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Abbreviations

List of Abbreviations

CT Computed tomography
4DCT  Four-dimensional computed tomography
DNA Deoxyribonucleic acid

EIT Electrical impedance tomography
MRI Magnetic resonance imaging

PBI Propagation-based imaging

PET Positron emission tomography
RF Radio frequency

SPECT Single photon emission computed tomography

2.1 Introduction

It is well established that the distribution of pharmacological treatments delivered via inhalation into
the respiratory system is heavily influenced by local variations in the flow of air within the lung and
the topology of the airway tree. Additionally, delivery of pharmacological agents to the respiratory
system will affect both the function and structure of the lung. For example, delivery of salbutamol
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Figure 2.1 The pulmonary drug delivery cycle

causes bronchial dilation with subsequent increases in the peak flow and alterations in the flow
distribution.

It is clear, therefore, that lung function plays a pivotal role in the process of pulmonary drug deliv-
ery (Figure 2.1). Currently, imaging is used to improve the speed and quality of decision making,
and it can provide efficacy biomarkers and a better understanding of preclinical pharmacology [1].
The capacity of imaging lung function would extend the use of imaging in drug development even
further by providing the direct measurement of a treatment’s effect on lung function. Additionally,
numerical models which provide uniquely useful data on deposition of inhaled treatments can
be dramatically improved through the use of functional inputs and can, therefore, provide more
accurate simulation outputs.

Here we demonstrate that functional lung imaging can

¢ aid the development of pulmonary drug delivery methods,

e offer the potential to be a major influence on the treatment, through customization of treatment
parameters (dosage, particle size, etc.) for a patient’s specific functional status, and

* be of use in monitoring the effects of treatment and disease progression.

The mechanical properties of an aerosol combined with the structure and flow of air through the
lung produce a heterogeneous distribution of the aerosol. Subsequently, the action of the pharmaceu-
tical impacts upon the pathology, which in turn affects lung function.

2.1.1 Particle Deposition

The distribution within the lung of an inhaled treatment agent has a large influence on the effec-
tiveness of that treatment. Furthermore, during the drug development process, it is important to
separate the effect of the delivery mechanism from the pharmacological action to accurately assess
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its suitability. An otherwise viable treatment might not be effective if the drug is not delivered to the
diseased area or site of desired action within the lung. Hence, treatment compounds of an excellent
therapeutic value may be understood to have a lower value or even be completely discarded because
of a lack of understanding of the complex interaction between aerosol deposition, lung pathology,
and local or regional lung function.

Optimization of pulmonary drug delivery deposition presents many challenges. A particle’s physi-
cal characteristics, including size and density, along with the airflow throughout the lung, determine
its final deposition location. The airflow varies both temporally and spatially, and is determined by
the geometry of the lung, the mechanical properties of the lung tissue (compliance and resistance),
and the driving pressures within the lung, produced by the diaphragm and intercostal muscles. The
challenge lies in the fact that these influences are very difficult to measure in vivo, and that all lung dis-
eases will alter these factors. Furthermore, the particle deposition distribution is difficult to determine
in a noninvasive manner. Consequently, both the causes and effects of the deposition mechanisms are
hidden under real conditions. This has resulted in a limited understanding of the influence of various
parameters on the particles’ deposition and distribution in clinical situations.

The most widely used experimental method for measuring regional particle deposition has been
nuclear medical imaging, whereby a radionuclide contrast agent is inhaled into the lung, and the radi-
ation emitted from this agent is imaged to allow the measurement of its local concentration [2]. This
provides a regional measurement of deposition; however, spatial resolution is not sufficient to corre-
late deposition with specific airway locations. Therefore, the potential to investigate the fundamental
mechanisms of drug deposition using this method is limited.

A lack of experimental data has necessitated a focus on computer simulation of deposition. While
this has proved to be effective in many instances, a detailed knowledge of airway geometry and
pressure/flow inputs is required in order to accurately simulate particle deposition, in both healthy
and diseased states. Often investigators resort to assumptions and simplifications, as these data are
not readily available. These assumptions can drastically influence the results, reducing the ability of
simulations to accurately reflect the real-world situation [3-5].

Two common simplifications for computational modeling of deposition are the use of a static air-
way structure and the assumptions of a uniform distribution of pressure or flow at the peripheral
airways. Typically, the structural information on the airway tree is gained from computed tomography
(CT) data during breath-holding [6—11].

Several of these studies have used changes in lobar volume measured from CT data at two points
in the breathing cycle (e.g., functional residual capacity and total lung capacity) to estimate the flow
division between lobes in order to formulate boundary conditions at the peripheral airways [6, 9,
10]. While an improvement over uniform pressure assumptions, this simplification does not take
into account the dynamic flow effects throughout the respiratory cycle that result in variations in the
distribution throughout the lung and also neglects intralobar variability.

Mead-Hunter et al. [3] studied the effect of the static airway structure simplification on deposition
distributions calculated from numerical modeling. They found a significant difference in distribu-
tions when using a dynamic (moving) airway structure compared with those simulated using a static
structure. This demonstrates the importance of including the dynamic airway geometry in deposition
modeling and also highlights the sensitivity of deposition modeling to dynamic effects.

Measuring dynamic structural information for use in computational modeling of deposition rep-
resents an extremely useful capability. Furthermore, it is likely that dynamic regional ventilation
measurements will allow more accurate boundary conditions to be formulated. A dynamic, func-
tional lung imaging capability would, therefore, provide invaluable information for modeling studies,
resulting in much improved deposition distribution simulations for study and optimization of delivery
devices and particle sizes.
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2.1.2 Regional Action of Delivered Drug

Lung function is spatially heterogeneous, and this heterogeneity is often increased when pathology
is present. The lung has a great capacity to compensate when regions of the lung are diseased and
underperforming. This compensation can mask disease when the loss of function is either subtle or
highly patchy. Measurement of global lung function, such as using spirometry, provides an insensitive
measure of function in these cases. While areas of the lung may be experiencing significant decreases
in lung function, the total loss of function measured at the mouth may be negligible. Not only does this
mask the progression of disease, but it may also not represent the true capacity for gas exchange with
blood as it assumes matched heterogeneity of blood perfusion. The assessment of treatment outcomes
through the global measurement of lung function is similarly insensitive. The capacity to measure
regional functional information is essential for sensitive assessment of a treatment’s performance and
viability for the development of drugs and delivery mechanisms.

Although imaging can provide sensitive information for assessment of a treatment’s performance,
it is underutilized in pharmaceutical development, with only about 1% or 2% of animals used in the
preclinical stages of drug development receiving an imaging measurement [1]. The development
and widespread utilization of truly functional imaging measurements for the lung has a capacity
to enhance decision making in the development of pulmonary drugs and drug delivery methods,
and also offers the potential to be a major influence on the treatment through the personalization of
these factors.

2.1.3 The Role of Functional Lung Imaging in Pulmonary Drug Delivery

Functional lung imaging can help to attack key challenges in the advancement of pulmonary drug
delivery, by providing regional function information. Imaging technologies that are capable of mea-
suring airflow and other functional parameters within the breathing lung can provide information
critical to the understanding of the delivery of particles and aerosols under both normal and patholog-
ical conditions. Furthermore, functional lung imaging offers the regional measurement of treatment
efficacy, a capability that is crucial for investigating the interplay between airflow, particle/aerosol
deposition, and improved functional outcomes.

The respiratory system offers unique challenges for imaging. The lung contains a complicated
branching geometry, with a structure that contains functional elements across a wide range of scales
(Chapter 1). Furthermore, the respiratory system is dynamic, with complicated movement that is
intimately linked to function [12].

The ideal functional imaging method would contain three specific characteristics: noninvasiveness,
high spatial resolution, and capability for dynamic measurements.

A. Noninvasiveness. The ability to perform measurements in a noninvasive manner is critical for
probing any biological system. The processes in the lung involve complicated interactions of
chemical, physiological, and mechanical factors. Disruption of any of these factors may result
in a misrepresentation of the process being investigated. The noninvasive measurement of lung
function requires imaging through opaque tissue, which eliminates visible light modes of imaging
such as microscopy from being used. Ideally, imaging of lung function will be performed without
the introduction of contrast agents, as these can disturb both the physical and chemical interactions
within the lung.

B. Spatial resolution. The lung is a complicated system, with important interactions occurring across
multiple scales. For example, the flow of air through the trachea and other major airways is a
critical factor for airway deposition. The size of the trachea and that of the major airways in
humans are in the centimeter range. In contrast, the alveoli in the mammalian lungs range in size
from 80 pm in mice to 210 pm in humans [13]. The functionally important heterogeneity in the
lung occurs between these scales, and, therefore, high-resolution imaging is required to capture
the regional distribution of functional changes within the lung.
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C. Dynamic measurement. Normal human respiration is dynamic and periodic. The process of
breathing causes time-varying changes in the tissue structure and airway geometry. These
dynamic factors are important indicators in most lung pathologies. For example, asthma is a
disease that acts to restrict the airway caliber causing an increase in airway resistance with a
subsequent reduction in the peak expiratory flow. Common treatments for asthma are inhaled
airway dilators that counteract this constriction to increase the peak expiratory flow. Static
imaging or imaging between two static breath-hold states can only capture the structural changes
that occur in asthma, that is, the changes in airway caliber. Dynamic measurements are necessary
to measure the functional consequences of these structural changes, i.e., the peak flows. An
additional factor to consider is the time scale over which the effects of treatments for lung
disease occur. Treatments with transient or short-lived effects require dynamic measurements of
function to accurately assess their efficacy.

In this chapter, both established and emerging technologies for functional lung imaging have been
reviewed, and these have been discussed in the context of pulmonary drug delivery. The role that
functional imaging can play in improving our understanding of particle/aerosol deposition and in the
development of drug delivery systems has been considered. The potential of functional imaging as
a tool for the improvement of pulmonary drug delivery has been demonstrated, and the possibilities
for patient-specific tailoring of pulmonary drug delivery parameters have been explored. The overall
aim is to encourage the use of functional lung imaging in pulmonary drug delivery development and
stimulate the development of functional lung imaging technologies to better address the requirements
in this field.

2.2 Established Functional Lung Imaging Technologies

Several modes of lung imaging are well established. In this section, we provide an overview, explain
the technical principles and describe the advantages and disadvantages of each technology. Our goal
is to provide a working knowledge of the capabilities of each imaging mode to allow researchers to
assess their possible use in the context of pulmonary drug delivery development.

2.2.1 Computed Tomography

CT is currently the best practice for lung imaging. CT is an X-ray-based imaging method, whereby
images are acquired from multiple viewing angles to provide projections or line integrals of the
sample from different angular orientation. These projections are then combined using back-projection
or iterative methods to form a three-dimensional (3D) image of the lung. The spatial resolution of
the reconstruction is dependent on both the spatial resolution of the projections and the number of
viewing angles used in the reconstruction. A high-resolution CT scan requires many high-resolution
projection images to be acquired.

Almost all clinical CT machines employ a single source and detector pair, which is rotated around
the patient to collect the projection data. Artifacts will be present in the reconstructions if the object
is not in the same position during the acquisition of each projection or it moves in between pro-
jection acquisitions. Therefore, traditional CT can only be performed on a stationary object. This
typically requires the patient to perform a breath-hold maneuver to avoid artifacts in lung CT. Addi-
tionally, treatments with short-lived effects that occur on a time scale that is shorter than the scan
time (typically many minutes) cannot be captured.

CT is an X-ray-based imaging method, and, therefore, the radiation dose is of a significant concern.
The ionizing nature of absorbed X-rays can damage DNA, either directly or through the creation
of free radicals. For this reason, X-ray exposure (also known as dose) significantly increases the
probability of developing cancerous tumors. Therefore, it is necessary to minimize the radiation dose
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in any X-ray imaging method, particularly in CT where the use of many projection images results in
high radiation exposure [14]. The requirement for minimization of dose means that it is difficult to
perform longitudinal studies to investigate lung disease progression, or to monitor the effectiveness
of certain treatments over time.

CT has the ability to provide measurement of lung health under a variety of conditions. For
example, Galban et al. [15] used changes between two CT reconstructions (one at end inspiration
and another at end expiration) as a surrogate biomarker for chronic obstructive pulmonary disease.
Using this method, they were able to assess the regional severity of the disease. De Langhe et
al. [16] quantified lung fibrosis and emphysema in mice using CT which can be utilized to provide
either an indirect assessment of lung health through biomarkers or a direct measurement of lung
health where structural changes in lung tissue can be resolved. Unfortunately, many lung diseases
may produce large functional changes for only subtle changes in the lung structure that may not be
readily deduced from static CT imaging, until or unless the effect becomes large.

2.2.2 Ventilation Measurement using 4DCT Registration-based Methods

The movement of air through the lungs is affected by the diaphragm and chest-wall muscles, resulting
in expansion and contraction of the alveoli and displacement of lung tissue. The motion of lung tissue
is, therefore, integrally connected to its function, and measurement of lung tissue expansion allows
inference of flow into and out of the specific lung regions.

CT has been combined with image registration techniques to provide the measurement of lung
motion. Image registration was originally developed to match the spatial location of images of static
objects which had moved due to natural misalignments in the imaging system or that of the object.
However, this process can also be used to measure the displacement of objects between images.
Several studies have used image registration to measure the motion of the lung tissue between two
volumetric lung images acquired using CT in two breath-hold states [17—20]. Unfortunately, data
measured in this way do not truly capture the dynamics of breathing.

An alternative method is to exploit the periodic motion of the lung during the breathing cycle
to perform phase matching of projection data, allowing phase-averaged four-dimensional computed
tomography (4DCT) of the lung to be performed at various points in the breathing cycle. Several
studies have combined this method with image registration to measure lung motion and regional
ventilation during the breathing cycle [21-23]. These data can be used to assess the health of the
lung tissue. For example, this technique was demonstrated to measure regional disease in patients
with emphysema [24].

Despite being a very powerful tool for regional lung function assessment, the 4DCT-based mea-
surement of ventilation requires at least one additional CT scan to be acquired for each time-point
measured. This exposes the subject to a very high radiation dose that makes serial imaging imprac-
tical and limits its use to subjects where significant risks of large radiation dose are acceptable, for
example, patients with advanced disease or preclinical models. Furthermore, as the measurements are
averaged over many breaths, short-lived or transient effects cannot be captured using this method.

2.2.3 Hyperpolarized Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) detects the radio-frequency (RF) signals emitted by polar nuclei
when their spin is modified by an external magnetic field. Hydrogen atoms abound in biological
tissue, and this has been the traditional target element used to image soft tissue with MRI. How-
ever, the low tissue density within the lung (since the inflated lung is approximately 80% air) results
in very poor image quality. To overcome this problem, hyperpolarized noble gases have been pro-
duced, which when inhaled enhance the MRI signal from the lung by several orders of magnitude.
Additionally, as the signal is proportional to the concentration of the gas, regional variation in the



The Role of Functional Lung Imaging in the Improvement of Pulmonary Drug Delivery — 25

ventilation distribution may be obtained [25]. By utilizing specialized magnetizing sequences, other
functional measurements may be performed such as lung microstructure, oxygenation, and perfu-
sion [26], although with varying degrees of success.

A major advantage of hyperpolarized MRI over CT is the ability to obtain an image without impart-
ing radiation dose. However, despite recent improvements, the resolution is still significantly lower
than CT.

Despite its potential and recent advances, there exist a number of challenges hindering a widespread
use of hyperpolarized MRI [26]. Cost is the most significant factor. Highly specialized and expensive
technology is required to produce the necessary magnetic field for imaging the hyperpolarized gas.
Furthermore, the production of the hyperpolarized gases is also expensive, and the limited half-life
of such gases causes availability and logistical issues [27]. Perhaps due to the prohibitive cost of
hyperpolarized MRI, no substantial study has yet demonstrated the relative sensitivity and specificity
advantages of this method over other modalities.

2.24 Electrical Impedance Tomography

The chest cavity consists mainly of blood, tissue, and air, and the proportions of these materials in
the chest will vary over the respiratory and cardiac cycles. The electrical resistivity and impedance
of regions within the body vary depending on the proportions of the various constituents. Electri-
cal impedance tomography (EIT) exploits this to measure the changes in ventilation and perfusion
during breathing. The different electrical properties of blood, tissue, and air can be used to deter-
mine the regional ventilation and blood perfusion within the lungs [28—30]. Electrodes are placed
around the chest, and voltage profiles are collected for all drive and receive electrode—pair combina-
tions. These data are are tomographically reconstructed to map the time-varying electrical properties
within the lungs during breathing. This method is noninvasive and, with a temporal resolution of
around 33 Hz [29], is adequate for dynamic lung studies. Additionally, due to the relatively simple
and compact hardware requirement, EIT can be performed at the bedside, which is clearly advan-
tageous for clinical applications. However, spatial resolution is fundamentally limited and is much
lower than the CT- or MRI-based modalities. This is due, in part, to the ill-posed problem of the
reconstruction, resulting from limitations on the maximum number of electrode/detector pairs [28]
that can practically be used. Additionally, the electrical currents induced by the electrodes typically
flow outside of the electrode plane (up to 10 cm) [30], reducing spatial resolution even further.

EIT can provide assessment of lung health, making it useful as a clinical tool for monitoring
patients. However, for pulmonary drug delivery development, where smaller scale regional function
changes are important, the lack of spatial resolution limits the utility of EIT.

2.2.5 Nuclear Medical Imaging (PET/SPECT)

The category of nuclear medical imaging methods contains three major imaging modes: gamma
scintigraphy, positron emission tomography (PET), and single-photon emission computed tomogra-
phy (SPECT). These modalities utilize the detection of gamma-ray photons emitted from within a
subject by a pharmaceutical compound labeled with a radioactive isotope. The radio-labeled sub-
stance is used to preferentially target an organ or disease process.

Gamma scintigraphy is a planar method, where the emitted gamma-rays are collimated and
collected by a photon-counting detector, enabling a two-dimensional view of the concentration of
radionuclide in the subject. PET and SPECT utilize a similar imaging principle, whereby measure-
ments from various viewing angles are tomographically reconstructed in order to produce a three-
dimensional image.

Although localization of the labeled pharmaceutical compound to specific areas can provide excel-
lent contrast, nuclear medicine techniques generally suffer from a poor signal-to-noise ratio as the
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amount of radioactive material must be minimized for the safety of the subject. Although spatial
resolutions have improved dramatically over the past decade, temporal resolution remains poor [31].

Nuclear medicine enables studies of lung function to be carried out, including the determination of
regional ventilation and gas exchange [32—-34]. For functional lung imaging, this radioactive agent
is inhaled into the lungs. Functional lung measurements using nuclear imaging are well suited for
testing the efficacy of pulmonary drug delivery to provide a measure of a treatment success from a
functional, as opposed to anatomical, perspective. Additionally, the functional data obtained may be
used as a validation for numerical simulation [6].

Radionuclide agents can be tagged to specific materials, and consequently nuclear imaging can be
used to directly track deposition of pharmaceutical compounds into the lung — a highly useful tool
for pulmonary drug delivery development [2]. This allows measurement of deposition patterns for
specific delivery methods and when combined with functional imaging enables drug deposition to
be correlated with global functional response, as well as providing data for validation of deposition
models. PET imaging provides the best regionality and resolution for this purpose; however, practical
challenges limit its widespread use, such as difficulties in producing radiolabeled drug analogues and
the very short half-lives of suitable radionuclides [35].

2.3 Emerging Technologies

As is apparent from the above, several imaging technologies have been used for lung imaging, with
various advantages and disadvantages. However, there is a need for further advancements to address
the key shortfalls of the current technology for providing the ideal functional lung imaging capabil-
ity. The key will be to deliver functional imaging with sufficient resolution and contrast in the lung
while maintaining a dynamic imaging capability. Over the last decade, synchrotron-based phase-
contrast imaging methods have made huge advances toward this goal. The unique properties of
synchrotron radiation are advantageous for imaging the lung, and translation of these techniques
to laboratory-based X-ray sources, and eventually to clinical application promises to provide lung-
imaging modalities with unprecedented capabilities.

In this section, we describe synchrotron-based phase-contrast imaging and give examples of its
use in the lung. Recent efforts in the translation of these technologies to laboratory-based systems
are then detailed.

2.3.1 Phase-contrast Imaging

X-ray imaging traditionally utilizes absorption contrast, whereby materials with differing X-ray atten-
uation properties are differentiated by the intensity of the X-rays that pass through it. A structure that
contains a heavily attenuating material will appear darker than that containing a less attenuating mate-
rial. For example, as bone is much more attenuating than the surrounding soft tissue, it provides a
highly contrasting structure. Conversely, the lung parenchyma and surrounding tissue have similar
bulk attenuation properties, and, therefore, the lungs generate poor contrast.

Phase-contrast imaging utilizes the difference in refractive properties of materials to generate con-
trast. In a manner similar to holography, differential changes in the phase of a partially coherent X-ray
wave, imparted by different materials in the sample, can be made visible as a consequence of inter-
ference with an unperturbed wave. Since the phase gradients are greatest at the boundaries between
materials, phase contrast has a predominantly edge-enhancing effect.

For phase-contrast imaging, an X-ray source with high spatial and temporal coherence is ideally
required. The extreme brightness of synchrotron radiation sources enables the conditioning of the X-
ray beam to create very high coherence while maintaining sufficient flux to image within reasonable
temporal resolution. Specifically, the X-ray energy can be filtered to produce a monochromatic beam
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Figure 2.2 Synchrotron phase-contrast imaging of a newborn rabbit pup lung. Propagation-based phase—
contrast images acquired using monochromatic synchrotron radiation (right) provides enhanced detail of
the fine structures of the lung when compared to absorption-based imaging (left). Significantly more detail
of the lung is visible in the phase-contrast image. Images were acquired at the BL20B2 beamline at the
SPring-8 Synchrotron, Japan (See insert for color representation of this figure)

to improve temporal coherence, while the distance from the X-ray source to the sample can be
increased to reduce the effective spot size and increase spatial coherence [31]. Notwithstanding the
dramatic advantages for phase-contrast imaging, synchrotron radiation sources are highly expensive,
requiring specialized facilities, and consequently access to these X-ray sources is limited. In order to
become widely adopted, the phase-contrast imaging technologies developed on the synchrotron must
be translated into the laboratory, and ultimately to a clinical setting. Recent developments toward this
initial translation to laboratory-sized X-ray sources have generated promising results, and widespread
laboratory-based phase-contrast imaging is now within reach.

There has been considerable effort over the last decade to develop phase-contrast imaging for the
lung. The air/tissue interfaces in the lung provide very large X-ray phase gradients; phase-contrast
imaging is ideally suited for lung imaging, providing significant improvements in contrast and detail
over absorption-based X-ray imaging (Figure 2.2).

Several methods for generating phase contrast have been applied to the lung, with the two most
predominant being grating interferometry and propagation-based imaging (PBI).

2.3.2 Grating Interferometry

Grating interferometry [36, 37] uses phase gratings placed between the sample and detector to gen-
erate contrast from the phase changes imparted on the X-ray wave by the sample. As the gratings
are placed between the detector and sample, there is an effective decrease in the efficiency of the
system to detect X-rays. This necessitates either very bright X-ray sources, or increased exposure
times, subsequently resulting in a relative increase in the X-ray dose imparted to the sample.

These methods are well suited to X-ray sources that exhibit lower coherence. Consequently,
although initially developed using synchrotron radiation sources, there have been several recent
studies using grating interferometry on a laboratory-based X-ray source [38] with several recent
studies relating to lung imaging [39—-41].

Schwab et al. [41] used a compact laboratory-based synchrotron to demonstrate improved contrast
in excised healthy mouse lungs using grating-based imaging. This same imaging setup was also used
by Schleede et al. [40] to demonstrate improved diagnosis of emphysema by comparing the ratio of
the phase signal to the attenuation signal, a surrogate marker for alveolar size.
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Meinel et al. [39] attempted to use a similar measure on the same setup for the improvement of
lung cancer detection. The preliminary results did not show any increase in sensitivity; however, the
delineation of the cancer boundary was improved through the edge-enhancing effect.

Grating interferometry shows the potential for use in assessing the effectiveness of drug delivery
treatments. However, although this approach is potentially more sensitive in some cases, the data
obtained are structural and, thus, can only provide anatomical markers for treatment efficacy rather
than produce functional markers.

Furthermore, until temporal resolution is improved, dynamic measurements will not be possible,
further limiting its utility.

2.3.3 Propagation-based Phase-contrast Imaging

Propagation-based phase-contrast imaging (PBI), sometimes called in-line X-ray phase-contrast
imaging, is by far the simplest method for generating phase contrast. By allowing the X-ray wave
to propagate a large distance between the sample and detector, the X-ray waves that are slightly
refracted at the surface interface interfere at the detector plane to generate intensity fringes. The
ability to image in phase contrast without gratings or other apparatus between the sample and
detector provides a higher efficiency and, therefore, increased capability for dynamic imaging [42].
Due to its simple implementation, and capacity for dynamic imaging, there are a number of
studies that have utilized planar PBI for in vivo lung imaging. For example, Hooper et al. [43]
visualized liquid clearance in live newborn rabbit pups as they take their first breaths. Kitchen et
al. [44] described a method for calculating ventilation from dynamic imaging of lungs using PBI,
demonstrating the possibility for functional metrics to be derived from phase-contrast images.

The use of dynamic PBI for investigations into drug delivery has been demonstrated in several
recent studies, and development of image processing and experimental methods stemming from this
core technology has accelerated in recent years, with applications to various diseases and/or drug
delivery models. Donnelley et al. [45] demonstrated detection of inhalable particles in live mouse
airways using high-resolution synchrotron PBI. Subsequent to this, the pollutant and other marker
particles were used to measure mucociliary transport mechanisms [46]. This may have utility in
assessing treatments for diseases that affect the mucociliary transport system. Morgan et al. [47]
used PBI to measure airway surface liquid depth, specifically for the assessment of therapies for
cystic fibrosis lung disease. Donnelley et al. [48] measured the variability of the in vivo fluid dose
distribution in liquid doses delivered through the pulmonary system. These studies have exploited
the dynamic capabilities of synchrotron PBI in order to probe both the effectiveness of treatments
and the efficacy of the delivery methods.

2.3.4 Functional Lung Imaging using Phase Contrast

The increased spatial detail and temporal resolution resulting from PBI of the lung provide the
opportunity for advanced image processing methods to extract quantitative functional information
for diagnosis and assessment of disease.

Motion-tracking methods, originally developed to measure fluid flow in engineering applications,
have been adapted to measure the motion of lung tissue in dynamic PBI images [49]. The motion
and expansion of the lung tissue are directly linked to the airflow into, or out of, regions of the lung,
so these motion fields can be used to calculate airflow distributions throughout the lung [50], thus
adding a functional measurement capability.

Fouras et al. [49] demonstrated that the motion of the lung tissue can be used as a biomarker for
lung injury, providing improved sensitivity and earlier detection of disease over other methods.
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Figure 2.3 Distribution of flow throughout the airway tree, measured using functional lung imaging
(Source: Reproduced with permission from [50]) (See insert for color representation of this figure)

Dubsky et al. [50] developed a method for 4D dynamic measurements of airflow throughout the
entire lung (Figure 2.3). This method can, thus, provide both the functional assessment of treat-
ments and high-quality inputs for computational modeling. The application of this functional imaging
method to the assessment of cystic fibrosis lung disease demonstrated a large improvement in sen-
sitivity and accuracy. This method is based on 4DCT, and, therefore, imparts significant dose to the
subject. However, our research group has also developed a novel method that can reduce the dose
by orders of magnitudes, allowing the 4D measurement of lung motion from as few as six images
[51-53]. This method can also provide the dynamic measurement of short-lived effects, significantly
broadening the scope of treatments and conditions that can be assessed, particularly for investigations
into inhaled treatments for which the functional effects are often transient.

Instantaneous flow of air through the rabbit pup airway tree at six time points (from the sequence
of 20 time points) during ventilation. The positive flow (red) indicates the inspiratory flow and the
negative flow (blue) indicates the expiratory flow.

Functional lung imaging using phase contrast has been demonstrated to outperform any current
imaging methods for assessment of disease and treatments. However, the requirement for synchrotron
radiation severely limits its widespread adoption. In order to fully realize the potential in this field,
the technology must be translated from the synchrotron to the laboratory, and then into the clinic.

2.3.5 Laboratory Propagation-based Phase-contrast Imaging

It was demonstrated almost 20 years ago that PBI could be performed on a laboratory source with
sufficient spatial coherence [54]. Only recently, the X-ray source technology has enabled this method
to be used with sufficient temporal resolution to be useful for lung imaging. The challenge lies in
creating an X-ray source with adequate power and a source spot size small enough to deliver the
required spatial coherence.

Garson et al. [55] demonstrated that lung images of similar quality to those acquired at a syn-
chrotron can be produced using laboratory-based sources; however, the standard X-ray source used
resulted in exposure times that are too long for dynamic or in vivo studies.
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Figure 2.4 Laboratory propagation-based phase-contrast imaging. Image of a newborn rabbit pup
lung acquired on a liquid-metal-jet laboratory X-ray source. The image quality is comparable to syn-
chrotron-based phase-contrast imaging demonstrating the viability of the translation of phase-contrast
imaging techniques to the laboratory and ultimately the clinic

With the recent development of liquid-metal-jet X-ray sources, the possibility for dynamic PBI
in the laboratory has emerged. The liquid-metal-jet X-ray source provides unparalleled brightness
for small spot sizes, allowing for very high quality phase-contrast imaging with reduced exposure
times [56]. PBI using the liquid-metal-jet source has been demonstrated in a number of applica-
tions, including for high-resolution angiography [57] and cancer detection/demarcation in small
animals [58].

It has recently been demonstrated that successful high-resolution dynamic phase-contrast in vivo
lung imaging (Figure 2.4) can be affected using a liquid-metal-jet laboratory X-ray source (Excillum,
D2). Using this new technology, the translation of functional dynamic phase-contrast imaging from
the synchrotron to the laboratory is a viable option, and the full potential of these methods are likely
to be realized in the near future.

2.4 Conclusion

This chapter has described the established and cutting-edge lung imaging technologies, and outlined
their possible applications for improving the development of pulmonary drug delivery treatments.
Two major areas of involvement are envisaged: assessment of treatment efficacy and creating exper-
imental input data for simulations.

Significant values will be added through new functional imaging technologies. Functional biomark-
ers predominantly respond much earlier to changes in disease states than anatomical biomarkers, and
so functional imaging has the capacity to accelerate the development pipeline dramatically. In another
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Figure 2.5 Integration of functional lung imaging with pulmonary drug delivery treatment

aspect, functional data provide more complete and accurate inputs for deposition simulations, further
improving the use of these in drug delivery development.

The key challenges for fully realizing this potential will be providing broad access to functional
imaging technologies for researchers in the field of pulmonary drug delivery. The most exciting
technologies are being incubated at synchrotron imaging facilities, and translation of these into the
laboratory, and ultimately the clinic, will be critical. Progress toward this goal is accelerating.

Functional lung imaging can provide diagnosis, inputs for optimization of drug delivery parame-
ters, and treatment monitoring. This can provide improved patient outcomes in the treatment of lung
disease.

While contributing to pulmonary drug delivery development promises to add a huge amount of
value, there also exists the potential for functional lung imaging to become core to the treatment
process itself. An example scenario is described in Figure 2.5. In this scenario, lung imaging is used
for three purposes. First, imaging is used to diagnose and assess the severity of the pathology that is
present in the patient. Second, data from functional imaging are used as inputs into patient-specific
deposition simulations, allowing tailoring of the inhaled treatment parameters to the specific status
of the patient. Third, functional imaging is used to monitor the effectiveness of the treatment, and
potentially adapt the treatment to the changing condition of the patient. Future advances in dose
reduction and quality of outputs will allow the full integration of functional lung imaging into the
pulmonary drug delivery treatment process, with the potential to dramatically improve efficiency and
effectiveness of treatments, leading to improved patient outcomes.
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