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Many lung disease processes are characterized by structural and functional heterogeneity that is not directly
appreciable with traditional physiological measurements. Experimental methods and lung function modeling to
study regional lung function are crucial for better understanding of disease mechanisms and for targeting
treatment. Synchrotron radiation offers useful properties to this end: coherence, utilized in phase-contrast im-
aging, and high flux and a wide energy spectrum which allow the selection of very narrow energy bands of
radiation, thus allowing imaging at very specific energies. K-edge subtraction imaging (KES) has thus been
developed at synchrotrons for both human and small animal imaging. The unique properties of synchrotron
radiation extend X-ray computed tomography (CT) capabilities to quantitatively assess lung morphology, and
also to map regional lung ventilation, perfusion, inflammation and biomechanical properties, with microscopic
spatial resolution. Four-dimensional imaging, allows the investigation of the dynamics of regional lung func-
tional parameters simultaneously with structural deformation of the lung as a function of time. This review
summarizes synchrotron radiation imaging methods and overviews examples of its application in the study of
disease mechanisms in preclinical animal models, as well as the potential for clinical translation both through the

knowledge gained using these techniques and transfer of imaging technology to laboratory X-ray sources.

1. Introduction

The lung is a complex organ that is one of the primary ports of entry
to the body of pollutants and micro-organisms but also a route for
therapeutic aerosol administration. Many lung disease processes are
characterized by structural and functional heterogeneity that is not
directly measurable with traditional physiological measurements. Most
of what is known about lung and airway function is based on traditional
methods such as spirometry and plethysmography that measure overall
functional parameters. However, it is known that both normal and
pathological lung function, in chronic diseases such as asthma, chronic
obstructive lung disease (COPD), or interstitial lung diseases are het-
erogeneous. Experimental methods to image regional lung function are
crucial for better understanding of disease mechanisms and for targeting
treatment. An ideal technique for lung function imaging should have
both high spatial and temporal resolution, allow for quantitative

measurements of functional parameters and provide the ability to image
the underlying lung morphology. Four-dimensional (4D) imaging, in
which high-resolution mapping of lung functional parameters is recor-
ded simultaneously with structural deformation of tissue morphology as
a function of time, provides the basis for comprehensive modeling of the
regional dynamics of lung function. Recently, impressive results toward
this goal have been achieved using synchrotron radiation sources, as
described in this review.

Lung morphology has been described in great detail [1]. Sections
through lung casts give high resolution 2D and 3D images of the airways
and acini. These images are stationary, but they provide boundary
conditions for modeling of dynamic processes, such as the distribution of
ventilation, perfusion, and aerosol deposition. The bronchial tree is to a
certain degree a self-similar or fractal structure. Each bifurcation is
slightly asymmetrical, which leads to an asymmetrical statistical dis-
tribution of ventilation and other determinants of lung function [2,3].
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At present, there are significant limitations in lung imaging arising
from low available X-ray flux, large source size, detector performance
and radiation damage to tissues. In this review new imaging modalities
based on the use of synchrotron radiation are presented. In particular,
the coherence of the radiation is utilized in phase-contrast imaging.
There are several methods where the distortion of the X-ray wave front
in the object leads to strong edge enhancement within the images due to
interference of the transmitted and refracted radiation. In weakly
attenuating tissues such as the lung, refraction can be orders of magni-
tude greater than absorption, particularly at higher energies. With the
application of “phase retrieval” algorithms, images of strongly increased
contrast in lung tissue are obtained, while the X-ray dose may be
reduced in proportion. The propagation-based imaging technique (PBI)
has proven to be especially suited for lung imaging due to sharp inter-
ference fringes caused by the air-to-tissue interfaces in the lung micro-
structures [4,5].

Conventional clinical X-ray imaging, based on absorption contrast, is
limited specifically by the low flux available in standard X-ray imaging
systems. Synchrotrons have the advantage of generating very high flux
radiation. This allows the selection of very narrow energy bands from
the full radiation spectrum for imaging at very specific energies.

In this review we present several synchrotron radiation-based im-
aging modalities, and their use in preclinical animal models of lung
disease. These methods include: (i) free propagation-based phase-
contrast lung imaging (PBI) [6,7]; (ii) speckle-based lung imaging [8,9];
(iii) 4D lung imaging [10,11], and (iv) K-edge subtraction (KES) imaging
[12]. These methods have been used to investigate the regional function
of normal lung as well as the manifestations of lung diseases, or the
effect of pharmacological agents and interventions.

2. Properties of synchrotron radiation and X-ray optics

When a charged particle moves in an accelerating field it emits
electromagnetic radiation. In a circular accelerator the electron is sub-
jected to centripetal acceleration. At low velocities the emission pattern
is a “doughnut” with the axis pointing to the center of the orbit. When
the velocity approaches the light velocity, c, the distribution collapses to
a narrow cone in the forward direction. The angular opening of the cone
is about 1/y = mc2/E, where m is the electron rest mass and E the total
energy. In a high-energy accelerator, y is of the order of 10* so that the
cone opening is ~0.1 mrad.

A modern synchrotron source is a vacuum tube polygon where the
electrons are guided by dipole bending magnets and focusing magnets.
The circumference is several hundred meters, and the intensity of ra-
diation is enhanced in the straight sections where magnet arrays make
the electron beam wiggle or undulate. The electrons move in bunches
that are a few mm long and a few tens of micrometers in diameter. The
fill pattern can be varied according to the needs of the experiment, from
a single bunch to hundreds of equally spaced bunches. The electron path
in a wiggler or undulator is approximately sinusoidal, and the radiation
cones add up in the forward direction. In a wiggler the beam is an
incoherent sum of the individual cones within a horizontal fan. In an
undulator the constructive interference produces narrow bands of har-
monic wavelengths in the central cone.

The synchrotron radiation beam exits the storage ring through the
front end and an opening in the shield wall. The power of the beam is
many orders of magnitude larger than the power from a conventional X-
ray tube. For instance, the total power of the wiggler beam at the
Medical Beamline of the European Synchrotron Radiation Facility
(ESRF) is about 15 kW, i.e. 10° times the power of the beam from a
rotating anode X-ray tube. Due to its unique properties, the use of syn-
chrotron radiation allows many applications outside the reach of con-
ventional X-ray sources and methods.

The wiggler or undulator beam is further conditioned by slits, filters
and X-ray optical components. Monochromators, usually made of per-
fect silicon crystals, are used to separate a wavelength band from the
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continuous wiggler radiation or to separate a harmonic from the
undulator spectrum. Focusing elements include bent crystals, multilayer
structures, mirrors and compound refractive lenses. Due to the high heat
load of the beam there are many technological challenges in the actual
beamline design.

3. Imaging modalities
3.1. Phase and absorption contrast

In recent years, the principles of X-ray imaging for medical appli-
cations have been discussed in several reviews [7,13-15]. X-rays
interact with the electrons of the target leading to various excitations in
the target and scattering of the rays. Ignoring collective phenomena, the
scattering can be elastic, inelastic (Compton) and resonant scattering.
Scattering distributions carry information about the structures and
electronic states of the object and are useful for medical imaging.

Image contrast is often due to interference within the beam that has
traversed the object, so that a certain degree of coherence is needed. The
exit beam is a sum of the direct beam and the scattered beam of
amplitude A = r¢ f, where r, = e2/mc? = 2.82 x 10'!3 cm is the free
electron scattering amplitude (electron classical radius). There is a phase
shift in scattering, so that the amplitude is a complex number, f = fy + f
+ if”. In the following, only forward scattering is considered, so fy = Z,
the number of electrons of the atom. The refractive index of the object is:

n=1-(N{/2n)rf=1-6—if

where N is the number of atoms per unit volume, A = 2r/k is the X-ray
wavelength, & is the phase shift term and f is the absorption term. The
coefficient of change of phase ¢ is given by

0(x,v,2) = 6k = NAr(Z +f),= rANAZp(x, y,2) /M

where N, is Avogadro’s number and M the atomic weight. Since M/Z is
nearly 2 for light elements,

6= 1.35x10742> [nmz} P [gcm'ﬂ

The linear photoelectric absorption coefficient (relative loss of in-
tensity per unit path length) is

o = 2NAref"

The coefficients of phase change and absorption have very different
dependencies on the X-ray Energy E. At high energies  is proportional to
1/E, while above the K-absorption edge oy, is proportional to 1/E 3. The
total attenuation coefficient 4 is the sum of the photoelectric absorption
coefficient and the elastic (coherent) and inelastic (incoherent) scat-
tering coefficients. It is important to note that at high energies Compton
scattering dominates the X-ray attenuation.

The numerical values of 7 and u are very different at energies used for
biomedical imaging. For the main constituents of soft tissue, 7 is more
than two orders of magnitude larger than u. There is a fundamental
advantage in phase-contrast imaging with respect to absorption-contrast
imaging in addition to the favorable #/u ratio. The signal in absorption-
contrast imaging is the reduction of transmitted intensity due to actual
absorption and all scattering that does not reach the detector. This can
result in small variations in a large quantity. In phase-contrast imaging,
the particular signal of forward scattering is extracted, while other sig-
nals remain in the background.

A lateral gradient of the real part § of (1 —n) causes a deviation of the
X-ray beam. The refraction angle ¢ is calculated from Snell’s law at the
interface. If the propagation direction is z and the deviation is in the y
direction:

&= AStana = (1/2x)(dp/dy)

Here AS is the change of the refractive index, and «a is the angle
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between the normal of the interface and the incident ray. Sharp changes
in propagation take place when the ray is (nearly) parallel to the
interface. This is illustrated in Fig. 1, where the beam is refracted in an
idealized pure phase object of no absorption (Fig. 1a). Imaging requires
solving the phase from the intensity of the transmitted beam. The
methods fall in three categories: (i) interferometry, where the phase is
solved directly by comparison to the coherent reference beam [16,17],
(ii) grating interferometry (GI) or analyzer-based imaging (ABI), where
the refraction angle is measured (Fig. 1c) [9], and (iii) free propagation
image of the second derivative (Fig. 1b) [18]. As shown in Fig. 1, at the
edges the refracted beam is in-phase or out-of-phase with the direct
beam, depending on the sign of the phase gradient (d¢ /dy). After a
sufficient distance of free propagation, the intensity is that of the second
derivative of the phase object.

The ultimate goal of phase-contrast imaging is 3D reconstruction of
the refractive index decrement 6(x,y,2), and from that, the density var-
iations of the object. Setting aside crystal interferometry, which is a
demanding method for medical imaging, this means extracting the
phase gradient from the refraction angle distribution or phase retrieval
from the Laplacian. It is important that the angle « at the exit is the sum
of deviations along the beam path, so that CT reconstruction of the
differential phase is possible from the projections of the refraction angle
using standard algorithms. On the other hand, in the propagation im-
aging the projected phase distribution must be retrieved from the Lap-
lacian term of the intensity distribution for CT reconstruction of phase ¢.

Scattering is considered a nuisance in absorption-based imaging
because it gives rise to a diffuse background. Phase reconstruction from
the transmitted intensity distribution is the primary objective in phase-
contrast imaging, but scattering away from the beam carries important
information, which can be extracted by different imaging methods. The
effects of scattering are observed as increased attenuation of the
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transmitted beam. In ABI, the analyzer crystal may be tuned to record
the scattering signal or even to record the scattered and transmitted
beams simultaneously. The generic term for these modalities is dark-
field imaging (DFI) [19].

For the present discussion phase-contrast imaging is concentrated on
propagation-based imaging (PBI), as it is the simplest method because
no X-ray optical devices are needed. The source must be small to provide
transverse (spatial) coherence of the beam, but longitudinal (temporal)
coherence is not critical, so that wide-band radiation from conventional
sources can be used. Sufficient distance between the object and the
detector is required to separate the positive and negative parts of the
Laplacian, as shown in Fig. 1. There are several methods for phase
retrieval from the observed intensity distribution, which also includes
the effects of absorption. Phase is the additive factor which is needed for
computed tomographic (CT) reconstruction of the object morphology.
There are recent analyses and comparisons of the methods [20-22].
Compared to methods where the phase gradient is usually observed in
one direction only, PBI has the advantage of 2D recording of the Lap-
lacian. Due to its experimental simplicity, PBI is probably the method
with the widest potential for clinical application. A typical setup is
shown in Fig. 2. Some applications to lung imaging are discussed in
Section 4.

3.2. Phase-contrast speckle imaging

The air/tissue interfaces in the lung produce strong phase gradients
and image contrast. Coherent radiation creates a speckled intensity
pattern at the detector as a result of interference effects. When there are
many overlapping alveoli, which act as compound refractive lenses, the
image is a pattern of bright and dark spots (speckles). The pattern can be
interpreted in terms of geometrical optics, which carries information

I

max

g Integral signal
5 L
£ Iback
=) 17
(]
|
309
S 08

0.7

0 02 04 06 08 I 12 14

(c)

Position (mm)

Fig. 1. (a) Profile of a pure phase object. (b) Typical corresponding propagation-based imaging (PBI) signal which is proportional to the second derivative of the
phase; (c) Typical analyzer-based imaging (ABI) or grating-based imaging (GI) signal. Poissonian noise has been added.

Reproduced from: [18]
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Fig. 2. Schematic view of the setup for Phase-contrast Imaging.

about the structure of the lungs [9]. It has been shown that under the
plausible assumption that the alveoli are isolated spherical cavities the
power spectrum of lung speckle in Fourier space is directly proportional
to the size of the alveoli [23]. This has made it possible to measure the
alveoli throughout the respiratory cycle. Studies of prematurely born
rabbits with this technique have shown that immature alveoli were more
likely to collapse at birth than in mature lungs, and that speckle analysis
provides a sensitive measure of this maturity [24]. It should be noted
that this imaging method is different than the so-called speckle-based
imaging, discussed in Section 5.1, where the imaged sample distorts the
random speckle pattern induced by a diffusor object.

3.3. 4D X-ray imaging

4D imaging is 3D imaging by CT reconstruction as a function of time.
A dynamical process is described by tomograms taken at consecutive
time points to create a 3D movie. This has been facilitated by recent
developments in data acquisition protocols and in X-ray instrumenta-
tion. Temporal resolution may be artificially increased by gating, i.e. by
imaging different time points within the phase of an essentially periodic
process. Applied to recording dynamic microscopic features under living
conditions, and in particular microscopic aspects of pulmonary inflation,
several physiological aspects must be considered to optimize the data
acquisition protocol.

The imaging protocol is based on the use of propagation-based
phase-contrast imaging (PBI), where the tissue density gradients are
emphasized to produce high contrast, which far exceeds the absorption
contrast in conventional radiography. The radiation dose may be
decreased in proportion, and a shorter exposure time is required to
capture the motion of a microscopic feature of interest. A highly brilliant
and coherent radiation source is needed, and in addition, a flexible
imaging end-station is needed for precise triggering of all components of
the image acquisition process. This is particularly critical in lung im-
aging. Breathing motion can be regulated by means of mechanical
ventilation and deep anesthesia, but the irregularities of heartbeat alters
the condition of strict motion periodicity which is necessary for standard
gating techniques. Imaging the lung in-vivo with 3D resolution of alveoli
and septa must ensure the precise capturing of the lung motion at
identical heartbeat and respiratory phases. The problem may be solvable
with grossly redundant tomographic data, but this might require X-ray
doses that are not tolerated by the tissue, so that 4D imaging of lung at
micrometer level may remain terminal experiments. The conditions and
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technical solutions have been discussed recently by several authors
[5,25,26].

3.4. K-edge Subtraction imaging (KES)

Conventional clinical X-ray imaging is based on absorption contrast
which arises from variations in the elemental composition and density of
the object. The elemental composition of soft tissue is rather uniform,
and the absorption contrast is weak and largely due to variations in
tissue density. New methods based on phase-contrast were discussed
above, but contrast can also be enhanced by introducing a heavy
element compound in the object.

Subtraction imaging is a generic term of X-ray radiography where an
organ is visualized by the distribution of a contrast medium. Ideally, two
images are acquired, the images being identical except in places where
the beam or beams have traversed volumes containing the contrast
medium. In 2D projection radiography, the difference image is the
image of the contrast medium distribution. The difference may be
temporal when the reference (mask) image is acquired before intro-
duction of the contrast agent to the organ being imaged. Problems arise
from motion of the lung tissue, which blurs the contrast agent image.
These problems are avoided in K-edge subtraction (KES) imaging where
two images are acquired simultaneously with X-ray beams of energies
that bracket the K-absorption edge of the contrast agent. The contrast
due to anatomic details of tissue and bone disappear if the difference in
the X-ray beam energies is sufficiently small (Fig. 3) [13,27].

Several methods have been introduced for extracting suitable energy
bands from the conventional sources, including selective filtering,
crystal reflection and fluorescence radiation [28-31]. The limitations
are due to insufficient intensity and a too large energy separation of the
beams, which leads to incomplete suppression of bone absorption in the
subtraction image. These limitations may be alleviated by use of new
photon-counting detectors and new intense X-ray sources and compact
synchrotron radiation sources.

KES imaging with X-rays from conventional sources remained on the
prototype and proof-of-principle level until the introduction of syn-
chrotron radiation in medical imaging. Narrow energy bands of high
intensity could be separated from the continuous spectrum of wiggler
radiation. For example, in the case of angiography imaging, 100 eV wide
beams are separated by 300 eV and cross at the object. The attenuation
factors can be written for both beams, and the mass densities of the
tissue (plus bone) and the contrast agent are solved from the difference
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Fig. 3. Mass attenuation coefficients of iodine, xenon, gadolinium, bone and soft tissue [7]. Reproduced with permission from Elsevier.

image. In practice, minor corrections are needed to remove artifacts of
strong contrast at bones and to eliminate the effects of multiple har-
monic energies from the monochromator.

The current KES imaging set-ups are based on the use of a focusing
perfect crystal monochromator, shown in Fig. 4. The cylindrically bent
transmission (Laue-type) crystal acts as a lens and focuses in the vertical
direction a band of radiation at the object. Two separate beams are
obtained by placing a splitter in the middle of the beam. The bent crystal
has another function. When a pencil beam travels through an

Monochromator

Synchrotron
source

asymmetrically cut crystal the reflection angle changes gradually, so
that the reflectivity curve is broadened and the intensity is increased
typically by an order of magnitude [32,33]. The transmitted beams are
detected by a dual-line solid state detector, which has typically hori-
zontal pixel sizes of a fraction of a mm. Three-dimensional images are
obtained by standard CT methods from a large number of projection
images when the object is rotated with respect to the X-ray beams. One
important advantage of KES imaging is that the absolute concentration
of the contrast material is obtained, as shown in Fig. 5. This allows for

Detector

Ventilator

Fig. 4. Schematic view of the set-up for K-edge imaging. Two monochromatic beams cross at the object, and have energies that bracket the K-edge of the

contrast agent.
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Fig. 5. Principle of KES imaging; Above: mass attenuation coefficient of Xe, I, soft tissue and bone vs. energy and CT images acquired simultaneously above and
below the K-edge of Xe; Below: quantitative distribution images, respectively of I, Xe and tissue.

quantitative measurements of sensitivity and selectivity. Under typical
imaging conditions of human brain imaging with iodine as the contrast
agent the sensitivity is about 0.1 mg/ml, which is about 10 times better
than with filtered broad-band radiation [34,35].

3.5. KES functional lung imaging

Imaging of regional pulmonary function is essential in studies of lung
physiology and lung diseases. Traditional measurements of lung func-
tion yield parameters for the entire lung although it is known that
ventilation distributions are inhomogeneous. Different imaging methods
have been introduced to measure regional lung functional parameters
such as ventilation, perfusion, inflammation and tissue biomechanics.
These include magnetic resonance imaging of regional lung ventilation
with hyper-polarized 3He or '2°Xe, or techniques based on inhalation or
injection of radioactive tracers such as lung scintigraphy, single photon
emission computed tomography (SPECT) and positron emission to-
mography (PET) [36-38]. However, X-ray CT remains the clinical
method of reference for imaging the lung parenchyma, and quantitative
analysis of lung CT images provides surrogate endpoints that are
increasingly used in clinical trials to assess response to therapy [39].
Inhaled and injected contrast media allow detecting regional lung
ventilation and perfusion [36,40]. Lung CT images acquired at more
than one volume allow the assessment of regional lung deformation and
strain [41]. Owing to its unique properties, structural and quantitative
analysis of regional lung function can be performed at a much higher
spatial and temporal resolution with synchrotron radiation than with
clinical CT machines.
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KES was introduced in lung imaging using stable Xe gas, originally as
an alternative method of bronchography. The feasibility of Xe-KES in
human imaging was first demonstrated by Giacomini and collaborators
in 1998 [42]. Later, this approach was used to study different pulmonary
diseases in animal models [25]. Xenon is the next element to iodine in
the periodic table, so that the X-ray instrumentation initially developed
for coronary angiography at the iodine K-edge was easily adapted to
imaging at the Xe K-edge (34.56 keV). In vivo imaging with synchrotron
radiation requires dedicated instrumentation and remote control. The
synchrotron beam is a stationary horizontal fan so that the animal is
subjected to rotation up to 180°/s. Respiration is controlled by me-
chanical ventilation while the physiological parameters are continu-
ously monitored and recorded.

Gas transport is driven by pressure gradients in the conducting air-
ways and by diffusion, mainly in the acinar airways [43]. In volume-
controlled mechanical ventilation, a certain tidal volume of gas is
inhaled and exhaled periodically. The alveoli are filled gradually by the
marker gas [44]:

D(t) = Dus{1 —exp[ — (1 —10) /7] }

where D(t) is the gas density as function of time t, D,s the asymptotic
density and t the time constant. As ventilation within a lung region
increases, the time constant of regional Xe washin or washout become
shorter. Specific ventilation is defined as the initial gradient of the
marker gas density divided by the asymptotic density:

[(aD/dt), ] /Dus = 1/1.

Specific ventilation is ventilation per unit of regional gas volume,
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while the absolute ventilation can be obtained by the product of specific
ventilation and the regional gas volume.

The spatial resolution and contrast sensitivity of KES imaging is
largely determined by the characteristics of the detection system. For
example, in many studies performed at the ID17 beamline of the ESRF,
using a solid-state cooled germanium detector a pixel size of 0.33 mm?
and a sensitivity better than 0.1 mg/ml could be obtained. However,
smaller pixel sizes of 47 pm? have previously been achieved in in vivo
KES-CT imaging using a charge coupled device (CCD) detector [45]. This
makes KES a unique method because of the high spatial resolution and
absolute scale of the ventilation distributions.

3.6. Extensions of KES imaging

Understanding the lung function on the alveolar level requires high-
resolution mapping of ventilation and perfusion simultaneously. This
would be possible in KES imaging by using two contrast agent imaging, i.
e. iodine for perfusion and xenon for ventilation. New instrumentation is
being developed so that both absorption edges could be reached at the
same time. In spectral imaging a wide band of radiation is focused on the
organ being imaged, and the energies are separated by an energy
discriminating detector or by dispersing the spectrum on the detector in
such a way that for an elemental X-ray there is a one-to-one corre-
spondence between energy and position on the detector [46,47]. The
energy range depends on the focal lengths of the monochromator and
the divergences of the X-ray beam. In principle, the method can be used
with any source of continuum radiation, but so far the applications have
been based on use of synchrotron radiation due to its high relative flux
which reduces the necessary acquisition time. The small vertical diver-
gence of the beam limits the spectral range typically to less than 1 keV,
but focusing the radiation fan in the horizontal direction provides a band
of radiation that can cover the K-edges of iodine and xenon. A disad-
vantage of spectral imaging is the large radiation dose when the energy
band of the focused beam is large. For the actual imaging of the contrast
agent distributions, only narrow bands in the vicinities of the K-edges
are of interest. In the case of simultaneous imaging of iodine and xenon
only two pairs of about 0.1 keV wide and separated by 1.5 keV are
needed. The unused part of the beam could be blocked by a selective
beam stop.

Another method of simultaneous imaging of ventilation and perfu-
sion with iodine and xenon as the respective contrast agents is a com-
bination of KES and temporal subtraction imaging (TSI). In this method
KES imaging of ventilation is performed by a dual-energy beam that
brackets the xenon K-edge but where both energies are above the iodine
K-edge [48]. The concentration of xenon is solved, effectively sub-
tracting the contribution of iodine and tissue. With the xenon concen-
tration known, its contribution to the attenuation coefficient image can
be subtracted. The remaining images are used in temporal subtraction to
yield the iodine concentration. In such an experiment the iodine contrast
agent is continuously infused to achieve a steady state, and the cyclic
changes in lung perfusion that occur as a result of cardiac pumping are
not resolved. Using this method, the imaging sequence could yield time-
averaged regional distributions of pulmonary blood volume and perfu-
sion as well as regional ventilation. The mismatch of these two processes
is one of the most frequent causes of abnormal gas exchange in lung
disease.

3.7. Compact Compton sources

Over the past 2 decades, Compact Compton Sources (CCS) have been
developed which offer several new possibilities for imaging, including
potential use in clinical environments. A CCS is based on a process where
a high-energy electron beam collides with a laser beam which is scat-
tered back as short wavelength X-rays [49]. Electron bunches are pro-
duced in a linac or accelerated in a small storage ring, and the laser pulse
is amplified in a Fabry-Perot resonator. The electrons and laser photons
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collide in the interaction region, producing a narrow cone of X-rays. The
process can be described as a collision between two particles, or inverse
Compton scattering. The X-ray beam has a Lorentzian energy distribution,
which is suitable to many imaging applications. In a typical case the
energy of the infrared laser photon is 1.2 eV, the electron energy 44
MeV, and the maximum X-ray energy is 35 keV. The X-ray energy is
tunable to the K-edge energies of iodine and xenon by changing the
electron energy. At half-energy the radiation cone half-opening angle is
12 mrad. Due to the actual directional and spatial distributions of the
colliding beam the energy distribution is rather uniform on the axis of
the radiation cone. In a typical case the relative bandwidth is > 2% in a
radiation cone of 2 mrad opening. In standard KES two narrow energy
bands could be produced by a bent Laue-type monochromator.

There is one commercially available CCS machine [50], which has
been utilized in phase-contrast imaging [51-53] and KES [54]. Several
construction projects are underway [49] with target X-ray fluxes from
10'2 ph/s to 10'* ph/s. These fluxes are comparable with the fluxes of
bending magnets or even wiggler sources of synchrotron radiation fa-
cilities. It has been estimated that a CCS operating at high energies can
also be used for radiation therapy [55].

4. Applications

In the following, examples of synchrotron radiation imaging of lung
function using the two main techniques, namely phase-contrast imaging
(PCI) and K-edge subtraction imaging, will be discussed.

4.1. Phase—contrast imaging applications

The lung poorly attenuates x-rays. However, the numerous air-tissue
interfaces within the lung airways and alveoli result in refraction and
phase changes of the incident X-rays. Phase-contrast x-ray imaging
(PCI), also referred to as ‘refraction-enhanced’ imaging [56] uses the
phase information in addition to attenuation to enhance contrast within
poorly-attenuating structures. In addition to improving contrast, this
imaging approach has the advantage of reducing the radiation dose in
comparison to conventional x-ray attenuation imaging [10]. The
numerous air-tissue interfaces crossed by the incident beam within the
lung produce phase gradient patterns which resemble random noise or
“speckles”, unlike the surrounding soft tissues. Previously, high-
resolution 3D synchrotron phase-contrast x-ray imaging (2.8 um>
voxel size) has been used in post-mortem mouse to track acinar defor-
mation during lung inflation [57]. This method has shown the differ-
ential expansion of alveolar ducts and alveoli depending on airway
pressure, with alveolar ducts expanding predominantly at pressures
below ~ 8 ecmH0. This approach has been combined with computa-
tional fluid dynamics modelling of aerosol particle deposition [58,59].

In 2D-projection imaging, overlapping alveoli act as aberrated
compound refractive lenses [9] resulting in the characteristic speckle
pattern which is closely linked to the underlying tissue architecture. By
placing a small animal in a tube of water during imaging, it is possible to
accurately measure changes in regional lung air volume [60]. The
relationship between the peak area and the lung volume is not simple,
but it has been shown that absolute regional lung air volume can be
calculated by first calibrating the speckle against known lung air vol-
umes [60]. The technique has an excellent time resolution; however, it is
limited by the fact that only 2D projection images can be acquired.
Therefore, the structure of individual acini cannot be studied directly.
The techniques for quantifying lung structure and function from the
phase-contrast speckle have been used to quantify real-time changes of
lung liquid clearance and aeration at birth in rabbits. These studies have
been crucial for understanding the transition of the cardiopulmonary
system to life after birth. The findings have guided development of safer
methods of resuscitating premature infants at birth who fail to breathe
without medical intervention [25].

More recently, Broche et al. [61] have used PCI to investigate cyclic
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alveolar recruitment/derecruitment phenomena during breathing, using
sequential PCI at subacinar resolution (47.5 pm3 voxel size) over short
time intervals of ~ 1.5 min, at end-expiratory pressures ranging from
0 to 12 cmH30 in a model of acute respiratory distress syndrome (ARDS)
in anesthetized rabbits. This pathologic condition is characterized by a
heterogeneous increased-permeability edema due to acute inflamma-
tion. This condition causes severe gas exchange alterations and
increased lung tissue stiffness which increases the work of breathing.
Patients with ARDS often require mechanical ventilation in order to
maintain adequate gas exchange and to reduce the work of breathing.
However, positive pressure ventilation imposes mechanical stresses on
the parenchyma that can worsen lung injury, a condition known as
Ventilator-Induced Lung Injury (VILI). The exact mechanisms leading to
VILI at the microscopic level remain elusive, although it is generally
accepted that positive-pressure mechanical ventilation imposes exag-
gerated mechanical stress on the lung tissue, which can in turn worsen
inflammation and lung injury. Cyclic reopening of lung regions that
become derecruited upon expiration, a phenomenon thought to induce
“atelectrauma”, can also contribute to the expansion of lung injury due
to high stresses normal to the epithelial surface of the airways as they
reopen. High stress is also produced at the interface between adjacent
collapsed and aerated alveoli, leading to increased local stress or ‘stress
concentration’. The study of lung micromechanics under assisted
ventilation requires volumetric images of the lung structure at high
resolution.

The extent and spatial distribution of recruitment/derecruitment
was analyzed by registering and subtracting subsequent volumetric
images (Fig. 6). The authors found alternating patterns of recruitment/
derecruitment occurring within the same time frame in adjacent and
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communicating airspaces subtended by the same terminal airway. They
combined their data with computational modelling of recruitment/
derecruitment phenomena in a realistic rabbit lung model based on the
segmentation of a full bronchial tree, where opening and closure of in-
dividual airways were determined not only by a critical pressure, but
also occurred with a characteristic speed rather than instantaneously
[61].

Propagation-based phase-contrast computed tomography with a
47.5 pm3 voxel size has been used at various positive end-expiratory
pressures in a model of ARDS in anesthetized rabbits. Cross-sections of
the same individual airways were measured at the different pressures
(Fig. 7) [62]. Airway collapsibility increased in the injured lung with a
significantly faster drop in airway cross-section as airway pressure
decreased in small airways ranging between 210 and 1690 um in radius
at 12 cmH,0.

The main mechanism of airway closure in initially patent airways in
ARDS was identified as “compliant collapse”. An example is shown in
Fig. 7. Theoretical studies suggest that this mechanism involves an
instability in the thickness of the fluid lining layer of the airway wall.
Where this fluid layer thickens, the compressive forces that are gener-
ated cause a buckling of the airway wall that can lead to the collapse of
the airway lumen along a certain length. Moreover, the analysis of
airway cross-sections vs. length revealed that closure can occur at more
than one site, sometimes leading to gas trapping and distension of the
lumen. Evidence of compliant collapse of airways in ARDS is indicated
by the involvement of fluid layer movements at the microscopic level.
This suggests that airway closure and reopening is not merely dependent
on critical opening and closing pressures but is also a highly dynamic,
time-dependent phenomenon [62]. The above findings have

T2-T3

T1-T2

Fig. 6. Alveolar recruitment/derecruitment occurring alternately in neighboring lung units over short time scales ~ 1 min, in injured lung at 6 cmH20. A,B,C: 3D
renderings of aerated lung regions obtained by segmentation of synchrotron phase-contrast CT images at 2 successive time intervals ~1.5 min apart in a 2.5 mm thick
slice, in injured lung at PEEP 6 cmH>0. Images corresponding to the first time interval (A, B) are shown; C: Recruitment/Derecruitment map quantified using image
registration between T1 (A) and T2 (B). White: aerated, no change; Black: non aerated, no change; Green: Opening; Red: Closing. Yellow square delineates a region of
interest magnified in panels D-E computed from 2 successive images acquired at 0 and 84 s (T2 — T1) in the starred region of interest, and at the subsequent time
interval between 84 and 159 s (T3-T2). *: bronchioles; {: recruiting airspaces; §: derecruiting airspaces. Modified from: [61]. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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NEED

PEEP6 PEEP3

Fig. 7. Computed-tomographic slices (a) and 3D rendering of a single terminal airway (b) demonstrating closure as airway pressure is reduced. PEEP: positive end-
expiratory pressure, ZEEP: zero end-expiratory pressure in an in vivo model of ARDS. Modified from: [62].

implications for patients with ARDS under mechanical ventilation
because they suggest that strategies aiming at reducing the time during
which respiratory pressure is lowered during the breathing cycle may
help prevent airway closure.

Studies [63,64] show that insight into the lung micromechanics of
the normal and injured lung can be gained using in vivo phase-contrast
synchrotron radiation tomography since the technique allows the mea-
surement of regional alveolar aeration with high contrast sensitivity,
short acquisition times compatible with in vivo imaging, and the ability
to acquire 3D data at subacinar spatial resolution. However, the spatial
resolution of static imaging approaches is limited by motion blurring
due to cardiac and vascular motion, which hampers the study of aeration
and deformation within individual alveoli.

This issue is addressed by 4DCT imaging. This approach involves
gating the acquisition of individual image projections with the cardiac
and respiratory motions. Moreover, the exposure time of each image
projection needs to be reduced as the microscopic features of interest
become smaller, which makes 4DCT microscopy technically challenging
[25]. The high photon flux and coherence of synchrotron radiation are
necessary for this technique, as well as accurate physiologic signal
acquisition and control software allowing precise triggering of all
components of the image acquisition process [65]. Resolving alveolar
structure in the lung is particularly challenging due to inhomogeneous
speed and magnitude of the physiological tissue motion. Acquiring
abundant tomographic data can help resolve this issue.

Under static lung inflation conditions, Lovric et al. studied lung
inflation patterns during diastole at the alveolar scale in vivo, with a
voxel size of 2.9 ym3, in anesthetized 9-day old rats. They acquired 450
individual projections at 3 ms exposure time, for a total acquisition time
of 2 min. Their data demonstrate the feasibility of eliminating motion
artefacts due to cardiac activity and resolving alveolar structure in vivo
[5].

More recently, Fardin et al. investigated lung tissue deformation
induced by cardiac contractions in anesthetized rabbits at 20 um?,
showing the regional inhomogeneity in heart-induced lung deformation
[66]. Using this methodology both the respiratory and cardiac-induced
motion could be resolved at 3 prn3 voxel size in anesthetized rats [67].
Also, 4D tomographic microscopy at 2.9 um® pixel size has been used to
study the progression of ventilator-induced lung injury in anesthetized
Balb/c mice [68].

These studies have shown that 4D tomographic microscopy is a
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valuable technique for studying regional lung structure and function at
microscopic length scales. The main limitations of the technique are the
length of data acquisition ranging up to tens of minutes, and the risk of
excessive radiation dose which can alter the underlying tissue struc-
tures. More sensitive detection devices and specifically designed imag-
ing end stations can help mitigate these limitations in the future.

4.2. K-edge subtraction imaging applications

K-edge subtraction imaging provides quantitative maps of a contrast
element while simultaneously providing images of the underlying tissue
structure. Using this approach, inhaled Xe gas distribution can be
measured within the pulmonary alveoli [12], while the injection of
Iodinated contrast elements allows the quantification of the regional
blood volume distribution and perfusion [48].

By imaging the washin or washout of Xe gas during sequential
breaths, the regional distribution of specific ventilation can be imaged
and quantified as specific or absolute regional ventilation. The distri-
bution of regional ventilation is inhomogeneous in normal lungs and this
inhomogeneity increases dramatically under pathologic conditions. The
uneven distribution of ventilation has major fundamental and clinical
implications. Ventilation heterogeneity affects the matching of regional
ventilation and perfusion leading to less efficient gas exchange, and can
significantly affect the apparent degree of mechanical obstruction.
Moreover, ventilation distribution importantly determines the distri-
bution of inhaled medications and inhaled environmental pollutants.
One of the lung diseases where ventilation distribution inhomogeneity is
enhanced is asthma. Asthma is characterized by the exaggerated con-
tractile response of airways to various stimuli. For asthma diagnosis,
airway responsiveness is often investigated using pharmacological
substances that directly stimulate the airway smooth muscle. In asth-
matic individuals however, airways constriction is indirectly induced by
stimulation of inflammatory cells such as mast cells and eosinophils that
release constricting mediators. Using KES imaging, it was demonstrated
that when airway constriction is induced by the inhalation of histamine
mimicking an asthma attack in anesthetized rabbits, regional ventilation
becomes very heterogeneous with development of patchy areas of
reduced ventilation [44,69,70]. It was shown that the kinetics of airway
response to histamine was very different in central versus small pe-
ripheral airways, with faster constriction and recovery in the lung pe-
riphery. Central airways were slower to reach their maximal constriction
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[44], occasionally showing paradoxical dilatations [71]. This phenom-
enon may be due to the dynamic tidal expansion of proximal bronchi
when distal airways constrict downstream which has been termed serial
airway interdependence [72].

The mechanism through which airway smooth muscle constriction is
induced results in radically different patterns of airways constriction
[69]. In rabbits sensitized to ovalbumin, airway constriction was
induced either non-specifically through a pharmacological agent such as
methacholine, which acts directly on the airway smooth muscle, or
specifically through an allergen such as ovalbumin following allergic
sensitization, which constricts the airways indirectly by triggering the
activation of mast cells and eosinophils. While methacholine induced
mainly central airway constriction, the allergen caused a much more
heterogeneous pattern of ventilation distribution in the lung periphery
through constriction of peripheral airways (Fig. 8). In that study, res-
piratory impedance was measured using the forced oscillation tech-
nique. A model that includes resistance, tissue damping and elastance
was fitted to the impedance data [73]. Responses in airway resistance
and tissue elastance measured by the forced oscillation technique were
demonstrated to be related to the central and peripheral airway re-
sponses, respectively [69]. Since both constricting agents were injected
in the blood, the more inhomogeneous airway reaction in allergic ani-
mals may have been due to the local heterogeneity of the distribution of
the immune cells involved in the allergic reaction itself. This was
investigated using KES imaging in ovalbumin-sensitized Brown-Norway
rats, a species genetically prone to develop allergic sensitization [45].
When the animals were exposed to allergen, and subsequently imaged
while breathing a Xe and O, gas mixture, patchy regions of ventilation
defect developed in the lung periphery. Histologic examination of
matching slices of the lung tissue revealed that total cellular, eosinophil
and mast cell infiltrations were stronger within compared to outside the
lung regions with reduced ventilation. Moreover, the inhomogeneous
distribution of an inhaled aerosol containing environmental antigens or
constricting agonists can result in an inhomogeneous peripheral airway
response. More recently, the regional deposition of aerosol particles
containing iodine was quantitatively mapped in rabbit lungs [74].
Ventilation distribution using KES imaging during Xe washin, and the
lung airway branching morphology, both critical parameters in deter-
mining aerosol transport and deposition, were also imaged. This study
showed that the deposition of aerosol particles of a median aerodynamic
diameter of ~ 3 pm was strongly heterogeneous (Fig. 9), decreased
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following methacholine-induced airway constriction, and that deposi-
tion distribution could be imaged repeatedly with KES to obtain data on
the kinetics of regional deposition with time, or to determine how in-
terventions can change the deposition pattern of aerosol particles.
Overall measurements of lung function do not allow assessing the
functional behavior of the lung periphery under mechanical ventilation.
Here, KES imaging can be used to investigate how changing mechanical
ventilation strategies such as alveolar recruitment and positive end-
expiratory pressure (PEEP) affect this behavior. Using this technique,
PEEP was shown to improve aeration in collapsed lung regions but not to
eliminate overventilation of normal lung units in a model of experi-
mental lung injury in rabbit [75]. Combined measurements of lung
aeration based on tissue-density images, and regional ventilation based
on Xe washin, allows distinguishing regions of alveolar collapse that are
tidally ventilated, exposing them to concentration of mechanical stresses
[76], or regions with full or partial gas trapping, while static CT images
do not allow this distinction [75]. Moreover, the administration of
exogenous surfactant [77] or the impact of different modes of me-
chanical ventilation such as volume control or pressure-regulated modes
on regional lung function, can be assessed by KES imaging [78].
Mechanical ventilation also affects regional lung function in normal
lung, for example in subjects undergoing general anesthesia for surgery.
Particularly, the regional distribution of blood volume in the lung can be
tidally modified due to the increased pressure upon inspiration. Despite
the importance of dynamic changes in the regional distributions of gas
and blood during the breathing cycle for lung function in the mechan-
ically ventilated patient, no quantitative data on such cyclic changes and
their determinants were available. Using KES imaging, the cyclic vari-
ations in regional pulmonary blood volume during the respiratory cycle
were demonstrated for the first time (Fig. 10), and dynamically imaged
as a video animation [79]. The magnitude of the cyclic changes in
regional blood volume was significantly affected by gravity, and by
mechanical ventilation settings such as the level of PEEP. The signifi-
cance of these phenomena is their potential impact on the dynamics of
tidal gas exchange, which can be further investigated by KES imaging.

5. Clinical translation
5.1. X-ray phase-contrast imaging

Although PCI is applicable in human subjects [80], no functional

Ovalbumin Mch aerosol sV(1/min)

20

10

Fig. 8. Left panel: images of specific ventilation in one representative sensitized rabbit at baseline, during methacholine (Mch) infusion, on recovery, and after
ovalbumin provocation. Right panel: images of regional ventilation in one representative control rabbit after Mch aerosol inhalation. Black color indicates zero

specific ventilation. .
Reproduced with permission from: [69]
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T= 15 min

T= 20 min

Fig. 9. Three-dimensional rendering of the regional deposition of iodine expressed as concentration (mg/ml) versus the duration of inhalation in a representative
control (top row, whole lung) and an MCH animal (bottom row, 35 mm vertical height). Grey color: surface rendering of lung and conducting airway morphology;
dark grey shows the projection of segmented conducting airways. Values below 1.5 mg/ml, were not represented in order to better reveal focal areas of strong iodine
deposition. Note the strongly inhomogeneous pattern and increasing amount of deposition with time in the control animal, and a similarly inhomogeneous pattern

but less overall deposition in the MCH animal. .
Reproduced with permission from: [74]
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Fig. 10. Within-breath changes in regional gas volume (Vg) and regional blood volume (Vb) (mean + SE, n = 6) in anesthetized rabbits with normal lungs, under
mechanical ventilation. Left: Sample composite images from single animal, showing normalized Vg, and Vb during inspiration and expiration. Right: Two successive
respiratory cycles, without and with an end-inspiratory pause are shown, at zero end-expiratory pressure (ZEEP) and 9 cmH20 end-expiratory pressure (PEEP), and

at 2 different tidal volume levels (VT1 and VT2). Modified from: [79].

lung imaging data in humans have been acquired to date. Because
contrast enhancement due to x-ray refraction far exceeds that of atten-
uation particularly at higher energies, the radiation dose is not expected
to be a major limiting factor. For example, PCI-CT performed at an
entrance dose of 1.6 mGy in ex-vivo human breast samples was found to
have a better image quality than cone-beam CT with a standard source at
5.8 mGy [81]. In translational functional lung CT studies in animals with
optimized image quality rather than radiation dose, the latter is typically
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on the order of 160 mGy per 1000 projections using a free propagation
setup and a monochromatic beam at 50 keV (unpublished data). It is the
scarcity and cost of large synchrotron facilities that mainly hampers the
utilization of synchrotron sources for functional lung imaging as a
diagnostic tool. Over the past decades, Compact Compton Sources (CCS)
have been developed, with one commercially available device [50] and
several ongoing projects [49]. Such compact radiation sources may
allow a wider availability of PCI for application in clinical investigation
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including for functional lung imaging. A recent study of dark field im-
aging (DFI) of the lung using a CCS in live pigs has suggested that this
approach holds promise for human application with clinically accept-
able parameters [82]. Alternatively, speckle-based imaging may make
possible the use of a high-brightness liquid-metal-jet source to simul-
taneously obtain the spatial distribution of both the refractive index and
absorption within a sample, making this imaging method available for
widespread use.

The principle of speckle-based imaging is to quantify the effect of the
sample on the speckle pattern induced by a random diffusor such as a
piece of sandpaper, through a windowed correlation between a pair of
images taken with and without sample [83,84]. This modality is not the
same as the phase-contrast speckle imaging discussed in Section 3.2
above. Here, images of the near-field speckle pattern produced by a
random diffusor, are obtained with and without the sample placed be-
tween the diffusor and the detector. The distortion of the near-field
speckle pattern of the diffusor by the sample, allows retrieving phase
and absorption images of the sample using a cross-correlation algorithm
[83,84]. This method has been applied to static paraffin-embedded
human lung samples [84] but so far not to functional lung imaging.

5.2. K-edge subtraction imaging

The possibilities and limitations of KES with synchrotron radiation
have been extensively reviewed by Thomlinson et al. [13]. The feasi-
bility of Xe-KES in human imaging was first demonstrated by Giacomini
and collaborators in 1998 [42]. A study by Strengell et al. [85] has
shown that within limitations given by the amount of Xe gas that a
patient can tolerate given its sedative properties, as well as by the
clinical radiation dose limitation for high-resolution chest CT, it should
be possible to carry out human studies and potential human applica-
tions. The practical limitations in utilizing synchrotron sources for
clinical studies with the KES method have so far limited functional lung
imaging applications to pre-clinical animal studies. An alternative to
monochromatic radiation is the use of clinical x-ray sources for dual-
energy computed tomography (DECT). Although clinically available x-
ray tubes produce a poly-energetic spectrum, the general principle of
KES remains valid. Algorithms have been developed to quantify the
material composition of the imaged tissues and to differentiate contrast
elements from the intrinsic composition. Various techniques and hard-
ware have been developed for clinical scanners including rapid
switching of the tube potential, dual x-ray sources, multilayer detectors
or photon-counting detectors [86]. This approach has been used for
functional imaging of regional lung ventilation using inhaled Xe in
subjects with COPD, asthma and bronchiolitis obliterans [87]. However,
radiation dose, overlap of energy spectra, noise, persistent beam hard-
ening and the requirement for careful system calibrations limit its
clinical use [86]. Currently, CCS are being investigated for KES imaging
and a proof-of principle ex vivo study has shown the possibility to ac-
quire KES images at iodine K-edge [54]. With the improvement in the
intensity of radiation produced by CCS and improvements in detection
systems, clinical application of KES using monochromatic radiation can
be regarded as a realistic option in the future.

6. Future directions and challenges

Elucidating the 3D structure and real-time lung function at micro-
scopic length scales in vivo is one of the most challenging applications of
synchrotron radiation in biomedical imaging. Current data suggest that
dynamic measurements allowing the study of regional lung structure
and function using methods such as phase-contrast imaging or K-edge
subtraction imaging are unique tools for better understanding of path-
ologic mechanisms, and for devising strategies to mitigate them. Syn-
chrotron radiation imaging allows the investigation of lung
micromechanics, regional gas distribution and ventilation, regional
blood distribution and perfusion, for measuring gas and nanoparticle
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transport and exchange, aerosol deposition, nanoparticle toxicology and
theranostics (diagnostic and therapeutic use), among other applications.
The intensity and coherence of synchrotron beams allows phase-contrast
imaging of weakly absorbing lung tissues and allows visualizing struc-
tural details at ~ 1 pum length scale which is inaccessible through
traditional x-ray imaging techniques, while limiting the radiation dose.
On the other hand, the ability to tune the energy of monochromatic x-
rays over a wide range allows K-edge subtraction imaging. This imaging
modality allows direct quantification of the distributions of contrast
elements that can be used as tracers. Real-time imaging of lung function
is highly challenging, particularly in vivo due to motion blurring and the
non-linear deformation of the lung tissue with breathing and cardio-
vascular motion. Other challenges include imaging large fields of view,
while maintaining a degree of spatial resolution sufficient to resolve the
structures of interest. There is currently a trade-off between spatial and
temporal resolutions, and both are difficult to achieve simultaneously. In
vivo synchrotron radiation imaging also faces limitations due to radia-
tion dose, and a limited field of view for imaging large samples at most
facilities. However, possibilities to achieve these challenging goals exist
at current synchrotron facilities with recent progress in detection,
acquisition and data processing capabilities allowing for quasi real-time
3D “tomoscopy” [88]. Although this technique is not directly applicable
in vivo, fast detection, data transmission and real-time image processing
capabilites are crucial for in vivo dynamic lung imaging.

A challenge posed by fast acquisition 3D imaging is handling the
large volume of data, which can rapidly represent several terabytes.
Large data volumes cannot be visualized in real time with conventional
approaches. A change in the data representation paradigm, from the
classical Cartesian grid to a hierarchical data structure is therefore
mandatory to allow a real-time visualization on different planes as well
as morphological analysis in a reasonable time. This in turn, requires
adapting image processing algorithms.
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