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Abstract

The complexity of lung diseases makes pre-clinical in vivo respiratory research in mouse lungs of
great importance for a better understanding of physiology and therapeutic effects.
Synchrotron-based imaging has been successfully applied to lung research studies, however
longitudinal studies can be difficult to perform due to limited facility access. Laboratory-based
X-ray sources, such as inverse Compton x-ray sources, remove this access limitation and open up
new possibilities for pre-clinical small-animal lung research at high spatial and temporal
resolution. The in vivo visualization of drug deposition in mouse lungs is of interest, particularly in
longitudinal research, because the therapeutic outcome is not only dependent on the delivered dose
of the drug, but also on the spatial distribution of the drug. An additional advantage of this
approach, when compared to other imaging techniques, is that anatomic and dynamic information
is collected simultaneously. Here we report the use of dynamic x-ray phase-contrast imaging to
observe pulmonary drug delivery via liquid instillation, and by inhalation of micro-droplets.
Different liquid volumes (4 ul, 20ul, 50 ul) were tested and a range of localized and global
distributions were observed with a temporal resolution of up to 1.5 fps. The in vivo imaging results
were confirmed by ex vivo x-ray and fluorescence imaging. This ability to visualize pulmonary
substance deposition in live small animals has provided a better understanding of the two key

methods of delivery; instillation and nebulization.

Keywords: x-ray imaging, in vivo small animal imaging, treatment delivery, lung imaging,

fluorescence imaging

1. Introduction

There is no established in vivo method to directly observe the delivery of a treatment into the lungs,
or the resulting treatment distribution. In this report, lung imaging possibilities are discussed and
an in vivo method for observing the process of liquid instillation or aerosol inhalation for
pulmonary application of drugs in small animals is presented, using dynamic x-ray phase-contrast
imaging.

The instillation or inhalation of liquid to the lungs of small animal models can be used to

generate infections (e.g. pseudomonas aeruginosa for cystic fibrosis) or to mimic specific illnesses



(e.g. bleomycine for pulmonary fibrosis), and to test respiratory treatments. Clinically, the most
widely-used inhaled drugs are corticosteroids and bronchodilating drugs, but more recently
patients with pulmonary infections are often treated using inhaled antibiotics. The success of a
treatment is dependent on achieving the correct local concentrations of the deposited agents, and
unfortunately more treatment often deposits in the healthy regions of the lung than the infected part
of the lung [1, 2, 3, 4]. Liquid dosing is commonly used in animal-based gene transfer studies,
however gene expression is often variable, potentially due to the different liquid distributions in
the lungs of each animal [5]. For aerosolized drug application, the expected pulmonary distribution
of the drug is often derived from computational aerosol-lung deposition models, which take into
account particle-related factors, such as particle size and shape, as well as patient-related factors,
such as airway size, health and the quality of inhalation [2, 6]. However, these models need to be
validated using experimental measurements, and while there are a suite of methods used to take
measurements of flow and deposition in models of airways and in animals [7], existing methods
are typically impossible to perform in vivo, or lack spatial resolution. The x-ray methods we
propose here may therefore assist in verifying the accuracy of computational aerosol-lung
deposition models, and be used in pre-clinical treatment trials with small animal models to
correlate the treatment effectiveness with the local deposition of the treatment.

The lungs are a challenging organ to image, and a number of approaches have been used
over the years. Perhaps the most significant challenge is the constant motion of the lungs
throughout the breathing cycle, which can lead to motion artifacts that reduce the spatial resolution
of the image. In addition, the lung often suffers from low image contrast. Here, we briefly discuss
the structural and functional imaging methods most commonly used to reveal lung anatomy and
physiology. The fastest, simplest, and lowest-cost method by which to image lung structure is a
standard diagnostic x-ray radiograph. Although chest x-rays are a routine examination, the images
suffer from low contrast as the x-ray absorption coefficient is very similar for both air and soft
tissue. In the clinic, this limits the use of chest x-rays to the diagnosis and monitoring of respiratory
conditions such as pneumonia, emphysema, pneumothorax, and some lung cancers. Another lung
imaging option is computed tomography (CT), which can capture virtual slices through the lung
and therefore better differentiates the lung from surrounding anatomy than a projection
radiograph. However, CT is most straight-forward with stationary samples, without any motion

reducing the spatial resolution as a result of motion artifacts [8]. Magnetic resonance imaging



(MRI) is a challenging method for morphological imaging of the lung, since the MR image signal
arises from hydrogen atoms, and the lung consists mostly of air. Furthermore, the multiple
air-tissue interfaces create image artifacts. MRI acquisition is relatively slow, so lung images can
suffer from respiratory motion artifacts that lead to poor image quality [9, 10, 11].

In contrast to these structural imaging techniques, functional imaging is commonly
performed using nuclear methods such as positron emission tomography (PET) or gamma
scintigraphy. These techniques are used in studies of lung physiology and metabolism, including
regional perfusion, gene expression, enzyme and receptor studies [12]. To obtain a signal, a
radio-labeled substance must be administered, and its radioactive decay can then be detected.
While those techniques can localize radiotracer fluids, none have the spatial or temporal resolution
to do this within a breath and neither provide any anatomical information, which often makes it
necessary to acquire a corresponding image using CT or MRI [13, 1, 14].

The challenge we address in this report is the acquisition of images with a sufficient spatial
and temporal resolution to observe inhaled and instilled liquid delivery, distribution, and
deposition in the lungs of small animal models. As discussed above, with most conventional
imaging methods the lung produces only low contrast, but phase-contrast x-ray imaging (PCXI)
techniques can be used to enhance the lung contrast. We achieve this in a laboratory environment,
using propagation-based PCXI at a compact synchrotron light source. Phase contrast originates
from the refraction of the x-rays, i.e. the gradient of the x-ray wavefield’s phase, rather than
absorption. The advantage of phase-contrast imaging is that the phase gradient, and hence the
contrast, is largest at the interfaces between different materials, which leads to an edge-enhancing
effect. The lung is an ideal sample for phase-contrast x-ray imaging as it consists of many
air-tissue interfaces and the difference in the x-ray refractive index between the air and tissues is
large, resulting in steep x-ray phase gradients and strong contrast at air/tissue interfaces. A number
of x-ray phase imaging techniques have arisen in the last couple of years, all of which can
dramatically enhance soft tissue contrast. The most widely-adopted approaches are grating
interferometry [15, 16] and propagation-based phase-contrast imaging [17, 18]. Both methods
were developed at synchrotron facilities, where high spatial and temporal coherence results in
easily-observable phase effects. While grating-based PCXI is well-established in laboratory
environments, propagation-based imaging is still most often used at synchrotron sources, because

high spatial coherence is required to observe these phase effects. Grating interferometry can avoid



the requirement for high spatial coherence by inserting a grating, typically in front of the source
[19]. While grating interferometry delivers sensitive differential phase, absorption and dark-field
images, the temporal resolution is low, as a phase-stepping scan (ie. multiple exposures) is
necessary to reconstruct an image. The only exception to this limitation is when a motion is
repeated, such as the breath cycle, presenting multiple opportunities to capture the sample in the
same position [20]. A dark-field signal is generated when sub-pixel structures scatter the x-ray
wavefield, and the strength of this signal will depend on the number and size of scattering
structures [21, 22]. As a result of the many scattering structures in the lung the technique can
provide high contrast lung images, provided the temporal resolution is not important [23, 24, 25,
26, 27], making some clinical applications feasible [28, 29]. We considered if there was potential
for the dark-field modality to reveal the presence of treatment, noting that the treatment delivery is
not a repeated motion. In order for the presence of treatment in the lungs to change the dark-field
signal, the treatment would need to sufficiently fill the air sacs in the lung to change the effective
size of those air sacs. We experimentally tested this approach by imaging an instillation process
into the lung with grating-based imaging, however the temporal and spatial resolution was too
poor to produce satisfying results, so it is not reported here.

For dynamic imaging of a once-off event like treatment delivery, propagation-based
imaging is more suitable as the image is generated in a single exposure and no additional optical
elements are introduced, maximizing the use of the available x-ray flux. The resulting image
includes both attenuation contrast, which reveals bones and strongly-absorbing liquid like iodine,
and edge-enhancing phase effects, which introduce bright/dark lines at each air/tissue interface.
However, the beam coherence requirements for propagation-based imaging are more strict than for
grating-based imaging, so in a laboratory environment the technique typically uses a micro-focus
source [30, 31], and the associated long exposure times limit applications to static samples. For
this reason most studies that perform dynamic x-ray lung imaging have been performed at
high-flux synchrotron facilities [32, 33, 34, 35, 36, 37, 1, 38]. However, these facilities are
expensive, rarely designed for small-animal imaging, and access is very limited, which can
prohibit longitudinal experiments, or time-critical imaging (i.e. cancer models).

To make phase-contrast imaging widely accessible, it is necessary to bring the technique
into the laboratory. The recent development of novel high-flux and high-coherence laboratory

x-ray sources, including liquid-metal-jet sources [39] and inverse Compton sources [40, 41, 42,



43, 44], mean that the widespread use of dynamic propagation-based imaging is moving closer to a
reality. For example, Larsson et al. used a liquid-metal-jet x-ray source to capture phase-contrast
tomographic images of an excised air-filled mouse lung [45], Preissner et al. captured in vivo
mouse lung structure [46], and Kim et al. performed 4DCT measurements at a liquid-metal-jet
source to explore the effect of mechanical ventilation on the lung [47]. Using an inverse Compton
source, we have recently shown in vivo PCXI of mouse respiratory function [48]. The advantages
of a Compact Light Source are quasi-monochromatic x-rays, and relatively high coherence and
high flux, all of which makes such a source suitable for dynamic propagation-based x-ray phase
contrast imaging [41].

This report describes the non-invasive dynamic in vivo imaging of liquid deposition during
and immediately after delivery into the lungs of mice, using laboratory-based PCXI. The liquid
was either instilled directly into the trachea, or inhaled via an aerosoliser attached to a small animal
ventilator system. The temporal and spatial resolution was sufficient to visualize the dynamics of
the fluid delivery entering the lungs and then distributing throughout the airways, with results
covering a range of treatment distributions. This is the first time that such dynamics have been

visualized by x-ray imaging in a laboratory environment.

2. Materials and Methods

2.1. In vivo imaging setup

Imaging was performed at the Munich Compact Light Source (MuCLS) at the Technical
University of Munich (TUM) in Garching, Germany. The MuCLS consists of an inverse Compton
x-ray source (Lyncean Technologies Inc., Fremont, USA), which delivers tunable
quasi-monochromatic x-rays between 15 keV and 35 keV and x-ray beamline infrastructure
designed and installed by TUM researchers. A detailed description of the working principles has
been published [43, 49, 50, 51]. For all experiments a quasi-monochromatic 25 keV x-ray beam
was used, with flux upto 2-10" ph/s and a divergence of 4 mrad. Mice were positioned vertically
on a remotely controlled x-y-z-rotation stage 4 m downstream from the x-ray source. At the
sample position, the x-ray beam has a diameter of about 16 mm. The sample-to-detector distance

was 1 m (geometric magnification M = 1.25). Images were captured with a 20 um thick Gadox

scintillator (Gd, O, S:Th) (CRYTUR, spol. s r.0., Czech Republic) deposited on a 2:1 fiber optic



taper coupled to an Andor Zyla 5.5 SCMOS camera, resulting in a detector pixel size of 13um
(effective pixel size p, =10.4um). The CCD-detector had an array size of 2560 x 2160 pixels.

The surface entrance dose was estimated to 2 mGy for a 100 ms x-ray exposure at 25 keV. This
estimation relies on measurements of the air kerma with an ion chamber which was placed 7.2 m
from the interaction point (a 1.5 cm thick PMMA block was used as a backscattering object), with
these values converted to absorbed dose for water (surface entrance dose), which is comparable to
radiation doses used in in vivo small animal synchrotron and micro-CT imaging [52, 53, 54, 55].

Figure 1: (a) Setup for imaging of liquids applied to the lungs of ventilated mice. The syringe
pump was remotely actuated to deliver a preset volume of liquid through a thin tube inserted into

the lung through the intubation cannula of the ventilator circuit. (b) Raw image of a 50 ul

instillation of Liquid I, captured 13 s after delivery began. (c) Difference image produced by
subtracting the pre-delivery image, which makes the liquid distribution clearly visible. (d) A
pseudo-colored image, which is a composition of b and ¢ (with the same color maps), showing the

surrounding anatomy and the treatment deposition. Scale bar: (b) 2 mm

2.2. Animal Handling

All procedures for animal handling and experiments were performed in accordance with protocols
approved by the Regierung von Oberbayern (District Government of Upper Bavaria,
AZ55.2-1-54-2532-108.13), with female C57BL/6 mice (8 - 18 weeks old; 20 - 24 g body weight).
Mice were anaesthetized by intraperitoneal injection of a mixture of Medetomidine (0.5 mg/kg
body mass), Midazolam (5.0 mg/kg body mass) and Fentanyl (0.05 mg/kg body weight). Animals
were then intratracheally intubated using a non-surgical technique [56, 5] with a 20 Ga intravenous
catheter used as an endotracheal cannula. After intubation, the animal was placed into a custom

designed imaging holder and positioned for imaging in the x-ray radiation enclosure.

2.3. Treatment preparation
The treatments consisted of a mixture of a clinical iodine-based contrast agent (Ultravist-370, 370
mg iodine/ml) and a red-active fluorescent dye (Sky Blue (ex/fem = 670 nm/710 nm, Kisker

Biotech GmbH, Steinfurt, Germany)), which contains fluorescent polystyrene particles (1% w/v,



diameter 480 nm) dispersed in distilled water. lodine acted as a contrast agent for x-ray imaging
and Sky Blue was used for fluorescence analysis in the ex vivo lungs, with the mixture providing
the ability to compare the fluid deposition with two different imaging modalities. Two different
mixtures of these agents were used: Liquid | was a mixture of 0.5 ml Sky Blue, 2.5 ml
Ultravist-370, and 7 ml water, and was used for the instillation experiments. Liquid Il consisted of
0.3 ml Sky Blue, 0.9 ml Ultravist-370 and 3.6 ml water, and was used for the aerosol inhalation

experiments.

2.4. Instillation

The setup for instillation of a liquid into the mouse lungs is shown in Fig. 1 (a), which was similar
to that described in Donnelley et al. [36, 37]. The intra-tracheally intubated mice were
mechanically ventilated throughout the delivery and imaging period using a flexiVent
small-animal ventilator (flexiVent FX, Scireq, Montreal, QC, Canada). The ventilation protocol
was set to a respiratory rate of 90 breaths/min, with a breath-hold (222 ms) at the end of the
inhalation phase (222 ms) and prior to the expiratory period (222 ms), with a tidal volume of 30

ml/kg and 30 cm H,O maximum pressure limit. Image acquisition was triggered at the end of the

inhalation phase, so that the exposure took place during the breath-hold, resulting in a frame rate of
1.5 fps. Liquid | was introduced via a heat thinned PE10 polyethylene tube (< 0.5 mm diameter)
that was passed through the flexible wall of the ventilator inspiratory tube (see Fig. 1 (a) (red
box)). The PE tube was small enough to not block the intubation cannula, but made it possible to
simultaneously deliver the liquid and maintain ventilation. A remotely controlled syringe pump
(UltraMicroPump 111 and Micro4 controller, World Precision Instruments, Sarasota, FL) allowed
for continuous imaging throughout the liquid delivery.

Either 4ul or 50ul of Liquid | was instilled by operating the syringe pump at a
continuous flow rate of 0.8ul/s or 4.0ul/s, resulting in delivery times of 5 s and 12.5 s,
respectively. These were slower than a typical fast application (< 1 s) where a loaded syringe is
emptied via the intubation cannula into the trachea. Image acquisition (200 ms) was triggered by
the ventilator during the end-inspiratory breath hold (at total lung capacity) (Fig. 1, Fig. 2, Fig. 3

(a,b)), which reduced motion artifacts and allowed frame rates of up to 1.5 fps.



In a separate set of instillation experiments with spontaneously breathing mice (Fig. 3 (c)),
the ventilator was replaced by a non-contact fibre optic displacement sensor (RC-60, Philtec, MD)
that was configured to detect respiratory motion and deliver an electrical trigger signal for image
capture at the same point of each breath [58]. The frame rate was maintained at approximately 1.5
fps, but the exposure time was reduced to 100 ms to mitigate motion blur as induced by non-steady

lung inflation during spontaneous breathing. These animals received a volume of 4 ul within5s

(delivery rate 0.8 pul/s) using the instillation setup described above.

2.5. Inhalation

Liquid 11 was used for the aerosol inhalation experiments (see section 2.3). The flexiVent small
animal ventilator was operated in the same way as during the instillation experiments, with a
respiratory rate of 80 breaths/min including a breath hold (204.3 ms) at the end of the inspiratory
period (297.5 ms) and prior to the expiratory period (225.0 ms), resulting in 1.33 fps. An Aeroneb
aerosol generator (Aerogen Inc., Galway, Ireland) was placed into the ventilator inspiratory line.
The Aeroneb uses a vibrating mesh to aerosolize small quantities of liquid, with a liquid output
rate of 0.36 ml/min and a droplet diameter of 3.6 um (white light scattering; INAS 100, Palas,

Karlsruhe, Germany). During inhalation, up to 150 ul of liquid could be nebulized without

cleaning the tubing, but longer inhalation periods (and therefore larger aerosol volumes) would

block the tubing with droplets. For a nebulizer on-time of 40 ms per breath, 150 ul was nebulized

within ~ 11 min, but imaging was continued for a total period of 14 min, corresponding to 1120
breaths. After each run the tubing of the ventilator was dried, and the Aeroneb was cleaned and

refilled with Liquid I1. In some cases a second nebulization with 75ul or 150 ul was performed
yielding 225 and 300 ul of total nebulized liquid, respectively. Due to aerosol deposition within
the ventilator circuit, and partial aerosol deposition in the lung, only 12 to 24 ul of the 150 to
300 ul aerosolized liquid was deposited in the lung as determined by ex vivo epifluorescence

imaging (as described below).

2.6. Image analyses

To generate the difference images (Fig. 1 (c)), we considered the line integrals of the attenuated



intensity (Fig. 1 (b)), following Lambert’s law,
_In((IMouse+|Liquid)/ IO) = Hy ><TM +,Ll|_ ><TL’ (1)

where |, is the intensity of the incident x-rays, | is the intensity of the transmitted x-rays

Mouse

before delivery and | + 1 1S the intensity of the transmitted X-rays during and after

Mouse

delivery. 4, and g are the linear attenuation coefficients for the mouse and the liquid
respectively, with the corresponding projected thicknesses T,, and T, .

A pre-delivery image was subtracted from the sequence to isolate the treatment/liquid
effects,
=IN(lyogse + Viiquia) 7 16) +1NCHyoee 7 16) = 44, < T, (2)
To generate the pseudo-color images (Fig. 1 (d)), a threshold and a binary opening filter
was used on the difference images to reduce artificial signals (e.g. due to respiratory movements
the edges of the lung and the speckles that arise from scattering from the aveoli are never in exactly
at the same place in each image, and hence could produce some signal in the difference image). In
order to display the difference images, a heat-map was chosen. The pseudo-color image was
generated by combining the colored difference image (from Egn. 2, Fig. 1c) with the
corresponding integrated image (Eqgn. 1, Fig. 1b). The Python programming language (Python
Software Foundation) [59, 60] was used for the image analysis. Each lung shown in Fig. 3 was
analyzed regionally by selecting one or more regions of interest (ROISs) in the difference images.
The ROIs are displayed in the pseudo-colored images in Fig. 4 (a)-(c). The fraction of total

delivery plotted over time in Fig. 4 (d)-(f) is the sumof £, T, inaregion of interest (e.g. i pixels)
at a given time point t divided by the sum of 4 T, values of the whole lung area (e.g. j pixels)

in the last frame of the sequence:

[Zi(:uLTL)i l
ZJ—(IULTL)j

fraction of total delivery, = x100 [%]. 3)

Figure 2: Comparison of in vivo and ex vivo imaging modalities after intratracheal application of
50ul Liquid I, which preferentially targeted the right lung. (a) In vivo x-ray image with the liquid

distribution presented in pseudo-color. (b) Coronal and sagital slice of the reconstructed volume

from an ex vivo CT scan. The yellow line indicates the position of the sagital and coronal slices,



respectively. (c) Rendering of a tomographic reconstruction of the excised lung. A movie of the
rendering is available in the supplementary material (Video 4). (d) Epifluorescence image of the
whole ex vivo lung. (e) Photograph of an inflated dried ex vivo lung. (a)-(d) is one murine lung, (e)

is a different lung. Scale bar: (a,b) 2 mm, (c) 2.5 mm

2.7. Ex vivo lung tomography

After the in vivo experiments, the lungs were immediately excised and dried while partially
inflated at a pressure of 2 kPa (close to the end-inspiratory pressure) (see Fig. 2 (e)), according to
the protocol described by Harbison et al. [16]. A tomography scan (CT) of the dried lung was then
performed, capturing 2049 projections with an exposure time of 270 ms per projection, over 360
degrees. The images were reconstructed using a standard filtered back projection reconstruction
algorithm (see Fig. 2 (b)). The three dimensional data-sets were rendered using AVIZO Fire 8.1
(Thermo Fischer Scientific Inc, Massachusetts, USA) (see Fig. 2 (c)).

2.8. Ex vivo fluorescence imaging

After CT imaging of the dried lungs, ex vivo epifluorescence images were obtained from the whole
and sliced lung using an IVIS (In Vivo Imaging System, Lumina II, Caliper/Perkin Elmer, USA)
equipped with an excitation / emission filter combination (ex/em = 640 nm/Cy5.5 ) suitable for the
Sky Blue fluorescent dye (see Fig. 2 (d)). To determine the aerosol volume/dose deposited in the
lungs, the dried lungs were sliced, imaged and analyzed for dosimetry similar to the method
described by Barapatre et al [62]. For this, the dried lungs (partially inflated by application of a 2
kPa air pressure to the trachea during drying) were embedded in polyurethane foam (PU foam
Pattex Ultraweiss, Pattex, Germany) for stabilization and subsequently cut into 1 mm thick slices
perpendicular to the orientation of the trachea. An IVIS epifluorescence image was obtained from
each slice and the total fluorescence intensity (“total radiance efficiency” (photons/s) /
(uW-laser/cm?)) of the lung was determined from the slice intensities. Using a standard curve
obtained from lungs containing a known amount of dye (instillation of known amounts of dye into
the lungs) this intensity was converted into an equivalent lung deposited aerosol volume (or dye

mass / dose).



3. Results

3.1. Instillation

Fig. 1 (b) shows a typical x-ray attenuation image, corrected for illumination inhomogeneities and
detector effects, and demonstrates that the periphery of the lung is clearly visible. It is evident that
visualization of the delivered liquid was difficult, particularly in the case of overlying bones. The
subtraction of the pre-delivery image (resulting in Fig. 1 (c)) much more clearly shows the liquid
distribution. This method required that the chest anatomy remained unchanged during the entire
longitudinal imaging process, which was accomplished by placing the sedated mouse into a
specially designed holder and by taking the images during a breath hold at the same state of lung
inflation (here: full inflation at the end of the inspiratory phase). By overlaying the ‘normal’ image
(Fig. 1 (b), greyscale) with the difference image (Fig. 1 (c), colored), we generated a pseudo-color
image (Fig. 1 (d)), showing where the treatment was present (primarily in the centrally located
post-caval lobe). The entire time sequence of images for this delivery can be found in the
supplementary material (Video 1). The validity of the assumption that the subtracted pre-delivery
image remains mainly constant during the entire imaging period was confirmed by obtaining no
significant difference signal for blank lungs (no liquid instillation or inhalation of aerosol; see

supplementary material Video 2).

Figure 3: Pseudo-colored image sequences of three different mice show (a) an intentionally local
and (b) a global distribution of 50 ul of Liquid I (see methods for detail) instilled within 12.5 s

through the trachea and depositing in the lung. Row (c) shows a delivery of only 4 ul of Liquid I

within 5 s. The sequences shown in panels (a) and (b) were captured when the mouse was
ventilated, and panel (c) was captured while the mouse breathed freely (with the image triggered
by chest motion). The numbers in the bottom part of each frame indicates the time in seconds after
the liquid first appeared in the field of view (time was set to 0 s). The frames shown here were
chosen to best illustrate the progression of the delivery. (d)-(f) show the corresponding
fluorescence images of the whole ex vivo lung. Apart from panel (d), there are differences between
the observed distribution in the fluorescence images and the in vivo x-ray image. This was likely
due to light attenuation mitigating the fluorescence signal from deeper tissue, with in vivo images

providing a 2D projection of the 3D drug distribution. Scale bars: all 2 mm.



Immediately after the in vivo experiments, the lungs were excised and dried while inflated
[61]. Some of the dried inflated lungs were then scanned using computed tomography to capture
the distribution of the instilled treatments in three dimensions. The reconstructed 3D tomography
can then be compared to the in vivo 2D projections, as shown in Fig. 2. Fig. 2 (a) shows the
pseudo-colored in vivo instillation image 18 s after the start of treatment delivery, and (b) a coronal
and transverse slice of the CT volume of the dried lung.

Fig. 2 (c) shows the CT rendering of the ex vivo lung. The part of the rendered lung that is
colored yellow had the highest absorption values, indicating that was the location where the bulk
of the highly x-ray-absorbing liquid deposited. For this lung, there was a good agreement among
the two ex vivo imaging modalities (CT rendering and epifluorescence whole lung imaging
depicted in (Fig. 2 (c) and (d), respectively) and the in vivo observation that the liquid was not
homogeneously delivered over the whole lung, but preferentially in the right lung of the mouse
(seen on the left side of the image). In Fig. 2 (e), a photograph of a typical ex vivo lung after drying
is shown. The entire time sequence of images for this delivery (Video 3), as well as the rendering

(Video 4), can be found in the supplementary material.

Figure 4: In the pseudo-colored images (a) - (c) the analyzed region of interests are highlighted. In
(d) - (f) the corresponding plots are displayed. The subjects displayed in (a) and (b) received a

50 ul delivery, and the one in (c) received a 4 ul delivery. The plots describe how long it takes

for the liquid to arrive in different parts of the lung. Time = 0 s was set as the time when the liquid
first appeared in the field of view. The end of delivery after 12.5 s ((d) and (e)) and 5 s in (f) is

indicated by the dashed vertical line. Scale bar: 2 mm

Fig. 3 (a) and (b) illustrate the ability of this in vivo method to capture not only the spatial

distribution of treatment, after pulmonary delivery of 50 ul of liquid via instillation, but also the

temporal evolution of the liquid/drug delivery process. In (a) the liquid was primarily delivered
into one lobe (again the post-caval lobe), resulting in a highly-localized deposition profile of the
liquid, while in (b) a more uniform distribution throughout the entire lung (global distribution) is
seen (the time-sequence movies can be found in the supplementary material, Video 5 and 6). This

allows identification of temporal features of the instillation process. For instance in (b) we can



clearly observe how the liquid enters and gradually accumulates in both the left and right
bronchus. After a sufficient amount of liquid has been accumulated in the bronchi (here: 16.32 s)
the liquid is distributed rapidly (within a few seconds) throughout the entire lung reaching even the

most peripheral (alveolar) region. Considering that the entire 50 ul of liquid was delivered within

12.5 s the significant redistribution of the drug is likely due to gravitational forces (the mouse is
located in an upright position) as well as breathing activity.

In a second type of experiment we performed imaging while the mouse was breathing
freely, and delivered a reduced volume of Liquid I. As shown in Fig. 3 (c), the small volume of
liquid distributed mostly in one lobe. Nevertheless, we were still able to detect a signal and track
this very small volume during the pulmonary application process (time-sequence movie can be
found in the supplementary material, Video 7). It is noteworthy that, as in Fig. 3 (b), there was a
significant redistribution of the instilled liquid even after all of the liquid had been applied (at 5.0
s). Again, liquid from the primary bronchus was transported into more peripheral regions of the
(right) lung, likely due to gravity and respiration.

Each lung shown in Fig. 3 was analyzed regionally by selecting one or more regions of
interest, as displayed in Fig. 4 (a)-(c). The percentage of deposited treatment volume was
calculated for each image in the sequence, as explained in the method section. Fig. 4 (d) - (f) not
only confirms the qualitative trends observed in Fig. 4 (a) - (c) in a more quantitative way, it also
provides highly temporally resolved information on the liquid transport rates (slopes of signals)
and the regional redistribution of the delivered liquid. Fig. 4 (d) shows that the liquid rapidly
reached the lungs within the delivery period (12.5 s), starting at a relatively low rate that abruptly
increased at about 10 s. Once the maximum dose was reached the signals from both ROIs
remained at a relatively constant level, except for ROI 1, which gradually decreased, starting from
around 100 s. Fig. 4 (e) shows different delivery Kinetics to Fig. 4 (d). After an initial burst of
deposition almost no liquid was appearing until another strong burst at about 25 s, which was
about 12 s after the instillation process ended. We attribute this to transport of residual liquid
deposited in the intubation cannula and trachea, which were out of the field of view. After 25 s the
fluid redistributed from the central region (ROI 1) to the more peripheral regions of the lung (ROI
2 and ROI 5) for the entire observation period (300 s). This effect was not evident on the right side
of the image (left half of the lung). The delivery Kinetics observed for the spontaneously breathing

mouse that received only 4 ul of liquid (Fig. 4 (f)) were very similar to the kinetics depicted in



Fig. 4 (d). Hence, observed delivery kinetics are likely not dependent on the type of breathing or
the amount of delivered liquid.

After the in vivo experiment, fluorescence images of some dried excised lungs were
acquired, see Fig. 3 (d)-(f), which do not always completely agree with the in vivo observed
distribution. We hypothesise that this could be because the dye distribution in the lung changes
during the drying procedure, and the fluorescence measurements are most sensitive to the liquid
deposited close to the surface of the lung (due to light attenuation by the tissue).

3.2. Inhalation

Inhalation of aerosolized drugs is widely used for treatment of chronic lung diseases such as
asthma, COPD and cystic fibrosis. At the moment, only the European Synchrotron Radiation
Facility ID17 beamline is capable of fast dual-energy synchrotron radiation CT imaging, able to
acquire in vivo images showing regional deposition of specific elements (i.e. iodine, xenon), lung
morphology and regional ventilation at the same time, using K-edge subtraction CT imaging [38].
To the best of our knowledge, the results presented here are the first proof-of-principle study to
image a dynamic inhalation process in vivo with x-rays in a laboratory environment. Aerosol
inhalation is more challenging to image than instillation, because the volume of inhaled liquid
delivered to the lung is relatively small (only about < 10 % of nominal dose is actually deposited
in the lung ) and distributed uniformly throughout the lung as shown by Yang et al. [63].
Therefore, we performed preparatory experiments to maximize the lung-delivered aerosol volume.
First, the operating parameters of the small animal ventilator were optimized for aerosol delivery
to the intubation cannula (mouse) by measuring the inhaled aerosol dose with an in vitro
gravimetric method [64]. This resulted in selection of a slow deep inhalation pattern (80

breath/min; tidal volume 600l for 20 g mouse) with a 204 ms breath hold for imaging at the end
of the 298 ms inspiratory phase. For a nebulizer active-time of 40 ms per breath, 150 ul of liquid

was nebulized within 660 s.

Figure 5: A time sequence of mouse lung images, collected while inhaling a nebulized liquid.
Bubbles (yellow arrows) are observed in the airways after several minutes of inhalation, and
remain for several seconds before they burst. Note that the defined features along the pleura

(boundary of the lung) and the ribs are a result of motion between frames. Time 0 s was set to the



start of inhalation. Scale bar: 2 mm.

As shown in Fig. 5, using pseudo-colored images we were able to visualize the inhalation
of the iodine-based liquid, and determine if the liquid deposited on the airway surface. The
strongest contrast was found when the inhaled liquid formed bubbles, with radii ranging from
300 um to 1.6 mm in diameter (in all images of Fig. 5; indicated by yellow arrows). Bubble
formation was not observed for all inhalation experiments, but in the one animal in which we saw
this, the bubbles began to appear at around 200 s into the imaging sequence, and remained for a
few seconds in the primary bronchi before they burst and distributed into the lung. A movie of the
entire time sequence can be found in the supplementary material (Video 8). The images are

obtained during the first run of nebulization. A second run with 150 pl nebulized liquid was
preformed on this mouse. In total 300 ul of liquid was nebulized. Due to aerosol deposition
within the ventilator circuit, and partial aerosol deposition in the lung, only 24 ul of liquid was
deposited in the lung (as determined by epifluorescence imaging on 1 mm lung slices).

This amount was delivered within 22 min, i.e. the liquid delivery rate of 0.018 ul/s which
is much slower than for the 4 ul instillation (0.8 ul/s) and the delivered aerosol volume was more
than 5-fold the 4 ul applied via instillation. In contrast to the clearly distinguishable signal for the
4 ul instillation (Fig 3 (c), 4 (c) and (f)), detecting a signal from the aerosolized fluid was much

more challenging following inhalation, due to the extremely uniform distribution of inhaled
aerosol throughout the entire lung that resulted in a low signal-to-noise ratio [63]. Consequently,
only localized features such as bubbles or some minor hot spots could be determined (yellow
arrows in Fig. 5). Moreover, sometimes during the inhalation period some signal was detected near
regions of strong contrast change such as at the ribs or near the pleura (rim) of the lung. These
features are an artifact that arise when local motion of anatomical features cannot be separated

from the motion of the treatment.

4. Discussion

For pre-clinical and clinical lung disease research, accurate determination of dose and regional
distribution of pulmonary applied substances is essential for efficacy and toxicity analysis. Lung

diseases can be localized to the bronchial (e.g. asthma, COPD, bronchitis, or cystic fibrosis),



alveolar (e.g. pneumonia, tuberculosis, pulmonary edema) or interstitial (e.g. interstitial
pulmonary fibrosis) regions. For this reason, targeted delivery of treatments to the lungs of animals
and humans is an area of active research (e.g. [65]). The scarcity of in vivo drug dosimetry methods
was the motivation for using dynamic phase-contrast imaging to monitor deposition in the lungs of
mice. The aim was to visualize and quantify the regional lung deposition of instilled or inhaled
liquid in living animals with a high temporal resolution. We demonstrated that for the instillation
process this method is capable of visualizing and quantifying the dynamics of fluid volumes as

small as 4 ul. However, visualization of aerosol inhalation is more challenging, since the local

contrast changes are much weaker due to the extremely uniform distribution of the liquid
throughout the lung and smaller local volumes.

The time-sequence imaging of treatment delivery in live mice revealed several interesting
results. It is well known that aerosol inhalation provides a more uniform pulmonary drug
distribution than instillation [63], but considering the relatively crude means of application (bulk
liquid - not aerosol - is squirted into the lungs) the relatively uniform pulmonary distributions of
instilled substances was quite surprising. Our time-sequences indicated that this is likely a result of
secondary aerosolization. As seen in the supplementary movies, the liquid first collects in the
upper airways relatively close to the entrance points (e.g. the tip of intubation cannula in the
trachea). Initially some liquid flows slowly down the airway tree. Once enough liquid has
accumulated to block the airway the liquid gets sucked into the lung with the next breath resulting
in secondary aerosolization and thus relatively uniform redistribution of the liquid throughout the
lung. Since this low energy process of aerosol formation is similar to low energy droplet formation
at the tip of breaking waves, one would expect a similar droplet size distribution with droplets

much larger than 10 um in diameter [66]. Droplets of this size will not be able to reach the

alveolar region of the murine lung [6], which is consistent with the central and patchy deposition
of intratracheally instilled liquids as observed by Lin et al. [63]. However, our in vivo imaging
revealed that gradual redistribution of instilled liquid (iodine) from the central to the peripheral
region occurs even for minutes after the instillation process has ended (Fig. 4 (b) and (e)). As a
caveat, we note that we delivered 4 ul or 50pul liquid within 5 and 12.5 s, respectively, while
standard intratracheal instillation protocols squirt the liquid into the lung within <1 s. While this
is expected to change the time-scale of events, the general mechanism of secondary aerosol

formation is likely to be relevant for both instillation protocols. The former is consistent with hot



spots reported in our previous study using whole lung ex vivo light sheet fluorescence microscopy,
which were attributed to occasional redistribution of liquid collected in the trachea [63]. This could
also be the reason for the observed bubble formation during inhalation of aerosolized treatment.
Since the applied liquid did not contain any detergent or proteins, direct bubble formation was
unlikely. On the other hand, if aerosolized liquid was first deposited on the lung epithelium and
then redistributed in a similar fashion to that described for instillation, it may have contained
proteins present in the lung lining fluid, which may result in bubble formation. This behaviour was
observed in just one mouse, and occurred at the timepoint when ~ 3.6 ul of liquid had reached

the lung. Again as a caveat, we note that ventilator assisted aerosol delivery is typically performed
with the subject positioned horizontally and not vertically as done here. Nevertheless, the
possibility of occasional bubble formation may also occur for ventilator-assisted aerosol inhalation
for horizontally-oriented subjects.

A final interesting observation from the live imaging was that the liquid continued to
gradually move from the central to the peripheral regions of the lung for some minutes after the
instillation process had been terminated. This is important when considering the timing of delivery
in non-recovery laboratory experiments. A future study could look at even longer timescales to
determine if the liquid is taken up by the bloodstream, possibly reducing the contrast observed
within the lung.

Subsequent multi-modal ex vivo imaging can provide complementary information. Ex vivo
CT scans of the dried lungs provided more refined three dimensional spatial localisation of the
iodine (drug) signal and co-registration of lung morphology in a non-destructive way. On the other
hand, whole (dried) lung epifluorescence imaging provided two dimensional and relatively
superficial information on lung shape and dye (drug) distribution. However, after slicing the dried
lung, dosimetry and three dimensional resolved drug distribution can be obtained with quantitative
fluorescence spectroscopy [62]. One should also note that the liquid distribution might change
during the lung drying process. For example, one interesting difference that we noted was that the
whole lung fluorescence images (e.g. Fig. 3 (e)) do not show strong signals when the treatment is
not close to the surface (c.f. Fig. 3 (b)). This was due to the relatively high tissue attenuation of the
fluorescence which limits the penetration depth to about 1 mm even in the near infrared regime as
used here [62]. One should also recognize that CT scanning and fluorescence imaging rely on

different agents (iodine and Sky Blue, respectively) for detection. Thus different biokinetics of



these agents may also result in differences in the observed ex vivo images. Nevertheless, ex vivo
imaging may provide complementary information (e.g. more resolved 3D information and
quantitative dosimetry) to in vivo imaging.

We have shown, through comparison with CT and fluorescence data, that with the
instillation visualization techniques presented here we are able to reliably predict the distribution
of the liquid, which can help to determine the influence of different delivery methods on the
resulting distribution (e.g. the speed of delivery, the depth of the intubation). In future studies we
could also examine the influence of lung disease on drug distribution in pre-clinical models. An
advantage of the approach described here is that dynamic and anatomic information are collected
simultaneously. When using nuclear imaging methods, no anatomic information is available,
which often means that additional x-ray images and registration processes are necessary. In
addition, compared to nuclear imaging methods the increased spatial resolution provides more
detailed information on distribution within a specific lobe. This setup can also be further improved
by using a syringe pump that can deliver more quickly, so that deliveries within 1 s can be
performed. With further improvement of the inverse Compton x-ray source the x-ray flux will
increase, allowing for faster imaging and therefore an even higher temporal resolution.

In this study in vivo x-ray imaging has provided insight into the temporal evolution of
pulmonary drug delivery and secondary redistribution of the drug within the lung, both during and
after the delivery. These findings can contribute to optimized future pulmonary drug delivery

studies. While volumes of only a few u | were visible following instillation of liquids, for

uniformly-distributed inhaled nebulized liquid throughout the entire lung, our x-ray imaging setup
is not sensitive enough for reliable drug localization. While the present study focused on lung, the
method presented here could also be used for transport and retention studies on other organs or
tissue sections. But of course similar validation studies as performed here would be recommended.
We envision that the techniques presented here have a range of applications in pre-clinical animal
model research (e.g. drug delivery, device testing, and treatment assessment), rather than clinical
settings, due to the x-ray source properties (beam size, x-ray energy) and relatively high deposited
radiation dose because of the desired high temporal and spatial resolution. As an application of this
technique we identified secondary aerosol formation as a mechanism for distribution of
intratracheally instilled bulk liquids throughout the entire lungs of animal models. Time-resolved

imaging of the aerosol delivery process is limited due to the small local changes in light



attenuation as a result of the extremely uniform pulmonary distribution of inhaled aerosol.
Possible future directions include combining this assessment with bronchoscopic dose delivery
(including a small camera in the airways [65]) to target a particular lobe and verify that the

treatment deposits correctly in that location.

Appendix A. Movies

Where appropriate, the sequence is accelerated to 5 fps and compressed to reduce file size.

Video 1: Treatment delivery sequence for Fig. 1
Temporal profile of liquid (iodine) distribution in the lung during and after instillation of 50 pl

into the lung.

Video 2: Subtracted images without treatment delivery
The validity of the assumption that the subtracted pre-delivery image remains constant during the

entire imaging period was confirmed by obtaining no significant difference signal for blank lungs.

¢

Video 3: Treatment delivery sequence for Fig. 2
Temporal profile of liquid (iodine) distribution in the lung during and after instillation of 50 pl

instillation, resulting in a local distribution.

Video 4: Rendering of Fig. 2 (c)

Visualization of the whole lung CT rendering from Fig. 2 (c).
Video 5: Treatment delivery sequence for Fig. 3 (a)
Temporal profile of liquid (iodine) distribution in the lung during and after instillation of 50 pl

instillation, resulting in a local distribution.

Video 6: Treatment delivery sequence for 3 (b)



Temporal profile of liquid (iodine) distribution in the lung during and after instillation of 50 pl

instillation into the lung, resulting in a global distribution.

Video 7: Treatment delivery sequence for 3 (c)
Temporal profile of liquid (iodine) distribution in the lung during and after instillation of 4 pl

instillation into the lung, resulting a local distribution.

Video 8: Inhalation sequence of Fig. 5

Temporal profile of liquid (iodine) distribution in the lung during and after instillation of the

inhalation process.
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Highlights:

e In vivo visualization of pulmonary drug distribution, during and post delivery

e High temporal and spatial resolution imaging from an inverse Compton x-ray source
e Anatomical information and treatment distribution collected simultaneously

e X-ray images improve understanding of instillation and nebulized drug delivery



