X-ray Specks: Ultra low dose in vivo imaging of lung structure and function
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Abstract.
Respiratory health is directly linked to the structural and mechanical properties of the airways. For studying
respiratory development and pathology, the ability to quantitatively measure airway dimensions and changes in
their size during respiration is highly desirable. Real-time imaging of the terminal airways with sufficient
contrast and resolution during respiration is currently not possible. Herein we reveal a simple method for
measuring lung airway dimensions in small animals in vivo from a single propagation-based phase contrast Xray image, thereby requiring minimal radiation. This modality renders the lungs visible as a speckled intensity
pattern. In the near-field regime, the size of the speckles is directly correlated with that of the dominant length
scale of the airways. We demonstrate that Fourier space quantification of the speckle texture can be used to
statistically measure airway dimensions at the alveolar scale, with measurement precision finer than the spatial
resolution of the imaging system. Using this technique we discovered striking differences in developmental
maturity in the lungs of rabbit kittens in the few days before birth.

1. BACKGROUND
Pulmonary diseases are one of the greatest causes of human morbidity and mortality. Chronic
obstructive pulmonary disease (COPD), the fifth leading cause of death in humans, occurs in 10% of
the population and its incidence is rapidly increasing [1]. COPD includes emphysema, chronic
bronchitis and some cases of asthma. For newborn infants, respiratory failure is the greatest cause of
morbidity and mortality, particularly for those born very preterm. Many of the surviving infants
(~30%) develop bronchopulmonary dysplasia (BPD). BPD has major implications for the respiratory
health of individuals throughout their lives [2]. Forms of both COPD and BPD result in abnormal
regional changes to the airway structure. Our ability to reduce the burden of these diseases is impaired
by our inability to image the lung with high resolution in vivo, particularly the small airways that
harbour much of the pathology associated with these diseases. It is currently not possible to detect
most forms of lung disease with imaging before they are clinically evident. High-resolution computed
tomography (CT) is the gold standard technology commonly used for imaging COPD as it can resolve
airway structures down to the 7th generation [3]. However, with a spatial resolution of around 0.5 mm,
it is unable to resolve the smallest terminal airways (alveoli), which range in size from 80-210 m [4].
This problem is true of all other clinical imaging modalities. Micro-CT is capable of resolving these
structures (see e.g. [5, 6]), however the radiation dose is prohibitively high and it is currently
impossible to perform in real-time for in vivo human imaging [3]. Any technique capable of noninvasively measuring regional changes in minor airway structures in vivo could provide huge benefits
for pre-clinical studies and diagnostic imaging [3].
Propagation-based phase contrast X-ray imaging (PBI) is a very simple technique for obtaining high
contrast images of weakly absorbing materials like soft tissues. It relies on Fresnel diffraction and
requires a partially coherent X-ray source but no additional optics to render phase changes visible
upon free-space propagation to a spatially resolving detector. The airways of the lungs can be made
highly visible with PBI due to the large differences in refractive index between soft tissue and air at
diagnostic energies. In a two-dimensional projection image, the many overlapping airways of the
lungs create a speckled pattern of bright and dark spots resulting from interference effects (see Figure
1) [7, 8]. From a geometrical optics perspective, the lung tissue acts as an aberrated compound
refractive lens causing local variations in focal volume that results in strong intensity variations [9].
Such speckle is common when coherent light is transmitted through or reflected from a random phase
screen [10].

1

(a)

(b)

Figure 1. (a) Propagation-based phase contrast image of the lungs of a newborn (30 dGA) rabbit kitten acquired
at beamline 20B2 at the SPring-8 synchrotron. Beam energy, 24 keV. Object-to-detector propagation distance,
1 m. Image size, 17.9×19.5 mm2. (b) Azimuthally averaged power spectrum of (a) showing the raw data and a
Pearson type VII function fit to the raw data for measuring the position of the peak in the power spectrum due to
the speckle pattern of the lungs. The peak at 6.4±0.4 mm-1 reveals a dominant length scale of 156±10 µm.

We have recently reported a technique for using phase contrast X-ray imaging for measuring the size
and population of alveoli in small animal lungs in real-time [11]. That method utilised the Fourier
space signature of speckle patterns created by the aerated lung tissue (such as that shown in Fig. 1(b))
and was able to accurately measure the change in size of alveoli on the micron scale throughout
respiration cycles in real time. Each measurement of alveolar size was provided from statistical
analysis of individual images. To acquire the same information from a sufficiently high resolution CT
scan would require extremely high X-ray exposure and a very fast scanner to avoid motion blur. The
only disadvantages of our previous technique are that (i) the total volume of air in the region of
interest has to be measured and (ii) and an image of the non-aerated lungs must also be recorded to
allow the airway dimensions to be determined. The new method described herein overcomes these
limitations, as described below.
In the laser community it has long been known that speckles, when imaged at a sufficiently close
distance to the object, have approximately the same size as the scatters that created them. This effect
of ‘near-field speckle’ is found to be independent of the number of scatterers in projection or the
object-to-detector propagation distance. However, in the far-field the speckle size grows with distance
and the relation to the scatterer size is lost [12, 13]. Various authors have given heuristic [12] and
theoretical [13] arguments as to why the near-field speckle produces this simple relationship with the
scatterer size. In Leong et al. [14] we used the transport of transport-of-intensity equation (TIE) [15]
to find an analytic solution for the power spectrum of the near-field intensity of multiple randomly
distributed spherical particles, which is a sufficiently accurate model of lung tissue [14], given by:
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Eq. 1

Here F denotes the Fourier transform, I is the intensity, z is the direction of the incident illumination,
L is the object-to-detector distance, 𝛿 is the energy dependent refractive index decrement of the
1/2

scattering medium, N is the number of scatterers, R is their radius and 𝑘⊥ = (𝑘𝑥2 + 𝑘𝑦2 )
is the
transverse wavenumber in the (𝑥, 𝑦) plane. The number of particles, the refractive index decrement
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and the propagation distance simply amplify the Fourier space signature as their values increase. The
oscillatory term in square brackets is dominated by the cosine term as the sinc function rapidly decays
with 𝑘⊥ , hence the amplitude of the peaks are almost constant for all spatial frequencies. This
equation reveals that the size of the speckles, as governed by the position and shape of the peaks, is
effectively independent of sample depth, propagation distance or wavelength (within the near-field).
But since the oscillatory term depends upon the particle size R, the size of the speckles are directly
related to the particle size. In other words, when the propagation distance is sufficiently small, speckle
size equals particle size, which agrees with previous studies [12, 13]. In this model of spherical
particles, the volume of the spheres (i.e. the lung volume 𝑉𝐿 ) will be 𝑉𝐿 = 𝑁4𝜋𝑅 3⁄3. Hence we see
that the amplitude of the power spectrum (PS) in Eq. 1 is related to 𝑉𝐿 (strictly 𝑉𝐿 /𝑅). In this paper the
PSPeak amplitude is used as a simple measure to reveal approximate changes in lung air volume from
the images without needing to immerse the specimen in water (cf. [11, 14, 16]) since exact volumes
are not required.
In the paper by Leong et al. [11] we compared two methods of measuring particle/airway dimensions
from the power spectrum. Both used the fact that the speckles produce a characteristic peak in the
power spectrum (Figure 1), as first shown by Hooper et al. [17]. The first method is to simply
measure the position of the peak (PSPeak). The second measured the area under this peak (PSArea). We
imaged the lungs of newborn rabbit kittens and lung phantoms made from packed glass microspheres
of known size, having similar dimensions to alveoli, to test these options. It was found that the PS Area
gave consistently more reliable results. This was attributed to the fact that dense packing of the
particles (or airways) produces short-range-ordering (SRO) that readily alters the PSPeak but only
minimally affected the PSArea. The derivation in Leong et al. [11] for relating the power spectrum peak
to the particle/alveolar size (Eq. 1) assumed purely random packing, which is not possible for a closepacked system.
In this paper we demonstrate that SRO is a major component to the signal produced from packed
particles, further validating our previous studies. However, we also show that the aerated lungs do not
exhibit SRO in a small animal model, even to quite high levels of aeration when the packing fraction
becomes comparatively large. We then show that the discrepancy between the PSArea and the PSPeak for
lungs images shown by Leong et al. [11] did not result from SRO. Instead we find the discrepancy is
because the PSPeak does not indicate the size of the alveoli per se, but instead reveals the dominant
feature size (length scale) in the image. For a fully aerated adult lung the alveoli occupy around 90%
of the total airspace volume. However, when lung volumes are low, particular in newborns when the
lungs are aerating for the first time, the dominant length scale often does not result from the alveoli
(that may be fluid filled or collapsed), but to the larger airways in the lungs. Since we used newborn
rabbit kittens for our lung model, the PSPeak can be readily influenced by the level of aeration. Herein
we show that this new understanding of what the PSPeak represents enables us to use this measurement
to accurately quantify changes in the dominant airway size from a single projection image. This
method is found to be highly sensitive to the developmental age of the animal and can be used to
differentiate lung maturity at birth. Importantly, this approach does not require us to measure the lung
air volume or record an image of the lungs in a non-aerated state to measure the airway dimensions.
2. MATERIALS, METHODS AND RESULTS
2.1 X-ray Sources
Experiments were conducted at the SPring-8 synchrotron beamline 20B2 in Hutch 3 [18]. We also
validated the technique using a laboratory based liquid metal jet source. For this type of imaging,
spatial coherence is more important than temporal coherence [19]. The monochromatic synchrotron
source has the advantage of being highly spatially coherent with the sample positioned ~210 m from
the 150×10 µm2 source. By comparison, the laboratory source is polychromatic, with a characteristic
peak at 25 keV. We employed an ~20×20 µm2 spot size and a source-to-object distance (SOD) of
around 43 cm to produce a beam of moderate spatial coherence that is capable of producing
appreciable propagation-based phase contrast [20].

3

2.2 Near-field speckle analysis
All images were analysed by fitting a Pearson VII function to the peak in the azimuthally averaged
power spectrum (PSPeak) of square arrays cropped from a given data set. The characteristic length
scale of the speckle was taken as the reciprocal of the peak position. The advantage of this method is
that measurement precision is much finer than the spatial resolution that can be achieved by fitting a
curve to the peaks and analytically solving for the maxima [11]. Here we employed a highly flexible
Pearson-type VII function (see e.g. [21]), as seen in Figure 1. Images were first corrected for the
presence of detector artifacts and beam inhomogeneity using images of the direct beam and dark
current, and corrected for blur caused by the point-spread function (PSF) of the imaging system. The
PSF was corrected by direct Fourier space division of the images with the measured PSF. This
amplifies high frequency noise, but is necessary to accurately determine the PSPeak position.
2.3 Test Samples
2.3.1 Synchrotron-based near-field speckle imaging of lung phantoms
To experimentally confirm the validity of a near-field regime, where speckle size is approximately
equal to object size, we imaged dry packed soda-lime glass microspheres of known sizes. The
microspheres (Whitehouse Scientific, Ltd.) were poured into Polymethyl methacrylate (PMMA)
containers of set thicknesses. Propagation-based phase contrast images of such samples are known to
produce speckle patterns that are similar to those of the lung of small animals, hence they make for an
ideal lung phantom where the dimensions of the refracting bodies are well known [9].
To determine how accurately the size of the particles could be measured from power spectral analysis
of the near-field speckle patterns, we imaged a variety of sample thicknesses at several propagation
distances. The thickness of the containers was 1, 2, 5, 10 and 20 mm and the propagation distances
were 0.035 m, 0.13 m, 0.5 m, 1 m, 1.5 m, 2 m and 3.0 m. Monochromatic 30 keV X-rays were used
and images were recorded with a Hamamatsu CCD detector (C4880-41S) coupled to a powdered
10 µm thick gadolinium oxysulfide (Gd2O2S:Tb+;P43) phosphor and a tandem lens system yielding an
effective pixel size of 5.9 µm. Typical speckle patterns from X-ray images of glass microspheres and
rabbit lungs are shown in Figure 2.

Figure 2. Phase-contrast X-ray images of speckle from glass microspheres with nominal size 106-125 µm (top
row) in a 10 mm thick PMMA container, and speckle from newborn rabbit lungs (bottom row). Images are
1.5×1.5 mm2.

A region wherein speckle size remains constant with propagation distance, independent of the number
of particles, is observed for the glass microspheres shown in Figure 3(a). The breakdown in this nearfield regime occurs at shorter sample-to-detector distances for thicker samples, and for smaller
microspheres.
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Figure 3. (a) The dominant size of glass microspheres (nominal size 106-125 µm) calculated from the peak
spatial frequency of the image power spectrum, shown as a function of sample-to-detector distance. We observe
a region where the dominant speckle size is equal to the scattering object size. Shading indicates the nominal
microsphere size specified by the manufacturer (Whitehouse Scientific, Ltd.; dark grey) and full-width halfmaximum of the distribution measured via sieving with a commercial measurement system (Mastersizer 2000;
light grey). Particle size uncertainties are around 3 m and are too small to be shown here. (b) The dominant
size of terminal airspaces in neonatal rabbit lungs calculated from the peak spatial frequency of the image power
spectrum, as a function of sample to detector distance. At short ODDs (<0.75 m) the speckle contrast-to-noise
ratio is weak and consequently the PSPeak is dominated by other low frequency structures present in the image.
With sufficient distance the lung speckle dominates the power spectrum and a minima arises in each plot at
which point the speckle size is approximately equal to the dominant airway size. Images with a sample to
detector distance <0.50 m had insufficient speckle contrast to observe a peak in the power spectrum. All kittens
imaged here were 30 dGA. The systematic uncertainty for the airway size measurements is around 20 m.

Within the near-field regime the dominant size of the microspheres measured from the peak spatial
frequency is slightly lower than manufacturer’s nominal size range and is below the mean size
expected from the commercial measurement (Figure 3(a)). As described by Carnibella et al. [22, 23],
this results from the close packing of the dry packed microspheres. As free particles of similar size
become more closely packed they arrange themselves more periodically like a rhombohedral crystal
structure. The characteristic length scale of the speckle pattern then becomes dominated by the
distance between the centre of the spheres rather than the sphere size themselves. In a rhombohedral
crystal structure, the distance between the centres of the spheres is 2⁄√3 times the sphere size [24],
leading to the underestimated particle size observed in Figure 3(a).
2.3.2 Tomographic evidence for short-range ordering of packed glass microspheres
High resolution CT scans were also collected of glass microspheres of various sizes poured into a
10 mm cuvette to observe how the particles packed together. Particle sizes were in the nominal ranges
of 63-125 µm, 75-106 µm, 75-125 µm, 150-180 µm, 150-212 µm and 250-300 µm. The 1800
projection images were recorded over 180 of rotation with an exposure time of 200 ms and a
propagation distance of 1 m. We used the single image phase retrieval algorithm of Paganin et al. [25]
to provide a 3D reconstruction of the attenuation coefficient of the sample with a much higher signalto-noise ratio than can be provided via a conventional attenuation contrast CT scan [6].
Figure 4(a) shows the normalised autocorrelation (AC) of 2D slices of the microspheres taken from
the CT datasets. As expected, each curve shows a Gaussian-like function near the origin whose halfwidth is approximately proportional to the size of the average particles. The curves then oscillate
about zero at increasing distance from the origin. The peaks reveal the presence of short-range
ordering of the close packed particles at those length scales.
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Figure 4. Autocorrelation of CT slices of (a) glass microspheres and (b) rabbit kitten lungs. Peaks at large
length scales in (a) result from short-range ordering of particles. This effect is not seen in (b).

2.3.2 Laboratory-based experiments
Two of the microsphere samples (63-75 µm and 106-125 µm in 10 mm thick cuvettes) were imaged
using the laboratory based X-ray source. The SOD was 0.5 m and the object-to-detector distance
(ODD) was 6.0 m, yielding a geometric magnification factor of 13. We employed a fluoroscopy flat
panel detector (Varian Paxscan 2020+) with a native pixel size of 194 µm. With geometric
magnification, the effective pixel size was 14.9 µm. The measured size of the 63-75 µm microspheres
was 57±2 µm. That for the 150-180 µm sized microspheres was 141±3 µm. Again we find the particle
size is underestimated as a result of SRO.
2.4 Animal studies
All animals were imaged in hutch 3 of beamline 20B2 at the SPring-8 synchrotron. New Zealand
white rabbit kittens were delivered by caesarean section at 28 (n=11), 29 (n=6) and 30 (n=23) days
gestational age (dGA; term=31-32 days). Neonates were humanely killed via anaesthetic overdose of
sodium pentabarbitone (>100mg/kg), then placed on a custom designed small animal ventilator [26]
with an endotracheal tube inserted into the mid-cervical trachea. A monochromatic beam energy of
24 keV was selected as it was previously found to provide optimal phase and absorption contrast-tonoise ratio at this facility for small animal lung imaging studies [16]. At this energy, the surface entry
dose to the sample in the hutch was approximately 225 mGy/s, as measured using an ion chamber.
2.4.1 Near-field lung speckle analysis
To confirm that the near-field regime, wherein speckle size is approximately equal to object size,
exists for imaging small animal lungs at diagnostic X-ray energies, images of the thoraces of five
newborn rabbit kittens were recorded at various ODD between 0.13 and 3.0 m. The lungs of the
deceased kittens were well aerated prior to imaging and an airway pressure of around 20 cmH20,
delivered by the ventilator, was maintained within the lungs upon closing the endotracheal tube before
setting each kitten in a 2% agarose solution to prevent object movement between exposures. The
scientific-CMOS (sCMOS) detector (pco.edge; PCO AG, Kehlheim, Germany) was coupled to a
25 μm thick gadolinium oxysulfide (Gd2O2S:Tb+) powdered phosphor and a tandem lens system that
provided an effective pixel size of 15.1 µm. With a field-of-view (FOV) of ~38.6×32.6 mm2, the
entire thorax could be viewed in a single exposure.
Figure 3(b) shows the measured dominant airspace size as a function of propagation distance for five
kittens. We see slight differences in airway size between each animal, resulting primarily from
differences in tissue compliance and airway pressure. The average size of the airways is similar to
previously reported measures of alveolar dimensions for newborn rabbit kittens [17]. Like the glass
particle experiment, we observe a steady increase in airway dimension above a critical distance for
each animal between 1.0 m and 1.5 m at this energy and resolution. However, we also see a decrease
6

in the measured airway dimensions at short ODD. At ODDs below 0.75 m the speckle contrast-tonoise ratio is very weak and consequently the PSPeak is dominated by other low frequency structures,
such as the ribcage, making the measured airway size meaningless. Each sequence goes through a
minimum in the measured airway size at distances between 0.75 m and 1.5 m, where the PSPeak
position is more reliably measured, before the size again increased linearly with ODD. Similar to the
glass microspheres, the distance at which the measured size begins to increase with ODD tended to
become larger with increasing average airway/particle size. A propagation distance of 1.0 m was
chosen as the optimal ODD for lung imaging at this X-ray energy for this species as it is generally
large enough to achieve a measureable signal and still remain within the near-field. Section 2.4.2
shows that at this distance speckle size is well correlated with the dominant size of the airspaces.
2.4.2 Tomographic evidence for the absence of short-range ordering within the lungs
The close packing of airways in the lungs is crucial to the lungs achieving the large surface-area-tovolume ratio required for respiration. Therefore it is natural to expect clear evidence for SRO in lung
tissue, similar to that seen with packed glass microspheres (Figure 4(a)). To test this hypothesis we
acquired high resolution CT images of the lungs of newborn rabbits. The 1800 projections recorded
over 180 were acquired at a propagation distance of 1.0 m and an energy of 24 keV with a 50 ms
exposure per frame at beamline 20B2. The surface entry radiation dose was ~20.3 Gy. We employed a
sCMOS (Hamamatsu ORCA Flash4.0; C11440-52U) X-ray camera with a straight fiber optic element
coupled to a 10 µm thick gadolinium oxysulfide phosphor with a pixel size of 6.39 µm. With a FOV
of ~13.1×13.1 mm2, we could observe most of the lungs of the kittens in a single exposure. The total
scan time was ~4 minutes. Each kitten was imaged at one or more fixed airway pressures. For the CT
reconstruction, a phase retrieval algorithm focusing on the lung tissue was employed using the method
and parameters described by Beltran et al. [6].
Alveolar dimensions were measured from the 3D CT data using custom-written greyscale
granulometry software (Interactive Data Language; IDL v8.1). A spherical structure element was
employed to estimate the shape of the alveoli. This software was previously shown to be accurate for
assessing alveolar dimensions [11] and allowed us to quantitatively assess the accuracy of our
measurements using the power spectral analysis.
Figures 5 and 6 show reconstructed slices of the lungs of two kittens of different gestational ages at
two different airway pressures. The size of the airways can be seen to vary with airway pressure; a
point we shall return to in section 2.4.3. In addition, we see a clear difference in lung behaviour
between the near term (30 dGA; Figure 5) and preterm (28 dGA; Figure 6) kittens. Airways of the
30 dGA kitten expand at high pressure, whereas in the 28 dGA kitten the minor airways (alveoli)
collapse or reflood with lung liquid at low pressure, leaving only the larger airways aerated.
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106µm

125µm

Figure 5. CT reconstruction from a 30 dGA rabbit kitten showing the lungs at atmospheric pressure (0 cmH2O)
and when inflated to a pressure of 20 cmH2O. Black represents airways, tissue is grey and bone is white.
Segments highlighted by white boxes are magnified in the third panel (dimensions of 1.9×1.9 mm2). The upper
and lower insets correspond to the first and second panels, respectively. Mean airway dimensions measured
from phase contrast projection images were 106±10 m at 0 cmH2O and 125±10 m at 20 cmH2O. Solid white
circles indicate these sizes for comparison to alveolar dimensions in the magnified segment. Outlined white
circles indicate the airspace size at the other pressure.

Uncertainties in measures of airway dimensions are estimated by assessing the variability of sizes
measured from the PSPeak of animals imaged at different projection angles at a fixed pressure, and by
deliberately altering the initial estimates of the parameters in the curve fitting procedure. This gave a
maximum systematic uncertainty of 20 m when the volume was low and the peaks difficult to fit.
With a pixel size of 15.1 m and a 25 m thick phosphor, the spatial resolution is around 45 m. We
note that this accuracy is still finer than the spatial resolution as a result of the curve fitting
interpolation. When the peaks are sufficiently strong and a reasonable estimate is used for the initial
curve fitting parameters, the variability is as low as 5 m, enabling high precision measurements of
changes in airway dimensions within an animal, as seen in section 2.4.3.
Figure 4(b) shows the ACs of the lungs of several kittens from CT data. Remarkably, the ACs do not
show clear peaks of the type seen in Figure 4(a) for the packed glass microspheres. Instead the AC
function for each kitten slowly asymptotes toward zero at distances much larger than the alveolar
diameter. We have also performed these measurements on 3D stacks of the CT slices and the 3D
results are of identical form to the 2D results presented here. These results demonstrate a clear lack of
self-similarity and SRO within the lung structure despite there being so many relatively tightly packed
alveoli of similar size, even for very well aerated lungs. Hence we can safely ignore any negligible
contribution from SRO to the power spectra of phase contrast images of the lungs of small animals.
Since SRO is not evident in lung tissue (Figure 4(b)), the position of any peak in the power spectra of
phase contrast images of the lung should faithfully represent the airway size under the near-field
conditions. However, Leong et al. [11] saw clear differences between alveolar dimensions measured
from the PSPeak position and the PSArea method combined with the known lung air volume, VL. As we
demonstrate below, this difference is now believed to result from the fact that the PSPeak position does
not represent the average alveolar size, but instead simply represents the dominant length scale
present in the image, which may or may not be the mean alveolar diameter. Furthermore, Leong et al.
[11] showed that the PSPeak tended to underestimate the airway dimensions, as revealed by
comparisons with granulometry applied to CT data of the lungs. However, we note that in the
8

analysis of Leong et al. [11] the peak position was not directly measured, rather it was measured after
several pre-processing stages that tend to shift the power spectra towards higher spatial frequencies,
particularly dividing the image by its absorption contrast image before subtracting the power spectrum
of an non-aerated image of the same animal. There the absorption contrast image was approximated
by performing phase retrieval on the images under the assumption the object was comprised of a
single homogenous material.

159µm

132µm

Figure 6. CT reconstruction from a 28 dGA rabbit kitten showing the lungs near atmospheric pressure
(1 cmH2O) and when inflated to a pressure of 18 cmH2O. Segments highlighted by white boxes are magnified
in the third panel (dimensions of 1.9×1.9 mm2). The upper and lower insets correspond to the first and second
panels, respectively. Mean airway dimensions measured from phase contrast projection images were
159±10 m at 1 cmH2O and 132±10 m at 18 cmH2O. Solid white circles indicate these sizes for comparison
to alveolar dimensions in the magnified segment. Outlined white circles indicate the airspace size at the other
pressure.

Figure 7 shows the dominant airway dimension measured from the power spectra of single phase
contrast projections taken from CT datasets of the chest imaged at three airway pressures for kittens
of different ages. The data is compared against the dominant range of alveolar dimensions measured
from granulometry, assuming spherical alveoli. We successfully imaged three kittens aged between
29 and 30 dGA and four aged 28 dGA at three different airway pressures. For all of the data measured
at moderate to large volumes we see excellent agreement between the measurements. This provides
further evidence that SRO is not affecting the power spectra, even at large lung air volumes.
Conversely, at low volumes we see that the airway dimensions measured from the power spectra
overestimates the alveolar dimensions measured from granulometry. This results from the fact that
many of the alveoli have collapsed at low pressure, hence the dominant length scale in the power
spectral is biased toward the size of the major airways. Figure 6 shows a clear example of the collapse
of the minor airways at low pressure.
2.4.3 In situ airway dimension analysis
The data shown in Figure 7 is broken into colour-coded segments based upon the gestational age of
the kittens. Doing so revealed an unexpected effect. At large air volumes the dominant airway
dimensions are all very similar between the kittens of different ages. However, at small volumes the
separation between the groups greatly increased. In the youngest animals (28 dGA) the dominant
airway dimension are very large, whilst at the oldest age (30 dGA) the opposite is true. CT data
shown in Figures 5 and 6 confirms that in the young animals (28 dGA) the lungs are prone to collapse
9

at low pressure, but with the older animals the majority of the terminal airways remain open but are
reduced in size. Upon expiration, the minor airways in the premature animals either collapse (derecruit) or refill with lung liquid still trapped in the lung’s interstitial tissue. Indeed, as these pups are
likely to be surfactant deficient [17, 27-29], Laplace’s law predicts that wall tension within smaller
airways (not necessarily alveoli) will increase as the radius decreases, promoting small airway
collapse and the redistribution of gas into larger airways [30]. Thus we have a most useful finding
whereby the power spectral analysis is capable of readily distinguishing between the developmental
immaturity of the lungs of newborn animals.

Figure 7. Dominant airway dimensions measured from the peak of the power spectra for various lung air
volumes for rabbit kittens of differing gestational age: 28 dGA (n=4; blue), 29 dGA (n=1; green) and 30 dGA
(n=2; yellow). All volumes have been normalised to the maximum volume measured for all kittens. The more
mature 29 and 30 dGA kittens show the expected trend that the airways increase size with lung volume. By
contrast, 28 dGA kittens show a clear reduction in the dominant airway size with increasing volume. The shaded
background shows the dominant airway sizes measured from granulometry from the 3D tomograms of each
animal, which shows close agreement with the size measured from the power spectra.

Further evidence for the sensitivity to differences in lung maturity are seen when looking at complete
respiratory cycles of newborn (deceased) kittens in situ, as shown in Figures 8 and 9. Images were
recorded at 5 Hz with an exposure time of 40 ms. These rabbits were humanely killed prior to taking
their first breath and the lungs were still filled with fetal lung liquid in the initial images prior to the
onset of ventilation. These were the same animals that were used for the tomographic analysis
presented in section 2.4.2 under the same experimental conditions. Air pressure was increased in
2 cmH2O increments, held for 5 seconds at each point, and decreased in the same manner after
reaching full inflation.
Red curves in Figures 8 and 9 show a semi-quantitative measure of lung air volume given by the
amplitude of the power spectrum peak (see section 1). Black curves reveal the dominant airway
dimensions measured from the PSPeak. We see that the airway size typically expands by up to 30 µm
during the ventilation cycle for the given air pressures employed. Most importantly we see that in the
29 dGA and 30 dGA kittens that the airway dimensions follow the trend of the ventilation cycle, but
the 28 dGA kitten airway dimension curve is 180 out-of-phase with the ventilation cycle. Note that
all other kittens in these age groups produced the same trends. Considering that the alveolar
dimensions should increase with lung volume, this apparent reversal was unexpected. In our previous
work [11] we attributed this strange trend to effects associated with SRO. However, we now see that
in these immature lungs the inflation slowly recruits increasingly smaller airways, leading to a
reduction in the dominant length scale measured from the power spectra, consistent with CT data
shown above.
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Figure 8. Graph of the dominant airway size (left y-axis) from a temporal image sequence of ventilated lungs in
situ. Overlaid is the approximate lung air volume, normalised to the maximum value (right y-axis, red curve).
The airway size increases with lung volume in rabbits at 29 dGA (left) and 30 dGA (right).

Figure 9. Graph of the dominant airspace size (left y-axis) from a temporal image sequence of ventilated lungs
of a 28 dGA rabbit in situ. Overlaid is the approximate lung air volume, normalised to the maximum value (right
y-axis, red curve). Contrary to the older animals, the dominant airspace size increases as lung volume decreases
due to minor airway collapse, resulting in an increase in dominant size from the remaining larger airways.

Finally, we note that Figures 8 and 9 reveal that the measurement of airway dimensions is highly
robust against noise, showing a fluctuation of around 3 µm microns (2-3%) when the volume is
constant. This stability results from the robustness of the curve fitting procedure shown in Figure 1(b).
2.4.3 In vivo airway dimension analysis
Next we demonstrate that airway dimensions can be measured in vivo. Here a 30 dGA kitten was
initially ventilated with a sustained inflation to help recruit the lungs [31], followed by multiple
ventilation cycles and imaged at a frame rate of 20 Hz (Figure 10) and a 40 ms exposure (surface
entry dose ~9 mGy). We see that when the lung initially aerates the dominant length scale reduces to a
minimum as smaller airways are successively recruited before they begin to expand to accommodate
an increase in lung air volume. During subsequent standard ventilation cycles the airway size follows
the curve of the lung air volume, as expected for kittens in this age group.
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Figure 10. Graph of the dominant airspace size of lungs in vivo in a ventilated newborn rabbit at 30 dGA (black
curve). Overlaid is the power spectrum amplitude as a measure of lung volume (red curve). An initial 20 s
sustained inflation is followed by regular ventilation with a 2.5 s period.

2.4.4 Regional morphological lung analysis
All of the data shown thus far have been measured across the whole chest. We now show that regional
distributions of airway dimensions can also be measured within a single image (Figure 11). Here the
PSPeak was measured in 128×128 pixel windows raster scanned across the image shown in Figure 1(a).
The dominant airway size has a mean of 161 µm and a standard deviation of 9 µm across the chest.
These length scales are consistent with that measured using the whole image, which was 156 µm.
Areas where the regional size measurement contains outliers occur mainly at the borders of the lung
and along the frontal portion of the diaphragm where the speckle pattern is interrupted by strong
phase contrast signals from large changes in phase gradient or lack of speckle signal outside the lungs.
Elsewhere the size distribution is more homogenous, yet we still see variability in airway dimensions
across the lungs.

Figure 11. Map of the local dominant airway dimensions measured using power spectral analysis of Figure 1(a).
The accuracy of the map is low at the boundaries of the lung where the speckle pattern disappears within the
ROI; invalid solutions have not been displayed.

3. DISCUSSION:
We have developed a robust, ultra-low dose in vivo technique for measuring the dominant lung airway
size of small animals both globally or regionally across the lung. Measuring the airway dimensions
locally with CT and granulometry here required a dose that was around 2,250 times larger than from
12

the single phase contrast image combined with speckle texture analysis. Although we have not
optimised either technique for minimal dose, the spatial and contrast resolution must be sufficiently
high to resolve individual alveoli for the CT granulometry to adequately measure alveolar dimensions.
By comparison, the two-dimensional phase contrast images readily provide statistical information that
reveals changes in lung structure and function during respiration and with far greater precision.
Our technique is capable of measuring dynamic changes in respiratory function with real-time
quantitative output. Potential applications include assessment of strategies to reduce ventilationinduced lung injury, respiratory monitoring of preterm infants, and the diagnosis and treatment of
lung diseases. A key advantage is that it does not rely on any a priori information and requires only a
single propagation-based phase contrast X-ray image.
Phase contrast imaging has already proven valuable for imaging respiratory diseases including
pulmonary fibrosis [32], cystic fibrosis [33], emphysema [34], lung cancer [35] and for studying lung
development at birth [36]. We have commenced trialling these methods to determine how accurately
this method works for both other animal models and for detecting respiratory disease. Obstructive
lung diseases including bronchopulmonary dysplasia, asthma and chronic obstructive lung disease
(emphysema and chronic bronchitis) are of particular interest as the airway dimensions and lung
structure are altered by the disease progression. We aim to determine whether single image analysis of
lung speckle patterns in these diseases can provide a low dose alternative method to computed
tomography for early disease detection.
Our technique was capable of measuring physiological differences in lung structure and function
between preterm rabbits at 28 days gestational age and 29 or 30 days of gestation. This difference was
especially clear at near atmospheric pressures, where the degree of airspace re-flooding or collapse
significantly altered the dominant airspace size. This results from the major physiological transition in
lung development preterm infants undergo from the saccular to alveolar stages in late pregnancy [37,
38]. This transition is associated with increased activation of epithelial sodium channels that may
account for the more efficient lung liquid clearance in rabbits at 29 and 30 days gestation [39].
Alternatively, or in addition, this may be caused by increased surfactant production in lung tissue that
lowers alveolar surface tension and inhibits collapse, leading to a larger functional residual capacity of
the lungs [40, 41].
A limitation of the current technique is a decrease in accuracy when there is a high degree of airspace
collapse or re-flooding (as was the case for the 28 dGA rabbits). Fewer air-filled spaces within the
lungs reduced the speckle contrast, also reducing the amplitude of the power spectrum peak, making
curve fitting difficult.
Although it was necessary to correct for non-random packing in the glass microsphere samples, it was
found this was not needed for the rabbit lungs. The large number of length scales in the airway
branching [42] reduce the likelihood for ordered stacking of airspaces, introducing a degree of
randomness. It is possible that there exists an intermediate stage where there is a small degree of
ordered packing, which may require a small corrective factor. We next aim to investigate whether
additional structural information can be directly extracted from the speckle texture, such as
information about the distribution of airway sizes within the lungs (see [43]).
In other work we have investigated measuring particle and alveolar dimensions from phase contrast
images using autocorrelation analysis of the speckle patterns [22, 23, 43]. For packed particles we
used an iterative solver to simulate the possible particle sizes that was optimised when simulations
were a close match to experimental data. This approach has the advantage of not being strictly limited
to the near-field condition. It also yields both the mean particle size and their size distribution. In
those papers we note that the ACs of the phase contrast images had similar peaks to those seen in
Figure 4(a). Initially considered as evidence of SRO, we now appreciate that such peaks will exist in
the absence of SRO. The AC of the phase contrast image of a single symmetric particle will have a
peak that simply reveals that the Fresnel fringes are identical on either side of the particle. Hence the
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peak position approximately indicates the particle size. This is in contrast to the absorption contrast
AC of a particle, whose size is related to the width of the zeroth order peak of the AC function. We
note that the power spectrum is related to the AC via a Fourier transform according to the WienerKhinchin theorem, hence the information could potentially be extracted via either approach, but in our
experience the power spectrum method has proven to be a simple, robust and accurate method that is
faster to compute. AC techniques are well known for being highly robust to noise [22, 23, 43], but
curve fitting the power spectral peak also provides a noise robust solution.
In a previous study [11] we showed that the airway dimensions can be measured from the PSArea
provided the absolute lung air volume is known since the PSArea depends upon two unknown
variables, namely the size and number of particles/alveoli (see Eq. (1)). Since our new technique
provides an independent measure of their size it is theoretically possible to measure the lung air
volume by combining the PSArea and PSPeak. However, since the lungs are surrounded by many
overlapping structures including bones, skin and fur, an image of the chest with the lungs absent (e.g.
collapsed or fluid filled) is required to quantitatively measure the lung air volume. For newborns this
image may be obtainable because the fetal lung may be liquid filled, but in many cases will not be as
it is difficult to image the lungs before the onset of breathing. We are currently investigating methods
to accurately recover volume without requiring a priori knowledge.
It is well known that propagation-based phase contrast can be achieved using a polychromatic microfocus laboratory based X-ray source [19]. Furthermore, it has recently been shown that speckle
patterns of the type shown here using synchrotron radiation have been observed in the laboratory
[44]. With powerful new X-ray sources capable of producing highly spatially coherent beams, such as
the liquid metal jet employed here (see also [20]) and new low noise sCMOS or photon counting
detectors being developed, we expect that our technique will be well suited to clinical
implementation.
This study demonstrates the quantitative retrieval of the dominant terminal airspace size from a single
phase contrast projection image of rabbit lungs in vivo. This non-invasive technique is robust, ultralow dose and sensitive to micron changes at sub-pixel resolution, making it ideally suited for dynamic
imaging of respiratory function. It also provides regional information that shows the distribution of
airway dimensions across the lungs, which may prove useful for the detection of early lung disease
using much less radiation than computed tomography and with greater sensitivity than absorption
contrast imaging.
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