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Abstract | Given that breathing is one of the most fundamental physiological
functions, there is an urgent need to broaden our understanding of the fluid
dynamics that governs it. There would be many benefits from doing so, including a
better assessment of respiratory health, a basis for more precise delivery of
pharmaceutical drugs for treatment, and the understanding and potential
minimization of respiratory infection transmission. We review the physics of particle
generation in the respiratory tract, the fate of these particles in the air on exhalation
and the physics of particle inhalation. The main focus is on evidence from
experimental studies. We conclude that although there is qualitative understanding
of the generation of particles in the respiratory tract, a basic quantitative
knowledge of the characteristics of the particles emitted during respiratory
activities and their fate after emission, and a theoretical understanding of particle
deposition during inhalation, nevertheless the general understanding of the entire
process is rudimentary, and many open questions remain.

Inhaling and exhaling air — breathing — is
one of the basic physiological functions of
the human being. Breathing is essential to
nourish the body with oxygen and eliminate
the waste generated in the process: carbon
dioxide. Because it is a physiological
function, it is normally considered in the
domain of medical sciences, not physics.
However, physics, and more specifically
fluid dynamics, is a critical element
of the process'. During inhalation, air
enters the respiratory tract and flows down
through the upper and lower parts of the
tract, finally reaching the alveolar region.
During exhalation, when the passages
contract, air flows in the opposite direction
and is ultimately exhaled. The exhaled stream
of air passes at high speed over the surface of
the water-based liquid lining the respiratory
tract, and aerosolizes the liquid. The particles
that are generated contain, in addition to
water, many other constituents, including
salts, proteins, mucus, and pathogens such
as bacteria or viruses. (See BOX | for a note
about terminology.) The process of particle
generation during human respiratory
activities — which in addition to breathing

include speaking, singing or coughing — is,
however, more complex than aerosolization
from the surface. During exhalation, fluid
blockages form in respiratory bronchioles,
which burst during subsequent inhalation
to produce particles; during vocalization,
fluid bathing the larynx is aerosolized
owing to vocal cord vibration; and during
speech articulation, saliva in the mouth

is aerosolized owing to interaction of the
tongue, teeth, palate and lips.

After the particles are generated, some are
deposited in the respiratory tract, and those
that eventually leave the respiratory tract
with the airflow are subjected to numerous
physical processes, including hygroscopic
growth and deposition; both processes
change the initial particle size distribution.
Once emitted through the nose or mouth,
particle characteristics further change in
response to the change in temperature and
relative humidity between the body and the
external environment. The particles are also
subject to various forces that affect their
fate, which may be deposition and transport
within the environment or inhalation by
others present there.

In the process of inhalation, particles
present in the air enter the respiratory tract
and can be deposited there. The particles are
not only the aged particles generated from
respiratory activities of other people, but
also particles of natural or anthropogenic
origin that constitute air pollution.
Pathogens contained by the particles may
cause infections; deposition of any particles
on the epithelium of the respiratory tract
has numerous other health implications.
Therefore, to understand and quantitatively
assess possible health implications, physics
must provide quantitative information about
the process of particle generation during
respiratory activities, the fate of the particles
in the air, and deposition in the human
respiratory tract.

This Perspective gives an overview
of the understanding of the physics of
particle generation and deposition in the
human respiratory tract, and identifies
open questions. The aim is not to be
exhaustive for experts in this very specific
area (of physics or modelling). Instead,
this Perspective is mostly intended for a
general educated readership who need to
understand the general principles of this
field to be able to link to other areas such
as public health or other scientific fields.
Thus, not all aspects are addressed in depth.
The focus is on evidence from experimental
studies. We consider only human studies and
do not include animal studies.

We conducted a literature search
to identify experimental studies that
investigated particle composition, fate and
inhalation; particles emitted from human
respiratory activities; and experimental data
and models of particle deposition in the
lung. The keywords for particle composition,
fate and inhalation were: respiratory
droplets, bioaerosol, particle size, exhaled
breath and expiratory aerosol. The keywords
for human respiratory activities were: airflow
sampling, particle image velocimetry (PIV),
bioaerosol, saliva droplets, biological fluid
dynamics and exhaled airflow. The keywords
for particle deposition in the lung were: total
particle deposition, measurement, human
lung, submicrometre particles and ultrafine
particles. We identified studies published
in English using ScienceDirect, EBSCOhost,
Web of Science and Wiley Interscience
search engines.
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We first discuss the physics of particle
generation in the respiratory tract,
followed by a short discussion of the fate
of these particles in the air, and conclude
with physics of particle inhalation, where
we consider inhalation of pathogen-
laden particles generated by humans
and particles that constitute air pollution.

Particle generation

There are two known physical mechanisms
to generate the particles emitted from

the human respiratory tract: turbulent
aerosolization, and the breakage or burst

of a fluid film, filament or bubble (FFBB)
(FIG. 1). Turbulent aerosolization is referred
to as atomization in fluid mechanics
literature and is characterized by turbulent
flows stripping particles from a fluid film.
This process has also been defined as a
shear-induced surface wave instability?, as
first described in the work of Lord Rayleigh’,
and more recently as turbulent droplet
extraction’. The FFBB process generates
particles during normal breathing due to
clearance of fluid closures in respiratory
bronchioles, and during speaking when
vocal cords adduct and vibrate in the larynx
and when lips open and the tongue separates
from the teeth in the mouth™*. Integral

to FFBB particle generation is airway
reopening following closure”*.

In both turbulent aerosolization and
FFBB, particles originate from the airway’s
surface liquid film, which is a bilayer with
the top layer a mucus gel consisting of water
(97%) and a mixture of mucins, non-mucin
proteins, salts and cellular debris (3%),

Box 1| A note on terminology

We use the term particles, rather than
aerosols or droplets, to avoid discussions of
terminology that has been dividing expert
communities'®. Briefly, according to aerosol
science, an aerosol is an assembly of liquid
or solid particles suspended in a gaseous
medium long enough to enable observation
or measurement'®’. Although there is no
definition of what constitutes ‘long enough’,
it is considered that at a particle size of
~100 um, gravitational deposition removes
those particles from the air fast enough that
they cannot be considered as suspended in
the air. In aerosol science, a droplet is a liquid
particle'®’. By contrast, in medical sciences,
an aerosol is a smaller particle, whereas a
droplet is a larger particle. A previous paper
provides additional explanation behind the
existing communication difficulties and
stresses the need to develop terminology
acceptable to and understood by expert
communities from all relevant fields.

168

and the bottom, low-viscosity periciliary
layer containing the cilia’. Turbulent
aerosolization in the conventional sense is
thought to be most active in large bronchi
and the larynx owing to airflows that are
partly turbulent even during breathing
and with increasing velocity during
speaking and coughing owing to partially
adducted vocal folds'. In the deepest small
airway bronchioles, FFBB is the dominant
mechanism for particle generation'’.

We discuss the quantity and size
distribution of particles generated from
these two mechanisms in the next section,
but it is important to consider that these
characteristics are a function of the thickness
of airway lining fluid itself. In particular, it
is unlikely that the diameter of generated
particles will exceed the thickness of its
parent fluid film'*. The airway epithelial
thickness is greatest, of the order of
hundreds of micrometres, in the oral cavity
where it also includes an overlying salivary
layer". This thickness decreases on moving
deeper into the respiratory tract. In large
airways of luminal diameter greater than
2 mm, the airway liquid film can be up
to 50 um thick, whereas in a small airway
bronchiole the mucus gel layer is only
0.5-5.0 um thick’.

Particle quantities and composition. Particles
derived from the film of airway lining fluid
contain components of the film itself, such
as the aforementioned non-volatile material
including mucins, non-mucin proteins, salts
and cellular debris. Adding to the complexity
of the composition, the particle mixture
also contains saliva, nasal secretions, serum
and blood from oral lesions, and even food
debris'. Of public health concern, however,
is that the particles may contain pathogens
such as bacteria, viruses and fungi.
Numerous pathogens have been measured
in exhaled breath, including influenza,
human rhinovirus and Mycobacterium
tuberculosis". In total, the typical mass or
volume proportion of non-water content in
a particle generated in the respiratory tract
is 1-10%"*"¢.

The likelihood that a particle contains
bacteria or viruses relates to the size of the
particle, the pathogenic load in the mucus
gel and saliva, and the point of origin of the
particle within the respiratory tract. Ata
viral load of 7 x 10° RNA copies per millilitre
oral fluid, the probability that a particle
of 50 um diameter, prior to dehydration,
contains at least one virion is ~37%"7""

The proportionality to the particle volume
results in a substantially lower probability
of ~0.37% for a 10-pm particle, and ~0.01%

for a 3-um particle. Of course, particles with
a diameter less than that of the pathogen
itself cannot contain such a pathogen; for
SARS-CoV-2 this cut-off is ~0.1 um (REF*).
This relationship is simplistic in view of the
heterogeneity of viral concentrations, but it
illustrates the importance of viral load in the
quantification of airborne viral emissions.
These calculations can potentially
lead one to dismiss particles of the order
of 3 um or less as presenting a negligible
risk for secondary transmission once
emitted into ambient air, as approximately
10* particles of 3 um diameter would be
needed in order to encounter a single
virion at the referenced viral load. However,
experiments using laser light scattering
methods indicate that the quantities of
particles generated during speech and
coughing may be orders of magnitude
higher than commonly assumed'”*' Indeed,
measurements have indicated there are of
the order of 10° particles of 2-4 um and 107
particles of 0.2-0.4 um for a single average
cough®'. With respect to the SARS-CoV-2
virus, when considering that viral loads in
respiratory fluids can exceed 10° RNA copies
per millilitre in certain infected individuals,
a single cough can potentially generate
thousands of 3-um particles containing a
virion that would be emitted into ambient
air. However, whereas coughing is sporadic
and characteristic of symptomatic infection,
we breathe continuously, which may account
for a greater fraction of emitted particles
over time even from those with a respiratory
tract infection®.

Turbulent aerosolization. Turbulent
aerosolization occurs when air sweeps past
the liquid film at sufficient velocity to draw
a portion of its mass into fine ligaments
that shed particles into the airstream upon
break-up (also known as fragmentation)**.
Intuitively, one would expect greater
quantities of particles generated by this
mechanism from respiratory activities

that involve higher air velocities, such

as the cough. The physics of gas-liquid
aerosolization is best understood in the
context of industrial applications, most
notably the combustion engine”, and an
early pictorial description dating from

the 1920s involves water and alcohol in
amodel of a carburettor throat®. At this
time, a simplified atomizing characteristic
quantity was defined as the ratio of the static
pressure of the airstream to the surface
tension of the liquid being aerosolized™.
This quantity becomes a Weber number
upon incorporating an orifice height,
hydraulic diameter or shear boundary layer
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Fig. 1| Sites and mechanisms of particle generation. a| Fluid film, filament or bubble breakage (FFBB) in the mouth during speech'®. b | FFBB due to
filament formation at the vocal cords. ¢ | Turbulent aerosolization of viscoelastic mucus from the airway lining in the larynx and large bronchi due to tur-
bulent airflow, based on snapshot of ligament-mediated fragmentation of viscoelastic liquid presented in REF*. d | FFBB in small airway bronchioles due

to clearance of fluid blockages formed during exhalation and airway reopening.

thickness. Dimensional analysis suggests
a drop diameter law quantifying the mean
particle diameter generated by turbulent
aerosolization:

g

mean~ €~
oU? 1)

d
where o is the liquid surface tension, p is
the air density, U is the airstream velocity,
and ¢ is a dimensionless quantity related
to the viscosity of the media®. Note that
other predictions of the mean diameter
give greater weight to the larger particles
The drop diameter scaling law is consistent
with more recent measurements of drop
characteristics in dense sprays®.

Equation (1) suggests that two aspects
of turbulent aerosolization are relevant
to the particle generation in the human
respiratory tract. First, the average size of

23,27

generated particles decreases with increasing
airstream velocity; and second, the average
size of generated particles increases with
increasing surface tension (cohesion) of
the airway liquid film. The phenomena
of increased particle size, and diminished
quantity of generated particles, by increased
surface tension has been experimentally
validated*>*, although subsequent work
indicates that this may be due to changes
in surface viscoelasticity rather than surface
tension alone’'. Elasticity is also important:
because particle size is inversely related to
the flow instability mode, it should decrease
with increasing surface tension*.

However, equation (1) and the definition
of the atomizing characteristic quantity
are simplified descriptions, which neglect
boundary layers at the fluid interface,
secondary aerosolization from ongoing
liquid break-up in the airstream, and

particle coalescence in the far field*. More
importantly, such relationships apply to
Newtonian fluids such as water, and airway
mucus is a viscoelastic liquid™. A review
of the rheology of airway surface liquid*
reports viscosities much higher than water,
from 0.058 to >70 Pas, and influenced by
morbidities such as chronic bronchitis
and cystic fibrosis. Conversely, the surface
tension of airway surface liquid is less
variable and lower than water, with a range
0f 0.01-0.05N m™ (REF.*%), and a range of
0.001-0.01 Nm™ (REF”) for alveolar surface
tension measured directly in an excised
lung of a rat. Unfortunately, none of these
rheological properties can be measured
directly in the respiratory tract of a living
human being, limiting the accuracy of
numerical modelling.

In terms of such non-Newtonian surface
tension effects, viscoelasticity reduces the
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duration of ligament stretching as compared
with a viscous Newtonian fluid, thus leading
to shorter and thicker ligaments that break
up into particles that are larger on average®*
However, viscoelasticity also broadens the
size distribution of the aerosolized particles,
leading to a greater frequency of both small
and large particles that is well described by a
gamma distribution®. It then follows that the
high viscoelasticity of airway surface liquid
probably contributes to the heterogeneous
size distribution of emitted particles,
spanning several orders of magnitude

for coughs, which involve high-velocity
turbulent flow”'. Furthermore, owing to
interpersonal variations in viscoelastic
properties that affect airway lining break-up,
the overall quantity of particles emitted in
exhaled breath can vary by several orders

of magnitude between individuals*'.

In closing, although the enormous
quantities of particles generated from
turbulent expirations®' suggest that turbulent
flows may cause considerable stripping
and/or dislodging of particles from the
airway lining film, we note that there is
surprisingly limited direct evidence of this
mechanism in the literature, and further
study is needed'.

Fluid film, filament or bubble breakage.
The bronchiole fluid film burst mechanism
is a type of FFBB and was introduced to
explain the asymmetry of particle generation
in the breathing cycle, during which fewer
particles are generated during exhalation
than inhalation''. This asymmetry is
inconsistent with the turbulence-induced
aerosolization mechanism described above.
The bursting mechanism begins with

fluid closures that occur in respiratory
bronchioles during the airway collapse
following exhalation. During inhalation,

a fluid blockage contracts axially as it is
drawn radially outward by the expanding
bronchiole, ultimately becoming a thin film
or bubble. The film or bubble subsequently
bursts and fragments into particles,
reopening the airway. This mechanism

is consistent with the observation that
particle generation increases as breathing
becomes deeper and faster*, because
deeper exhalation results in more blockages
that are subsequently reopened upon
inhalation''. This explanation is further
evidenced by the finding that exhalations
that achieved residual volume generated far
more particles than shallower exhalations at
functional residual capacity®. The presence
of biomarkers from alveolar cells in exhaled
breath provides further evidence of the
importance of this mechanism’.

In addition to the bronchiole fluid
film burst, FFBB also occurs in the larynx
during speaking, because of fluid films
bursting and filaments breaking when
the mucus-bathed vocal folds adduct and
vibrate”’. Furthermore, particle generation
rates increase with increasing amplitude
of vocalization*, although it is difficult to
attribute this solely to enhanced bursting
in the larynx, as speaking loudly is likely
to require additional airflow, providing
additional opportunity for turbulent
aerosolization as well as FFBB. Likewise,
singing generates more respiratory particles
than talking, with the number increasing
with song loudness and possibly with
higher pitch®.

Although the physics of FFBB is
less understood than that of turbulent
aerosolization of Newtonian liquids, there
is evidence that surface tension rather
than gravity drives the collapse of viscous
surface bubbles after rupture®. Thus, as
with turbulent aerosolization, further
study is merited on the surface tension
of the viscoelastic film that lines airways,
including how it and viscoelasticity can
be manipulated to reduce emissions of
pathogen-laden particles. Alternatively,
rheological properties of the film could
be altered to increase the size of generated
particles to promote their settling to the
ground, as it is unlikely that emissions
can be completely eliminated®. However,
methods of stabilizing airway lining fluid
to suppress pathogenic emissions require
much more in-depth research”, including
consideration of evaporation in ambient air
after emission. Additionally, such methods
need not be limited to deep components of
the respiratory tract. For example®, it was
found that lip balm reduced formation of
salivary filaments and subsequent particle
generation during speech. It is also of great
interest and importance to elucidate the
mechanisms responsible for super-emitting
individuals who produce substantially
more particles than the average person,
as has been demonstrated for breathing”,
coughing’' and speech™. For example,
particle emissions from the respiratory
tract seem to increase with increasing viral
load of SARS-CoV-2 and body mass index
multiplied by age"'.

Respiratory particles in the air

To explain the fate in the air of particles
generated from human respiratory activities,
it is critical to understand what happens to
the particles immediately after emission,
when the condensed, warm and humid
emission plume mixes with and is diluted

by ambient air. In the field of aerosol
science, the convergence towards developing
an understanding of the initial instant

of emission of respiratory particles has
been long and has not yielded definitive
answers”*%, mainly owing to the complexity
of physical processes such as evaporation
and the difficulty of measuring the particle
emission in situ. In addition, different
techniques are used to measure somewhat
different parameters, often making
comparisons of the outcomes difficult.
Furthermore, when considering airborne
disease transmission, the interaction of

the respiratory particles with the airflow

is a crucial issue, which makes the process
more complex.

Measurement techniques. The exhaled
airflow measurement techniques can

be divided into two categories®: global
flow-field measurements (high-speed
photography, schlieren photography and
PIV), and pointwise measurements®->*. The
global flow-field measurement techniques
provide information on the whole flow field
and help us to understand the interactions
between the exhaled flow, the thermal
plume and the room airflow. The pointwise
measurements are instead used to measure
the initial temperature, initial humidity

and velocity. Methods and instrumentation
adopted to investigate respiratory particles
using global flow-field measurements,

and the main findings from the studies,

are reported in TABLE | and Supplementary
Table 1 reports the corresponding summary
for studies of airflow.

There has been a variety of
instrumentation used in studies of
particle size distributions, including a
laser diffraction system?', optical particle
counter’»*>*, scanning mobility droplet
sizer™, aerodynamic particle sizer*>**>%,
electrical low pressure impactor”’,
interferometric Mie imaging®®, PIV*,
laser diffraction system® and laser light
scattering system'”.

As a final note, the problem of
characterizing particles generated in the
respiratory tract is further complicated
by the fact that the size distribution of
particles at the site of generation within
the body is undoubtedly different from the
distribution at the moment of emission into
the environment, owing to processes such
as coalescence, among others. However,
the evolution of measurement techniques
has also made it possible to get closer and
closer to the point of emission (that is,
the human face), to reduce as much as
possible the effect of evaporation of the
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Table 1 | Methods and instrumentation adopted to investigate particles emitted from human respiratory activities, and the main

findings from the studies

Year

1945

1967

1997

2009

2009

2009

2011

2012

2019

2020

Methods and
instrumentation

Bacteria applied to mucous
membranes of the throat

and nose; emitted particles
deposited either on a bacterial
growth medium or a glass
slide, counted by microscope

Mouth swabbed with dye (thus
the origin of counted particles
was the mouth). Particles
settled on paperslips in a box
over 30 min were counted

Several respiratory activities
were studied (nose breathing,
mouth breathing, coughing
and speaking) using real- time
analysis by OPC and analysis
of dried droplet residues by
electron microscopy

Participants placed heads
in wind tunnel, particles
measured using APS

Particle size measured with
IMI; air velocity measured by
PIV close to mouth during
coughing and speaking (loudly
counting)

Number and size of respiratory
droplets produced from the
mouth of healthy individuals
during talking and coughing,
with and without a food dye,
were measured using glass
slides and a microscope, and
an aerosol spectrometer

Results from APS and DDA
were integrated into a single
composite size distribution

Laser diffraction system;
participants asked to give
best effort to reproduce a ‘real
cough’

Emission measured using APS
during speaking and breathing

Real-time visualization of
particle emissions speech was
conducted with laser light
scattering method

Participants

15 healthy
volunteers,
age<35y

11 healthy
volunteers,
age<30y

25 healthy
volunteers

15 healthy
volunteers,
age<35y

45 healthy
non-smokers

48 healthy
volunteers

Quantity
measured

Number
of exhaled
particles

Size distribution

Particle number
concentrations

Particle number
concentration

Particle size;
air velocity

Size distribution
and particle
number
concentration

Size distribution

Size distribution
and particle
number
concentration

Rate of particle
emission

Airborne
lifetime

Particle
diameter
measurement
range (um)

>20

>1

<land>1

0.5-20

>1

0.7-1,000

0.5-20

0.5-20

Main findings

0 particles found from normal mouth breathing;
counting loudly resulted in 4-14 times higher
particle counts than softly counting; cough results
depended on cough performance

Number of particles emitted during coughing is

highly variable; particle generation and emission
depends on several factors including the amount
of secretion; movement of lips, tongue and teeth

Results according to the OPC method

showed a prevalent number of particles in the
submicrometre range both for mouth breathing
and coughing. Conversely, from electron
microscopy the size distribution was more heavily
weighted towards larger particles. According to
the authors, the evaporation and/or losses of large
particles in the experimental apparatus may have
produced an underestimation in the measure of
the original droplet size through the OPC method

Mouth breathing: 98 particles [-1; unmodulated
whisper (speaking): 672 particles -1; unmodulated
vocalization (loudly speaking): 1,088 particles

[-1; whispered counting: 100 particles |-1; voiced
counting: 130 particles |-1; coughing: 678 particles
[-1. Error bars range from 15% to 60%

Measurement of wide size range (2-2,000 pm)
with the same measuring system near the point

of emission, when the effect of evaporation/
condensation was still negligible. Size
measurements at 10 mm from the mouth
negligibly influenced by evaporation and
condensation and can be considered as
representative of the ‘original’ emitted size profile

Mean size of droplets captured using glass slides
and microscope was ~50-100 um

The most prominent modes in particle number
distribution were identified and linked to distinct
sites of origin and mechanisms of generation: one
deep in the lower respiratory tract, anotherin

the region of the larynx and a third in the upper
respiratory tract including oral cavity

Emitted particles 0.1-900 um. 97% of total
number of measured particles had diameter

<1 pm. The particle number distribution was not
statistically influenced by age, gender, weight,
height or corporal mass

The rate of particle emission during normal human
speech is positively correlated with the loudness
(amplitude) of vocalization

At least 1,000 droplet nuclei that remain airborne
for >8 min were estimated for 1 min of loud
speaking

Ref.

163

60

56

164

APS, aerodynamic particle sizer; DDA, droplet deposition analysis; IMI, interferometric Mie imaging; OPC, optical particle counter; PIV, particle image velocimetry.
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Fig. 2 | A trimodal distribution of particles emitted by speaking subjects, and their cumulative emissions. BLO data (where B represents particles
from bronchioles, L larynx and O mouth) are from REF.°. Other data are from REFS.****%°, The BLO cumulative shaded range spans the c-v to aah-v particle
totals from all three modes for uncorrected data (where c-v represents speech and aah-v represents sustained vocalization; see text for details).

water content of the particles before they
reach the point of sampling. For instance,
PIV and an interferometric Mie imaging
(IMI) technique have been used to measure
the respiratory air-jet velocities and the

size profiles of respiratory particles during
speaking and coughing in close proximity
(10 mm) to the mouth®, by reducing

the effects related to evaporation and
condensation.

Size distributions and quantities of particles.
Increasingly accurate measurement
techniques have yielded evidence of a
trimodal distribution of particles emitted by
speaking subjects: the B mode from particles
generated in small airway bronchioles
during breathing, the L mode from particles
generated in the larynx, and the O mode
from particles generated in the mouth®.
FIGURE 2 presents graphs updated from

a previous comparison, including also a
dataset on varying amplitude. One study

is the uncorrected BLO individual modes

integrated from REF” for 2-minute intervals
of speaking (c-v), and the cumulative totals
for all three c-v modes and for 2 minutes of
intermittent, sustained vocalization (aah-v).
As described in REF?, ‘c-v’ represents speech
(alternately 10's of voiced counting and

10 of naturally paced breathing), while
‘aah-v’ represents sustained vocalization
(alternately 10's of unmodulated vocalization
[voiced ‘aal’] and 10's of naturally paced
breathing). A second dataset is the
cumulative emission reported in REF."” which
represents the reported rate of 2,600 ~4 um
diameter particles per second extrapolated
to 2minutes of speaking. A third dataset

is Table 3 of REF*’, which reports particles
emitted from counting loudly to 100. We
adjusted the data by dividing the droplet
diameter by 6 for measurements below

50 um to eliminate Duguid’s correction

for evaporation and reflect the observation
that such particles would have been ~2/3

of their diameter if not for the Congo red
dye. A fourth dataset is Table 2 of REF,

which also reports counting to 100,
reflecting the average distribution from the
measurements obtained from three subjects
(two experiments for each). Finally, we
digitized measurements from Figure 3d of
REF.* to depict a representative particle size
distribution for one individual speaking for
2 minutes at different amplitudes.

Below 10 um particle diameters, there
is remarkable agreement in terms of both
size distribution and cumulative quantity
between different measurements of the
B and L modes from REF*, the adjusted data
from REF** and the uncorrected data from
REF. Specifically, the c-v total is consistent
with speaking quietly, whereas the aah-v
total is consistent with speaking loudly*'.

Although the dataset from REF.
has been considered an outlier for the
substantially larger quantity of O mode
particles measured above 10 pm, it is more
in line with the recent data of REF", which
quantified emission rates 2-3 orders of
magnitude higher than indicated by prior
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studies. The substantial increase in particle
counts found by laser light scattering is
similar to the differences in measured
cough emissions between studies*' Thus,
although there is agreement between

the BLO model and more recent particle
counter studies, laser light scattering results
indicate that the BLO model number and
mass concentrations may be inadequate.
Considering that the volumetric particle
emission rate is an essential component of
modelling for airborne transmission risk
assessment®, the continued advancement
of laser light scattering or diffraction
measurement techniques should be seen
as a priority.

Particle fates. Once emitted, the fate of

the particles depends on complex and
interconnected effects of inertia, gravity

and evaporation*®. For isolated respiratory
particles (also known as droplets), a critical
size of approximately 100 um was introduced
in the 1930s%. Larger particles settle faster
than they evaporate by depositing onto close
surfaces, whereas smaller particles evaporate
faster than they settle and, being small and
light, can stay airborne and can be inhaled
or may be transported over long distances.
The critical size separating these behaviours
(~50-150 um) depends on many physical
parameters such as ambient air velocity,
ambient air temperature and, above all,
relative humidity*.

This approach based on isolated particles
represents the benchmark for public health
agency guidelines® and is the basis for
more recent research®”. However, it does
not consider the role of the warm and
moist air of the turbulent gas puff within
which the particle is exhaled and which
remains coherent for a short time®~’". The
fluid motion of the exhaled jet, supported
by the injection of fluid momentum and
buoyancy through the orifice (mouth or
nose) into the surrounding environment,
gradually evolves along its trajectory.

It increases its volume for each subsequent
respiratory activity with velocity ranging
from <1 ms™ (breathing) to tens of metres
per second (sneezing)'?. Isothermal jets of
the same temperature as the surrounding
environment follow a rectilinear trajectory,
whereas non-isothermal jets follow a curved
trajectory, with the puff evolving into a
turbulent cloud®. The ejected particles
remain suspended in the cloud even after
the puff has lost its coherence because of the
perturbations of drag and mass decrease due
to evaporation, but their trajectories become
dependent on the ambient air currents and
turbulence'”. However, the fate of larger

particles within the jet is different: they
move semiballistically with only minimal
drag perturbations, and fall quickly down
owing to gravity.

The complexity of the composition of
the fluid lining airways makes it difficult
to accurately estimate transport properties
of particles: for example, viscosity of the
fluids can be one or two orders of magnitude
larger than water, thus reducing the
coalescence among the particles'”. The puff
remains coherent for a longer time and thus
greater distance indoors than outdoors.
This is because the coherence of the
puffis preserved as long as its mean velocity
is higher than that of the surrounding air,
and outdoor airflow velocity is usually
higher than that of indoor air. After the loss
of coherence, the cloud is advected by air
currents, and the subsequent dynamics is
governed by turbulent dispersion®.

As soon as the emitted particles enter
the unsaturated air, they begin to evaporate,
and their radius contracts over time with
a decrease of the water content (except in
cold and humid environments), unless
the respiratory puff is supersaturated, in
which case particles can first experience
considerable growth, only later followed
by shrinkage’. The rate of mass loss due to
evaporation of a particle depends on various
physical phenomena, such as the diffusion of
the vapour layer away from the surface’",
or evaporative cooling, in which the high
latent heat of evaporation cools the particle
surface by decreasing the evaporation
rate and the diffusion coefficient”. Other
relevant phenomena include Stefan’s flow,
that is, induced movement of air away from
the particle with increased evaporation
rate’®; ventilation effects, in which airflow
around particles larger than a few tens of
micrometres enhances evaporation’®””;
and, finally, the presence of non-volatile
material (mostly inorganic ions, salt, mucins,
proteins, sugars, proteins, lipids, DNA and,
potentially, pathogens), which lowers the
vapour pressure as determined for an ideal
solution through Raoult’s law and the rate of
evaporation’®.

Each particle that remains within the puff
evaporates to its stable, smaller, diameter,
which depends on the initial amount of
non-volatile matter contained within
the particle and on the temperature and
relative humidity of the air. Historically,
this size-stabilized particle has been called
the droplet nucleus. The amount of water
that remains absorbed within the particle
depends on the relative humidity®, even if
the relations among the composition, the
final size and the influence of the relative
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humidity are impossible to quantify®. In any
case, regardless of whether water evaporates
completely leaving only the non-volatile
particle content, the important consequence
is that the distribution of stable sizes is
narrow, on average of the order of 1 um
(REF.).

An additional complexity that must be
considered is that, in reality, particles do
not evaporate as if they were independent.
Particles dispersed within a room can be
considered independent, but this is not the
case for particles in a respiratory aerosol
jet where the relative humidity remains
uniform and close to 100%, leading to
reduced evaporation except at the spray
boundaries’*. This high relative humidity
makes these particles extremely long-lived,
up to 100 times the isolated particle
lifetime®*-*.

Finally, ventilation-induced airflows play
an important role in the fate of particles
emitted from respiratory activities in indoor
environments: after particles evaporate to
their stable size, they can remain suspended
in the air for prolonged periods and be
transported long distances by indoor
airflows". Therefore, the airflow pattern
is the most important factor influencing
the spatial concentration of the particles in
indoor environments®*, but it depends not
only on the air distribution system and heat
sources but also on the microenvironment
around people®. However, this important
and complex aspect is outside the scope of
this article.

Inhalation of particles

The air that enters the respiratory tract
during inhalation contains particles that
come from many sources — including
combustion sources such as cars and
cigarettes, as well as the particles

emitted by exhalation — and that vary

in size, physicochemical and biological
characteristics™. A detailed discussion of
the natural and anthropogenic sources and
characteristics of particles is outside the
scope of this Perspective and can be found,
for example, in REFS.”'~. A fraction of the
particles is deposited in the respiratory tract,
and some of them penetrate through the
epithelium to the bloodstream and, in turn,
to other organs in the body’*~. Because of
this, inhalation of airborne particles leads
not only to respiratory effects, but many
other health impacts, including allergy,
effects on the immune system, cancer

and effects on reproduction, irritative
effects on skin and mucous membranes of
eyes, nose and throat, sensory effects on
nervous and neurological systems, effects
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on the cardiovascular system and increased
mortality”'”. Airborne particulate matter
is considered one of the top ten health risk
factors that humans face'** (https://vizhub.
healthdata.org/gbd-compare/). In addition,
if the particles are pathogens such as viruses
or bacteria, or contain pathogens, they can
cause infectious diseases, such as common
colds, influenza, tuberculosis, COVID-19
and many others'®~'"",

The severity of the impact due to particles
deposited in the respiratory tract depends
on the dose received by the exposed
persons for specific physicochemical
characteristics®>'**''°. For a given exposure
time, concentration of particles in air and
particle size distribution, the dose of particle
received is governed by the physics of
particle inhalation, including transport and
consequent deposition in specific parts of the
respiratory tract''"''2. Of the particle physical
characteristics related to particle deposition
in the respiratory tract, the most important
are particle numbers, size distribution and
particle concentration''>'"*, Factors that
affect transport and deposition of particles
in different regions of the respiratory tract
during inhalation include the morphometry
and thermo-hygrometric conditions of the
respiratory tract, breathing patterns and
particle characteristics.

Morphometry and thermo-hygrometric
conditions of the respiratory system. The
functions of the human respiratory system
include the supply of oxygen to the alveolar
region of the lungs and the exchange
of gases (oxygen and carbon dioxide)
between the lungs and the bloodstream.
To fulfil these tasks, the system has a
complex morphometry, as it is made
up of a highly efficient airway network
from the entry ports (nose or mouth) to
the alveoli. A detailed description of the
morphometry of the respiratory system
is beyond the scope of this Perspective;
however, for completeness of this discussion,
we summarize its basic components and
their roles as reported by the International
Commission on Radiological Protection
(ICRP)'". According to the ICRP, the human
respiratory tract is divided into three main
regions: the extrathoracic region (from the
nose or the mouth to the entrance of the
trachea); the tracheobronchial region (from
the trachea to the terminal bronchioles), the
role of which is transporting air to and from
the alveolar region; and the alveolar region
(from respiratory bronchioles to alveoli), the
main function of which is to exchange gases.
The airway network is a repeatedly
bifurcating three-dimensional asymmetrical

network in which small branches of the
airways are formed by the division of a
larger airway. (The branches are known

as generations, with the trachea being
generation 0, the mainstream bronchus
being generation 1 and the bronchioles being
generation 4.) The diameter and length

of the airway segment decrease from
generation to generation. In addition, the
branching angle and inclination change
with each bifurcation, making the flow
pattern irregular and difficult to model in
detail''*»!">!"®, Furthermore, the volume

of tracheobronchial and alveolar airways
changes substantially during the breathing
cycle. In particular, the expansion and
contraction that occur during inhalation
and exhalation result in different velocity
profiles between the two phases of the
cycle, allowing for a mixing between the
inhaled and reserve air and the consequent
migration of particles between them. This
effect is known as particle dispersion in
the lungs and could partly explain the
considerable interpersonal variation in
particle deposition fractions'>'"”. An
additional feature of the airways that must
be considered in view of understanding
the particle deposition process is the
characteristic thermo-hygrometric
condition: the temperature and relative
humidity beyond the first few generations
are estimated at approximately 37°C

and 99.5%°%"'%. This condition allows for
substantial growth of inhaled hygroscopic
particles and consequently affects their
deposition'". Finally, the inner surfaces of
the airways are covered by a lining fluid,
which acts in part as a protective barrier
against foreign particles, but also increases
the dissolution of soluble deposited particles.
It should be pointed out that the ICRP
morphometric model (widely adopted to
evaluate particle deposition in the lung) is
characteristic of a ‘reference man‘ and uses
scale factors based on body height to adjust
the dimensions for other subjects, including
women and children. Nonetheless, the
anatomical variability documented among
healthy subjects exceeds what one would
assume based on ICRP"*""'*,

Physical properties of the particles and
deposition mechanisms. An accurate
prediction of the airflow in the different
segments of the respiratory tract is extremely
difficult. One reason is that, owing to the
size of segments, the flow characteristics
vary along their length and the velocity
profile is not parabolic, as would be expected
for channels''>'**'**, Therefore, evaluating
the deposition of particles in each airway

of the respiratory tract on the basis of
analytical equations of airflow is practically
impossible. A rough assessment of airflows
for a person breathing calmly indicates that
turbulent flow typically occurs from the nose
and mouth to the trachea, whereas from
generation 4 (bronchioles) up to the alveoli
the flow is laminar. Between these extremes,
from generation 1 to 3 (larger bronchi) the
flow is mostly laminar, but turbulent flow
may occur because of the instability induced
by the larynx and the cartilaginous rings in
the trachea''>'”.

The properties of the particle that
are important in affecting its fate during
inhalation and deposition are size (expressed
as equivalent diameter), density and shape;
these factors influence the aerodynamic
and diffusive behaviour of the particles and
therefore their transport and deposition.
Regarding inhalation, experimental studies
carried out considering different orientations
of the nose, mouth and head with respect
to the airflow showed an inhalability of
100% for particles of a few micrometres and
smaller, decreasing to ~50% at 50 pm (REF.'").
Regarding deposition, increasing particle
sizes and densities increase the inertial forces
acting on the particles''*'*” and consequently
the deposition rate of supermicrometric
particles. Because of the abovementioned
hygrometric conditions in the lungs, the
diameter of particles can more than double
after inhalation into the lung®*'"’.

Measuring deposition. The potential for
particles to cause disease depends on the
region in which they are deposited. For
instance, the deposition of particles in
tracheobronchial and alveolar regions is
more critical than in the extrathoracic
region. However, direct and experimental
knowledge of deposition is mainly available
only for total deposition in the whole
respiratory tract.

Measuring the total deposition of
submicrometre particles is not an easy
task. The total deposition fraction of
submicrometre particles is usually
measured by comparing the particle size
distributions of air inhaled and exhaled by
human volunteers; typically, inhaled and
exhaled air are stored in separate chambers
in which particle size distribution and
total concentration measurements are
made continuously using mobility particle
sizers. Although only a few studies have
made measurements of total deposition
of submicrometre particles, these studies
have been carried out for different types of
aerosols (ambient and combustion aerosols,
and aerosol produced by generation systems
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designed for this purpose), different
population groups (adults and children,
males and females), different breathing
patterns (residence time, tidal volume,
breathing frequency), and different groups
with respiratory disease'”~'*.

Measurements of total supermicrometre
particle deposition fractions date back to the
1950s. For this range of particles, different
methods were applied, including inhalation
of particles labelled with a gamma-emitting
radionuclide, and comparisons between
the concentrations of inhaled and exhaled
particles (similarly to those described for
submicrometre particles), measured by
aerodynamic particle sizers or photometers.
The deposition experiments were also
carried out for different types of aerosols and
different breathing patterns'*'?%136141-1%5,

In adults, the total deposition is higher
for ultrafine particles (<100 nm), exceeding
50% for diameters <50 nm, as well as for
supermicrometre particles, whereas a
minimum deposition fraction is seen in
the range 100 nm to 1 um (FIC. 3). The high
deposition fractions of ultrafine particles
are due to diffusion; the high deposition
fractions of supermicrometre particles
are due to sedimentation and impaction.
Between these two size ranges, diffusion and
inertia are less effective.

Substantial differences between
subjects were reported within the studies,
and although mean deposition fractions
are reported for each study, substantial
differences also exist between the studies.

In general, such differences are due to

the different objectives of the studies,
leading to differences in experimental
systems and methods used, with all these
factors potentially affecting the results,

as summarized in a critical review of
nanoparticle lung deposition measurement
techniques'*. In fact, the results are strongly
affected by the aerosol source (which affects
monodispersity and electrical charge, among
other factors), the inhalation system (which
affects factors such as particle losses, leaks
and breathing patterns), and the particle
detector (which affects efficiency and
response time, for example). Furthermore,
owing to the complexity of the experimental
campaigns, the total number of volunteers
involved in these studies remains limited,

so interpersonal differences, due to the
variability of the morphological and
breathing pattern of human lungs, also play
an important role. As an example, studies
imposing different programmed breathing
patterns'?>13¢144147-151 highlighted that longer
residence times and higher tidal volumes
increase the efficiency of the deposition,
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because they enhance the role of diffusion
and sedimentation of the particles.

Unlike total deposition, regional
deposition fractions cannot be measured

directly, so their assessments are less accurate.

They are obtained by indirect methods, such
by conducting radiolabelled aerosol retention
measurements, computed tomography or
magnetic resonance imaging scans, and
gamma scintigraphy either using hollow

cast techniques or human volunteers'**'%*->°,
However, these methods cannot adequately
reproduce the complexity of the peripheral
airways''>'®". Therefore, to estimate

regional contributions, measurements

have been combined with particle deposition
modelling. Detailed reviews of existing
models can be found elsewhere'*'¢'.

Outlook

There is an urgent need to broaden our
understanding of the physics behind
breathing, one of our most fundamental
physiological functions. The benefits
could include better assessment of
respiratory health, more precise delivery
of pharmaceutical drugs, and the
understanding and potential reduction
of respiratory disease transmission.

Our understanding of what remains to be
done can be summarized as follows.

First, it is critical that new methods
and technologies are developed to
measure particle formation in situ in the
respiratory tract. Although the theoretical
understanding of the physics involved in
particle generation continues to improve,
including through numerical modelling,
the relevant rheological properties cannot
yet be measured directly in the respiratory
tract of a living human being, nor can the
quantity and size distribution of generated
particles. Advances in nanotechnology
may provide a pathway to conduct such
measurements, in the form of nanobots
capable of collecting and reporting
relevant information from inside the
respiratory tract.

Second, a much better understanding
is needed of the dynamics of the initial
moments of the respiratory plume, based
on experimental studies and focusing on
multiphase jet dynamics. This lack of
knowledge has important consequences
because the first seconds of the respiratory
plume are critical for the airborne
transmission of respiratory pathogens,
particularly for people in close proximity.

Third, the dynamics of the particles
in the lungs is far from being sufficiently
understood. The lack of such knowledge
has far-reaching consequences, one of them
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being that the dose-response relationships
used to evaluate the risk of infection from

exposure to virus-laden particles typically do
not explicitly include the deposition fraction,

owing to its uncertainty'®’. Focused efforts
are needed experimentally, theoretically
and computationally to provide a holistic
approach to the physics that drives the
elements of the process.
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