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Abstract

Purpose The rate of mucociliary transit (MCT) is an indicator of the hydration and health of the airways for cystic fibrosis
(CF). To determine the effectiveness of cystic fibrosis respiratory therapies, we have developed a novel method to non-
invasively quantify the local rate and patterns of MCT behaviour in vivo by using synchrotron phase contrast X-ray imaging
(PCX]I) to visualise the MCT motion of micron-sized spherical particles deposited onto the airway surfaces of live mice.
Methods In this study the baseline MCT behaviour was assessed in the nasal airways of CFTR-null and normal mice which
were then treated with hypertonic saline (HS) or mannitol. To assess MCT, the particle motion was tracked throughout the
synchrotron PCXI sequences using fully-automated custom image analysis software.

Results There was no significant difference in the MCT rate between normal and CFTR-null mice, but the analysis of MCT
particle tracking showed that HS may have a longer duration of action in CFTR-null mice than in the normal mice.
Conclusion This study demonstrated that changes in MCT rate in CF and normal mouse nasal airways can be measured using
PCXT and customised tracking software and used for assessing the effects of airway rehydrating pharmaceutical treatments.

Keywords Cystic fibrosis (CF) - Mucociliary transit (MCT) assessment - Automatic particle tracking - Synchrotron phase

contrast x-ray images

1 Introduction

Cystic fibrosis (CF) is the most common recessive genetic
disorder in the Caucasian population and is caused by dys-
function of the cystic fibrosis transmembrane conductance
regulator (CFTR) gene and its associated CFTR protein, an
epithelial ion channel [1]. The mucociliary transit (MCT)
system consists of cilia—tiny hair-like structures that beat in
a coordinated fashion inside the airway surface liquid (ASL)
layer—to clear particulates and pathogens that are inhaled
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and land on the airway surface. The CFTR ion channel
defect causes dehydration of the airway surface liquid (ASL)
and the production of thick, sticky mucus. Mucus obstruc-
tion in turn causes a cycle of lung infection and inflamma-
tion that gradually destroys the lung tissue. CF lung disease
starts in childhood and dramatically decreases the quality
and length of life [2].

Some current clinical CF treatments are designed to
restore airway surface hydration by osmotically increasing
the depth of the ASL and improving MCT. For instance,
inhaled hypertonic saline (HS) has been shown to transiently
and acutely increase MCT in both CF and normal patients
[3, 4]. Similarly, inhaled mannitol is also clinically effec-
tive for producing an osmotic gradient on the surfaces of
epithelial cells [5, 6]. Clinical assessments and treatments
for CF disease are conducted indirectly due to the scarcity
of methods to measure MCT activity in vivo. Tradition-
ally, MCT quantification has been performed using inhaled
radio-labelled, fluorescent, or radiopaque particles that are
deposited in the airways [7-10]. However, these methods
typically only investigate bulk particle clearance along air-
way surfaces and cannot elicit information about local MCT
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physiological effects that contribute to the bulk changes. To
overcome this limitation, the effects of rehydrating treat-
ments are typically observed in excised sections of airway
epithelium because there are few methods that can examine
or quantify the MCT rate in intact airways [11].

To directly assess the effect of CF treatments, we have
developed a novel method to non-invasively measure MCT
behaviour by dynamically tracking the behaviour of depos-
ited particles along the airway surfaces during and after
treatment [12—14]. These micron-sized particles allow
MCT activity to be visualised in live anaesthetised animal
models using synchrotron propagation-based phase contrast
X-ray imaging (PCXI) [15-17]. The primary advantage of
this approach is that it has the spatial and temporal resolu-
tion to visualise the behaviour of individual particles, and
to measure local variations in MCT [18]. PCXI was utilised
to examine the baseline MCT behaviour in the nasal airways
of live anaesthetised normal and CFTR-null mice, and meas-
ure responses to HS or mannitol treatment. CFTR-null mice
do not have a severe lung phenotype like that in humans,
however their nasal epithelium does mimic the electrophysi-
ological profile of human CF airways, and can therefore be
used for testing the efficacy of therapeutic agents [19, 20].
A previous analysis of this dataset utilised a manual analysis
performed by a single operator, to track the motion of the
deposited particles throughout the image sequences [13].
However, the manual analysis involved the operator manu-
ally selecting and tracking a small number of moving parti-
cles that could be clearly identified (all stationary particles
were excluded) and was an extremely time-consuming task.
That analysis showed there were no statistically significant
differences in MCT rate between the normal and CF mice
[13], which agreed with previous studies examining MCT by
in vivo microdialysis recordings of dye transport [8]. None-
theless, due to the limitations of the analysis methods, it was
hypothesised that this could have been due to the inability to
manually track large numbers of marker particles.

Automatic detection and tracking of the MCT marker
particles in vivo is an obvious goal but has been associated
with a range of challenges. Particle detection difficulties can
be exacerbated by noise, poor contrast between the back-
ground and particles, background motion between frames,
and the presence of many particles that overlap with each
other, and the complicated background anatomy [21, 22].
Furthermore, the uniformity of the particles (size, shape
and greyscale level in the image), especially when many
are clustered together, leads to analytical difficulties for
tracking individual particles [23, 24]. Therefore, we have
developed an automated particle detection and tracking
method suitable for tracking MCT marker particle motion
in PCXI images [25-27]. With this approach we propose
that our experimental analysis can contribute to identify-
ing disease-modifying interventions for CF lung diseases in
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small animal models and enhance the development of new
pharmaceutical treatments.

The aim of this research was to reanalyse the previously
acquired dataset using our automated tracking methods, to
non-invasively measure the baseline MCT activity in the
nasal airway surfaces of live normal and CFTR-null mice.
We also sought to quantify the changes in MCT activity pro-
duced by two common clinical CF aerosolised treatments,
HS and mannitol. The present study performed particle
tracking, and analysis of the particle dynamics using our
previously-described custom-designed MCT analysis soft-
ware [25-27].

2 Methods
2.1 X-Ray Imaging Setup

Imaging experiments were conducted on the BL20XU
beamline at the SPring-8 synchrotron radiation facility in
Japan. The PCXI setup for capturing time-lapse images was
as previously described [12, 28]. All imaging was performed
in the downstream experimental hutch 245 m from the light
source, using 25 keV monochromatic X-rays. A sample-to-
detector (i.e. propagation) distance of ~0.8 m was chosen
to visualise a sufficiently strong bright-dark phase contrast
fringe on the edge of each particle. The image field of view
was 1.43 mm X 1.2 mm (2560 % 2160 pixels), and exposure
times of 10 ms were used to reduce a motion blur and to
produce a high signal to noise ratio. Images were acquired
at 5 Hz.

2.2 Animal Procedures

All imaging was performed under approvals from the Ani-
mal Ethics Committees of SPring-8, the Women’s and Chil-
dren’s Hospital, and the University of Adelaide. Experiments
were performed in accordance with relevant guidelines and
regulations, and reported according to the ARRIVE Essen-
tial 10 guidelines. A total of 25 normal C57B1/6 (all female)
and 24 CF FABp mice (10 male, 14 female) were utilised
for imaging [28]. Mice were bred at the Women’s and Chil-
dren’s Hospital in Adelaide and shipped to SPring-8 for
the imaging experiments. Mice were randomly assigned to
a treatment group, and anaesthetised with 100 mg/kg i.p.
pentobarbital (64.8 mg/ml, Somnopentyl, Kyoritsu Seiyaku
Corporation, Japan). The fur around the imaging area was
removed to minimise interfering phase effects from hair in
the images, and animals were secured in a custom-designed
restraint and positioned in the imaging radiation enclosure
such that the X-ray beam passed through the nasal respira-
tory epithelial tissue at the tip of the nose. Immediately
prior to baseline imaging, spherical 20-30 pm uncoated
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high refractive index (HRI) glass beads (Corpuscular, USA)
were insufflated into the right nasal airway using a Dry Pow-
der Insufflator™ (PennCentury, USA), with the delivery tip
placed ~ 1 mm outside the nostril.

After baseline imaging to establish the MCT character-
istics of the CF and normal mice prior to treatment, one
of two treatments were delivered to the nasal airway, with
mice randomly assigned to the treatment groups. HS was
delivered using an Aeroneb nebuliser (Aerogen, Ireland) set
to aerosolise for 45 s over the mouse nose. In contrast, dry
mannitol powder (Pharmaxis, Australia) was delivered to
the right nostril using a similar technique as for bead deliv-
ery. The Dry Powder Insufflator™ was actuated remotely
(~5 s into the 1 min imaging block) from outside the imag-
ing hutch using a hydraulic actuation mechanism to allow
simultaneous delivery and imaging. Imaging then continued,
with analysis performed for 12 min. Each mouse received a
single treatment and was humanely killed at the end of the
imaging period.

2.3 MCT Tracking

The primary outcome measures were the MCT rate and
number of moving particles. MCT assessment was per-
formed by automatically tracking particles using custom-
designed software [27] designed to enable reliable detec-
tion and tracking of multiple uniform particles that were
scattered across the low contrast PCXI images. This soft-
ware was written in Matlab R2018 (The Mathworks), and
was based on the previously described Jung method [25]
that could identify circular shapes using a process termed
“edge projection into the ring boundary” combined with a
convolutional neural network (CNN) to improve detection
accuracy. For particle tracking, a new multi-object tracking
method was developed to correctly assign the corresponding
particles to tracks, which relied on the confidence model that
computes appearance and neighbouring topology affinity.
Here, these discriminative components are learned by linear

Fig. 1 The experimental image
acquisition and analysis plan.

discriminant analysis (LDA). This software also provides a
detection recovery method using multi-frame association to
“retrieve” any missing particles. To ensure robust tracking,
the algorithm was set to track only those particles moving
slower than ~25 mm/min. MCT measurements from the first
frame of the tracking results of each trajectory that links two
imaging blocks were also excluded, to avoid tracking jumps
caused by the large inter-frame interval between blocks (see
Fig. 1). Heat maps were produced as previously described
[15, 29], and plotted the instantaneous velocity of every par-
ticle in every frame at each timepoint.

2.4 Statistical Analysis

All statistical analysis was performed using GraphPad Prism
8. Data was reported as mean + SD. Statistical significance
was set at p=0.05 and power > 0.80. Data normality was
assessed with a Shapiro—Wilk test and when data failed nor-
mality assumptions, nonparametric methods were utilised.
Baseline pre-treatment data is reported as CF vs normal.
So that the MCT variability could be visualised and quanti-
fied, a nested table of all the replicate measures of the aver-
age MCT rate of every tracked particle was constructed
and analysed with a nested t-test. The number of tracked
particles and moving particles at baseline were assessed
with unpaired Mann—Whitney tests. To assess the treatment
effects over time, a 2-way (genotype x treatment) repeated
measures ANOVA was performed, with multiple compari-
sons using a Tukey post-hoc test. The same test was also
used to analyse the total number of tracking particles and
the number of moving particles.

3 Results

Anaesthetised normal (n=25) and CFTR-null (n=24) mice
were imaged on the BL20XU beamline at the SPring-8 syn-
chrotron radiation facility in Japan [28]. Uncoated 20-30 pm
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high refractive index (HRI) glass bead MCT tracking parti-
cles were delivered to the nasal airways. Motion of the HRI
beads along the airway surfaces was then imaged using a
1.43 mm X 1.2 mm field of view and 10 ms exposures at
5 Hz. After baseline imaging, the effects of aerosolised
hypertonic saline or dry mannitol powder delivery were
assessed over a 12 min imaging period.

Owing to technical challenges associated with remote
monitoring and imaging, images were successfully acquired
from 20 normal and 21 CF mice, with the number allocated
to each group shown in Table 1. Here, the denominator and
numerator in the third row indicate the total collected data-
sets and successful image datasets, respectively. An experi-
ment was regarded as successful if the background anatomy
did not move substantially throughout the imaging period,
and if the HRI marker particles could be tracked properly by
the software. An experiment was typically deemed unsuc-
cessful if there were too many HRI marker particles in the
airways for clearance to occur naturally, which happened
because the particle insufflation procedure was highly vari-
able. From the successful data sets, several test sets were
selected for analysis, as shown in the “Test Sets” row. This
was necessary because in many cases the bulk of the particle
motion was barely discriminated by the human eye due to
many particles severely overlapping each other, not moving
at all, or moving too fast. The test sets were not evenly split
across the two treatments, with fewer suitable test sets within
the mannitol treatment group because many sets showed lit-
tle particle movement in the assessed period.

3.1 Particle Tracking Results

Our particle tracking and analysis software was used to
measure MCT activity [25, 26]. This software automati-
cally identifies individual particles and tracks their dynam-
ics throughout the time-lapse PCXI sequences. By utilising
this tool, the time and manual effort required to perform
MCT analysis was dramatically reduced, i.e., typically it
took > 14 full days for a single operator to manually track
the moving particles in a very small subset of the acquired
images. In contrast, it took the automated algorithm ~ 10 h
(unsupervised) to detect and track hundreds of moving and
stationary particles, and to generate the visualisations for

Table 1 The number of animals in each experimental group

Mice Normal C57Bl/6 CF FABp

Treatments HS Mannitol HS Mannitol

Success/total 9/11 11/14 10/13 11/11
experiments

Test sets 5 3 5 3

Group name NH NM CH CM
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each complete test set of over 900 images. Some particles
exhibited very high velocities between frames, likely due to
unpredictable bulk surface-fluid movement (typically from
the addition of HS aerosol) suddenly transporting particles
rapidly along the airway surface. To sustain the tracking
robustness the algorithm was set to track only those particles
moving slower than ~25 mm/min. This threshold was chosen
to minimise the tracking errors of the tracking algorithm
and was approximately the maximum speed at which the
particle motion could be manually tracked by the human eye
in these image sequences. Any particles moving faster than
this would likely be due to bulk fluid movement rather than
MCT. To be able to reduce this threshold it would be neces-
sary to increase the field of view, but this would likely make
particle detection and tracking much more challenging.

Figure 2 shows examples of the trajectory of each individ-
ually tracked particle in normal and CF mouse nasal airways
following treatment with HS or mannitol. Each trajectory
starts during the baseline imaging period and includes the
period of faster particle movement produced by the treat-
ment delivery. The motion of the particles is challenging to
adequately visualise in static images such as Fig. 2 and is
therefore shown more clearly in the supplementary videos
(see Additional files: NH, NM, CH and CM). Here, the col-
our of each trajectory represents its confidence value, which
was measured by an association function between each parti-
cle and trajectory; red represents the highest confidence and
blue the lowest. Whenever the tracking algorithm “lost” the
location of a particle its confidence coefficient was reduced,
and its track gradually turned from red to blue. Finally, a
blue trajectory disappears when that particle is “missing”
for the maximum number of continuously missing frames (in
this analysis this parameter was set to three frames).

As expected, the motion of the deposited MCT particles
rapidly increased after treatment delivery. Unlike the trachea
which has an almost cylindrical shape, the mouse nasal air-
way is anatomically complex and consists of bone, cartilage
and three-dimensional folds of tissue containing different
types of epithelium [30, 31]. This anatomy is superposed
by the X-ray beam, and thus cannot be clearly identified in
these two-dimensional projection images. Thus, when the
particles were deposited, they landed on multiple surfaces
within a complex nasal airway topography. Accordingly, the
direction and speed of particle motion in two-dimensions
can appear unpredictable and non-linear, i.e., some particles
did not move while others were transported rapidly, likely
because they were located in different anatomical regions.

3.2 Baseline MCT Analysis

To quantify whether genotype affects MCT in the absence
of any treatment, the MCT rate, the number of track-
ing particles, and the number of moving particles was
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Fig.2 Examples of particle
tracking results in live mouse
nasal airways following treat-
ment with hypertonic saline
(HS) or Mannitol. Red repre-
sents higher tracking confidence
and blue represents lower track-
ing confidence

(a) Normal HS at 1 minute (b) Normal Mannitol at 2 minutes

(¢) CF_HS at 2 minutes (d) CF_Mannitol at 1 minute

examined. Figure 3 shows an analysis of the baseline  no statistically significant difference between the (untreated)
MCT behaviour. The mean MCT rate of the normal ani- normal and CF mouse nasal MCT. However, there were
mals was 0.45 +0.39 mm/min and the CF animals was  some statistically significant differences between the indi-
0.56 +0.48 mm/min. A nested t-test showed that there was  vidual animals within these groups, suggesting a high level
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Fig.3 Baseline analysis (i.e. before any treatment was delivered), or standard t-tests showed that no statistically significant differences

showing a the MCT rate, b the number of tracking particles and ¢ the were detected in any parameter at baseline
number of moving particles. Data presented as Mean=+SD. Nested
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of variability was present even at baseline. The measured
MCT rates are made up of three components: (1) The true
particle movement due to MCT; (2) Low-level movement
of the background due to the mouse respiratory or muscle
motions (see supplementary videos for an example of this);
and (3) A small number of tracking and association errors
(approximately 7%) introduced by the algorithm confusing
the identity of the particles [27]. Although not significant,
the baseline MCT rate in the CF animals was higher than
the normal group, and we attributed this to more frequent
background motion in those animals. Figure 3b shows that
the number of MCT tracking particles detected by the algo-
rithm at baseline was the same in each group (mean num-
ber was 240+ 177 for the normal mice and 232 + 180 for
CF). Since the particles were detected and tracked even if
they did not move (unlike the previous manual analysis that
only included particles that were identified as moving by
the analyst), the number of tracked particles nearly equals
the number of particles in an image, and is reduced only
by untracked particles that overlapped each other. Figure 3¢
shows the number of particles that were moving faster
than 1.1 mm/min (5-pixels per frame). This threshold was
selected to exclude stationary or slowly moving particles,
which included those moving less than the average 5-pixel
background translation per frame that resulted from the mice
breathing, and illustrates that only a small number of parti-
cles move rapidly at baseline. The addition of this threshold
reduced the average number of tracked particles to 17 +38
for the normal mice and 26 + 57 for the CF mice. There were
no significant differences between the number of moving
particles in each genotype. Note that Fig. 3b and ¢ show
that the normal and CF groups each contained one outlier
animal that had a larger total number of particles and mov-
ing particles. This was likely caused by larger background
motion in those animals, and could conceivably increase the
measured MCT rate.

N w
1 ]

MCT Rate (mm/min)
n

o

1 I 1 1 1 I 1 1 I I 1 I I
0123 456 7 8 9101112
Time (min)

(a)

Number of particles

3.3 Effects of Treatments on MCT

The effects of treatments on the CF and normal mice were
then investigated by examining the post-treatment MCT rate
for each group using a 2-way repeated measures ANOVA
and Tukey post-hoc test. There was a 2-way interaction
between treatment type and time (p <0.001) and a main
effect of time (p =0.038), but there were no other signifi-
cant interaction effects. The change in MCT activity in all
groups over time is shown in Fig. 4a, where the values at
0 min correspond to the baseline measurements presented in
Fig. 3. The overall MCT rates increased in the nasal airway
in the minutes following treatment delivery for both treat-
ment types, but more so for the HS groups. The highest aver-
age MCT rate in this study was measured as 1.62 +0.82 mm/
min (1 min) in the Normal_HS group and 1.37 + 1.0 mm/
min (5 min) in the CF_HS group. For most animals the MCT
rate following aerosolised HS treatment returned to baseline
levels after around 8 min. We found that the response dura-
bility to HS treatments was different between the normal
and CF mice. The maximum MCT rate in the normal group
that was treated with HS (Normal_HS) occurred at 1-min
post-delivery and returned rapidly toward the baseline level.
However, the higher MCT rate persisted for ~7 min longer in
the CF group that was treated with HS (CF_HS). The man-
nitol treatment group did not show the variations in MCT
rate that was present in the HS group.

For the total number of tracking particles, the same
pattern emerged. There was a 2-way interaction between
treatment type and time (p <0.01), a main effect of time
(p=0.0033), but no other significant interaction effects. In
Fig. 4b, the large number of particles that were observed
during the baseline imaging gradually reduced in number
over time and this measure more obviously shows the differ-
ence in the normal and CF groups treated with HS. At 7 to
12 min post-delivery the number of particles in the normal

-o- Normal_HS

600
CF_HS
-+ CF_Mannitol
400 -¥- Normal_Mannitol
200
O T T T T T T T T T T T
0123 456 7 8 9101112

Time (min)

(b)

Fig.4 Time-course analysis of the behaviour of all stationary and moving MCT tracking particles. a The MCT rate and b the total number of

tracking particles tracked. Data presented as Mean +SD
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mice treated with hypertonic saline was significantly lower
than the 1-min timepoint (7-9 min: p <0.05; 10 and 12 min:
p<0.01; 11 min: p<0.001).

Given that the presence of many stationary particles
skews the mean MCT rate and leads to difficulties in com-
paring MCT effects across experiments, we also analysed
the data for only those particles moving faster than an aver-
age of 1.1 mm/min (as described above). For the MCT rate
there was a main effect of time, but no interactions. For
the number of moving particles there was a 2-way interac-
tion between treatment type and time (p =0.007), a main
effect of time (p =0.024), but no other significant interac-
tion effects. These effects can be identified more clearly in
Fig. 5 where only moving particles are included. The highest
MCT rates were measured as 3.51+0.79 mm/min (1 min)
in the Normal_HS group and 3.1 +0.72 mm/min (1 min) in
CF_HS group (Fig. 5a). Note that these MCT rates should

MCT Rate (mm/min)

1 I 1 I 1 I I I I
4 56 7 8 9101112
Time (min)

(a)

Number of moving particles

be examined in combination with the graphs of the num-
ber of moving particles. Interestingly, Fig. 5b shows that
the number of moving particles remained higher for longer
following treatment with HS, and that this also returned to
close to baseline after ~ 8 min.

3.4 Particle Velocity Analysis

To better visualise the velocity (the magnitude and direction)
of all the particles, a two-dimensional heat-map displaying
the direction and instantaneous speed of the particle trajec-
tories is shown in Fig. 6. At baseline (0 min), the bulk of
particles remain at the origin because most are stationary.
The overall MCT rate of particles transiently increases after
HS treatment delivery (1 min), and then gradually return
toward baseline. As shown in Figs. 4 and 5, the more diverse
range of MCT rates in the CF mice treated with HS aerosol

400+ -~ Normal_HS
-= CF_HS
3009 . -+ CF_Mannitol
-¥-  Normal_Mannitol
2004
100
0_.

hl
0123 456 7 8 9101112
Time (min)

(b)

Fig. 5 Time-course analysis of the behaviour of all MCT tracking particles that were moving faster than the 1.1 mm/min threshold. a The MCT
rate and b the number of moving tracking particles tracked. Data presented as Mean + SD

t=0 t

-

-

Fig.6 Two-dimensional heat-map of the MCT velocity in a nor-
mal mice and b CF mice shows the effect of HS aerosol treatment
delivery at each time point. Magnitude toward the angular direction
is represented by the colour map. Stationary particles are located at

t=0

4

the origin and fast-moving particles are further from the origin. The
direction of the heat-map represents the predominant direction of
motion of the tracked MCT particles

&0

g

t=6

0
4 2
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(see Fig. 6b), compared with the normal group (Normal_HS)
can be identified up to 6 min post-treatment. Variability in
the direction of motion is also apparent, and likely reflects
the deposition of particles onto different locations within
the complex three-dimensional nasal anatomy already noted
(see supplementary videos). The mannitol treatment group is
not shown using this heat-map presentation due to the small
number of moving particles over time.

4 Discussion

This research has demonstrated that MCT behaviour along
the airway surface can be examined by automatically track-
ing the motion of deposited spherical MCT marker particles
using synchrotron PCXI. Here we found that the baseline
MCT rates were similar to those determined in the manual
analysis (0.33 mm/min for the normal mice and 0.49 mm/
min for the CF mice) [13], but these were all lower than
those previously reported by Grubb et al. [§] who found
mean MCT rates of 2.2 mm/min for normal mice and
2.3 mm/min for CF mice. However, in their analysis the
addition of the dye to the airway likely increases airway
surface hydration, and therefore increases MCT. Our analy-
sis was undertaken in a low humidity X-ray imaging enclo-
sure, which may have reduced nasal MCT. Furthermore, the
mass and shape of the individual HRI particles may have
been responsible for a lower measured MCT rate compared
to the dissolved-dye transport method employed by Grubb
et al., meaning that these two methodologies are not directly
comparable [8]. Nonetheless, in this automated analysis at
baseline the algorithm tracked on average 200 fold larger
number of particles than the manual analysis [13] (2.33 par-
ticles/mouse for normal and 2.25 particles/mouse for CF),
demonstrating a substantial benefit of the automated track-
ing method.

The mean post-treatment MCT rates were lower than
those measured manually in our previous analysis of this
data set [13], because the automated algorithm was able to
identify and track a very large number of stationary par-
ticles, the presence of which reduced the mean MCT rate
significantly. We hypothesise that when the particles are
delivered to the nasal airway using the dry powder insuf-
flator they land on different types of epithelium (respira-
tory, squamous, transitional), which likely alters the rate at
which the particles move (e.g., squamous epithelium does
not possess an MCT-like transport mechanism), meaning
that some particles can remain stationary throughout. Hence,
we investigated the MCT rates in the moving particles (over
1.1 mm/min). This still resulted in lower MCT rates than our
previous analysis, due to the presence of a large number of
slowly moving particles that were not identified as moving
in the manual analysis. Parity could likely be achieved by
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increasing this threshold further. Unsurprisingly, the num-
ber of tracking particles decreases over time, likely because
particles leave the field of view due to MCT action towards
the tip of the nose. Relatively few particles enter the field of
view from deeper in the nose because the insufflator does
not deliver many particles deeper than this.

In all of our analyses there was no genotype interaction.
This agrees with previous studies [8, 13], and suggests that
while electrophysiological differences in this CF mouse nose
can be measured, particle clearance is not affected. However,
the time x treatment interactions we did find suggest that the
strength and duration of action for HS treatments appears
to be different to mannitol: The normal mice responded
quickly to the HS treatment, and the peak of MCT activity
was observed at 1 min and dropped off rapidly. For the CF
mice, the effects lasted for ~7 min longer and came back to
the baseline after 8 min. Mannitol produced a more consist-
ent effect than HS, with higher rates and numbers of moving
particles than HS toward the end of the study period. Only
a few experimental samples (5 out of total 22 mice) in the
mannitol treatment groups showed movement that could be
detected by the automated particle analysis algorithm. This
suggests that the mannitol treatment had less of an effect
on MCT activity during the imaging period because it may
result in a short exposure duration of the treatment. It is
possible that the differences between these two groups were
driven primarily by the different composition of the treat-
ment, with the liquid in the HS formulation providing rapid
hydration in contrast to the dry powder formulation of the
mannitol. Furthermore, some bias may have been introduced
by the exclusion of test sets containing limited motion, most
of which came from the mannitol group. Nonetheless, the
high variability of the MCT behaviour we measured suggests
that additional studies would be valuable, with sample sizes
able to be calculated using the variability values we have
reported here.

Even though synchrotron PCXI can effectively visualize
the MCT behaviour in the nasal airway, the automated track-
ing software faces several challenges. (1) Many of the data-
sets captured during this experiment were not useful because
most particles were stationary or exhibited negligible move-
ment over the imaging period. In more recent studies we
have demonstrated that the particle surface coating is impor-
tant for determining how the particles are cleared by MCT in
ex vivo tracheal samples from rats [32]. A proportion of the
uncoated HRI particles in the present study likely became
stuck in the mucus in the nose, and therefore could not be
cleared. The use of COOH coated particles would likely
alter this behaviour and should be considered for future
studies [32]. The relatively large particle size may have also
affected clearance behaviour, and this should be assessed
in future PCXI studies. (2) Some datasets contained many
particles that overlapped with each other and confounded
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the analysis (these datasets could not be manually analysed
either). A more controllable method of accurately deposit-
ing the correct number of tracking particles into the nasal
airway is required to ensure that the MCT system is not
overwhelmed by a large particle load, and to enable auto-
mated particle tracking to be performed. (3) Background
motion due to respiration and other muscle movements
makes tracking challenging. To enable the 1.1 mm/min
threshold to be reduced, better anaesthetic regimens could
be used (e.g. medetomidine, butorphanol and midazolam
rather than sodium pentobarbital [28]) to reduce motion, and
background image registration algorithms could be used.
The challenge with these is that the tracking particles are
often the strongest landmarks in the image. (4) Tracking and
analysis of very fast-moving particles was challenging due to
the difficulties in associating multiple particles with identi-
cal appearance in adjacent frames when they have moved a
long distance. As noted in our previous study, this problem
exists for manual tracking also. Further studies are therefore
needed to determine the impact of the “untrackable” parti-
cles on the analysis outcomes, although only a small number
of particles could not be automatically tracked. With further
improvement of the imaging system to enable image capture
at higher frame rates, and the use of a larger field of view,
this system could provide more robust tracking performance.
In addition, while synchrotron facilities are not available to
all researchers, laboratory-based approaches are becoming
available. Propagation-based PCXI of the respiratory sys-
tem in small animals is now possible with liquid—metal-jet
anode electron-impact x-ray sources [33] and compact light
sources [34], although the resolutions required for MCT
assessment remain hard to achieve.

5 Conclusion

Synchrotron PCXI can be utilised for in vivo nasal MCT
rate analysis in small animals, and these experimental meth-
ods now permit a detailed understanding of how MCT rates
change in response to administered therapies. This paper
describes the outcomes from applying our software based
MCT rate measurements to normal and CF mice, by detect-
ing and tracking the motion of deposited tracking particles
over hundreds of images. Our results show that there was
no significant difference in MCT rates between the normal
and CF mouse nasal airways, but the persistence of effect
following HS treatment delivery was more obvious in CF
mice than normal mice. Improvements to this non-invasive
MCT imaging assessment should enable the rapid testing
and quantification of the effectiveness of new therapeutic
options targeted at increasing airway hydration and mucus
clearance.
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