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Abstract

Aerosol particles are generated in human airways and leave the body with exhaled
air. The particles originate from the respiratory tract and contain non-volatile com-
pounds that potentially may be used as biomarkers for various medical conditions.
To utilise any information provided by the particles, they must be characterised. The
work performed in this thesis focuses on measuring concentrations and size distribu-
tions of endogenous particles in exhaled air. The results give indications on how and
where in the airways particles are formed.

Number size distributions of exhaled particles, obtained from different individuals
and breathing techniques, were measured. The results show that the inter-individual
variation in number concentration is very high, while the size distribution peaks at
about the same diameter for all subjects. The distribution peaks at a smaller particle
diameter for tidal breathing than it does for breathing reaching airway closure. More-
over, deep exhalations result in significantly higher particle concentrations than tidal
breathing. Exhalation followed by a few seconds breath hold amplifies the number of
particles emitted in the subsequent exhalation, whereas breath hold after inhalation
reduces the concentration. It was also found that a particle quickly shrinks when
it leaves the saturated environment inside the human body for a surrounding with
lower relative humidity.

The results obtained support the theory that exhaled particles are created through a
film rupture process. Following exhalation, airway closure and subsequent inhalation,
fluid films are spanned across the airways. These films burst and form particles that
leave the body with the next exhalation. It is suggested that tidal breathing activates
the very smallest airways and produces the smallest particles. As exhalation depth
increases, additional, larger airways close and larger particles are formed. Breath
hold at low lung volume results in extensive airway closure and increased particle
concentration, while breath hold at high lung volume causes deposition and loss of
particles. It is further suggested that the particles are supersaturated liquid droplets
shortly after leaving the human body.

Keywords: exhaled particles, size distribution, tidal breathing, airway closure, rela-
tive humidity, breath hold, deposition, film droplet
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Introduction

It has been known for a considerable time that aerosol particles are generated in
human airways, and that these particles leave the body as we cough, sneeze, laugh,
speak, or even as we breathe. The particles contain non-volatile compounds, pre-
sumably originating from the respiratory tract lining fluid (RTLF) in one or several
regions of the airways.!~* Exhaled particles may carry pathogens that transmit air-
borne infectious diseases.>% In addition, their potential as carriers of indicators of

various diseases and lung conditions is discussed in the literature. 347

Recent interest in endogenously produced exhaled particles was partly sparked by
the observation of non-volatile, biogenic compounds in exhaled breath condensate
(EBC).3%78 EBC is obtained by cooling exhaled air and collecting the condensed
water in a receiver. The only way that non-volatile material can end up in the receiver
is if it is transported from the exhaling subject in the form of airborne particles. In
addition to water, EBC contains every type of molecule that RTLF does, but in very
low concentrations. Many potential biomarkers for airway inflammation and oxida-
tive stress, originating from RTLF, have been detected in EBC.34"# Unfortunately,
EBC equipment is not often designed for efficient particle collection. Consequently,
this way of collecting non-volatile material from exhaled breath has been troubled
with, e.g., contamination, unpredictable dilution of the samples, and concentrations
close to the detection limit.>*7=% A more efficient methodology is required to utilise
any information provided by the non-volatile compounds in exhaled breath. Such
a method should focus on collecting particles, and for this purpose it is crucial to
understand the formation mechanisms and physical behaviour of these particles.

The work described in this thesis was undertaken with the overall aim to extend
the knowledge about the physical behaviour of exhaled aerosol particles. The inten-
tion was to better understand where in the airways formation takes place, and which
mechanisms govern the formation. This thesis is based on four scientific papers.
Number size distributions of exhaled particles in the range from 0.01 to 2.0 um,
obtained from different individuals and different breathing techniques, are measured
in Paper |. This is, to the author’'s knowledge, the first time size distributions of
exhaled particles smaller than 0.4 um have been measured with good size resolution.
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In Paper I, the relation between humidity and size of exhaled particles is experi-
mentally investigated. By measuring number size distributions of exhaled particles
at various relative humidities, it is possible to estimate the corresponding size distri-
bution at the point of generation, i.e., at high relative humidity. Paper Il examines
how it is possible to influence the concentrations of particles being emitted from an
individual by altering the breathing pattern. The results are important not only for
the basic understanding of particle formation, but they can also help improve the
process of collecting exhaled particles for chemical analysis. In Paper 1V, fluid films
are spanned across holes of different diameters. These films burst, in analogy with
soap bubbles, and droplets are formed. The influence of film dimensions on droplet
formation is investigated, with possible implications for exhaled particle formation.

To put the results presented in the papers in context, a Background to the field
of interest is presented. This includes an overview of the respiratory system and a
brief introduction to the fundamental physical properties of aerosol particles. The
phenomenon of exhaled particles is introduced. The appended papers are based on
experimental studies presented in the Material and Methods section. Also de-
scribed are the commercial instruments that were used in the studies. A summary
of the Results obtained in each paper is presented, and subsequently debated in the
Discussion. Finally, | give some Concluding Remarks and QOutlook for future
work.



Background

The Respiratory System

The Airways

The main function of the lungs is to enable gas exchange, i.e., to transport oxygen
to the bloodstream and carbon dioxide from the bloodstream. The respiratory sys-
tem, illustrated in Figure 1, can be divided into three main regions: the conducting
zone, the transitional zone and the respiratory zone. The conducting zone comprises
airways that conduct gas to and from the respiratory zone, where the exchange of
oxygen and carbon dioxide takes place. Between the conducting zone and the res-
piratory zone is the transitional zone, in which both air flow and gas exchange occur.

The conducting zone consists of trachea, bronchi and bronchioles. The trachea
divides into left and right primary bronchus. The primary bronchi subsequently
branch off to form smaller secondary bronchi, which in turn divide into even smaller
bronchi. Trachea and primary bronchi are supported by semi-circular cartilage, but
as the diameter of the bronchi decreases, the cartilage rings are replaced by irregu-
larly shaped cartilage plates. The plates diminish progressively in the distal airways
and disappear when the airways are approximately 1 mm in diameter. By definition,
airways without cartilage are termed bronchioles.!%! Glands exist in the conducting
airways, and all inner walls are lined with ciliated epithelium that catch debris and
remove it in the mucus escalator. The smallest bronchiole that is still completely
lined by bronchial epithelial cells is the terminal bronchiole.!?

In the transitional zone, alveoli begin to appear in the airway wall. Alveoli are
small, thin-walled and compliant air sacs with a rich capillary blood supply. They are
designed specifically for gas exchange. Alveoli are attached to all parts of the region,
and ciliated cells extend from the main bronchi to the bronchioloalveolar junction.
These cilia are short and decreased in number, but their function is maintained.!?

The respiratory zone begins where the walls of the airways are entirely made of
alveoli, and the bronchiolar epithelial cells have completely disappeared. The alve-

3
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olar duct terminates in alveolar sacs, which are clusters of alveoli. Gas exchange
occurs via diffusion, moving gas from the alveolar sacs across the alveolar and cap-
illary walls into the capillary blood. There are between 300 and 800 million alveoli
in the lungs, covering a surface area of 70-90 m?2.11:13:14 Even though the respiratory
zone is not ciliated, inhaled particles that are deposited there may be cleared out by
resident macrophages.
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Figure 1: The respiratory system. Adapted from Hinds.'4

Each level of branching in the airways is called a generation. At each bifurcation, the
cross-sectional area of a daughter branch is decreased by a factor of about 0.75.12
The trachea is generation z = 0, and the primary bronchi are generation z = 1. The
first sixteen generations, from trachea to terminal bronchioles, make up the con-
ducting zone. The transitional zone includes the next three generations, where the
number of alveoli in the airway wall steadily increases. Finally, there are three gen-
erations of alveolar ducts and one generation of alveolar sacs, which constitute the
respiratory zone. Airways of generation 8 and above are often called small airways
or peripheral airways. Table 1 gives the characteristics of the respiratory system,
as formulated by Weibel'® and adapted by Hinds.!'* Even though Weibel describes
the respiratory system as symmetrical, the branching pattern is actually significantly

asymmetrical.1
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Table 1: Characterisation of the respiratory system. The table is based on Weibel’s
generally accepted lung model and constructed from information by Weibel!® and
Hinds.!4

airway generation number diameter | length total
per Cross
generation section
z n(z) cm cm cm?
trachea 0 1118 12.0 2.54
primary bronchus 1 21 1.22 4.76 2.33
lobar bronchus 2 4 | 0.830 1.90 2.13
3 8 | 0.560 0.76 2.00
segmental bronchus 4 16 | 0.450 1.27 2.48
5 32 | 0.350 1.07 3.11
6 64 | 0.280 0.90 3.96
7 128 | 0.230 0.76 5.10
bronchi with cartilage in wall 8 256 | 0.186 0.64 6.95
9 512 | 0.154 0.54 9.56
10 1024 | 0.130 0.46 13.4
terminal bronchus 11 2048 | 0.109 0.39 19.6
12 4096 | 0.095 0.33 28.8
13 8192 | 0.082 0.27 44.5
bronchioles with muscles in wall 14 16384 | 0.074 0.23 69.4
15 32768 | 0.066 0.20 113.0
terminal bronchiole 16 65536 | 0.060 0.165 180.0
respiratory bronchiole 17 131072 | 0.054 0.141 300.0
18 262144 | 0.050 0.117 534.0
19 524288 | 0.047 0.099 944.0
alveolar duct 20 1048576 | 0.045 0.083 | 1600.0
21 2097152 | 0.043 0.070 | 3220.0
22 4194304 | 0.041 0.059 | 5880.0
alveolar sac 23 8388608 | 0.041 0.050 | 11800.0

Respiratory Tract Lining Fluid (RTLF)

Respiratory tract lining fluid (RTLF) is a thin liquid film that lines the air-facing
surface of the lungs. It lubricates and protects the pulmonary epithelium and is
critical for maintaining the normal lung functions and lung structure. For example,
the surface tension that acts on the air RLTF interface is responsible for 50-60% of
the lung's elastic recoil.!” Moreover, RTLF can react with inhaled gas and thereby
influence gas transfer.'® RTLF is distributed continuously throughout the respiratory
tract, but its chemical composition, cellular constituents and physiology varies be-

tween the conducting zone and the respiratory zone.!®

The conducting zone is lined with a ~5-100 um thick layer of RTLF.1? In this
region, the fluid is believed to consist of two phases:? a periciliary watery sol which
surrounds the epithelial cilia, and a covering mucus blanket or gel. The gel phase
contains bronchial glycoproteins, some serum proteins and protein bound to the
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bronchial glycoproteins, while the sol phase contains any soluble components of
bronchial secretion, together with serum proteins.?! RTLF constitutes a mechanical
barrier to inhaled particles and microorganisms. Generally, particles with diameters
larger than about 5 um are trapped in the lining fluid and are then cleared from the
lung via the mucociliary escalator. Here, the cilia beat the mucus towards the mouth,
thus propelling inhaled particles and mucus up to the oropharynx for swallowing or
expectoration.

RTLF in the respiratory zone is a watery phase covered by an overlying film of
surfactant, about 0.1-0.2 pm deep.'® The pulmonary surfactant is composed of
phospholipids (~80%), cholesterol (~10%), proteins (~10%) and small amounts
of carbohydrates.'® The lipid composition is dominated by phosphatidylcholine, but
there are also significant amounts of phosphatidylglycerol present. Inhaled particles
that are smaller than about 5 um in diameter and pass through the conducting zone
can be trapped in the alveolar RTLF. Here, they become available for phagocytosis
by resident alveolar macrophages. The macrophages physically remove the phagocy-
tised material from the alveoli to the mucosciliary escalator of the conducting zone
or across the alveolar epithelium to the interstitium or circulating blood.

Lung and airway diseases, such as asthma, cystic fibrosis, acute respiratory distress
syndrome and pneumonia, are associated with alterations of the RTLF composition.??~2°
By identifying and quantifying the compounds in RTLF, it may therefore be possible
to detect and diagnose lung and airway diseases, as well as to monitor patients and

follow up on pharmaceutical treatments.

The Ventilation Cycle

A normal, healthy adult processes between 10 and 20 m? air per day.'* Normal respi-
rations are 10 to 18 breaths per minute, with about 0.5 litres of air being inhaled and
exhaled with each breath. During forceful breathing, e.g. during heavy work, respi-
rations can be 40 breaths per minute, and the volume of air in a breath may reach
6 litres. The breathing cycle is driven by active muscle labour as well as by passive
forces.!%25 Inhalation is an active process, initiated by the diaphragm and supported
by external intercostal muscles. The lung volume increases when the diaphragm
contracts and the rib cage expands. Contents of the abdomen are moved downward.
During exhalation, the muscles relax and the lung volume decreases by passive forces.
If breathing is forced, expiratory muscles assist in the recoil. The internal intercostal
muscles and the abdominal muscles cause the ribcage to depress and the thorax,
lungs and alveoli to contract. Under normal conditions, however, alveoli contract
due to recoil of the surrounding elastic fibres. Lung recoil is also an effect of surface
fluid forces in the lung.'?® The pulmonary surfactant found in RTLF reduces the
surface tension in the alveoli, thus lowering the elastic recoil and increasing lung
compliance. The normal surface tension of water is about 72 mN m~!,%" and in the
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1 1126 However, at the end of expiration, compressed surfactant

lungs it is 25 mN m~
phospholipid molecules reduce the surface tension to near-zero levels. The presence
of surfactant thus prevents a collapse of the alveoli during expiration by reducing the
surface tension. Furthermore, the reduction in surface tension draws fluid across the

alveolar wall, reducing fluid accumulation in the alveoli.

Surfactant also helps regulate alveolar size.':26 During inhalation, alveoli increase in
size and the surfactant is spread out over a larger surface. As a consequence, surface
tension increases, and the expansion rate of the alveoli decreases. This means that
all alveoli will expand at the same rate, since a large alveolus will experience a large
increase in surface tension and its expansion will be slowed down. Likewise, the rate
of alveolar shrinking becomes more regular during exhalation, due to the presence of

surfactant.
[ A A
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Figure 2: Lung volumes and capacities.

Lung volume refers to the volume of air associated with different phases of the ven-
tilation cycle. Lung volumes and capacities are illustrated in Figure 2. Tidal volume
(TV) is the volume of air that is inhaled or exhaled during a breath, at rest. This
type of breathing is referred to as tidal breathing. Inspiratory reserve volume (IRV)
is the additional volume that can be inhaled, by force, following a normal inspiration.
Conversely, expiratory reserve volume (ERV) is the additional volume that can be
exhaled, by force, following a normal expiration. Vital capacity (VC) is the maximum
volume of air that can be exhaled after a maximal inspiration; VC = TV + IRV +
ERV. Residual volume (RV) is the volume of air still in the lungs at the end of a
maximal expiration; RV = FRC - ERV. It cannot be expired no matter how vigorous
the effort. Functional residual capacity (FRC) is the volume of air remaining in the
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lungs at the end of a normal expiration; FRC = RV + ERV, and total lung capacity
(TLC) is the volume of air in the lungs at the end of a maximal inspiration; TLC =
FRC + TV + IRV + RV.

Lung volumes are important for assessing lung function. The most commonly used
units are FRC, VC and FEV;, which can be measured using spirometry. FEV; -
forced expiratory flow in one second - is the volume of air that can be expired during
one second after a maximum inspiration. A low FEV;/FVC value indicates airway
obstruction.

Airway Closure

Airway closure is a phenomenon that involves blockage of the airways. It takes place
at low lung volume in healthy adults, normally at the end of an expiration approach-
ing RV.2829 The liquid blockages usually rupture during the subsequent inspiration,
and the re-opening of airways can be identified by a crackling sound, detectable by
sensitive instruments.3’3! It is suggested that airway closure occurs in the vicinity
of the terminal bronchioles, where airway diameters are small and the RTLF layer is
thick.?82% The fundamental features of airway closure were first described by Dollfuss

et al.3?

in 1967. The authors showed that closure of peripheral airways begins in
the lower lung regions (while in upright position), and progresses toward the upper
lung regions with further decrease in lung volume. The point at which airway closure
begins during a progressive slow exhalation is called the closing point (CP), and the
volume remaining to residual volume is the closing volume (CV). Tidal airway closure
can be observed in, e.g., chronic obstructive pulmonary disease, asthma, obesity and
chronic heart failure.® Further, elderly subjects generally reach airway closure earlier
than younger individuals.323% This observation has been attributed to age-related
loss of lung recoil,3* but it has also been suggested that a decreased resistance to

collapse of aged airways plays a role.3

Kamm and Schroter3® distinguish between two types of airway closure, which they
define as compliant collapse and film collapse. In compliant collapse, the airway walls
are deformed by compression and held in apposition by the adhesive properties of
RTLF.17:3%36 This type of collapse is promoted by flexibility of the airway walls and
high surface tension of the RTLF layer.!”35=37 Film collapse is described as liquid
plug formation in rigid axisymmetric vessels. It is a purely fluid-mechanical process
which tends to occur when the surface tension is much smaller than the airway wall
stiffness,'” and the ratio of lining fluid thickness to airway radius is high.3>=3¢ At the
end of a deep expiration, surface tension driven instabilities in the RTLF lead to the
formation of liquid plugs that occlude the airways.!”??:32:3% During this process, the
airway walls remain more or less cylindrical. In excised dog lungs, compliant collapse
is the most likely process,®® but it still appears unknown which type of collapse that
dominates in human lungs.
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The tendency to form plugs in the airways is still being investigated, and the mech-
anism is not yet fully understood. Cassidy et al.3? combined studies of immiscible
liquids flowing in a capillary with theoretical considerations and concluded that a
high surface tension of the liquid and a high ratio of liquid layer thickness to cap-
illary diameter promote instability and plug formation in axisymmetric capillaries.
Malashenko et al.“ hypothesised that the liquid plug that forms inside small airways
will travel along the airway, and disintegrate if the capillary number is high. The cap-
illary number is a dimensionless number expressing the ratio of hydrodynamic shear
forces to surface tension at a gas liquid interface.*? Lindsley et al.*! and Heil et al.!”
considered the likely possibility that airways and lining before and after closure are

not axisymmetric but adapt more realistic geometries.

Aerosol Particles

Aerosols are defined as suspensions of liquid or solid particles in a gas. The term
particle or particulate matter is used for either solid or liquid particles in the aerosol.
When the particle is liquid, the term droplet is also used. Aerosols can be both
natural and anthropogenic in origin. Some examples of particles originating from
natural aerosol sources are sea spray, soil dust, fog, haze and mist. Anthropogenic
aerosol sources are many, amongst others fossil fuel combustion and biomass burning.
Worth mentioning are also bioaerosols, which are aerosols of biological origin, e.g.,
viruses, bacteria, spores, pollen and fungi.

Aerosol Characterisation

The behaviour of aerosols is largely characterised by particle size, which ranges from
about 0.001 to over 100 um in diameter. The lower end represents a freshly nu-
cleated cluster, which contains only a few molecules, while the upper end would be
the size of very fine sand. Particles are often referred to as having a diameter, even
though they are not always spherical. The diameter of an aerosol particle is therefore
a physical, rather than geometrical, property. An equivalent diameter is defined as
the diameter of a sphere that would have the same value of a particular physical
property as an irregularly-shaped object. Various types of instruments report dif-
ferent measures of particle diameter, depending on the employed methodology and
application. Hence, a universal measure of particle size does not exist.

Aerosol particles are normally measured by number or mass concentration. Number
concentrations of particles emphasize the numerous, but tiny particles, while mass
concentrations are biased towards larger and heavier particles. Sometimes, measure-
ments focus on surface area or volume. The type of measurement chosen is based
on the effect of the particle that is in focus. For spherical particles of known density,
it is easy to convert between mass, number, volume and surface concentrations.
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Most aerosols are polydisperse, i.e., contain particles of different sizes. It is there-
fore necessary to introduce size distributions, e.g., number size distributions or mass
size distributions. To obtain a number size distribution, the entire size range of the
aerosol is divided into a series of successive size intervals, and the number of particles
in each interval is determined. The size groups must be contiguous, with the upper
size limit of each interval coinciding with the lower size limit of the next interval.
To be able to compare contents of intervals with different widths, the number of
particles in an interval is often divided by the width of the size interval in which
they are found. This gives the number of particles per unit of size interval, e.g.,
number um~!. By using a large number of intervals, a smooth size distribution is
obtained. This smooth curve may be amendable to mathematical interpretation.
For example, the area under the number size distribution curve is proportional to the
number concentration of particles. A size distribution can also be described with the
y-axis giving the fraction of particles in each interval. This is the frequency function
of the aerosol. The area under the frequency function between particle diameter d;
and d; ;| equals the fraction of particles whose diameters fall within this interval.

Aerosols may sometimes be described by the normal (or Gaussian) distribution. All
normal distributions are symmetrical and have a bell-shaped density curve with a
single peak located at a mean value. The probability function, P(x), of a normal
distribution can be described by Equation 1.

1 —(z—p)?/25D?

P(x) = me (z—p)?/ (1)
Here, 1 is the mean value of the distribution, where the peak of density occurs,
and SD is the standard deviation, which gives the spread of the curve. For normally
distributed particles, 95% of all particles fall within the size range defined by p
+2SD. Polydisperse aerosols with a large size span cannot be described by the
normal distribution. Instead, the log-normal distribution is used, which is a normal
distribution with the x-axis on logarithmic scale. The parameters in Equation 1 are
then replaced with their logarithmic counterparts.

Aerosol Dynamics

When a particle is released in air, it quickly reaches its terminal settling velocity,
Vrs. Here, the drag force by the air on the moving particle equals the opposite force
of gravity. The terminal settling velocity for a spherical particle in still air and at

Reynolds number (Re) < 0.1 can be described using Stokes's law in Equation 2,

2
ppdpgcc

Vig = ——, 2
o = 23 &)
where 7 is absolute air viscosity, g is standard gravity, p, is particle density, d), is par-
ticle diameter, and C, is the corresponding Cunningham slip correction factor. The
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Cunningham slip correction factor is used to account for non-continuum effects when
calculating the drag on small particles, and should be applied for particles < 1 pm.

Relaxation time, 7, is the time it takes for a particle released in still air to reach
its terminal settling velocity. When the only external force acting on the particle is
gravity, 7 is defined as the ratio of terminal settling velocity to the acceleration of
gravity. It can also be described as the product of particle mass, m, and mobility, B;

v
r=-—"—mB. (3)
g
The stopping distance, S, is the maximum distance a particle with initial velocity V
will travel in still air if no external forces are present, and can be described as

S = Vor = mBVj. (4)

The value of S represents the ultimate distance a particle will travel in still air if
any external forces acting on the particle were suddenly turned off. An important
application for the stopping distance is for a particle moving with an airstream that
is abruptly turned 90 degrees. In this case, the stopping distance is the distance
the particle continues to travel in its original direction. Thus, it can be seen as a
measure of the persistence of a particle to continue along its original path.'4

The most important physical processes that affect aerosol dynamics are conden-
sation, evaporation, deposition and coagulation.'* Concepts that are central for the
work performed in this thesis are described below.

Condensation and Evaporation

Aerosols are two-phase systems that include both particles and the gas in which the
particles are suspended. The most important mass transfer processes between the
gas phase and the particle phase are condensation and evaporation. Condensation
can be described as a transition from gas to liquid phase that occurs when a vapour
condenses on a pre-existing surface. Evaporation is the opposite process; a transi-
tion from liquid to vapour phase. During condensation, a particle grows bigger as
it accumulates more liquid. When liquid evaporates from a particle, it will shrink.
Condensation and evaporation only affect the properties of single particles, such as
mass or size. As long as the particle is not completely removed by evaporation or
transferred into a size that is not included in the measurement, the number concen-
tration of particles will not change.

Particle growth by condensation normally requires a supersaturated vapour. Su-
persaturation may be produced by cooling a vapour, and is dependent on actual
partial pressure, P, and saturation vapour pressure, Pg. P is the pressure that a gas
(or vapour) in a mixture of gases would exert if it alone were to occupy the entire
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volume that is now occupied by the mixture. Pgs is a property of a bulk material, lig-
uid or solid, that describes the pressure required to maintain a vapour in equilibrium
with the condensed vapour at a specified temperature. When the partial pressure
of a vapour equals its saturation vapour pressure, the system is in equilibrium. This
means that the rate of evaporation from the surface equals the rate of condensation
on the surface. If, at a given temperature, the partial pressure is less than the sat-
uration vapour pressure, the vapour is unsaturated. If the partial pressure is greater
than the saturation vapour pressure, it is supersaturated. The saturation ratio, Sg,
is defined as the ratio between P and Pg, i.e., S = P/Ps. This means that for
Sk < 1, the vapour is unsaturated, and for Sp > 1, it is supersaturated. For Sy =1,
the vapour is saturated.

The reasoning above applies to pure liquids. Aerosols are not often pure liquids,
but contain a variety of chemical compounds. Raoult’s law may then be applied to
calculate the partial pressure P; for the component / in a mixture.

P; = P)ya; (5)

Here, P;° is the vapour pressure of the pure component i, x; is the mole fraction of
component / in the mixture, and - is the activity coefficient, taking into account the
non-ideality of the solution. Raoult’s law states that the vapour pressure of a gas
over a solution depends on the pure component vapour pressure and its mole frac-
tion in the solution. As the total number of components in a solution increases, the
individual vapour pressure decreases. Thus, a vapour may distribute into a particle
made up of several components even though the vapour is not supersaturated.

If the liquid surface under consideration is curved, which is the case for droplets,
the partial pressure required to maintain equilibrium is greater than that for a flat
surface. Consequently, it is easier for molecules to evaporate from a droplet sur-
face than from a flat surface. This is known as the Kelvin effect, and is significant
for particles smaller than 0.1 pum in diameter.!* The saturation ratio required for
equilibrium in a pure liquid droplet is given by the Kelvin equation,

P doM
S = —_— 6
R=p, TP ( pRTdk) ’ (6)

where o, M and p are surface tension, molecular weight and density of the liquid,
and dj is the droplet diameter that will neither grow nor evaporate at the given
saturation ratio, i.e., the Kelvin diameter. T is the temperature of the system, and
R is the gas constant. For every droplet diameter, there is a saturation ratio where
the droplet is in equilibrium. If the ratio is too small, the droplet evaporates. If the
ratio is too great, the droplet grows. An implication of the Kelvin effect is that small
particles of pure liquid are unstable at saturation (Sg = 1) and will evaporate. A
supersaturated environment is required to maintain equilibrium.
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Deposition

Deposition of aerosol particles occurs mainly via sedimentation, diffusion, impaction,
or interception.'* These processes are illustrated in Figure 3. Other deposition mech-
anisms are electrostatic attraction, thermophoresis, diffusiophoresis and photophore-
sis, but these will not be discussed here.

Sedimentation, i.e., gravitational settling, means that a particle simply falls due to
gravity. Sedimentation is the dominating deposition mechanism for particles larger
than about 0.5 um in diameter.!* Diffusion is a primary transport mechanism for par-
ticles smaller than 0.1 um and is seldom considered for particles larger than 1 zm.!* It
is the result of random movement of particles as they collide with gas molecules, i.e.,
Brownian motion. Gas molecules that undergo Brownian motion normally rebound
when they hit a surface, but aerosol particles adhere to it and are lost. Impaction
occurs when an obstacle is introduced into a flow of particles. The obstacle disturbs
the gas flow and forces it to change direction. Small particles are able to follow
the new direction of the flow, whereas large particles, owing to their greater iner-
tia, are unable to change their direction and impact on the obstacle. Interception
takes place when small particles, that originally follow the streamlines of an air flow,
comes within one particle radius of the surface of an obstacle that is introduced in
the flow. The edge of the particle collides with the obstacle and impacts because
of its finite size. For a given particle size, there are certain streamlines that will
result in interception, and other streamlines that will not. For pure interception, it
is assumed that the particles have negligible inertia or Brownian motion, and that
they follow the streamlines perfectly.

' e

gravityl
sedimentation impaction

diffusion
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Figure 3: Particle deposition mechanisms.
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Coagulation

Coagulation occurs when particles collide with each other and stick, forming new
and larger particles in the process. Consequently, the total number of particles is
reduced, while mass is conserved. Particles of the same size have a lower coagulation
rate than particles of different sizes, since smaller particles often diffuse into the
surface of larger ones. Thermal coagulation describes the process where the relative
motion between particles is due to Brownian motion. In their random movement,
particles may undergo numerous collisions with each other, depending on the number
concentration of particles. This process is spontaneous and ever-present for aerosols.
Kinematic coagulation is driven by other external forces than Brownian diffusion, such
as gravity. Here, particles of different sizes settle at different rates, thereby creating
relative motion between them. This leads to collision and coagulation.

Exhaled Particles

A minor natural source of aerosol particles, which is not yet fully understood, is ex-
haled breath from human beings. While the bulk matrix of exhaled air is a mixture of
nitrogen, oxygen, carbon dioxide, water, and inert gases, a single breath also includes
thousands of volatile and non-volatile compounds. The non-volatile compounds exit
the body in the form of particles when we exhale.

Exhaled breath has been analysed for centuries, but the measurements have mainly
focused on the volatile compounds. The ancient Greek physicians knew that they
could diagnose diseases from the characteristic odour of a patient’s breath. In the
17" century, lung volume measurements were established as a diagnostic tool, mainly
for tuberculosis. Nitric oxide (NO) is today a validated biomarker for airway in-
flammation, and current research investigates the use of volatile organic compounds
(VOC) as biomarkers for lung cancer?? and breast cancer.® Most inflammatory mark-
ers are, however, not volatile, and are therefore not found in the gas phase of exhaled
aerosol.?

Low concentrations of non-volatile and semi-volatile substances, such as proteins
and lipids, have been found in exhaled breath condensate (EBC). Many of the non-
volatile compounds that have been found can be linked to airway inflammation and
oxidative stress. Briefly, EBC is obtained by cooling moist exhaled air and collecting
the condensate. Sampling EBC is easy, inexpensive and non-invasive. However, as
mentioned in the introduction, the method has several disadvantages, such as unpre-
dictable dilution of the samples and concentrations close to the detection limit.>"—?
Moreover, according to Bondesson et al.**, EBC derives mainly from the central air-
ways. This suggests that the method may not be appropriate for analysis of RTLF
originating from smaller airways. A more efficient method is necessary to be able
to utilise any information provided by the non-volatile compounds of exhaled air.
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Such a method should focus on collecting exhaled particles, and for this purpose it
is essential to understand the formation mechanism and physical behaviour of these
particles.

Physical Analysis of Exhaled Particles

Early studies of endogenously produced particles in exhaled air indicated that the
particles were in the super-micron range, but this can most likely be attributed to
the fact that smaller particles could not be detected with the instruments that were
used. One example is Jennison,*> who in 1942 used high speed photography to
measure droplets that were produced from sneezing and coughing. The smallest
detectable diameter was 10 um. Another early example is Duguid (1945),%¢ who
studied droplets produced from sneezing, coughing and speaking by microscopic
measurements of stain marks found on slides exposed directly to air exhaled from
the mouth. Duguid reported droplet diameters ranging from 1 to 2000 pum, with the
majority being between 4 and 8 um.

More recent studies agree that exhaled particles are mostly in the sub-micron size
range, between 0.3 and 0.9 um.}247=53 Studies that focus on particles that are
emitted during sneezing and coughing give diameters between 1 and 16 pm .46
Concentrations have been reported to range between about 0.001 and 2500 parti-
cles cm=3, depending on the breathing method employed.!:24749:51=53:57 |t appears
that tidal breathing produces the lowest number of particles. As the tidal volume
increases, so does the particle concentration.?#%=52 The highest concentrations are
generally produced during coughing or sneezing.?**>%7 |t has been observed that if
inspiration is followed by a few seconds of breath hold, fewer particles are expired.5%53
Moreover, large inter-individual variability in exhaled particle concentration has been

observed,1:247:48:50:52,53,56.57 35 \vell as large intra-individual variability.}47-56

Particle Formation Mechanisms

High air velocities in the airways associated with, e.g., sneezing and coughing have
been shown to produce high numbers of particles.?**>>7 During these types of activi-
ties, turbulence and dynamic compression of the airways cause shaking and vibrations
of the airway walls, which in turn may produce droplets from the RTLF of primarily
central airways.?® The process is illustrated in Figure 4. Kleinstreuer et al.*® pointed
out that this type of turbulence-induced particle generation is unlikely to occur in
the lower respiratory tract during normal breathing, since the airflow is laminar in
the smaller bronchial airways down to and including the alveoli. The mechanism is
therefore restricted to the larynx or perhaps to bifurcations, where local eddies can
occur.
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Another plausible mechanism for particle formation in human airways, associated
with slow breathing, is based on the formation of film droplets. Recent work gives
strong circumstantial evidence for such a mechanism in connection with airway clo-
sure and subsequent reopening.748:50:53 After a deep exhalation, airway closure oc-
curs. During inhalation and airway reopening, it has been proposed that a film of
RTLF is spanned across the passage. When this film ruptures, droplets may form.
The process is conceptually illustrated in Figure 5. The simplified and highly exag-
gerated figure gives an idea of film droplet formation after airway closure caused by
compliant collapse, but film collapse would give a similar result.
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Figure 4: Conceptual illustration of turbulence-induced particle formation in airways.
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Figure 5: Conceptual illustration of film droplet formation in small airways. Exha-
lation is illustrated by arrows pointing to the right and inhalation by arrows pointing
to the left.

Film Droplet Formation

The knowledge about film droplet formation stems mainly from studies of soap films
and air bubbles in sea water. Blanchard® introduced the concept of film droplets
in 1963, when he proposed that a bubble film in sea water begins to disintegrate by
rupturing at a single point, and that the hole formed then rapidly widens. As the
hole grows larger, it gathers film material along the rim of the hole in the form of a



EXHALED PARTICLES 17

toroid which subsequently breaks up into film droplets. The droplets cover a large
size range and have considerable velocity in the direction of the advancing rim.%! This
means that droplets may impact in the vicinity of the outer edge of the film and be
lost or cause formation of secondary splash droplets.5%%2 Formation of particles as
small as 0.02 ;zm have been reported from bursting air bubbles at the sea surface.3:64

A flat soap film bursts by opening a hole driven by the surface tension of the fluid.
Bursting is completed in a millisecond or less. As the film bursts, the equilibrium of
surface tension forces in the plane of the film is broken, and the unbalanced forces
at the edge of the hole set the liquid in motion. The liquid at the rim of the hole
is exposed to extreme acceleration, and the velocity of the receding rim depends on
the thickness of the film.% In vertical films, this usually varies with height. The rim
of the hole does not remain smooth as it widens, since the accelerating film piles up
at the edge of the rim and creates indentations at the tip. Ligaments form, which
break and may leave the film as small droplets.5>-%6






Materials and Methods

Study Design

The general aim of the work performed in this thesis was to study the physical be-
haviour of exhaled aerosol particles, in order to shed some light on the underlying
formation mechanism and the region of particle generation. Several experimental
set-ups were developed and utilised. These are briefly described below, while more
detailed information can be found in the appended papers. The commercial instru-
ments that were used in the experiments are also introduced in this chapter.

Paper |

Number concentration and size are factors that largely determine the physical be-
haviour of exhaled particles. Moreover, the properties may provide information about
where and how the particles are created. The specific aim of Paper | was to compare
number size distributions from exhaled particles that were generated with different
breathing techniques and from different individuals. The intention was to extend the
knowledge about inter-individual variations and to contribute to the discussion on
particle generation mechanisms and regions of formation.

Exhaled particles were sampled from sixteen healthy volunteers. The particles were
generated from tidal breathing or from breathing reaching airway closure. In this
study, tidal breathing meant that the subject, at rest, breathed normally into the
instrument, without any control of volume or flow rate. For the airway closure ma-
noeuvre, subjects were instructed to exhale slowly until no more air could be expired,
reaching RV. This technique results in extensive airway closure. Exhaled particles
were collected in a diffusion tight bag stored at 307 K in a thermostatted chamber.
Number size distributions in the range from 0.01 to 2.0 um were determined using
an optical particle counter (OPC) and a scanning mobility particle sizer (SMPS) sys-
tem, consisting of a differential mobility analyser (DMA) and a condensation particle
counter (CPC). The set-up is illustrated in Figure 6.

19
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Figure 6: Set-up for studying number size distributions of exhaled particles in Paper
I. The subject inhales particle-free clean air and exhales either into the surrounding
air or into the apparatus. (A) thermostatted chamber (B) location of subject (C) high
efficiency particulate air (HEPA) filter (D) automatic two-way non-rebreathing valve
(E) manual two-way valve (F) table (G) ultrasonic flow meter to monitor exhalation
flow rate (H) 30 litre diffusion-tight storage bag (I) pressure plate to apply constant
pressure over the sampling bag (J) two-way HEPA filter (K) optical particle counter
(OPC) (L) differential mobility analyser (DMA) (M) condensation particle counter
(CPC) (N) mass flow controller for dry air.
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Figure 7: Set-up for studying number size distributions of exhaled particles at various
relative humidities in Paper II. The set-up is located in a climate chamber, and the
subject inhales particle-free clean air and exhales either into the surrounding air or
into the apparatus. (A) location of subject (B) high efficiency particulate air (HEPA)
filter (C) automatic two-way non-rebreathing valve (D) manual two-way valve (E)
buffer bag (F) two-way HEPA filter (G) water locks, allowing excess air to escape
when the buffer bag is filled to capacity and filtered air to enter the system to avoid
choking the instrument pumps when the bag is empty (H) diffusion drier (I) copper
tube (J) oven (K) dew point meter (L) optical particle counter (OPC) (M) pump for
regulating total flow in set-up.
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Paper Il

The equilibrium diameter of an aqueous droplet containing non-volatile substances
varies with relative humidity (RH). When endogenously produced particles are ex-
haled, they usually enter an environment where the RH is lower than in the respiratory
tract. The particles are then expected to shrink due to evaporation of water. The
scope of Paper Il was to evaluate the relation between humidity and size of exhaled
particles, in order to gain knowledge of the number size distribution at the point
of particle generation. This will aid the understanding of the underlying formation
mechanism. Further, particle size is an important factor when investigating, e.g., life
time in air as well as choice and efficiency of collection methods.

Number size distributions of exhaled particles were measured at easily controlled
RHs, and subsequently extrapolated to the range of interest, i.e., inside the human
lung. Breathing reaching airway closure, as described in Paper |, was employed.
Three subjects volunteered for the study. The set-up, illustrated in Figure 7, was
similar to that in Paper |, but with ovens and diffusion driers added to control
temperature and humidity of the exhaled air. Three different measurement modes
were used. In all modes, the chamber temperature was set to 308 K. In the first
mode, particles were measured without interfering with humidity. In the second
mode, exhaled air and particles were dried in a diffusion drier. Particles were ex-
pected to shrink due to evaporation of water. In the third mode, exhaled air was
directed through a diffusion drier and subsequently through an oven set to 348 or
423 K. The intention was to drive off as much as possible of the remaining water
from the particles, causing a phase transition and further size reduction. Particles
were measured with an OPC.

Paper Il

Exhaled particles may be collected and sampled for chemical analysis, but the small
amount of material available necessitates a very effective sampling procedure. It is
therefore desirable to find ways to maximise the amount of expired particles without
putting undue requirements on the subject under study. The specific aim of Paper
111 was to investigate how a short breath hold at functional residual capacity (FRC),
residual volume (RV) or total lung capacity (TLC) influences the concentration and
size distribution of exhaled particles. The findings will help improve the efficiency of
exhaled particle collection, and furthermore aid the understanding of particle forma-
tion mechanisms and related processes.

Number size distributions of exhaled particles were measured after well-defined pe-
riods of breath hold, either at FRC (FRC manoeuvres), RV (RV manoeuvres) or at

TLC (TLC manoeuvres). Breath hold at TLC was preceded by exhalation to RV.
Particles were measured with an OPC, and nineteen healthy subjects participated in
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the study. The experimental set-up is described in detail by Almstrand et al.!, and
is illustrated in Figure 8. Specific to this study is an ultra-sonic flow meter at the
mouth end, which makes it possible to record and visualise both inhalation and exha-
lation flow rate in real time, thus enabling compliance to the prescribed manoeuvre.
Expiratory flow rates were kept low in order to avoid dynamic compression, which
may result in exhaled particles from large airways.%® The set-up was housed at 309 K
to avoid condensation in the equipment.

For breath hold at TLC, it is likely that a size dependent fraction of the parti-
cles generated in small airways settle in the alveoli. Some deposition is also expected
in the bronchioles. A rough estimate of deposition loss can be made from particle
size and alveolar dimensions. In the present study, an alveolus was approximated
by a spherical volume with a diameter of 0.3 mm and two idealised situations for
gravitational settling were modelled. The first model describes settling in well-mixed
air, and the other settling in still air. Diffusion may also be a cause of particle loss
in the respiratory system, but this process becomes important when the particles are
smaller than 0.5 zzm.** The instrument used here can only detect particles larger than
0.41 um, and diffusion was therefore not considered in any of the models. Impaction
is a source of loss mainly for large particles in large and medium-sized airways,*
and was not considered either. Interception was not taken into account, since the
likelihood of interception in the airways would depend on the proximity of the gas
streamline to the airway surface and on the ratio of particle size to airway diameter.
These factors are usually small even in the smallest airways.'*
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Figure 8: Set-up for studying the effect of breath hold on amount of exhaled particles
in Paper III. The set-up is located in a climate chamber, and the subject inhales
particle-free clean air and exhales either into the surrounding air or into the apparatus.
(A) subject under investigation (B) thermostatted box (C) ultrasonic flow meter to
monitor and control breathing patterns (D) automatic two-way non-rebreathing valve
(E) manual two-way valve (F) high efficiency particulate air (HEPA) filter (G) optical
particle counter (OPC) (H) impactor with associated flow meter and pump (samples

were not analysed in this study) (I) tubular reservoir (J) moist air added at a rate
slightly exceeding the rate of extraction by the OPC and impactor (K) vent.
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Paper IV

Aerosol particles may be generated from rupturing liquid films. The formation pro-
cess, connecting film properties to droplet number and size, has received little atten-
tion. The work performed in Paper IV was undertaken with the aim to understand
the influence of film dimensions on droplet formation, with possible implications for
exhaled particles. An additional goal was to investigate the effect of surface tension
on film droplet formation.

The film droplet formation mechanism, which is likely to be the mechanism respon-
sible for particle formation in small airways, was experimentally mimicked by using
a purpose-built instrument, shown in Figure 9. Working fluids with various surface
tension were spanned across holes of different diameter and length, i.e., across per-
forated plates, each with well-defined hole diameters and of known thickness. As the
films burst, droplets were formed. The total droplet concentrations were measured
with a CPC, while number size distributions were measured with an OPC. The num-
ber of droplets generated from a plate was calculated by summing the product of the
concentrations given by the instruments with the flow rate through the chamber and
the averaging time for the concentration measurement. This quantity was divided
by the number of holes in the plate and the surface area of one hole to give the
number of droplets formed per unit surface area of film and is referred to as specific
droplet formation capacity (SDFC). Furthermore, an average droplet diameter was
calculated for each film diameter and working fluid.

The diameter of the holes in which the fluid films were spanned ranged from 0.95
to 8 mm. The thickness of the perforated plates varied between 0.1 and 1.45 mm.
Arranged in the order of increasing surface tension, the working fluids used were
phosphatidylcholine (PC) solution, sodium dodecyl sulphate (SDS) solution, diluted
Curosurf®, PC/protein mix and isotonic NaCl solution. Some fluids were chosen to
illuminate the effects of properties such as surfactant solubility and surface tension
on the film droplet formation process, while others were selected since they contain
constituents that have been found in RTLF. This is described in more detail in the
appended paper.

Unpublished Work

In an attempt to further explore exhaled particles, they were collected and imaged in
a scanning electron microscope (SEM). Breathing reaching airway closure was em-
ployed, and collection took place in the experimental set-up described by Almstrand
et al.! and in Figure 8. Briefly, particles were collected on a silicon plate, using a
cascade impactor. Particles were imaged under high vacuum conditions.
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Figure 9: Set-up for studying film droplet formation in Paper IV. The bottom illus-
tration is a section through the top illustration, viewed in the direction of the section
arrows. (A) air-tight chamber (B) working fluid container (C) exchangeable perforated
plate (D) movable rod to manually extract from, or immerse plate in working fluid
(E) filtered nitrogen gas inlet (F') particulate-laden nitrogen gas outlet (G) scraper to
remove excess liquid from perforated plate (H) optical particle counter (OPC) (I) con-
densation particle counter (CPC) (J) dew point meter (K) vent (L) sealed-off volume.
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Instrumentation

Optical Particle Counter (OPC)

The optical particle counter (OPC) used in Paper I-IV was a Grimm dust monitor
1.108 (Grimm Aerosol Technik GmbH, Ainring, Germany). This instrument mea-
sures size distributions of particles by means of single particle light scattering. A laser
source is used to illuminate the particle as it passes through a detection chamber
(see Figure 10). As the particle passes through a laser beam, light is scattered. The
scattered light is collected by a concave mirror at scattering angles ranging from 60
to 90 degrees, and reflected onto a photodiode. After current/voltage conversion
and proper amplification, the signal of the diode passes a multi-channel size classi-
fier. The number of pulses together with the flow rate gives the particle count, and
pulse height gives the particle size.

In Paper |, Il and IV, the instrument was operated in a 6 second averaging mode,
and delivered concentration data in fifteen size intervals, formally from 0.3 to greater
than 20 um. In Paper Ill, it was operated in a 1 second averaging mode, with eight
size intervals measuring particles in the range from 0.3 to greater than 2.0 um. The
instrument is calibrated using NIST-traceable polystyrene latex spheres. The optical
properties of latex spheres are quite different from those of exhaled particles, which
are assumed to contain mostly water. In Paper |, Mie-theory was applied to per-
form a correction of the size interval limits to better represent the actual physical
dimensions of aqueous droplets. The adjusted size intervals are found in Table 2.
These corrections were utilised also in Paper Ill, but not in Paper Il or Paper IV.
The reason for not applying the calculations in Paper Il is that the particles there
were dried and heated prior to analysis. Hence, it is not reasonable to assume that
they can be approximated by liquid water droplets. In Paper IV, the particles were
not exhaled particles, but droplets containing several different solutes.

detector
r ‘ sample air
"*v.
TR light trap
X 90° scattering angle
laser

mirror

Figure 10: Working principle of the Grimm dust monitor (obtained and adapted from
http://www.dustmonitor.com, courtesy of Grimm Aerosol Technik GmbH).
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Table 2: Original and adjusted interval limits for the Grimm dust monitor.

original | adjusted
interval interval
(pm) (pm)
0.3-0.4 | 0.41-0.55
0.4-0.5 | 0.55-0.70
0.5-0.65 | 0.70-0.92
0.65-0.8 | 0.92-1.14

0.8-1.0 | 1.14-1.44
1.0-1.6 | 1.44-2.36
1.6-2.0 | 2.36-2.98
2.0-3.0 | 2.98-4.55
3.0-4.0 | 4.55-6.15
4.0-5.0 | 6.15-7.77
5.0-7.5 | 7.77-11.9
7.5-10 11.9-16.1
10-15 16.1-24.5
15-20 24.5-33.1
>20 >33.1

Differential Mobility Analyser (DMA)

In Paper |, exhaled particles were sorted according to size using a differential mo-
bility analyser (TSI DMA 3071, TSI Inc., Shoreview, MN, USA). The instrument,
illustrated in Figure 11, classifies aerosol particles according to their electrical mo-
bility. The method is independent of other particle properties, such as density. The
first step in the DMA technique is to neutralise the incoming aerosol to ensure a
predictable distribution of charges amongst the particles. The aerosol sample is
therefore passed through a radioactive bipolar charger, by which a bipolar equilib-
rium charge is established. This way, an equilibrium state is obtained, with known
fractions of particles carrying no charge, single charge or multiple charges (positive
or negative). The fraction of particles carrying zero charge increases with decreasing
particle diameter. In fact, 99.32% of all particles with diameter 0.1 um will carry
zero charge.%” Following charging, the particles are injected into the DMA, where
they are allowed to migrate into a laminar flow of particle-free air (sheath air). The
DMA consists of a hollow, earthed cylinder with a concentric rod in the middle. The
rod is connected to a negative power supply that provides a negative potential and
creates an electric field inside the instrument. This field influences the flow trajec-
tory of the incoming particles. A negatively charged particle is repelled towards and
deposited on the inner wall of the DMA and a particle with neutral charge exits the
instrument with the sheath air. A particle with positive charge will move towards
the negatively charged central rod. This particle will be accelerated until it reaches
a certain constant limiting velocity, which depends on the magnitude of the electric
field and on the electrical mobility and charge of the particle. For spherical particles,
the electrical mobility is inversely related to particle size. If all particles have the
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same charge, then all particles of a given mobility will be of the same size. Particles
within a narrow range of electrical mobility achieve just the right velocity to be able
to exit the DMA through a sample slit. Particles with greater mobility migrate to
the central rod before reaching the slit, while those with lower mobility go beyond
the slit and are extracted out. Adjusting the magnitude of the electric field inside

the DMA controls the size of the exiting particles.
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Figure 11: Differential mobility analyser (DMA).

Condensation Particle Counter (CPC)

In Paper | and Paper IV, number concentrations of particles larger than 0.01 um
were measured with a condensation particle counter (TSI CPC 3022 or TSI CPC
3010, TSI Inc., Shoreview, MN, USA), illustrated in Figure 12. A CPC operates
like an OPC, in which particles are detected by light scattering. In a CPC, however,
a condensing vapour enlarges the particles before they are counted. This enables
detection of particles that are normally too small to be detected by optical methods,
i.e., particles that are too small to scatter sufficient amounts of light. The instru-
ment operates by drawing an aerosol sample through a heated saturator, in which a
working fluid (normally n-butanol) is vaporised and diffuses into the sample stream.
The aerosol sample becomes saturated with the vapour from the working fluid and
then continues into a cooled condenser. Inside the condenser, the vapour becomes
supersaturated. When sufficient supersaturation is reached, the vapour begins to
condense on the particles. Once condensation begins, the particles quickly grow
into larger liquid droplets. The enlarged particles are detected and counted by light
scattering. Light scattered by an individual particle is recorded as a voltage pulse.
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Figure 12: Condensation particle counter (CPC).

Scanning Mobility Particle Sizer (SMPS)

In Paper |, a scanning mobility particle sizer (TSI SMPS 3936, TSI Inc., Shoreview,
MN, USA) system was used to measure number size distributions of exhaled particles
in the range from 0.01 to 0.43 um. An SMPS system contains a DMA and a CPC.
The DMA is scanned over a range of sizes by varying the applied electric field,
and the particle concentration for each mobility range is measured with the CPC.
The drawback of the SMPS system is that it only observes charged particles in
a small interval of the size distribution at any given time. This makes statistically
sound measurements quite time consuming if concentrations are low. When studying
exhaled particles, the measurement procedure becomes impractical from a breathing
subject’s point of view.

Dew Point Meter

Dew point meters were used in Paper Il (Optidew High Performance Optical Dew-
Point Transmitter, Michell Instruments, Ely, UK) and Paper IV (System 1100 DP
Hygrometer, General Eastern Industries, USA) to track relative humidity (RH) during
the experiments. The essential part of a dew point meter is a cooled, polished metal
mirror. At a certain temperature, and for a constant barometric pressure, the water
vapour in air that is passed over this mirror will condense into liquid water. The
liquid water is fogging the mirror and reducing its reflection, thus indicating the dew
point. The dew point is found at saturation temperature, and is associated with
RH. At 100% RH, the dew point is equal to the current temperature, and the air is
maximally saturated with water.
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Ultrasonic Flow Meter

An ultrasonic flow meter (OEM Flow Sensor Spiroson-AS, ndd Medical Technologies,
Ziirich, Switzerland) was used in Paper | and Paper Ill to provide information
on inhalation and exhalation flow rates during the experiments. The instrument
measures the velocity of a gas by ultrasound. More specifically, it measures the
difference in transit time of ultrasonic pulses propagating in and against the direction
of the flow. This gives the average velocity of the gas along the path of the ultrasonic
beam. The ultrasonic flow meter used here measures gas flows at 200 Hz.

Cascade Impactor

In the unpublished work, a modified commercial three-stage cascade impactor (PM10
Impactor, Dekati Ltd, Tampere, Finland) was used to collect exhaled particles. A
cascade impactor is normally used to classify aerosol particles according to size and
to collect them on impaction plates for subsequent analysis. The aerosol under
investigation is drawn into the impactor via a nozzle or jet, and travels through a
series of orifices of decreasing size. This is illustrated in Figure 13. The output stream
after each stage in the impactor is directed against an impaction plate. Particles with
sufficient inertia cannot follow the streamlines, but will impact on the flat plate.
Smaller particles are able to follow the streamlines and will continue to the next
stage in the impactor. Here, the nozzle is smaller and the velocity through the
nozzle is higher, causing smaller particles to impact on the plate. Thus, particles
are separated stepwise by their momentum differences into a number of size ranges.
The impactor used in this work had three stages, but particles were only collected
on the last stage, i.e., in the range 0.5-2.0 um. The collection surface was a silicon
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Scanning Electron Microscope (SEM)

Exhaled particles that were collected by impaction in the unpublished work were
imaged using a scanning electron microscope (LEO 1550 FEG SEM, Angstrom Sci-
entific Inc., Ramsey, NJ, USA). A SEM is a microscope that uses electrons rather
than light to produce an image. A focused electron beam scans a sample and sec-
ondary electrons are produced. These electrons are collected by a positively charged
detector, and converted to an electric signal. The number of secondary electrons
emitted and reaching the detector depends on the topography of the sample. SEM
analysis is considered non-destructive, making it possible to analyse the same sample
repeatedly.



Results

Number Size Distribution of Exhaled Particles in the
Range from 0.01 to 2.0 ym

Number size distributions of particles generated from tidal breathing and from breath-
ing reaching airway closure were measured for sixteen healthy subjects in Paper I.
Two groups of individuals could be identified; high emitters and low emitters. Dur-
ing tidal breathing, the low emitters (n=14) exhaled less than 10 particles cm™
while the high emitters (n=2) reached levels of more than 50 particles cm™3. When
breathing reaching airway closure, low emitters (n=14) exhaled less than 30 parti-
cles cm™?, and high emitters (n=2) again as much as 50 particles cm~>. Statistical
characteristics for all exhaled particle concentrations are shown in Table 3, while
detailed data on individuals are found in the appended paper. No relation was found
between particle concentration and lung function, age or gender. Moreover, there
was no correlation between the total number of particles emitted from a subject
when breathing tidally and when breathing reaching airway closure. A subject who
emitted high concentrations of particles during tidal breathing did not necessarily do
so when breathing reaching airway closure.

Table 3: Statistical characteristics of exhaled particle concentrations from all subjects,
i.e., including both high and low emitters (n=16). The scanning mobility particle sizer
(SMPS) measured particles in the range from 0.01 to 0.43 pum, and the optical particle
sizer (OPC) from 0.41 to 33 pm.

average | standard | maximum | median | minimum
conc. dev. conc. conc. conc.
(m=?) | (m™?) | (em™) | (em3) | (em?)
Tidal breathing SMPS | 10.8 22.3 82.7 3.1 0.6
OPC 0.06 0.06 0.23 0.03 0.02
Airway closure ~ SMPS | 16.9 17.3 68.9 12.2 3.9
OPC 5.3 3.5 12.1 3.9 1.0
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The individual number concentrations achieved from breathing reaching airway clo-
sure were in all but two cases higher than the concentrations achieved from tidal
breathing. In these two cases, the number of particles generated during tidal breath-
ing was a factor 16 and 27 higher than the average value of the other fourteen
subjects. The fact that the two subjects were non-European has no significance
here, but may warrant closer investigation in the future.

Average number size distributions for tidal breathing and for breathing reaching
airway closure are illustrated in Figure 14. High emitters are not included in the fig-
ure, since they would dominate the distribution function and hide the typical average
values for the remaining individuals. However, the distributions peak at the same
diameter both with and without high emitters included. During tidal breathing, there
is a single mode at around 0.07 um. When switching to breathing reaching airway
closure, this mode remains, but an additional, stronger mode is found between about
0.2 and 0.5 um. No particles larger than 4.55 um were detected.
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Figure 14: Particle number size distributions obtained in Paper I. Average for all
participating low emitters. Data are positioned at the mid-diameter of each interval.

Relation Between Humidity and Size of Exhaled
Particles

Number size distributions of exhaled particles were measured at a relative humidity
(RH) of between 5.2 and 84.8% in Paper Il. The total concentration of particles
appeared to decrease as the humid exhaled air was sent through a diffusion drier,
lowering the RH to between 5 and 28%. In experiments where the particles first
were dried and then subsequently heated, the OPC reported increased concentra-
tions. Detailed data on the experiments are found in the appended paper. In all
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measurements, the number size distribution peaked in the smallest interval of the
OPC; hence a smaller or larger fraction of the distribution was not measured. At-
tempts were made to also use an SMPS system in the set-up, but with total counts
of between 20 and 100 particles during a 20 minute measurement period, it became
evident that the total scanning time was too short to provide reliable size distribu-
tions. Longer measurement periods were not practical from the breathing subject’s
point of view.

The location of the obtained size distributions required unusual data assessment.
Experimental data were evaluated under the assumption that the size distribution
function between 0.3 and 0.4 um (the smallest size interval of the OPC) was con-
stant across the interval. It was also assumed that all particles in the distribution
change volume by a constant factor upon a change in RH in the surrounding air.
The volume change gives rise to a diameter change, which can be expressed in terms
of the apparent decrease in particle concentration caused by the distribution shifting
over the lower detection limit of the OPC. Further, a simple model based on Raoult’s
law was set up to theoretically describe the volume of a liquid particle as a func-
tion of RH. A relation between particle volume and RH was fitted to experimental
data, and extrapolated to 99.5% RH. The calculations are described in detail in the
appended paper, and the results show that exhaled particles shrink by a factor of ap-
proximately 0.42 when they leave the saturated environment inside the human body
for a surrounding with 75% RH. This is illustrated in Figure 15, where the measured
size distribution is compared to the distribution that is expected at 99.5% RH, i.e.,
inside the human lung where the particles are generated.
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Figure 15: Shift in particle number size distribution caused by a change in relative
humidity (RH). The solid line represents the particles at 75% RH and the dashed line
shows the expected original distribution at 99.5% RH. The figure also illustrates the
minimum and maximum values for individual experiments.
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Effects of Breath Holding at Low and High Lung
Volumes on Amount of Exhaled Particles

In Paper 11, number size distributions of exhaled particles were measured after short
periods of breath hold at FRC, RV or TLC. Breath hold at RV resulted in successively
increased particle number concentration with time. After 5 and 10 seconds breath
hold, the median concentration increased by 63% and 110%, respectively. Breath
hold at FRC resulted in an increased particle concentration after 5 seconds, but ad-
ditional breath hold time did not cause any further increase. After 10 seconds breath
hold, the median concentration was 88% higher than that obtained at no breath
hold. On average, the RV manoeuvre resulted in about four times higher particle
concentration than the FRC manoeuvre. Breath hold at TLC caused a successive
decrease in particle concentration with time. After 5 seconds breath hold at TLC,
the median concentration decreased by 43%, while 10 and 20 seconds breath hold
resulted in a loss of 58% and 75% of the particles, respectively. Median values are
shown in Figure 16, where p-values are included. Both inter- and intra-individual
variations were large. The highest individual particle concentration was 34 times
higher than the lowest at no breath hold at RV, 21 times at FRC and 22 times at
TLC. The coefficient of variation (CoV) within individuals varied between 0 and 99%.

Particle number size distributions following the FRC and RV manoeuvres are shown
in Figure 17A and 17B, illustrating the considerably higher concentrations obtained
from the RV manoeuvre. Also shown, in Figure 17C, are the point by point ra-
tios between data from the FRC manoeuvre and the RV manoeuvre. If the same
mechanism is responsible for the particle generation in both manoeuvres, the ratio
is expected to be constant over all sizes for a given breath holding time. This is
approximately the case for particles smaller than about 1 pm.

Particle number size distributions for breath hold at TLC are compared to that
of no breath hold in Figure 18A. Also illustrated is a comparison between the ob-
served concentrations and the concentrations predicted by the models described in
the Materials and Methods section and in the appended paper. Figure 18B shows
the point by point ratios between the concentrations predicted by the well-mixed air
deposition model and the observed concentration. Figure 18C shows the correspond-
ing ratios for the still air deposition model. A full agreement between observation
and model would give values of 1.0 throughout. Here, however, it is clear that the
observed decrease is considerably larger than the calculated decrease, averaged over
all particle sizes.
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Figure 16: Median particle concentration versus breath holding time for the (A) FRC
manoeuvre (B) RV manoeuvre and (C) TLC manoeuvre. The vertical bars refer to
25-75 percentiles. P-values are two-tailed and according to Wilcoxon matched pairs

test.
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Figure 18: Particle number size distributions obtained after breath hold at TLC. (A)
shows the measured distributions. (B) shows the point by point ratios between the
values obtained from the model describing gravitational settling in well-mixed air and
the observed values. (C) shows the point by point ratios between the values obtained
from the model describing gravitational settling in still air and the observed values.
The dotted horizontal lines indicate the ideal ratio 1.0, where observation and model
would be in full agreement.
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Influence of Film Dimensions on Film Droplet
Formation

In Paper IV, the film droplet formation process was experimentally mimicked in a
purpose-built instrument, and the specific droplet formation capacity (SDFC) and
average droplet diameter were calculated. Numbers and sizes did not vary much,
even though working fluids with no, insoluble and soluble surfactants were used in
the experiments. Average values for each working fluid are found in Table 4. SDFC
drops with decreasing surface tension for all working fluids except the PC/protein
mix. Droplet diameter is not related to surface tension.

SDFC obtained from each working fluid and film diameter are illustrated in Fig-
ure 19. Values ranged between 0 and 20, but rarely exceeded 5 droplets mm™2.
No general relation was found between film dimension and SDFC, and there was
no trend towards reduced SDFC with reduced film diameter. Another observation
was that thick plates generally gave fewer droplets than did thin ones. Again, the
PC/protein mix deviates from the pattern. Figure 20 shows the resulting droplet
diameter for each working fluid and film diameter. Standard deviations are large,
but it seems like the smallest droplets were generally created from the smallest fluid

films.

Table 4: Specific droplet formation capacity (SDFC) and resulting droplet diameter
for each working fluid, averaged over all film diameters, i.e., all plates. Standard
deviations (SD) are included. The table also gives the surface tension of the working
fluids.

working fluid surface SDFC droplet
tension average+SD diameter
average+SD
(mNmY) | (mm?) (i)
Isotonic NaCl solution 75 2.41+1.88 0.42+0.14
PC solution 29 0.22+0.14 0.3340.16
PC/protein mix 50 0.3940.61 0.1940.07
SDS solution 37 1.33+1.05 0.49+0.27
Diluted Curosurf ® 39 0.57+0.68 0.31+0.10

Images of Exhaled Particles

Exhaled particles were collected on silicon plates using a cascade impactor and sub-
sequently imaged by a SEM. In Figure 21, objects collected in the middle of the plate
appear to be 10-15 pum in diameter, but smaller objects are seen in the periphery of
the plate. Figure 22 is a magnification of an edge of Figure 21. Here, single objects
in the sub-micron size range are clearly visible.
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Figure 21: Exhaled particles collected through an impactor on a silicon plate, and
imaged by a scanning electron microscope (SEM).

Figure 22: Exhaled particles collected through an impactor on a silicon plate, and
imaged by a scanning electron microscope (SEM). Magnification of Figure 21.



Discussion

Inter-Individual Variability

Particles exhaled by a total of 28 healthy individuals (14 male, 14 female, ages 25-70)
were measured throughout Paper I-1ll. It is clear that the inter-individual variation
in concentration is very high, while the number size distribution appears to be similar
for all subjects. The variability may be due to differences in lung structure between
individuals. For example, airway closure, which is considered the mechanism respon-
sible for film droplet formation, can occur at different generations of the airways also
for healthy individuals.?>3? Moreover, although no obvious relation between exhaled
particle concentration and subject age was found in this work, previous studies have
shown an age related increase.’®3** This increase can be explained by the obser-
vation that elderly subjects reach airway closure at an earlier stage of exhalation
than younger individuals.??3234 Gebhart et al.? do not mention an age related in-
crease, but simply conclude that subjects with collapsing peripheral airways have an
increased production rate of particles. This argument appears reasonable and the
absence of a relation between particle concentration and subject age in this work
may be explained by the fact that the majority of subjects studied were in the same
age range, between 30 and 40 years.

It has been suggested that variations in the composition of RTLF account for the
inter-individual variations in exhaled particle concentration, but the results are some-
what contradictory. Edwards et al.>” and Watanabe et al.%” agree that saline delivery
to the lungs can diminish the number of particles emitted during tidal breathing.
These observations imply that a variation in ionic composition or possibly surface
tension of the RTLF contributes to the inter-individuality. Edwards et al.?” also sug-
gest, based on in vivo and in vitro experiments, that delivery of surfactant to the
lung, i.e., decreasing surface tension, will magnify particle expiration. On the other
hand, Haslbeck et al.“® used computational fluid dynamics to model film droplet
formation, and reached the opposite conclusion; that an increased surface tension
generates more droplets. The results obtained in Paper IV agree with Haslbeck
et al.*® as they show that high surface tension favours the formation of droplets
generated from bursting fluid films. Surface tension is an important parameter when
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considering rupturing fluid films, since the behaviour of a receding film after rupture
is determined by the relation between surface tension and viscosity of the fluid.%® If
viscous forces are greater than surface tension driven forces, the receding film would
accommodate for the liquid by increasing its thickness. No rim would be formed and
the film droplet formation mechanism would be partly or completely inactivated.®
Moreover, it appears reasonable that a greater surface tension driven force on the
rim would result in an enhanced droplet formation as well as greater possibility of
generating secondary droplets due to a higher impact velocity of the primary droplets
as they collide with the airway wall.

Intra-individual variations in exhaled particle concentrations can be high.}4"% |n Pa-
per I, the lowest intra-individual variations were generally found in subjects who
had participated in exhaled particle studies several times previously, i.e., subjects
who have had some practice. Large variations were observed in subjects who had
difficulties following the prescribed breathing pattern. However, after some training
reasonable to high reproducibility could be obtained.

Relation Between Humidity and Particle Size

The effect of relative humidity (RH) on particle size was studied in Paper Il. The
results show that the diameter of an exhaled particle shrinks by a factor of about 0.42
when the RH is changed from 99.5% to 75%. The results confirm the theoretical
study by Nicas et al.%, who suggested that exhaled particles shrink to approximately
half their original size when leaving the human body.

Particles that are generated in the terminal bronchioles are subjected to an RH
of approximately 99.5%, or better 99.48+0.01%. This value is derived from the
osmolality of blood serum of 28744 mmol kg™!.%® It was not possible, with current
instrumentation, to measure particles at such high humidity. Instead, they were mea-
sured at a maximum of 71-85% RH, which is lower than what is expected in exhaled
air at body temperature.?® This observation is probably an effect of air, originating
from the warm distal parts of the lungs, being temporarily cooled by the colder inner
walls of the upper airways and mouth.5%7

Exhaled particles were measured with an OPC. The resulting number size distri-
bution peaked in the smallest size interval of the instrument, thus a fraction of the
particles was not measured. When exhaled air and particles were sent through a
diffusion drier prior to measurement, lower number concentrations were reported.
Water evaporated from the particles, the particles shrunk, and a larger part of the
size distribution fell below the detection limit of the OPC. The changes in size or
concentration did not indicate a sudden phase transition; hence the particles are
expected to be supersaturated shortly after exhalation.
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The addition of an oven to the set-up resulted in an apparent increase in particle
concentration. This is unexpected if only size reduction caused by additional water
loss is taken into account. It is possible that the apparent concentration increase
reflects a transformation from a supersaturated liquid to a dry amorphous or partly
crystalline solid. Assuming that exhaled particles contain a large fraction of liquid
water and salts, e.g. NaCl, it is speculated that although the physical size of the
particles were reduced due to further loss of water, this was more than compensated
for by a more efficient light scattering in the OPC. This is so because a solid NaCl
particle scatters more light than a liquid water droplet does in the size range and
scattering angle studied.”"2

The suggestion that exhaled particles are liquid and thus supersaturated shortly
after exiting the human body is supported by the images achieved by the SEM. The
images show objects as large as 10-15 um, but such large particles cannot be exhaled
since they would deposit in the respiratory system on their way through it. More-
over, particles larger than 2.0 um would impact on an earlier collection stage of the
impactor. It is therefore probable that the objects seen in the images were in fact
liquid, possibly viscous droplets when they impacted on the plate. After impaction,
the viscous droplets spread out, wetting the impaction plate. At the centre of the
plate, individual droplets may impact in the vicinity of each other, and subsequently
coalesce to create larger droplets. This is less likely to occur in the periphery of the
plate; consequently the objects found there are smaller, single objects. There are
no traces of what may be perceived as crystalline material, and it appears that the
dried droplets have a "glassy” structure.

Number Size Distribution Measurements

The study of number size distributions of exhaled particles offers a measurement
challenge. Few, if any, single instruments are able to measure the whole distribution
with adequate size resolution. Two or more instruments may be combined, but dif-
ferences in, e.g., measurement principle, size resolution and detection efficiency then
has to be taken into account. Paper I-11l show that the size distribution of exhaled
particles peaks in the lowest interval of the OPC, leaving a part of the distribution at
small sizes not being measured. If an OPC is the only instrument used, it is therefore
not clear what a complete distribution would look like. In Paper I, an SMPS was
added to the set-up, and a wider size range could be measured. The SMPS measured
particles between 0.01 and 0.43 um, and the OPC from 0.41 to 33 um, although
no particles larger than 4.55 pum were detected. The distribution peaks at around
0.07 pm for tidal breathing. When breathing reaching airway closure, this mode
is still present as a minor part of the distribution, but the majority of particles are
found in a larger and broader mode at the upper end of the SMPS detection range.
Where the SMPS and OPC measurement ranges overlap, i.e., between 0.41 and
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0.43 pum, the data obtained from the SMPS have lower values than those obtained
from the OPC. The overlapping part represents only a small fraction of the lower
end of the smallest size interval in the OPC, while the size resolution in the data
obtained by the SMPS is better. The lower SMPS values in the overlapping region
indicates that the distribution peaks somewhere in the 0.41-0.55 pum interval of the
OPC (the lowest interval) and has begun to fall towards the 0.41 um detection limit.

Low concentrations also complicate measurements of exhaled particles. Individual
size distributions can be obtained from the OPC in an efficient manner, as the in-
strument may measure all particle sizes within the detection range simultaneously.
This is not possible for SMPS measurements, since this instrument only observes
charged particles in a small interval of the size distribution at any given time. Thus,
low concentrations necessitate long measuring times. In the present work, concen-
trations were too low to make statistically reliable individual size distributions within
reasonable time frames. Increasing the scanning time would put undue requirements
on the breathing subject and furthermore introduce the human factor as a significant
uncertainty in the measurements, since it is difficult to maintain the same breathing
pattern for an extended period of time. The only way to describe the size distribution
below 0.41 um in Paper | was therefore as an average value of all individuals under
study.

RH was not monitored in Paper |, but it was shown in Paper Il that exhaled
particles shrink by a factor of around 0.42 when they exit the human body for a
surrounding with 75% RH. Even though the experimental set-up in Paper | was
designed to maintain the vapour concentration near that of the lung, it is likely that
some shrinkage caused by a decrease in RH occurs. The modes found in Paper |
should therefore be shifted towards larger sizes in order to represent the particles at
the point of formation. Nonetheless, Paper | is the first publication where exhaled
particles as small as 0.01 um were measured in exhaled air. It could be argued that
the low concentration of small particles reported by the SMPS was a result of leakage
from the surrounding air. Even though all experimental set-ups were carefully leak-
tested, there is always a risk of contamination from room air where the subject is
located, or from the subject itself. Before each measurement, airways were therefore
cleansed from possible residual ambient particles, by breathing clean, particle-free air
for three minutes.”™ Subjects were also wearing a nose clip to prevent unfiltered room
air from entering the airways. Moreover, unfiltered room air would manifest as a
much broader distribution, dominating the peak found at small particle sizes. Hence,
leakage cannot explain the very small particles measured in the present experiments.

Recent studies, including those presented here, agree that exhaled particles are
mostly in the sub-micron size range.?47=% |t is, however, difficult to compare
results presented by different authors, since both breathing method and instrumen-
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tation varies. The only comprehensive study of exhaled particle size distribution
available for comparison is that of Johnson and Morawska,?® who performed experi-
ments using breathing manoeuvres that can be expected to result in extensive airway
closure. The authors measured exhaled particles with an aerodynamic particle sizer
(APS) and found that size distributions peaked between 0.8 and 0.9 um. Shrinkage
of particles due to evaporation of water was considered in models, but not taken into
account for actual measurements. A possible explanation to the discrepancy with
current data is that the counting efficiency for the APS falls below 0.9 um to reach
30% at the lower detection limit of 0.5 um.™ It is therefore possible that some of
the smaller particles were lost, and that larger particles thus were overrepresented
in the reported size distribution. Furthermore, differences in measurement principle
and size resolution may contribute to the disagreements.

Effects of Exhalation Depth

The results presented in Paper | and Paper Il show that tidal breathing, i.e.,
exhalation to FRC, produces lower concentrations of particles than deeper exhala-
tions, i.e., exhalation approaching RV. This is taken as support for the suggested
film rupture mechanism as a strong contributor to formation of endogenous particles
in small airways. Substantially higher numbers of airways close when exhaling to RV
than when exhaling to FRC, hence more liquid blockages will be able to rupture and
generate particles. When exhaling to FRC, airway closure is usually not detected by
conventional tests, but does take place to some extent™ and could therefore account
for the observed particles. Since expiratory flow rates were kept low, the contribution
of turbulence-induced particles should be negligible.*”

In Paper |, the average size distribution peaks at around 0.07 um when exhaling to
FRC. When exhaling to RV, this mode is still present, but an additional, stronger
and broader mode appears between 0.2 and 0.5 um. This indicates a change-over
from one main formation mechanism to another. Moreover, the subjects who pro-
duced high concentrations of particles when exhaling to FRC did not necessarily do
so when exhaling to RV. A correlation is excepted if a single mechanism is to govern
the particle formation process for both breathing manoeuvres. However, the number
size distributions obtained in Paper Il show that the size distribution between 0.41
and 1.0 pum is similar regardless of breathing technique, i.e., regardless of exhaling
to FRC or to RV. This would instead suggest that the formation mechanism is the
same for both manoeuvres. The apparent contradictions in the two studies can be
explained by the smaller detectable size in Paper I. If only data obtained from the
OPC are considered in Paper I, the distribution peaks in the smallest size interval
of the instrument for both breathing manoeuvres. The size distributions are similar,
even though exhaling to RV results in substantially higher concentrations than ex-
haling to FRC. The difference in size distribution for the two breathing manoeuvres
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is obvious only for particles measured with the SMPS, i.e., for particles smaller than
about 0.4 ym. When exhaling to FRC, the distribution peaks at 0.07 um and falls
towards the upper detection limit of the instrument. This is not the case when ex-
haling to RV; the distribution instead continues to rise.

Airway closure begins in the lower regions of the lungs, where airway diameters
are small, and progresses upwards as the exhalation becomes deeper.? It is sug-
gested that exhaling to FRC only activates the very smallest airways. When exhaling
to RV, these airways still produce particles, but the majority are generated in larger
airways. A relation between airway diameter and particle size can be inferred from
Paper IV, where fluid films spanned over small holes generated smaller droplets
than those spanned over larger holes.

Effects of Breath Hold

The work performed in Paper Il investigates the effect of breath hold on the num-
ber of exhaled particles. Breath hold at RV or FRC increases the concentration
significantly, and may be explained by the consideration that airway closure is a time
dependent process.!” Assuming that particles are formed from fluid films, time is
consumed when moving RTLF from the layer on the airway wall to form a liquid
plug. A longer time at conditions favouring airway closure means that more liquid
plugs are formed and that a larger area of film is spanned across the airways. Hence
more films may rupture and form particles in the subsequent exhalation. It appears
that most of the bronchioles that may close during exhalation to FRC do so within
the first 5 seconds of breath hold, while 10 seconds or more are necessary to close
the majority of airways when exhaling to RV.

Breath hold at TLC results in a substantial decrease in particle concentration that
may be explained by deposition of particles in the airways. Particle deposition in the
distal airways is a complex process. Hinds'* suggests that alveolar sedimentation
is the most important deposition process for particles larger than 0.5 ym, and that
diffusion is dominating for particles smaller than 0.5 um. Since the particles mea-
sured in Paper Il were larger than about 0.4 um, attempts were made to estimate
the fraction of particles that would be lost through sedimentation after breath hold
at TLC. Calculations show that sedimentation alone cannot account for all particle
loss, but that other processes contribute as well. If the particle sizes measured by
the OPC are used together with an alveolar diameter of 0.3 mm, calculations on
sedimentation constantly overestimate the loss of large particles (>1 pm). The loss
of small particles (<1 um), on the other hand, is underestimated.

Sedimentation is favoured by small settling volumes and large particle sizes. It
is possible that the size of the model alveolus is overestimated in the calculations,



INFLUENCE OF FILM DIMENSIONS 47

or that the particle size is underestimated. The literature gives values of alveoli
diameter ranging from 0.2 to 0.5 mm in diameter,'>!35 and the value used here is
0.3 mm. However, in order to account for the observed loss, the alveolar diameter
used in the models has to be less than 0.05 mm, which seems very unlikely. Also,
smaller alveoli would worsen the agreement between observed and predicted loss for
particles larger than 1 um. It is more likely that the sizes of the exhaled particles
were underestimated in the calculations, since they probably shrank while travelling
from the alveolar regions to the point of detection outside the human body. If, as
an extreme case, the size reduction factor 0.42, obtained in Paper Il, is applied to
the calculations in Paper Ill, the droplets in the alveoli would have been 2.4 times
larger than the measured droplet size. Thus, sedimentation would have been faster.
If the increase is applied to particles smaller than about 1 um, the calculated loss
in the alveoli becomes larger and a better agreement is seen between measured and
calculated loss, especially for the still air model. Shrinkage of the aqueous parti-
cles is therefore a process that would explain the observations, at least for particles
smaller than 1 um. An increase in diameter due to higher RH would again worsen
the agreement for larger particles.

In summary, gravitational settling in the alveoli and shrinkage of particles upon a
change in RH may explain the loss of particles smaller than 1 um, but not the loss
of particles larger than that. It is likely that several concurrent processes should
be taken into account. Sedimentation and diffusion are both mechanisms that are
favoured by small alveoli sizes, giving short transport distances to a wall were depo-
sition may take place. In the calculations performed here, the alveoli are assumed to
be spherical. Elongated structures with the main axis in the vertical wall direction
may allow a contribution to loss of small particles from diffusion in the horizontal
direction while reducing the loss of larger particles since the distance to the nearest
surface in the vertical direction is increased.

Influence of Film Dimensions

Airway closure and subsequent reopening is generally considered to take place in
the terminal bronchioles, i.e., at diameters of around 0.6 mm,?82°
al.” were able to observe liquid menisci in airways smaller than 0.5 mm in excised
cat lung lobes. However, it has not been obvious that the film droplet formation
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mechanism will work at such small diameters.

Theoretically, the number of droplets generated from a fluid film should approach
zero as the film diameter decreases, simply because there is less and less material
available for generating the droplets. This is confirmed by the results in Paper IV,
but is not the case for SDFC. It appears that the ability to generate droplets does not
depend on film diameter, at least not for diameters down to 0.95 mm. Thus, film
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droplet formation may take place for fluid films smaller than that. This information
can be applied to make statements about where in the airways exhaled particles may
or may not be generated.

The fact that the smallest droplets were generated from the smallest film diame-
ters suggests that the smallest airways generate the smallest exhaled particles. This
is supported by the results from Paper |, where exhaling to FRC resulted in the
generation of smaller particles than exhalation to RV. Since airway closure begins
in the lower regions of the lungs,3? where airway diameters are small, it is possible
that very small airways close when exhaling to FRC. As exhalation approaches RV,
larger airways close and larger particles are generated. Particles from the smallest
airways still contribute to the total amount, but the contribution from larger airways
dominates.

When a flat fluid film ruptures, droplets are formed from the receding edge of the
film. The edge moves towards the inside walls of the holes in the plates described
in Paper IV. If the ratio between plate thickness and hole diameter is large, it is
expected that many droplets impact on the wall and are lost or possibly generate
secondary droplets. In Paper IV, the thick plates generally gave fewer droplets than
the thin ones. This may thus be explained by impaction and loss of droplets. As
a comparison, the typical physiological length to diameter ratio in small airways is
about 2-3,"" much larger than the ratio (< 1) tested here. Hence, it is possible that
an even larger fraction of film droplets will impact on the airway wall and never be
exhaled. Small secondary droplets may, however, also be of interest when considering
small particles originating from the airways.



Concluding Remarks and Outlook

The work performed in this thesis was undertaken with the intention to extend
the knowledge about the formation mechanisms and physical behaviour of exhaled
aerosol particles. The results from the different studies support the hypothesis that
film droplet formation is a strong contributor to endogenous particle production.
Film droplet formation is expected to take place following airway closure, which
normally occurs in the region of the terminal bronchioles. Consequently, exhaled
particles originate from this region, and thus carry information about the composi-
tion of RTLF in the distal airways. It is also suggested that exhaled particles leave
the body as concentrated, supersaturated, possibly viscous droplets, and that they
quickly equilibrate to the surrounding environment.

Number size distributions of exhaled particles depend on the type of breathing em-
ployed. Exhaling to FRC (tidal breathing) results in fewer and smaller particles than
exhaling to RV (breathing reaching airway closure). Thus, it is possible that the ma-
noeuvres generate particles originating from different regions of the small airways. It
is proposed that tidal breathing activates only the smallest airways, while exhaling
reaching airway closure includes additional airways, progressing in size. If exhaled
aerosol sampling is to be used as a diagnostic tool in, e.g., medicine, it is therefore
necessary to standardise the measurement method and the breathing manoeuvre em-
ployed. Sampling should be performed while monitoring inhalation and exhalation
flow rates in real time. It is also desirable to characterise the breathing subject prior
to particle collection, to find, e.g., closing point. This way, the process of exhaled
particle collection can be carefully controlled. For ensuing chemical analysis, as high
concentrations of particles as possible are needed. For this purpose, it is suggested
that the subject under investigation exhales to RV rather than to FRC. In order to
maximise the number of particles emitted, exhalation should be ended by a short
period of breath hold, subsequent inhalation to TLC, immediately followed by slow
exhalation.

Information about physical properties of exhaled particles is still lacking. For full
characterisation, an instrument that can measure the whole distribution at once,
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with acceptable size resolution, is desired. No such instrument exists at present.
Moreover, since exhaled particles quickly evaporate when they leave the human body,
relative humidity should be monitored so that shrinkage due to evaporation of wa-
ter can be corrected for. Again, well defined breathing manoeuvres are essential to
produce data with high statistical credibility.

If the requirements described above are taken into consideration, exhaled particles
have the potential for becoming important tools when diagnosing, monitoring and
screening various medical conditions.
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