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Figure 1. Schematic of the imaging set-up. Monochromatic X-rays transmit through the sample onto a scintillator, which is
imaged using an optical detector system. The animal, ventilated using a self-developed ventilator system, is positioned and
aligned using a 5-axis robotic stage. A fast X-ray shutter is used for dose minimization.
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Synchrotron X-ray sources, because of their brightness
and coherence, are able to provide dynamic, high-
resolution imaging of the lung during breathing through
the use of phase-contrast imaging [20–22]. Lung tissue is
an ideal sample for this technology, consisting of small
air-filled sacs surrounded by soft tissue. This structure pro-
vides many air–tissue interfaces, which exhibit sharp
refractive index gradients, on which the edge enhancement
of phase-contrast imaging is most effective.

We have developed and implemented in vivo,
dynamic CT of the lung by using the advantages of
synchrotron phase-contrast imaging. The high signal-
to-noise ratio achieved by phase contrast, combined
with the brightness of the synchrotron X-ray source,
resulted in imaging of the lung at up to 60 frames s21.
We combined this imaging with CT reconstruction to
provide dynamic four-dimensional imaging of the lung.
Although synchrotron radiation provides the ability to
deliver unparalleled spatial and temporal resolution,
the methodology developed in this proof-of-concept
study can potentially be translated into the clinical
domain using high-resolution four-dimensional-CT
protocols on high-end multi-detector scanners.

A post-processing procedure was developed to
measure dynamic functional information within the
lung. Time-resolved measurements of tissue motion and
expansion were acquired using cross-correlation veloci-
metry. Expiratory time constant, a common clinical
measure of respiratory function, was calculated directly
from the measured expansion on a regional basis. By allo-
cating regions of tissue to their corresponding supplying
airways, the flow of air throughout the airways was esti-
mated. Verification and error estimation is presented
for each stage in the methodology.

The newly developed technique was applied to
the measurement of lung motion, local expansion
and regional time constants in situ, in both mice and
J. R. Soc. Interface
mechanically ventilated newborn rabbits using the
medical imaging beamline BL20B2 at the SPring-8
Synchrotron, Japan.
2. MATERIAL AND METHODS

2.1. Imaging

Phase-contrast images were acquired at the SPring-8 syn-
chrotron, Japan. Figure 1 illustrates the experimental
set-up. X-rays are generated at the BL20B2 beam-line
using a bending magnet source. The X-ray beam then
passes through a monochromator crystal (Si-111) tuned
to deliver a monochromatic X-ray beam at 24 keV. An
X-ray shutter is used to minimize the delivered radiation
dose between image acquisitions. A large source-to-
sample distance of approximately 210 m ensures that
the X-rays can be considered to be a parallel plane
wave. Images were acquired using a Hamamatsu X-ray
converter (BM5). The X-rays transmit through the
sample onto a scintillator (P43), which converts the X-
ray photons into the visible spectrum. The visible light
generated by the scintillator is imaged using an optical
lens configuration and detector. A mirror is used to
remove the detector from the path of the X-ray beam
to avoid damage to the sensor.

During imaging, the animal is placed upright in a
self-developed holder, which is mounted on a 5-axis
motor controller. This allows precise alignment and
rotation of the sample to reduce artefacts in the sub-
sequent tomographic reconstructions. A custom-
designed ventilator, based on the device described by
Kitchen et al. [23] provides stable, pressure-controlled
ventilation, and provides triggering to the imaging
system for synchronization with the ventilation cycle.

The animal is ventilated continuously at constant
inspiratory pressure ( pi), expiratory pressure ( pe),
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inspiration time (ti) and expiration time (te). Imaging is
synchronized with the ventilator, so that images are
acquired at specific time points within the ventilation
cycle. During imaging, the animal is rotated through
1808 with respect to the imaging axis, providing projec-
tion images at specific time points throughout the
ventilation cycle, at multiple projection angles. In
other words, a CT scan for each specified time point
within the ventilation cycle is acquired. Typically, par-
ameters were chosen so that approximately 400
projections were acquired for each time point.

Radiation dose is an important consideration for in
vivo X-ray CT. The dose delivered during imaging at an
energy of 24 keV on the beamline used is approximately
2 mGy s21 [24,25]. Therefore, each time point (equating
to 400 images at an approx. 20 ms exposure time) imparts
a radiation dose of approximately 16 mGy. This is
approximately 5–10 times lower than a typical small
animal micro-CT scan [26,27]. The dose delivered
during a scan (up to 50 time points) is therefore well
below the dose threshold for radiation-induced lung
damage, which is around 10–15 Gy [26].
supply airway association

airway flow distribution

Figure 2. Flowchart of the image analysis. Four-dimensional
movies of the lung morphology are reconstructed from the
acquired images. These movies are used to calculate the
tissue velocity fields, tissue expansion fields and to segment
the airway network for the entire ventilation cycle. The air-
flow distribution is then calculated by associating regions of
tissue with their corresponding supplying airways.
2.2. Animal experimental procedures

Two animal models were used for this study. Measure-
ments were performed on C57BL6 adult male mice
(n ¼ 3; denoted M1, M2 and M3) for verification and
error estimation of the airflow and tissue expansion
measurement procedure. Measurement of tissue expan-
sion, local time constant and flow throughout the
bronchial tree was performed on a newborn rabbit
pup (New Zealand white)—a common model for
neonatal lung studies [20,28].

Mice were anaesthetized with Somnopentyl (pento-
barbitone sodium; i.p. 70 mg kg21), orally intubated
with an endotracheal tube and placed upright in a
custom sample mount. Anaesthesia was maintained
during imaging using a constant infusion (pentobarbi-
tone sodium; i.p. 0.012 mg min21). A self-developed
inline flowmeter was used to measure airflow at the
mouth during mechanical ventilation via non-surgical
intubation. The flowmeter consisted of a small orifice
and differential pressure transducer. The pressure
drop across the orifice is measured, which corresponds
to the flowrate through the flowmeter. The flowmeter
is calibrated prior to imaging, using a syringe pump
(Harvard Apparatus PHD 2000) to provide an accurate
reference flow. The inherent error within the calibration
was tested and the flowmeter was found to be accurate
to 0.1 ml s21 (r.m.s.) in the range 21.0 to 1.0 ml s21.
Conventional positive pressure ventilation was used
to ventilate the mice with parameters of pi/pe ¼

16/3 cmH20 and ti/te ¼ 0.3/0.6 s. Images were captured
at either 50 frames per breath at 60 frames s21 (M1),
or 35 frames per breath at 50 frames s21 (M2, M3),
triggered at the start of inspiration. Images were
acquired using a Hamamatsu X-ray converter
(BM5) in conjunction with a CMOS detector (SA2,
Photron, USA).

Pregnant New Zealand white rabbits were anaesthe-
tized by intravenous injection of propofol (Rapinovet;
12 mg kg21 bolus) and intubated. Anaesthesia was
J. R. Soc. Interface
maintained by isoflourane inhalation (1.5–4%). Pups
were delivered by Caesarean section and sedated (Nem-
butal; i.p. 0.1 mg), placed in a pre-warmed water bath
and ventilated via surgical intubation with an endotra-
cheal tube, as previously described [20,28]. The water
bath was necessary to keep the pup warm and comfor-
table during imaging procedure. This resulted in a
slightly reduced imaging rate when compared with the
mouse experiments, owing to the attenuation of the
water. Conventional positive pressure ventilation was
used, with a ti and te of 1 s and 1.5 s, respectively.
Inspiratory and expiratory pressures were 27 cmH2O
and 5 cmH2O, respectively. Images were acquired at
20 time points within the breathing cycle: 10 during
inspiration and 10 during expiration, triggered at the
start of inspiration and expiration, respectively, and at
a rate of 34.5 frames s21, capturing the most rapidly
changing portions of the ventilation cycle. Images
were acquired using a Hamamatsu X-ray converter
equipped with an EMCCD detector (C9100-02).
2.3. Image analysis

A flowchart of the analysis procedure is shown in figure 2.
Four-dimensional movies of the lung morphology are
reconstructed from the acquired images. These movies
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Figure 3. (a) Three-dimensional representation of lung morphology and (b) total lung tissue displacement at the end-inspiration for a
single time point (end-inspiration) of the four-dimensional dataset for mouse M1. Measurements were acquired at 60 frames s21, and
with a voxel size of 20 mm. Tissue displacement is shown as the total displacement from end-expiration, and half of the data are ren-
dered as transparent to allow visualization. The full movie of both lung morphology and tissue displacement can be viewed in the
electronic supplementary material.
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are used to calculate the tissue velocity fields, tissue
expansion fields and to segment the airway network for
the entire ventilation cycle. The airflow distribution is
then calculated by associating regions of tissue with
their corresponding supplying airways.
2.3.1. Motion and expansion measurement
Images from each time point were collated and recon-
structed. As the image acquisition was synchronized with
the ventilation, the point in the breath for which each
image was acquired is known. It is therefore a simple pro-
cedure to collate the images into their respective time
points. Images first undergo a flat-dark correction, follo-
wed by single-image phase retrieval [29]. An algebraic
tomographic reconstruction was then performed at each
time point to yield a four-dimensional movie of the mor-
phology of the lungs (figure 3a; electronic supplementary
material, movie S1). The simultaneous algebraic
reconstruction technique (sART) [30] was used for recon-
struction, owing to its simplicity and the ability to
perform accurate reconstructions with relatively few pro-
jections. However, any standard tomography method,
including filtered back-projection, could be used with
similar results.

The expansion of the lung tissue was calculated using
a technique based on the discipline of particle image
velocimetry (PIV). PIV is routinely used in fluid
mechanics studies to accurately measure the velocity of
tracer particles within a fluid flow, traditionally in two
dimensions [31], but has recently been expanded to be
three-dimensional [32]. The basic principle is as follows:
corresponding regions (known as interrogation regions)
of images acquired at a known time interval are cross-
correlated. The position of the maximum in the
correlation map will be equal to the most common
inter-frame displacement of the particles within the
interrogation region. Division of the displacement by
the known interframe time interval yields velocity. Lung
tissue is well suited to this form of analysis as it consists
of many small airsacs, providing a high density of
J. R. Soc. Interface
information with which to track the motion. In this
way, the airsacs act, in place of the particles, as motion
tracers. The cross-correlation analysis was performed in
three dimensions. Cross-correlation was performed on
interrogation regions of the images between consecutive
frames. These regions, cubes of 64� 64 � 64 voxels,
were spaced regularly on a rectangular grid with eight
voxels between the location of the centre of each interrog-
ation region. An iterative approach was used, whereby the
first iteration provides an estimate of the displacement,
and subsequent iterations are performed with the
second image region being offset by this estimate [33],
reducing the errors associated with parts of tissue leaving
the interrogation region. The universal outlier detection
method [34] was employed to eliminate errors owing
to spurious measurements. The PIV analysis thus
yields the displacement and velocity of the lung tissue
throughout the breath (figure 3b; electronic supplemen-
tary material, movie S3).

An alternative approach for tissue displacement
measurement may also be used, in which a single CT
scan is acquired as a morphological reference, and tissue
velocity is measured using the method recently developed
by the authors—computed tomographic X-ray velo-
cimetry (CTXV) [35,36]. This approach is capable of
providing accurate tissue displacement information
from a very low number of projections, with significant
reductions in radiation dose imparted to the sample.

The lung tissue rate of expansion was calculated as
the divergence of the velocity field:

r � v ¼ @vx

@x
þ @vy

@y
þ @vz

@z
; ð2:1Þ

where vx, vy and vz are the tissue velocity in the x, y and
z directions.

Assuming that both the air inside the lung, and the
tissue itself, is incompressible, the expansion calculated
directly represents airflow into and out of these lung
regions. The partial derivatives in equation (2.1) were
calculated using a two-step procedure: a polynomial
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is fitted to the velocity data via least-square analysis,
followed by analytical differentiation of the fitting poly-
nomial [37]. Integration of the instantaneous expansion
data with respect to time yields the change in volume
from end-expiration.
2.3.2. Bronchial tree segmentation and tracking
In order to relate the expansion of lung tissue to the
flow through the bronchial tree, the airway tree must
be segmented from the three-dimensional reconstruc-
tions. To achieve this, a semi-automated method
based on an image intensity threshold was used. How-
ever, alternative methods could be implemented to
achieve a similar result [38,39]. The bronchial tree was
segmented from the three-dimensional image at the
first time point using the AMIRA software (Visage
Imaging GmbH, Germany). The three-dimensional
reconstruction was first binarized using a thresholding
procedure to identify the voxels that correspond to
air. The binary selection is then contracted by one
voxel. The main airway tree is then selected, and the
binary image is expanded by one voxel to return to
the original dimensions. The AMIRA software auto-
skeleton feature was used to form the airway tree
network. This yields a representation of the airway
tree that consists of bifurcation points joined in space
by cylindrical segments. Thus, information on the
airway centerlines, bifurcation points and diameter is
provided for a single time point.

In order to define the airway tree at all time points,
two approaches are available. One option is to repeat
the segmentation procedure at each time point. How-
ever, this is time-consuming, particularly when many
time points are acquired. The approach we have taken
is to use the cross-correlation velocimetry analysis to
track the motion of the airways. However, rather than
interrogating regions of the images on a regular grid,
interrogation regions are placed at each point within
the airway network tree. Thus, the displacement of
each point within the tree between frames is measured
providing the morphology and location of each segment
throughout the ventilation cycle.
2.3.3. Estimation of flow throughout the bronchial tree
In order to relate the measured expansion field to
airway flow, each region of tissue was associated with
the airway that supplies that tissue. Since the tissue
expansion results from flow into, or out of, the periph-
eral gas exchange airways, the airway flow is directly
represented by the expansion of the tissue supplied by
that airway. Each voxel was associated with its closest
supplying airway. A supplying airway is defined as an
airway that has a parent but no children. The airflow
through each supplying airway can be directly inferred
from the expansion of its associated tissue region.

The mammalian bronchial tree is a dichotomous bifur-
cation network [40–42]. The root is the trachea, and
subsequent asymmetric bifurcations occur, with each
airway (the parent), splitting into two daughter airways.
Assuming negligible compressibility effects, the principle
of continuity dictates that at each bifurcation the flow
through a parent branch must equal the sum of the
J. R. Soc. Interface
flow through its daughter branches. As the flow in each
supplying airway is known, the flow through the entire
tree can therefore be calculated by recursively summing
the flowrates in daughter branches at each bifurcation
to calculate the parent branch flowrate.

2.3.4. Time constant calculation
The expiratory time constant is a commonly used
clinical measure of respiratory mechanics. During
expiration, the lung undergoes an exponential decrease
in volume, following

V ðtÞ ¼ VTe�t=t; ð2:2Þ

where V(t) is the lung volume (relative to the reference
volume, which in this case is the volume at end-
expiration), t the time from the start of expiration, VT

the change in volume from end-expiration to end-
inspiration (i.e. the tidal volume), t the time from the
start of expiration and t the expiratory time constant.
The time constant t represents the time for V(t) to
reach 63 per cent of complete expiration, with 5t defin-
ing the time to reach 99.3 per cent of complete
expiration. Typically, t is termed the RC time constant;
the product of system resistance (R) and compliance
(C) [43,44]. The expiratory time constant is usually
measured as a global parameter of the entire respiratory
system. The capability to measure regional volume–
time curves provides the opportunity to directly
calculate the expiratory time constant at a regional
level. We used regional volume–time curves to measure
local time constants of lung tissue, and also of the indi-
vidual lung lobes. For each region i, the lung tissue will
approximately follow the exponential decrease in
volume of the lung

ViðtÞ ¼ VT i e
�t=ti ; ð2:3Þ

where Vi(t), VTi and ti are the regional lung volume,
regional tidal volume and regional time constant for
region i, respectively. The region i may refer to tissue
within an interrogation region, a region of tissue associ-
ated with a specific supplying airway or tissue belonging
to a specific lung lobe. A weighted least-squares
regression fit [45] was used to determine ti from regional
volume–time curves. The logarithm of equation (2.3)
was taken

logeðViðtÞÞ ¼ logeðVT iÞ �
t
ti
: ð2:4Þ

This step increases smaller values of Vi(t) with
respect to larger values. Therefore, a standard linear
regression would be weighted towards these smaller
values. In order to provide equal weighting between
all points, a weighted linear regression was performed,
and the following equation was minimized

Xte
t¼0

ViðtÞ logeðViðtÞÞ � logeðVT iÞ þ
t
ti

� �2

: ð2:5Þ

In order to determine the quality of the fit parameters,
the coefficient of determination (R2) value was calculated
based on the errors of the curve fit of equation (2.3) and
the measured volume data. Regression lines with an R2 ,
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Figure 4. Flow measurement validation. Flow through the trachea over the entire breath was measured in three mice M1 (a),
M2 (b), M3 (c)—using the new imaging method (squares) and compared with flow measured using an inline flowmeter (solid
line). (d) Data measured using the imaging method plotted against the flowmeter measurements: M1 (squares), M2 (diamonds),
M3 (triangles). A linear regression fit exhibited a gradient of 1.06 and a coefficient of correlation of R2 ¼ 0.96, demonstrating
excellent accuracy of the new imaging method.
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0.95 were considered unacceptable and were omitted
from the presented results. For local time-constant
measurements, where the regions were based on the
interrogation regions, the number of measurements
rejected in this manner was approximately 7 per cent.
For all time-constant calculations based on regions of
tissue associated with specific lung lobes, R2 . 0.99 indi-
cating an excellent agreement of the measured data and
the fitted curves.
3. RESULTS

3.1. Expansion measurement validation

In order to demonstrate the accuracy of the expan-
sion and flow measurement procedure, the flow in
the trachea of mice (n ¼ 3) was measured in vivo
using the developed methodology. A total of 120
independent flow measurements were acquired and
verified against an inline flowmeter placed in the
ventilation line. Figure 4a–c shows the total flowrate
through the trachea for the three mice (M1, M2 and
M3, respectively). The flowmeter data represent
phase-averaged measurements (solid line) with the
dashed line showing the average +3s, where s is
the standard deviation of the measurements within
the phase bin. The squares represent the flowrate
measured using the imaging method. The error of
the imaging method was 0.08 ml s21 (r.m.s.): within
J. R. Soc. Interface
the known calibration uncertainty of the flowmeter
(0.10 ml s21 (r.m.s.)). Figure 4d shows a comparison
of both the methods. The solid line shows a linear
regression fit, which has a gradient of 1.06 and a corre-
lation coefficient of R2 ¼ 0.96, demonstrating excellent
accuracy of the imaging method in measuring expansion
within the lung.
3.2. Local expansion and time constant

Local expansion and time constant were measured in a
newborn rabbit pup. Results are shown in figure 5. The
expansion is presented as the local tidal volume (LTV),
which is defined as the instantaneous expansion inte-
grated over the inflation phase of ventilation; that is,
the change in local tissue volume from end-expiration
to end-inspiration. The lungs exhibit regional variations
in LTV and time constant. The local expansion shows
large spatial scale variations, with regions of high
expansion occurring at the apex of both the left and
right lungs. The local time constant shows a more
evenly distributed heterogeneity. The average LTV
and time constant for transverse planes are shown in
figure 6. In this figure, z represents the vertical position
with respect to the base of the lung along the cranio-
caudal axis. The local expansion exhibits an increase
from the base to the apex of the lung. This is probably
because of regional differences in pleural pressure result-
ing from gravitational effects [46,47]. The local time
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Figure 5. (a,c) Local tidal volume and (b,d) local time constant measured in a newborn rabbit pup. (a,b) A coronal plane and
(c,d) transverse plane of the three-dimensional measurement is shown for each parameter with contours chosen to range from
the average +2 s.d. of the three-dimensional dataset.

0.30(a) (b) 0.10

0.08

0.06

0.04

0.02

0

lo
ca

l t
im

e 
co

ns
ta

nt
 (

s)0.25

0.20

0.15

0.05

0 2 4 6 8 10
z (mm)

2 4 6 8 10
z (mm)

lo
ca

l t
id

al
 v

ol
um

e 
(%

)

0.10

Figure 6. (a) Average expansion and (b) average time constant of horizontal slices of the data presented in figure 5. In these
figures, z represents the vertical position with respect to the base of the lung, and the error bars represent +1 s.d. of the trans-
verse plane. The local expansion exhibits an increase from the base to the apex of the lung, while the the local time constant
shows no clear relationship.
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constant shows no clear relationship with z. This is
expected as the time constant results from the mechan-
ical properties of the lung (compliance and resistance),
J. R. Soc. Interface
which are relatively constant throughout the healthy
lung, and not a function of the orientation of the lung
relative to gravity.
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