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Abstract: Recent developments in the prediction of local aerosol deposition in human lungs are
driven by the fast development of computational simulations. Although such simulations provide
results in unbeatable resolution, significant differences among distinct methods of calculation
emphasize the need for highly precise experimental data in order to specify boundary conditions and
for validation purposes. This paper reviews and critically evaluates available methods for the
measurement of single and disperse two-phase flows for the study of respiratory airflow and
deposition of inhaled particles, performed both in vivo and in replicas of airways. Limitations and
possibilities associated with the experimental methods are discussed and aspects of the computational
calculations that can be validated are indicated. The review classifies the methods into following
categories: 1) point-wise and planar methods for velocimetry in the airways, 2) classic methods for the
measurement of the regional distribution of inhaled particles, 3) standard medical imaging methods
applicable to the measurement of the regional aerosol distribution and 4) emerging and
nonconventional methods. All methods are described, applications in human airways studies are
illustrated, and recommendations for the most useful applications of each method are given.

Keywords: computational fluid particle dynamics, human airways, lungs, experimental methods,
medical imaging, aerosol deposition, velocimetry techniques, flow measurement techniques, gas—
liquid two-phase flow, CFD validation



Nomenclature and units

A radioactivity (Ci, Bg)

c number concentration (1/m3)

CPS counts per second (1/s)

cv coefficient of variation (=)

D diameter (m, um)

d the Gaussian beam diameter (m)

Dgr mean droplet diameter with indices g and r used for determination of the diameter type
(um)

E energy (MeV, keV)

f frequency (Hz)

FD fibre density (1/mm?)

fw weighting factor (=)

N number of particles, number of radioactive atoms (=)

n refractive index (=)

n mean sampling rate (Hz)

p P value, or calculated probability (=)

PSD  power spectral density (m?/s)

R2*  transverse relaxivity (s)

S area (m?)

s fringe spacing (fringe separation distance) (m)

SR spatial resolution (1/m)

T time period (s)

t time (h)

T1 longitudinal relaxation time (s)

T2 half-life of a radioisotope (h, min, s)

T2 spin—spin relaxation time (s)

T2*  decay of transverse magnetization (s)

TDF  total deposited fraction (=)

T turbulence intensity (=)

TV tidal volume (1

u velocity (m/s, cm/s, mm/s, um/s)

v volume (ml)

14 flow rate (I/s, 1/min, ml/s)

X, y,z Cartesian coordinates (m)

%ID/g percentage of injected dose per gram of tissue (1/g)

Greek characters

6 attenuation of the x-ray (=)

At time lag of two signals (LDA, PDA), delay between laser pulses (PIV) (s)
Ap phase difference (rad)

o) change of the phase of the x-ray (=)

v kinematic viscosity (m?/s)

o Intersection angle of two beams (deg)

N wavelength of the laser light (nm)

A decay constant (-)



7 integral time-scale

0] parameter of the PDA system
Subscripts

0 initial number

B frequency shift

b breathing

D Doppler

i index number

in inhaled

max  maximum

n normal velocity component
out exhaled

p particle

T transit

Dimensionless numbers

Re
Stk
a

Reynolds number
Stokes number
Womersley number

Abbreviations

Abbreviation
[*8F]FDG
2C, 3C
2D, 3D, 4D
AM
a0CT
AUC
CCA
CCD
CFD
CFPD
CMOS
COPD
CS

CT

CTA
DTPA
DOTA
EIT

FBP
FD-OCT
FDA
FDML
FOV

fps

Full expression

2-deoxy-2-(*8F)fluoro-D-glucose

two-component, three-component
two-dimensional, three-dimensional, four-dimensional
Additive Manufacturing

anatomical OCT

area under the curve

Constant Current Anemometer

Charge-coupled device

Computational Fluid Dynamics

Computational Fluid Particle Dynamics
Complementary metal-oxide—semiconductor
chronic obstructive pulmonary disease
Compressed Sensing

Computed Tomography

Constant Temperature Anemometer

diethylene triamine penta acetic acid
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
Electrical Impedance Tomography
Filtered-Back-Projection

Fourier Domain OCT, also Frequency Domain OCT
Food and Drug Administration

Fourier domain mode locked

field of view

frames per second



FWHM
GC-MS
HFOV
HUA
HWA
ICRP
ID

LD
LDA
LDV
LES
MEMS
MPI
MRI
MRV
NIR
NP
oCT
OFDI
OSEM
PBPK
PCM
PCXI
PD
PDA
PDI
PDMS
PDPA, P/DPA
PET
PIV
ppm
pPP
PTV
pX
RANS
RMS
ROI

RP
SCPN
SD-OCT
SEM
SLA
SMI
SNR
SPECT
SUV
TD-OCT
TEM
UTE
VOl

Full Width at Half Maximum

Gas Chromatography — Mass Spectrometry
High Frequency Oscillatory Ventilation
human upper airways

Hot-Wire Anemometry

International Commission on Radiological Protection
injected dose

Laser Doppler

Laser Doppler Anemometry

Laser Doppler Velocimetry

Large Eddy Simulation
microelectromechanical systems
Magnetic Particle Imaging

Magnetic Resonance Imaging

Magnetic Resonance Velocimetry

near infrared wavelength range
nanoparticle

Optical Coherence Tomography

optical frequency domain imaging
Ordered Subset Expectation Maximization
physiologically based pharmacokinetic
Phase Contrast Microscopy

Phase Contrast X-ray Imaging

Phase Doppler

Phase Doppler Anemometry, Particle Dynamics Analysis
Phase Doppler Interferometer
polydimenthylsiloxane

Phase Doppler Particle Analyzer

Positron Emission Tomography

Particle Image Velocimetry

parts per million

particles per pixel

Particle Tracking Velocimetry

pixel

Reynolds-averaged Navier—Stokes
Root-Mean-Square

region of interest

Rapid Prototyping

single-chain polymer nanoparticle
Spectral Domain OCT

Scanning Electron Microscopy
Stereolithography

Soft Mist™ Inhaler

signal to noise ratio

Single Photon Emission Computed Tomography
Standard Uptake Value

Time Domain OCT

Transmission Electron Microscopy

ultra short echo

volume of interest



1. Introduction

Several methods for predicting the results of pulmonary drug delivery have established
themselves in recent years. One such method, used for drugs with very high bioavailability, predicts
the total expected lung dose for healthy lungs and uses that to estimate the concentration of drug in
blood plasma against time (expressed by the area under the plasma drug concentration—time curve,
AUC) (Olsson et al., 2013). In order to improve these predictions, two distinct trends are emerging that
require accurate predictions of local (as to opposed global/total) deposition. First, there is a push
towards the development of drugs that are customized for a particular class of patients, e.g. for asthma
or chronic obstructive pulmonary disease (COPD) patients. Even though they are not likely to be
achieved in the very near future, inhalational products that are tailored to individual patients or classes
of patients are envisioned and their development also relies on accurate estimates of local deposition
(Bettoncelli et al., 2014; Forbes et al., 2016). On the other hand, there is an increasing momentum for
the use of large-scale population studies to be used as the basis for the development of statistical
correlations linking airway structural, functional and phenotype parameters to the observed trends of
regional deposition for various patient classes. Such statistical trends can then form the basis for the
development of improved physiologically-based pharmacokinetic (PBPK) models for use in the drug
development, approval and regulation cycle (Backman et al., 2017). In both of these emerging trends,
the synergistic use of experimental and in silico methods is playing a central role.

Impressive work has been carried out in the area of insilico modelling of aerosol flow and
deposition in last decades. This approach is based largely on Computational Fluid Particle Dynamics
(CFPD), developed as a branch of fluid mechanics and involving numerical analysis of fluid and particle
flows in digital representations of real or idealized geometries. CFPD is capable of calculating fluid,
particle and structure interactions provided the correct boundary conditions were set. The general
overview was given e.g. by (Tu et al., 2013).

Overall lung deposition can be predicted both experimentally and by CFPD with sufficient
precision nowadays. It is also possible to calculate “regional” deposition at the macroscale, usually per
lung lobe or per generation. These equations are available e.g. from the International Commission for
Radiological Protection (ICRP) (Bailey, 1994). However, assessing the local deposition at the microscale
(e.g. in units of mm?), either experimentally or in silico, remains a challenging task. Experimental
methods, particularly in imaging, face problems with difficult and obstructed access to the deposition
sites in the human lungs, limited resolution, and/or associated health hazards depending on the
particular method. In this regard, in silico methods can fill the gaps left by in vivo methods that use the
current state of the art in pulmonary imaging. In silico methods can provide detailed information
regarding the deposition of aerosol particles in individual airway branches. The typical workflow for
such studies begins with the acquisition of chest Computed Tomography (CT) scans of the patient,
followed by the use of specialized software to segment the airways and generate CFPD meshes on
which the discretized form of the governing transport equations can be solved. The resolution
limitations of current imaging equipment set the limit of such detailed airway reconstruction between
roughly the 7™ and 10" bronchial generation, depending on the specific airway configuration for each
patient. In silico estimates of aerosol deposition in the upper part of the bronchial tree using one of
the CFPD methods called Large Eddy Simulation (LES) have become fairly routine, especially under
conditions of steady inhalation rate. However, for drug development one needs to consider the entire
lung and the full respiratory cycle, allowing for variations in possible inhalation manoeuvres. To do this
requires coupling the LES simulation in the upper airways with reduced models for the central
bronchial tree and models of the acinus. This represents an area of intense research and development
with different groups adopting varying approaches for such coupled simulations (Kolanjiyil and
Kleinstreuer, 2013; Koullapis et al., 2017a; Longest et al.,, 2012). The impact of such integrated
simulations on drug development and patient care could potentially be quite strong, yet a number of
conditions need to be satisfied before these approaches can deliver on their promise.

In modelling airflow and deposition in the various regions of the lung, a number of choices can be
made in terms of both the computational tools used and the physical effects that are modelled. As a
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result of work carried out over the last decade by several groups, many of the factors that contribute
to the fidelity of in silico studies are now understood much better. However, this understanding should
be documented and clearly spelt out in the specific context of deposition studies in human airways.

The community consensus is that the airflow in the mouth, extra-thoracic and upper
tracheobronchial tree can be resolved with satisfactory accuracy using LES (Choi et al., 2009; Jayaraju
et al., 2008; Koullapis et al., 2017b; Longest and Holbrook, 2012). But even within LES there are a
multitude of choices to be made regarding the use of inlet and boundary conditions, the use of sub-
grid scale models, the discretization schemes and the mesh design. Furthermore, these issues are often
interconnected, for example, the accuracy of a particular discretization scheme often depends on the
particular mesh design adopted. While a large volume of information is available in the literature
regarding the factors that affect the performance of LES, these are often examined in the context of
canonical flows. When LES is used in the context of aerosol deposition studies, additional questions
arise related to the particle tracking algorithms and the modelling of physical effects acting on the
dispersed phase. For example, it is often argued, on the ground of dimensional considerations, that
certain forces such as the Saffman lift force should be negligible in airway deposition simulations
(Finlay et al., 1996). However, this assumption has not been subjected to a systematic validation.
Therefore, there is currently a need for systematic evaluation and validation of LES that will specifically
target best practice recommendations for in silico deposition studies. Such evaluation and validation
must rely at least in part on independent flow and deposition data originating from studies on human
airway replicas or directly in vivo. The problem one is faced with is that in silico methods are recruited
to fill the gap created by the limited resolution of current imaging technologies, yet the validation and
verification of in silico methods must, at least to some extent, rely on such limited data. This apparent
paradox makes necessary the careful selection of data validation metrics that are both meaningful and
reliable at the same time.

Clear guidelines on best practice in the design of in silico deposition studies must be the result of
a systematic effort that will result in the necessary community consensus. The value of such a
consensus from the purely technical point of view is clear. The significance, however, extends beyond
technical considerations. One has to appreciate that such a community consensus is a necessary
ingredient for enabling the routine use of in silico population studies in the drug development and
regulatory approval cycle. Without clearly spelt out design rules and validation metrics, both the
pharmaceutical industry and the regulatory agencies are likely to resist admitting in silico methods in
their workflow. Without acceptance from these key stakeholders, the potential of in silico methods is
destined to be kept locked in the realm of academic and research institutions. These considerations
should make clear that the establishment of best practice guidelines for simulation methods used in
airway deposition studies is of paramount importance to the future of in silico population studies for
inhaled drug development.

The main aim of this paper is to provide an overview of experimental techniques that can be used
to validate in silico methods. We have prepared a summary of principles, features, precisions,
strengths, weaknesses, and practical applications of available experimental methods applied on flow
and aerosol measurements in human airways and their replicas. Our work can be used as a guide for
the selection of a suitable lung geometry and the correct validation approach. It should help the
readers to understand the physical limitations of various experimental methods and hence to shape
realistic expectations. Experimentalists may find this paper useful when deciding the appropriate
experimental method for their research in terms of experimental acquisition and interpretation, and
in the context of any existing findings with the described techniques.

This paper also aims to diminish the remaining gap between pharmaceutical/medical and
engineering communities, which limits the practical use of in silico modelling in medical applications.
A frequent source of dispute is how much an in silico model simplifies the reality. Some experts insist
on using solely in vivo measurements for validation of in silico models. However, as will become
obvious in the next chapter, performing simulations on the identical in vivo geometry with completely
controlled and correct boundary conditions is virtually impossible. Therefore, measurements are
performed on replicas of human airways for validation purposes. In that case, extreme attention
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should be paid to include all the relevant forces (inertial, gravity, thermophoretic and electrostatic
force, etc.) and features of materials (surface roughness, electrical conductivity...). However,
controlling all these conditions is significantly easier than performing measurements in vivo.
Nonetheless, it is important to understand limitations of this approach. The replica-based validated
results represent an indispensable source of data, however, they have to be contextualised using the
in vivo data, to make sure that all the relevant phenomena were covered. In respect to this issue, we
decided to include experimental methods applicable to replicas, in vitro, and in vivo set-ups in order
to cover the complete range of possible needs of researchers. Nevertheless, measurements performed
on animals are not included in this review (except for the emerging methods where animal studies are
the only source of data), although they surely provide an important source of information. Animal-
based experiments represent a very broad spectrum of data, and cannot be covered here with the
thoroughness they deserve.

We need to clarify several terms that are frequently used in the related literature, however,
sometimes with slightly different meaning. In this paper, we understand by the term in vivo the
experiments performed on a whole, living human subject; the term ex vivo refers to measurements
performed on tissue detached from an organism and placed in an external environment with minimal
alteration of natural conditions; the term in vitro is used to indicate studies performed with cells, or
biological molecules outside their normal biological context. This is contrary to the CFPD papers where
this term sometimes also includes experiments on physical replicas of parts of the human body
(normally without any cells or intentionally introduced living cultures). As we wanted to detach this
special group, we designate these experiments as being performed “in replica” (not italicized, as it is
used verbatim and not constructed from Latin). The term in silico denotes computer simulations, and
lastly, in situ means performed “on site” or “in place”.

Validation of CFPD predictions

The reliability of CFPD predictions is directly related to the method and data used for validation.
Longest and Holbrook (2012) emphasize the need for improved experimental data sets to better
validate computational predictions in local lung regions. It was recognized, e.g. by (Fleming et al.,
2015), that the local deposition will remain questionable unless proper validation is performed. A
troublesome fact is that even the meaning of the term “validation” is not fully accepted among
researchers in different fields (Oldham, 2006). The exhaustive discussion of all aspects of
Computational Fluid Dynamics (CFD) validation was performed elsewhere (Holbrook and Longest,
2013; Oldham, 2006). Following the recommendations that are given in their studies we need to: 1)
clarify our understanding of the term validation, and 2) describe what can be done to improve the
accuracy of numerical predictions using both the currently available and emerging experimental
methods.

For this paper, we have decided to adopt the definition of validation given by (Versar Inc., 1988)
“The process of defining the range of problems or situations for which model predictions are
satisfactory”. The problem is that even if the model agrees well with experiments for a specific set of
boundary conditions, it does not mean it will agree if the boundary conditions were to change.
Moreover, there can always be some suspicion that the agreement is only fortuitous.

Another issue that cannot be disregarded is connected with measurement errors and
uncertainties. Therefore, we include a paragraph on associated uncertainties in the description of
individual measurement methods.

2. Airway model geometry and airway replicas

An acquisition of the airway geometry is the first step for both CFD calculations and experiments
in replicas. The fidelity of the geometry is a crucial issue, which may result in the failure of an attempt
to validate the CFD predictions. It has been proven, e.g. by (Kelly et al., 20044, b), that the quality of
the inner surface of the airway replica has a significant effect on the measured deposition. Kelly et al.
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manufactured two models of the same nasal cavity using different stereo-lithographical methods and
compared their results with data acquired on other three replicas manufactured by micro-milling or
hand carving from the same Magnetic Resonance Imaging (MRI) scans. They found that the deposition
efficiency varied significantly among the replicas for particles from 1 to 10 um in size, whereas the
differences for particles in the size range 0.005 to 0.15 um were negligible. Interestingly, the deposition
efficiency did not form a trend with increasing surface roughness even for the inertial regime particles.
Instead, the authors speculated that the discontinuities in replicas, that are assembled from several
thin elements, can have a major effect on the increased deposition. It is obvious that even a slight
change of geometry can significantly alter the results and hence it makes no sense to validate results
of CFPD at the microscale (the local deposition sites) by experiments performed on a different
geometry.

The real human lungs represent a very complex three-dimensional (3D), multiscale, flexible
geometry with moving boundaries, which has to be simplified for both CFD and experimental use. The
first approximate airway geometries became available since the 1970s, when the idealized symmetric
Weibel A model (Weibel, 1963) and the asymmetric model by Horsfield et al. (1971) were published,
followed by the model by Raabe et al. (1976). These geometries were based on morphometric
measurements of human lungs and statistical evaluation of the lower airways. These models are still
frequently used, often geometrically truncated to a different extent. Some investigators applied even
simpler models, such as the trivial Y-shape, to study lung flow in a single symmetrical bifurcation
(Corieri and Riethmuller, 1989; Lieber and Zhao, 1998; Peattie and Schwarz, 1998). A more complex
model comprising five generations of airways, made of straight hollow glass tubes, was used recently
by Kerekes et al. (2016). A common feature of all these idealized models is a significant simplification
of the actual lung geometry, by neglecting surface irregularities, physiological traits, protuberances
and surface roughness.

With the onset of 3D imaging methods (CT and MRI), realistic models have become available via
scans of a living human or ex vivo preparations of the human lungs. Examples of such models are those
CT models published by Hopkins et al. (2000), Clinkenbeard et al. (2002) or Schmidt et al. (2004), and
the MRI model used by Guilmette et al. (1989). Such models were adapted for Hot-Wire Anemometry
(HWA), Particle Image Velocimetry (PIV) or Phase Doppler Anemometry (PDA) measurements (Elcner
et al., 2016; Jedelsky et al., 2012). The process of development of such a model was described e.g. by
(Lizal et al., 2012; Verbanck et al., 2016).

It has to be noted that certain details of the geometry are always altered or lost during the process
of imaging and, in the case of an experimental approach, also during fabrication of the physical replica.
Generally, the geometry can be acquired to the 10" generation from in vivo measurements at most
and to approximately the 17" generation from high-resolution CT of a rubber cast originating from
in vitro preparation (Schmidt et al., 2004). Firstly, not all the details of the airway surface can be
detected by the imaging method. Secondly, some of the resolved physiological protuberances are then
lost during the segmentation of the data and digital processing. Generally, it is difficult to get below a
resolution of 0.6 mm in the final images even when using high-resolution CT and MRI (Mirsadraee and
van Beek, 2015). It means that structures below 1 mm in size tend to be smoothed out in the
geometries acquired using standard medical imaging methods.

Let us now focus on the methods that are available for the manufacture of a physical replica of
airways. The first replicas were made by casting (Phalen et al., 1973). One such replica, which has been
used for many experimental studies (e.g. (Su and Cheng, 2015; Su and Cheng, 2006; Zhou and Cheng,
2000)), was manufactured at Lovelace Respiratory Research Institute (Cheng et al., 1999). The oral part
of the replica comes from a dental impression of the oral cavity from a volunteer and the rest of the
airways come from a cadaver. These two parts, sourced from different individuals, were moulded in
wax and coupled together by hand sculpture (Cheng et al., 1997). Then a production mould from
silicone rubber was made to cast the secondary wax casts. Each final replica was made from one
secondary wax cast by applying a conductive silicone rubber compound and melting the wax core in
boiling water. The precision of the manufacturing process and the repeatability of the geometry was
not specified by the authors, but it likely did not exceed £ 1 mm.
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Micro-milling was used to produce the model of (Guilmette and Gagliano, 1994), and reported to
have an accuracy of 0.02 mm. The same team later produced a second replica using the same tools
(Zwartz and Guilmette, 2001), however, they claimed that the second replica is a better representation
of the original MRI scan with 3mm scan intervals, as a more accurate trace of the MRI was used.
Moreover, hand filing was performed to smooth out the discontinuities between adjacent plates of
the replica. This led to a 9% difference in olfactory volume between the replicas although they came
from the same original images (Kelly et al., 2004a).

A different approach was used by (Kerekes et al., 2016), who connected smooth glass tubes using
standard glass manufacturing methods to obtain a simplified model of the human airways. In their case
the repeatability of the geometry reproduction was not reported, however, if they used high precision
glass tubes (e.g. (Schott Medica GmbH, 2017)) we can assume the tolerance of the tube diameters to
fall between £ 0.003 and = 0.01 mm. The precision of connecting angles of the joined tubes is difficult
to assess.

The majority of replicas used in recent years are, however, produced by rapid prototyping (RP,
sometimes also referred to as additive manufacturing, AM, methods), namely 3D printing. There have
been several reviews published on applications of 3D printing in medicine recently (Lee Ventola, 2014;
Liaw and Guvendiren, 2017; Yap et al., 2017). All these studies predict an illustrious future for 3D
printing in many medical applications, such as dentistry, tissue and organ implantation, anatomical
models, and drug formulation. There are four main groups of 3D printing techniques (Liaw and
Guvendiren, 2017): 1) Vat polymerization-based printing, which includes stereolithography (SLA) and
direct light processing and their derivatives. These techniques use laser light which is directed to cure
a liquid resin in a vat, layer by layer. 2) Powder-based printing (e.g. selective laser sintering, electron
beam melting), which is characterized by local heating and fusing of a powdered material. 3) Droplet-
based printing (e.g. multijet modelling, binder jetting), which resembles classical ink printing, but
upgraded to a third dimension. 4) Extrusion-based printing, namely fused deposition modelling, which
extrudes suitable composite through a hot nozzle.

The precision of printing differs in lateral and vertical directions, as the printed objects are always
built layer by layer. The minimal thickness of the layer, therefore, limits the resolution in the vertical
dimension. The powder- and extrusion-based methods are generally less precise (Islam et al., 2017),
although they represent an attractive choice due to their low price. (Islam et al., 2017) measured the
accuracy of objects printed by SLA and powder-based methods, and found that SLA was generally far
more precise, although it was possible to get better dimensional accuracy in the lateral directions using
the powder printer. However, the SLA was more consistent, which meant that, for example, the hole
in the object had a slightly smaller diameter, but the diameter did not significantly change through the
hole, whereas for the powder printer the diameter oscillated, resulting in more jagged surface. The
maximal dimensional errors were in the order of hundreds of um for both methods, when the printed
object size was 126 mm. Another comparison of the accuracy in a medical application of 3D printing
methods was published by Salmi et al. (2013). In their case, the droplet-based method proved to be
the best with a mean difference in dimensions of 0.18 + 0.13%.

It should be noted that the accuracy of the dimensions of the particular replica of airways depends
on the particular technique, precision of the machine and competence of the operator. Additional
problems can be caused by any artificial features or textures that are introduced as an artefact of the
fabrication process. On the other hand, when the same digital geometry is produced using an identical
3D printer, the repeatability is undoubtedly higher than any attempt to measure within the same
geometry in vivo.

Several other problems arise in the physical airway replicas. First of all, they usually have rigid
walls. This does not cause significant error in the upper airways and the airways supported by
cartilaginous rings, however, in the lower airways this may lead to misinterpretation of results. Another
source of possible error is the electrical conductivity of the replica. If charged particles arrive in a non-
conductive replica, they create mirror charges on the wall and are deposited, and this mechanism is
largely impossible to detect during the evaluation of the data, as the electrostatic mechanism of
deposition is difficult to include into the deposition equations. Last, but not least, the inner surface of
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real lungs is covered by a mucous layer, which should be simulated in replica. However, it is usually
impossible to mimic all features of the lining, e.g. density, viscosity, conductivity, movement driven by
cilia etc. Similar problems have to be solved during CFD geometry preparation, however, it seems clear
that simulating these conditions in the in silico airways is significantly easier than simulating these
conditions in a physical lung replica.

It is obvious that issues with inducing and controlling the flow are indivisible from experiments
performed in replicas of human airways. However, the simulation of physiologically realistic flow is not
a trivial issue. The main problem is grounded in the fact that the replicas do not contain complete lungs
and hence the missing parts must be simulated. The situation is somewhat easier for flow
measurement studies. The easiest solution is to simulate only stationary inhalation (or exhalation).
Then only the flow distribution has to be solved e.g. using linear resistors. If an oscillatory flow is to be
simulated, the flow distribution can be provided by several cylinders with pistons, whose movement
is controlled using a computer (Ramuzat and Riethmuller, 2002). It should be noted that the realistic
course of flow rate is not easy to mimic and hence the sinusoidal course of breath is most frequently
used. For aerosol deposition studies, the circumstances are even more complex. Researchers need to
distinguish between 1) the particles deposited in the replica during inhalation, 2) the particles that
would pass the simulated regions and would deposit in deeper regions during inhalation, 3) the
particles deposited in deep regions or 4) the replica during exhalation and 5) particles exhaled after
the complete cycle. Therefore, the inhalation component and the exhalation component are simulated
separately, where all the particles passing through are usually collected on filters without any other
information on their possible fate in real lungs. Moreover, the majority of such experiments are
performed for steady inhalation or exhalation only. Simulations of aerosol deposition during cyclic
inhalation are very rare (Kim and Fisher, 1999).

Some of the above-mentioned problems are naturally solved during in vivo measurements.
However, repeatability and reproducibility remain an issue there. It is necessary to instruct the
volunteers to breathe steadily and monitor the breath with a pneumotachograph or another suitable
instrument, ideally using feedback to help the volunteer establish a repeatable breath pattern. It
cannot be expected that the breathing pattern of a live human will follow any machine-like rhythm.

3. Flow and particle velocimetry in the airways

The main source of data for validation of calculated velocity fields and other flow characteristics
are experiments performed in replicas of lungs. The reason is obvious — the obstructed view and
complicated access to the human airways. We will focus on methods routinely applied in fluid
mechanics, which can be divided into two groups based on their influence on the fluid. The non-
intrusive methods usually require a direct optical path to the replica, however, some of them can
provide planar or even volumetric data. In this chapter, we paid special attention to laser Doppler
based methods and their application in human airway flows, as this topic has not been compiled yet
and they are able to bring important data on turbulent characteristics of the flow, provided the proper
data processing was performed. The second group, the intrusive methods, is represented by hot-wire
anemometry (HWA).

3.1. Hot-Wire Anenometry in lungs

The first in-depth studies of flow profiles in replicas of human lungs were performed in the 1960s,
after Weibel (1963) and Horsfield and Cumming (1967) published their morphometries of human
lungs. First flow visualizations were performed using smoke and photography. Velocities were
measured by HWA often supplemented with Pitot tubes to sense the flow direction.

The HWA was developed at the beginning of the 20™" century and quickly became a fundamental
tool for turbulence measurements. The method is based on the measurement of the cooling effect of

10



surrounding flow on a heated element, usually a wire or a thin metal film (Bruun, 1995). The heat
transfer from the element depends on the temperature, geometrical configuration and physical
properties of both the element and fluid. Two modalities that differ in the way of heating the element
are available currently: a) Constant Current Anemometer (CCA) and b) Constant Temperature
Anemometer (CTA), noting the latter is more popular as it is easier to use and is therefore implemented
in the majority of commercially available instruments. However, both modalities are equivalent in
regards to the electronic noise and measurement frequencies (Bestion et al., 1983).

3.1.1. Constant Temperature Anemometer (CTA) principle

The CTA modality utilizes a Wheatstone bridge to compensate the cooling effect of the flowing
fluid on the probe while maintaining a constant wire temperature (see Fig. 1). The current flowing
through the wire creates heat, which is equal to the (mainly convective) heat losses to the fluid, once
in the state of equilibrium. After the change of velocity, a servo amplifier immediately changes the
current to the wire to keep the bridge in balance, and hence the wire has constant resistance, and
consequently constant temperature.

The voltage drop across the sensor is proportional to the velocity of the fluid flow. As the heated
elements are usually wires of several um in diameter, they have very low thermal inertia and therefore
allow the measurement of extremely fast fluctuations, up to several hundred kHz in the best
configuration (Jensen, 2004). Because the voltage output is not directly proportional to the velocity,
the voltage output has to be calibrated prior to the measurement (Bruun et al., 1988). It has to be
noted that the heat transfer from the sensor is a function of many properties, namely heat
conductivity, viscosity, density, concentration and of course the velocity of the fluid.

Bridge
resistors

Resistance
of probe lead

Bridge @
voltage

Probe

resistance Compensating

resistance

Fig. 1. The principle of CTA.

The main advantages of HWA are:

e fast frequency response: measurements up to several hundred kHz possible,

e analogue output signal — both time domain and frequency domain analysis can be carried
out,

e no seeding is required,

e high signal to noise ratio (SNR): resolution of 1 part in 10,000 is accomplished,

11



e velocity measurement: measures velocity magnitude and fluctuations, also turbulent
characteristics like Reynolds stresses or vorticity possible (Lemonis, 1997),

e wide velocity range (few cm/s to supersonic speed),

e allows measurement of other fluid quantities (temperature, concentration),

e relatively cheap.

The main drawbacks of HWA are:

e intrusive technique — disturbs the velocity field,

e rectification error — insensitive to a reversal of flow direction (which appears also in a flow
with high turbulence intensity (Tl)),

e contamination: deposition of impurities in flow on the sensor alters the calibration
characteristics and reduces the frequency response,

e fragility — probe breakage and burn out,

e single-point measuring method,

e inaccurate at low velocities due to natural convection,

e calibration is required,

e accuracy of HWA is really a function of calibration, contamination, temperature changes and
other factors, which generally limit the accuracy to a few percent.

Applications of HWA in lung flow studies

Probably the first study to use HWA in a simple model of human airways was Schroter and Sudlow
(1969). They manufactured Y-shaped single and double bifurcation models and measured inspiratory
and expiratory velocity profiles using a single-wire probe. They clearly demonstrated that developed
laminar parabolic flow cannot be assumed in lungs, as each bifurcation disturbs the flow and the
disturbances do not dissipate before the next bifurcation. The influence of the local geometry at a
junction was also investigated. Change of radius of curvature of the outer wall at the junction in a ratio
of 1:4 caused the appearance of flow separation, which was expected to influence the local mass
transport.

Another attempt to measure the flow in human lungs was undertaken by Olson et al. (1973), who
used Pitot tubes and HWA to measure velocity direction and flow instabilities, respectively. Their
geometry covered the airways from the mouth to the second bifurcation and was made of clear rubber.
Velocity contours in nine cross sections of the airways were presented demonstrating basic features
of the flow. The authors observed a velocity peak on the posterior portion of the trachea as a result of
the vocal cords shape. Also, flow instabilities were discussed based on fluctuating velocity measured
by HWA. The authors noticed that random fluctuations exist even in sub-lobar bronchi where the
Reynolds numbers, Re, fall below 100. They explained that turbulence is generated by the separation
just below the larynx, where the disturbances are so large that they are transported several
bifurcations downstream. Despite the inspiring discussion, their data can hardly be used for validation
of CFD results as many important details of the geometry and experimental setup are missing.

The most exhaustive measurements using HWA in a model of human lungs was published in a
series of papers by a team from McGill University, Canada (Chang and EImasry, 1982; Isabey and Chang,
1982; Menon et al., 1984). All measurements were performed in a 3:1 scale model of the human
central airways based on the Horsfield geometry (Horsfield et al., 1971). The model comprised trachea
and the first 2 or 3 generations of branching. In the first study (Chang and Elmasry, 1982) they extended
the work of (Schroter and Sudlow, 1969) and published steady inspiratory and expiratory velocity
profiles for two flow rates (0.4 and 1.7 |/s in the trachea). They found that the velocity profiles depend
on the airway geometry rather than on the Re. The flow separation was observed in the right main
bronchus only. By simulating different inlet velocity profiles, they wanted to investigate the effect of
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factors like vagal stimulation or upper airway geometry. The results showed that only small differences
were found in the main bronchi for the various inlet conditions. Their results also proved that curvature
of the left main bronchus influences the evolution of the velocity profile.

The second study (Isabey and Chang, 1982) represents truly admirable work measuring secondary
velocities during steady inspiratory and expiratory flow. Measurement of secondary velocities using
HWA in a confined space is extremely demanding and even despite maximal effort is burdened with
significant measurement error. Isabey and Chang used single slanted hot-wire probes that were
inserted axially and rotated around their own axis to determine the secondary velocities. The
measurement error ranged between 10 and 30%. The secondary velocities never exceeded 21.5% of
the mean axial velocity, while the maximal secondary velocities were always observed near the wall.
Several regularly appearing eddies at their typical sites were identified. The authors emphasized the
influence of geometry, although they were unable to directly link the geometrical features to their
effect on the flow.

The last paper of the series (Menon et al., 1984) focused on oscillatory velocity profiles. The
velocity profiles resembled the steady regimes for low Re flows. For higher flow rates the velocity
profiles tend to flatter, except in the right main bronchus, where the skewed profile persists even
during the highest breathing frequencies.

Nasal airflow patterns were measured using HWA by Hahn et al. (1993). They manufactured a
20:1 scale replica of the nasal cavity based on axial CT. A single velocity component was measured in
six planes using 77 probe-inserting holes in total. Hahn et al. managed to create detailed velocity maps
that were presented as iso-speed contour plots and normalized velocity profiles. The recorded velocity
was used for calculation of turbulence intensity (TI) and total shear stress, which enabled the
calculation of longitudinal pressure drop across the nasal cavity.

Johnstone et al. (2004) combined several measurement and visualization methods and presented
interesting results acquired on an idealized replica of upper airways. The measurements were
performed for seven different inspiratory flow rates in a range between 10 and 120 |/min. Single and
X-shape hot-wire probes were used, and therefore mean and Root-Mean-Square (RMS) velocities of
two components of velocity can be measured. This study confirmed that the velocity profiles depended
primarily on the geometry of airways and were almost independent of the Re.

In summary, HWA provides useful data for the validation of CFD, with the most valuable
contribution the temporal resolution available for velocity measurement. However, the usability of the
published data for validation purposes is limited, because detailed information on the model geometry
and position of the measuring points is often missing. The method is intrusive, which means that
insertion of the sensing probe can potentially alter the flow. Also, the measuring uncertainty is
relatively high for low velocities (e.g. Hahn et al. (1993) presented uncertainty of +46% for 0.045 m/s
which drops to 14% for 0.09 m/s; for higher velocities, it further decreases to 5% (Johnstone et al.,
2004) ). Nevertheless, if the method is available within a given institute, the lung geometry for CFD is
available for the manufacture of the physical model, and local development of velocity is of interest,
HWA can be recommended as a relatively simple, reliable and yet sufficiently precise tool.

3.2. Laser Doppler based methods

Laser Doppler (LD) based methods and Particle Image Velocimetry (PIV) form a specific group of
methods called optical flow measuring methods. They have several common features, namely the
optical access requirement and the need for tracing particles to be introduced into the flowing media.
The following two subchapters are thus valid for both instrumentations.
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3.2.1. Requirements on the physical replicas of airways for optical
methods

Optical flow measuring techniques require visual access to the flow field within the object and a
limited distortion of the optical path. This disqualifies these methods from in vivo application and
requires the creation of transparent physical models for these studies. On the other hand, the in vitro
experiments, in contrast to the studies on living humans, are not subject to ethical rules and do not
suffer from the “intra-subject” variability and repeatability problems. The in vitro experiments need
an appropriate geometrical model of the respiratory tract and its physical realisation. The replicas can
be fabricated by different types of RP and casting, or by machine cutting.

The simplest models use cylindrical glass, Perspex, silicon or plastic tubes as the airway
representation®. A critical issue of the laser beam pair passing through the curved model wall is the
beam deflection/refraction and deformation of the measurement volume which increases the
measurement uncertainties. The beam deflection is proportional to the wall thickness and the tube
curvature and can be calculated according to Durst et al. (1981). This deflection negatively influences
the measurement of secondary velocities and the axial velocity and shifts the probe volume from its
intended location?. The irregular shapes of the realistic models limit the applicability of the optical
methods even more.

The optical distortions can be eliminated if the ventilated fluid is replaced with a liquid mixture
with the refractive index precisely matched with the model material, which is commonly done with
PIV (Adler and Brucker, 2007; Fresconi and Prasad, 2007; Theunissen and Riethmuller, 2008). Up to
date, no transparent liquid with the refractive index of air (n«-=1.00) is known. Typical model
materials are silicone (for PIV e.g. (Adler and Brucker, 2007; Grosse et al., 2007), for PDA e.g. (Lizal et
al., 2012) with an optical refractive index of about 1.41, glass (for LD methods: (Corcoran and Chigier,
2000; Corieri and Riethmuller, 1989) or acrylic plastic (Farag et al., 2000; Tanaka et al., 1999). Especially
for 3D evaluation methods, the refractive index must be matched to a precision of 0.01 to guarantee
adequate reconstruction of 3D PIV images from the planar images. A mixture of water and glycerin
with a mass ratio of 0.42:0.58 (water:glycerin) is typically used as working fluid here (PIV: (Adler and
Brucker, 2007; Grosse et al., 2007; Janke and Bauer, 2016), LD: (Corieri and Riethmuller, 1989; Zhao
and Lieber, 1994b), and others).

The approach with a liquid is possible if only the velocity field is of interest. However, tracking of
aerosol particles is impossible in this manner. For optical studies of particle dynamics inside a realistic
geometry, the light refraction in gas as a carrier medium can be minimised by using thin-walled models
(Lizal et al., 2012). Elcner et al. (2016) used such a model for PDA measurement and pointed out that
manual positioning and beam-crossing adjustment at each measurement point was compulsory, with
carefully selected sections for measurement, nevertheless, it was not possible to measure near-walls.

The flow studies using a liquid instead of the air must satisfy the flow similarity condition. The
characteristic flow parameters for the case of respiration with an oscillatory flow are the Reynolds
number Re and the Womersley number, a, with Re = 4TV - f;, / (v - D), where TV denotes the tidal
volume, f;, the breathing frequency, v the kinematic viscosity and D the characteristic diameter of the
flow tube. The a represents a relation of transient inertial to viscous forces and is defined bya = D/2 -

\/ 2m - fp /v. With a viscosity ratio of Vg /Viy+g = (15.9 x 10°m?/s) / (8.4 x 10°m?/s) = 1.9, Re can be
reduced by the same factor, and a by V1.9. These dimensionless groups must be matched also when

scaled models used. This can apply for scaled-up optical measurements in small airways® or using
mechanical probes (Heraty et al., 2008). In contrast to the flow field studies, the measurements in

1 For LD measurements of flow in transparent models, circular pipes and behind windows see (Zhang, 2010).

2 Corcoran and Chigier (2002) however reported the probe shift in the order of 0.3 mm negligible to the scale of
their measurement.

3 For example, Lizal et al. (2011) reported their PDA measurement volume about 0.1 mm? which limited the
minimum diameter of airway for a reliable measurement to 4 mm.
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dispersed two-phase flows involve no scaling since several additional similarity criteria must be
matched.

3.2.2. Particle size/shape and dynamics, tracer particles, particle issues

Optical diagnostic methods rely on scattering particles dispersed in the flow to provide the
velocity information for the continuous medium (liquid or gas). Durst et al. (1981) specified several
requirements for these tracer (seeding) particles; they should be: able to follow the flow, good light
scatterers, conveniently generated, cheap, non-toxic, non-corrosive, non-abrasive, non-volatile, or
slow to evaporate, chemically inactive and clean. Additionally, the particles must be sufficient in
number to provide the required temporal resolution of the flow velocity (Albrecht, 2003) but their
mass loading must be small enough to not dump the flow turbulence (Hetsroni, 1989) or alter the flow
momentum. The size of the seeding particles must be set via compromise; the scattered light improves
with increasing particle size, but the opposite results in terms of fidelity in following the flow and its
fluctuations. Particles of around 0.5—-1 um are required for most seeding materials to follow the
instantaneous motion of the gas phase to ensure acceptable flow tracking (Melling, 1997). In
applications that involve liquids, significantly larger particles in the order of 5-20 um can be used
(Tropea et al., 2007). Tracing accuracy errors are below 1% for the Stokes number of particles in the
flow Stk < 0.1 according to Tropea et al. Methods generating particles (for an overview see (Albrecht,
2003; Melling, 1997) with a uniform seeding size are favoured to prevent excessive intensity of light
reflected from larger particles producing a background noise and resulting in the low visibility of small
particles.

3.2.3. Principles of Laser Doppler (LD)/Phase Doppler (PD) systems

LD instrumentation provides accurate non-intrusive measurements of complex flows with
separation regions and flow reversals. Before its introduction, HWA was the only means to measure
single-point turbulence quantities. Laser Doppler anemometry (LDA), or Laser Doppler velocimetry
(LDV), came into widespread use in the 1970s and the PD technique* arrived 20 years later. LDA/PDA
instruments became standard and commercially available. These instruments have found important
applications for in vitro lung flow and aerosol characterizations. LD/PD techniques are point-wise
optical methods that capture a Eulerian description of the flow field using embedded fluid markers.
They are attractive for CFD (Albrecht, 2003) and provide statistical moments of the flow velocity and,
in the case of PDA, also of particle size.

The LDA principle is illustrated in Fig. 2a. A continuous-wave monochromatic laser beam is split
into two coherent beams that intersect symmetrically, at a small angle 8, via a transmitting lens. The
beams interfere in their intersection volume (the measurement volume) generating a series of parallel
planes of light and darkness, referred to as fringes (Fig. 2b). Any small inhomogeneities (particles or
bubbles) that are present in the flow will scatter the light as they pass through the fringes. In order to
eliminate the ambiguity around which direction a given particle is travelling, the frequency of one of
the beams is shifted by fs, using a Bragg cell, so that the fringe pattern “rolls” with a known velocity. A
receiving lens’ projects the fringe patterns scattered by the particle onto a photodetector (receiver)

4 Commercially available PD systems are generally referred to according to their manufacturer. The first systems
came from Aerometrics, in the USA, and Dantec Dynamics, in Denmark. They were known as Phase Doppler
Particle Analyser (PDPA) and Particle Dynamics Analyser (PDA) respectively. The latter became better known as
the Phase Doppler Anemometer. TSI, in the USA, later acquired Aerometrics and kept the name PDPA. A third
alternative is now available from Artium Technologies, USA, and is offered as a Phase Doppler Interferometer,
PDI.

5> which can be positioned in the forward, side or backscatter direction
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which produces a “Doppler burst” signal (Fig. 2c) with a Doppler frequency fp. This is proportional to
the velocity component (un) of particle motion normal to the fringes, divided by the fringe spacing s:

Un 2sin(6/2)
fo=fst=fet—Frun (1)

where A is the laser light wavelength. The light signal is then processed to yield the velocity and arrival
time of each particle.

The beam intersection provides an optical demarcation of the probe volume as a prolate ellipsoid
(Fig. 2c). This measurement volume is usually considerably less than 0.1 mm3 with corresponding
spatial resolution SR = 1 / (characteristic size) = 10* m™. For further details on LDA, we refer to (Durst
et al., 1981; Zhang, 2010).
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Fig. 2. The LDA principle: a) the optical configuration in the forward, side and backscatter
mode, b) fringe pattern with the fringe separation distance s and the Gaussian beam diameter
d, ¢) the “Doppler burst” signal received by the photodetector and the measurement volume
with a conceptual cross-sectional cut.

A PDA extends the LDA technique to provide the particle size and velocity simultaneously. This
system uses the same transmitting optics as the LDA and a separate receiving optics. The scattered
Doppler signals are sensed by at least two detectors. One of them is located in the observation plane,
and the other is elevated, at an angle with respect to that plane. The signals collected at different
angles show a phase difference Ag with respect to each other. This phase shift depends on the particle
diameter, Dp, and is a function of the scattering direction and the difference in elevation angles
between the detectors. It may also depend on the particle/fluid refractive index, n,, and fluctuations
may be seen in the size diagram, caused by partial wave resonances. Using the “fringe model” gives a
simple relationship between the diameter and the measured phase shift:
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The parameter @ depends on the scattering mode and the PDA configuration (detailed by (Albrecht,
2003). The measured bursts are sent to a signal processor which extracts the velocity, transit and
arrival time, and size data.

The main advantages of the LDA/PDA systems are:

high spatial and temporal resolution of the fluid/particle flow measurements, with on-line
evaluation of single to three velocity components simultaneously,

the sampled data enables estimation of instantaneous and time-averaged local fluid velocity and
Tl, and other quantities such as Reynolds stresses or particle path lines can be derived,
non-contact measurement at a distance of centimetres to metres at an affordable price,

highly accurate flow measurements with directional sensitivity, suitable for complex unsteady
reversal flows with turbulent, transitionary and laminar characteristics, as seen in the airways,
the PDA adds the particle sizing capability with a spatial and temporal resolution that is not
available with any other sizing technique,

the measurement is absolute, linear with velocity and size (see Eqgs. 1 and 2) and does not require
a system pre-calibration.

The main drawbacks of the LDA/PDA are:

the LDA and in particular the PDA cover numerous complex physical processes and require a wide
interdisciplinary insight to be operated successfully,

the optical access required to the measurement space limits these methods for in vitro
experiments, and introduces issues related to refractive index variations in the complex optical
systems,

it is a slow scanning technique, traversing a point matrix to provide planar or volumetric
information (see Fig. 3c), and as a point-wise method, it lacks spatial coherency of the signal so
only time-averaged, ensemble-averaged or phase-locked flow fields can be resolved,

it is an indirect measurement technique, since it measures the velocity of inhomogeneities in the
flow, typically tracer particles, that must be carefully chosen to provide sufficient tracking
capability (see chapter 3.2.2).

3.2.4. Processing of LD/PD data

LD/PD anemometers provide comparatively high spatial and temporal resolution of velocity and

size data (where appropriate) in particle—air flows, making these single-particle counting instruments
suitable for estimation of the moments and spectra of turbulent velocity fluctuations and analysis of
the particle/fluid dynamics. For illustrative results of time-resolved flow velocity and frequency spectra
in a single-point and for flow fields see Fig. 3.
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Estimation of velocity moments

Fluid tracer-based methods face two inherent problems when providing statistical analysis of the
measured data; velocity bias and the random arrival of tracing particles to the measurement volume.
The velocity bias is a problem when calculating simple statistics, such as mean and RMS values, while
the random sampling complicates the estimation of quantities that depend on the event timing, such
as spectrum and correlation functions.

If one considers a statistically uniform particle distribution in space with mean concentration c,
and convective velocity u, the mean sampling rate is n « cSu, where S is the area of the measurement
volume projected in the flow direction. The sampling rate is proportional to the particle velocity (see
Fig. 3b) and therefore the sampling process is not independent of the event being sampled (McLaughlin
and Tiederman, 1973). An application of the arithmetic average to the velocity samples will bias the
results in favour of the higher velocities. Several methods were proposed to treat this so-called velocity
bias. The signal processors can use a “dead time” feature, when they process only the first Doppler
burst that appears during a time window which is set equal to 271, where I is the integral time-scale
of the flow. This filtering of the data results in a low data rate, so it is often favoured to instead use a
method that utilises a weighting factor f,, to estimate arithmetical means of the respective flow
parameters, e.g. the mean velocity, the second moment and the joint moment (Albrecht, 2003):

u=YN, fwiui/IN, fwi (3)

o2 =YN . fwilui—0)2/IN, fwi, (4)

uv = Zj’:lfw,i(ui —u)(vi— ﬁ)/Zilfw,i. (5)

McLaughlin and Tiederman (1973) suggested the use of inverted magnitude of velocity vectors as
the weighting factor. An equivalent, and more readily available, weighting factor is the transit time
fw,i=ty; of each particle while passing through the LDA measurement volume.
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Particle sizing

61t is in contrast with other sizing instruments, e.g. with laser diffraction technique, which measures the size
distribution by volume (Fdida et al. 2010; Robart, D., Breuer, S., Reckers, W., Kneer, R., 2001. Assessment of
pulsed gasoline fuel sprays by means of qualitative and quantitative laser-based diagnostic methods. Part Part
Syst Char 18, 179-189..
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Then, for example, D1 stands for arithmetic or number mean diameter, D3, for volume/surface
mean (also called the Sauter mean) diameter. The PDA-based size data must be interpreted with care
as the particle size is optically measured while the aerodynamic diameter is mostly used in aerosol flow
studies.

Other single-point statistics

The joint particle velocity, diameter and transit time data provided by PDA offer a potential for
separation and filtering according to the size or velocity classes. Their mutual correlations and
calculation of other derived quantities further characterize two-phase flow systems. Several methods
were published (Aisa et al., 2002; Bachalo et al., 1988) to calculate the local particle number
concentration and mass/volume flux data. Their estimations, however, face several difficulties and a
system calibration, together with sophisticated corrections, is required to obtain bias-free results
(Calvo et al., 2009; Dullenkopf et al., 1998; Roisman and Tropea, 2001; Widmann et al., 2001).

Important turbulence characteristics (TI, Reynolds normal and shear stresses, turbulent kinetic
energy) can be calculated with multi-component velocity measurements as indicated in Egs. (3 to 5).
Various methods were developed for analysis of point-wise data of the dispersed two-phase flows. Of
interest, for lung flow dynamics, can be the ideal spray theory of Edwards and Marx (Edwards and
Marx, 1995; Marx et al., 1994) which is based on the droplet arrival statistics and allows for droplet
clustering and flow steadiness analysis. The droplet collision phenomena can be studied according to
the classic kinetic theory of gases (Santolaya et al., 2013).

3.2.5. The cost and availability of LD instrumentation

The instrumentation costs depend on the system specification, robustness, measurement
capabilities, extensibility and variability of the configuration. The cost ranges from approximately
40,000 €/channel for a basic system to more than 80,000 €/channel for a state-of-the-art, well-
equipped system. One channel allows for a measurement of one single velocity component, and a PDA
system requires an additional channel for particle sizing. Mitchell et al. (2011) report that PD systems
are generally more than 60,000 USS/unit and their cost depends on the number of detector units, as
well as the sophistication of the data processing equipment. The LD methods are utilised widely for
fluid mechanic experiments and such instruments are routinely used in high-tech laboratories today.

3.2.6. Measurement precision and uncertainties

LD-based techniques face some experimental uncertainties associated with the instrument’s
optics, lasers, and electronics that require attention. The main factors affecting the measurement
accuracy are: (1) the geometrical alignment and quality of the optical parts including the crucial effect
of the crossing laser beams and the optical properties of the airway model (discussed in chapter 3.2.1),
(2) the flow scales with respect to the measurement volume dimensions (see note 3 in chapter 2.2.1),
(3) the optical and electronic noise of the photodetectors and other parts of the signal chain and the
time response of the system, (4) the flow tracking capability and light scattering properties of the tracer
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particles’ (discussed in chapter 3.2.2) and (5) the system capabilities for the Doppler burst signal
processing for particles randomly dispersed in the flow.

The measured size and velocity data are converted into discrete intervals with a finite resolution.
This discretisation error was quantified as 0.25% for velocity measurements by PDA, (Roth, 1995).
Urban et al. (2017) reported the typical discretisation error for velocity and size measured with the
newer Doppler burst spectral analysis technique as 0.002% and 0.08% respectively.

Negus and Drain (1982) documented that the LDA can measure the particle velocity in the range
from 1 to 200 m/s in 2D or 3D with a typical accuracy of 1%. Bovendeerd et al. (1987) estimated an
error for axial (secondary) velocities in a 90° bend of the circular cross section of 1% (5%) for these
velocities with 95% probability intervals.

The PDA applies a linear relation between particle size and the phase difference on bursts that
are measured by the photodetectors (see Eq. 2). The linearity assumption, based on the geometric
optical theory, is precise for particles greater than a few wavelengths, but does not adequately
describe the optical effects on small particles where Mie scattering theory has to be considered.
(Sankar et al., 1991) reported a sizing uncertainty of £0.4 um for particles below 5 um and scattering
angle 60°. Similar results were published by (Taylor et al., 1994). The detection and processing limit of
the PDA is ~0.5 um and the quoted accuracy is 4% according to (Prokop et al., 1995). Liu (2000) and
Tropea et al. (2007) refer the sizing capability of PDA to the 0.5-3000 um and 1-1000 um range
respectively. We refer the reader to (Albrecht, 2003) for a comprehensive accuracy analysis and
guidelines for the design of LDA/PDA systems.

PDA cannot correctly size non-spherical or heterogeneous particles. It is not an issue for liquid
aerosols of inhalable size but it is a problem for irregularly shaped i.e. porous, fibrous or crystalline
solid particles where other sizing methods must be used.

Further uncertainty might come from the inaccuracy of the model positioning relative to the LDA
measurement volume. Elcner (2016) estimated the uncertainty of the measurement probe positioning
to be 0.3 mm. Corieri and Riethmiiller (1989) reported a positioning accuracy in three directions of
0.1 mm.

3.2.7. Citations of relevant works

Girardin et al. (1983) used LDV to determine the pointwise velocity of water droplets suspended
in air flowing through a nasal model made from a cadaver cast for a flow rate of 166 ml/s. They studied
different cross sections of the nasal fossa and showed the influence of shapes and dimensions as well
as flow direction on velocity fields. The flow was generally turbulent; the turbinates provided a
streamlining effect on the velocity while the liminal valve had a directional effect.

Bovendeerd et al. (1987) measured steady axial and secondary flow velocities in a 90° bend of
circular cross section with LDV. They explained in detail the development of the complete flow field.

One of the first LD measurements, targeted to lung flow, was provided by Corieri and Riethmdiiller
(1989) with glycerine and highly idealized glass bifurcation model. They built the Y shape model to a
scale of 40, respecting the ratio of diameters and the angles corresponding to generation 12 to 17 and
shown the availability and accuracy of LDV to measure the flow in the bifurcating model.

Zhao and Lieber (Zhao and Lieber, 19944, b) conducted multiple experiments, using a two velocity
component LDA in a symmetric single bifurcation airway model of analytically known geometry with
aqueous glycerine mixture to simulate flow in the upper human central airways. They measured axial
and secondary velocity profiles over the range Re =518-2089 both for steady inspiratory and
expiratory flow. The results showed that in the junction plane, velocity profiles in the daughter

7 Some principal difficulties appear with the PDA measurement of large particles - particles with diameter
exceeding about one third of the diameter of the measurement volume. As inhalable particles do not reach that
size, these problems are not discussed here.
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branches are skewed towards the inner walls. The inspiratory flow formed “m” shaped velocity profiles
in the transverse plane. The biconcave velocity profile also appeared during the inspiratory flow in the
parent tube, just downstream of the flow divider, but this rapidly transformed into a velocity peak.
These authors (Lieber and Zhao, 1998) later found for oscillatory flow conditions, with a peak of Re
700, 1278, and 2077, that a quasi-steady flow assumption is valid for oscillatory flow for only about
50% of the period. So, quasi-steady equivalents cannot be used to analyse the complexity of flows
during the transition between the respiratory phases.

Also, Peattie and Schwarz (1998) used a symmetrically bifurcating tube model. They investigated
oscillatory flow using hydrogen bubbles visualization and quantitative pointwise LDV velocity
measurements. They measured the secondary velocities (the velocities perpendicular to the axial
velocity) under both low and high-frequency ventilation conditions. They pointed out significant
differences that developed in the flow properties. At low frequency, the axial velocity field was found
to approximate that of a steady flow through a bifurcation. However, even at a = 3 only, secondary
velocity fields were confined to within a few diameters of the bifurcation.

Ramuzat et al. (Ramuzat et al., 1998; Ramuzat and Riethmuller, 1997) investigated steady and
oscillating flows by means of the laser measurement techniques in a two-dimensional (2D) lung
bifurcation model and realised later (Ramuzat and Riethmuller, 2002) that the 2D configuration does
not represent the complex 3D flow structures, which exist in bifurcating airways.

Tanaka et al. (1999) studied the spatial and temporal variation of secondary flow during a high-
frequency sinusoidal oscillating flow with 3.8 < a < 7.5. They measured using the two-colour LDV
technique on an idealized three-generational asymmetrical Horsefield airway geometry materialised
from acrylic plastic. They found the secondary velocity magnitudes and the deflection of axial velocity
dependent on the branching angle and curvature ratio of each bifurcation and also on the shape of the
path formed by the branch cascade.

Farag et al. (2000) investigated axial and secondary velocity profiles in a large-scale Perspex model
using LDV. The experiments were conducted with steady inspiratory air flow seeded with salt particles
at Re = 1500 and the simple bifurcating 70° symmetrical bifurcation model with 1/7 curvature ratio
which mimicked the morphometry of small human airways. They observed a rapid development of
strong secondary flows consisting of two main vortices, with two smaller secondary vortex motions
toward the inner wall of curvature. The calculated vorticity transport showed the interaction between
the viscous force at the boundary layer along the carinal surface and centrifugal force of curvature
with further consequences.

Corcoran and Chigier (2000), in one of the ever most cited papers on PDA experiments in lungs,
studied the axial velocity and Tl contours in the tracheal section of a cadaver-based larynx—trachea
model. Measurements were conducted on a model formed by a polyurethane casting of a human
larynx and a round glass tube with an inside diameter chosen to match the cadaver tracheal diameter.
They assessed the effects of the laryngeal jet on inhalation air flow patterns for steady state flow at
three Re numbers (1250, 1700, and 2800) and noted significant reverse flows with high levels of axial
Tl in the anterior trachea downstream of the larynx for all three flow cases, indicating the potential for
turbulent deposition at positions further downstream. Consequently, Corcoran and Chigier (2002) in a
similar way studied the axial velocity and axial Tl patterns at two different steady inhalation flow rates
(18.1and 41.1 I/min) and qualitatively, using fluorescent dye assessed aerosol deposition in the model.
They compared regions with high Tl and deposition regions and noted no correspondence between
these regions. Gemci et al. (2002) followed with a study of an inhalation aerosol—air flow numerically
using the CFD and experimentally with PDA in a simplified throat model (a triangular orifice with a
shape similar to that of the glottal lumen contained within a glass cylinder). The authors showed
several significant spray deposition mechanisms that were notable in both the experimental and the
numerical results.

DeHaan (2002), in his thesis, focused on the enhancement of aerosol deposition in the mouth—
throat region by non-ballistic pharmaceutical aerosol devices. He performed in vitro tests and CFD in
an idealized mouth and throat geometry in a healthy adult male using monodisperse aerosols entering
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through various inlets. He used LDV for velocity measurements at the entrance and inside the oral
cavity and PDA for particle sizing in front of the model.

Lizal et al. (2012) developed a realistic model of the human upper airways (HUA), which consisted
of the throat, trachea and tracheobronchial tree up to the fourth generation. They fabricated the
physical model from a transparent silicone and used a sinusoidal breathing pattern with a tidal volume
of 0.5 and a period of 4 s for 1-component PDA measurements of the air—particle flow during full
inspiration/expiration breathing cycle in comparison with CFD calculations. Good agreement was
found between the experimental and computational velocity courses. Jedelsky et al. (2012) continued
with the PDA measurements in the same model, aiming to compare differences in the PSD of velocity
fluctuations among (1) steady-flow regimes and equivalent cyclic regimes, (2) inspiration and
expiration breathing phase and (3) particle sizes in the size range 1-8 um. Systematically higher
velocity fluctuations in the upper part of the frequency range (30-500 Hz) were found for cyclic flows
in comparison with the steady flows. Both the steady and cyclic expiratory flows produced more high-
frequency fluctuations than the inspiratory flow. Later Elcner et al. (2016) presented new CFD
simulations on the same model in comparison with the previous PDA experiments in eight cross
sections in the trachea and the left and right bronchi. They used a full inspiration/expiration breathing
cycle with tidal volumes 0.5 and 1 | and the cycle duration of 4 s (sedentary regime and a deep breath).
The Reynolds-averaged Navier—Stokes (RANS) simulation agreed with the experiments in almost all the
sections and showed unstable local flow structures. The RANS was proven to be a quantitatively
acceptable solution for the time-averaged flow field.

Liu et al. (2016) adopted the LDA to measure the airflow velocity profiles in the HUA model for
testifying the reliability of LES approach. The study was done under continuous inspiration and
expiration with varied respiratory intensities in a realistic HUA based on the medical CT-scan images
of a Chinese male patient, the 3D anatomically accurate HUA model including an obstruction resulting
from pharyngeal collapse. The LDA velocity profiles and values were almost the same as calculated in
the entire measurable region, which identified the LES method as suitable to study airflow dynamics
in the obstructed HUA model.

Kerekes et al. (2016) built an idealized 3D human airway model consisting of the trachea and the
first five bronchi generations. They used a custom built LDA to obtain velocity profiles in the central
airway region for validation of a CFD model they developed. The airway geometry was reproduced
from transparent glass tubes, and the LDA measured the axial velocity of monodisperse polystyrene
latex particles under an air flow rate of 30 I/min. A high correlation was found between the velocity
profiles obtained with the two methods. The results showed the flow to be laminar in the trachea but
affected by the airway geometry in subsequent airways.

The PDA is also often applied as a rapid and space-resolved research-based instrument for
size/velocity measurements of nebulizer sprays (Kippax et al., 2004; Roth et al., 2003; Stapleton et al.,
2000).

3.3. Planar and volumetric flow visualization techniques

While LDA provides only pointwise flow information, PIV and Particle Tracking Velocimetry (PTV)
enables us to measure the 3D flow field. Depending on the specific technique, very high spatial and
temporal resolution can be achieved.

3.3.1. Planar PIV

For planar PIV, the seeding particles that represent the flow (compare chapter 3.2.2) are typically
illuminated by laser light where the laser beam is now widened to a light sheet. In general, two short
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light pulses with a distinctive time delay are emitted and two images of the illuminated flow are
captured by a camera. A typical PIV set-up is shown in Fig. 4.
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Fig. 4. Typical P1V set-up for planar PIV.

Within this delay At between the two images, particles will have moved by a certain distance. In
order to evaluate the corresponding particle shift, images are subdivided into small interrogation
windows that contain a certain number of particles forming a distinctive pattern. The size of the
interrogation windows depends on the particle density in the flow. The higher the density, the smaller
the size of the interrogation window can be, since each window needs to contain at least 6 particles in
order to determine particle displacement with sufficient statistical accuracy. In contrast, the window
size needs to be small enough since each vector represents an averaged velocity within the
corresponding interrogation window. Thus, regions with large velocity gradients, e.g. near wall regions,
need to be subdivided into small interrogation windows in order to resolve the boundary layer
adequately. Typical interrogation windows sizes are 16 x 16 or 32 x 32 pixels with particle densities of
about 0.1 particles per pixel (ppp) (Scarano, 2013).

The acquired particle image patterns from two subsequent images are compared by cross
correlation. Thereby, a shift in each of the x- and y-directions is calculated forming a displacement
vector. By applying the time delay between the images, a velocity vector can be determined for each
interrogation window, thus forming a 2D-2C (two-dimensional, two-component) velocity field. An
example for planar PIV measurements in the upper bronchial tree is presented in Fig. 5. Here, arrows
denote the velocity vector and the velocity magnitude is shown with a colour code.
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Fig. 5. Velocity vectors and magnitude received from PIV in the upper bronchial tree during
inspiration.

The particle shift between two subsequent images should be in the range of about % of the
interrogation window size. Assuming a 32 x 32 pixel window, the shift should be about 8 pixels. If the
particle shift is too large, i.e. the time delay between two subsequent images too large, the particle
images cannot be adequately correlated by cross correlation leading to spurious vectors. In addition,
unsteady flow features may be neglected by this kind of averaging. Furthermore, especially applicable
to the human lung, in highly 3D flows particles might leave the light sheet plane in the time between
two subsequent images and are thus missing in the cross correlation. If instead, the time delay
between the images is too short, the distance travelled by particles may be under-sampled, not
representative of the flow and/or zero velocity may be determined.

By analogy with LDA special care needs to be taken to match the refractive index of the lung
model and the flow. Thus, PIV in realistic human lung models by using air as a medium is not possible.
As mentioned in section 3.2.1 a mixture of water/glycerine is used instead and typical flow parameters
are adapted in order to maintain flow similarity.

3.3.2. Stereoscopic PIV

The method of stereo PIV allows measurement of all three velocity components, all within one
measurement plane. Hence, this method is known as 2D-3C technique. Typically, two cameras focus
from different viewing angles on the same plane in order to measure the out of plane component more
accurately. A parallel camera arrangement (called “translation” (Adrian and Westerweel, 2011)) is also
employed. The advantage of the translational configuration is the uniform magnification of the images,
which is not the case for angular positioning. Here, remapping of the distorted image data on a
Cartesian grid is necessary. The translation set-up provides constant magnification, avoiding image
correction issues, but the viewing angle is limited. As a result, the angular configuration is most
frequently used. In the case of measurements in liquids, the change of the refractive index when light
passes through different media must be corrected. This is either realized with liquid-filled prisms fixed
at outer walls or alternatively, surrounding walls are positioned in an octagonal configuration (see Fig.
6) in order to receive the optical axis of the camera normal to the viewing window. Scheimpflug
adapters need to be implemented in order to correct the focal plane.
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Fig. 6. Camera set-up with octagonal tank walls for stereo PIV or volumetric PIV.

Special care needs to be taken during the measurements to receive high levels of accuracy since
otherwise, errors in reconstruction of the 3D displacement vector will occur. This is even more critical
for measurements in turbulent flows where velocity fluctuations can be small (Adrian and Westerweael,
2011).

3.3.3. Volumetric PIV

In order to capture a 3D-3C velocity field at least three cameras have to capture an image of the
flow from different viewing angles while the domain is illuminated volumetrically. Consequently,
volumetric PIV is substantially more complex than planar PIV, since the 3D particle distribution of the
viewing domain needs to be reconstructed from the planar images of each camera. A greater number
of cameras reduce the reconstruction uncertainty. The 3D-3C PIV method is also known as Tomo-PIV
since tomographic image reconstruction methods are employed.

Accurate calibration of the field of view captured by the cameras is most important.
Reconstruction deviations in the sub-pixel range of less than 0.2 pixels are required for adequate cross
correlation evaluation. Wieneke (2008) introduced the volume self-calibration that needs to be applied
at every measurement in order to reduce the calibration errors.

Accuracy problems additionally occur due to spuriously reconstructed particles, so called ghost
particles at high particle densities. Thus, the particle density for volumetric PIV cannot be as high as
for planar P1V, typically values of 0.05 ppp need to be applied (Elsinga et al., 2006). But this value also
depends on the number of cameras being used.

The problem of ghost particles can be circumvented by an advanced PTV technique where the
motion of single particles is tracked, so that particle path lines that include local velocities can be
reconstructed. Thereby, the history of the particle traces is employed to estimate the exact particle
position in the subsequent time step. To determine particle positions in a new time step, an educated
prediction of the new position is made and refined by an image matching scheme (Schanz et al., 2013).
Hence, higher particle densities (up to 0.125 ppp) can be used than for 3D PIV. Additionally,
computational time is strongly decreased since only single particle tracks need to be considered and
not the whole voxel volume of a Tomo-PIV algorithm (Schanz et al., 2014).

Advantages of PIV/PTV

e 2D and 3D information of the whole flow field can be obtained simultaneously
¢ nonintrusive measurement method - no flow disturbances
¢ High spatial and temporal resolution possible, depending on camera and light source

Disadvantages of PIV/PTV

¢ Refractive index matching is required

Use of small particles often requires use of high-intensity light sources (class 4 lasers)
¢ Expensive measurement method

Reduced quality of results in high shear flows
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¢ Tracer particles must follow the flow without slip and should have the same density as the
fluid, hence only very small/light particles can be used in air

Applications of planar, 2D PIV measurements

Due to their experimental simplicity, 2D PIV measurements have frequently been applied in the
upper and lower airways. Earliest measurements have been carried out by (Briicker, 1998) at a planar
double bifurcation based on Weibel’s (Weibel, 1963) statistical dichotomic lung model, but with
rectangular cross section, thus avoiding image deformations due to deviations of the refractive index.
Briicker’s work covers steady inspiratory flow for a Re range from 900 to 2700 which represents flow
conditions in large airways from the trachea down to the 5™ generation (Briicker, 1998). The authors
observe cyclic oscillations of flow patterns and a strong influence from upstream generation flows in
the downstream generations, which might not occur in more realistic geometries with a round cross
section of airway branches.

More recently, Ramuzat and Riethmuller (2002) applied planar PIV. measurements in a double
bifurcation model with round cross branch sections. They investigated the variation of velocity profiles
for oscillatory flow during one breathing cycle. Breathing parameters include normal and High
Frequency Oscillatory Ventilation (HFOV) while varying Re from 400 to 1000. Moreover, during post
processing, they analysed the spatial displacement of various selected points near the outer walls and
the carina after one cycle. The net motion thus denotes steady streaming indicating a bidirectional
streaming direction between near wall and central locations. In contrast, points very close to the carina
hardly show any net displacement. Hence, they associated these zones with higher deposition rates.

A rather exceptional PIV method was applied by Heenan et al. (2003) to measure mean and
turbulence RMS velocities. They applied endoscopic PIV in an oropharynx model that allowed flow
measurements in air since the camera view was not obstructed by any sidewalls that might alter the
refractive index. Their method only required optical access for the laser light source from outside the
model. Nevertheless, their field of view was limited by the size and position of the endoscope. The
endoscope furthermore had a wide-angle view leading to image distortions that needed correction.
Additionally, the surface of focus was not planar, leading to out of focus areas in the image. Hence, the
uncertainty for the PIV analysis was increased. Despite the challenges and difficulties of the endoscopic
imaging technique, these measurements were well suited as a validation technique for CFD modelling.

PIV measurements at more complex representations of the human airways have been carried out
in the following years by Adler and Brucker (2007) and Grosse et al. (2007). Both groups used a 3D lung
model made from transparent silicone. Their geometry started with the trachea and bifurcated down
to the 6™ daughter generation. While Grosse et al. (2007) used a geometry based on a CT scan, Adler
and Brucker (2007) developed a generic geometry based on statistical data from Horsfield and
Cumming (1968) and Weibel (1963). Both groups used oscillatory flow according to typical breathing
scenarios, and time-resolved PIV measurements were applied to investigate the flow patterns in
selected planes of the model geometry. Grosse et al. (2007) additionally applied steady flow conditions
under varying Re from 1250 to 1700 and stated that the influence of the Re was relatively low. On the
other hand, they emphasized the strong influence of q, i.e. oscillatory flow conditions which strongly
altered the flow structures during the breathing cycle. Adler and Brucker (2007) additionally
investigated the influence of varying a for breathing under rest conditions as well as HFOV. In contrast
to Grosse et al. (2007), their results reveal the low influence that varying a has on flow patterns,
especially at peak flow conditions. Fig. 7 depicts PIV results for varying breathing parameters
representing breathing under rest conditions. Colour coded is here the vorticity distribution indicating
local shear rates.
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Fig. 7. Velocity vectors and normalized vorticity during peak inspiration for different breathing
parameters (with permission reprinted from (Adler and Brucker, 2007)).

Following this, Fresconi and Prasad (2007) carried out a systematic study on secondary velocity
profiles in a symmetric planar bifurcation model incorporating three bifurcating generations. They
applied steady inspiratory and expiratory as well as oscillatory flow conditions and varied the Re in a
low range from 6 to 200. Based on the measurements they could identify the critical Re and Dean
numbers at which secondary flows start to develop in the human airways.

Application of stereo-scanning PIV in the airways

Soodt et al. (2013) applied stereo-scanning PIV measurements at the lung model already
described in Grosse et al. (2007). The technique allows fully 3C-3D measurements. In addition to the
stereoscopic set-up, the authors applied a moving (scanning) light sheet which was generated by a
rotating mirror drum driven by a stepper motor. The principle was first described by Briicker (1996).
Thereby, the whole measurement domain is scanned by a moving light sheet so that one whole scan
can illuminate several adjacent planes simultaneously, i.e. the time span between the first and the last
plane is small enough to prevent large particle motion. A new full scan can be regarded as the second
set of images, necessary for cross correlation. Limiting factors are the rotation speed of the stepper
motor for the mirror drum and the camera frame rate for image acquisition. Modern high-speed
cameras work at typical frame rates of 6000 frames per second (fps) or even up to 20,000 fps at a full
resolution of about 1 Megapixel. With a frame rate of 6000 fps, only those flows with velocities below
1 m/s can be investigated. Hence, realistic flows in the upper airways cannot be investigated by using
scanning PIV. The maximum Re that Soodt et al. (2013) employed in their stereo scanning study was
150 at oscillatory conditions, a value which is more than a factor of 10 below realistic Re numbers in
the upper airways.

A further restriction of scanning PIV measurements is the requirement for lenses with a large
focal depth, so that they can provide constant magnification at a range of lens-to-object distances in
order to avoid correlation uncertainties. Thus, so called telecentric lenses need to be employed.

Applications of volumetric measurements

As a result of improvements in evaluation techniques and equipment, volumetric measurement
techniques have been employed only recently in the human lungs. (Banko et al., 2015) carried out
magnetic resonance® velocimetry (MRV) measurements in a CT based replica of an airway geometry

8 please refer to chapter 5.2 for description of principles of magnetic resonance.
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from the mouth down to the 8™ bifurcating generation fabricated by stereolithography. Flow patterns
were visualized by a 3 Tesla General Electric whole-body scanner (Banko et al., 2015). The technique
thus does not require optical access and refractive index matching to the measurement domain. The
authors used water as a working fluid in a translucent model, generated by 3D printing techniques.
The MRV did not allow time-resolved measurements due to large scanning times of 45 min. Results
show a fully 3D Eulerian velocity field with a resolution of 0.7 mm in each direction, yielding a similar
resolution as PIV measurements in geometries of the same size. In an ongoing study, Banko et al.
(2016) investigated oscillatory flow by applying phase-locked measurements. Nemes et al. (2016) used
MRV in an idealized planar and symmetric lung model for the systematic study of how the Re influences
the development of secondary flows, especially in the transitional regime. They found that after the
onset of turbulence, secondary flow intensity started to decrease after reaching a maximum in the still
laminar regime.

3D particle path lines have been visualized by Janke and Bauer (2016), see Fig. 8. The
measurement technique is based on 3D particle tracking velocimetry (3D-PTV) vyielding direct
visualization of 3D patterns in the human airways. Janke and Bauer (2016) used high-power light
emitting diodes instead of a laser as the light source and three high-speed cameras for image
acquisition. Particle tracking was applied by employing a Shake-the-Box algorithm according to Schanz
et al. (2013). The method helped to reduce particle reconstruction ambiguities.
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Fig. 8. Particle trajectories received from 3D-PTV during the peak inspiration phase. Trajectories are
colour coded by the velocity magnitude (Janke and Bauer, 2016).

Micro PIV Measurements

So far, we have only considered flow measurements in the large, conductive airways. Flow in the
bronchioles and alveolar region can be captured by micro PIV measurements. Flow channels are
usually made from PDMS (Polydimenthylsiloxane) and have typical dimensions in the range of 500 um.
Due to the small FOV microscopic imaging needs to be employed. A very simple representation was
presented by Lee et al. (2006). They investigated Pendelluft flow during HFOV conditions at a single
bifurcation model by implementing compliant boundary conditions.

Fishler et al. (2013) developed more complex models in order to mimic pulmonary acinar flows.
Their PDMS models are still planar but contain bronchial branches spanning five generations with
alveolar sacs. Via a syringe pump, they applied oscillatory flow within the domain. As a working fluid
Fishler et al. (2013) also used a mixture of water and glycerin. Yielded flow velocities were in the range
of a few um/s to mm/s. Their model was capable of featuring typical alveolar flow patterns including
recirculations. In a further study, Fishler et al. (2015) used airflow added by particles in order to
investigate particle transport and deposition under realistic flow conditions. Their model geometry

29



was improved with walls that could move in a similar way to alveoli. Recently, Fishler et al. (2017)
investigated particle dispersion mechanisms in the alveolar ducts by single particle tracking. They
observed an irreversible net motion of particles, which they attributed to streamline crossing.

4. Classical methods for the measurement of total and
regional aerosol deposition

The following chapter represents a conservative choice of common methods that are used to
measure total or regional aerosol deposition. Some of these methods offer measurements of local
deposition when applied in airway replicas. Although they normally provide lower resolution than
some of the emerging methods, they are still popular as a result of their availability, and in many cases,
low price.

4.1. Measurements of inhalation and exhalation
concentrations using particle counters, spectrometers or
photometers

One of the simplest methods for measuring aerosol deposition works by capturing the concentration
of aerosol entering the airways during inhalation and the concentration exiting the airways during
exhalation, and calculating the difference. The method can be applied both in vivo and in replicas (in a
simplified manner). Using the basic setup, either overall lung deposition or nasal airway (Kesavanathan
and Swift, 1998) deposition can be measured in vivo. The usual experimental setup includes a source
of (preferably monodisperse) particles, an in-line aerosol concentration measuring instrument (e.g.
laser aerosol photometer (Kim and Kang, 1997)), to be positioned as close as possible to the mouth
piece, a flow rate measurement device, and a set of valves allowing the intake to switch between clean
air and aerosol during inhalation, and between inhaled and exhaled air-aerosol mixtures, with as little
cross sectional changes as possible between these components. The experiment can be performed in
the following way: the volunteer inhales a well-characterized monodisperse aerosol out of an aerosol
generator or holding chamber through a mouthpiece, and then exhales. The concentration of particles
and the actual flow rate are measured in-line during the whole in- and exhalation. The total deposited
fraction can then be calculated as TDF = (average Ci» x inhaled volume — average Cou.t x exhaled
volume) / (average Ci, x inhaled volume). This can be done in a single or a multiple breath manoeuvre.
Either total or nasal deposition can be calculated from the non-bolus method, whereas deposition and
dispersion at various lung depths can be derived from the bolus method.

An interesting variation of this method is the so-called aerosol bolus method. It can be applied
in vivo and in replicas and the main idea of this approach is that the aerosol is not delivered throughout
the entire inhalation, but in smaller volumes (typically 20—300 ml) inserted at various time points in
the inhalation. By delivering the aerosol bolus followed by a progressively larger volume of inhaled air,
the aerosol bolus can be pushed deeper into the lungs. Upon recovery of the aerosol bolus during
exhalation, one can determine local aerosol deposition at various lung depths (Kim et al., 1996). While
sometimes referred to as regional lung delivery, this specifically refers to the aerosol being delivered
to more proximal or more peripheral lung regions. On its way through the lungs, the bolus will
inevitably split between an increasing number of parallel pathways that may affect aerosol transport
in a different way. This is the key to the aerosol bolus being used as a diagnostic tool, whereby the
dispersion of the aerosol bolus is considered a measure of convective gas mixing, which can be greatly
altered in lung disease (Blanchard, 1996). While aerosol bolus deposition measurement requires a
mono-dispersed aerosol, aerosol bolus dispersion is less affected by aerosol particle size and
meaningful aerosol bolus dispersion data can even be obtained with a saline aerosol (Verbanck et al.,
2001a; Verbanck et al., 2001b). The (monodisperse) aerosol bolus deposition has also been used as a

30



diagnostic tool, for instance, to estimate the size of widened air spaces in the deep lung in patients
with emphysema (Kohlhaufl et al., 1998); in that case the aerosol derived airway diameter is an average
measure of airway size for a given lung depth.

The main benefits of both the bolus and non-bolus methods are: relevance of the data — since
these measures can be obtained in vivo, no radioactive substance needs to be inhaled, and the latex
particles or oil droplets that will guarantee mono-disperse aerosols can be inhaled in very low
concentrations and still be reliably detected (for deposition measurement). With this, however, come
several issues, the main one the repeatability of experiments: repeatability is limited by the ability of
subjects to reproduce the same breathing pattern, and in the case of bolus experiments, the accuracy
of the setup in injecting the small aerosol volumes at a specific time point in the inhalation; as a result,
repeated experiments are needed on the same subject to obtain reliable data. The other issue that is
particularly relevant for comparison with CFD-derived 3D flow fields and aerosol trajectories is that
aerosol concentration measurements with a photometer typically cover the middle 75% of the tube
cross section, and intrinsically produce just an average concentration value for a given tube cross
section.

Advantages:

e no radioactivity involved,
e no simplification of the reality,
e can provide diagnostic indices.

Disadvantages:

e complicated control of boundary conditions (to be temporarily stable and inter and intra-
subject invariable),
e difficulty with obtaining the geometry and boundary conditions for CFD.

Examples of application — in vivo and in replica

As measuring the concentration of inhaled and exhaled particles is a relatively straightforward
procedure, it was used as one of the first methods to assess the total deposited fraction. The
pioneering works in this area have been reviewed by Lippmann et al. (1980). The first measurements
were done by Landahl in the 1950s (Landahl et al., 1951), who collected the exhaled triphenyl
phosphate particles using an impactor, washed the samples out using alcohol and estimated the
quantity colourimetrically. Many studies followed, however sometimes performed under poorly
controlled conditions, rendering the comparison of results difficult. In fact, Lippmann suggested that
the data collected by Heyder et al. (1978) could serve as the lower limit of aerosol deposition, since
their experiments were well controlled and indeed reported the lowest deposition, compared to other
total deposition studies.

The aerosol bolus method was applied by several teams in vivo (Altshuler, 1969; Darquenne et
al., 1998; Kim et al., 1996; Scheuch, 1994) and also in a canine lung cast (Scheuch et al., 1993). Because
of the substantial differences among existing aerosol bolus results in the literature, experimental
sources of error in the bolus method were examined by (Verbanck et al., 1999). These authors showed
how differences in the bolus deposition of up to 25% can arise in the same normal subject as a result
of the aerosol delivery and measurement system. Depending on the tubing system and how developed
the velocity profile of the aerosol bolus is upon entering the lungs, the photometer measurement will
produce an aerosol concentration curve that is not representative of the average concentration over
the entire tube cross section. Since the inspiratory quantity of aerosol (average Ci, x inhaled volume)
serves as a reference for the TDF computation, an inaccurate estimate of the inhaled concentration
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profile will lead to TDF errors; in the case of proximal boluses, undergoing very little deposition, this
artefact can lead to the paradoxical result that TDF becomes negative.

4.2. Microscopy

Optical microscopy has been used mainly to count and analyse fibres. As we are not discussing
invasive techniques, only those experiments performed in replicas of human lungs will be described.
The method is very simple in principle. The fibres are dispersed, usually using a fluidized bed generator,
treated to equalize the electric charge and mixed with inspiratory air. Then the fibres enter the model
of lungs with coated walls, where a certain fraction deposits. The rest of the fibres are then collected
on output filters. The fibres deposited in the model are consequently either counted directly in situ
using the microscope (Myojo, 1987, 1990), or washed out, filtrated, and counted on the filter (Belka et
al., 2016).

Several variants of microscopy are available currently. The first established method was the Phase
Contrast Microscopy (PCM). This method was developed for detection of samples that are optically
transparent and therefore are invisible to an observer with a basic optical microscope, because the
human eye is sensitive only to changes in intensity of the light, which is not attenuated by passing
through the transparent sample. Since the phase of the passing light is shifted, these phase changes
can be converted to an observable intensity change using e.g. Zernike’s method (Zernike, 1942).

The PCM method was utilized and standardized for counting of asbestos and other fibres as part
of NIOSH 7400 (NIOSH, 1994), WHO (WHO, 1997) or I1SO 8672 methodology for occupational
protection and toxicology. Other variants of microscopy, such as the Transmission Electron Microscopy
(TEM) or Scanning Electron Microscopy (SEM) (Baron, 2001), can be used in principle for the analysis
of deposited fibres, however, these methods are mainly being used in toxicological studies and have
not obtained popularity comparable with PCM for non-invasive particle deposition studies.

Analysis performed by microscopy provides data in the form of a number of particles (usually
fibres) deposited in either whole replica, or separate segments commonly containing one bifurcation.

Examples of application

PCM has been applied by several teams in replicas of human airways. Deposition of carbon fibres
in nasal replica was measured by Su and Cheng (2005). They found that deposition of fibres is generally
lower compared to equivalent spherical particles. A year later they performed a follow-up study
focused on the deposition of particles in oral airways and part of the tracheobronchial tree (Su and
Cheng, 2006). They proved that low inertia fibres can easily penetrate through the first four
generations of bronchial branching and deposit in the lowest regions of lungs. As a next step,
comparison of fibre deposition in two realistic replicas was performed by (Zhou et al., 2007). Although
they observed a large variability among bifurcations from the same generation when comparing the
two replicas, they stated that general trends could be drawn from their study: fibre deposition in the
tracheobronchial tree is lower than that of the equivalent spherical particles. The authors also
emphasized the need to use a realistic airway model, including larynx, for plausible simulation of flow
patterns in the airways. Lastly, the same team added TiO, and glass fibres to get very low momentum
fibres (Su et al., 2008). Their results confirmed an overall continuity between fibre materials. The
equations used to estimate a fibre’s regional deposition efficiency in the human respiratory airways
were devised based on this experimental data. The numbers of fibres in samples from all the above-
mentioned studies were counted manually using adapted NIOSH 7400 methodology. A similar
approach was used also by (Wang et al., 2008) for the analysis of nasal deposition of fibres. Because
the manual counting of fibres is demanding and subjective, due to the human factor involved in the
analysis, attempts were made to develop an automated counting methodology based on image
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analysis techniques. Such a technique was presented e.g. by (Belka et al., 2016). Their method was
tested against the standard manual method and proved to be consistent with the results obtained by
a trained human operator, while avoiding those factors that contribute to subjectivity such as mood,
fatigue or the health state of the PCM operator. However, only high-quality filters free of impurities
can be evaluated using the automated algorithm (Fig. 9).

Fig. 9. Example of an automated fiber detection method applied on glass fibers deposited on a
nitrocellulose filter: a) a processed image with fibers enhanced by a special algorithm, b) automatically
detected fibers in the identical image.

Uncertainties:

Both manual and automated counting provide data with relatively high uncertainties. The
precision of the manual counting using PCM for the determination of airborne fibre number
concentrations was discussed by WHO (1997). The coefficient of variation (CV) in the number of
counted fibres depends on the density of fibres on the filter. Microscopists generally tend to under-
count dense samples and over-count sparse samples. The recommended density range for optimal
accuracy is between 100 and 1000 fibre/mm?. The intra-laboratory CV is in the range of 21 to 49%
depending on the number of counted fibres. However, inter-laboratory CV can be twice as great as
intra-laboratory CV. These values are acceptable in occupational protection measurements as the
counts of particles are evaluated in orders of magnitude, nonetheless, the usability of this method for
validation of CFD results is limited. Automated counting can decrease the CV, however, values below
20% can hardly be expected. Therefore, only confirmation of general trends can be provided, while
comparing the exact counts in specific segments of lungs is questionable.

Advantages:

e simple and relatively cheap method,
e no radioactivity needed,
e can provide diagnostic indices.

Disadvantages:

e relatively high uncertainty,
e time-consuming,
e applicable only on replicas.
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4.3. Gravimetry and Fluorometry

The term gravimetry refers to a method based on weighing filters or collecting plates that contain
deposited aerosol particles. This method is commonly used with cascade impactors, but can be
generally used for the analysis of samples washed out from lung replicas. The term fluorometry refers
to those methods that are based on fluorescence measurements on the samples collected by washing
out the segments of airways. Both methods are routinely used in many laboratories as standard
methods in many disciplines. Their application in deposition studies usually employs replicas of lungs.
The most common setup consists of the particle generator or disperser, a charge equilibrator, an
aerosol-air mixer, a replica of lungs with connected output filters and a vacuum pump. Then, for
gravimetry, either the whole replica or its parts are washed out, the resulting dispersion is filtrated and
the filters analysed. This requires filters that are insensitive to temperature and humidity changes, and
are not easily electrically charged. The samples for fluorometric analysis are created directly by
washing out the model. The particles must be dissolved using a suitable solvent. A second set of
samples is created from the output filters, while the material of the filters is commonly dissolved to
provide a pure sample. Procedures similar to fluorometry can also serve for other common chemical
methods, such as Gas Chromatography — Mass Spectrometry (GC—MS). GC—MS is suitable for analysis
of multicomponent particles (Nordlund et al., 2017).

Type of data provided:
Mass or particle number distribution in the replica and output filters.
Examples of application

The gravimetrical analysis was applied e.g. by (Grgic et al., 2004) or (Zhang and Finlay, 2005), who
measured deposition in three idealized proximal lung bifurcation models with an idealized mouth—
throat. They revealed the important role of the laryngeal jet on tracheal deposition, and that its effect
in the following bifurcations was negligible. Fluorometry was applied e.g. by (Kim and Iglesias, 1989)
and more recently (Cheng et al., 2015), who used sodium-fluorescein-tagged oleic acid particles. Solid
polystyrene latex fluorescent particles in the size range of 0.93 to 30 um were used by (Cheng et al.,
1999). As a proof that fluorescence based methods can be used in vivo, we present the study of (Bowes
and Swift, 1989), who (apart from using *"Tc tagged particles) let their volunteers inhale fluorescence
tagged di-ethylhexyl sebacate particles. After the inhalation, the subjects gargled to remove the
deposited fluorescent tracer from the oral airway and the solution was analysed. The study focused
on the sensitivity of the filtration efficiency of the oral airway to different levels of physical activity.
Somewhat surprisingly the deposition efficiency was lower during heavy exercise than during
moderate exercise, although the inhalation flow rates increased. The explanation was that because
the mouth was opened more widely, the cross-sectional area of the oral airway probably resulted in
decreased particle velocities and hence lower inertia of particles.

Uncertainty:

For gravimetry, an analytical balance with a resolution about 0.1 mg is needed. It is necessary to
select suitable filters that do not absorb humidity and keep them in well-controlled conditions. The
uncertainty of results is usually expressed only as the standard deviation of measured values, which is
typically around 5%. The advantage of fluorometry can be seen in higher sensitivity, providing the
suitable tracer is used.

Advantages:

e simple and relatively cheap methods,
e both routinely used in many laboratories.
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Disadvantages:

e |ow spatial resolution (especially for gravimetry).

5. Standard medical imaging methods

A relatively wide database of experimental results describing aerosol deposition has come from
standard medical imaging modalities. The main advantage of this group of methods is that the
instrumentation is broadly available in hospitals and specialized centres and the methods are routinely
used in clinical practice. The results are acquired mainly in vivo, although several applications in lung
replicas have been reported as well. The crucial issue for a successful nuclear measurement is proper
labelling of the aerosol particles. The tracer can be either directly chemically incorporated into the
molecule of the particle material, attached to the surface of the particle or physically embedded into
the volume of the particle. In any case, proper labelling is necessary to ensure that the signal received
from the tracer truly represents the distribution of particles.

5.1. Nuclear imaging methods

Nuclear imaging techniques, which comprise Positron Emission Tomography (PET), Single Photon
Emission Computed Tomography (SPECT) and planar gamma-camera imaging or 2D-scintigraphy, are
in vivo and minimally invasive imaging modalities which allow the determination of the spatiotemporal
distribution of a radiolabelled tracer (radiotracer) after administration into a living organism. Gamma
ray-emitters or positron emitters (which ultimately result in the emission of gamma rays, see below)
are suitable radioisotopes for this purpose, as high-energy gamma rays can travel through biological
tissues without suffering significant scatter or attenuation. Such gamma rays can be detected and
guantified using specific instrumentation and tomographic reconstruction algorithms.

It should be noted that although the nuclear imaging was developed for in vivo measurements,
successful attempts have also been made in vitro as documented e.g. by Lizal et al. (2015) or Verbanck
et al. (2016).

5.1.1. The basis of nuclear imaging: radioactivity, radioactive isotopes
and radiotracers

When the nucleus of an atom has an excess of energy, it undergoes a spontaneous and stochastic
process called radioactive decay. In this process, the nucleus reaches a lower-energy state while
emitting radiation in the form of alpha particles, beta particles (electrons or positrons), gamma rays or
conversion electrons. The emission type, the level of transition energy and the lifetime of the
radionuclide before decaying are characteristic for each radionuclide.

Radioactive decay is a stochastic process in which the probability of an atom to undergo
radioactive decay is constant over time. The radioactive decay formula is expressed as:

N(t) = Npe ™, (7)

where Ny is the initial number of radioactive atoms, N(t) is the number of radioactive atoms at time = t,
Aisthe decay constant (In2 / T1/2). T1/2 is the half-life of the radioisotope, and corresponds to the period
of time required to decrease the number of radioactive atoms to one half of the starting value. In the
International System of Units (SI) the activity is expressed in Becquerel (Bq), 1 Bq corresponding to one
disintegration per second. Curies (Ci) are also commonly employed, with 1 Ci = 37 GBq.
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Radioactive isotopes are usually administered after attachment or incorporation into a molecule
(radiotracer). During recent decades, many radiochemical strategies have been developed that enable
the radiolabelling of a wide range of molecular formats including small molecules, peptides, proteins,
antibodies, affibodies and nanoparticles (NPs) using a wide range of positron and gamma emitters. For
some reviews, refer to (Gillings, 2013; Li and Conti, 2010; Miller et al., 2008; Morais et al., 2012; Pratt
et al., 2016; Price and Orvig, 2014; Stockhofe et al., 2014).

5.1.2. SPECT

SPECT relies on the detection of gamma rays originated during radioactive decay of single photon-
emitting radionuclides. Single-photon emitters commonly used in nuclear imaging have half-lives
ranging from a few hours to a few days and photon energies in the range 100-300 keV. Among single
photon emitters, metastable technetium-99 (*™Tc) is the most commonly used, with nearly 80% of
nuclear medicine imaging procedures currently performed with this radionuclide: It has a favourable
gamma-energy (141 keV), a suitable half-life of 6.02 h, and well-known coordination chemistry.
Additionally, it can easily be obtained as *™TcO, in an aqueous buffer from commercially available
®Mo/%™Tc generators. Other widely used gamma emitters include 23| (T1,=13.22 h, E =159 keV),
Wn (Ty2=2.8d, E=171 and 245 keV) and ®’Ga (T2 = 3.26 d, E =93, 185, 300, and 394 keV).

SPECT scanners consist of at least one gamma-ray detection module and one collimator. The core
of the detection module is normally a scintillation crystal which absorbs the energy of incident gamma
rays and re-emits a flash of light, which is subsequently detected by a photo-electronic system. Both
the location in the crystal and the intensity of the flash of light, which is proportional to the energy of
the incidental gamma-ray, are recorded. The collimator most commonly consists of a lead plate
containing a large number of holes, which stop all the rays that do not reach the detector in a given
direction. Hence, the collimator forms a projected image of the radioisotope distribution on the
surface of the scintillation crystal. SPECT systems are typically composed of one or more detection
heads which are mounted on a gantry that rotates around the imaged subject. If only one set of static
detectors is used, the imaging modality is referred to as planar gamma-camera imaging or 2D-
scintigraphy (Fig. 10).
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Fig. 10. Schematic representation of the detection of photons using SPECT (a) or planar
gamma-camera imaging (b). Only a fraction of the emitted gamma rays reaches the detectors,
while others are absorbed in the collimator or never reach the detectors.
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5.1.3. PET

The positron is the antiparticle of the electron, with equivalent mass but positive electrical charge.
When a positron is emitted, it interacts with other charged particles and loses kinetic energy while
transiting a random path. When most of this energy has been lost, the positron annihilates with an
electron of a surrounding atom, resulting in the emission of a pair of gamma rays travelling in directions
180° apart and each with an energy of 511 keV. The distance between the locations where
disintegration and annihilation take place is called positron range, and depends on the energy of the
emitted positron and the media. Typical positron emitters have positron ranges of a few mm in water.

The unique feature of gamma rays generated by positron—electron annihilation is exploited by
coincidence detectors, which are placed around the subject under investigation. Two photons
detected almost simultaneously by two detectors are assumed to arise from one single annihilation.
The position of annihilation is determined by tracing a line between the two detectors, and hence PET
imaging relies on back-to-back detection heads (coincidence detection). As a result of this, PET
scanners do not need collimators: The detection of “pairs of photons” is known as “electronic”
collimation. A schematic representation of a PET scanner is shown in Fig. 11.

Positron emitters typically used in the medical or biomedical fields have shorter half-lives than
single photon emitters. The most commonly used radionuclides are presented in Table 1.
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Fig. 11. a) Schematic representation of the annihilation process of one positron and one
electron, with subsequent emission of two gamma rays. b) Representation of a PET camera.
The two photons emitted after the annihilation process are detected simultaneously by two
detectors of the ring, placed around the subject under investigation.

Table 1

Typical positron emitters (with half-life and positron range).
Isotope Half-life B* Energy
18p 109.8 min 0.63 MeV
e 20.4 min 0.96 MeV
BN 9.97 min 1.20 MeV
150 122's 1.73 MeV
%8Ga 67.6 min 1.89 MeV
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Both in PET and in SPECT a set of projections at different angular positions around the subject
under investigation is acquired. The images are then reconstructed using different algorithms (e.g.
Filtered-Back-Projection or FBP, Ordered Subset Expectation Maximization or OSEM) and the resulting
images can be analysed to gain quantitative information about the spatiotemporal distribution of the
radiotracer.

5.1.4. Nuclear imaging: important remarks

As mentioned above, nuclear imaging techniques offer information on the spatiotemporal
distribution of the radionuclide within the organism under investigation. Importantly, the radiotracer
is usually injected in a sub-pharmacological amount (trace amount) and hence no pharmacological,
adverse or toxicological effects are expected. However, these techniques have certain limitations that
are worth mentioning and which need to be taken into consideration.

Lack of anatomical information

Nuclear imaging techniques do not provide any anatomical information of the subject under
investigation. Because of this, nuclear imaging techniques are often combined with other imaging
modalities which can provide accurate anatomical information, essential to unequivocally determine
the location of the radioactivity. CT (3D x-ray imaging) is the most commonly used, and most of PET
and SPECT scanners currently available exist only as hybrid systems (PET-CT or SPECT-CT). Besides
providing anatomical information, the CT image is also used to create the attenuation map for
appropriate correction during image reconstruction (for more details, refer to (Ay and Sarkar, 2007)).
In the recent years, hybrid PET-MRI systems have been developed. MRI provides excellent spatial
resolution and high contrast in soft tissue. However, determination of the attenuation map is still a
challenge and hence this hybrid technology is still not fully established (Paulus and Quick, 2016).

Limited spatial resolution

Contrary to other imaging modalities such as CT or MRI, one of the major limitations of nuclear
imaging techniques is the spatial resolution. Preclinical SPECT devices provide high spatial resolution
that can reach well below a millimetre, whereas it is very difficult for PET scanners to attain sub-
millimetre spatial resolutions, due to the effect of the positron range. On the other hand, PET systems
are typically much more sensitive than SPECT cameras as no collimator is required for imaging. In
general terms, PET cameras can achieve resolutions in the range of 1 mm in the preclinical setting and
around 5 mm in the case of clinical scanners.

Motion effects

One of the major challenges in nuclear imaging is to correct for motion effects. This is especially
relevant when imaging the thorax or the abdomen, as the subject’s breathing causes artefacts. Many
different approaches for artefact avoidance or correction have been developed, most of them based
on gated acquisition and synchronization between the respiratory signal and image acquisition.
Although routinely performed in routine clinical practice, this approach fails to adequately correct for
respiratory motion because each gate can mix several tissue positions. Other correction techniques
integrate motion information before, during, or after the reconstruction process. For a recent review,
refer to (Pépin et al., 2014).

Quantification of the images

Quantification is the process of deriving meaningful quantitative data from the images. The
physical property that is directly measured in nuclear imaging cameras is the concentration or
radioactivity. However, the cameras can only detect a small fraction of the gamma rays emitted.
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Consequently, it is necessary to calibrate these devices by scanning objects with a known activity
concentration and derive a multiplicative calibration factor that will be applied subsequently. Of note,
activity concentration values depend on a number of confounding factors which require correction
during the quantification process. The most obvious factor is the injected amount of activity (injected
dose, ID): the larger the ID, the higher the signal. A common way to correct for this is to express activity
concentration values as a percentage of the total injected dose per gram of tissue (%ID/g). The value
of %ID/g can be misleading when comparing subjects of different weights, because the total body
volume in which the radiotracer distributes also affects the concentration value. To overcome this
drawback, the Standard Uptake Values (SUV), calculated as activity concentration / (ID/subject
weight), are usually determined. As the activity concentration is normalized by body weight, the
resulting SUV of a radiotracer with an even distribution in the whole body would be 1. It is important
to take into account that the limited spatial resolution of nuclear imaging techniques poses some
limitations in the quantification of the images. When the object or structure that is imaged is smaller
than 2-3 times the spatial resolution of the scanner, as measured by its Full Width at Half Maximum
(FWHM), activity concentration values obtained after quantification are underestimated (partial
volume effect). Reciprocally, the concentration of radioactivity in small regions with low activity
surrounded by regions with high concentration of radioactivity can be over-estimated (spill over
effect). In this scenario, accurate estimation of the activity concentration requires knowledge about
the size of the object and the reconstructed image spatial resolution. There are several possible
approaches to correct or minimize the partial volume effect. A detailed description is beyond the scope
of this review (Bettinardi et al., 2014).

Stability of the radiotracer

Nuclear imaging cameras detect the position of the radionuclide. Hence, if detachment of the
radioisotope or metabolism occurs during imaging studies, the distribution of the in situ generated
labelled species may significantly differ from that of the parent compound, leading to
misinterpretation of the results or a decrease in the signal-to-noise ratio. Hence, a crucial aspect to
guarantee reliable data is the stability of the radiotracer once it has been administered to the subject
under investigation.

5.1.5. Use of nuclear imaging in the assessment of aerosol distribution in
the lungs

Lung administration of drugs has recently gained attention because pulmonary administration
offers numerous advantages (Loira-Pastoriza et al., 2014). However, one of the major challenges of
lung administration is determining the dose actually deposited in the lungs and the regional
distribution of the drug, and these parameters will have an impact on the clinical effect. When the
drug is administered in the form of an aerosol, the regional distribution can be determined using
nuclear imaging techniques, by just labelling the aerosol (or the drug itself) with a positron or gamma
emitter that enables subsequent imaging studies using PET or SPECT/2D-scintigraphy, respectively.

Determination of regional distribution using SPECT/2D-scintigraphy

As mentioned above, ®™Tc can be obtained from commercially available generators, it is
reasonably inexpensive, it has a relatively long half-life, close to 6 hours, and has appropriate emission
properties. Not surprisingly, it has been one of the most commonly used radionuclides to tackle the
determination of regional lung distribution of aerosols in the lung. The most straightforward route to
incorporate ®™Tc in the aerosol consists of adding the radionuclide to the nebuliser solution, to achieve
a physical association of the label and the drug. However, the chemical form plays an important role.
When ®"Tc is added as pertechnetate (as obtained from the generator) its residence time in the lungs
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is very short (close to 15 min, (Walker et al., 2001)) and hence long term investigations are not possible.
However, information about the regional distribution of the aerosol immediately after administration
can be obtained. Other forms of technetium can be used to enable longer-term investigations, such as
the complex ®™Tc-DTPA (**™Tc-diethylene triamine penta acetic acid) (Eberl et al., 2001) or a colloidal
suspension of albumin (human serum albumin freeze-dried micro colloid) (Fleming et al., 2011). It is
important to take into account that images reflect the distribution and clearance of the labelled entity.
Hence, differences in the behaviour of the labelled entity with the drug itself may lead to
misinterpretation of the results. Additionally, it is important to demonstrate that the radiolabelling
process has no effect on the properties of the aerosol in order to get reliable data.

After the acquisition of images, qualitative information can be obtained by visual inspection. To
obtain quantitative data, regions of interest (ROIs) or volumes of interest (VOIs) can be delineated on
the 2D-scintigraphy or SPECT images, respectively, and the concentration of radioactivity in the
region/volume of interest can be determined. However, such delineation is often challenging because
the radioactivity does not necessarily distribute in the whole lung. Nowadays, with multimodal (hybrid)
systems available in most clinical centres, x-ray or CT scans can be carried out sequentially to the
nuclear image acquisition, enabling accurate delineation of the lungs on the x-ray or CT images. The
ROIs or VOIs are then translated to the 2D-scintigraphy or SPECT images, respectively, for
guantification. In the past, when no hybrid imaging systems were available, delineation of the lungs
was carried out with transmission scans using external radioactive sources or from ventilation scans
using radiolabelled gases (e.g. 8™Kr) (Newman and Fleming, 2011).

Examples of %™Tc-labelling to assess deposition of drugs in the lungs can be found both in the
context of SPECT and 2D-scintigraphy. For example, Brand et al. used 2D-scintigraphy to compare the
deposition pattern of *™Tc-labeled Berodual® (fenoterol hydrobromide 50 pg / ipratropium bromide
20 ug per actuation) in COPD patients using two different inhalers (Respimat® Soft Mist™ Inhaler (SMI)
and a pressurized metered-dose inhaler) before and after training the patients on the use of the inhaler
(Brand et al., 2008). One of the inhalers (Respimat® SMI) showed superiority in terms of global
deposition in the lungs. Additionally, training improved the inhalation profiles (Fig. 12). In another
study, Behr et al. investigated lung deposition of a liposomal cyclosporine A solution consisting of uni-
lamellar 50 nm liposomes in single and double lung transplanted patients using a customized nebulizer
and planar scintigraphy (Behr et al., 2009). The authors could quantify total and peripheral lung
deposition as a function of the administered dose.
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Fig. 12. Samples of scintigraphic images from a patient showing deposition pattern from
Respimat® SMI before training (a) and after training (b), and from pressurized metered-dose
inhaler before training (c) and after training (d). Reprinted with permission of (Brand et al.,
2008).

The main limitation of 2D-scintigraphy relies on the fact that 3D information is condensed in a
2D-image (projection). To overcome this drawback, SPECT imaging can be used. In this modality,
volumetric information can be obtained and the images can be displayed as slices in three different
views (transverse, coronal and sagittal planes). However, even in this case quantification of the images
to get volumetric information about the regional distribution of the aerosol is not trivial. Firstly, most
of the gamma emitters used in nuclear medicine have relatively low gamma energy emission (e.g.
141 keV for #°™Tc) and hence attenuation effects have to be taken into account. As mentioned above,
this can be easily solved nowadays because CT scans can be obtained using hybrid systems to
determine the attenuation map for correction of the SPECT images. Secondly, the relation between
the number of gamma rays detected by the detectors and the number of disintegrations taking place
depends on many different factors, such as the injected activity, the geometry of the collimator, the
energy of the gamma rays, and the geometry and material of the detectors, among others. Hence,
appropriate calibration is paramount to achieve absolute quantitative data.

Just to mention one example of the use of SPECT in the determination of aerosol deposition in
the lungs, Dugernier et al. have compared the total and regional pulmonary deposition of aerosol
particles generated by two different nebulizers (a vibrating-mesh nebulizer and a jet nebulizer) in six
healthy male subjects (Dugernier et al., 2017). With that aim, nebulizers were filled with *™Tc-DTPA
and pulmonary deposition was measured using SPECT-CT. As demonstrated by the authors, aerosol
deposition was six times increased with the vibrating-mesh nebulizer as compared to the jet nebulizer
(34.1 £ 6.0% versus 5.2 + 1.1%, p <0.001) (Fig. 13). However, aerosol penetration (calculated as the
normalized ratio of the outer and the inner regions of the lungs) was similar between the two
nebulizers.
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Fig. 13. Shell decomposition of SPECT-CT coronal slices at the level of the right hilum for
both nebulizers on the same subject, with the same level of brightness. Both lungs were
divided in ten shells (coloured lines through both lungs) distributed from the hilum to the lung
periphery. The deposition of the radiolabeled particles of aerosol, depicted in colour, is
highly increased with the vibrating-mesh nebulizer with its specific valve-holding chamber in
comparison to the constant-output jet nebulizer with a corrugated tube. Activity is seen in the
stomach with the vibrating-mesh nebulizer (white arrow). Reprinted from (Dugernier et al.,
2017), with permission of Springer.

Examples of the use of SPECT-CT to assess regional lung deposition of aerosols are also found in
the pre-clinical setting. For example, Gracia et al. recently reported the synthesis of water-dispersible
dextran-based single-chain polymer nanoparticles (SCPNs), which might be used as drug carriers for
inhalation. Radiolabeling of these biocompatible NPs with the gamma emitter ¢’Ga followed by SPECT-
CT imaging allowed the longitudinal investigation of lung deposition of the NPs in rats after
intratracheal nebulization using the Penn-Century MicroSprayer® (Gracia et al., 2017) (see Fig. 14a).
Acquisition of CT images enabled appropriate delineation of the VOlIs in the whole lungs (Fig. 14b). In
this case, the species of interest (the NPs) and not the aerosol was labelled, and hence the SPECT
images reflect the deposition and clearance of the NPs (and not the aerosol). This example is a proof
that nuclear imaging can be effectively employed in the determination of drug deposition in the lungs
after aerosol administration. Of note, pre-clinical studies in small animals face the main drawback of
limited spatial resolution (1 mm in preclinical scanners), which, together with motion effects due to
breathing and heart rate, will limit the accurate quantitative determination of regional distribution.
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Fig. 14. a) Representative axial slices of SPECT-CT images obtained att = 0, 24 and 72
hours after administration of 8’Ga-labeled particles by intra-tracheal nebulization; SPECT
images are co-registered with CT images for easy localization of the radioactivity; b) 3D CT
images of the skeleton (grey) co-registered with surface-rendered 3D CT images of the lungs;
c¢) 3D CT images of the skeleton (grey) co-registered with volume-rendered SPECT images of
the lungs (green tones).

Determination of regional distribution using PET

PET has higher sensitivity and higher spatiotemporal resolution than SPECT, and absolute
guantification of the images is less challenging. Hence, PET is a valuable option to assess lung
deposition of aerosols. However, most of the commonly used short-lived positron emitters are
cyclotron-produced, and hence their use is restricted to centres with a cyclotron in house.

Due to this limitation, PET studies performed to date to assess lung deposition have been
conducted with the well-known indirect proliferation marker 2-deoxy-2-(*¥F) fluoro-D-glucose
([*®F]FDG), which is widely used in the clinical field, with a production/distribution network well
established in most developed countries. A nice collection of examples on the use of this radiotracer
to evaluate changes in the deposition of inhaled aerosols within the lung, related to the presence of
disease or resulting from inhalation challenge interventions or inhaled therapies, has been recently
reported (Dolovich, 2009), and one representative example of the work reported there is shown in Fig.
15. In this particular study, 13 patients with asthma and 10 healthy volunteers were challenged with
methacholine aerosol and PET images were obtained after inhalation of 1.5 um aerosol containing
[*8F]FDG. As it can be seen, quite a uniform distribution was found pre-challenge, although hot spots
could be observed in the anterior third of the lung (transaxial view). The images acquired post-
challenge show a patchier ventilation scan, with localized areas of tracer deposition throughout the
lung.
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Fig. 15. Images from a PET scan obtained following inhalation of [*3F]FDG aerosol in one
subject with asthma and immediately after a methacholine challenge. The baseline scan is
reasonably uniform with ventilation posterior and basal as seen in the one slice in the
transaxial plane. On the repeat scan, hot spots are evident throughout the lung as seen on
these single slices from the transaxial, coronal, and sagittal planes. Adapted from (Dolovich,
2009).

Advantages:

e high sensitivity (especially PET),
e images can be acquired at the whole organ or body level,
e quantitative information can be obtained (especially PET).

Disadvantages:

e |ow spatial resolution, in the order of a few millimetres in the clinical setting,

e |ow temporal resolution,

e use of ionizing radiation,

e expensive (especially PET), sophisticated equipment and specialized personnel are required.

5.2. Proton MRI for aerosol deposition studies

Conventional MRI is based on the principle that atomic nuclei can absorb and emit
electromagnetic energy when manipulated using an external magnetic field. First, a strong magnetic
field is applied to align the ‘spin’ of protons in hydrogen atoms, which are found in water molecules
within the body. A radio frequency signal is then used to resonate the atoms, and the relaxation signal
is measured by conductive coils placed around the patient. Parameters of the magnetic field pulse
sequence can be varied and hence different contrasts can be acquired between various tissues due to
the relaxation properties of the hydrogen atoms in different tissues.

Using proton MRI for lung studies is especially challenging due to the low water content of lung
parenchyma (about 15%) and the large difference between tissue and air susceptibilities (around 10
magnetic field homogeneity units in parts per million, ppm), which normally results in a low MRI signal
that can be a source of a new contrast possibility using susceptibility mapping approaches. The study
of aerosol deposition using proton MRl is based in 1) the use of oxygen as paramagnetic contrast agent,
2) the use of chelated Gadolinium (diethylene triamine penta acetic acid, Gd-DTPA, or 1,4,7,10-
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tetraazacyclododecane-1,4,7,10-tetraacetic acid, Gd-DOTA) as an inhaled paramagnetic contrast
inhaled agent, and 3) the use of ultra-short echo (UTE) time sequences more adapted to lung
parenchyma imaging and new applications especially in the paediatric field to reduce respiratory
artefacts and deal with the short lung T2* (decay of transverse magnetization caused by combination
of spin—spin relaxation time, T2, and magnetic field inhomogeneity). The first two options have the
advantage of studying aerosol inhalation based on longitudinal relaxation time (T1, hot spot or positive
contrast). In general, paramagnetic agents reduce both the T1 and T2 relaxation times of the water in
the lung parenchyma, and thus can be used to quantify the regional delivery of this tracer based on
the significant increase in signal intensity with the ventilation of these agents (Sood et al., 2010; Sood
et al.,, 2008). The vast majority of studies have utilized the reduction of T1 times with increasing
contrast concentration to detect the agents (Thompson and Finlay, 2012), which area surrogate marker
of aerosol deposition of other therapeutic components. The combination of this technology with UTE-
MRI data acquisition has proven to provide more accurate concentration measurements (Wang et al.,
2016).

Application of MRI in aerosol deposition studies

The results using Gd-DOTA aerosol nebulization with spontaneously breathing rats (see Fig. 16)
yielded a homogenous signal enhancement in the lung despite a reduced and less controlled dose
(Wang et al., 2016). Still, the protocol was applied with smaller doses of contrast agent to previous
results and it is the first quantitative map of aerosol deposition in vivo using MRI. For reproducibility,
regional distribution in the lungs was analysed using an automatic procedure to divide the lung into
equal volume regions. A comparison of regional aerosol distribution images showed significant
differences for left versus right, head versus feet and central versus peripheral dependencies (Wang
et al., 2016).

Fig. 16. Aerosol deposition in the lungs of spontaneously breathing rats using Gd- DOTA-
based contrast agents and ultra- short echo time MRI at 1.5 Tesla. Reprinted from (Wang et
al., 2016) with permission of John Wiley and Sons.
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Compared to other T1-weighted MRI applications, this UTE imaging has also the advantage of
opening the field to the use of superparamagnetic iron oxide NPs with or without drug loaded in the
final preparation to study direct aerosol deposition. Due to the enhanced pulmonary signal intensity,
this imaging modality facilitates the real quantification of the tracer using, for instance, parametric
transverse relaxivity (R.*) mapping with two or more echo time datasets, utilising the linear
relationship between this parameter and particle concentration (Oakes et al., 2013). In this study,
superparamagnetic iron oxide particles were employed to study ex vivo regional aerosol deposition on
rat lungs nebulized during conventional mechanical ventilation. As expected from previous
experiments using radiolabelled particles, deposition was higher in the lung periphery than in the
central airways, and no differences were found in the gravitational dependent and independent
regions of the lung, such as is known from previous multiple-breath washout experiments in ventilated
rats (Verbanck et al., 1991).

As observed in the above-mentioned studies, although the advantages of proton MRI for human
application have been described for many applications, proton MRl is still far from clinical applicability
(except for pediatric patients with restricted and controlled radiation exposure). Also, besides the
described lung MRI problems, studies on aerosol deposition are mainly based on the ability of MRI to
trace the surrogate marker and not any other component of the aerosol. If specific compounds are to
be traced, the MRI contrast should be incorporated into that compound. The use of aerosolized iron
oxide particles compared to oxygen or Gd-based contrast has then the potential to be applied in
humans more than any other alternative, especially at low magnetic fields, and facilitates the
possibility of integrating these extra compounds in the final formulation. Finally, current approaches
require contrast agent doses that are too high to be considered competitive with traditional
radionuclide aerosol deposition measurement methods in humans (Thompson and Finlay, 2012).

Advantages:

e No radioactivity (suitable for paediatric patients),
e Both flow velocity and aerosol distribution can be measured.

Disadvantages:

e Trace marker needed,

e longimaging time (low temporal resolution),

e Low differences in contrast between lung parenchyma and air,
e High doses of contrast agents needed.

6. Emerging methods in aerosol flow and deposition
measurements

The rapid development of experimental methods in recent years promises to provide results of a
quality and resolution that was inconceivable in the past. Three of the methods (Hyperpolarized gas
MRI, Optical Coherence Tomography (OCT) and Phase Contrast X-ray Imaging (PCXI)) are described in
detail in this paper. However, several other methods that are not discussed here are also expected to
expand our knowledge of the inhaled aerosol flow in the near future. Because of the lack of human
imaging with these techniques to date, we break the convention of this review and include animal
experiments in this chapter.

There is a large group of methods that can be grouped under the title “intravital microscopy”.
These techniques are based on fluorescence light microscopy and their growth is driven by the
progress in the non-linear microscopy. Intravital microscopy can be used for dynamic imaging of
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cellular and even subcellular structures, which will be especially useful for drug delivery studies. The
reader who is interested in this group of methods is referred to the well-written review by
(Amornphimoltham et al., 2011). One method that is suitable for the acquisition of airway geometries
is multi-planar 3D ultrasound imaging (Or et al., 2013). Its main advantages include a high level of
safety for patients and a relatively low price.

As the flow distribution within human airways is of great importance, especially for CFD boundary
conditions, it can be expected that Electrical Impedance Tomography (EIT) will gain popularity, serving
as a source of such data (Moerer et al., 2011; Riera et al., 2013). EIT is based on measurement of
potential differences between electrodes positioned around patient’s thorax after the injection of high
frequency and low amplitude electrical currents.

Distribution of magnetic nanoparticles with unique spatial and temporal resolution can be
measured by Magnetic Particle Imaging (MPI). The method achieved rapid growth after Gleich and
Weizenecker (2005) published the principles of the technique. MPI utilizes superparamagnetic iron
oxide nanoparticles as tracers and a key advantage is the absence of any radiation delivered to the
patient. Recent developments in this area were reported recently in (Knopp et al., 2017).

6.1. Hyperpolarized gas MRI

The introduction of hyperpolarized gas has improved the development of functional lung MRI by
allowing measurements that are impossible with conventional proton-based MRI and maybe beyond
the limits of any other technique (van Beek et al., 2004). In all possible applications, hyperpolarized
gas MRI appears as a solution for one of the most important problems regarding the MRI of the lung,
e.g. the weak signal intensity coming from the low density of air-filled lung parenchyma that results in
low proton density (Mosbah et al., 2008).

Noble gases are hyperpolarized through the transfer of angular momentum from circularly
polarized light to the nucleus, known as optical pumping. This process allows the hyperpolarized gas
to exhibit polarizations exceeding the thermal equilibrium level (Moller et al., 2002). Such processes
have been demonstrated on 3He and ?°Xe, both with potential clinical applications, starting from 1994
when the first publication appeared (Albert et al., 1994) from the Princeton group and Magnetic
Imaging Technologies Inc. was created. Despite all the problems including a 3He shortage in 2008, the
field has demonstrated a continuous improvement in polarization performance, but is still facing
regulatory and technical hindrances. In order to facilitate universal access to the technology, this field
is demanding a coordinating effort to bring a comprehensive package solution with the input and
collaboration of many types of expertise and businesses. For a real final clinical application, any new
user needs to take into account that this will need: 1) an MRI system with a broadband amplifier (for
not proton based applications), 2) a gas polarizer (probably different for 12°Xe and *He), 3) a polarimetry
and calibration method, 4) a dose delivery system with an automatic or semi-automatic gas delivery
applicator, 5) a dedicated chest coil (dual *H-1Xe or H-3He, or triple nuclei coil (}*Xe-*He-'H and
applications have been demonstrated by some investigators and coil manufacturers), 6)
hyperpolarized-proofed MRI pulse sequences, 7) gas phantoms for quality control, 8) more affordable
access to 3He (almost impossible in Europe, except in the Sheffield group) or 1*Xe supplies, 9) special
software for data analysis, and 10) lastly any application needs to go through the corresponding
Investigational New Drug Application and obtain the Institutional Review Board approval to start these
studies. For Food and Drug Administration (FDA) clearance, phase Il clinical trials have finished in
Summer 2016 and the Phase lll trial is about to begin in 2017.

Despite all these issues, hyperpolarized gases still appear to be a promising technique and
probably the only one that can evaluate and quantify air flow and aerosol deposition into the airways
(*°F MRl is probably far from this due to sensitivity restraints). Although some different data acquisition
encoding methods are possible, De Rochefort et al. proposed a novel application; combining dynamic
radial MRI with phase contrast and hyperpolarized 3He to map velocities in vivo and in replicas of the
human airways (de Rochefort et al., 2006). Phase contrast is a well-known and established technique
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in proton MRI to map blood velocities and relies on the quantification of the signal phase. Phase
contrast makes it possible to quantify motion and is not constrained by signal-amplitude variations.
Radial encoding (Song et al., 2001) was used to improve the temporal and spatial resolution of the final
application. This combination overcomes previous approaches for measuring gas flow in vitro using
thermally polarized *H (Koptyug et al., 2000) or hyperpolarized ?°Xe (Brunner et al., 1999). In previous
approaches, acquisition times were not appropriate for in vivo measurements due to the time scale of
a breathing cycle.

In the next section, we summarize the different steps of the first demonstration of human gas
flow measurements in the trachea using *He performed by de Rochefort et al. to illustrate the potential
and the difficulties that MRI-based methods exhibit, noting these are similar to other imaging
techniques included in this article. Imnmediately after the gas is produced, a mixture, in this case with
nitrogen, is prepared at atmospheric pressure, for rapid transferral to the imaging system. In this first
application, authors did not include any automatic or semi-automatic gas delivery device, so the gas
was directly inhaled by a volunteer from a Tedlar bag containing the gas mixture, and the gas was
extracted through a valve with a mass flowmeter to monitor the input gas flow. The volunteer was
previously trained to breathe slowly by the mouth to establish a steady flow in the trachea, placed in
a prone position with a dedicated MRI coil to increase SNR. Proton MRI was initially performed for
scout and localization imaging. A hyperpolarized gas mixture (52% + 10% 3He, 48% + 10% N, in this
case) was inhaled via a deep inhalation from the volunteer’s lung residual volume. The bolus volume
of the tracer gas (around 800 ml) was first inhaled and then supplemented with air to make the total
inhaled gas volume (the total volume was not specified by the authors). For a reproducible location,
cross-sectional MRl slices were positioned in the trachea, 4 cm downstream from the vocal cords. ROls
were manually selected for each reconstructed image. Due to the radial acquisition, data
reconstruction was performed by complex FBP (this is not standard in all MRI vendors, so it will
probably require offline reconstruction). For a set of projections, the raw data was first filtered by a
ramp, and then Fourier-transformed and back-projected. The velocity component of each voxel was
determined by the phase difference between the corresponding encoded image and the reference
image scaled with a phase-conversion factor. The integration of through-plane velocity over the chosen
section provided a measurement of the flow rate.

The results of the measurements of this experiment are shown in Fig. 17 (Fig. 7 from reference
(de Rochefort et al., 2006)). Human trachea velocity maps found by de Rochefort et al. agreed with
findings from in vitro models and CFD (Heenan et al., 2003). The profiles of the through-plane velocities
presented an M-shape along the left-right axis, and an asymmetrical shape along the anteroposterior
axis, with higher velocity magnitude in the anterior part.

48



Flow rate (mls™') Velocity (ms™')  Velocity (ms™)

160 ' 11 1 ) o~y ¢
140 L 1 ;

I @ g i AR 0.9 0.8 =
120 o y - 0.8 )

T

100{ = r/-r/""" s 07 0.6 &1‘ t\\,
80 - Al'l _A' 0.6 ) I pe
- /FPM | ¥ 0.5 04 _l L\[\f

/ 0.4 ™~
40 — 0.3 0.2 |
zo e s |t
¢ * o 0 O R TRDT TR W |

0 2 3 3 0 4
b Time(s) C d Position along the profile (mm)

Fig. 17. Phase- contrast velocimetry with hyperpolarized ®He for in vitro and in vivo
characterization of airflow. Reprinted from (de Rochefort et al., 2006) with permission of
John Wiley and Sons.

In another example, Collier and Wild (2015) conveniently implemented the Compressed Sensing
technique (Lustig et al., 2007) to reduce the ever shorter acquisition times of hyperpolarized gases in
human lung MRI in order to measure flow velocity maps in free breathing lungs. Compressed sensing
works by acquiring a small number of random linear combinations of the signal values, much smaller
than the number of signal samples nominally defining it. The signal is still reconstructed with good
accuracy from these measurements by a nonlinear procedure. For MRI, the sampled linear
combinations are simply the individual Fourier coefficients (k-space samples). In that setting,
compressed sensing is expected to be able to make accurate reconstructions from a small subset of k-
space rather than an entire k-space matrix. Application of compressed sensing to lung MRI with
hyperpolarized gases is based on the intrinsic sparsity of the images, as the gas is confined to the
airways only. Collier and Wild extended the sparsity of the complex difference image (Kwak et al.,
2013) to a four point velocity encoded scheme and developed a compressed sensing reconstruction
algorithm for hyperpolarized gas flow in three directions with a time resolution of 1.2 s. This temporal
resolution still needs to be improved for rapid flow fluctuations during a normal breathing cycle at rest.
The feasibility of these methods was demonstrated with both 3He and **He mixed with nitrogen in the
trachea and main bronchi (see Fig. 3 from reference (Collier and Wild, 2015)).

Due to the high sensitivity and possibilities of hyperpolarized gases, these techniques present also
a potentially unique opportunity for the study of aerosol deposition into the human airways. In a study
using mouth—throat replicas Sarracanie et al. (2015) measured extra-thoracic aerosol deposition using
phase-contrast 3He MRI and compared the results with gold-standard SPECT. For this application, a
double-labelled aerosol with superparamagnetic iron oxide (for MRI labelling) and radioisotope **™Tc
(for SPECT) was prepared to ensure the same deposition pattern for both measurements. Iron-based
markers placed in the magnetic field of an MRI unit generate dipolar fields that locally modify the
magnetic field, which typically leads to regions of low signal amplitude (Branca et al., 2010). The

49



magnetic field perturbations induced by the presence of iron are embedded in the phase of the
magnetic resonance signal and can be processed to obtain absolute quantification of the iron mass
distribution (de Rochefort et al., 2008; Mills et al., 2008). By measuring the relaxation times of the total
magnetic moment or by mapping the static magnetic field perturbations in the presence of
superparamagnetic iron oxide markers, the spatial distribution of the absolute aerosol particle
quantification can be determined (Martin et al., 2008). Hyperpolarized 3He was used to overcome the
low-SNR and long-acquisition time limitations of lung imaging. The results of both the magnetic
perturbation and quantified aerosol particle deposition are seen in Fig. 18 (Fig. 6 from reference
(Sarracanie et al., 2015)). Results from this work show that particle deposition can be assessed with
3He MRI and iron oxide labelling through measurement of the inferred static magnetic field
perturbations.

+0.5

perturbation (ppm)

Particle deposition  Magnetic field
(pg of iron)

Fig. 18. Phase- contrast helium- 3 MRI of aerosol deposition in human airways. Reprinted
from (Sarracanie et al., 2015) with permission of John Wiley and Sons.

The introduction of hyperpolarized gases has allowed MRI to enter into the field of air flow
guantification using velocity-encoding MRI. This measurement and applications will evolve in a clinical
setting in parallel to the resolution of all technical difficulties and regulatory approval related to the
use of these gases. Still, the field of hyperpolarized gas applications requires complex infrastructure
for gas production and the confluent effort of different technology providers. As far as we perceive the
field of quantification of aerosol deposition by MRI, this field can only benefit and expand, aligned with
the expansion of MRI systems equipped with broadband amplifiers (required for all non-proton based
MRI applications), the growth of the hybrid imaging systems markets and the corresponding
development of dual makers. In this line, °F solutions, mainly using perfluorinated compounds and
doped iron oxides can benefit. As we have seen in this article, Gd preparations have been also
introduced, but safety investigations related to Gd deposits in different regions are currently under
evaluation and will suppose a barrier difficult to overcome for future applications. The use of dual
systems, such as those based on metastable Tc (SPECT) and %Ga (PET) -'H protons, combined with
the use of hyperpolarized SNR can then have enormous potential and future.

Advantages:

e Both flow field and particle deposition can be measured,
e Can be combined with SPECT and PET (for simultaneous measurements).

Disadvantages:

e Complex infrastructure and highly skilled personnel needed,
e Low resolution for flow measurement compared to PIV.
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6.2. Optical Coherence Tomography (OCT)

OCT was introduced in 1991 (Huang et al., 1991) as a method to image biological samples at high
resolution. OCT is based on white light interferometry with near infrared wavelength range (NIR) due
to the relatively high penetration of NIR. A probe shines light onto the sample and the scattered light
is collected in reflection, hence OCT needs access to the sample only from one side. The resolution in
beam direction (axial), as well as perpendicular (transversal), is of the order of 1 to 15 um (Drexler et
al., 1999). The imaging range is limited by absorption and scattering, reaching no deeper than 1 mm in
most tissues. Moreover, the Rayleigh length of the Gaussian beam that is typically used will limit the
sensitive range to less than 1 mm. For a single depth scan, called A-scan, the length of the reference
arm has to be varied over the measurement range. Due to this mechanical depth scanning, the speed
of OCT was rather limited until a breakthrough in speed was achieved by introducing the concept of
Fourier Domain OCT (FD-OCT), also known as Frequency Domain OCT. In FD-OCT, the mechanical depth
scanning is replaced by spectral analysis of the interfering light. Interfering light causes, as a function
of wavenumber (reciprocal of wavelength), periodic oscillations with a frequency proportional to the
optical length difference between sample and reference arm. It can be shown that FD-OCT is not only
much faster, but achieves a better SNR compared to the previous method, called Time Domain OCT
(TD-OCT) (de Boer et al., 2003; Choma et al., 2003; Leitgeb et al., 2003). The interference spectrum can
alternatively be acquired by analysing the light with a spectrometer, resulting in a technique called
Spectral Domain OCT (SD-OCT), or by sweeping the wavelength of the incident light, known as optical
frequency domain imaging (OFDI) (Vakoc et al., 2009) or Swept-Source OCT (SS OCT) (see Fig. 19). The
first is limited in speed by the spectral read out of the CCD° or CMOS™ cameras while the second
achieves even higher speeds after the introduction of Fourier domain mode locked (FDML) lasers. Fast
SD-OCT systems achieve today more than 200,000 A-scans/s, while FDML systems regularly accomplish
up to 1.5 million A-scans/s. 20 million A-scans/s have been demonstrated, which means video rate
volume scans (Wieser et al., 2010). The acquisition of 2D and 3D images is achieved by deflecting the
beam using galvanometers (Duma et al., 2011), resonant scanners or microelectromechanical systems
(MEMS) (Jung et al., 2006; Lu et al., 2014). A 2D image, with intensity colour coded as a function of
depth and one coordinate, is called, in analogy to ultrasound, a B-scan. For other promising clinical
applications, rotating fibre optic catheters were developed enabling the imaging of hollow organs and
cavities like the esophagus (Tearney et al., 1997; Vakoc et al., 2007) and human vessels (Bezerra et al.,
2009; Brezinski, 2006; Tearney et al., 1997) by OCT. Optics with smaller numerical apertures and
therefore longer Rayleigh lengths can collect over a larger distance of 10—-30 mm only a fraction of the
scattered light, which reduces the signal intensity and transversal resolution (100—200 um). This is still
sufficient for the anatomical structure, which explains the name of the method “anatomical OCT”
(aOCT) (Armstrong et al., 2006; Bu et al., 2017; Wijesundara et al., 2014).

9 Charge-coupled device
10 Complementary metal-oxide—semiconductor
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Fig. 19. Principle of SS OCT. The light from a tunable laser source is guided by optical fibres
to a fibre coupler. While one part is reflected at the reference mirror the other part is
scattered and partially reflected at the sample, placed underneath a two dimensional scanner,
steering the light over the sample. The interfering light is recorded with a detector in the
fourth arm of the fibre coupler as a function of wavelength. From the spectrum, the depth
information is retrieved.

Imaging airway and alveolar structures

In order to image the airway and alveolar structures by OCT, three different attempts have been
made. External scanning can be applied to isolated lungs by visualizing the alveolar structure close to
the pleura (Meissner et al., 2009a; Meissner et al., 2009b). With some effort, this method can also be
applied to anaesthetized animals by opening the chest or by preparing a thoracic window in vivo
(Meissner et al., 2010a). This method has been applied to mouse and rabbit models to study alveolar
sizes and the change during ventilation in healthy and injured lungs (see Fig. 20). While in the early
systems gated imaging was used to study the dynamic shape during the ventilation cycle (Meissner et
al., 2010b), modern high-speed systems capture complete alveoli with some tens of fps, sufficient for
breathing rates of the order of one per second (Kirsten et al., 2013). In larger animals, the movement
of the lung prevents single alveoli to be followed through the complete ventilation cycle. Therefore,
lightweight MEMS-based probes were developed to resting on the lung and follow the alveolar
structures (Namati et al., 2013). These measurements confirmed that most of the compliance of the
lung is caused by the cyclic dilatation of the alveoli.

52



B |ung surface

alveoli

OCT cross-section

Fig. 20. Imaging of alveolar structures with OCT in ventilated rats. OCT allows the imaging
of morphological features of lung tissue. Even the inner alveolar walls can be visualized.
Scale bar 100 um. While a) shows the 3D image with part of the lung surface (pleura)
removed from the data set, b) shows a plane approximately 50 um beneath the lung surface,
¢) shows a cross section perpendicular to the pleura. Imaging of deeper alveoli is hampered
by the refractive index step between tissue and air.

To access internal regions of the lung, endoscopic OCT probes have been used. Typically, such
probes use radial scanning by rotating the entire probe or by using micro-mechanical motors placed in
the probe (Yang et al., 2004). While the rotation provides circumferential 2D images, the fibre may be
retracted while accumulating subsequent radial images to provide 3D information (Armstrong et al.,
2006; Bu et al., 2017; Wijesundara et al., 2014) (See Fig. 21).
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Fig. 21. Anatomical OCT images of a swine trachea displayed in three different viewing
angles. (d)—(f): corresponding CT images. (g): photograph of the swine airway; the region
that was imaged is indicated by the dotted square. The X, y, and z scale bars each represent
3 mm. With permission reprinted from (Wijesundara et al., 2014).

A third strategy uses miniaturized OCT needle probes. The needle probe can be inserted through
the tissue into the region of interest that may be located several centimetres below the surface.
Scanning is again performed by rotating the needle or the focusing optics inside the needle. Although
the size of needle probes has been reduced to a diameter of about 310 um, the insertion of the needle
will cause some trauma (Lorenser et al., 2011). As the needle can hardly be translated forth and back,
the same tissue cannot be imaged during different states of the ventilation cycle. For repetitive scans,
probes consisting of an inner part that translates rapidly back and forth multiple times per second was
developed to allow 2D image acquisition (MclLaughlin et al., 2012).

The imaging of alveolar structures is hampered by the repeated refractive index change from air
to liquid, limiting the useful depth to only one or two layers of alveoli. Therefore, several attempts
have been made to fill the lung with an index matching fluid. For ex vivo imaging, the lung can be filled
completely with saline water (Lorenser et al., 2011) or ethanol (Meissner et al., 2009a) increasing the
useful imaging depth to 5 or more alveoli in depth. While these approaches are not suited for in vivo
imaging, a small amount of fluid around the probe can enhance imaging without causing trauma to the
animal (Quirk et al., 2014). Moreover, the lungs could be ventilated with a liquid with perfluorocarbons
that have a high transport capacity for oxygen and carbon dioxide, in order to enable enhanced OCT
imaging in vivo (Schnabel et al., 2013).

Potential for flow and aerosol measurements

In Doppler OCT, mostly used to visualize the velocity of scattering particles in flowing fluids, the
phase of the signal between A-scans at the same or nearly the same position is analysed (Leitgeb et
al., 2003). The phase difference is proportional to the velocity component in the direction of the optical
beam. The transversal velocity component can be estimated by phase noise (Walther and Koch, 2009)
or by using multiple beam OCT (Haindl et al., 2016; Chen et al., 2017), the latter resulting in a 3D
velocity field. Besides Doppler OCT, PTV!! (Jonas et al., 2011), PIV (Buchsbaum et al., 2015) and
correlation-based approaches (Huang et al., 2015) are used to quantify the flow field.

While Doppler methods are mostly applied to the measurement of blood flow, where the
erythrocytes form the scattering particles, oil droplets from Intralipid (Kirsten et al., 2015), polystyrene

11 For the PTV and PIV see chapter 2.3.
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microspheres (Jonas et al., 2011; Kirsten et al., 2015) and other particles down to sub-micrometre size
(Cimalla et al., 2015; Grombe et al., 2016) can be used as tracers.

Flow measurements in the airway will be hampered by the OCT probe, especially in the deeper
and therefore slimmer parts of the airway. Visualization of flow in the alveoli needs particles to reach
the alveoli after flowing through multiple airways and bifurcations, which may be difficult to achieve.
Moreover, due to the low flow expected in the alveoli, the movement of particles may be dominated
by Brownian motion.

The deposition of particles in the airways can likely be detected using suitable OCT probes. OCT
can be tailored to detect labelled particles with high sensitivity. Labelling can be performed
magnetically and by plasmonic resonance, leading to selective absorption and scattering (Oldenburg
et al., 2016). Moreover, contrast can be generated by optical anisotropy and diffusion (Kalkman et al.,
2010).

While OCT has so far not been used extensively to measure flow and aerosols in airways, OCT has
significant potential to contribute considerably to this field. Measurements on replicas do not suffer
from regulatory requirements, but the results may be of limited value because of differences in the
dynamic behaviour and surface properties, as discussed earlier. Animal experiments may be
challenging due to experimental and regulatory demands but the results would be more comparable
to humans. While many of the measurements mentioned above cannot be justified with humans,
because of the negative side effects, any possible experiments with humans should only be performed
if the individual can benefit from the measurement.

Advantages:

e fast 3D information without ionizing radiation,

e resolution in the um range,

e Doppler-Information without additional hardware,
e only one optical port needed.

Disadvantages:

e difficult marking of particles,
e optical access needed,
e depth range limited to some mm, maximal few cm at lower resolution.

6.3. Phase Contrast X-ray Imaging (PCXIl)

In the last two decades, new methods of x-ray imaging have been developed that are sensitive to
soft tissue structures like the respiratory system, via the use of “phase contrast” (Wilkins et al., 2014).
Research groups in the field are focusing on realising this technique in a clinical imaging system (Bravin
et al., 2013) and are increasingly applying this kind of imaging in biomedical research with animal
models.

A conventional x-ray image captures the attenuating properties of structures, in effect creating a
shadow image. A phase contrast x-ray image is also sensitive to the refractive properties, and in some
cases scattering properties, of any structures. In Fig. 22, we see that attenuation by the sample
(described by 8 for a given material) causes a reduction in the amplitude of the incident x-ray waves
(shown the by red arrows), resulting in reduced intensity at the image detector. While this produces
strong contrast in the case of bones, soft tissues attenuate weakly and hence are not clearly seen in a
conventional image. If an x-ray wavefield passes through materials with different refractive properties
(described by 6), a difference in the phase of the x-ray wavefield is introduced (shown by the blue lines
of constant phase), in effect changing the direction the wavefield is propagating (see the black arrows).
Phase contrast imaging is sensitive to these phase shifts, resulting in much better visualisation of soft
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tissue structures. The lungs and airways are particularly well-suited to PCXI because the difference in
6 between air and tissue is large compared to that between other tissues, resulting in strong x-ray
phase variations from air-filled tissue structures. This means that the respiratory system can be
visualised with high sensitivity and resolution down to the pm scale.

Tissue 1 ‘*‘
n,=1-d,+if, L\ ._,.‘!'
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Fig. 22. The x-ray properties of different tissues at a given x-ray energy can be described
using a complex refractive index n, where [ describes how much the tissue will attenuate the
X-ray wavefield and o describes how the tissue will change the phase of the x-ray wavefield.
PCXI extracts quantitative measures of how the phase has been altered by soft tissue
structures.

Because the x-ray phase variations introduced by the lungs cannot be directly recorded in the
same way as x-ray intensity variations, a special optical set-up must be used to extract x-ray phase
shifts or variations. There are several different PCXI set-ups that have been developed, including
propagation-based (Cloetens et al., 1996; Snigirev et al., 1998), crystal and grating interferometry
(Bonse, 1965; David et al., 2002; Pfeiffer et al., 2006), analyser-crystal (Forster et al., 1980; Ingal and
Beliaevskaya, 1995), edge-illumination (Olivo and Speller, 2007) and speckle-tracking (Bérujon et al.,
2012; Morgan et al., 2012)/single exposure single-grid set-ups (Morgan et al., 2011; Takeda et al., 1982;
Wen et al., 2010). Each set-up provides a different set of advantages in terms of speed, resolution,
sensitivity and the requirements on the x-ray source (Wilkins et al., 2014).

Because many of these set-ups require relatively uniform x-ray phase (e.g. see the incoming
waves in Fig. 22), much of the development has taken place using highly coherent synchrotron x-rays.
A synchrotron facility accelerates electrons around a circular path that is hundreds to thousands of
meters in circumference. These electrons travel at near-relativistic speeds, guided by magnets to
produce bright, low-divergence x-rays that can be made monochromatic and used in a range of
investigative techniques. Imaging applications typically take place tens to hundreds of meters from the
x-ray source point, resulting in a highly coherent beam. The translation of PCXI techniques from the
synchrotron to more accessible, lower-cost x-ray sources is an active area of research (Olivo and
Castelli, 2014), and in particular has investigated liquid—metal—jet sources (Larsson et al., 2011) and
compact sources driven by inverse Compton scattering (Bech et al., 2009). Nevertheless, a synchrotron
is an invaluable biomedical research tool, in particular because the associated high x-ray flux enables
fast imaging (e.g. 200 Hz in (Morgan et al., 2016)), such that the movement and detail of the lungs can
be captured in exquisite detail.

Literature to date

Several studies to date have used PCXI to better understand the respiratory system and assist in
treatment development, with some examples shown in Fig. 23. High-resolution structural
characterisation of the airways is possible by combining PCXI with CT (Parsons et al., 2008), capable of
revealing individual alveoli (Sera et al., 2013), even within an in vivo volumetric time series (Lovri¢,
2015).

By capturing a time sequence of images, it is possible to image the lung dynamics, or any changes
to the respiratory system in response to a treatment. One of the very first dynamic PCXI experiments
performed at a synchrotron monitored the respiratory action of a beetle (Westneat et al., 2003),
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capturing the dilation and contraction of tracheal airways. More recent in vivo work has utilised animal
models of human lung conditions, primarily in mice, rabbits and rats (Donnelley et al., 2010), with some
recent work performed in pigs (Donnelley et al., 2017) and sheep. The highest resolution work (see Fig.
23a) has monitored in vivo um-sized changes in the tracheal airway surface liquid depth in mice in
response to the nebulised delivery of surface-rehydrating treatments (Morgan et al., 2014). This is in
the context of treating cystic fibrosis airway disease, which develops as a result of a reduced airway
surface liquid depth that impairs the clearance of inhaled debris (Tarran et al., 2001). Also in this
context, airway surface liquid changes have been monitored in response to the deposition of bacteria
in excised pig tracheas (Luan et al., 2014). Studies have directly investigated the in vivo clearance of
inhaled debris via mucociliary clearance (Fig. 23a), monitoring individual glass particles, several tens of
micrometres in diameter, studying changes in clearance rate in response to treatment (Donnelley et
al., 2014a) and over a period of 25 hours (Donnelley et al., 2014b), in mouse and pig models. The
clearance of larger particles in the form of 350 um diameter tantalum disks has also been imaged in
new-born pigs via multi-detector-row CT (Hoegger et al., 2014). The ability of x-ray imaging to monitor
such behaviours in vivo presents obvious advantages over studies that use excised tissue or a tissue
culture.

..............

......
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Fig. 23. Examples of respiratory images at various scales obtained using synchrotron-based
PCXI. a) One side of the trachea (running horizontally) in a mouse, allowing measurements
of the airway surface liquid, shown in red (Morgan et al., 2014) and the clearance velocity of
inhaled 10-25 um debris, shown in blue (Donnelley et al., 2014a). Note the upper right is
captured with single-grid PCXI, which displays the rate of change of tissue
thickness/composition and the lower left with propagation-based PCXI, where edges are
enhanced. b) The delivery of a liquid bolus of treatment into the lungs of a mouse, with digital
subtraction highlighting treatment location in green (Donnelley et al., 2013). This image also
shows the extra detail obtained in propagation-based phase contrast (inset), with dark lines
highlighting the edges of major airways and the periphery of the lungs (posterior surface
shown with white arrows, anterior with black arrows), and a speckle pattern seen from the
lungs.

At the scale of the entire lungs, several different PCXI modalities have been applied in biomedical
research. Propagation-based phase contrast, which enhances the air/tissue interfaces (Kitchen et al.,
2004) (Fig. 23b), has been used to monitor the regional distribution of air as newborn rabbit pups take
their first breaths (Hooper et al., 2007), enabling optimisation of the ventilation strategy for pre-term
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infants (te Pas et al., 2009). The many overlapping alveoli act like lenses in propagation-based PCXI,
creating a speckle pattern, as seen in Fig. 23b), that can be analysed to infer information about the
alveolar size and density (Carnibella et al., 2014; Kitchen et al., 2015). This speckle pattern can also be
tracked through the breath cycle using PIV techniques (see section 2.3) to map the movement of the
lungs (Dubsky et al., 2012). When combined with CT and appropriate boundary conditions, CT-PIV can
be performed to extract local airflows (Dubsky et al., 2012). This is useful clinically in locating areas of
disease (Fouras et al., 2012; Stahr et al., 2016), and the detailed airflow measurements can inform
treatment deposition simulations (Dubsky and Fouras, 2015).

Grating interferometry PCXI has also been used to image the lungs, in particular using the
scattering/dark field signal. A reduced dark field signal will be seen where there are fewer alveoli to
scatter the x-rays, either due to breakdown from emphysema (Hellbach et al., 2015) or wall thickening
from fibrosis (Yaroshenko et al., 2015) (note these cases could be differentiated using the attenuation
signal as complementary information).

Finally, the inhalation of a xenon contrast agent has been captured at synchrotron sources in the
lungs of mice (Bayat et al., 2001), and combined with CT. This unique set-up at the European
Synchrotron uses two beams in parallel, one with energy just below and the other just above the K-
edge for xenon, so that the difference in attenuation between the two images is large for xenon, but
no other part of the image. Digital subtraction can then isolate xenon in the image, tracing the flow of
the gas into the lungs. In a similar way, iodine, a highly attenuating liquid, has been used as a substitute
for liquid bolus treatments, with high-speed imaging determining the regional distribution in the nasal
airways for a given volume (Donnelley et al., 2013). Bolus treatments were also tracked in the lungs,
but only down to the third generation, due to an overlapping signal from the lungs and a reduced
volume of iodine resulting in weak contrast.

Potential for flow and aerosol measurements

While most of the PCXI respiratory applications so far have focused on assessing the effects of a
treatment or a disease, PCX| also presents opportunities for flow and treatment deposition
measurements, most easily in animal models. Human imaging at synchrotron x-ray sources requires
several years of planning in order to ensure radiation dose is well-controlled and within safety limits
(e.g. see dosimetry requirements for radiation therapy in humans at the ESRF*? (Prezado et al., 2011)
or mammography at Elettra®® (Longo, 2016)). There is also some development required to achieve the
field of view necessary to image the whole human lung, for example manufacturing large gratings for
grating interferometry (Schroter et al., 2017). Commercial scanners to date that use phase contrast
have focused on mammography (e.g. Konica Minolta’s PCM system), however lung scanners are a topic
of ongoing research by several medical imaging companies.

X-ray CT-PIV already captures useful functional information for in vivo local airflow measurements
in animal models (Fouras and Dubsky, 2015), and there are clinical trials underway for 2D x-ray PIV
(4Dx Limited, 2017). With sufficiently sensitive detectors to ensure a clinically-compatible radiation
dose, CT-PIV could become available for human imaging. Imaging the inhalation of Xenon is also a
possibility in imaging flow, although the time resolution is limited when capturing 3D information from
a single inhalation. At synchrotron x-ray sources, the patient must be rotated to perform CT, and a high
rotation speed, necessary for high time resolution, could influence the flow of gas and any deposition
of treatment.

Aerosol measurements via PCXI are more difficult than airflow measurements. Unlike nuclear
methods, treatment cannot be easily separated in an image from the attenuating and phase-shifting
effects of the surrounding organs. Bolus deliveries allow the concentrated localisation of a contrast
agent, increasing the contrast of the treatment relative to surrounding anatomy (Donnelley et al.,
2013) (Fig. 23b). Aerosolised treatment does not offer this benefit, and hence sensitivity is much lower,

12 The European Synchrotron Radiation Facility
13 The third-generation Italian synchrotron radiation facility
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particularly given the lungs are constantly moving and do not present a static background, and even
when images are triggered to a single point in the breath cycle, cardiovascular movement remains.
One alternative would be to focus on just a small region of the airway system so that any deposited
treatment is easier to resolve. If an aerosolised treatment were to be detected by PCXI in the whole
lung, it must either be strongly attenuating or effectively change the diameter of the airspaces
sufficiently that the speckle pattern changes in propagation-based PCXI or the dark-field signal changes
in grating interferometry PCXI. The sensitivity of these techniques to these changes is currently under
investigation. An alternative solution would be to introduce to the aerosolised treatment some highly
attenuating or refractive particles or a contrast agent that would not be absorbed by the body, and
then capture the deposit sites via a high-resolution PCXI-CT (either post-mortem in an animal model,
or triggered by ventilation to the same point in the breath cycle). Note that the PCXI techniques
discussed here could also be used with models of human airways, however there is not a strong
advantage to using x-rays compared to visible light in an optically-transparent model, besides the
possibility to increase the spatial resolution, which is not a real issue in any case.

While the suite of PCXI techniques is not currently used in flow or aerosol deposition
measurements, these new modalities provide significantly increased soft-tissue sensitivity and present
opportunities in terms of in vivo spatial and temporal resolution.

Advantages:

e high spatial resolution (down to 1 um),

e high temporal resolution (up to 1000 Hz),
e 3D visualisation possible,

e possible in vivo.

Disadvantages:

e radiation dose,
e signal from treatment not easily separated from the background in the way seen with
nuclear imaging methods.

7. Conclusions

The ongoing development of technology for the administration of therapeutic aerosols leads to a
pressing need to predict and assess the precise deposition sites of inhaled particles on a microscale
level. This task calls for a sophisticated combination of methods ranging from fluid mechanics,
mathematics, engineering, pharmacology and medicine. Modern computational methods allow
researchers to solve the equations that govern flow and particle motion within human lungs at
sufficient resolution. However, these calculations are extremely sensitive to boundary conditions, the
method used to solve them, and the practical numerical implementation of the method in the
software. Quality experimental data describing deposition is immensely important both for setting
boundary conditions in simulation and validating CFPD results.

The description of available experimental methods given here has shown that there is no method
that can be used as a universal tool to cover all aspects and demands of CFPD calculations. Keeping in
mind that the prediction of local deposition sites at the microscopic level in individualized human
airways seems to be the next goal, we should find methods capable of acquiring the deposition data
at sub-millimetre resolution. The review presented here showed that the common in vivo methods are
unable to provide results in such resolution. The CFPD predictions provide results with a resolution
that surpasses conventional experimental methods. However, if no invivo experimental data is
available for validation, measurements must be performed either in vitro or in replicas of human lungs.
In the case of airway replicas, all of the methods described here can be useful at a certain stage of the
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simulation (acquiring the lung geometry, defining the boundary conditions, validating the local flow
velocities and particle deposition) and inevitably must be combined. Note that their physical limits,
expressed as measurement uncertainties, need to be carefully considered. To summarize the main
features, strengths and limits of the presented methods, we prepared Table 2, which lists all the
methods in a way to enable fast comparisons. We needed to make some simplifications to fit all the
methods to the limited space of Table 2, so the reader is kindly asked to refer to the respective chapter
of this paper to obtain deeper insight on the selected method.
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Table 2

Main features of the experimental methods.

(] =] a Q 1= <
g 3 S é =285 =13 \% g =R g 2
c - | B = LIS 5 = © P o =
£ Fes(33{538 | TS 5 3o 25 5.3
2 aEe|=2|8858| T|& S 3 z 2 @2 S_%-
u (min
+0.03 m/s; 4 k€ for a single channel
5%) / 1C— device/common in fluid Equidistant sampling,
HWA 1 mm /<100 kHz R 3C Gas | N | mechanics Inserting holes intrusive measurement | Daily / daily
u (£1%);
D
(0.5 pm); 40-80 k€ per channel / common Random time sampling,
LDA/PDA | 0.1 mm /<100 kHz R c (x20%) |Both | Y |in fluid dynamics Optical access, seeding | on-line No / daily
es] for LLPIV) / . _ _ Stereo PV, T_omo-PIV,
um (for u-P1V) u, 2C-3C 80-200 k€ depending on PIV- Optical access, refractive | p-PIV, scanning-PIV, For each
PIVIPTV <10 kHz R /0.2 px Both | Y |type index matching, seeding endoscopic PIV measurement
Airway
Concentrati | generation/single Trained volunteers / lung Annually/per
on meas. breath VIR |c(x10%) |Gas |Y |About 20 k€ replica Simple, easily available | experiment
3.5 k€ per equipped Separable replica of Simple, time-consuming, | Monthly; regular intra
1 mm to generation / microscope/common in airways, filter preparation | established and inter-laboratory
Microscopy | per breath R c (¥x30%) |Gas |Y |environmental sciences equipment methodology checks
Gravimetry/ | Bifurcation, several 3 k€ (laboratory balance), units of | Separable replica or Simple, low resolution or | Annually / per
Fluorometry | cm? RV | c (x10%) |Gas |Y | kE for fluorometer volunteer (for fluorometry) | reduced extent experiment
Expensive, human scanners > Species to be tracked In vivo, 4D (time +
1 M€, radiochemistry facilities labelled with a positron space), minimally Periodically (e.g.
PET 1-5mm \Y CPS Gas |Y |required. emitter invasive monthly)
Cheaper than PET, most Species to be tracked
Typically 5-10 mm in hospitals have SPECT, labelled with a gamma In vivo, 3D, minimally Periodically (e.g.
SPECT/CT | clinical scanners V CPS Gas | Y |radiochemistry facilities required. | emitter invasive monthly)
MRI with broadband
u, 3C, amplifier; gas polarizer;
6.4%; dedicated chest coil; *He
SHe MRI TV _[+25 mm/s | Air | N | Low availability or 12°Xe supplies; 3D flow dynamics Yes
X-ray PIV of lung motion, 2D,
image Access to set-ups available via 3D (time/space), 4D
sequence peer-reviewed application, X-ray absorbing or phase- | (time+space), individual
PCXI 1 pm /100 Hz \Y —u Both | Y | without cost shifting features particle motion No
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V/T/R —in vivo/in vitro/in replicas; u — flow velocity; D — particle diameter; ¢ — particle concentration; CPS —
counts per second, which can be converted to radioactivity per unit volume and to % of injected dose per unit volume, a calibrated standard within the FOV is
required for absolute quantitation; Y/N — yes/no; it indicates the possibility to measure in air (or other gas) directly, or in a substitute liquid; Pcapability of the
method to measure inhaled particles; ‘the cost is referred as a purchase price of the instrument; %the term adjustment express the frequency of adjustments
of the system by operator; ¢*depends on the size of the FOV in mm and the pixel number of the camera chip, can be determined by the formula:
FOV/number of pixels of the chip, example: FOV is 100 x 100mm?, camera has 1024 x 1024 px?, resolution is 100 pm/px
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In conclusion, some recommendations can be given regarding the suitable application of the
methods: HWA is a standard flow measurement method applicable in lung flows, but is limited almost
exclusively to replicas of lungs. This technique provides high temporal resolution and thus can be used
to assess turbulence, for example at the inlet of the replica, and hence helps in determining boundary
condition settings. However, HWA is point-wise and intrusive and therefore the optical methods are
becoming more popular. LD-based methods are also point-wise, but do not alter the flow and (as well
as HWA) can be applied with air as a flowing media. This is their main advantage compared to those
methods that measure planar and volumetric flow, which require exact refractive index matching fluid.
On the other hand, planar/volumetric methods offer unique details of flow structures usable for CFD
validation.

Regarding the data available from aerosol deposition measurements, there is a basis of results
acquired using conventional non-imaging methods. However, since these measurements were
predominantly performed some time ago, the details of the geometry and measurement procedure
have not always been presented in publications. The availability of the methods and their low price
facilitate performing new, case-tailored experiments on the appropriate well-described airway replica
if necessary. Standard medical imaging methods (PET, SPECT) approach the required resolution,
however, they are already reaching their physical limits and therefore cannot be expected to attain
the sub-millimetre resolution range. The emerging methods that are anticipated to progress lung flow
measurements can image airflow in vivo (Hyperpolarised gas MRI), measure detailed structures in
alveoli (FD-OCT) or even track individual particles (x-ray Phase Contrast Imaging). However, these
techniques have limited accessibility and are not easily or inexpensively implemented more widely.
Nevertheless, they promise to bring extremely interesting data that, together with CFPD, can provide
great advancement in patient-tailored inhaled medicine.

This review described the broad portfolio of available experimental methods and showed that
the selection of suitable methods is not straightforward. The crucial step for the selection of a suitable
combination of experimental data or instrumentation seems to be at the beginning of the whole
process — acquiring and reproducing the lung geometry. Especially when comparing distinct methods
of CFPD calculations, it is necessary to use the identical lung geometry, preferably with sufficient
experimental data to evaluate success. After the validation in a standard lung geometry model, the
simulation could be extended and compared to in vivo data to verify agreement with real physiological
processes in general terms. This already points to intensive interdisciplinary and international
collaboration since individual teams do not usually have sufficient human and technological resources
to provide both highly sophisticated CFPD calculations and specialised experiments.
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Figure legends:
Fig. 1. The principle of CTA.

Fig. 2. The LDA principle: a) the optical configuration in the forward, side and backscatter mode, b)
fringe pattern with the fringe separation distance s and the Gaussian beam diameter d, c) the
“Doppler burst” signal received by the photodetector and the measurement volume with a
conceptual cross-sectional cut.
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Fig. 3. a) An example of PSD of the velocity fluctuations of air flow in the centre line of the trachea,
with different inspiratory flow rates, tracing 4 um particles. b) A PDA record of air flow velocity
during sinusoidal controlled breathing (TV = 0.5 |, breathing period 4 s) with ten overlapped (phase-
averaged) cycles. Time intervals with the laminar and turbulent character of the flow are visible.
Zoomed windows document irregularly sampled data and the velocity bias effect. c) Mean axial
velocity in a cross section in the trachea for steady inspiration, 30 |/min.

Fig. 4. Typical PIV set-up for planar PIV.

Fig. 5. Velocity vectors and magnitude received from PIV in the upper bronchial tree during
inspiration.

Fig. 6. Camera set-up with octagonal tank walls for stereo PIV or volumetric PIV.

Fig. 7. Velocity vectors and normalized vorticity during peak inspiration for different breathing
parameters (with permission reprinted from (Adler and Brucker, 2007)).

Fig. 8. Particle trajectories received from 3D-PTV during the peak inspiration phase. Trajectories are
colour coded by the velocity magnitude (Janke and Bauer, 2016).

Fig. 9. Example of an automated fiber detection method applied on glass fibers deposited on a
nitrocellulose filter: a) a processed image with fibers enhanced by a special algorithm, b)
automatically detected fibers in the identical image.

Fig. 10. Schematic representation of the detection of photons using SPECT (a) or planar gamma-
camera imaging (b). Only a fraction of the emitted gamma rays reaches the detectors, while others
are absorbed in the collimator or never reach the detectors.

Fig. 11. a) Schematic representation of the annihilation process of one positron and one electron,
with subsequent emission of two gamma rays. b) Representation of a PET camera. The two photons
emitted after the annihilation process are detected simultaneously by two detectors of the ring,
placed around the subject under investigation.

Fig. 12. Samples of scintigraphic images from a patient showing deposition pattern from Respimat®
SMI before training (a) and after training (b), and from pressurized metered-dose inhaler before
training (c) and after training (d). Reprinted with permission of (Brand et al., 2008).

Fig. 13. Shell decomposition of SPECT-CT coronal slices at the level of the right hilum for both
nebulizers on the same subject, with the same level of brightness. Both lungs were divided in ten
shells (coloured lines through both lungs) distributed from the hilum to the lung periphery. The
deposition of the radiolabeled particles of aerosol, depicted in colour, is highly increased with the
vibrating-mesh nebulizer with its specific valve-holding chamber in comparison to the constant-
output jet nebulizer with a corrugated tube. Activity is seen in the stomach with the vibrating-mesh
nebulizer (white arrow). Reprinted from (Dugernier et al., 2017), with permission of Springer.

Fig. 14. a) Representative axial slices of SPECT-CT images obtained at t = 0, 24 and 72 hours after
administration of 67Ga-labeled particles by intra-tracheal nebulization; SPECT images are co-
registered with CT images for easy localization of the radioactivity; b) 3D CT images of the skeleton
(grey) co-registered with surface-rendered 3D CT images of the lungs; c) 3D CT images of the skeleton
(grey) co-registered with volume-rendered SPECT images of the lungs (green tones).

Fig. 15. Images from a PET scan obtained following inhalation of [*¥F]FDG aerosol in one subject with
asthma and immediately after a methacholine challenge. The baseline scan is reasonably uniform
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with ventilation posterior and basal as seen in the one slice in the transaxial plane. On the repeat
scan, hot spots are evident throughout the lung as seen on these single slices from the transaxial,
coronal, and sagittal planes. Adapted from (Dolovich, 2009).

Fig. 16. Aerosol deposition in the lungs of spontaneously breathing rats using Gd-DOTA-based
contrast agents and ultra-short echo time MRI at 1.5 Tesla. Reprinted from (Wang et al., 2016) with
permission of John Wiley and Sons.

Fig. 17. Phase-contrast velocimetry with hyperpolarized 3He for in vitro and in vivo characterization
of airflow. Reprinted from (de Rochefort et al., 2006) with permission of John Wiley and Sons.

Fig. 18. Phase-contrast helium-3 MRI of aerosol deposition in human airways. Reprinted from
(Sarracanie et al., 2015) with permission of John Wiley and Sons.

Fig. 19. Principle of SS OCT. The light from a tunable laser source is guided by optical fibres to a fibre
coupler. While one part is reflected at the reference mirror the other part is scattered and partially
reflected at the sample, placed underneath a two dimensional scanner, steering the light over the
sample. The interfering light is recorded with a detector in the fourth arm of the fibre coupler as a
function of wavelength. From the spectrum, the depth information is retrieved.

Fig. 20. Imaging of alveolar structures with OCT in ventilated rats. OCT allows the imaging of
morphological features of lung tissue. Even the inner alveolar walls can be visualized. Scale bar

100 pum. While a) shows the 3D image with part of the lung surface (pleura) removed from the data
set, b) shows a plane approximately 50 um beneath the lung surface, c) shows a cross section
perpendicular to the pleura. Imaging of deeper alveoli is hampered by the refractive index step
between tissue and air.

Fig. 21. Anatomical OCT images of a swine trachea displayed in three different viewing angles. (d)—(f):
corresponding CT images. (g): photograph of the swine airway; the region that was imaged is
indicated by the dotted square. The x, y, and z scale bars each represent 3 mm. With permission
reprinted from (Wijesundara et al., 2014).

Fig. 22. The x-ray properties of different tissues at a given x-ray energy can be described using a
complex refractive index n, where 8 describes how much the tissue will attenuate the x-ray wavefield
and 6 describes how the tissue will change the phase of the x-ray wavefield. PCXI extracts
guantitative measures of how the phase has been altered by soft tissue structures.

Fig. 23. Examples of respiratory images at various scales obtained using synchrotron-based PCXI. a)
One side of the trachea (running horizontally) in a mouse, allowing measurements of the airway
surface liquid, shown in red (Morgan et al., 2014) and the clearance velocity of inhaled 10-25 pum
debris, shown in blue (Donnelley et al., 2014a). Note the upper right is captured with single-grid PCXI,
which displays the rate of change of tissue thickness/composition and the lower left with
propagation-based PCXI, where edges are enhanced. b) The delivery of a liquid bolus of treatment
into the lungs of a mouse, with digital subtraction highlighting treatment location in green (Donnelley
et al., 2013). This image also shows the extra detail obtained in propagation-based phase contrast
(inset), with dark lines highlighting the edges of major airways and the periphery of the lungs
(posterior surface shown with white arrows, anterior with black arrows), and a speckle pattern seen
from the lungs.

Table legends:
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Table 1. Typical positron emitters (with half-life and positron range).

Table 2. Main features of the experimental methods.
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