through its collision with an electron, which produces
the pair of gamma waves used in detection and localization of the phenomenon.
Furthermore, the inhalation of fluorescent microspheres (FMS) can also provide a
relatively regional evaluation of pulmonary ventilation using distribution of microspheres
in each analyzed lung segment. This technique proved flawed as the use of large volume
elements in analysis biased the data based on the convective movement of the gases
throughout, where as the actual deposition of the micron-based aerosol particles is strictly
based on gravitational effects and their inertial impact, far from relating to alveolar
ventilation (133, 134, 164). More recently, the introduction of Dual Energy (DE) CT, has
shown promise into simplistic lung ventilation assessments of both normal and abnormal
subjects alike, with exceptional spatial resolutions, through the use of xenon as a contrast
agent (24, 25, 56, 57). Following a similar trend as the Xe-MDCT methodologies
developed within our laboratories, ventilation assessments via DECT can be carried out

in a single or multi-breath fashion (24, 56).
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2.3 Imaging Techniques

2.3.1 Hyperpolarized *Helium MRI

Hyperpolarized Noble gas imaging has established itself as one of the most
complex, yet effective pulmonary MRI techniques available. Hyperpolarization of the
noble gases, dose preparation, gas transportation, storage and administration, the non-
renewable nature of the signal and the need for a broadband RF amplification system are
some of the factors creating the overall complexity involved with these methods. *He is
an inert, stable, non-toxic isotope of “He that is a byproduct of nuclear tritium decay.
Although being a byproduct of nuclear waste decay sounds extremely unpleasing, the *He
atom is stable, with no adverse side effects upon administration other than slight dryness
of contacted surfaces. Major advantages of *He include its small molecular size, thus
making it lighter than air and easier to breath (especially helpful in diseased pulmonary
states), its confinement to the airspaces due to a low solubility coefficient in water
molecules and long T; relaxation times as a result of the non-existence of any electrical
field gradients or magnetic moment production by the electrons in the filled orbitals (90).
The inherent complexities involved, in combination with the additional costs involved
with the technique have limited the advancement of the HP *He MRI methodology to a
few centers spread throughout North America and Europe. Additionally, recent political
agendas pertaining to the use of *He as means for weapons detection, have created a huge
bottleneck in gas supplies (84), hindering the advancements achievable throughout the
past year and resulting in a global wide renewed interest in ***Xe, due to its natural

abundance.

2.3.1.1 Hyperpolarization, Storage and Administration

Hyperpolarization is the process of increasing the overall angular momentum of

nuclear and electron spins of an atom above its thermal equilibrium state through the use
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of externally applied energy, which is performed entirely outside the MR magnetic fields.
The need for this increase in angular momentum makes up for the low density of the gas,
when compared with its liquid rival water, which is achieved through the use of circularly
polarized laser light, a process defined as optical pumping (OP). Currently there are two
different techniques widely used for optical pumping; spin-exchange (SEOP), which is
suitable for both *He and '*Xe and metastability-exchange (MEOP), which is only
suitable for *He (20). SEOP is achieved by optically pumping an intermediary alkali
metal vapor, followed by spin exchange between the alkali vapor and the noble gas
(Figure 4). This process is successful only for noble gases with quantum spins equal to
one-half (I = %), because of their stability and longer longitudinal relaxation times (T1),
involved with loss of the angular momentum. The noble gas is first pressurized (10 bar)
into a glass chamber, containing trace amounts of an alkali metal (ex. Rubidium) and
nitrogen and surrounded by a low magnetic field. Heating of the chamber creates a dense
vapor of the alkali metal, allowing absorption of the circularly polarized laser light (30-
140 Watts) spectrum being shined into the chamber (78, 90). The resonant laser is tuned
such that its spectrum is that of the electron spins of the alkali metal vapor (Rb = 794.8
nm), thus allowing an efficient transfer of the angular momentum of the laser photons to
the electron spins of the atoms (172). Through random hyperfine collisions between the
excited state alkali metal atoms and the noble gas atoms, this angular momentum is
partially transferred to the nuclear spins of the noble gas, with an efficiency of
approximately 0.1-1% for *He and 4% for **Xe. Given the weak state of these hyperfine
interactions, polarization times in excess of 10 hrs are required to reach polarization
levels of +20% for a one liter batch of *He and 1 hr for a half liter batch of ***Xe up to
5% (171, 172). In MEOP, the process of nuclear spin hyperpolarization is conducted
directly between the circularly polarized laser light and the noble gas atoms (*He only).
The resonant laser light spectrum is thus tuned to the frequency of *He (1083 nm), which

in return excites the electron spins of the *He atoms and through a series of hyperfine
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interactions between the excited state and ground state *He atoms, this polarization is
transferred to the nuclear spins (Figure 4). This process is advantageous in the fact that
there is no need for an intermediary substance to transfer the polarization. A major
concern with this technique is the need for powerful laser diodes to polarize the helium
atoms in an unpressurized state, which have recently become commercially available.
Also due to the low pressures needed for polarization, only small amounts of *He are
polarized per run, thus requiring the need for compression and storage of the already
polarized batches to accumulate large enough doses for dispensing (78, 90).

The efficiency of the polarization step in SEOP largely depends on the density of
the alkali metal vapor, integrity of the glass chamber and spectrum of the laser light.
Following completion of the polarization process, the chamber is cooled to room
temperature, to allow the alkali metal to return to its solid state, eliminating its gaseous
presence within the dispensed polarized gas. In the case of MEOP the gas is compressed
and stored. The hyperpolarized doses of noble gas are then dispensed into Tedlar® plastic
bags, equipped with medical grade Tygon® tubing. The Tedlar bags are free from any
paramagnetic impurities to minimize the relaxation rate of the hyperpolarized noble gas,
while the Tygon tubing is efficient for administration of the gas doses to the subjects with
minimal obstruction. During transportation, the hyperpolarized noble gases are shielded
via a homogenous magnetic field (0.1 - 0.5 mT), to reduce the effects of the various
inhomogeneous external magnetic fields along the path (compressors, elevators, pumps,
etc ...) between the polarizer apparatus and the MRI magnet. Administration of the doses
can be either directly from the Tedlar plastic bags or through an MRI compatible
ventilation system with non-metallic valves and compression scheme. The latter is
suitable for small scale animal experiments, where control of tidal volume and breath-
holds is difficult (78, 79, 90).

Volumes of administered breath-hold doses have generally been (300-500ml)

hyperpolarized noble gas and (500-700ml) medical nitrogen. Given that most polarizers
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available to research community can only produce one liter at a time, the available gas
must be rationed to allow for multiple imaging sessions. Nitrogen is a biologically inert
molecule, thus not interacting with the hyperpolarized noble gas molecules to decrease
the apparent signal. Its use serves the function of a filler agent to achieve desired tidal
volumes. A major obstacle in repeatability of imaging sessions is the need for an accurate
dose delivery of the administered volumes in order to achieve equal tidal volumes and
thoracic pressures. The tidal volume of the patient must be monitored accurately
alongside the maximum pressures achieved during a breath-hold, to allow for proper
quantification and evaluation of resultant datasets (170).

*He and differ from 'H in properties: they will both precess at entirely different
frequencies (Larmor frequency — dependent upon externally applied magnetic field) once
introduced into an external magnetic field [4]. Therefore, MR scanners must be equipped
with broadband capable RF transmitters, receivers and amplifiers, to allow proper
conduction of the imaging protocols. This intrinsic difference also necessitates the need
for a completely different Tx-Rx RF coil arrays that are specifically tuned to the
frequency of the tracer noble gas. This frequency varies as a function of the magnetic

field strength, thus for different magnetic fields, different coils are required (109).

2.3.1.2 Static Ventilation Imaging

Unlike normal MR imaging, the signal obtainable from hyperpolarized *He doses
is non-renewable, thus meaning that a single 90° flip angle will completely quench all
available non-equilibrium polarization (net magnetization) within a medium. Therefore
the need for low flip angle pulse sequences with careful considerations of sequence
parameters is a must when performing any noble gas imaging. For the purpose of static
2D and 3D ventilation imaging, FLASH GRE sequences have been utilized widely,
almost becoming the gold standard for such imaging techniques. In these sequences the

flip angle value ranges between 2°-10°, allowing proper rationing of the available
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magnetization. In static ventilation imaging, the acquired series of images is of the spin
density of the gas itself during a breath-hold, resulting in a positive-linear relationship
between the acquired signals and amount of helium within. One limitation of this
procedure is the inability to evaluate and assess blocked and restricted lung regions, due
to the absence of the tracer gas. Ventilation maps obtained are unit-less quantifications of
the overall ventilation distribution throughout the lungs. There are no measureable
physiological parameters involved, but the maps can be utilized as a screening tool for
determining integrity and severity of damage. Evaluation of the acquired ventilation maps
is dependent upon criterion set by the evaluators, such as homogeneity of gas
distribution, number and size of defects and SNR (45, 170).

A typical imaging protocol would consist of the acquisition of approximately 6-8
coronal images in the supine position, requiring a breath-hold of approximately 10-12
seconds, with spatial resolutions far better than obtainable with nuclear medicine
techniques (~2mm). Although the ventilation maps are unit-less and provide no direct
physiological information, their usefulness has been demonstrated in assessing total lung
volumes with great correlations with PFTs (45). Static ventilation of normal volunteers
appears to have a homogenous gas distribution throughout the images with minimal to no
ventilation defects (Figure 5) (79, 165). These minor defects are expected due to the
awkward positioning of the subject along with the weight of the lungs pushing down on
the posterior regions. On the other hand, ventilation maps acquired of asthmatic subjects,
showed multiple ventilation defects alongside low SNR and an inhomogeneous gas
distribution. The ventilation defects found in asthmatic patients are mostly due to
inflamed and restricted airways, limiting or completely obstructing the flow of helium.
The increase of the ventilation defects found in these asthmatic subjects, correlated well
with decreased values of spirometry obtained prior to imaging. In a couple of asthmatic
subjects, bronchodilators were administered via inhalation and a second imaging series

was conducted a few days following the original scans. In these subjects, the ventilation
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maps showed no ventilation defects and a more homogenous gas distribution throughout
the images, thus showing the usefulness of such a simple and quick technique in follow-

ups of drug administration and disease progress (5, 81).

2.3.1.3 Apparent Diffusion Coefficient (ADC)

The *He ADC technique is a mean of evaluating and probing the lung
microstructure, connecting pores and pathways, leading to an inclusive assessment of the
integrity and size of such structures through the exploitation of the high diffusive nature
of *He. The diffusion rate (D) of free *He at room temperature is approximately 1.8
cm?/s, while that of dilute *He in nitrogen is ~ 0.8 cm?/s (33). Diffusion as used in this
context doesn’t refer to the crossing of the alveolar-capillary membrane via chemical
gradients, but rather displacement according to Brownian Laws of random motion.
According to Brownian Laws, the root mean square (rms) atomic displacement of helium

along a single axis during a given observation time (t) is

~/ 2 Dt

resulting in an overall displacement of 0.7-0.8 mm for dilute *He. The use of dilute *He
is the most reasonable estimate, as during any given °He examination, a dose of
approximately 300-500 ml of *He is administered for a total lung volume ranging
between 5-6 liters, creating a very dilute mixture. This displacement estimate can be
observed in the larger sized airways (trachea, primary bronchi), due to their larger
dimensions, creating an obstacle free zone during a given observation time. The smaller
size of the alveoli (radius =~ 0.08mm) alongside their walls, alveolar ducts, sacs and
connecting bronchioles all act together as obstacles restricting the path of displacement,
creating a smaller measureable D which is referred to as the ADC (Figure 6)(16, 110,
146).

The diffusion of *He is easily quantified via the Stejskal-Tanner pulsed gradient

field setup, where a set of specialized bi-polar gradients are incorporated into the startup
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of an MRI sequence (most likely a FLASH sequence) (27, 51). The bi-polar gradients are
a set of linearly changing gradient fields (equal magnitude, different polarity) along a
given direction, inducing an overall phase shift proportional to amount of displacement
taking place throughout the duration of the gradients (Figure 6). This displacement is
probed on a pixel-by-pixel basis, where the net phase shift given within a single pixel acts
to decrease the overall available signal. The amount of diffusion sensitization of the bi-
polar gradient fields is determined by their b-value. This value is proportional to the
gyromagnetic ratio of *He, ramp-up and ramp-down times of the gradient fields, total
duration and delay between positive and negative lobes. In order to quantify the measured
displacement a baseline (reference image) must be acquired to evaluate against; therefore
a typical examination would involve the acquisition of two images, where the first image
has zero diffusion sensitization (b=0) and the second some quantifiable amount of
diffusion sensitization (b>0). One must take into consideration the non-renewable nature
of the available polarization, and thus b-values utilized in experiments must be small to
ration the amount of signal available. This diffusion is then mathematically quantified
with the Stejskal-Tanner diffusion equation
S1 = Sp.e AP0

where S; is the signal intensity of the non-diffusion weighted image, S, is the signal
intensity of the diffusion weighted image, b is the amount of diffusion sensitization and D
is the calculated diffusion rate (27). Diffusion maps are then created from these
calculated values on a pixel-by-pixel basis, through a simple solution of the given
equation. This large free diffusivity observed is a result of two intrinsic properties of the
*He molecule itself, 1) the small atomic mass relates to a high thermal velocity, allowing
the traversal of relatively long distances within a few milliseconds, along with 2) a small
diameter, leading to an even smaller cross-sectional area, thus minimizing the effects of

collisions with the lung walls and other gas molecules (33, 146).
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ADC maps of normal healthy volunteers have shown to be homogenous and
uniform, illustrating the overall integrity of the lung structures and airspaces, which is
expected in an intact lung. On the other hand, the opposite was found true for emphysema
subjects, where the ADC maps were non-uniform and contained larger diffusion values
(18, 41, 81, 146, 160). This non-uniformity of the ADC values correlates well with the
nature of the disease, where the degree and location of destruction varies throughout the
lung. Reported ADC values in normals range between 0.17 cm?/s and 0.24 cm?/s with a
mean of 0.2 cm?/s, a factor of four smaller than that of the dilute helium, revealing the
overall restricted nature of the traversed environment (33, 41). Morbach et al. reported
average ADC values of 0.18 cm?/s and 0.27 cm?/s for normals and emphysema patients
respectively. The reproducibility of the technique was also demonstrated on a global and
ROI basis with accuracy of 2% and 6% respectively, demonstrating the overall feasibility
of the technique. Due to gravitational effects on the human body, the lower most regions
of the lungs are considered dependent regions, whereas the upper most regions are
considered non-dependent (110). During a given *He examination, the subject is placed
supine inside the bore of the magnet, thus changing the gravitationally affected regions
from cranio-caudal to antero-posterior for the dependent — nondependent regions
respectively. This gravitational gradient is observed, where ADC values of the most
posterior regions are lower than those of the anterior regions. This is possibly explained
by the compression of the lung tissue in the posterior regions of the lung, due to the
effects of gravity and the weight of the lungs and heart (81). Aside from quantification of
disease severity, ADC has also been utilized in evaluating lung volume reduction surgery
(LVRYS) patients. The surgery itself improves the respiratory dynamics, elastic recoil and
chest wall function, by removal of non-functional lung regions (ex. severe emphysema),
which in turn improves the overall functionality of the intact regions. ADC maps

obtained post-LVRS showed significant changes in the overall diffusion distribution
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throughout the lung, in comparison with pre-LVRS maps, illustrating improved function
of possibly restricted or compressed lung regions (33).

In the past, only invasive techniques such as microscopy or micro-CT of lung
lobes were available to evaluate the intrinsic properties of the lung microstructure. The
achievable results demonstrated by the *He ADC technique have shined a light into a new
non-invasive radiation free measure of evaluating lung microstructure, with excellent
depiction of structural integrity and degrees of destruction. Although ADC measurements
have set a new standard in pulmonary evaluation, it suffers from a few drawbacks. First,
the high cost and complexity involved with polarization, storage and administration of
the noble gas doses, scanner time costs and the need for a broadband capable scanner and
specialized RF coil for transmission and reception of ®He signals, pose a limitation
towards clinical acceptance, as most centers will not have the ability to afford and
maintain such costs and requirements, along with the specialized personnel required to
conduct the procedures. Second, in order to accurately and efficiently assess the
achievable results and statistical coherence of the technique, all imaging parameters must
be maintained throughout, such that the tidal volumes, breath-hold pressures and imaging
planes are identical from one subject to another. Although not impossible, this perfection
requirement along with the added complexity of the procedure, overshadow the excellent
visualization and assessment achievable via this technique. Last but not least, the clinical
relevance of utilizing *He in the evaluation of the airspaces might not be optimal in
detecting early micro-structural changes. This does not come as a surprise due to the
naturally small size of the ®He atoms, resulting in a differentiation between free and
restricted diffusion in geometries much larger in size than the alveoli under investigation.
Thus the utilization of a larger atom which would differentiate between free and

restricted diffusions on the order of the alveolar dimensions would be of great relevance.
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2.3.2 Hyperpolarized ***Xenon Imaging

Hyperpolarized *He has been the preference of many researchers and scientist in
gas-phase measurements of functional and structural pulmonary parameters, partially due
to the larger gyromagnetic ratio and less complex optical pumping techniques, thus
achieving an overall larger polarization level which leads to higher signal intensities and
better resolutions. Although the higher signal advantage of *He over ***Xe prompts this
biased selection, the intrinsic characteristics of *?Xe gas make it suitable in probing
different pulmonary function characteristics than achievable by *He. More recently, the
increasing costs of raw ®He gas and improvements in the overall design and process of
the polarization equipment have sparked a new interest in this modality (65). Upon
inhalation of the xenon gas, a small fraction is absorbed into the moist parenchyma tissue,
which then further diffuses into the capillary circulation, a process that is continually
attempting to reach equilibration of concentrations in the airspaces, tissue and blood.
Given the high sensitivity to its surroundings, hyperpolarized ***Xe is observed as three
different resonant frequencies arising from the three different compartments (airspaces,
parenchyma and blood) (Figure 7). The difference in frequencies between the gas and
dissolved phase ***Xe is large enough to allow acquisition of both within a single rapid
measurement with no complications. This unique intrinsic characteristic of '*Xe has
allowed quantification of pulmonary pO,, low resolution static ventilation images,
diffusion capacity of the lungs and surface-to-volume ratio of the alveolar-capillary
membrane, the latter two which were not achievable with ®He (121, 138, 139).

Until recently, the low achievable polarization (5-7%) levels of '*Xe have
crippled its imaging power and applications. This low level of polarization is a direct
result of the depolarizing effect experienced by the optically pumped rubidium atoms
before they have a chance to polarize the **Xe nuclear spins, due to their low photon
efficiency. A new scheme of SEOP '?*Xe polarization, involving a combination of low

xenon partial pressures, higher velocity gas flows and longer polarization chambers, has
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created a more efficient optical pumping solution to the depolarizing effect experienced
by the rubidium atoms, achieving polarization rates of up to 50%. This advancement in
production will essentially improve the overall achievable image quality and possibly
improve knowledge regarding the diagnostic power of **Xe (121).

A major limitation and drawback involved with the use of xenon gas is its
anesthetic nature. Prior to its use in CT and MR imaging procedures, xenon found its
niche as a general anesthetic. It has been shown that inhalation of high concentrations of
this gas have lead to side effects such as euphoria, breathing difficulties as expect with a
heavier molecule, and loss of consciousness (35). Therefore administered doses are
limited to tidal volume mixtures of at least 21% oxygen and no more than 70% *#*Xe,
while maintaining the alveolar xenon concentrations well below 35% (lower limit of
anesthetic effect). In most circumstances, this is not an issue as most procedures are
conducted in one or two breath-holds, with minimal to no adverse events (119, 138). On
the other hand, given the low achievable signal improvements over thermal equilibrium
along with the dose concentration limitations, the use of this technique in an attempt to

produce superior image quality to its opponent will be somewhat of a challenging task.

2.3.2.1 Chemical Shift Imaging (CSI)

The first observations of the unique phases of hyperpolarized *2°Xe were achieved
via chemical shift spectroscopy. In layman terms, a spectroscopic evaluation of a given
volume produces a resultant spectrum of all frequencies apparent within. One would
consider the accidental case where proton frequencies appear in this spectrum and
possibly ruin or lower the quality of the data, but given the different precession
frequencies, RF coils utilized in all hyperpolarized noble gas imaging are tuned
specifically to the molecule’s larmor frequency eliminating the possibility of acquiring

false frequencies. The key factor in this method is the recognition that the unique phases
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appear at different peaks in the acquired spectrum, allowing a simple and effective
temporal evaluation of their progress (112).

By taking advantage of the never ending battle of concentration equilibration
between the gas and dissolved phase ***Xe and the employment of multiple free induction
decay (FID) acquisitions over the time of an imaging protocol, this spectrum along with
its variations are extracted. In a given acquired spectrum, the zero-reference frequency is
that of gas-phase hyperpolarized '*Xe @ 0 ppm, while the dissolved phase
hyperpolarized ***Xe is shifted approximately 200 ppm away from the reference (Figure
7). This shifted frequency gives rise to two peaks, relating to the tissue and blood
accumulations, the latter of which is minimal as the circulatory system is continuously

renewing the supply of blood in any given region (112, 138).

2.3.2.1 Alveolar Surface Area measurements (Sa/Vgas)

As the major function of the lung is exchange of O, and CO,, the ability to
regionally and globally quantify the available surface-area-to-volume ratios for this
exchange to take place, can provide an insight into the progression of pathological
conditions affecting the alveolar and parenchymal integrity. There are numerous
techniques for acquiring this parameter such as stereology, UCT and confocal
microscopy, all of which are highly invasive and destructive, limiting its applicability in
human subjects. A solution to this dilemma is the temporal spectroscopic evaluation of
the different *°Xe phases, which has given rise to a minimally invasive procedure for
acquiring the surface-area-to-volume ratios of the porous nature of the pulmonary
structures (21).

The use of Chemical Shift Saturation Recovery (CSSR) imaging has made this
acquisition possible, through the monitoring of the polarization transfer rates between the
gaseous phase hyperpolarized ***Xe in the airspaces and the dissolved phase in the solid

tissue. This is accomplished by completely saturating (quenching) the available signal of
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dissolved '*Xe in the tissue, via a frequency selective pulse, followed by the
measurement of its recovery through transfer of polarized molecules from the airspace
pores to the tissue. The preliminary quenching results in an initial baseline condition of
polarized '*Xe in the gas space and un-polarized **Xe in the tissue space (21,
121).Through the fitting of a 1D diffusion equation (Fick’s 2" Law), which states that the
rate of change of a concentration in a volume element within a diffusion field is
proportional to the rate of change at that point in the field, information regarding the
thickness of the alveolar-capillary membrane, blood volume and perfusion rates can be
extracted. The general pulse sequence architecture utilized in these acquisitions starts out
by initially sampling the available ***Xe polarization levels via a small flip angle as to not
destroy all available polarization. Once an initial amplitude value is determined, a series
of selective saturation pulses are applied at the frequency (= 200 ppm away from
reference) of the dissolved phase '**Xe, to completely destroy any available signal,
allowing for a clean starting slate. Following the selective saturation of the dissolved state
signal, a delay period is introduced to allow diffusion to take place. Finally, another
frequency selective RF pulse is applied to the dissolved phase **Xe signal, not to
completely eliminate its appearance, but rather to excite the available spins and observe
its recovery. The repetition of this procedure allows temporal evaluation of peak times
and magnitudes. This temporal assessment of diffusion progression through monitoring
the appearance of the blood spectral peak has assisted in determining the overall
thickness of the parenchymal layer (21).

The inter-pulse delay between selective saturation and excitation of the dissolved
129%e spins plays an important role in determining the thickness value calculated.
Throughout the lungs, the different tissue layers all have different thicknesses, leading to
different diffusion times, affecting the appearance of peaks in those compartments.
Therefore, careful selection of the delay time between these pulses, determines the level

of tissue thickness evaluation achievable. Although the idea is conceptually pleasing,
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minimal results have been presented in human subjects verifying the validity or
sensitivity of the technique. Most of the work has been conducted on porous materials
that exhibit similar characteristic sizes as the alveoli, along with some small number of
human studies, the latter which has not been compared with gold standard measurements

obtainable via standard histology measurements in animals and excised lungs (21, 121).

2.3.2.3 Xenon Transfer Contrast (XTC)

The unique dissolved phase imaging of hyperpolarized ***Xe is not only limited to
spectroscopic procedures, but can also be extended to probe the lung physiology along
with diffusion capacity. XTC is the indirect evaluation of the dissolved phase signal via
the monitoring of the gas phase signal attenuation. A typical procedure consists of two
separate breath-hold acquisitions via 2D FLASH sequences, referred to as a control and
XTC experiment. In each one of these breath-holds two separate images are acquired,
with approximately 40 frequency selective RF pulses in between the acquisition of the
first and second image. In the control experiment, the selective preparatory RF pulses are
applied at an off resonance frequency of approximately -200 ppm (mirrored location on
other side of the O ppm reference), serving as the control condition. Since the RF pulses
are only applied at this off resonance frequency, leaving the dissolved and gas phase
frequencies un-touched, the resultant image represents the recovery of the gas phase
signal following T; depolarization effects experienced by the applied RF pulses along
with loss of hyperpolarized **Xe atoms due to the blood circulation. In the XTC
experiment, the same two images are acquired, except for the frequency selective RF
pulses are applied at the resonance frequency of the dissolved-phase **Xe. This
preparatory saturation of the dissolved-phase signal creates a map illustrating recovery of
the available signal in the tissue following the exchange with the gas-phase signal. By
correcting the XTC experiment for the observable T; depolarizing effects obtained in the

control experiment, a regional map representing the exchange between the airspaces and
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tissue is obtained (138, 139). This map represents the overall integrity of the exchange
process within the lungs and can be used to assess the morphological changes apparent
during disease onset. This double breath-hold evaluation technique is not very efficient,
due to the need for accurate monitoring of the administered tidal volumes along with
airspace pressures following breath-holds, creating complexities during the post
processing of the data.

Patz et al. have proposed a single breath technique (SB XTC) to acquire a series
of three images representing the control and exchange images. The first acquired image is
a simple static ventilation image to be utilized as the baseline. The second image in the
series is acquired following the application of the same sequence of preparatory RF
pulses at the off resonance frequency of -200 ppm. This difference in acquisition creates
an observable change in signal intensities between the first and second images primarily
due to the T; depolarizing effects of the RF pulses and dipolar interactions with
molecular oxygen. The third and final image is acquired following the application of a
sequence of RF pulses centered at the frequency of the dissolved phase signal. Now the
observed difference between the second and third images is due to the previously
mentioned depolarizing effects along with exchange between the gas and tissue
compartments of the lung. A simple subtraction between the first and second images
allows quantification of the T; decay due to the molecular oxygen interactions and
applied RF pulses, while another subtraction between the second and third images creates
a gas exchange efficiency map representing the evaluated lungs. Analysis of the maps
yields a very simple observation: higher values are related to increased gas exchange,
while lower values represent a decreased gas exchange, which has been demonstrated and

evaluated in a number of human subjects (Figure 8) (121).
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2.3.2.4 Intra-Pulmonary pO,

As mentioned previously, hyperpolarized noble gas atoms are sensitive to the
regionally varying intrapulmonary pO, due to the depolarizing effects experienced from
the dipolar interactions with the molecular oxygen in the airspaces. This observation can
also be utilized in ***Xe imaging to create representative maps of regionally and
temporally varying oxygen partial pressures. A pO, map can easily be calculated from the
images acquired via the SB-XTC experiment. It was previously shown that the
attenuation of a single RF pulse can be easily calculated and corrected for thus the
application of RF corrections upon the second image in the acquisition pipeline facilitates
the generation of a pO, map of the examined lungs. It seems almost straightforward, but
one can’t forget the complexities that were involved with acquiring these three images in
the SB-XTC experiment (121).

The representative pO, maps demonstrate the previously mentioned gravity
dependent ventilation and perfusion effects, resulting in higher pO2 values at the apex
descending towards the base. This observation is self-explanatory as the ventilation and
perfusion of the lung structures are much higher in the basal portions, resulting in more
efficient transport of the molecular oxygen out of the airspaces, creating lower partial
pressures and vice versa for the apex. One would expect to see this same gradient in the
XTC gas transport maps, but in reality the gradient in completely flipped. Since the gas
transport maps represent the regional efficiency of the gas transport, the higher values in
the maps represent an increase in gas exchange leading to a decrease in the regionally
available oxygen, thus creating a lower pO,, while lower values in the maps represent a
decrease in gas exchange, which demonstrates minimal removal of the available oxygen
and therefore an increased pO, (121).

Although the complex interactions observed upon administration of **Xe have
given rise to previously un-achievable diagnostic parameters, minimal experience and

lack of proper understanding of measured parameters are major obstacles in the road
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towards clinical acceptance. In the case of pO, maps, *He remains advantageous, as the
solubility of ®He in its surrounding is almost non-existent, reducing the overall needed for

offsetting computations and preparatory procedures.

2.3.3 °Flourine Imaging

Available as a naturally abundant stable isotope of 6-Fluorine (°F), °F is an
excellent MR sensitive molecule as it possesses a spin quantum number of one half (I =
%), which allows it to be susceptible to the externally applied magnetic fields of the
scanner. Albeit its recent development and introduction to the MR imaging community,
9 containing liquids have been utilized in liquid ventilation for many years, due to its
relatively low solubility in blood and high solubility in oxygen. Attempts have been made
in the past to quantitatively image the lungs with these liquids, resulting in images with
poor SNR and minimal spatial resolution (89).

Recently the focus has turned away from these *°F containing liquids, towards the
use of fluorinated gases in pulmonary assessment. The basis of imaging the lungs using
F in an acceptable fashion (i.e. minimal scans times, patient comfort), consists of
choosing a gaseous molecule that possesses rapid relaxation properties and large a
number of atoms per molecule, to allow multiple signal acquisitions (averages),
providing large attainable signals. Sulfur Hexafluoride (SFs), Tetrafluoromethane (CF,)
and Hexafluoroethane (C,Fg) have meet these criteria as they posses very short relaxation
properties along with being non-toxic and insoluble in the pulmonary airspaces and
circulation. All these compounds contain ‘°F, which is a large molecule containing a
large number of atoms, allowing for maximal signal generation at thermally equilibrated
conditions. The rapid relaxation properties possessed by these compounds allows for
rapid repetition of the scanner RF pulses, acquiring multiple signal averages to make up
for the low spin density available upon inhalation (145). The use of these inert

compounds removes the need for complex polarization transfer processes as in
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hyperpolarized noble gas imaging at the cost of inferior SNR and compressed timing
constraints of the molecule relaxation properties, resulting in a small finite window to
quantitatively assess the gas distribution through static and diffusion measurements
(123). Initial testing of the concept in randomly selected ROIls of a phantom containing
SF6 gas, produced extremely pleasing results, as the signal intensities within these ROIs
was significantly higher than those acquired from a background ROI. It was also
demonstrated that large flip angles can be utilized in the pulse sequence schematics, as
the changes in the maximum achievable signals within the evaluated ROIs were minimal.
The ability to utilize a larger flip angle than that of hyperpolarized noble gas imaging
facilitates the incorporation of a larger number of gas spins into the measureable
transverse plane magnetization, creating a substantially larger signal than that of the
thermal equilibrium conditions (123, 145).

Schreiber et al. have performed static 2D (coronal and axial), 3D and wash-in and
wash-out experiments using SF6 in in-vivo porcine lungs with acceptable results, through
the use of a FLASH pulse sequence and a large number of signal averages. The static
ventilation images showed a very homogeneous gas distribution throughout the airspaces,
while maintaining the ability to distinguish structures such as the heart contour lines,
trachea and mainstem bronchi. The gas distribution illustrated confinement to the
airspaces only, thus verifying the overall concept of minimal solubility in the blood. The
dynamic wash-in and wash-out measurements were the first of their kind using an inert
fluorinated gas, proving the viability of dynamic and quantitative measurements are
possible. The acquired dynamic curves illustrated a typical behavior of an inert, insoluble
gas, where signal intensities reached 80% of the maximum projected values within the
second SF6 breath-hold. Also, there were no quantifiable differences between the left
and right lung signal —time curves (145). Perez-Sanchez et al. have acquired ADC maps
of SFs in rat lungs through the use of a spiral-radial pulse sequence developed in their

laboratory, with the incorporation of bi-polar sinusoidal gradients for diffusion tagging
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along the slice select direction. The ADC maps acquired presented values in the range of
1.87x10® m?/s — 8.58x10° m%s, with a mean of 2.22x10° m%s. Although the results
obtained have no immediate meaning as to the overall integrity of the pulmonary
structures and require a more complex evaluation, the study has proven that invivo ADC
maps of the pulmonary airspaces can be acquired with reasonable SNR and acquisition
times. A major concern in these diffusion measurements is the large size of the molecules
that acts as a limitation to the overall diffusivity of the gas, thus possibly limiting the
overall usefulness (123). Wolf et al. have shown that sub-second 2D acquisitions and 3D
volumes of in-vivo porcine lungs with acceptable SNR can be obtained utilizing C,Fe,
due to the relatively long longitudinal relaxation of the compound. Analysis of the 2D
images demonstrated reasonable visualization of the trachea, mainstem bronchi and heart
contours, relatively homogeneous gas distributions along with image quality
improvements with respiratory gating rather than through normal end-tidal scanning
(182).

All these preliminary results have proven the concept and ability in obtaining
static 2D, 3D volumetric datasets, dynamic wash-in wash-out and diffusion
measurements for quantitative assessment of the pulmonary integrity, but lack a useful
insight into the nature of the environment they are evaluating. Being that diffusion and
dynamic measurements are the first of its kind in this field of imaging, more detailed
results are needed to fully evaluate and understand these parameters and to further
enhance the image quality. The concept of utilizing a gas that requires no optical
pumping processes for signal generation, cheaper, non-toxic and insoluble in the blood
and airspaces might seem very promising, but limited SNR, highly advanced gradient
hardware for fast ramp up and down of the extra fields, limit the overall usefulness of this
technique in a clinical setting as not all scanners have such high demanding hardware
requirements and image quality is a major concern when evaluating these images in

hopes of assessing certain pathological conditions.

www.manaraa.com



43

2.3.4 Oxygen-Enhanced Imaging

A paramagnetic material is one that possesses a small positive susceptibility to
magnetic fields, such that it is slightly attracted but does not retain any magnetic
properties upon removal of the magnetic field. This paramagnetic effect arises from the
presence of unpaired electrons and the re-alignment of their orbitals during application
and removal of the magnetic field. Due to the presence of some unpaired electrons in the
oxygen orbitals, oxygen is considered a paramagnetic substance and this property of the
gas is the main concept behind oxygen enhanced MRI.

The suitability of oxygen is primarily based on its weak paramagnetic property,
promoting longitudinal relaxation of nearby protons in an MR setting, its natural
abundance and low effective cost. Partial pressures of oxygen in room air and 100%
oxygen mixtures are very different, due to the different concentrations of the gas in each
mixture. This pressure difference is magnified inside the lung airspaces due to the large
surface area of the lung, thus amplifying the reduction in longitudinal relaxation (T;) of
the nearby protons. The assessment of this process in itself is what makes oxygen
enhanced ventilation imaging feasible, as it determines the lifetime of the available net
magnetization. Seeing that the main purpose of the lung is gas exchange, primarily
oxygen and carbon dioxide (CO,), upon inhalation of oxygen mixtures, the oxygen either
diffuses across the blood gas membrane to be carried away by the blood to the rest of the
body or dissolves in surrounding parenchymal tissue, creating paramagnetic regions
within or surrounding the lung, allowing for the visualization of lung parenchyma and
blood volume leaving the lungs. The ability to efficiently quantify this reduction in T;
relaxation in-vivo is already complicated by low proton density of the lung, dephasing
and washout effects of the pulmonary blood flow and the various air-tissue interfaces
creating a very short phase coherence (short T,) within the lung, all of which limit the

available signal and pulse sequence considerations (63, 64, 116, 152).
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As the images acquired are considered T; dependent, the most suitable pulse
sequence considerations are those of the inversion-recovery (IR) family and specifically
ones that are fast (to maximize signal gain from the short T, lungs) and efficient. IR
sequences with the incorporation of fast spin echo acquisition have gained popularity in
this field of imaging specifically turbo spin echo (TSE). IR Half Fourier Single Shot
Spin Echo (HASTE) and other sequences with similar parameters such as short inter-echo
spacing and centrically-reordered phase encoding steps have shown great results in
acquisition of oxygen-enhanced images (118). The short inter-echo spacing allows for
acquisition of the signal from the lungs, with minimal dephasing of the signal, the centric
phase encoding steps allows for maximal gain in SNR (116, 118) and the IR concept
itself is optimal for acquisition of T, or T, contrast based images. These pulse sequences
are very similar in contrast to the conventional spin echo (SE) family, except for
enhancement of desired contrast within a volume and the appearance of bright fatty
tissues, which can be modulated through the use of saturation regions placed around the
thorax (64).

In order to evaluate the difference apparent from the paramagnetic effect of
oxygen, the imaging protocol consists of two primary acquisitions, baseline and contrast
enhanced images. The baseline images are those acquired during the breathing of normal
room air mixtures (21% O;) and the contrast enhanced images are those taken following
the inhalation of 100% O, mixtures. Following the acquisitions, the images are post
processed and evaluated through the subtraction of the image series and definition of

relative pixel and/or ROI enhancements as follows.

| Sl 100% Oxygen Inhalation = Sl Average of Baseline Images before Inhalation |

Sl Average of Baseline Images before Inhalation
where Sl is the signal intensity at the difference acquisition states. An important factor

during the contrast enhanced series is to verify that the O, concentrations within the lung
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are close to 100%, requiring multiple breaths in order to achieve an equilibrated
concentration within. In order to obtain maximal SNR and resolution of the depicted
anatomy, the inversion time (T,) of the pulse sequence must be determined such that
apparent contrast is T; dependent. This is accomplished through the application of
multiple 180° IR pulses with various inversion times to deduce this value prior to
proceeding with the imaging protocol (Figure 9).

Hatabu et al. have observed enhancement of lung parenchyma associated with the
pulmonary veins and not the arteries in nine healthy volunteers. These results showed a
decrease in overall T; values between baseline and contrast enhanced images, thus
proving the overall paramagnetic effect of inhaled molecular oxygen at higher
concentrations. Excellent correlation (r = 0.997) was found between the observed T,
enhancement and recorded arterial partial pressures of oxygen (PaO,) in an in-vivo
porcine lung. As the partial pressure of oxygen in the arterial blood (P,O2)supply is very
closely related to that of the pulmonary venous flow and thus the oxygen partial pressures
in the pulmonary capillary beds, the linear relationship apparent between P,O, and the
observable reductions in Ty, provide a mean for quantitative and qualitative assessment of
regional pulmonary ventilation and O, transfer. A dynamic imaging series of wash-in and
wash-out values were also acquired to evaluate the integrity of the lungs. Upon
evaluation, the wash-in values of the lung were different from the wash-out values, which
might be due to the removal of oxygen from the ROIs via the pulmonary blood flow (64).

Chen et al. produced static ventilation scans of five healthy subjects consistently
and observed clear delineation of ventilation defects in an anesthetized pig following
placement of an endobronchial blocker in a primary bronchus. Ohno et al. produced
dynamic ventilation scans of seven normal volunteers and ten emphysematous
volunteers, without any adverse side effects such as chest pain, nausea, dyspnea,
headache and dizziness. In the normal population studied, the relative enhancement was

observed to be strong and homogenous, whereas in the emphysematous population, the
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enhancement was weak and heterogeneous. Results obtained correlated well with
spirometry based diffusion capacity measurements obtained prior to the imaging
protocol. In the emphysema volunteers, the decrease in relative enhancement is possibly
due to the decreased diffusion of molecular oxygen in the capillary beds due to blockages
or tissue destruction (26). In an attempt to verify the T; dependence on magnetic field
strength and its effect on acquired oxygen enhanced images, Stock et al. acquired
ventilation images of eight non-smokers. Results showed higher SNR with a higher
magnetic field of 1.5T compared to the lower end 0.2T. This is primarily due to the
dependence of the T; values on the magnetic field strengths, as the magnetic field
increases so does the overall longitudinal relaxation of the volume and thus producing a
longer period of time for signal acquisition with minimal loss and noise corruption (152,
153).

The enhancement ability of the O, imaging technique in visualizing pulmonary
ventilation and O, transfer is undeniable, as results have shown, but lacks sufficient
resolution needed for a more in-depth evaluation. This technique has produced a non-
invasive, relatively cheap and simple acquisition of the aforementioned parameters,
overcoming the complex imaging requirements of other imaging methods such as
hyperpolarized noble gas and *°F imaging, but as the presented results have shown, major
improvements are needed in image quality and relative quantification of normal and

diseased baselines.
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Figure 4. SEOP experimental setup, demonstrating the different components involved
such as the glass cell, NMR coils, circularly polarized laser light and
application of a small external magnetic field. Inclusion of nitrogen within the
glass cell acts as a buffering agent, while the rubidium is the main component
facilitating the spin exchange process within the glass cell, as it acts as an
intermediary agent between the laser light and noble gas (172).
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Figure 5. First acquired HP *He MRI static ventilation image of a normal volunteer (99).
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Figure 6. Demonstration of random molecular brownian motion and the dependent
interplay between the structure size and overall resultant diffusion (a). To
facilitate proper acquisitions and diffusion sensitization, the use of bipolar
gradients (b) is incorporated in the applied pulse sequences. (146)
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Figure 7. Nuclear magnetic resonance (NMR) spectrum of *Xe in a dog lung,
demonstrating the gaseous phase (0 ppm) and dissolved tissue (197 ppm) and
blood phases (212 ppm) of the ***Xe upon administration (138)
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Figure 8. Single Breath Xenon Transfer Contrast (XTC) acquisition following
administration of a one liter 86% enhanced 129Xe bolus. Ventilation (a),
control (b) and XTC sensitization (c) images are representative of a typical
XTC imaging protocol. Fractional gas transport (d) and pO2 map (e) along
with their respective histograms (f) and (e) demonstrate the homogeneity of
distribution at a 50% inflation level. (121)
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Figure 9. Oxygen enhanced MRI wash-in time (C) and relative enhancement (D) maps of
a normal never-smoking subject, demonstrating a homogenous distribution of
enhancement and varying wash-in times throughout both lungs and in
agreement with the minimal difference in attenuation observed in the MDCT
acquisitions (a and b).(117)
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CHAPTER 3: ESTABLISHING HP 3HELIUM @ THE UNIVERSITY
OF IOWA

Successful implementation of the HP *He Imaging technique is dependent upon
many factors as presented in Chapter 2, including but not limited to gas polarization, dose
dispensing and administration, pulse sequence development and proper training of the
individuals involved, the most important of which is the gas polarizer. Installation of the
helium polarizer and calibration station was carried out with the assistance of a GE
Healthcare (Amersham Healthcare) engineer at the University of lowa Hospitals and
Clinics (UIHC). Given the complex nature of the polarization process and sensitivity of
the components within, comprehensive testing and evaluation of the functionality must be
conducted following transport of the polarizer from one location to another to ensure
proper operating conditions. Therefore several spin-up and spin-down runs were carried
out to test the functionality of all the different components as well as train several
individuals within our laboratory on the proper operating procedures.

The main components of the polarizer include two 30W lasers to provide
sufficient energy for the polarization process, helm-holtz coils to isolate the polarization
process and allow exponential increase of the polarization levels, glass cell and oven
compartment to hold the solid state rubidium / helium mix and heat up the rubidium
respectively, nitrogen gas supply to act a buffer gas and a vacuum pump to eliminate all
excess unwanted gases (Figure 10). Prior to each run of the polarizer, several pump and
purge maneuvers are carried out with nitrogen gas to ensure elimination of all unwanted
gases, including oxygen, which is deleterious to the overall polarization process.
Following which the polarization process is initiated through the use of a LabVIEW
program to monitor the free induction decay (FID) signal of the polarization process as
well as the polarization levels and baseline transmission of the laser diodes. The

efficiency of the polarization process is dependent upon the pureness of gas within the
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glass cell, oven temperature controlling the density of rubidium vapor and laser currents
and voltages affecting the overall baseline transmission. The simplest of which is
controlling the purity of the gases within the glass cell, which is achieved via the pump
and purge processes carried out prior to initiation of the polarization. In order to
maximize the density of the rubidium vapor within the glass cell and transmission power
of the laser diodes to optimize the polarization, the oven temperature (160-170 °C) and
laser diode settings were adjusted and several spin up runs were performed. Following
recording of the polarization levels, the optimal temperature was set at 167 C which
produced the highest polarization levels (Figure 11, Figure 12). Adjustment of the laser
diode current settings controls the output power of the diode, while adjustment of the
diode temperature facilitates fine tuning of the desired wavelengths. This procedure was
repeated several more times throughout the duration of the experiments to fine tune the
polarizer settings, which significantly improved the efficiency of the polarization process,
producing mean polarizations on the order of 38%, compared to 32 and 35 %.

During the early stages of the HP ®He project, the only multi-nuclear capable MRI
scanner was based at a remote outpatient clinic, which housed a Siemens Magnetom 1.5T
scanner. This limited testing and scanning times to after-hours in order to not interfere
with normal patient scheduling. Prior to initiation of human subject imaging, pulse
sequence development and testing were carried out on a *He phantom (Figure 13). The
end result of which, was validation of the pulse sequence operation and that it was indeed
tuned to the proper larmor frequency, with the desired frequency and phase encoding
steps. Figure 14 illustrates the first acquired HP ®He images at the University of lowa. As
mentioned in Chapter 2, proper rationing of the helium signal is of upmost importance,
thus a GRE based FLASH sequence was implemented. Given the expense factor
associated with the 3Helium gas, this step was crucial in minimizing operating costs
during the testing phases. Once the pulse sequences where deemed operational, several

imaging sessions were conducted on actual *He doses (300ml 3He + 700ml Nitrogen) in
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Tedlar bags (Figure 15, Figure 16). Given the location of the helium polarizer (UIHC
Campus), all helium doses were transported via MITI transporters (Figure 17), equipped
with glass cells (similar to those in the polarizer — excluding the rubidium) housed within
battery powered external magnetic fields to ensure sufficient T; durations, thus
maintaining polarization levels during transport with minimal loss.

As a proof of concept, two animal studies were scheduled and conducted to test
out the functionality of the HP ®He static ventilation and ADC sequence. Although
transportation of the helium doses from the University of lowa campus to the remote
outpatient clinic was feasible, the requirement for a portable pump and purge station
arose to ensure the purity of the delivered doses and minimize the oxygen concentrations
when dispensing. Through the use of several Swagelok fittings, valves and copper tubing,
a wheeled cart was fitted with a vacuum pump and nitrogen tank regulator to allow the
conduction of the pump and purge maneuvers onsite and maximize the imaging potential
of the transported *He batches (Figure 17). A few hours prior to the scheduled imaging
times, the animals were administered 0.5 cc of pre-anesthetic (Ketamine 75 mg/ml
/Xylazine 25 mg/ml) and transported to our surgical suite in the basement of the UIHC.
Maintenance of anesthesia during the surgical procedures was achieved through the use
of isoflourane administered via nose cone, while maintenance of anesthesia during animal
transport and imaging sessions was achieved through the use of Pentobarbitol and
Pancronium. Arterial and venous cut-downs were performed, to facilitate blood pressure
monitoring and administration of drugs respectively, while a tracheostomy was
performed to minimize dead-space. Once stable (normal heart rate, blood pressure and
oxygen saturation levels), the animal was transported from the UIHC campus to the
remote outpatient clinic for imaging. Artificial ventilation during the transport was
achieved through the use of a battery powered ventilator system, while ventilation during
the imaging session was achieved through the use of an MR compatible ventilator. All

imaging breath-holds were performed without the ventilator, where the animal was
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disconnected and allowed to reach FRC, following which the *He dose was administered
manually reaching a lung volume of FRC + 1 Liter (Figure 18). Similarly, a rubberized
pig lung phantom was utilized on several different occasions to test out pulse sequence
operation and functionality of the imaging protocol (Figure 19). Table 1 illustrates the
finalized pulse sequence parameters of both the conventional proton and hyperpolarized
*He imaging sessions.

All animal and human imaging sessions were carried out following acquisition of a
physicians IND under the supervision of Dr. Edwin J.R. vanBeek. Organization and
execution of the imaging followed strict regulations in compliance with our institutional’s

Investigational Review Board (IRB) and Animal Care Committee.
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Figure 10. GE Healthcare *He SEOP Polarizer (left) and glass cell containing solid state
rubidium (upper right). A sample Tedlar Bag fitted with %” Tygon tubing,

utilized in administering the 3He doses is shown on the bottom right of the
figure.
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Figure 11. Recorded polarization levels of all Spin-Up runs performed to date (u = 36.77
* 3.12 %). Considerable improvements were achieved following adjustment
of oven temperatures and laser diode settings.

60

50

Figure 12. Recorded Spin-Up durations for all performed Spin-Ups. The duration of the
polarization process has minimal to no-effect upon the end resultant
polarization (u = 23.95 £ 9.18 hrs).
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Figure 13. *He phantom (right) utilized in calibrating and adjusting pulse sequence
parameters. Two cylindrical compartments are centered within the phantom
and filled with non-polarized *He. Visualization of the *He compartments
requires the implementation of multiple averages during the acquisition due
to the non-polarized nature of the residing gas. Its usefulness is demonstrated
in ensuring proper tuning of the pulse sequence parameters to the °He
frequency. The vest like *He coil utilized throughout all imaging sessions is
shown on the left.

Figure 14. First Acquired HP *He Images of Tedlar Bag Filled with HP 3He. It can be
clearly seen that optimization of the protocol was needed, as the signal was
almost quenched by the third (last) acquisition.
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Figure 15. Results of preliminary pulse sequence testing and calibration. Initial images
were utilized to properly calculate the desired flip angle, while the following
acquisitions tested the rationing of the available signal. Decrease in signal
intensities and disappearance of the Tedlar bag are due to the improper
setting of the flip angles and field of view of imaging respectively.
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Figure 16. Results of flip angle testing sessions following significant modifications and
adjustments to the pulse sequences. It can be clearly observed that proper
setting of the flip angle values play a crucial role in the quality of images
acquired. Improvements in pulse sequence adjustments and overall acquisition
are demonstrated from previous imaging sessions.
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Figure 17. MITI *He Transporter (A), equipped with a battery powered external magnetic
field to shield the helium doses from external interferences. Use of the
transporters was limited to the testing phases of the experimentation (phantom
and animal), due to the unavailability of FDA approval for human use. The
Portable Pump and Purge station (B), with nitrogen connection and regulator
was utilized in eliminating unwanted gases from the administered *He doses.
A nitrogen tank was housed onsite to provide means of obtaining large
quantities of the buffer gas
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Figure 18. Sample Coronal Result of proof of concept animal (sheep) experiments.

Figure 19. HP *He testing on rubberized pig lung (eNasco, Fort Atkinson, W1).
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Table 1. Proton (*H) and Hyperpolarized *Helium
Pulse Sequence Parameters

Parameters 2D FLASH 3D FISP
nucleus *He H
frequency (MHz) 48.4676 63.6235
acquisition matrix 128 x 128 256 x 140
Tr (repitition) (ms) 86 413.78
Te (echo) (ms) 6.92 1.16
slices 6 (repeated) 60
slice thickness (mm) 15 5-72

64
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CHAPTER 4: IMAGE PROCESSING

Qualitative assessment of structure and function of the underlying anatomy has
been the stronghold of MRI in both the clinical and research environments. Direct
visualization and evaluation of these parameters is easily achieved through the use of the
reconstructed DICOM files, represented as unit-less voxels throughout due to the
complicated nature of the acquisitions. Furthermore, these acquired intensities are usually
adjusted to suit the visualization needs of the physicians and radiologist alike. In the case
of qualitative assessments, the need arises to adjust the reconstruction protocols either
directly on the scanner or in the post-processing of the data to achieve the desired results.
Proper evaluation of HP *He data relies on the actual intensities acquired, representing
the inherent spin density, rather than the adjusted intensities. Limitations in
reconstruction protocols, computational cost and availability, limit these procedures to
offsite post processing, where programming tools such as MATLAB (Mathworks Inc.,
Natick, MA) and C++ can be utilized to achieve the proper results required for analysis.
Given the exceptional ability of MATLAB in performing matrix manipulations, the
availability of numerous predefined functions as well as the flexibility of the
programming environment, all HP ®He image processing scripts were written utilizing the
numerous predefined functions available.

The image processing aspect of the presented work is divided into two portions,
pre-processing of the datasets to generate desired functional maps and post-processing to
facilitate the cross-comparison between the multi-modal functional maps of lung
ventilation and expansion, following image registration. All written MATLAB scripts have
been properly commented and documented to facilitate ease of use and manipulation for

future users and researchers.
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4.1 HP He Analysis Script

4.1.1 Methods

The main purpose of this script was to semi-automatically reconstruct, segment
and analyze acquired HP ®He datasets (Aim 1c). The script was divided into separate
modules and written in the form of functions to minimize computational and debugging
times and allow flexibility in construction of the script for future users. First the raw-data
file is fed into the script utilizing the uigetfile command and reconstructed by rastering
through the header information until the first line of actual data is reached. 2D images are
then reconstructed according to the phase encoding (row) ordering of the acquisitions and
placed into a stack (3D matrix) according to z-axis encoding ordering. To eliminate any
erroneous intensities due to noise or other external factors, a three step filtering procedure
is applied. First all negative valued intensities are removed, via acquiring the absolute
values of each pixel. Following which, a 20 x 20 pixel region placed at the top left corner
of each image is averaged to estimate the mean (unoise) and standard deviation (cnoise) Of
the background noise. Utilizing the generated noise mask, the dataset is then filtered to
remove all pixel intensities within 2-3 standard deviations of the pnoise. TO finalize the
filter, a 3x3 moving average window is implemented to further eliminate any underlying
inconsistencies across the image intensities.

Segmentation and left-right separation of the lung field of view (FOV) is then
achieved through manual segmentation utilizing the roipoly command. The script has the
ability to read in an externally generated mask file, by setting the proper flags prior to
running the script. Similarly, the script has a built in function that allows manual
segmentation of the trachea and major airways, to allow for easy removal of these
structures during analysis if needed. In the case of an ADC assessment, the acquired stack
IS represented as a pair wise acquisition of baseline and diffusion weighted images, thus a

single mask for each pair is sufficient. Calculation of ADC values is then carried out
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through a pixel-by-pixel calculation according to the Stejskal-Tanner diffusion equation
defined in Chapter 2: The generated lung masks along with the noise masks are
incorporated into the processing pipeline to limit the calculation to valid pixels only.
Generated functional ADC maps and their representative histogram distributions are
visualized following the ADC calculation of each pair of images to allow for qualitative
assessment of the underlying distribution prior to proceeding to the next step. Finally, the
data is split along the antero-posterior axis to establish gravitationally dependent and non-
dependent regions in both left and right lungs and the mean, standard deviation and
coefficient of variation (COV) values of each region are saved to an excel file. The final
resultant ADC maps are then saved as float valued analyze volumes for future processing
and comparisons. In the case of a ventilation assessment, the procedure is identical to the
ADC pipeline up through the manual segmentation. Following which, the dataset is mean
normalized according to either slice or whole dataset means and then saved as a float-
valued analyze volume, for future fractional ventilation assessment and comparisons. All
generated variables and image sets within the MATLAB workspace are then saved to file,
to eliminate/minimize the need for future re-evaluations.

Generation of analyze/nifti datasets from the resultant calculated HP *He volumes
is achieved through the use of the Tools for Nifti and Analyze image for MATLAB
package written by Jimmy Shen, available on the MATLAB File-exchange server. This
package facilitates the generation of analyze file headers and manual editing of spatial
parameters, as well as saving the header information along with the image data to
generate an analyze/nifty volume compatible with all external image processing

programs, such as Slicer3D (72, 124), ITK-Snap (189) and Fiji .

4.1.2 Results
The current version of the script ADC_ICLIC v3 is fully functional and

compatible with all HP ®He datasets generated at the UIHC. In cases where *He
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polarization levels are subpar (<25%), minimal fine tuning of the noise masking
parameters is needed due to the poor quality of the images leading to misclassification of
image data as background noise. Figure 20 illustrates the resultant of the script at
different stages throughout the processing pipeline. Figure 21 and Figure 22 illustrate a
reconstructed static ventilation volume and calculated ADC maps respectively of a
normal never-smoking subject. Background removal was accomplished through the use
of the manually generated masks. All generated workspace variables and analyze
volumes associated with any specific volume and/or subject are placed in a user defined
directory (user prompted for directory path during execution of script). Re-evaluation of
datasets is easily accomplished by dragging the saved workspace variables file into the
MATLAB environment, while analyze volumes can be visualized through the use of the

load_nii command.

4.2 Cross-Comparison MATLAB GUI

4.2.1 Methods

Given the multi-modal nature of the acquisitions and the need for proper cross-
comparison tools between the generated MRI and MDCT functional datasets, the main
purpose of this GUI was to facilitate these calculations post-registration of the datasets.
The GUI generation process was initiated through the use of the guide command, creating
a blank GUI template and an m-file to include all respective functions and callbacks. The
properties of each component (push buttons, plotting axes, pull-down menus, etc ...) and
their respective callbacks functions were edited utilizing the property inspector.
Following organization of the components in their proper locations and editing of their
parameters, the generated m-file was further edited to tie together all the different
components and generate their respective functions upon execution. The execution of the
GUI is split into four portions: 1. Data Import, 2. Left/Right anatomical split, 3.

Definition of analysis parameters and 4. Data analysis and Visualization. The only pre-
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execution requirements of the GUI are 1.the placement of all datasets to be analyzed into
a single directory to facilitate the search process, 2. proper alignment of all datasets (ex.
RPI) and 3. Removal of all background information. A screen shot of the final GUI is
illustrated in Figure 23.

Prior to starting the cross-comparison process, the user must define the input
directory, containing all the analyze datasets and output directory, for placement of
resultant analyze volumes and excel spreadsheets, by pressing the Select Input Directory
and Select Output Directory respectively. Definition of all analysis and anatomical split
criteria, located in the Anatomical Split and Analysis section, can be found in Table 2.
These criteria must be selected prior to loading the data, by pressing on the radio-buttons
next to each and defining the number of desired gradient segments, by entering the
number of segments into the text box labeled Segments. The data is then loaded into
MATLAB by pressing the Load Data button, where each dataset is assigned to a struct, to
hold all dimensional information, anatomical split criteria and filenames, for ease of
access throughout the cross-comparison process.

Once the data is loaded, the user may proceed to the Left-Right splitting process,
to define the left and right lung boundaries. To minimize memory requirements, improve
computational speeds and eliminate the need for loading a mask for each dataset, the left-
right splitting procedure is carried out manually by defining the most central column of
each dataset that best approximates a proper left-right split. For each dataset, the GUI
displays four equidistant slices, allowing the user to utilize the data cursor at the top of
the GUI to determine the centermost column achieving this split in all views. Once the
column value is determined, the user must input the value into the Right-Left Splitter text
box and press the Set Left-Right Button. The process is then repeated for all datasets until
the last dataset is reached, which is signified by the availability of the Analyze button
(previously grayed out). Pressing the Analyze button, initiates the calculation process,

where each dataset passes through the same pipeline, until all datasets have been
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analyzed according to the user defined criteria. The completion of the cross-comparison
process is signified by the availability of the Update Plot functionality, where the user
has the option to select a dataset and its respective analysis result to visualize in the
plotting axis within the GUI.

The calculation of the lung profiles is carried out by replacing all intensities
within a given row, by the sum of all intensities within that row. Left-Right splitting is
achieved through the use of the user defined left-right split value, limiting all left lung
calculations to pixels on the right of the split value and all right lung calculations to
pixels on the left of the split value. With regards to the gradient calculations, all pixels
within each segment are replaced by the mean of all pixel intensities located within the
segment. The segments are defined by dividing the lung height within each slice by the
number of desired lung segments and utilizing the resultant segment widths to define the

boundary conditions of each segment.

4.2.2 Results

The current version of the GUI (version 2) is fully functional and compatible with
all HP 3Helium and MDCT based datasets generated from our laboratory. Occasionally,
the number of datasets to be analyzed must be split into different runs, to reduce
computational cost introduced with larger file sizes (MDCT datasets in specific). This
issue is avoided by utilizing a computer with sufficient memory capacity, to hold the
multiple copies of each dataset generated throughout the comparison process. This is only
applicable to the MDCT based datasets, due to their larger file sizes with respect to their
MRI counterparts. Figure 24 and Figure 25 illustrate analysis results of a HP 3Helium
static ventilation dataset, from a normal never smoking subject, demonstrating the profile
and gradient analysis performed within the GUI.

Multi-modality comparisons require, multiple measures of comparison to extract

the maximal amount of information possible, with respect to similarities and differences
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of the techniques evaluated, thus having the ability to define such measures is a crucial
aspect of the success of the comparison. Statistical analysis of the similarities and
differences can be easily achieved through the use of the statistical functions of Microsoft
Excel or through importing of the generated excel spreadsheets into statistical processing
programs such as CRAN (v2.9.2) and PASW (v18, SPSS Inc., Chicago, IL). Several
scripts have already been written to perform student t-tests and analysis of variance

(ANOVA) comparisons in CRAN.
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Figure 20. Resultant of *He MATLAB script, illustrating sample reconstructed ®He image
(left), manually generated mask, calculated ADC map and corresponding
histogram distribution of ADC values (right).

Figure 21. Montage of reconstructed HP ®He static ventilation dataset encompassing the
apical-basal lung coverage.
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Figure 22. Montage of calculated ADC maps (same subject as in Figure 21)
encompassing the apical-basal lung coverage.
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Figure 23. Screen shot of Cross-Comparison GUI, illustrating the different analysis
criteria available, along with overall organization and structure of the GUI.
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Table 2. Anatomical splitting and analysis criteria of Cross-Comparison GUI

Analysis Criterion  Definition

Whole Whole Lung analysis without differentiation between left and right lungs
Left-Right Whole Lung analysis with differentiation between left and right lungs
Profile Generation of lung profile measurements via mean row intensities
Gradient

Horizontal Splitting along the left-right axis (user defined # of segments)

Vertical Splitting along the antero-posterior axis (user defined # of segments)
Normalization

Mean Normalization via the mean lung intensity values

Sum Normalization via the sum of lung intensity values
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Figure 24. Whole lung (A) and Left-Right split (B) profile results of a static ventilation
dataset from a normal never-smoking subject. Clear differences are observed

between the profiles of each, illustrating the need for multiple measures of
comparison.
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Figure 25. Vertical (A) and Horizontal (B) Gradient GUI results of a static ventilation
dataset, from a normal never-smoking subject.
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CHAPTER 5: STANDARDIZATION OF LUNG INFLATION LEVELS

The standardization of lung volume measurements has been a crucial driving
factor in early and ongoing attempts to characterize and quantify lung physiology and
pathological severity (173). This is of upmost importance in all aspects of the lung
physiology, as lung inflation plays in a key role in the overall cardio-respiratory response
of the individuals under analysis (108, 173). In order to accurately assess these changes
via an imaging methodology, standardization and control of the imaged lung inflation
levels must be taken into account, as shown by the non-linear response of the pressure
volume curves. In addition, if a multi-modal imaging assessment is desired for either
correlation and/or synergistic assessments, standardization of the lung inflation levels
between the imaging modalities is needed to establish a common physiological and
structural background between the imaging modalities. Although further processing of
the data is required to establish a pixel-by-pixel or regional assessment pipeline between
the modalities via image registration (Chapter 6), ensuring identical physiological and
structural states remains the most important key controlling the precision and accuracy of
these assessments.

Given the proposed multi-modal assessment of lung ventilation and expansion in
the presented work, we aimed to devise a system for the proper control of lung inflation
levels between the MDCT and MRI based imaging sessions, via exploitation of lung
volume measurements acquired through PFTs and slow vital capacity (sVC)
measurements acquired in the supine position (Figure 26). The magnetic nature of MR
imaging creates a bottleneck with respect to the materials and equipment to be utilized
and albeit the availability of complex equipment to attain both active and dynamic
mechanical ventilation, it was our aim to achieve proper lung inflation control utilizing a

minimalistic approach.
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5.1 Methods

Conventional mechanical ventilation is based on either a pressure or volume
based methodology of breath termination. During pressure controlled mechanical
ventilation, the termination of the breath is determined by setting upper (peak inspiratory
pressure — PIP) and lower pressure limits to control both the inspiratory and expiratory
phases. In the case of volume controlled mechanical ventilation, an inspiratory volume is
set, such that once this volume is inspired, the breath is terminated and the expiratory
phase is initiated. Either mode of ventilation is adjusted accordingly for each subject,
given the differences introduced by gender, weight, height and underlying pathological
conditions (148, 149). Given the fact that each subject in the presented work undergoes a
series of slow vital capacity maneuvers in the supine position, along with the
determination of their respective lung volumes from PFTs, the optimal solution for
standardizing lung inflation levels during the imaging sessions was determined to be a
volume based method, where control is achieved by only allowing subjects to inspire a
pre-determined volume based on their respective vital capacities.

Utilizing a bite-down mouth piece rather than a full face mask, a simple device
was constructed utilizing several readily available 1” tubing sections and tubing
connectors (Figure 27). At the end of the volume control device are two breathing ports,
an expiratory port and inspiratory port. Once the subjects are positioned in the scanner,
they are asked to bite down on the mouth piece and ensure that their lips create a proper
seal around the outer edges of the mouth piece. Free breathing is initiated through the use
of the expiratory port, while a large 7-8 liter inspiratory volume Tedlar bag is connected
to the inspiratory port. The large inspiratory volume Tedlar bag is utilized to hold the
predetermined volume of air required to reach the desired lung inflation levels. This bag
is closed to the patient during the free breathing phase of the setup. A bacterial filter and
an MR compatible spirometer are placed in line between the mouthpiece and breathing

ports for elimination of any harmful bacteria and calculation of delivered volumes
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respectively. The incorporation of the MRI compatible spirometer was only implemented
during the testing phases of the design process, but was eliminated once the accuracy of
the device was evaluated.

In order to accurately control the desired breath-hold volumes during the imaging
sessions, proper control of the inspiratory volumes within the inspiratory volume Tedlar
bag must be achieved. This was accomplished through the use of a calibrated Hans
Rudolph (Hans Rudolph Inc, Shawnee, KS) syringe, allowing precise determination of the
volumes within. Another limiting factor to the accuracy of the control mechanism and
resultant breath-hold is the initiation point of each breath-hold (107). Given the
variability of each subject’s degree of comfort and effort throughout the imaging
sessions, any variability in the initiation of the breath-holds and inspiration of the
inspiratory volumes could result in a completely different end inspiratory volume.
Therefore several subjects (n=5) outside of the imaged cohort were studied to establish
the protocol. They were repeatedly instructed to perform several breathing maneuvers in
the supine position on the scanner table while connected to a spirometer, following
determination of their respective vital capacities. The breathing maneuvers were
structured similar to a VC maneuver, such that the calculation of their pseudo vital
capacities was based on either an FRC-TLC volume or the conventional RV-TLC
volume. These maneuvers were randomly repeated six times for the FRC and RV pseudo
VVC measurements, facilitating assessments of the subjects’ consistency in reaching their
respective RV or FRC volumes.

During conventional MDCT imaging of the lungs, subjects are required to keep
their hands positioned over their heads, to minimize unnecessary radiation exposure and
eliminate density artifacts in the lung field of view. This is easily accomplished due to the
larger bore size and minimal depths of these scanners with respect to their MRI
equivalents. Due to the larger bore depths of the MRI scanners and longer duration times

of the imaging sessions, keeping the subject’s arms above their heads is an unachievable
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goal and would result in extreme discomfort of the subjects. Therefore several subjects
(n=4) outside of the imaged cohort were evaluated to determine differences in VC
measurements based on arm positioning, such that several VC maneuvers were carried
out with either their arms next to them or above their heads.

Finally, to assess the accuracy of the designed volume control device, the lung
field of view was segmented in several MRI and MDCT scans acquired at identical
inflation levels and whole lung volume measurements were preformed to establish end
inspiratory breatholds. The total lung volumes of the MRI scans were compared against
the VC measurements obtained prior to the initiation of the imaging sessions and the
whole lung volume measurements of the MDCT based scans. Manual segmentation of
the MRI scans was accomplished through the use of the segmentation editor plugin in Fiji
(71) and/or ITKSNAP (189). Total lung volume measurements were calculated in

ITKSNAP, based on the volume of the generated lung masks.

9.2 Results

Analysis of the pseudo VC lung volume measurements illustrated that subjects 1-
3 were able to reach the same lung volumes during the RV breathing maneuvers with
better consistency and accuracy than the during the FRC maneuvers (Figure 28). Subject
4 was able to reach the same lung volume with similar consistency regardless of the
breathing maneuvers, while subject 5 had similar inaccuracies in reaching the same lung
volume during both types of breathing maneuvers. Subjects 1-3 are normal never
smokers, with average active lifestyles, while subjects 4 and 5 were an athlete and an
asthmatic respectively. The differences in reaching the same lung volume was analyzed
for each breathing maneuver for all subjects utilizing paired t-tests, which illustrated a
significant difference (P<0.001) between the breathing maneuvers in reaching the same
lung volume measurements, for subjects 1-3 only. The results of subjects 4 and 5 are not

surprising, as athletes have the ability to regulate their breathing patterns and efforts far
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more consistently than the average population (59, 144). In the case of asthmatics, air-
trapping and airway reactivity can play a significant role in determining the ability of the
subject to reach a certain lung volume consistently (183, 184), thus introducing the
inaccuracies observed during the testing. Based on the collected data, RV was chosen to
be the initiating point for all maneuvers, where control of lung inflation levels in reaching
a desired lung volume was needed. Similarly, assessment of the VC measurements
obtained from four subjects with varying arm positioning, yielded no differences in the
recorded lung volume measurements, further eliminating a possible contributing factor to
the accuracy and consistency of the designed breathing protocol (Table 4).

Repeated VC measurements (Table 4) obtained from two subjects outside the
imaged cohort, while varying arm positioning (arms up vs. arms down), demonstrated
minimal differences between all three maneuvers independent of arm positioning, with
mean VC of 4.874 liters and 3.745 liters in the arms down position and 4.835 liters and
3.714 liters in the arms up position for subject | and Il respectively. Mean differences
between all three maneuvers conducted for single arm positioning were 1.32% and 3.16%
in the arms down position and 1.41% and 2.80% in the arms up position for subject | and
Il respectively. This data demonstrated minimal differences in VC measurements, with
respect to varying arm positioning.

Several factors such as lung recruitment, breathing resistance and comfort levels
and the results of the pseudo VC measurements were taken into consideration when
design the optimal breathing protocol for the MR imaging sessions. At the beginning of
each imaging session, the entire protocol is explained in detail to the subjects to
familiarize themselves with the type of breathing maneuvers required of them. Once the
subjects are placed supine on the scanner table and fitted with all the required
physiological monitoring and imaging coils (HP ®He), they are then instructed to undergo
a series of breathing maneuvers similar to what they would perform during an actual

breathhold, to familiarize themselves with the remainder of the protocol.
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The desired lung volumes for all breathholds is then calculated based on the
subjects’ previously obtained sVC measurements and the volume air required to reach the
desired lung inflation levels is calculated based on the following equation,

Vimaging = (Ipesirea/100)*VC

where Vimaging 1S the volume of air required to reach the desired lung inflation levels,
Ipesired 1S the desired inflation level (0-100%) and VC is the sVC of the subject. Once the
subjects are comfortable and the MRI technician has loaded the imaging protocols,
baseline vitals are recorded and the large inspiratory volume Tedlar bag is prefilled with
the pre-calculated volume of air and connected to the breathing circuit. Subjects are
instructed to breath normally for a few breaths, prior to initiating a couple of breathing
maneuvers from RV to TLC in attempts to recruit the lung and establish a baseline for all
breathholds. At end expiration, consecutive blocking of the free breathing port and
opening of the inspiratory Tedlar bag terminates the free breathing and allows subjects to
inspire the contents of the bag respectively, ensuring minimal inaccuracies. Subjects are
then instructed to perform a breathhold following complete inspiration of the contents
within. The initial breathing maneuvers are identical for both a *H and HP *He MRI
scans, except for the pre-calculated volume of air within the inspiratory Tedlar bag. In the
case of a 3Helium scan, the volume of air required to reach the desired inflation level is 1
liter less than its calculated *H counterpart, to account for top up with the 1 liter *He
doses, such that once the subject has inspired the entire contents of the inspiratory Tedlar
bag, they are instructed to hold their breath, release the mouthpiece, breath in from the
*He Tedlar bag and then hold their breath for the duration of the imaging, thus reaching
the same lung inflation level.

The accuracy of the proposed breathing protocol and breathing circuit was
evaluated via calculation of total lung volumes from of the 'H MRI datasets (Figure 30)

and compared against those of the MDCT datasets and the s\VC measurements obtained.
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A sample localizer utilized in placement of the imaging FOV facilitating apical-basal
lung coverage within the acquired datasets is presented in Figure 29. Proper volume
control of the localizers is one of the most crucial steps in establishing similar apical-
basal coverage within all the acquired datasets on a subject per subjects basis. TLC and
FRC volumetric scans were segmented for six subjects. Total lung volume
measurements, desired VC and percent differences are represented in Table 5.
Comparison of the total lung volume measurements (calculated as the sum of all voxels
within the lung mask field of view), illustrated a mean difference of 5.25% in lung
volume when comparing the MRI and MDCT datasets. Total lung volume differences
can be attributed to either the partial volume effects observed due to the larger proton
MRI slices, with respect to the MDCT ones, and/or differences due to subject specific
VC. Issues affecting the overall matching of lung inflation levels between the MRI and
MDCT datasets, arise mainly due to a small subject specific VC and are only an issue
during the acquisition of the lower lung inflation level (20% VC) scans. Subjects | and VI
are perfect examples of this issue, where the desired %VCs to match the MRI datasets to
their MDCT equivalents were 15% and 21% respectively, while the actual %VC was
much larger. As mentioned previously, all desired %VC and volumes are calculated prior
to initiating the imaging sessions. If the volume required to reach a 20% inflation level
based on the subjects’ VC measurements is less than 1 liter (minimum allowable volume
based on the administered *He boluses), preferential matching of the proton and *He MRI
datasets is carried out, rather than matching the desired %VC of the MDCT scan,
accounting for some of the differences observed during the total lung volume

measurements.

5.3 Discussion
To date 43 subjects (32 normal never-smokers, 8 normal smokers and 3 COPD)

have been recruited and imaged utilizing the designed breathing circuit and protocol.
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Proper instruction of the subjects as well as their adherence to the breathing protocol are
crucial to the success in achieving the desired lung inflation levels, following complete
inspiration of the volumes within the inspiratory and *He Tedlar bags is inspired. In the
case of the inability of the subject to fully inspire the pre-calculated volumes (air and/or
helium), the error in reaching the desired lung volume was calculated as the remaining
volume within the Tedlar bags. Throughout all the imaging sessions, only several
subjects were not able to fully inspire these pre-calculated volumes, therefore special care
must be taken during all aspects of the breathing circuit preparation and breathing
protocol instructions, to eliminate any erroneous measurements. The variability revolving
around VC measurements with varying arm positioning was eliminated as demonstrated
by the data in Table 4, thus facilitating the placement of the arms at the sides of the
subjects during MRI imaging rather than extending their arms above their heads for the
duration of the imaging sessions. The radiation based nature of MDCT and artifacts
introduced due to appearance of the arms within the imaging FOV, necessitate the
extension of the arms in the over head position. The short acquisition times involved in
acquiring a full volumetric dataset (~5 seconds) and the small bore depths minimize the
discomfort involved, while allowing the subjects to rest their arms at their side in-
between acquisitions. In the case of the MRI acquisitions, long scanning times and deeper
bores eliminate the ability of the subjects to extend their arms in the over head position
due to heightened discomfort levels if maintained for prolonged periods of time.

Due to inability of several subjects (n=6) to comply with the breathing protocols
and the initiation of breathholds in several others (n=5) from FRC rather than RV, these
subjects were removed from the cohort of subject datasets suitable for MRI and MDCT
matching. Compliance failures included the inability of subjects to either reach the
desired inflation level, determined by the volume of residual gas in the inspiratory bag, or
failure to maintain the breath-hold for the duration of the imaging. The majority of these

failures occurred during the lower lung volume breathholds, where increasing levels of
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CO; and minimal O, concentrations play a big role in initiating the drive to commence
inspiration. Albeit the errors produced due to incomplete inspiration of the inspiratory
volumes required to reach the desired lung inflation levels and subject compliance issues,
we believe these differences to be minimal with regards to assessing the underlying
physiological and/or pathological conditions. This is supported by analysis of the shape
of the pressure volume curve, where is can be clearly observed that small changes in
volume produce even smaller changes in pressure and vice versa (61).

A major limiting factor to the overall success and accuracy of the generated lung
masks and their respective total lung volume measurements is the dependency upon the
ability of a given user to distinguish between the actual lung tissue and surrounding areas
of artifact and/or similar intensities (bone). Given the minimal proton density available in
the lungs, pre-processing of the datasets is required to achieve a sufficient amount of
contrast between the lungs and their surroundings to facilitate their segmentation.
Different methods have been tested to establish a more defined method to increase border
contrast. The most successful solutions (temporary actions performed on the datasets to
facilitate the segmentation) have been either contrast manipulations to increase the
intensity of the pixels within the datasets (shifting the histogram towards the higher end
of the grayscale spectrum) or complete inversion of the image intensities, allowing the
lungs to appear brighter than some of the surround tissues.

The presented breathing protocol and breathing circuit design have facilitated
accurate control over lung inflation levels, given proper compliance of the subjects.
Based on several factors such as the nature of the imaging sessions, administration of HP
®*He doses, the increasing cost of raw ®He gas and the limitation in available HP *He gas
per session, we believe this to be an ideal compromise between accurate control of lung
inflation levels, elimination of any electrical components that could potentially affect the
overall polarization levels and proper rationing of the available HP 3Helium doses. As

demonstrated the accuracy achievable via this protocol is very high, with minimal error
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margins, but is dependent upon the ability of the investigator to distinguish between the
lung field of view and the surrounding tissues. ldeally the presented protocol would be
applied to both MRI and MDCT imaging sessions alike, eliminating the difference in

%V C matching due to small subject specific VCs.
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Figure 26. Illustration of lung volumes calculated during the pulmonary function testing
procedures. The calculation of VC volumes for each subject is crucial for the
standardization of lung volumes and the inflation levels probed between

subjects.
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Figure 27. Volume control apparatus for the standardization of lung inflation levels
during imaging sessions. The MRI compatible spirometer was only utilized

during the testing phases of the design process of both the device and
breathing protocol.
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Figure 28. Boxplot representation of breathhold initiation variability in five subjects.
Breathing maneuvers were structured to determine repeatability of reaching
either FRC or RV. It can be been that RV was reached with better
consistency than FRC for Subjects 1-3. Differences in the results of subjects
4 and 5 are possibly due to the fact that subject 4 is an athlete, while subject 5
is an asthmatic.
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Figure 29. Sample volume controlled localizer. Equidistantly spaced excitations are
applied to generate a rough estimate of lung coverage, sufficient for proper
FOV placement for the HP *He and *H volumetric scans.
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Figure 30. Visual representation of a manually segmented proton MRI TLC (100% VC)
lung scan (A - Axial, B - Sagittal, C - Coronal). It can observed that
appropriate coverage of the lungs is achieved, along with proper left (green)-
right (red) separation. 3D rendering of the lung volumes along with
assessment of the resultant masks, illustrates the inherent partial volume
artifact due to the large slice thickness of the MRI scans.
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Table 3. Average percentage differences in reaching FRC
and RV for all 5 subjects tested.
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Subjects
1 2 3 4* 5x*
FRC 5.18 9.40 6.64 1.93 8.74
RV 104 1.59 1.25 1.26 7.96

Average FRC and RV volumes (liters) for subjects 1-5 were
2.49+0.16, 3.24+0.38, 4.07+0.32, 3.39%0.09, 1.89+0.25 and
3.761£0.05, 3.93+0.08, 4.98+0.08, 4.18+0.07, 2.13+0.24

respectively.

* Athlete ** Asthmatic

Table 4. Dependency of VC measurements upon arm
positioning.

Attempts Subject | Subject 11

1 4971 3.923
Arms Down (at sides) 2 4.861 3.728

3 4.791 3.584

1 4.855 3.87
Arms Up (over head) 2 4,918 3.708

3 4.733 3.563
*Mean VC measurements for subjects | and Il were

4.874+0.091 and 3.745£0.170 liters respectively in the arms
down position, while mean VC measurements during the arms
up position were 4.835+0.094 and 3.714+0.1535 for subjects |
and Il respectively.
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Table 5. TLC and FRC total lung volume measurements of six subjects
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. Desired %0VC  Volume (L) . .
Subject Scan VC (L) RV (L) Diff (L) Diff (%0)
MRI CT MRI CT
FRC 28 21 2274 261 0.336 12.87
| ** 3.51 1.84
TLC 100 99 4334 4.426  0.092 2.08
FRC 23 20 3.043 3.043
1 4.34 3.29
TLC 102 103 6.47 6,553  0.083 1.27
FRC 34 20 3281 3.269 0.012 0.37
i 2.985 2.52
TLC 87 85 535 5346 0.004 0.07
FRC 20 2.607 2.671 0.064 2.40
v 3.6593 2.26
TLC 102 529 565 0.36 6.37
FRC 21 20 2994 3.007 0.013 0.43
\ 4.6932 2.35
TLC 92 98 6.303 6.397 0.094 1.47
FRC 15 27728 2189 0.539 24.62
VI 2.288 1.65
TLC 96 3.789 4.025 0.236 5.86

*Average percent difference between MRI and MDCT scans was 5.27+7.46 %, while the average

volume difference was 166176 ml.

**Normal Smoking Subject
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CHAPTER 6: IMAGE REGISTRATION

Synergistic applications of medical imaging in assessment of structure and
function can lead to complimentary advances in the visualization of the underlying
anatomy and physiology. The nature of acquisition and process involved varies from
density and magnetic based approaches as demonstrated by MDCT and MRI
respectively, to molecular based approaches as demonstrated by SPECT and PET. This
multi-modal approach to medical imaging must be gauged with caution due to the
varying image spaces of the underlying acquisitions and variability in position and
volume of the imaged structures. With the increasing use of medical imaging in both
clinical and research settings in diagnosis, planning, treatment and disease progression, it
IS becoming ever so important to correct for these differences in acquisitions, prior to
establishing any correspondences between them.

Unification of the image spaces and elimination of the volume and position based
differences can be accomplished via image registration, where the application of rigid
and non-rigid transformation models enables spatial mapping of the corresponding voxels
(34, 66, 98). Correspondence is defined as either structural or functional, such as pre and
post evaluation of treatment response or atlas based assessments of functional variability
respectively (34, 66). Image registration is not an end in itself, but rather a mean to add
value and facilitate the use of images from different modalities, that without, would have
been deemed useless. Image registration has been utilized in the creation of structural and
functional based atlases (155), spatial normalization (8, 87, 88), assessment of differences
between normal and disease conditions (114, 163), radiotherapy (30), organ deformation
(53) and pre and post procedure evaluations (38, 137, 140), demonstrating its versatility
and application potential.

Image registration is composed of four components, a similarity metric to

determine the extent of match achieved between two volumes, a transformation model to
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specify the path by which a source image is deformed to match another, an optimization
metric to maximize the similarity criterion and an interpolation algorithm to apply the
resultant deformation (34, 66, 98). The similarity metric can be categorized into
geometrical or intensity based approaches. Geometric based approaches involve the use
of identifiable anatomical elements, functionally important landmarks, curves, surfaces
and point landmarks to match a pair of image sets, given that these structures can be
easily identified in both. Intensity based approaches rely on the metric’s ability to
statistically or mathematically match intensity patterns in each set of images, followed by
continual adjustment of the transformation model until an optimal solution is reached.
The main underlying assumption driving this approach is that the images will be most
similar at the correct registration. Algorithms based on information-theoretic knowledge
such as mutual information and squared differences of correlation coefficients, intensity
and flow patterns, are a few examples of intensity based similarity metrics. These types
of metrics are ideal solutions for multi-modality applications where the intensity patterns
observed in the image sets are different (34, 66).

The transformation model defines/controls the path of deformation between the
source (moving) and target (fixed) image sets of interest, as well as interpolates in the
areas that lack usable image information. The most popular transformation models
include Rigid, Affine and BSpline, where the latter are generally classified under non-
linear deformations, while rigid is classified as a linear deformation. The rigid transform
involves rotations and translations, represented by 3 parameters each, one for each
dimension (3D space), while the affine transform incorporates the same functionality of
the rigid transform, in addition to shearing and scaling, also represented by 3 parameters
each. Pixels within the moving image are represented as vectors that are acted upon by
the parameters of the transform, mapping its placement into the fixed image space.
BSpline transforms utilize equidistantly spaced control points within the image space to

globally deform the underlying space to match the target space. The control points work
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in such a manner, that if deformed, all pixels within the neighborhood of the point are
also deformed. These control points are defined locally, such that the deformations are
representative of local and not global information. In such non-linear cases, as with the
BSpline transform, a major disadvantage is the appearance of fold-over artifacts or
excessive deformations, which can be overcome by setting limitations to degree of
deformation achievable with such methods(34, 66, 98, 187).

The main driving force of each registration problem is the optimizer, guiding the
similarity metric and transformation to an optimal and reliable solution, by either
minimizing or maximizing the similarity criterion. During the registration, the current
transformation model of each iteration is utilized to estimate the similarity measure,
which is then utilized by the optimizer in generating another similarity measure estimate
that will guide the registration along the proper path of convergence. Proper
understanding of the task at hand and image space features is required for appropriate
optimizer selection, otherwise local minima and maxima can profoundly affect the
results, leading to incorrect local optimization. The final component of the registration is
the interpolator, which can be thought of as a convolution process. Given the low
probability of exact alignment between the fixed and moving image voxels, the
interpolator is utilized to estimate the exact intensity value for each corresponding voxel,
based on a neighborhood criterion. Interpolation algorithms include nearest neighbor,
linear, BSpline and windowed sinc, where the higher dimensionality of the algorithms is
directly proportional to the level of approximation achieved (98).

Several software packages dedicated to inter and intra-modality image registration
are currently available on multiple computing platforms, such as Slicer3D, Elastix,
BrainskFIT and MATLAB. Given the complex nature of the acquisitions at hand and the
need for a more personalized/flexible approach to the registration aspect of the presented
work (Figure 31), such software packages would require multiple registration steps and

manipulations to reach the optimal solution. Therefore, a comprehensive registration
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script was written in C++ utilizing the Insight ToolKit (98, 124)libraries to facilitate the
registration of the HP 3Helium datasets to their MDCT based counterparts (98). The main
objective of the script was to register the desired datasets in a manner, minimizing the

need for manipulation of the underlying code to achieve the desired results.

6.1 Methods

The implementation of the script was created to include rigid, affine and a multi-
resolution and multi-grid BSpline capabilities to facilitate the testing and implementation
of the all the possible registration pipelines required through the presented work (Figure
31). Given the numerous image data formats available to the medical imaging
community, such as Analyze, Nifti and Nrrd, the registration script was written as a
template, utilizing the image dimension and image type (short, long, unisghed char, char,
etc ...) as the template variables. This facilitates the implementation of the registration
script on all accepted image types, without having the need to recompile the script for
each application. Rather than requiring a large number of flags during the execution
process or having to recompile the code due to hard coded parameters, all registration
parameters (Table 6) are consolidated into a single pre-organized .txt file which is fed in
as a matrix allowing for the initiation and implementation of the image registration
process according to the desired pipeline. Through the use of the MetaCommand
(Kitware) option, command line parsing was implemented to execute the registration
script with the desired parameters, including fixed and moving images, fixed and moving
masks (optional), desired prefix and suffix of the output datasets, the registration
variables file and image type.

The registration procedure starts by reading in the fixed and moving image
datasets and masks (optional) and casting them to the proper image type as defined in the
command line arguments. Following which the image datasets are smoothed (optional)

utilizing an edge preserving smoothing function (Curvature Anisotropic Diffusion) to
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eliminate noise and smooth image intensities. Once the pre-processing of the image data
is complete, the multi-resolution image pyramid levels are setup, according to the desired
number of resolution levels throughout the registration pipeline. Choice of optimizer
(Regular Step Gradient descent - RSGD or Limited-Memory Broyden—Fletcher—
Goldfarb—Shannon - LBFGSB), Metric (Mean Squares or Mutual Information) and
Interpolator (Linear, BSpline, Windowed Sinc) are carried out through the use of the
proper flags from the supplied registration variable file, prior to initialization of the
registration process. An optional flag was created to allow output of the transformation
and deformed volumes following the completion of each major component, facilitating a
more thorough evaluation of the registration process. The implementation of the rigid and
affine registrations is relatively straightforward, and is carried out on single resolution
single level basis, requiring the definition of only one resolution level for execution,
along with other parameters such as number of histogram bins, number of iterations,
optimizer precision and image sampling percentage. In the case of the BSpline
registration, a schedule of resolution levels along with their desired grid levels is required
to execute the registration, along with the aforementioned parameters.

Image dimension re-sampling is an important step in the image registration
process and is generally carried out via the generated transformation model and a re-
sampling filter, applied to the image dataset under analysis. In some cases, it is beneficial
to re-sample the imaging datasets prior to feeding them into the registration pipeline to
achieve more fine tuned results and/or to minimize computation time. Therefore, an
image resampling script was written utilizing the itk:ResamplelmageFilter to upsample or
downsample acceptable image type datasets to a desired resolution level (98). Similar to
the registration script, the resampling script was also templated over image type and
command line parsing was utilized to feed the appropriate parameters into the script

which included input and output image filenames, x-y-z coordinate resampling factors,
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interpolation method (linear, BSpline or windowed sinc), image type and resampling
method (desired image size or reduction factor).

Utilizing the itk:WarplmageFilter, another script was written to resample and
deform any given dataset via a supplied deformation field, which is generally the final
result of the registration process (98). This standalone deformation script is very useful in
cases where the resultant deformation generated from the registration is required to place
similar datasets into the same image space and size. Therefore, rather than re-running the
registration with the same exact parameters, feeding the script with the desired
deformation field and input images, results in the resampling and deformation of the
input image according to the field. Command line parsing was utilized to supply the
proper initialization parameters into the script, which included input image, output image
and deformation field filenames, interpolation method (linear, BSpline, windowed sinc)
and image type.

The most important image registration pipeline required to facilitate the multi-
modality aspect of lung ventilation assessment throughout the presented work is the
registration of the HP *He MRI datasets to their respective MDCT based counterparts.
This along with *H MRI — conventional MDCT and *H MRI — *H MRI registrations are
tested and evaluated to establish the extent of the written script in achieving proper
matching of the underlying anatomical structures and similarly providing technical
insight into the advantages and disadvantages of each registration problem. All written
ITK based scripts have been properly commented and documented to facilitate ease of
use and manipulation for future users and researchers. Testing was performed on a
hyperthreaded quad-core Linux platform, running Opensuse with 16 Gb of memory. All

registration code was written utilizing the latest available version of ITK v3.20.0.
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6.2 Results

Verification of the functionality of the registration script components was carried
via testing each component separately and in combination with the remainder of the
script. All components performed exceptionally well in relation to other established
image registration programs (3D Slicer). The registration script has been compiled and
run on both Windows and Linux machines alike, producing identical registration results
without any complications. The performance of the registration script during some of the
tested registrations can be observed in Table 7.

Testing of the *H MRI — conventional MDCT volumetric data registration task on
FRC and TLC datasets, was carried out in a multi-resolution and multi-grid fashion,
while varying the sampling percentages of the registration components, the resolution of
the MDCT datasets, number of BSpline grids, resolution of the BSpline grids and image
resolutions during each of the main registration components (rigid, affine and BSpline).
Given the superior resolution of the conventional MDCT volumetric datasets with respect
to their *H MRI equivalent, the MDCT datasets were set as the moving images, while the
MRI ones were set as the fixed (reference image). Utilizing the re-sampling script, two-
fold and four-fold spatially resampled MDCT datasets were generated to test the
limitations of the registration and ability to produce accurate results while minimizing run
time of the scripts. Regardless of the resolution of the applied BSpline grid (8x8x8,
16x16x16 or 32x32x32), the deformed results were insufficient to achieve proper
matching of the underlying anatomy (Figure 32). It can be observed that the applied
deformation did not achieve proper matching of the lung borders, regardless of
anatomical position (apical-basal). Similarly, the use of the 128x128 resampled MDCT
datasets was quickly ruled out as a possible viable resolution level, due to the extremely
deformed nature of the registration results (Figure 33). It can be observed that not only
was the lung field of view excessively deformed, but anatomical structures including the

spine and ribs were as well. The difference in acquisition and contrast generation between
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the MRI and MDCT volumetric datasets, results in the later achieving better resolutions
(~0.5 mm) along the z-axis, with respect to those achieved during the MRI acquisitions
(=5 mm). This results in approximately a ten-fold difference in number of slices available
within the MDCT datasets, covering the same z-axis length as the MRI datasets.
Registration results of down-sampled z-axis MDCT datasets resulted in similarly
deformed results as those presented in Figure 33, regardless of the spatial and grid
resolution of the moving images and BSpline grids respectively. The effect of sampling
percentage of the moving and fixed images during the registration was similarly tested by
varying the value between 5% and 50%, under a single, double and triple grid
applications, with no improvements in overall alignment or deformation of the resultant
datasets (Figure 34). Figure 35 demonstrates the improved performance of the affine
registration with increased sampling percentages. Increasing sampling percentages also
increases overall processing time, due to the larger amount of data handled by the
optimizer and metric during the registration process. Regardless of this increase in
processing time the convergence criterion is reached with less iterations which is a more
desirable effect than processing time improvements. Performance of the registration
script during a 3-grid BSpline registration is visualized in Figure 36, illustrating the
convergence of the metric criterion during the application of the final BSpline grid,
further validating the use of a 3-grid BSpline scheme in the proposed *H MRl — MDCT
registration problem. Proper matching of the MDCT and MRI volumetric datasets was
achieved utilizing the full resolution fixed MRI datasets and a 256x256 spatially
downsampled moving MDCT, in combination with 30% sample percentage and the
application of two BSpline grids with varying grid resolutions (8x8x8 and16x16x16). The
nature of the rigid and affine transformations in applying translations, rotations, stretch
and shear to the datasets does not necessitate the use of the full resolution versions, thus
spatially downsampled versions of both datasets were utilized during this process.

Improvements in overall lung border alignment and apical and diaphragm regional
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alignments were achieved following these parameters (Figure 37), when compared to
those achieved during single BSpline grid registrations with varying grid resolutions and
the use of the 128x128 spatially downsampled MDCT datasets.

Although these alignment enhancements improved the overall image matching of
lung field of view between the MRI and MDCT datasets, improper alignment of the
surrounding structures, seen as over rotation of the spine and ribs, eliminates the use of
these results in quantitative assessments. Further improvements in lung FOV and
anatomical structural alignment between the FRC MRI and MDCT datasets was achieved
utilizing a three gridded BSpline, with 50% sampling percentages and full resolution
MRI and MDCT datasets throughout all registration procedures (Figure 38). Analysis of
the difference images between the fixed and final deformed image datasets, illustrates
minimal differences in alignment along some portions of the heart borders and within the
diaphragm region (Figure 39). Proper TLC matching between the MRI and MDCT
datasets was also achieved utilizing identical parameters, as those implemented for the
FRC datasets (Figure 40).

With respect to the *H MRI — *H MRI image matching between FRC and TLC
datasets, similar testing utilizing varying levels of image resolution, BSpline grid
resolutions and sampling percentages was implemented, while alternating between the
TLC and FRC as fixed and moving images. Regardless of the parameters implemented
during the registration process, or fixed and moving image selections, excessive
deformation of the lung FOV and surrounding structures was observed in all final
deformed volumes (Figure 41). Slightly less deformations of the lung FOV and
surrounding structures were achieved by setting the FRC and TLC datasets as the fixed
and moving images respectively, utilizing a two grid BSpline scheme (16x16x16 and
32x32x32), when compared to a three grid BSpline scheme with the incorporation of an

initial 8x8x8 gridded BSpline.
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In the aforementioned registration problems with regards to ‘H MRI — 'H MRI
and 'H MRI — MDCT image registration, the inclusion of the surrounding anatomical
structures within the imaging FOV is crucial factor in facilitating the overall success of
reaching accurately deformed final volumes. The lack of these structures within the HP
*He MRI datasets, prompted us to follow a rigid + affine only registration scheme,
utilizing the generated masks as ground truth for the proper matching of the FOV within
the datasets. The use of spatially downsampled (128x128) MDCT datasets as the moving
images, while the HP ®*He MRI images were set as the fixed images, produced excellent
image matching between the datasets sufficient for proper quantitative and qualitative
assessment of the underlying structure and function (Figure 42). Initial testing was
performed utilizing the full resolution MDCT datasets and varying single BSpline grid
resolutions, but due to the larger number of z-axis slices within the MDCT datasets with
respect to the MRI datasets (MRI — 6, MDCT ~ 500-600), the image registration script
failed to achieve proper matching between the two, either through mismatching of the
slices or excessive deformation of the MDCT slices. Optimal registration parameters for

the tested image pairs can be seen in Table 8.

6.3 Discussion

The tested registration script has demonstrated its ability in facilitating both
quantitative and qualitative assessments of the underlying structure and function in
common between the *H MRI - MDCT and HP *He MRI - MDCT image pairs through
appropriate matching of the lung FOVs. In combination with the resampling and
deformation scripts, all registrations and deformations can be applied utilizing a single
script, rather than utilizing many different registrations and concatenating the results,
utilizing the end result of one registration as the input for the next and so forth. The
flexibility of the registration script is demonstrated in its ability to modify the registration

parameters, through the use of the supplied registration parameters file, eliminating the
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need to recompile the code following each change. Similarly, in combination with bash
scripts, multiple runs of the registration are achievable in parallel or in successive order.

Extensive testing of the registration script has demonstrated its functionality and
repeatable nature of the produced results. The most problematic areas throughout all the
image registration efforts of the ‘H MRI — MDCT image pairs tend to fall around the
heart and diaphragm borders. All the registrations utilize the supplied image masks as the
defining limitations of the applied transformations. Given the difficulties involved with
proper segmentation of these areas within the MRI datasets, due to motion artifacts and
over and/or under segmentation of these regions within the masks, regional mismatches
could arise due to the inability of the registration to achieve a proper match between the
datasets. Similarly, the appearance of bone structures near the lung FOV, introduces
susceptibility artifacts that could possibly lead to the same effects as observed with the
heart and diaphragm borders. Improvements in the overall *H MRI mask generation
process to incorporate a more automated approach, rather than the user biased manual
segmentation approach utilized could improve the end result of the image registrations
within these regions. Similarly, improvements in overall pulse sequence design to
enhance the resolution of the acquired MRI datasets and eliminate these artifacts could be
very beneficial. Given the current state of these tools and the overall difficulties in
volume control and mask generation, the registration script has demonstrated an
exceptional ability in matching the lung FOVs in both *H MRI and HP *He MRI cases.

In terms of the *H MRI FRC to *H MRI TLC image matching, the use of the
conventional image information based metrics is not a proper tool in guiding the overall
registration between the two datasets. This process could possibly benefit from a more
normalized, mass preserving metric, such as the SSTVD metric proposed by Yin et al.
(187) applied to MDCT volumetric datasets. Slight modifications to the metric along with
proper definition of true tissue and air intensities are some of the modifications to both

the metric and image acquisition tools to facilitate the use of this metric in achieving a
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proper match between the datasets, while minimizing structural deformation inside and
outside the lung FOV.

Further improvements to the registration script include the implementation of a
user defined series of landmarks, to guide a landmark based registration and the use of
these landmarks as boundary conditions for the applied registrations. The use of these
landmarks could serve as another convergence criterion, limiting the excessive nature of
the applied deformations, while maximizing the overall deformation potential of the lung
FOV. The ability of the registration script to output the transform and deformed images
following the completion of the rigid, affine and BSpline components has served as a
great tool in assessing the overall success of the applied registration and has facilitated a
more robust approach in determining the proper parameters. Rather than outputting the
deformation field and deformed volumes following the final BSpline application only,
inclusion of intermediate BSpline deformation field outputs following each BSpline
implementation will allow for a more detailed assessment of the intermediate
deformations applied. The introduction of ITK v4 to the medical imaging community
promises with it the implementation of several new filters and segmentation capabilities.
One filter for example, the itk::MaskImageFilter, takes an input image and its respective
mask and performs a background removal process, which was previously performed
either through the use of external image processing tools or a pixel-by-pixel based code
segment. The implementation of such improvements along with the addition of a
Slicer3D execution model compatible xml script, have the potential to enhance the
overall ability and outcomes achievable via the registration script and facilitate a more

user friendly approach to running the scripts through the use of Slicer3D as a GUI.
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Figure 31. Pipeline demonstrating all possible image registration requirements to
facilitate proper multi-modal assessments of the MRI and MDCT based
functional estimates of regional ventilation and expansion. Moving and
fixed image selections are represented by M and F throughout the pipeline.
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Table 6. Rigid-Affine-BSpline (RAB) Registration Parameters

108

FLAG TYPE FLAG TYPE
Smoothing Bool Rigid Histogram Bins Integer
Smoothing Time Step Float Rigid Sample Percentage Float
Smoothing Iterations Integer Rigid Iterations Integer
Smoothing Filter Conductance Float Rigid Precision Float
Intermediate Output Bool Affine Bool
Intermediate Transform Bool Affine Iterations Integer
Image Pyramid Levels Integer Affine Precision Float
Optimizer Choice Bool Affine Sample Percentage Float
Interpolator Choice Integer Bspline Bool
Metric Choice Bool Bspline Sampling Percentage Float
MI Use PDF Derivatives Bool Bspline Registrations Integer
MI Use Bspline Weights Caching  Bool Bspline Iterations Integer
Rigid Bool Bspline Histogram Bins Integer
Center of Mass Bool LBFGSB Evaluations Integer
Rigid Resolution Level Integer LBFGSB Corrections Integer
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Table 7. Registration performance during several testing and final result implementations.

Rigid Affine | BSpline® | BSpline®® | BSpline* | BSpline®™ | Total Time
- Iterations 9.0 26.0 134.0
Grid - 89.2
Time (sec) 20.1 31.1 38.0
. Iterations 9.0 26.0 165.0
Grid - 915
Time (sec) 20.7 31.6 39.2
. Iterations 9.0 26.0 152.0
Grid _ 105.5
Time (sec) 25.3 37.0 43.1
o Iterations 22.0 58.0 15.0 100.0 17.0
Gridasg 506 200 FRC - 5194
Time (sec) 2.9 1354 80.9 141.4 158.8
. Iterations 5.0 14.0 34.0 100.0 100.0
Gridysg 506200 TLC - 535.8
Time (sec) 4.6 45.0 130.0 171.8 184.4
o Iterations 13.0 27.0 100.0 100.0 100.0
Gridasg 3096 200 TLC ) 2910.2
Time (sec) 445 96.1 926.7 924.4 918.5
. Iterations 40.0 51.0 100.0 100.0 100.0
Grldgse 30% 200 FRC : 3041.2
Time (sec) 130.4 172.7 921.2 922.7 894.1
‘Grid TLC Iterations 17.0 16.0 63.0 100.0 100.0 28531
ri % .
ORIG 3O FULL Time (sec) 68.6 87.3 849.8 918.6 933.8
‘Grid FRC Iterations 25.0 18.0 100.0 100.0 100.0 3175 9
ri % .
ORIG Ao FOLL Time (sec) | 129.3 93.0 9985 | 1003.7 | 9515
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Table 7 Continued

o L Iterations 8.0 57.0 100.0 100.0 100.0
Gr|d256 30% 200 FRC 'H : 338.3
Time (sec) 3.4 44.9 96.2 96.8 97.0
o L Iterations 11.0 26.0 100.0 100.0 100.0
Gr|d256 30% 200 TLCH ) 321.9
Time (sec) 3.3 32.0 96.6 96.1 93.8
. L Iterations 22.0 57.0 100.0 100.0
Gr|d255 30% 200 FRC "H - 318.3
Time (sec) 6.1 83.5 113.3 115.4
o . Iterations 18.0 17.0 250.0 176.0 250.0
Grid oriG30% TLC - 8395.1
Time (sec) 63.7 70.2 2073.1 2779.0 3409.2
e Iterations 18.0 17.0 250.0 176.0 250.0 250.0
Grid oriG30% T1LC - 15556.8
Time (sec) 87.6 85.8 3573.6 4061.2 3894.5 3854.2
. Iterations 16.0 11.0 117.0 250.0 134.0
Grid oric 30% ucHar TLC B 5138.4
Time (sec) 62.2 54.8 1469.9 1771.6 1779.9
‘Grid TLC Iterations 16.0 11.0 117.0 250.0 134.0 196.0 20751
ri % .
ORIG 30% HERAR Time (sec) | 67.1 56.9 | 14735 | 1777.8 | 18053 | 18947
“Grid TLC Iterations 25.0 50.0 65.0 250.0 250.0 45107
ri % .
ORIG 30% BERAR Time (sec) | 80.2 1319 | 9954 | 15611 | 17422
o Iterations 25.0 50.0 65.0 250.0 250.0 250.0
**Grid oric 30% ucHar TLC ; 12366.3
Time (sec) 148.2 277.1 2539.4 3103.7 3251.5 3046.5

The values inserted between the # of Grids and volumes are the resolution, sampling percentage and number of z-axis slices.

* Different Subject
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Figure 32. Difference between final deformed MDCT volume (dark lung region) and the
fixed MRI volume (light gray lung region) as result of a Single-Grid BSpline
registration. Similar results were obtained regardless of the grid resolution.
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Figure 33. Excessive Deformation of the Moving Image (registration output) as a result
of spatially resampling the original images from 512x512 matrix to a 128x128
matrix.
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Figure 34. Excessive deformation of the lung field of view along with surrounding
anatomical structures is observed regardless of sampling percentage of the
registration implemented in a 3 Grid BSpline Registration.
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Figure 35. Improved performance of the registration during the Affine Transform
implementation is achieved via increasing the sampling percentage of the
registration. The convergence criterion is reached with less iterations, thus
improving the overall performance of the registration in achieving a proper
fit.
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Figure 36. Analysis of the gridded BSpline registration illustrates that a 3 gridded
BSpline is required to achieve convergence of the metric values as assessed
by the optimizer. It can be observed that convergence is only achieved
during the final grid (32) applied during the registration run.
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Figure 37. Improvements in matching FRC MRI and MDCT volumetric datasets with
respect to those previously presented in Figure 33, Figure 34 and Figure 35
were achieved utilizing 30% sampling percentages and application of a two
grid BSpline registration scheme (8x8x8 and 16x16x16) to the full resolution
fixed MRI datasets and spatially (256x256) downsampled moving MDCT
images. Albeit proper lung FOV matching, over rotation of the surrounding
anatomical structures is apparent.
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Figure 38. Final results of FRC MRI and MDCT matching illustrate improvements in
lung FOV alignment, along with proper alignment of the surrounding
anatomical structures.
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Figure 39. Difference between fixed MRI FRC dataset and resultant deformed moving
MDCT dataset, illustrates significant improvements in overall lung FOV and
anatomical structure alignments between both datasets. Minimal differences
are observed around the heart borders and within the diaphragmatic regions of
the datasets.
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Figure 40. Alignment of TLC MRI and MDCT datasets utilizing a three grid BSpline
(8x8x8, 16x16x16 and 32x32x32) scheme, along with 50% sampling
percentages and the full resolution images.
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Figure 41. 'H MRI - 'H MRI FRC and TLC image matching results of two subjects. The
use of FRC and TLC as moving and fixed volumes respectively resulted in the
application of excessively deformed transformations (AandB) in two subjects,
while the use of TLC and FRC as moving and fixed images respectively,
produced significant improvements in overall deformation in one subject ()
and not the other (B).
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Figure 42. HP *He MRI and MDCT lung FOV alignment, utilizing a rigid + affine
registration scheme. Assessment of the lung borders and vessels yield an
almost perfect matching of the lungs between the two datasets.
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Table 8. Optimal Registration parameters for proper matching of *H MRI - MDCT TLC and FRC image pairs and HP *He MRI —

MDCT TLC and FRC image pairs.

Fixed Image Resolution
Moving Image Resolution
Fixed Image Mask
Moving Image Mask
Sample Percentage
Rigid Initialization
Rigid Precision

Affine Precision
BSPline Precision
Histogram Bins
BSplinesxsxs
BSplinessxiexis
BSplineszyaaxa:

MRI - MDCTgge MRI - MDCT+.c HP *He MRI - MDCTgre and TLe
FULL FULL FULL
FULL or 256x256x200 FULL 128x128x50
Yes Yes Yes
Yes Yes Yes
50% 50% 10%
Center of Mass Center of Mass Center of Mass
0.0001 0.0001 0.01
0.0001 0.0001 0.01
0.0000001 0.0000001 N/A
128 128 128
Yes Yes No
Yes Yes No
Optional Yes No
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CHAPTER 7: VOLUME-CONTROLLED HYPERPOLARIZED *HE
ADC MEASUREMENTS AS A FUNCTION OF LUNG INFLATION
LEVELS IN NORMAL NEVER-SMOKING HUMAN SUBJECTS

Hyperpolarized *Helium (HP *He) noble gas magnetic resonance imaging (MRI)
has emerged as a complex, yet non-invasive imaging method for the assessment of
regional pulmonary structure and function, free of the use of ionizing radiation (45, 80).
Because of the inherent radiation free nature of this imaging modality, there is a
considerable interest in applying this technique to study multiple measures at a given
encounter or across multiple encounters. Differences across time, such as a change in
lung density as an index of COPD progression can be small (11, 154) and on the order of
2 Hounsfield Units (HU) per year. Thus it is critical to understand how lung volume
during scanning affects the measures of the HP *He apparent diffusion coefficient (ADC)
values. *He is an inert, stable, non-toxic isotope of helium, which is formed as a
byproduct of nuclear tritium decay (24, 29, 121, 129, 142) and is confined to the
airspaces due to a low solubility coefficient in water, unlike the lipid soluble xenon (Xe)
gas and has relatively long T; relaxation times (33, 45, 78). Diffusion-weighted *He MRI
allows for evaluation and probing of the peripheral air spaces at the level of the
conducting airways and acini, leading to an assessment of the integrity and size of such
structures through the exploitation of the highly diffusive nature of *He (33). Diffusion in
this context refers to the gas displacement according to Brownian motion, which can be
quantified using dedicated MR sequences as previously described (33, 45, 80, 146). ADC
maps of fully inflated lungs of normal healthy volunteers are relatively homogenous and
this uniformity is a hallmark of the normal lung (33). ADC maps in patients with
emphysema and other lung diseases have been shown to be non-uniform and contained
larger diffusion values (18, 48, 80, 146). This non-uniformity of the ADC values

correlates well with the onset and progression of the disease, where the degree and
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location of destruction varies throughout the lung (143, 167). However it remains
unclear as the sensitivity of the ADC measure over a one year time period relative to
normal airspace changes occurring with changes in lung volume. Reported ADC values
in normal volunteers range between 0.17 cm?/s and 0.24 cm?/s with a mean of 0.2 cm?/s,
a factor of four smaller than that of the dilute helium, demonstrating regional containment
of ®He by the lung’s microstructure (41, 110, 111). It is felt that the wide range of ADC
values in normal subjects may, in part be due to inconsistencies regarding lung volumes
at which imaging has been performed, given the lack of lung volume standardization
between groups. (110)

Although pilot studies have evaluated the progression of disease in a small cohort
of subjects (40, 83, 151) , minimal advancements have been made to evaluate the
suitability of the method for assessing differences between longer time intervals where
lung compliance is most likely to change or between subjects at very different lung
volumes. Because of the non-linear characteristics of the pressure-volume curves of the
lung, it would seem to be critical for the lung to be imaged at the same percent of the vital
capacity (VC) for longitudinal and between subject comparisons.

Lung inflation at levels below total lung capacity have been shown to be
heterogeneous and highly influenced by body posture (67, 70, 106, 107). Diaz et al. have
demonstrated sensitivity of ADC to small (6-8%) changes in lung volume (40). The work
presented in this paper evaluates the dependence of ADC measurements on lung inflation
levels at carefully controlled lung volumes between 20% and 100% of the VC and to
compare the volume dependent changes in ADC vs. MDCT based measures. We propose
that lung volume as a percent vital capacity rather than as a function of liters above FRC

may be a more meaningful standardization.
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7.1 Materials and Methods

This study was approved by our Institutional Review Board, complied with
HIPAA (Health Insurance Portability Accountability Act) policies and informed consent
was obtained for all subjects. Administration of *He was carried out in accordance with
our physicians IND under the supervision of Dr. Edwin J.R. vanBeek.

Subject Population. Twenty-two normal never-smoking subjects between the ages
of 23 and 70 were recruited and imaged at functional residual capacity (FRC), total lung
capacity (TLC) and a volume midway between the two. All subjects underwent
pulmonary function testing (PFT) to verify that they were indeed normal (FEV; and FVC
> 80% predicted, FEV1/FVC > 0.7). Given that the PFT was performed in the seated
position and imaging in the supine position, all subjects further underwent 3-4 slow vital
capacity (sVC) maneuvers in the supine position on the scanner table for proper
determination of lung volumes.

Imaging. All Imaging was performed on a clinical, broadband capable, Siemens
Avanto 1.5T MR scanner (Siemens, Erlangen, Germany). A flexible, vest-like coil
specifically tuned to the Larmor frequency of *He (48.4676 MHz) was utilized to transmit
and receive RF (radio frequency) pulses for the imaging (Clinical MRI Solutions,
Milwaukee, USA). Physiological monitoring consisted of ECG (heart rate), non-invasive
blood pressure (NBP) and pulse-oximetry (SPO,). Imaging breath-holds were conducted
at three lung volumes (20%, 60% and 100% VC), where each volume required a proton
localizer and a HP ®He scan totaling to six volume-controlled breath-holds during a given
session.

*He scans were acquired via a 2D FLASH sequence, modified to include a set of
bipolar gradients for diffusion sensitization (Tr 86 ms, T 6.92 ms, 128 x 128 acquisition
matrix, 7° flip angle, six baseline and diffusion weighted 15 mm thick slices, 7.5 mm

inter-slice spacing, and 2.5 x 2.5 mm pixels) over the course of a 15 second breath-hold.
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The imaging field of view (FOV) was set to approximate the same positioning of the
ADC maps with respect to the apical-basal lung coverage for all acquired lung volumes.

Polarization and Doses. *He was polarized through spin exchange optical
pumping (SEOP) using a GE Healthcare polarizer (GE Healthcare, Princeton, USA),
generating 1 liter at polarization levels between 38-42%. Doses were transported via
rapid transfer between the polarizer and MR scanner. The administered doses consisted
of approximately 300 ml *He and 700 ml of medical grade Nitrogen in a 1 liter Tedlar
bag fitted with %" inner diameter (ID) Tygon tubing, allowing for the conduction of three
*He breath-hold maneuvers per subject with minimal resistance.

Volume Control. The desired lung inflation levels were achieved through the use
of a single 7-8 liter Tedlar bag connected to a mouth piece, pre-filled with the desired
inflation volume (%VC) of air, thus acting an inspiratory reserve. A bacterial filter and an
MR compatible spirometer were placed in line between the mouthpiece and Tedlar bag
for elimination of any harmful bacteria and calculation of delivered volumes respectively.
In the case of a proton localizer, the Tedlar bag used to deliver an inspiratory volume
needed to achieve a given %VC, was filled with a volume of room air to achieve the
desired lung inflation level (20%, 60% or 100% VC; 20% approximates FRC and 100%
VC is by definition , TLC). Subjects performed a series of breathing maneuvers with
expiration down to residual volume (RV) and at the last expiration instructed to
completely inspire the volume within the inspiratory bag and hold their breath for the
duration of the scan. In the case of a ®He scan, the volume within the inspiratory bag
required to reach the proper inflation level was one liter less to allow top up with the ®He
doses. Once the volume within the inspiratory bag was completely inspired, the subjects
were instructed to hold their breath, release the mouthpiece and then complete the
inspiratory process by inspiring the 1 liter *He dose. With 3 breathholds in each of the 22
subjects a total of 66 breathhold maneuvers were evaluated utilizing our volume control

methods.
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Image Analysis. All analyses were carried out via automated in-house scripts
written in MATLAB (Mathworks Inc., Natick, MA). Gravitationally dependent
(posterior) and non-dependent (anterior) regions were determined by dividing the lung
along the antero-posterior axis, while apical and basal regions were determined by
splitting the acquired images along the superior-inferior (apical-basal) axis, such that the
first three slices represented the apical regions, while the last three represented the basal
ones. Given the unitless nature of the acquired signals and the dependence upon the
actual intensities collected, rather than the scaled intensities visualized on the scanner, all
calculations were based on the reconstructed raw data slices instead of their dicom
equivalents. Assuming a mono-exponential model of diffusion, ADC calculations were
achieved on a pixel-by-pixel basis according to the following equation:

Si = So.e®AP9

where b represents the bipolar gradients utilized to induce diffusion sensitization,
expressed as a function of gradient duration, duration of time between gradients and
gyromagnetic ratio of the spin system, while Sy and S; are the signals of the baseline
(b=0) and diffusion (b=1.15) weighted images respectively. Evaluation of the generated
diffusion maps was carried out by thresholding to exclude pixels with intensities less than
three times the standard deviation of the background noise, where background noise was
calculated as the mean of a 20 x 20 pixel region placed at the top right corner of each pair
of images. Manual segmentation was performed on all slices to ensure proper
determination of the lung field of view and to eliminate the influence of the trachea and
major airways from the evaluated regions. Resultant maps encompassed the apical-basal
lung extent through six separate diffusion maps, starting at the apices and ending directly
above the diaphragm. The process is illustrated in Chapter 4: Image Processing.

MDCT Comparisons. Retrospective analysis of a separate cohort of 50 normal

never-smoker subjects with matching 20% and 100% VC scans was used to compare
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aeration and ADC. Degree of aeration was estimated via MLD (mean lung density) using
an in house software package PASS (Pulmonary Analysis Software Suite). MLD is
defined as the mean Hounsfield Unit (HU) of all voxels encompassing the z-coverage for
each lung respectively. Preprocessing steps in PASS included semi-automatic lung
segmentation and left-right lung separation. All imaging was performed on either a
Siemens Somatom Sensation 16 or 64 (Siemens Medical Systems, Erlangen, Germany),
with 120 kV, 100 mAs and 1 mm slice thickness.

Statistical Analysis. Mean ADC values of left and right lungs, dependent and non-
dependent regions and whole lung slices were extracted from the evaluated diffusion
maps via MATLAB and examined via one-way analysis of variance (ANOVA) and two-
sided paired t-tests in PASW Statistics (Version 18, SPSS, Inc., 2009, Chicago,
IL, www.spss.com) and R (CRAN v2.9.2). Similarly, left-right differences in MLD were
evaluated via two-sided paired t-tests. Results were considered statistically significant

when the probability of making a type | error (false positive) was less than 5% (p<0.05).

7.2 Results

Lung Volume and Breath-hold Verification. Post-inspiration lung volumes were
verified by performing manual lung segmentation of corresponding proton MRI scans in
four test subjects utilizing a measure of total lung volume, defined as the sum of all voxel
volumes within the lung mask. These segmentation based volumes were then compared
to the desired lung volume measured as a percentage of VC and were found to be within
5-7% of the target inflation levels.

ADC vs. Lung Volume. In 12% (8) of the 66 breathholds, there was a study failure
because of multiple causes including failure of subject to remain apneic during the
scanning or failure to comply with breathing instructions. As a result of these failures, six
subjects were excluded from the study. The main analysis inclusion criterion was the

successful completion of all three lung inflation level breath-holds, to facilitate an
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unbiased assessment of the ADC differences observed as a function of varying lung
inflation levels. Therefore, analysis was limited to 16 of the 22 subjects. No adverse side
effects or unexpected physiological changes of clinical consequence were observed. An
expected decrease in oxygen saturation levels was observed following the 20% VC scans
(5-8% drop) in most subjects. ANOVA illustrated statistically significant differences in
mean ADC values between lung inflation levels with 2 degrees of freedom (p<0.001),
apical-basal lung coverage with 5 degrees of freedom (p<0.01) and with respect to
anatomical position (left, right, dependent and non-dependent) with 6 degrees of freedom
(p<0.001).

ADC variability between the defined anatomical positions, evaluated with paired
t-tests is summarized in Table 10Table 10. Whole lung mean ADC values were
significantly smaller at 20% VC when compared to 60% and 100% VC (P=0.0109 and
P=0.00002 respectively; Figure 44). In addition, the values at 60% VC were significantly
smaller when compared to 100% VC (P=0.00001). Right lung mean ADC values were
consistently greater than those of the left lung for all inspiratory volumes (0.0031 < P <
0.0001). Furthermore, gravitationally dependent regions had significantly smaller mean
ADC values compared to non-dependent regions at the 20% and 60% VC volumes
(Figure 45), where at 100% VC this difference was not observed signifying a more
homogenous distribution of lung expansion in line with previous reports (28, 67, 70). A
statistically significant difference (P=0.02) in mean ADC values was observed for the
20% VC volumes between apical and basal lung regions, however differences between
the 60% and 100% VC volumes were not significant.

Left-Right MDCT Analysis. Retrospective analysis of MLD of the 50 normal
never-smoker subjects (Figure 46) illustrated a significant difference between the degree
of aeration of left and right lungs at 20% VC (P=0.00001). Differences at the 100% VC

volumes were not significant (P=0.2493).
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7.3 Discussion

ADC values significantly increase with increasing lung inflation levels, while
differences between the different gravitational lung regions decreases (Figure 47), due to
a trend toward more uniform alveolar expansion at higher inflations. Evaluation of the
airspace ventilation differences between FRC and TLC illustrate an increased *He
delivery to the dependent regions at TLC when compared to FRC, confirming the
observable expansion increases in the gravitationally dependent regions (Figure 48).
ADC values throughout both lungs become more homogenous at 100% VC. This is in
agreement with Chevalier et al. (28), who observed that the lung is fully expanded at
TLC via bi-planar x-ray and implanted metallic markers.

Although some subjects had difficulties adhering to the breathing protocol, recent
experiences in our laboratory with normal-smokers and subjects with COPD (Chronic
Obstructive Pulmonary Disease) has shown that these issues can be minimized with
proper coaching and sufficient rest periods between breathing maneuvers.

Milic-Emili et al. (107) showed that the relationship between regional lung
expansion with respect to overall lung expansion is non-uniform, where the non-
dependent lung regions were relatively more expanded than their dependent counterparts
at all lung inflation levels except at 100%VC. This was achieved by evaluating both
regional and total lung volumes across the vertical distance of the lung, with deviations
from the line of identity representing inhomogeneities. Furthermore, for lung inflation
levels between 20% and 100% VC (FRC and TLC), the dependent lung regions received
a larger proportion of the inspired volume with respect to non-dependent regions. This
relationship is reversed for lung inflation levels between 0% and 20% VC (RV and FRC),
where non-dependent lung regions received a higher proportion of the inspired volume
(106, 107).

The differences between gravitationally dependent and non-dependent mean ADC

values as a function of lung inflation levels is consistent with the observations of
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Hoffman (67, 70) in supine anesthetized canines, who observed a dependent to non-
dependent gradient in CT lung air content, which diminished with increasing lung
inflation levels. Furthermore, using proton MRI, Hatabu et al. (62) illustrated a greater
relative proton density in posterior (dependent) regions in normal subjects in the supine
position.

In agreement with the ADC-based observations, MLD of the left lung (by MDCT)
was smaller than the right at 20% VC and approximately equal at 100% VC, suggesting a
reduced expansion of peripheral air spaces in the left vs. right lung at the low lung
volume. Using CT imaging, Hoffman et al. (67, 70) demonstrated that support of the
heart by the lung may serve to alter regional lung expansion at low lung volumes and thus
the distribution of an inspired gas; this support is altered with body posture. The left-right
differences are small; however, when one is following disease progression longitudinally,
the changes are small. Thus care needs to be taken to assure similar lung volume and
posture so as not to confound measurements of pathology with differences due to varying
lung volumes. Albert et al. (3) have also demonstrated that a shift in body posture alters
compression of the lung by the heart and this postural effect has been confirmed by
Fichele et al. (47, 48) using ADC as a tool. It is likely that the left-right lung differences
found in our study at 20%VC are an index of the variable effect of the heart on the lung.
Similarly, CFD simulations have suggested increased flow patterns in the right lung
airway geometries with respect to the left equivalents, in a normal airway model, along
with higher particle depositions within the left lung geometries, possibly due difference
in airway geometries between the two main branches, with respect to the trachea (86).

Several longitudinal assessments of lung disease have been performed in COPD
patients, illustrating a significant but small change over a one year interval (extrapolated
from a 3 year study) (11, 44, 154). Because of such small changes, considerable statistical

manipulations and relatively large numbers of subjects were required to show these
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progressions. In this study we present a lung volume approach which can maximize the
sensitivity of the ADC protocol to detect yearly disease progression.

In summary, the agreement of the presented results with the prior understanding
of regional differences in lung expansion, lung density measures, regional ventilation and
anatomical orientation strengthens the hypothesis that HP *He ADC measures alveolar
size. As illustrated, volumetric control of lung inflation levels is crucial to the HP *He
ADC methodology if it is to be utilized in monitoring subjects and disease progression
over time and similar care should be taken into consideration for functional imaging
protocols utilizing exogenous contrast agents in imaging lung function and structure.
Depending on the desired assessment, careful consideration of the underlying regional
mechanics and expansion factors should be taken into account with respect to the choice
of lung inflation levels during the imaging sessions. Careful consideration of the lung
inflation levels during all MRI based lung structure and function assessments through the
use of exogenous and endogenous contrast agents, must be integrated into scanning
protocols if imaging is to offer an outcome measure which reduces the time period to
evaluate new interventions, compared with the current reliance on pulmonary function

tests.
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Figure 43. Visual illustration of ADC changes as a function of underlying lung inflation
levels. Similar to increases in measurable ADC values with disease onset, we

hypothesize a similar structural relationship between the measureable
diffusion and the inflation levels at which they are probed.
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Figure 44. Mean ADC values of whole, left and right lungs, as a function of percent VC,
demonstrate a trend towards higher ADC values as lung volume increases.
Overall mean ADC values of the right lung are significantly higher than those
of the left lung.
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Figure 45. ADC values as a function of anatomical position and percent VC of the
imaged cohort. The observed gradients are prominent and statistically
significant at the lower inflation levels and disappear completely at the larger
inflation level. This follows previous literature where homogeneity of air
distribution and inflation throughout the lungs as a function of CT lung
density was observed at larger lung volumes only and not at lower ones.

** Significant difference between mean of groups
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Figure 46. Mean Lung Density (MLD) at 20% and 100%VC of left and right lungs.
Significant differences in MLD between left and right lungs were observed at
20% VC (-711.42 £ 53.36, -720.27 + 48.81) and not at 100% VC ( -859.34 +
21.69 , -858.6 + 19.34 ) (P=0.00001 and P = 0.2493 respectively). Increased
MLD of the left lung correlates with the smaller ADC values at 20%VC.

* Significant difference between mean of groups
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Figure 47. ADC (k-means clustered) and vertical gradient maps at 20%VC (top) and
100%VC (bottom) of the same subject at similar anatomical locations.
Increased expansion of the dependent regions is clearly observed in both the
clustered and vertical gradient maps of the TLC volume with respect to the
FRC one, demonstrating a more homogenous distribution and expansion
throughout (refer to Figure 45) (FRC COV = 0.31, TLC COV = 0.24).(ADC
scale 0 — 0.28 cm?/s)
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Figure 48. Airspace ventilation of a normal never-smoking subject at 20% (~FRC) and
100% (TLC) of the %VC. Distribution differences between the volumes
illustrate mcreased *He delivery to the dependent regions. The observable
increases in *He delivery coincide with the elimination of the gravitationally
dependent ADC gradients in the larger lung volumes, via increased expansion
of the dependent lung regions.
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Table 9. Demographic characteristics of
imaged normal-never smoker (NVS)
population.

Subject Gender Age Weight Height

1 F 48 77.5 162.7
2 M 30 78 171.2
3 M 27 77.3 174.9
4 M 29 99.7 176.9
5 F 43 57.4 158.4
6 F 35 81.2 163
7 F 60 80.1 165.2
8 M 70 1028 179.3
9 M 49 93.4 171.5
10 F 41 65.3 153.5
11 M 57 86.1 179.7
12 F 41 65.1 173.9
13 M 33 90.5 179.8
14 F 30 56.7 162.8
15 M 23 63.5 171.6
16 F 56 69.4 153.7

Mean age, weight and height are 44.2 + 10.1,
69.1+9.7, 161.746.6 and 39.7+16.9, 86.4+13.0,
175.6+£3.8 for females and males respectively.
No Adverse side effects were observed for any
of the imaged population, including subjects
that were not in the analysis.
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Table 10. Regional differences in mean ADC values as
a function of anatomical location and %VC.

Volumes (%VC) P Dep vs. non-Dep P

20% - 60% 0.0109 20% Right 0.00001

60% - 100% 0.00001 20% Left 0.00001

20% - 100% 0.00002 60% Right 0.143*

Left-Right Differences 60% Left 0.00002
20% 0.00001 100% Right 0.1404*
60% 0.00003 100% Left 0.2915*
100% 0.00031

Heterogeneity of mean ADC values decreases between the
gravitationally dependent and non-dependent regions as
lung inflation levels increase. Differences were considered
statistically significant if P<0.05.

*Differences are not significant
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CHAPTER 8: QUANTITATIVE VALIDATION OF
HYPERPOLARIZED 3HELIUM MAGNETIC RESONANCE IMAGING
IN ASSESSING REGIONAL VENTILATION: CORRELATION WITH
MDCT BASED AIR VOLUME CHANGE (AVC) MEASUREMENTS

The increasing prevalence of lung diseases such as COPD has been an important
driving factor in the development of lung imaging techniques in attempts to non-
invasively assess the normal physiological and pathological conditions of the lungs.
COPD is a group of slowly progressive diseases characterized by airway and
parenchymal destruction and is the 3™ leading cause of death in adults (128).
Conventionally assessed via pulmonary function testing (PFT), the lack of regional
sensitivity to disease heterogeneity and the resultant global perspective have been major
drawbacks in the use of this technique in properly assessing severity of these pathological
conditions (23, 82, 128).

The emerging heterogeneities apparent at imaging during both normal and
pathological conditions with resultant surgical and non-surgical interventions have
yielded the notion that quantitative (regional) analysis of pulmonary ventilation is
essential in order to improve classification of subjects and to make prognostic predictions
of outcome (12, 13). The quantitative analysis of lung function is not a new concept as
attempts to quantitate the regional distribution of pulmonary ventilation via the nitrogen
washout curve technique (36, 135, 136), regional density changes observed in computed
tomography (CT) (67, 68, 161), regional strain measurements obtained via bi-plane x-ray
fluoroscopy (68), as well as the distribution of radio-active gases, such as ***Xe (135),
have paved the way for future methods and needs in this field.

Multi-Detector CT (MDCT) has been a prominent player and the standard tool for
lung imaging, through the use of both exogenous and endogenous contrast agents. The

use of single and multiple-breath applications of xenon gas in MDCT has given new
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insight into the dynamics and distribution of gas during ventilation with great spatial
resolution (24, 29, 68). Similarly, the use of regional volume changes and fractional air
content assessed by Hounsfield Units (HU), between varying inflation levels has
provided a less invasive and similarly effective assessment of regional ventilation,
compared to its multi-breath xenon-enhanced counterpart (52, 68{Yin, 2009 #32, 187).

The versatility of MRI in assessing different nuclei and complimentary use of
these nuclei as exogenous contrast agents has facilitated means for minimally invasive
assessments of lung function and structure, overcoming the traditional handicap
introduced due to minimal proton density and high susceptibility artifacts (9, 170). The
usefulness and importance of MRI as a lung imaging tool is further demonstrated by its
lack of ionizing radiation, thus enabling minimally invasive longitudinal and pediatric
assessments. Hyperpolarized (HP) noble gas imaging through the use of 129-Xenon
(***Xe) and 3-Helium (*He) as inhaled contrast agents have been extensively utilized in
the assessment and visualization of the airways, alveolar spaces, respiratory dynamics
and lung ventilation in both animal models and humans (65, 80, 81, 101, 121, 122, 138,
139, 167). Although the techniques are similar, the use of the inert, stable, non
radioactive ®He gained more popularity as the research tool of choice, partially due to the
higher signal to noise (SNR) ratios achievable and its confinement within the airspaces
(109). However, recent advancements in polarization of ***Xe and improvements in post
processing of the acquired datasets have provided new and complimentary advancements
in the visualization of both lung function and structure. This complimented with the
decreasing supply and increasing costs of *He have eliminated the bias and increased the
popularity of hyperpolarized ***Xe as a viable tool in imaging the lungs.

To validate the ability and sensitivity of HP *He MRI in assessing regional
ventilation, we compared ventilation estimates obtained from MDCT based local volume
changes, with those obtained via HP *He MRI. We hypothesize that HP *He MRI would

correlate with the overall distribution and gravitationally induced gradients, thus
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establishing the technique as a validated surrogate to its ionizing radiation based
counterparts. Furthermore, given the difference in density of the gaseous contrast agent
utilized in both modalities, we hypothesize the exaggeration of ventral regional
ventilation estimates in the HP °He MRI datasets, with respect to their MDCT
counterparts. We believe this to be the first actual assessment of the regional sensitivity

achievable with HP *He MRI in relation to MDCT based estimates of ventilation.

8.1 Materials and Methods

This study was approved by our Institutional Review Board, complied with
HIPAA (Health Insurance Portability Accountability Act) policies and informed consent
was obtained for all subjects. All imaging was carried out under FDA approval, with
careful consideration of subject safety. Administration of ®He was carried out in
accordance with our physicians IND under the supervision of Dr. Edwin J.R. vanBeek.

Subject Population. Nine healthy normal never-smoking subjects between the
ages of 26 and 48 were recruited and imaged. All subjects underwent pulmonary function
testing (PFT) in the seated position to verify that they were indeed normal (FEV; and
FVC > 80% predicted, FEV1/FVC > 0.7), according to the American Thoracic Society
guidelines. All subjects further underwent 3-4 vital capacity (VC) maneuvers in the
supine position on the scanner table for proper determination of respective lung volumes.
Vital capacity measurements were utilized throughout both MRI and MDCT imaging
sessions to ensure identical lung volumes during the breathholds and anatomical coverage
of the underlying structure and function. Physiological monitoring consisted of ECG
(heart rate), non-invasive blood pressure (NBP) and pulse-oximetry (SPO;) during all
imaging sessions.

*He Imaging. MRI was performed on a clinical, broadband capable, Siemens
Avanto 1.5T scanner (Siemens, Erlangen, Germany), utilizing a flexible, vest-like coil

specifically tuned to the Larmor frequency of *He (48.4676 MHz) to transmit and receive
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RF (radio frequency) pulses for imaging (Clinical MRI Solutions, Milwaukee, USA).
Volume controlled proton localizers and HP *He static ventilation (sVent) scans were
acquired for each subject at 100% of their respective VC.

A 2D gradient echo FLASH (Fast Low Angle Shot) sequence, (TR/TE = 86 msec
/ 6.92 msec, flip angle = 7, bandwidth = 260 Hz/pixel, matrix size = 128 x 128 mm,
pixels = 2.5 x 2.5 mm, slice thickness = 15mm, interslice spacing = ~7.5 mm, number of
slices = 6, duration of acquisition = 10-15 sec) was used for HP *He imaging, while
proton localizers where acquired via a modified 2D trueFISP sequence (imaging
frequency = 63.6235 MHz, TR/TE = 591.5 msec / 1.05 msec, flip angle = 57, bandwidth
= 1132 Hz/pixel, matrix size = 384 x 384 mm, pixels = 1.04 x 1.04 mm, slice thickness =
6 mm, interslice spacing = ~18 mm, number of slices = 6, duration of acquisition = 8
sec). The imaging field of view (FOV) was set to approximate the apical-basal lung
coverage for each subject, evenly distributing the acquired slices throughout, starting at
the apex and ending directly above the diaphragm.

*He was polarized on site through spin exchange optical pumping (SEOP) using a
GE Healthcare polarizer (GE Healthcare, Princeton, USA), generating 1 liter at
polarization levels between 38-42%. Doses were transported via rapid transfer between
the polarizer and MR scanner. The administered doses consisted of approximately 300 ml
*He and 700 ml of medical grade Nitrogen in a 1 liter Tedlar bag fitted with %" inner
diameter Tygon tubing, allowing for the conduction of the ®He breath-hold maneuver
with minimal resistance.

Desired lung inflation levels were achieved via the use of a 7-8 liter Tedlar bag,
pre-filled with the desired inflation volume (%VC) of air based on the subjects’ VC
measurement, serving as an inspiratory volume. Volume control of localizers was
accomplished via instructing the subjects to perform several breathing maneuvers with
expiration to residual volume (RV) and at the last expiration, inspire the volume within

the inspiratory Tedlar bag. The process of volume control of the *He scans was identical
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except for the calculation of the air volume within the inspiratory Tedlar bag, which was
one liter less to allow top up with the one liter ®*He dose. A mouthpiece, bacterial filter
and MR compatible spirometer were placed inline with the inspiratory Tedlar bag, to
assist subjects in performing the breathholds, eliminate any harmful bacteria and
calculate delivered volumes respectively.

MDCT Imaging. Volume controlled spiral MDCT scans were acquired at
approximately 20% and 100% VC for each subject on either a Siemens Somatom 64 or
Definition FLASH (Siemens, Erlangen, Germany) (rotation time = 0.5 sec, collimation =
128 (64) X 0.6 mm, kV = 120, effective mAs = 110 — 160, pitch = 1.0, matrix size = 512
x 512, slice thickness = 0.75 mm, interval = 0.5 mm, number of slices = 500 — 600,scan
time = < 10sec, care-dose = Off, reconstruction kernel = B35). Volume control at the
MDCT scanner was achieved through the use of a spirometer in_line with a pneumatically
activated balloon occlusion valve. Real time monitoring of lung volumes was achieved
by utilizing the spirometer readings as input to a LabVIEW program, to plot the
inspiratory and expiratory phases of the respiratory maneuvers as a percent of vital
capacity, such that once the desired inflation was reached, the balloon occlusion valve
could be inflated for the duration of the scanning to eliminate leaks and ensure proper
lung volumes throughout. Subjects were imaged in the supine position with a mouthpiece
connected to the volume control device and were instructed to perform several breathing
maneuvers similar to those performed during the MRI imaging sessions and at end
expiration breath in to the desired inflation level and perform a breath-hold.

Data Processing. *He datasets were processed via an in-house script and graphical
user interface written in MATLAB (Mathworks Inc., Natick, MA). All *He ventilation
calculations were based on the reconstructed raw data slices, due to the unitless nature of
the acquired signals and the dependence upon the actual signal intensities acquired.
Preprocessing of the ventilation maps included noise threshholding, excluding pixels with

intensities less than three times the standard deviation of the background noise, where
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background noise was calculated as the mean of a 20 x 20 pixel region placed at the top
right corner of the image. Lung masks were created via manual segmentation of the lung
FOV, excluding the trachea, major airways and background intensities and separating the
left and right lungs. MDCT volume scans were preprocessed via our in house software
package PASS (Pulmonary Analysis Software Suite) to generate lung masks excluding
the background and major airways and perform left-right splitting.

MDCT based regional ventilation estimates were generated through a mass
preserving multi-level BSpline image registration between the 20% and 100% VC
datasets (187), minimizing local tissue volume differences between matched lung
regions. Image registration-derived estimates of regional ventilation included 1. Jacobian
maps (Jaco), reflecting regional expansion and contraction, 2. Specific volume change
(sVol), reflecting volume change per unit air volume and 3. Local air volume change
(AVC), equivalent to the distribution of inhaled air (52, 129, 186, 187). Among those
estimates, specific volume changes (s\VVol) were generated as a function of the Jacobian of
the warping function and fractional tissue content changes based on HU measurements.

To facilitate the correlation between the MRI and MDCT based ventilation
estimates, image registration was performed to map the MDCT ventilation estimates into
the image space of their MRI equivalents (Figure 49). Given the superior resolution of
the MDCT acquisitions with respect to the MRI acquisitions, the xy coverage of the
MDCT datasets was down sampled to 128 x 128 pixels, along with down sampling of the
z coverage to approximately 50 slices, assisting the image registration in achieving a
proper fit and minimizing computation time. Image registration was carried out via an
ITK (Insight ToolKit v3.20) based script, performing a Rigid + Affine registration
between the MRI (reference image) and MDCT (moving image) datasets (98).

Statistical Analysis. Vertical gradients and profile measurements were generated
for all MRI and deformed MDCT datasets through the use of our in house MATLAB

GUI (Mathworks Inc., Natick, MA), with the option of whole lung and/or left-right lung
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analysis (Figure 23). Resultant mean and standard deviation ventilation estimates were
then exported in table format to excel to facilitate statistical analysis. Spearman and
Pearson correlation coefficients along with slope estimates were achieved through the use
of R (CRAN v2.9.2) and Microsoft Excel 2007 (Redmond, WA), on a pixel-by-pixel,

gradient and profile basis for each matching pair of images within the matched datasets.

8.2 Results

All imaging was performed without adverse events or unexpected physiological
changes of clinical consequence. One subject was excluded due to inability to maintain
breathhold for the duration of the maximal inspiration scan, limiting the analysis to eight
of the nine subjects (Table 11). Verification of post inspiration lung volumes was
achieved through manual segmentation and summation of all voxels within the lung field
of view, followed by comparison of these volumes against the originally calculated lung
inflation levels. Agreement between the MDCT and MRI inspiration was within 5-7% of
desired lung inflation levels. Rigid mapping of the MDCT datasets to their respective
MRI counterparts produced satisfactory results in enabling a regional assessment of the
underlying ventilation measures, with approximately 85-95% overlap between the
datasets (Figure 42).

All subjects illustrated strong positive correlations and linear slopes between the

HP *He and MDCT estimates of regional ventilation (

Table 12), demonstrating the overall agreement and regional sensitivity
achievable via the HP °He static ventilation maps in comparison to their MDCT
equivalents. Maximum and minimum observable correlations are presented instead of the
overall mean calculated correlations observed the HP ®He and MDCT regional ventilation

estimates. Statistical significance of the similarity of means between the two estimates
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was determined via paired t-tests of the profile distributions (P > 0.05). Correlation
differences within a subject are possibly due to differences in airway and vessel
threshholding as a result of the different acquisitions, thus introducing slight under or
over estimation of the ventilation distribution. Image space matching differences, could
also be a culprit in the observed correlation variability within a given subject.
Visualization of HP ®He and MDCT profile plot and vertical gradient distribution
similarities and differences can be seen in Figure 51, for two subjects and an MDCT
equivalent for the latter for the two. A profile plot distribution comparing the two
ventilation estimates from a corresponding matched slice can be seen in Figure 52. There
exist some discrepancies towards the extremities of the gravitationally dependent and
nondependent regions, albeit that the overall distribution is quite similar. Analysis of
ventilation distribution along the gravitationally dependent — nondependent profile was
divided into thirds to further illustrate the nondependent discrepancies (Figure 53). It can
be clearly observed that the dependent and middle sections of the lung had a positive
linear relationship and slope between the MRI and MDCT ventilation measures, while
the nondependent section illustrated a negative slope and smaller correlation coefficient.
Regional (8x8 pixel) coefficient of variation (COV) analysis of the *He and MDCT
ventilation estimates, illustrates a similar distribution, with the exception of increased
COV values in the nondependent regions of the *He maps (Figure 54). This demonstrates
the comparable regional heterogeneity assessments achievable via the ®He ventilation
maps, albeit the differences in original acquisition and is in agreement with the increased

nondependent ventilation observed within.

8.3 Discussion
The ability of HP *He MRI to assess regional ventilation has been gauged with
good positive correlation and linear slope in comparison with MDCT based estimates.

Proper multi-modality assessments of regional ventilation are crucial to establishing
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and/or extracting the differences and regional sensitivity of a given technique. We believe
this work to be complimentary to the literature illustrating the agreements between HP
*He MRI, conventional based HU MDCT and ***Xenon lung scintigraphy assessments of
normal and pathological lung function (6, 44, 168). The importance of this work is
illustrated in the sensitivity achievable in assessing regional ventilation via the MDCT
based estimates and the agreement between these measures and those of Xenon-enhanced
MDCT, further strengthening the concept of utilizing HP ®He MRI as a surrogate to some
of the current radiation based techniques and its strength as a valid clinical research tool.
Although excellent correlations were achieved, we believe several factors
including but not limited to registration, gas density differences and overall image
processing to be important factors required to achieve proper multi-modality assessments
of any given measurements. Due to the acceptable results of the volume control technique
in combination with the lung FOV masks, we deemed the rigid based registration script
as an appropriate means of image matching. Initial testing of the registration script
incorporated the use of a multi resolution and multi gridded BSpline transform following
the implementation of the rigid based transformations. This resulted in extreme
deformation of the interior lung regions, producing swirl and wrap around artifacts.
Similarly, image registration was performed while swapping the reference and moving
images respectively with and without resampling of the MDCT datasets, such that the
MRI datasets were the moving images and the MDCT datasets the reference ones. Given
the superior resolution and acquisition FOV of the MDCT datasets in comparison with
the MRI ones, this resulted in variable convergence points due to the fact that the *He
MRI FOV was encompassed by the MDCT FOV. Improvement of the registration results
to eliminate the mismatching of the extremities of the nondependent regions along with
the curvature of the apical slices, could be achieved utilizing a regularized single
resolution gridded BSpline transform following the rigid transforms (187), similar to the

algorithms utilized in generated the MDCT based regional ventilations estimates. This
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would limit the deformation of a single BSpline grid node to within acceptable ranges,
thus deforming the lung FOV while minimizing possible occurrence of swirl and wrap
around artifacts. Additionally, the incorporation of manually defined landmark selections
between the MRI and MDCT datasets could possibly be utilized as a ground truth for the
overall registration in combination with the regularization of the BSpline transform to
further limit the achievable deformations and improve overall goodness of fit between the
datasets (49, 76).

Given the density based nature of the MDCT acquisitions, elimination of the
vessels from the field of view requires a simple threshholding of the intensities to
eliminate any values with the range of -200 HU to +200 HU prior to calculation of the
regional ventilation estimates. In the case of the HP *He MRI acquisitions, similar
threshholding is performed to eliminate any outliers including noise, vessels and airways,
but the unitless nature of these acquisitions, gives way to the need for a more proper
vessel segmentation mask to effectively eliminate the vessel. The incorporation of these
settings would provide a twofold improvement in the nature of assessment, not only
eliminating the vessels from the field of view, but also creating the opportunity for use of
such masks within the registration algorithms.

Analysis of the ventilation distribution based on the profile plots generated and
linear regression analysis on a slice per slice basis illustrated a mild discrepancy between
the MDCT and MRI based ventilation estimates in the extremities of the gravitationally
dependent and nondependent regions (Figure 52). Lin et al. demonstrated the differences
in overall gas transport in MDCT based human airway geometries, comparing the
distributions of helium and xenon, where the density of the gaseous agent affected the
overall resultant distribution (94, 95). We believe this to be an important factor in the
overall resultant analysis, illustrated by the increased ventilation observed by the HP *He
measures in the nondependent regions and decreased ventilation in the dependent regions,

with respect to the air based ventilation measures of the MDCT maps. Careful
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consideration of the density of the exogenous gaseous agents utilized in regional
ventilation assessments must be taken to avoid incorrect characterization and
classification of the underlying physiological and pathological conditions. Regional
heterogeneity assessed as a function of COV values demonstrate a relative agreement
between the ventilation estimates, albeit the differences in acquisition resolution
differences, further strengthening the surrogacy of the techniques in ventilation
assessments. The gas density differences observed throughout the ventilation estimates
was clearly observed via increased COV values in the nondependent regions of the *He
estimates, when compared to the MDCT ones.

It was demonstrated and verified that there is excellent agreement between the
MDCT based measures of regional ventilation and those achievable via HP *He MRI.
When assessed on a more regional level, both MDCT and MRI based techniques
demonstrate some dissimilarities, possibly arising from the gas density differences
(helium 0.34 kg/m® vs. room air 1.2 kg/m®), leading to higher ventilation of ventral lung
portions in the HP *He methods. Similarly, we have demonstrated and implemented a
simple yet effective method to facilitate acceptable comparisons between the generated
regional ventilation estimates on a multi-modality basis, while providing some insights
into possible additions to the overall process to improve the generated results. The
importance of proper volume control based on VC measurements, along with appropriate
image processing and matching algorithms and proper consideration of the density of the
gaseous agents utilized are all crucial aspects to the success of any intra or inter modality

assessments of the underlying anatomical structures and physiological phenomenon.
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Table 11.Demographic characteristics of
imaged normal-never smoker (NVS)
population.

Subject Gender Age Weight Height
M 20 552 1.63
44  65.9 1.73
29 521 1.68
28 882 1.76
27 831 1.74
56 69.4 1.54
57 86.1 1.79

8 F 41 653 153.5

Mean age, weight and height are 35 + 19.4,
76.5 £ 18.4, 1.727 £ 0.08 and 39.4 * 11.8,
67.16 + 11.1, 1.644 = 0.1 for males and
females respectively. No Adverse side effects
were observed for any of the imaged
population.
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< T T

Table 12.Correlation and Slope estimates of
the HP *He MRI in comparison with the
MDCT based ventilation estimates.

Comparison Correlation (R?)  Slope
sVent vs. sVol 0.67-0.93 0.95
sVent vs. Jacobian 0.58 - 0.92 0.78
sVentvs. airDiff  0.76 — 0.93 0.91

*Minimum and maximum  correlations
observed for all slices, along with mean slope
of the statistical analysis. Slight differences in
pre-processing and elimination of airways and
vessels between the matched datasets, along with
minimal regional overlap differences, are the main
factors influencing the correlation variability within
subjects. Paired T-Tests demonstrated a similarity in
distribution of means (P > 0.05) between the
ventilation estimates.
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Figure 49.. Image registration flow chart, demonstrating the different steps involved in
facilitating an accurate image space matchlng between the HP *He MRI and
MDCT functional datasets. Fixed (HP *He MRI) and moving (MDCT)
images are pre-preprocessed to remove the background utilizing the
generating lung masks (*). To improve image space matching results and
computational times, the MDCT HU datasets were downsampled from their
original resolutions of ~ 512x512x600 to 128x128x50 (+). The resultant
deformation field is then applied to the functional MDCT datasets to place
then in the same image space as their MRI equivalents, without the need for
addltlonal registration operations. (MDCT HU - conventional MDCT, sVent
— HP ®He MRI static ventilation, sVol — specific volume change, Jaco -
Jacobian , AVC - air volume change)
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Figure 50. Visual representatlon of generated profile and vertical gradient distributions of
a sample HP *He MRI static ventilation map utilized in assessing regional
agreement of ventilation distribution against the MDCT based estimates.
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Figure 51. Visualization of Profile and Vertical Gradient differences between the HP *He
MRI ventilation measures and those of the MDCT AVC measurements. Slight
discrepancies in ventilation distribution are observed between both modalities

in the gravitationally nondependent (ventral) portions, possibly due to gaseous
density differences.
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Figure 52. Single slice |Ilustrat|on of regional ventilation profile distribution comparison
between the HP *He MRI and MDCT ventilation estimates. Both profiles
follow similar trends, with some mild discrepancies observed in the
extremities of the gravitationally dependent and nondependent regions,
possibly due to the density differences observed for the exogenous gaseous
contrast agents utilized in both modalities (MRI — Helium, MDCT - air).
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Figure 53. Linear regression analysis of HP *He MRI and MDCT ventilation estimates
along the gravitationally dependent — nondependent profile. Division of
profile distribution into thirds (dependent, middle and nondependent), yields a
more detailed illustration of the nondependent based differences between the
ventilation estimates. Correlation coefficients of the nondependent regions
illustrated a lower positive value than the middle and dependent regions, with
a negative rather than positive slope.
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Figure 54. Assessment of regional coefficient of variation (COV) vaIues in 8x8 pixel
regions demonstrates similar heterogeneity between the HP *He and MDCT

estimates. Increased COV values in the nondependent regions of the HP *He
maps are observed in relation to their MDCT counterparts.
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CHAPTER 9: VOLUME-CONTROLLED HYPERPOLARIZED 3HE
ADC: QUALITATIVE AND QUANTITATIVE ASSESSMENT VIA
XENON ENHANCED MDCT

Early attempts in evaluating pulmonary ventilation via computed tomography
(CT) using non-radioactive xenon gas, relied mainly on analyzing the distribution based
on a single-inspiration of a 80% xenon / 20% air mix {Tajik, 2002 #308}. The technique
provided satisfactory results in comparing poorly ventilated vs. well ventilated regions
throughout the lung, but was limited by long acquisition times and in-accurate lung
volume control. The increasing technological advances in CT leading it from single slice
acquisitions to multi-slice acquisitions, along with decreased radiation exposures and
faster imaging times; have made the technique practical for physiological studies and
suitable in a clinical setting. In combination with CT’s ability to visualize anatomical
details, this technique provides the mean for a minimally invasive, nearly complete
functional and structural evaluation.

The applicability of non-radioactive xenon in the visualization of pulmonary
ventilation is given in the characteristics of its k-edge, which is similar to that of iodine,
deeming it a potent x-ray attenuator. Attenuation throughout the lungs is also affected by
concentration of xenon gas used (2.24 HU 1 / %Xe 1) and kilovolt (kV) settings, with
lower kV settings yielding greater attenuations, when complemented with CT scanning
(50, 100). Delivery of 30-60% xenon concentrations has shown enhancements reaching
150 HU. Taking this enhancement into consideration and implementation of a controlled
ventilation protocol, during which repeat volumetric CT scans are acquired (constant
volume — same location), an exponential function can be fitted to any selected ROI,
where the time constant of wash-in is the inverse of the local ventilation of the selected
ROI. The selection of spatially varying ROIs throughout the lungs yields a regional

spatial analysis of ventilation patterns. The technique is limited by the need for
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specialized equipment for the mixing, delivery and control of volumes, high cost and the
anesthetic properties of the gas (60, 100, 161). The most crucial of them all being the
anesthetic properties of the gas, limiting the maximal amount of contrast achievable in
human subjects (85, 188).

Through the implementation of a dual piston ventilator system to control both
inspiratory and expiratory volumes, the xenon-enhanced MDCT technique has been
assessed in humans and animals alike within our laboratory. Post processing of the
generated datasets gives rise to three different assessments of regional ventilation: 1.
Xenon wash-in time constant (Tau-t) distribution, 2. Specific ventilation (sV) distribution
based on the inverse of the time constant and 3. Fractional air content, which is based on
the HU intensity. Given the minimal invasive nature of the HP *He MRI technique, we
aim to qualitatively and quantitatively validate the sensitivity of ADC maps in assessing
regional ventilation against the multi-breath xenon-enhanced MDCT technique, in a
cohort of normal never smoking and COPD subjects. We hypothesize that both HP *He
MRI maps will follow similar trends and tendencies as their MDCT based counterparts,
but will fail to distinguish between fast and slow ventilating regions of the lungs, mainly
due to the nature of acquisitions, where HP *He MRI is a single breath technique while

the xenon-enhanced technique is a multi breath one.

9.1 Materials and Methods

This study was approved by our Institutional Review Board, complied with
HIPAA (Health Insurance Portability Accountability Act) policies and informed consent
was obtained for all subjects. Administration of ®He and Xe were carried out in
accordance with our physicians IND for each gas under the supervision of Dr. Edwin
J.R. vanBeek.

Subject Population. Eight normal never-smoking and two COPD subjects

between the ages of 20-50 were recruited and imaged. All subjects underwent pulmonary
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function testing (PFT) to verify their lung function status as either normal never-smokers
or COPD, based on ATS set gold standards (Normal Never-Smoker: FEV; and FVC >
80% predicted, FEV1/FVC > 70% (post bronchodilator), COPD: FEV1>80%, FEV1/FVC
< 70% (post bronchodilator)). Given that the PFT was performed in the seated position
and imaging in the supine position, all subjects further underwent 3-4 slow vital capacity
(sVC) maneuvers in the supine position on the scanner table for proper determination of
lung volumes.

HP ®He Imaging. All Imaging was performed on a clinical, broadband capable,
Siemens Avanto 1.5T MR scanner (Siemens, Erlangen, Germany). A flexible, vest-like
coil specifically tuned to the Larmor frequency of *He (48.4676 MHz) was utilized to
transmit and receive RF pulses for the imaging (Clinical MRI Solutions, Milwaukee,
USA). Physiological monitoring consisted of ECG (heart rate), non-invasive blood
pressure (NBP) and pulse-oximetry (SPO;). Imaging breath-holds were conducted at
approximately 20%, 60% and 100% of each subjects’ respective vital capacity. Volume
control was achieved following the protocol presented in Chapter 5, where the desired
inflation level was achieved via end expiratory inspiration of the inspiratory Tedlar bag
volumes (calculated accordingly based on each subjects’ VC). In the case of the proton
localizers, the inspiratory volume Tedlar bag was pre-filled with a volume of room air,
such that inspiration of aforementioned volumes would allow the subjects to reach the
desired percentage of their VC. In the case of the HP *He scans, datasets acquired at or
around 20% VC, were based on either the use of the *He doses alone to reach the desired
volumes or the use of both the inspiratory volume Tedlar bags and the ®He doses. The
choice of either technique was purely based on each subjects’ lung volume measurements
acquired during the PFT sessions. Given the dependence of these measurements upon
age, weight, height and lung function, some subjects tend to have very small lung
volumes, such that the inspiration of the 1 liter *He doses would be sufficient to reach

20% of their VC. For the remainder of the required breatholds, the volumes within the
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inspiratory Tedlar bags were one liter less than those calculated for the proton localizers,
to allow top up with the 1 liter ®He doses.

Polarization and Doses. *He was polarized through spin exchange optical
pumping (SEOP) using a GE Healthcare polarizer (GE Healthcare, Princeton, USA),
generating 1 liter at polarization levels between 38-42%. Doses were transported via
rapid transfer between the polarizer and MR scanner. The administered doses consisted
of approximately 300 ml *He and 700 ml of medical grade Nitrogen in a 1 liter Tedlar
bag fitted with %" inner diameter (ID) Tygon tubing, allowing for the conduction of three
*He breath-hold maneuvers per subject with minimal resistance.

MDCT Imaging. MDCT imaging was carried out on a Siemens Somatom 64
scanner (Siemens, Erlangen, Germany) (80kV, 150 mA, Axial 0.33 sec scans, 1.2mm
slices, 24 mm FQOV). A time series acquisition protocol was utilized to acquire end
expiratory datasets based on the inspiration of air and xenon for the duration of a 20
breath respiratory cycle. The first 3-5 acquisitions of the time series protocol are based on
the inspiration of air, while the remaining acquisitions (up to 17) are of xenon, to depict
the baseline and washin of the gas respectively. Through the use of the in-house built
dual piston ventilator system, proper volume control of inspiratory and expiratory
volumes, along with administration of either air or xenon at the appropriate times was
achieved. Respiratory circuit occlusion and scanner triggering at the end of each
respiratory cycle during the 20 breath time series acquisition were achieved through the
use of a LabVIEW script utilized in monitoring inspiratory and expiratory volumes.
Based on the limited axial acquisition FOV of the MDCT scanner (approximately 2.4
cm), xenon-enhanced assessment of lung ventilation was limited to the a similar sized
region. In order to maximize the probed lung region and minimize cardiac motion, the
imaging FOV was placed in a region directly above the diaphragm and below the base of

the heart.

www.manaraa.com



163

Image Analysis. Reconstruction and generation of the HP *He MRI static
ventilation and ADC maps was achieved through the use of the MATLAB script
presented in Chapter 4: Image Processing. Wash-in analysis of the xenon enhanced
MDCT datasets was accomplished through the use of PASS, generating maps of the
fractional air content, xenon wash-in time constants and regional ventilation. Pre-
processing of the MDCT datasets included lung segmentation followed by left-right
separation and airway-vessel threshholding to eliminate the influence of both structures
on the resultant maps. Post processing of the MDCT datasets was performed to eliminate
the influence of noise, through the use of a 3x3 or 5x5 moving average window, applied
to the resultant ventilation maps.

MRI-MDCT Comparison. Z-axis averaging was performed on the MDCT slices
to generate a single 24mm slab, approximating the z-axis coverage of its 15mm HP *He
MRI equivalent. During MRI acquisitions, placement of the HP *He MRI FOV directly
above the diaphragm meant that the first acquired slab would encompass a range of
15mm staring directly above the diaphragm and ending towards the base of the heart
(Figure 55). Based on the limited FOV, slice thickness and spatial resolution differences
and underlying assumptions of similar lung volume control and FOV placement, a
regional assessment of the underlying similarities and differences was carried out via
manual selection of the appropriate HP *He MRI slabs. Mean and coefficient of variation
(COV) values were calculated for each slab, while analysis of distribution heterogeneity

and gravitationally dependent and non-dependent trends were evaluated qualitatively.

9.2 Results
Data acquisition for the presented material occurred during the early stages of
establishing a repeatable and accurate volume control method, therefore due to improper
volume control and subject compliance issues during breathholds, analysis was limited to

only six subjects (4 - normal never smokers, 2 - COPD). As mentioned earlier, multi-
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modality comparisons were facilitated through the approximate matching of the HP *He
MRI and MDCT slices. All normal never smoking subjects qualitatively exhibited
homogenous distributions of both HP *He ADC values and Xe-MDCT ventilation values,
along with similar gravitationally dependent-nondependent gradients throughout (Figure
56). On the other hand, COPD subjects exhibited a heterogeneous distribution of HP *He
ADC and Xe-MDCT values alike, with no distinguishable gravitationally dependent-
nondependent gradient. Further analysis of the COPD datasets demonstrated regional
similarities in the appearance of ventilation defects/voids, with further indistinguishable
variations in the HP ®*He ADC maps with respect to slow and or fast ventilating regions as
observed in the Xe-MDCT ventilations maps. Inclusion of the volumetric conventional
'H and MDCT HU datasets demonstrated a similar appearance of the ventilation defects
within the matching slices as an increase in proton density and HU attenuation in the
MRI and MDCT datasets respectively (Figure 57). Areas of disrupted ventilation
observed in the Xe-MDCT ventilation maps were not apparent in the HP *He ADC maps,
possibly due to the difference in gas density between helium and xenon.

Correlation (R%) and COV values were calculated to assess the quantitative
similarities between the ADC and Xe-MDCT ventilation measures. The ventilation
measurements obtained during the Xe-MDCT acquisitions are representative of
ventilation changes during a normal baseline end-inspiratory end-expiratory cycle. To
approximate similar anatomical changes in the ADC maps, changes between the 60% and
100% VC maps were calculated. Subjects demonstrated an average R? of 0.625 between
the calculated ADC changes and sV. Quantitative assessment of the gravitationally
dependent (dorsal) to nondependent (ventral) regional gradient changes between the 60%
and 100% ADC maps against the sV based gradients, were similar for the normal never
smoking population, except for two subjects (Figure 58). Based on the reversed nature of
the observed gradients, these subjects were removed from the dependent-nondependent

gradient analysis (Figure 58). In the case of the COPD subjects, one subject demonstrated
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a similar ventral-dorsal gradient as the normal never smokers, while the gradient in the
other subject was nonexistent. COV assessment of ADC and sV values for all six subjects
can be observed in Table 13. It can be observed that COV values of the ADC maps for all
subjects were significantly smaller than their sV counterparts, possibly due to the
differences in z-axis coverage, between the two modalities, where the HP *He MRI
analysis is of a single 15 mm slice, while that of the Xe-MDCT is based on the averaging
of approximately thirty 0.75 mm slices. Albeit these differences, COV values followed a
similar trend for both measurements in the normal never smoking population. In the
COPD subjects, a considerable increase in COV was only observed for the subject
demonstrating a lack of gravitationally based dependent-nondependent gradient, while
the COV of the subject demonstrating a similar gravitationally based gradient as the
normal never smokers was relatively unchanged. COV of the sV measurements in both
COPD subjects depicted an increase with respect to normal never smoker population

probed.

9.3 Discussion

Initial results of the HP *He ADC MRI methodology comparisons against the
MDCT based xenon enhanced assessment of regional ventilation are in agreement with
the previously presented results in Chapter 8, demonstrating similar homogenous
distribution and gravitationally dependent-nondependent gradients in the normal never
smoking population. Singular use of these ADC maps has been established as a
methodology for micro structural assessments of the lungs. The results presented
demonstrate the ability of these measurements to coarsely assess regional ventilation
based on changes between two different lung inflation levels. Differences in the regional
assessment of ventilation between the two methodologies could be partially attributed to
one of several factors. The low density and small molecular size of the helium atoms with

respect to the xenon atoms, facilitates their distribution to areas otherwise inaccessible to

www.manaraa.com



166

the latter, thus explaining the lack of signal voids within the HP *He ADC MRI maps
when compared against the Xe-MDCT ventilation maps. In Chapter 10, we illustrated the
anatomical dependence of helium distribution in a normal airway model, where
nondependent regions received a significantly larger proportion of the delivered helium
volumes with respect to dependent regions. Similarly in our laboratory, we have
evaluated the anatomical dependence of xenon in the same airway model, demonstrating
distinguishable differences in distribution with the helium model, where xenon
distribution was skewed towards the dependent regions more than the nondependent
ones. These dependencies are in agreement with the computational fluid dynamics
simulations presented by Lin et al., based on bolus profile shape assessments and
measurements (94, 95).

Similarly, the limited spatial resolution of the MRI based technique with respect
to the MDCT maps is a significant determining factor in the overall achievable regional
sensitivity within the acquired functional maps. Functional information within the HP
*He ADC maps is representative of regional averaging of a 15mm slab of lung, while the
MDCT ventilation measures are acquired as individual 0.75 mm slices, encompassing z-
axis coverage of approximately 24mm. Given these differences, the dissimilarity
observed with respect to the COV of the estimated functional measures comes as no
surprise. Finally a major contributing factor to the overall success of the presented
methodology is proper lung volume control. The initial success rate of the utilized
protocol for lung volume control in the MRI based imaging sessions was low, but
improvements were made along the way to establish a more robust protocol to eliminate
the inaccurate control of the desired lung inflation levels. In Chapter 5, the testing and
development phase of the lung volume control method utilized, along with the finalized
protocol and several lung volume measurements are presented, demonstrating the

significant improvements achieved in controlling the desired lung inflation levels.
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In some instances, HP *He ADC MRI appeared to be less sensitive in assessing
slow ventilating regions, possibly due to the nature of the acquisitions (single vs. multi
breath). Initial results of single breath vs. multi breath Xenon enhanced MDCT
assessments of regional ventilation testing within our laboratory has shown great
correlations between both techniques, possibly eliminating the difference in acquisitions
between the MRI and MDCT assessments as a major contributor to the overall
observable differences in ventilation assessment. The current state of the HP *He MRI
methodology and the sensitivity achievable via the MDCT based technique in
characterizing slow and fast ventilating regions, makes the latter the more appropriate
choice in assessing the early pathological changes induced as a function of reduced time
constants occurring with disease onset. On the other hand, the minimally invasive nature
and non-radiation based image acquisition of the MRI based technique make it a much
more viable solution for longitudinal and pediatric assessments. The existing literature
has demonstrated the ability and sensitivity of the HP *He MRI methodology in assessing
regional changes during the early stages of several disease conditions, including asthma,
COPD and alpha-1 antitrypsin (41, 43, 83, 167). The complimentary use of the different
functional measurements achievable via the methodology (static and dynamic ventilation,
ADC and PO, measurements), demonstrate the multi-factorial ability to assess normal
and pathological conditions on the basis of airway changes, air trapping, micro structural
changes, ventilation distribution, dynamics of distribution and efficiency of the oxygen
exchange process.

In conclusion we have validated the ability of HP *He ADC MRI to assess
regional ventilation, through a qualitative and quantitative assessment of the underlying
similarities in distribution and gravitationally based gradients of lung ventilation. These
results are complimentary to the results presented throughout the hypothesis driven aims
of the presented material, establishing the validity of the HP *He MRI methodology in

assessing regional ventilation and the differences observed based on acquisition
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differences and gaseous densities. Furthermore, we have demonstrated the importance of
proper volumetric control of the lung inflation levels if a multi-modality or longitudinal
assessment of lung function is a desired end point. Albeit, the preliminary nature of the
these results, the development of the desired tools and protocols required for accurate
acquisitions and processing of the datasets, is a large step towards facilitating a more

regional and quantitative assessment between the two measures for future users.
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Figure 55. Sample apical-basal anatomical coverage achieved during HP °He MRI.
Placement of imaging field of view was such to encompass the overall
apical-basal lung coverage in attempts to provide a comprehensive
assessment of the underlying physiological changes. Manual selection of a
slice representative of similar coverage as the Xe-MDCT maps was carried
out due to the limited nature of the acquisitions (blue square). Regions of
high ADC (represented by higher intensities) are of the airways and were
removed from the overall analysis via manual segmentation.
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Figure 56. Functional maps of Normal Never-Smoker subject, >He ADC (A), *He sVent
(airspace ventilation) (C), Xe-MDCT specific ventilation (B), and Xe-MDCT
time constant (D). Functional values throughout illustrate a homogenous
distribution and dependent-nondependent gradient similarities in the *He
sVent and Xe-MDCT ventilation maps (BandC). The inverse relationship
between the time constant (D) and the ventilation metrics (B) of the Xe-
MDCT results in a reversed gradient.
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Figure 57. COPD subject *H MR, *He ADC, Xe-CT sV and Xe-CT time-constant maps,
illustrating heterogeneous distributions. Ventilation defects along with
inconsistencies in representing slow and fast ventilating regions are illustrated
(A). Ventilation defects were also observed in the MDCT volumetric scan (B).
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Figure 58. Dorsal-Ventral distribution of ADC changes between 60% and 100% VC and
sV Xe-MDCT measurements of regional ventilation. Similarities in the
observable gravitationally based gradient are easily distinguishable in the
normal never smoking population. The reversed nature of these gradients in
the ADC measurements of first two normal never smoking subjects, suggests
improper volume control of the subjects and or differences in breathhold
initiation, thus were excluded (red square). In the ADC measurements, one
COPD subject depicted a similar gradient as the normal never smokers, while
the other had an indistinguishable gradient.
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Table 13. Coefficient of Variation (COV) of
4 normal-never smokers and 2 COPD

subjects.
cov
*He ADC Xe-CT sV
Normal 0.1365 0.5615
Normal 0.1934 0.4899
Normal 0.1545 0.4294
Normal 0.1893 0.574
COPD 0.289 0.657
COPD* 0.1589 0.6209

* One COPD subject (red) exhibited a similar
COV of ADC as the normal never smokers,
while the Xe-CT sV assessment demonstrated an
increased COV.
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CHAPTER 10: COMPUTATIONAL FLUID DYNAMICS AND
IMAGING BASED ASSESSMENT OF HYPERPOLARIXED 3HELIUM
DISTRIBUTION IN A NORMAL AIRWAY MODEL: ANATOMICAL
DEPENDENCE AND LUNG IMAGING CONSIDERATIONS

Advancements in medical imaging through the use of exogenous and endogenous
contrast mechanisms and agents have enabled a relatively non-invasive assessment of the
underlying structure and function of pulmonary ventilation, via the introduction of
Magnetic Resonance Imaging (MRI) based techniques, such as Hyperpolarized (HP) *He
(81, 168, 169) and *Xe (65, 121), Oxygen Enhanced (93, 115, 117), Sulfur
Hexafluoride (SFg) (145, 182) and Fourier Decomposition MRI (17), as well as several
MDCT based acquisitions (24, 29, 52, 68). The emergence of HP ®He gas as an
exogenous contrast agent to probe normal and pathological pulmonary states has
provided a great amount of information with regards to the underlying microstructure and
gas dynamics and distribution throughout the lungs in both normal and pathological
conditions such as asthma and COPD (42, 83, 160).

Lin et al. (94), demonstrated the intra-bronchial anatomical and posture related
differences between xenon and helium gas distributions in an six generation airway
model, based on segmented MDCT data. Consistent with the measurements of Weibel et
al.(174), both upright and supine positions demonstrated significant differences in the
washin and washout of the gases (94). Giesel et al (54) demonstrated the applicability of
MDCT based rapid prototype airway geometries in dynamic HP *He MRI imaging, in
assessing gas flow dynamics and airway measurements. The use of these anatomically
accurate geometries could potentially serve as non-invasive means of gas flow and intra-
operative planning assessments.

Given the underlying differences in density between the aforementioned contrast

agents and air, it is crucial to determine the anatomically dependent distribution
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differences between them to establish their sensitivity in assessing regional ventilation
and appropriateness in multi-modality applications. Complimented with Computational
Fluid dynamics (CFD) modeling, HP *He MRI was utilized to evaluate these regional
differences in distribution of helium in a normal airway model generated by rapid
prototyping from an in-vivo high-resolution MDCT scan, with the underlying hypothesis

that both should follow similar trends and intra-bronchial distributions.

10.1 Materials and Methods

Subject Imaging and Rapid Prototyping. Volume controlled high resolution
MDCT imaging of a normal never-smoking male was carried out via a Siemens Somatom
64 scanner (Siemens, Erlangen, Germany), at maximal inspiration. Automatic
segmentation and generation of the lung and airway masks were carried out through the
use of Pulmonary Workstation (PW2, Vida Diagnostics, Coralville, 1A). Based on the
airway geometries, a rapid prototype of the segmented airways was generated through the
use of a polycarbonate material, to ensure strength and durability (Figure 59).

HP ®He Imaging. All Imaging was performed on a clinical, broadband capable,
Siemens Avanto 1.5T MR scanner (Siemens, Erlangen, Germany). A flexible, vest-like
coil specifically tuned to the larmor frequency of ®He was utilized to transmit and receive
RF pulses for the imaging (Clinical MRI Solutions, Milwaukee, WI). ®He scans were
acquired via a 2D Dynamic FLASH sequence, modified to acquire a sagitally oriented
slab (2.34x2.34x50 mm) through the airway phantom to include the trachea, bifurcation
and branching airways @ 48.4676 MHz, with a 200x200 acquisition matrix, a 7° flip
angle and ~ 0.75 second temporal resolution. Airway positioning within the center of the
coil was alternated between imaging sessions to represent right lateral and left lateral
recumbent positions, such that the right main branch (RMB) and the left main branch
(LMB) were alternated between gravitationally dependent and nondependent branching

respectively. Imaging of airways in the supine position was also carried out to establish
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the distribution of *He during the most commonly utilized anatomical positioning in
medical imaging. Repeatability and accuracy of the measurements was assessed via
multiple imaging sessions with identical imaging parameters and flow rates in the right
recumbent position.

*He was polarized through spin exchange optical pumping (SEOP) using a GE
Healthcare polarizer (GE Healthcare, Princeton, USA), generating 1 liter at polarization
levels between 35-42%. The imaging doses consisted of approximately 300 ml *He
diluted with 1200ml of medical grade Nitrogen, administered via a 1500 ml syringe over
the course of a 20 second imaging protocol.

Computational Fluid Dynamics Simulations. were carried out following the

procedures presented in Lin et al. (95) and Tawhai et al.(162).

10.2 Results

Phantom Imaging. A surface rendering screenshot of the utilized phantom is
illustrated in Figure 59. The results of the flow distribution in the airway phantom are
shown in Figure 60, representing slow and fast flow rates respectively. It can be observed
that independent of flow rate, the nondependent airways receive a larger proportion of the
delivered helium, in comparison with its dependent counterpart. Figure 61 represents the
average signal intensity plot of ROIs placed in the trachea, RMB and LMB, and several
smaller airways further illustrating the preferential distribution of helium to the
nondependent airways, throughout the entire duration of the imaging session. Slight
increased differences were observed in smaller dependent airways, where the airway
branching angle was less dependent. Imaging in the right and left lateral recumbent
positions, illustrates a preferentially distribution in the RMB of the airway phantom
regardless of dependent — nondependent positioning (Figure 62). The observed increase

in helium distribution in the RMB was independent of flow rate. Imaging of the airways
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in the supine position, demonstrated an increased helium distribution in the nondependent
airways with respect to the depndent ones (Figure 62).

CFED Simulations. Results of the CFD simulations are in agreement with the
dynamic imaging results in the supine position (Figure 63). Identical distribution patterns
to those observed with the airway phantom are seen, with a larger proportion of the
helium in the nondependent airways with respect to the dependent ones. This was further
strengthened by modeling the flow in a no gravity environment, leading to elimination of
the preferential distribution of the gas and a more evenly distributed flow pattern (Figure

64).

10.3 Discussion

Agreement of the results with our previous knowledge gas flow dynamics in
anatomically correct airway geometries, presents itself as a validation tool for assessing
the intrinsic properties of these distributions. We have demonstrated the ability to utilize
both CFD simulations in combination with dynamic HP *He MRI imaging to assess these
variations. The preferential distribution of the helium gas in the nondependent portions of
the airway model is in agreement with gas flow characteristics evaluated by Lin et. al.
(94). The incorporation of multi-scale pulmonary gas flow evaluations via CFD
simulations in conjunction with the exogenous based contrast enhancements achievable
via MRI and/or MDCT functional imaging techniques, provides the means for non-
invasive assessments of gas flow characteristics and the interaction between structure and
function within the probed organs (95, 162).

The use of HP *He MRI in probing structural and functional variations intrinsic to
normal and pathological conditions has shown great insight into the origin and
progression of these metrics (10, 43, 83, 165). Multi-modality assessments have
facilitated the validation of these metrics in correlation with either imaging based or

computational models of structure and function (32, 39, 103, 159). The apparent
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differences observed between the utilized gaseous contrast agents and the foundations of
lung physiology based on the distribution and interactions of normal air with the
underlying structure and function, necessitates the assessment of these observable
characteristic differences to validate their use and extraction of potential viable
biomarkers.

In our laboratory, we have evaluated the regional sensitivity achievable via HP
*He MRI in assessing pulmonary ventilation, in correlation with quantitative MDCT
based regional ventilation measures. The resultant positive correlations and agreement
between the gravitationally dependent — nondependent gradients, showed promise in the
use of the technique as a surrogate to the ionizing radiation based modality. Significantly
small differences in gas distribution between the two modalities arose, with slight
preferential distribution of helium to the nondependent regions. The presented results and
validation of this preferential distribution, in conjunction with the aforementioned multi-
modality assessment of lung ventilation, illustrates the importance of proper
characteristic evaluations of the gas flow dynamics and distributions in the validation of

metrics achievable via a given modality.
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Figure 59. Surface rendering of the generated airway tree utilized in setting the boundary
conditions for the simulations.
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Figure 60. Dynamic HP ®He imaging of gas distribution in normal airway model during
slow (A) and fast (B) flow rate infusions, demonstrates a nondependent
preferential distribution (red arrow). No relationships between flow rate and
distribution patterns were observed. (Airway snapshots presented within the
figure approximate similar time points throughout the duration of the
imaging)
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Figure 61. Average intensity plot of ®*He spin density throughout various airways within
the airway phantom. It can be clearly observed that all nondependent airways
receive a larger proportion of the infused He gas, regardless of infusion rate.

In the dependent regions, slightly increased *He distributions were observed in
the dep_ii labeled airways.
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Figure 62. Nondependent and dependent distribution of *He in right recumbent (A), left
recumbent (C) and supine position (F) during normal physiological flow rates
(~0.2 L/sec). Plots D and E represent the right and left recumbent positions
respectively, durlng slower flow rates (~0.1 L/second). Preferential
distribution of *He in the right airway is apparent regardless of the right and
left recumbent positions. Supine positioning illustrates a significant
preferential increase of flow in the nondependent airways with respect to the
depndent ones. Plot B demonstrates the repeatability of the technique (right
recumbent — fast flow rate).(nonDep — nondependent, Dep — dependent)
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Figure 63. CFD simulation results of dependent — nondependent gas distribution
differences under normal gravitational forces. A significant difference is
clearly observed between the dependent and nondependent airways, with the
latter receiving a larger proportion of the delivered gas. This is in agreement
with the dynamic imaging results.
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Figure 64. CFD simulation of gravitational effects upon *He distribution within a normal
airway model (A — no gravity, B — 1G gravity). Increased nondependent
distribution is observed in the 1G gravity simulation (red arrows), with
decreased distributions in the dependent airways (blue arrows), when
compared to the zero gravity simulation.
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CHAPTER 11: CONCLUSION, FUTURE CONSIDERATIONS AND
TRANSLATIONAL PERSPECTIVE

Use of Hyperpolarized °Helium (HP ®He) Noble Gas Magnetic Resonance
Imaging (MRI) to study the properties of the peripheral lung spaces provides a possibility
for use in assessing presence and progression of smoking associated emphysema.
However, little attention has been paid to the role of lung inflation level and its affects
upon the MR based measures of peripheral airspaces.

In this study, the extracted dependency between diffusion weighted HP *He MRI
and lung inflation levels at the time of imaging demonstrated a semi-linear positive
relationship between the two and significant changes in expansion on a regional and
global basis following well recognized alveolar ventilation patterns. Strengthened by
recent literature findings demonstrating the appearance of significantly small changes
during longitudinal assessment of COPD conditions, these findings promote the notion of
proper volumetric control of lung inflation levels during imaging to facilitate extraction
of these changes prior to the onset of early disease conditions and monitor normal
structural and functional changes.

Quantitative and qualitative lung ventilation assessments in correlation with
established MDCT based ventilation measures were carried out with considerable
success, through the incorporation of volumetric control of the lung inflation levels,
proper image space matching and profile and vertical gradient based assessments. In
conjunction with local air volume changes (AVC), we demonstrated significant
correlations between the MDCT AVC ventilation measurements and the spin density
distributions of HP *He MRI static ventilation maps in a cohort of normal never-smoking
subjects. Similarly, qualitative and semi-quantitative assessment of the MRI based
ventilation measures in relation to multi-breath xenon-enhanced MDCT measures

demonstrated an agreement in visualized trends of ventilation. The differences in
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acquisitions between the two, have deemed HP *He MRI ventilation maps insensitive to
fast and slow ventilating regions, while the latter is insensitive to ventilation voids. Both
evaluations are the first of their kind in establishing the sensitivity and validity of HP *He
MRI in assessing regional ventilation in correlation with quantitative MDCT based
measures. The observed agreement with our previous understanding of normal
pulmonary physiology and the gravitationally dependent (dorsal) — nondependent
(ventral) gradients, further strengthens the surrogacy of the technique in clinical
applications.

Computational fluid dynamic simulations in combination with dynamic HP *He
MRI demonstrated a slight but significant favoring of nondependent and right main
branch distribution irrespective of flow rates. These results were in agreement with the
nondependent discrepancies observed between the MDCT and MRI based ventilation
estimates, where the latter demonstrated slight \over-estimation of the underlying
ventilation. The importance of this finding is crucial for multi-modality assessments of
lung ventilation, where deviations from our normal understanding of pulmonary
ventilation based on the distribution of normal air throughout must be approached with
caution to prevent over and/or under estimation of the evaluated structures.

The developmental aspects of the presented work are critical elements in
establishing the accuracy of the extracted variables and efficiency of longitudinal
assessments. The incorporation of a simplistic apparatus for the proper control of lung
inflation levels is a must to ensure similar anatomical and physiological conditions during
imaging, as demonstrated previously. Similarly, the flexibility of the image registration
and pre and post processing scripts, facilitated the ability to extract and generate viable
functional data from the MRI and MDCT based datasets, while facilitating proper
statistical analysis. The inclusion of proper tools and analysis pipelines is a determining

factor of the overall success of any given analysis and proper care and evaluation must be
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taken prior to initiating the experimentation/imaging process to ensure accuracy and
validity of the generated information.

The ability of MRI to sensitively detect small airspace changes through the use of
HP °He MRI diffusion weighted and spin density distribution metrics has been
demonstrated through the aforementioned analysis. These findings in combination with
the developmental aspects of the presented research are critical to the efficacy and
surrogacy of the technique as a viable lung imaging biomarker. The recent insight into
the deleterious effects of excessive radiation exposure and the current reliance upon the
global measurements attainable via pulmonary function tests (PFT) within the research
and clinical environments, instigates the need for more regionally specific minimally
invasive assessments of the underlying anatomical and physiological changes in attempts
to detect early changes associated with disease onset. Combined with proper volumetric
control of lung inflation levels, the findings within the presented research demonstrate the
ability of MRI to assess the underlying airspace changes and its ability to estimate
regional ventilation, which are essential biomarkers in establishing MRI as a contender in
the lung imaging field for use in conjunction with surgical and pharmaceutical

interventions.
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