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Abstract

Determination of the respiratory tract deposition of airborne particles is critical for risk assessment of air
pollution, inhaled drug delivery, and understanding of respiratory disease. With the advent of nanotechnology,
there has been an increasing interest in the measurement of pulmonary deposition of nanoparticles because of
their unique properties in inhalation toxicology and medicine. Over the last century, around 50 studies have
presented experimental data on lung deposition of nanoparticles (typical diameter <100 nm, but here <300 nm).
These data show a considerable variability, partly due to differences in the applied methodologies. In this study,
we review the experimental techniques for measuring respiratory tract deposition of nano-sized particles, an-
alyze critical experimental design aspects causing measurement uncertainties, and suggest methodologies for
future studies. It is shown that, although particle detection techniques have developed with time, the overall
methodology in respiratory tract deposition experiments has not seen similar progress. Available experience
from previous research has often not been incorporated, and some methodological design aspects that were
overlooked in 30-70% of all studies may have biased the experimental data. This has contributed to a significant
uncertainty on the absolute value of the lung deposition fraction of nanoparticles. We estimate the impact of the
design aspects on obtained data, discuss solutions to minimize errors, and highlight gaps in the available
experimental set of data.

Key words: aerosol, engineered nanoparticles, dosimetry, health, inhalation, NSAM, ultrafine particles, pulmo-
nary, lung deposition

1. Introduction dosimetry (MPPD) models(4’5)], which, as good as possible
at the time of release, represent the available experimental
data (Fig. 1). The semiempirical ICRP model and all other

INFORMATION ABOUT DEPOSITION of inhaled aerosols in the
(ab initio) models use a theoretical prediction of diffusional

respiratory tract is important for risk assessment of occupa-

tional and environmental air pollution, drug delivery via in-
halers, and diagnosis of lung diseases. Accurate knowledge of
the lung deposited fraction of inhaled particles is the key to
relate the more readily measured aerosol exposure concentra-
tion levels (particle number, surface area, or mass per volume of
inhaled air) to the tissue-delivered dose, which is one of the main
determinants of the particle-induced biological response."™
Several numerical (in silico) models of pulmonary particle
deposition are available [e.g., the International Commission
on Radiological Protection (ICRP) and multiple-path particle

particle deposition to compensate for the limited amount of
data for particles below 100 nm. However, lung deposition is
governed by a complex set of parameters comprising the
breathing pattern, particle characteristics, flow dynamics,
and morphological structure of the lung. In addition, these
parameters are subject-dependent and influenced by age,
sex, and state of health. Because of the complexity of these
issues, numerical calculations of the lung deposition of par-
ticles necessarily involve simplifications and need to be
validated by experiments.
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FIG. 1. Total and regional deposition fractions (DFs) of
aerosol particles in the range 1-1,000nm according to the
MPPD model. The values are averages for relaxed nose
breathing in men and women (tidal volume, 0.75 L and 0.464
L; breathing frequency, 12min~' and 14 min™).

More than a century has passed since the first observa-
tions of particle deposition in the respiratory tract.¢'?
The currently available database shows an emphasis on
micrometer-sized rather than nano-sized particles mainly
due to limitations in measurement technology and a para-
mount interest in traditional, medical/pharmaceutical ap-
plications and occupational hygiene where larger particles
historically have been the main interest. More recently, there
is a keen interest in predicting lung deposition of nano-sized
particles (diameter < 100 nm) due to the increasing awareness
of the health effects of small particles (e.g., diesel exhaust)
from ambient air pollution,m'u) office devices such as
printers,"® and engineered nanoparticles, as well as the
recognition of the second, fourth, and ninth global risk fac-
tors for mortality to be tobacco smoke, household air pol-
lution, and ambient particulate pollution, respectively.?®
Typically, such nanoparticles are coagulated into larger ag-
glomerates. In addition, there are increasing efforts of uti-
lizing inhaled nanoparticles for diagnostic and therapeutic
purposes.®

As described below, only around 50 studies are reported
that measure the respiratory tract deposition of particles
smaller than 300nm (see Table 2 in the Appendix for the
complete list). The increasing interest in this issue is docu-
mented by the fact that more than a third of these studies
have been performed over the last decade.

In addition to the scarcity of data, there is a lack of co-
herence of the available data, i.e., there is considerable de-
viation among the reported values. In part, this may be due
to intersubject differences in particle lung deposition, but it
can at least partially also be attributed to the use of different
measurement methods and biases due to measurement
problems. When measuring particle lung deposition, a
number of complex experimental challenges have to be
handled ranging from aerosol generation, transport, and
detection to physiological issues like dead-space volume in
the lungs and respiratory conditions (controlled versus
spontaneous breathing).

Recently, several devices have been introduced for mea-
surements of lung deposition of inhaled particles in the nano-
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sized range. Chalupa et al., Londahl et al., Montoya et al.,
Morawska et al., and Rosati et al.'”?") independently con-
structed detection systems for nanoparticles down to about
10nm utilizing size-resolved measurements of inhaled and
exhaled aerosol with standard (mobility) particle sizers.
Moller et al. and Wiebert et al.?>*® developed a method for
studies of the regional deposition of radiolabeled ultrafine
particles using a gamma camera. Kim and co-workers®*2%)
investigated the deposition of monodisperse nanoparticles
breath by breath with a particle counter.

None of these systems for human studies of respiratory
tract deposition is commercially available, but an increas-
ing number of devices are emerging that report lung de-
posited surface area of particles smaller than about 300 nm
such as Aerotrak 9000 (TSI Inc.), miniature diffusion size
classifier (miniDISC, Matter Aerosol), NanoCheck (Grimm),
NanoTracer (Philips), Nanoparticle Surface Area Monitor
(NSAM; TSI model 3550, TSI Inc.), and Partector (Naneos
Particle Solutions GmbH). None of these devices directly
measures lung deposition of nanoparticles. Instead they
have a size-dependent instrument response that has been
shown to correlate with the surface area of the deposited
particles in the lungs, if—and only if—the particles are
spherical and nonhygroscopic and follow the lung deposi-
tion curves described by the ICRP model.?” Hence, these
devices do not actually measure particle lung deposition
and are therefore not discussed in this review. The in-
creasing number of measurement devices for lung depos-
ited particle dose reflects the increasing interest in this
topic.

One of the main challenges for calibration and compari-
son of instruments for lung deposition experiments is the
lack of a realistic common “standard” or “reference”
method. Previous approaches include filters, packed bead
beds, or some type of physical model as reference, but these
do not reproduce the dynamic structure of a breathing
lung.("‘g + 2829) In addition, the air also should be moistened
to nearly saturated conditions of 99.5% relative humidity
(RH) in order to simulate hygroscopic effects such as hy-
groscopic growth and particle restructuring. It is experi-
mentally very difficult to maintain RH levels just below
saturation. Using an actual human lung for comparison of
instruments is also not possible, because of intersubject
variability. Hence, currently the most favored option is to
design and select the experimental methodology such that
measurement errors are minimized.

The objective of this work is to identify the most critical
parameters for particle lung deposition measurements with
a particular focus on nano-sized particles (here diame-
ter<300nm) in order to provide guidance for measuring
the lung deposition of inhaled nanoparticles, to facilitate
comparison and harmonization of data, and to improve the
quality of future particle lung deposition measurements.
The critical design aspects of particle lung deposition
measurement devices are identified based on a compre-
hensive review of the currently available experimental
methods with a focus on the diffusion-dominated size re-
gime (<300nm), which is most relevant for nanoparticle
deposition. However, most of the critical parameters for
lung deposition measurements also apply to larger-sized
particles. Finally, gaps in the currently available data
pool are identified, and best practice recommendations



MEASUREMENT OF LUNG DEPOSITION OF NANOPARTICLES 3

for accurate particle lung deposition measurements are
presented.

2. Background on Particle Lung Deposition
Measurement

The simplest and most widely used measure of inhaled
particle deposition is the total deposition faction (DF; a
number between 0 and 1), i.e., the total fraction of inhaled
aerosol that deposits in the respiratory tract including the
extrathoracic region (nose or mouth). Some aspects of re-
gional deposition (spatially resolved deposition) will be
discussed below (see also Fig. 1 and Appendix), but the main
focus of this work is total deposition.

If DF is known, the respiratory tract deposited particle
dose rate, expressed as the total amount of particles (number,
mass, etc.) deposited in the respiratory tract during a period
of time (e.g., ug/min), can be inferred from

Dose rate = DF - Ciypaied - MV 1)

where Ciarea (€8 18/ m?) is the particle concentration of the
inhaled air (exposure level: amount of particle per volume air)
and MV is minute ventilation (m®/min). Of these parameters,
DF is the least accessible factor, because it depends on the
subject-specific morphology of the lungs and respiratory pa-
rameters (rate, route, and volume), as well as on numerous
other parameters including particle size, density, shape, and
chemical composition as discussed below. Omission of DF from
the dose-rate calculation, as is often done, results in a consid-
erable uncertainty of up to a factor of 10, as DF may vary from
less than 0.1 to almost 1, mainly depending on particle size.®)

For inhalable aerosols (diameter <10 um), the most im-
portant mechanisms of deposition in the respiratory sys-
tem are inertial impaction, gravitational settling, and
diffusion.®%3" Both the relative contribution of these
mechanisms to DF and the value of DF itself depend on
particle size (see Fig. 1). Coarse particles (>3 um) mainly
deposit by impaction due to abrupt changes in the direction
of the air flow that occur in the mouth (or nose) and the
upper respiratory tract, including pharynx, larynx, trachea,
and bronchial region. Gravitational settling is most efficient
in the narrow, randomly oriented ducts and air spaces
further down in the lungs (bronchiolar and alveolar re-
gion). Here, flow velocities are small and residence times
are long, which facilitates gravitational settling of particles
between about 0.3 and 3 um. Deposition by diffusion is the
principal deposition mechanism for particles with a diam-
eter below 0.3 um. Nanoparticles smaller than around
10nm have high diffusion velocity and deposit mainly in
the head airways and tracheobronchial region, whereas 30—
300-nm particles primarily deposit in the alveolar region.
For particles with diameters in the range 20-40nm, the
majority (up to about 50%) deposit in the alveolar region
during exercise. No principal deposition mechanism is ef-
ficient for particles in the range 0.1-1um, which is the
reason for the minimum in the total deposition curve over
this size range (Fig. 1).

Figure 2 illustrates the diffusion-dominated size regime
for particle deposition in the lungs, which is the relevant
regime for nanoparticles. The characteristic diameter for
diffusion-related transport and deposition is the mobility
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FIG. 2. Size-resolved total DF as a function of particle
density (0.0001-20 g/cm %). Data are calculated with the ICRP
model for a sitting male adult (nose breathmg, tidal volume,
0.75 L; breathmg frequency, 12 min~ 1.®) For small enough
particles, DF is independent of particle density (diffusion-
dominated regime). The upper limit of the diffusion-dominated
regime is between 100 and 600nm for dens1t1es between
20 and 0.5g/cm>. For a density of 1-2g/ cm® (typical for
ambient partlcles) the upper size limit of the diffusion-
dominated regime is about 300 nm, because at this size DF i s
twice the value of the zero density line (here: 0.0001 g/cm?),
which represents DF due to diffusion only.

diameter, which is related to the geometric and aerodynamic
diameter.®*=% Diffusion is always the dominating deposi-
tion mechanism if the particles are small enough (<150-
300 nm, depending on density). If DF is only due to diffusion,
it is independent of particle density, because the diffusivity
of particles is independent of particle mass.

The deposition by diffusion is proportional to the diffu-
sion coefficient D and the residence time, f,, in the general
form (Dt,)'/% The diffusion coefficient D of the particle is
given by:

_ kTC,
N 3nnd,

@

where k is Boltzmann’s constant, T is the absolute tempera-
ture, C, the slip correction factor, 1 the dynamic viscosity,
and d,, the particle diameter.

The upper size limit of the diffusion-dominated regime can
be defined as the size where the effect of diffusion on DF is
matched by the combined effects of impaction and sedimen-
tation. This size is found by comparing the size-dependent DF
curve (obtained from, e.g., the ICRP model) of a spherical
particle with a given density (DF due to diffusion, impaction,
and sedimentation) with that of a hypothetical particle with
zero density (DF due to diffusion only). The size of interest is
that for which DF (actual density) is twice as high as DF (zero
density). As seen from Figure 2, this size increases from about
150 to 700nm for densities decreasing from 20 to 0.5g/cm’.
For a typical ambient particle, the effective density is less than
2g/cm®, and hence the upper limit is about 300nm (see
Fig. 2). Hence, for the purpose of this study, we will focus
on the diffusion-dominated size regime (diameter<300nm
for particle densities below 2 g/cm®), which includes the so-
called ultrafine or nano-sized particles (diameter <100nm).
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For simplicity, we will henceforth use the terms diffusion-
dominated and nano-sized interchangeably.

It is important to note that the densities given in Figure 2
are effective densities. The effective density of agglomerated
particles is less than the material density. As particle density
and shape are not always known, it is recommended to
measure (calculate) particle lung deposition in terms of the
characteristic size, namely, mobility and aerodynamic di-
ameter for the diffusion- and impaction/sedimentation-
dominated regime, respectively. Using the mobility diameter
eliminates the effect of shape and density on particle lung
deposition, i.e., the calculations with the ICRP model (or
other computer models of particle lung deposition) can be
performed as if (1) the characteristic diameter is equal to
the geometric diameter, (2) the density is unity, and (3) the
shape factor is unity (spherical shape).®** An exception is
particles such as carbon nanotubes and rods with shapes that
can not easily be fully described with a single diameter value.

Several factors influence particle lung deposition in the
diffusion-dominated regime. The main factors are particle
mobility size,“$ ) hygroscopicity,“$* *2® breathing pat-
tern, ¢~ 2» and lung morphology.“#~ > As seen from Figure
1, DF is highly dependent on particle size. This requires
information not only on the size of the particles prior to
inhalation, but on the fate of the particle in the lungs where
the particle size may be altered due to hygroscopic growth,
evaporation, coagulation, or restructuring. In the lungs,
where RH is close to 99.5%,%441) particles may grow by
condensation of water vapor to a diameter of up to six times
the original (dry) size depending on the hygroscopicity of
the particle. As the growth times of nano-sized particles
(<300 nm) are small compared with the residence time in the
lungs,*? the “wet” particle size is the relevant diameter for
lung deposition. This was experimentally confirmed in
studies showing that the size-resolved lung deposition for
hygroscopic particles was shifted to larger size, when com-
pared with nonhygroscopic particles, where the size shift
was consistent with the hygroscopic growth factor.*”*? In
other words, a hygroscopic 50-nm NaCl particle has essen-
tially the same DF as a hydrophobic 220-nm particle. This is
important, because it implies that one can estimate the de-
position of hygroscopic particles in the lungs, if the dry par-
ticle size and its hygroscopic growth factor (at RH=99.5%)
are known.

In addition to hygroscopic growth, other factors may af-
fect the particle size in the lungs. Evaporation is usually
negligible, but it may have an effect for semivolatile particles
inhaled from cold air and for fresh organic-rich combustion
emissions (wood smoke, etc.). Also, coagulation is in most
cases negligible, but should be considered when particle
concentration is high (e.g., cigarette smoking) or breathing is
slow (e.g., when holding the breath). Furthermore, agglom-
erated particles could shrink due to restructuring, if they
contain some hygroscopic material. The surface tension
caused by the absorbed water may lead to restructuring,
resulting in a decrease in mobility size of up to about 20%
depending on the stiffness of the structure and the hygro-
scopicity of the material. >

In addition to particle size, particle lung deposition is
strongly affected by the respiratory conditions. Important
parameters are primarily tidal volume (inhaled air volume
per breath), breathing frequency, and flow rate. In the
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diffusion-dominated regime, the residence time of the parti-
cles in the lung primarily determines deposition; therefore,
large tidal volume increases DF, whereas high breathing fre-
quency lowers it. During exercise, both tidal volume and
breathing frequency are increased compared with those under
sitting conditions. It is remarkable that the net effect of this is
that DF remains almost unchanged due to the compensating
effects of increased tidal volume and increased breathing
frequency on particle residence time.** However, as the
total inhaled air volume is much higher during exercise, there
is a sizeable increase in deposited dose rate (see Eq. 1).

Furthermore, lung morphology and airway geometry
sometimes have a considerable effect on deposition. DF
may be altered substantially in the diseased lung, where air-
way dimensions are sometimes abnormal. In the diffusion-
dominated regime, DF has been shown to be altered for
patients with asthma and chronic obstructive pulmonary
disease (COPD).(1794659) Tt should be noted that in respi-
ratory disease the dose rate is altered not only by DF, but
also by changes in minute ventilation (see Eq. 1). In the dif-
fusion-dominated regime, DF appears to be almost similar
for nose and mouth breathing.®"

A number of other factors may influence deposition, such
as net charge on the particles, particle concentration (cloud
motion, e.g., for cigarette smoke), interception, thermophor-
esis, and gas properties (e.g., changes in gas density or vis-
cosity due to low pressure conditions). However, for most
practical applications, these factors have a minor effect and
are therefore discarded from the following discussion. As a
caveat, we add that interception and electrostatic forces may
become relevant under certain conditions.®? The former is
relevant for fiber-like particles (large aspect ratio and longer
than about 3 um), and the latter plays a role for highly
charged particles (typically larger than 20 elementary char-
ges), which is likely to occur only in the immediate vicinity of
a particle source or if inhaled aerosol particles have been
actively charged (unipolar) prior to inhalation.®>%

3. Measurement of Respiratory Tract Deposition:
Main Device Components

The total deposition fraction, DF, is generally defined as

DF=1-— Cexhaled/ C'mhaled (3)

where Cinnaled anNd Ceyhalea are the inhaled and exhaled
aerosol concentrations, respectively. Ideally, these should be
directly measured. However, as will be discussed in detail in
Section 4, some corrections to this equation are generally
necessary depending on the experimental setup. For in-
stance, volume changes, dead space in a breathing mask, and
particle losses in the instrument have to be accounted for.

Although a variety of experimental setups have been used
for measurement of respiratory tract deposition (see Table 2
in the Appendix for a list of studies in the diffusion-dominated
regime), the main components are always (A) an aerosol
source, (B) an aerosol conditioning and inhalation system,
and (C) a method for particle detection.

A. Aerosol source

The aerosol source is selected depending on the experi-
mental question to be answered and/or on the particle
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detection method at hand. For instance, if particles are de-
tected with a gamma camera, they have to be radiolabeled.

B. Inhalation system

There is a considerable diversity in the design of in-
halation systems, but most can be divided into either flow-
through systems or bag systems (Fig. 3). Flow-through
systems are generally open to the atmosphere and allow a
continuous aerosol flow, whereas bag systems collect the
exhaled aerosol in a bag. The inhalation system typically
consists of an interface with the human respiratory tract (e.g.,
face mask, mouthpiece), connecting tubing, and containers
for sampling of inhaled and exhaled aerosol. Most inhalation
systems, but not all, have flow meters for logging the
breathing pattern. Some systems allow spontaneous breath-
ing, and others control breathing with automatic valves. In
some systems, the aerosol is diluted, heated, or dried.

C. Particle detection

A wide range of detection devices have been used, such as
radioactive techniques, gravimetric analysis of filters, elec-
tron microscopy, electric charge, thermal precipitator, im-
pingers, condensation particle counters (CPC), and flame
photometry (see Table 2 in the Appendix). There is a fun-
damental difference between detectors measuring total and
size-resolved particle concentrations. The former often have
the advantage of a short response time, but a sequence of
measurements with monodisperse aerosols has to be per-
formed in order to find the size-dependent DF. Size-resolving
detectors require additional precautions as discussed below.

4. Critical Aspects for Particle Lung Deposition
Measurements

There are a number of critical design parameters to con-
sider when measuring respiratory tract deposition (Table 1).
Most of these are relevant independent of the selected ex-
perimental setup, but some relate to specific methods (e.g.,
experiments with radiolabeled or polydisperse aerosols).
Best accuracy of the measurements can be expected, if all (or
most) of the critical design parameters are adequately in-
corporated in the experimental setup.

Flow-through-system
Inhaled aerosol

Simplified bag-system
Inhaled aerosol

[Il|Flow meter

il Heated area Particle detector

Particle detector
R |
o

*

[‘i'ryer

Exhaled
aerosol

Exhaled aerosol

FIG. 3. Schematic pictures of the two major types of inha-
lation systems used. The flow-through type (left) is the most
common, but several groups have also used bag systems
(right). Some critical parts usually needed are shown in the
left part of the figure: heating of the exhaled aerosol, flow
meter, and drying of the particles before the detector.

We identified the critical design aspects by a review of the
literature on particle lung deposition measurements includ-
ing nano-sized particles (the studies are listed in Table 2 of
the Appendix; see also Section 6 below). Below follows a
short summary of these design aspects. For a more detailed
description, we refer the reader to the Appendix. Suggestions
or recommendations on how to address these design aspects
when performing DF measurements are discussed in detail
in the Appendix and are briefly summarized in Table 1 and
Section 5.

Aerosol source

A1. Monodispersity. A common method to study the DF
at a specific particle size is to measure total deposition of a
monodisperse aerosol. A perfectly monodisperse aerosol
(where all aerosol particles have exactly the same size)
would have a geometric standard deviation of unity
(GSD =1). Experimentally, a GSD of less than around 1.15 is
generally considered as monodisperse. For comparison, the
most widely used compressed-air (jet) nebulizers produce
particle size distributions with GSD = 1.8-3.4.6Y However, as
DF is size-dependent, the measured DF changes with GSD. A
bias arises if the DF of a polydisperse aerosol is utilized as a
measure for the DF of a monodisperse aerosol or vice versa.
Figure 4 illustrates the deviation between the measured
quasi-monodisperse aerosol and true monodisperse DF de-
pending on the extent of polydispersity. If we accept an error
of 0.02 in DF (corresponding to a relative error of up to 8%
depending on particle size), GSD should be less than 1.3. The
absolute bias in DF for particles less than 1 um is —0.009 to
0.016 for GSD=1.3 and -0.06 to 0.13 for GSD=25. A
polydisperse aerosol could be used for size-dependent DF
measurements if inhaled and exhaled size distributions are
compared (see discussion below).

A2. Multiple diameters. If monodisperse particles are
separated from a polydisperse distribution in an electric field
[e.g., with a differential mobility analyzer (DMA)], multiply
charged particles need to be considered. These multiply
charged particles will have larger (geometric/mobility) di-
ameters and, hence, a lower lung deposition probability in
the diffusion-dominated regime.(36’55)

A3. Radiolabeled particles. The major techniques for the
generation of nano-sized radiolabeled aerosol particles are
based on nucleation of vaporized material, either in a Tech-
negas system or by spark discharge. These methods give size
distributions with GSD>1.3 and particles that may contain
some hygroscopic material. These factors have to be considered
when providing data on DF.

A4. Concentration limits. The concentration has to be
high enough to get sufficient counting statistics and to
eliminate background noise. On the other hand, it has to be
sufficiently low to avoid particle coagulation (<10°~10° cm™
depending on residence time of the aerosol in the apparatus).
The latter is less critical, if particle mass rather than number
is measured, because mass is conserved under coagulation.
On the other hand, coagulation always introduces a bias in
measured DF, because it leads to increase of the average
particle diameter and decrease of particle concentration. The
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TABLE 1. RECOMMENDED PROCEDURES TO MINIMIZE ERRORS

Design aspect

Procedures to minimize error

A. Aerosol source

Al. Monodispersity

A2. Multiple mechanical mobilities

A3. Radiolabeled particles

A4. Concentration limits

Ab5. High electrical charge

A6. Unstable concentration

B. Inhalation system

B1.

B2.

B3.

B4.

B5.

Bé6.

B7.

B8.

B9. Condensation of exhaled aerosol

Separation between samples

Particle losses

Leaks

Change in temperature and RH

Pressure variations

Dead space

Discard first breaths

Varying exhaled concentration

B10. Hygroscopic aerosol

B11. Monitoring breathing pattern

B12. Defining breathing pattern

There are several ways of generating monodisperse particles with GSD <1.3:
e.g., electrospray technology, nebulization of a liquid suspension containing
monodisperse particles, or by selecting a narrow size fraction from a
polydisperse aerosol generator by, e.g., DMAs.

If monodisperse particles are obtained from a polydisperse aerosol with a
DMA, the aerosol should ideally contain few particles that are larger than the
selected size.

Particle size distribution needs to be provided.
Particle concentration could be reduced by dilution.
A bipolar charger (neutralizer) needs to be used for highly charged aerosols.

The concentration may be stabilized by use of a mixing volume.

Not applicable.

Particle losses may be minimized by use of short tubing to reduce deposition by
diffusion and by conductive material to reduce electrostatic deposition. The
remaining particle losses should be characterized and corrected for (details in
Appendix).

Leaks may be tested by, e.g., inhalation of particle-free air. Use nose clip if
breathing on mouthpiece. Special care must be taken when using nose or face
masks.

There are several options available. Usually inhaled and exhaled aerosols
should be measured at similar temperature and RH.

Short tubing with large cross section decreases pressure drops.

If tidal volume of the breathing subject and mouth/nose piece dead space is
known, a simple correction of data may be performed.®®

The first breaths may be wasted either by removing parts of the data or by a
valve system that directs the flow.

The exhaled air may be mixed in a sufficiently large container or measured by
fast time-dependent sampling combined with volume flow measurement.
Long measurement times could also be used to smear the varying exhaled
concentration.

Condensation of exhaled aerosol is avoided by heating the inhalation system.
The studied aerosol needs to be well characterized in terms of water uptake.

Breathing pattern should be monitored during measurement and provided at
BTPS.

Calibration of flow meters is needed.

(continued)
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TaBLE 1. (CONTINUED)

Design aspect

Procedures to minimize error

C. Particle detector, polydisperse aerosols,
and radiolabeled aerosols

Particle detector

C1. Correct particle sizing

C2. Detection efficiency

Calibration of the particle sizer with particles of known size is needed for
accurate sizing.

Preferably the same instrument should be used to measure both inhaled and

exhaled samples during similar temperature, pressure, and RH.

C3. Size shift altering detection
efficiency
C4. Low response time.

C5. Proper particle diameter
Polydisperse aerosols

D1. Size shifts

Use stable particles or condition the particles to reduce size shifts.

Most common solutions are a fast detector or a mixing volume.

Correct particle diameter should be reported for DF.

The stability of the aerosol needs to be addressed (see Appendix). As outlined

in the Appendix, several options to account for size shifts are available.

Radiolabeled aerosols
El. Attenuation and scattering See Appendix.

E2. Leaching of tracer

See Appendix and section on radiolabeled aerosols.

A more comprehensive description is found in the Appendix.

BTPS, body temperature and pressure, saturated; DMA, differential mobility analyzers.

Relative Error in DF (%)

FIG. 4. The error occurring if assuming that the DF of a
polydisperse aerosol represented that of a monodisperse.
Here the relative error in DF (i.e., ADF/DF) is depicted as a
function of particle diameter for different GSD values (1.2-
2.5). The calculations were performed based on DF data
generated by the ICRP model (LUDEP v. 1.96; ICRP®) for a
nose-breathing, sitting male (12 breaths/min; tidal volume,
0.75 L; constant air flow rate, 18 L/min) assuming spherical
particles with unit density. It is evident that, for particle di-
ameters below 50 nm, polydispersity does not have a major
effect (< 8% bias in the measured DF), whereas it introduces
an almost 100% error near 500 nm for GSD =2.5. Maintaining
less than 8% bias in DF over the entire submicrometer size
range requires GSD<1.3.

decreased concentration due to coagulation could be mis-
interpreted as deposition in the lung and, hence, an overes-
timate of DF.

A5. High electrical charge. If particles are highly
charged, which may be the case for freshly generated par-
ticles, they have an increased DF due to electrostatic
forces.®3%

AB. Unstable concentration. In most experimental set-
ups, the inhaled and exhaled aerosol is not continuously
monitored, but rather measured with a single instrument
alternating between two containers. Thus, a varying source
concentration is likely to alter the measured DF from the true
value.

Inhalation system

B1. Separation between inhaled and exhaled sam-
ples. Most experiments separate inhaled and exhaled
samples either (1) by a valve system directing the aerosol
into reservoirs (exhalation filter in some cases) or (2) by using
a particle detector close to a mouthpiece (or face mask) that
continuously records both inhaled and exhaled air. Fast
sampling directly at the mouth/nose is difficult in the
diffusion-dominated regime because the currently avail-
able detectors for nanoparticles have a slow response time.
One exception is a study by Kim and Jaques® where an
ultrafine condensation particle counter (UCPC) was modi-
fied to decrease response time and thereby enabled exhaled
concentration to be followed breath by breath.



B2. Particle losses in the inhalation system. Deposition
of particles in the breathing apparatus may be interpreted as
deposition in the lungs if not accounted for. Bag systems es-
pecially may have considerable particle losses that, in addition,
depend on the fill ratio of the bags. For hygroscopic particles,
losses are dependent on RH.®® The reported values of particle
losses in the various apparatuses described in the literature are
usually around 6-15% for 20-nm particles and 1-2% for 300-nm
particles. These losses, if neglected, will give rise to an absolute
overestimation of DF with 0.015-0.04 at 20 nm (relative error 2—
6%) and 0.01-0.02 at 300nm (relative error 7-19%). It is es-
sential to construct the inhalation system using conductive
material. Natural rubber and silicon latex material are espe-
cially problematic, because they are prone to strong elec-
trostatic charging and may give very high and
nonreproducible losses in the system, as most aerosol par-
ticles do carry a net positive or negative charge.

B3. Leaks. The inhalation system has to be leak tight.
Nose or face masks especially do not always fit perfectly.
Inhaling through one mouthpiece and exhaling through an-
other, as is done in some studies, obviously involves the risk
of getting room air into the system. If particle concentration
in the system is higher than in the surrounding air, leaks
are likely to increase the measured DF compared with the
true DF because the particle concentration is decreased by
dilution.

B4. Change in temperature, RH, and volume. If inhaled
air and exhaled air differ in temperature and humidity, the
air volume will also be shifted. For example, there is about
12% increase in gas volume between an inhaled aerosol at
20°C with 50% RH and an exhaled aerosol almost saturated
with water vapor at 37°C. If not accounted for, this may
distort the concentration measurement as well as monitoring
of the breathing pattern (see B11). An increasing gas volume
dilutes the aerosol and may be misinterpreted as a decrease
in particle concentration. If volume increases by 10%, a true
DF of 0.13 may be mistaken to be 0.21 and a DF of 0.50 to
be 0.55 (as could be derived from Eq. 3).There is also a small
difference between the volume of absorbed O, compared
with the volume of exhaled CO,, leading to a decrease of the
exhaled volume of about 0.5% (the ratio between produced
CO, and consumed O,—the respiratory exchange ratio—
varies slightly depending on metabolism).

B5. Pressure variations. The varying breathing flow
rate results in pressure differences for the aerosol. If equal
volume flow rates are sampled from the inhaled and exhaled
aerosols, a pressure difference gives rise to an increased
sampling on the high-pressure side and vice versa. Thus, an
increased pressure in exhaled air likely decreases the mea-
sured DF (Eq. 3). Some detectors, for instance, the tapered
element oscillating microbalance (TEOM), are also very
sensitive to rapid pressure variations.®®

B6. Apparatus dead space. The inhaled aerosol con-
centration at the mouthpiece or face mask does, in most
cases, differ from the measured concentration. The reason is
that, at the beginning of each breath, the apparatus dead-
space volume contains the aerosol from the end of the pre-
vious exhalation. Therefore, the inhaled aerosol will contain
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fewer particles than measured, and if not accounted for, this
leads to an underestimation of DF—typically with 1-6% (or
up to 0.07 in DF) as described in several articles.®”>)

B7. Discard first breaths. At least a few breaths are
needed before the studied aerosol has fully replaced the
aerosol present in the lungs before the experiment. Typically,
the surrounding air has a lower particle concentration than
used in the inhalation system. Therefore, the initially exhaled
aerosol will contain fewer particles, and if these data are not
wasted, DF will be overestimated (see Eq. 3).

B8. Varying exhaled concentration. The particle con-
centration in the exhaled breath is not uniform. The air ex-
haled at the end of the breath contains fewer particles than
the first part, because it has spent a longer time in the re-
spiratory tract and reached deeper into the lung. If total DF is
studied, it is therefore necessary to measure over the com-
plete breath and, if not using a mixing volume, compensate
for flow variations. On the other hand, the nonuniformity of
the exhaled breath concentration is related to the depth of
inhalation and offers the opportunity for a rough estimation
of regional deposition (central or peripheral lung region) by
measuring the particle concentration in a specific part of the
exhaled breath (early exhaled breath: central lung; late ex-
haled breath: peripheral lung).©®**"

B9. Condensation of water on exhaled aerosol. If the
undiluted exhaled aerosol is cooled below approximately
35°C, it becomes supersaturated with water. Similar to the
activation process of aerosol particles into cloud droplets,
submicrometer-sized particles in the exhaled air may rapidly
grow to droplets with diameters of several micrometers,
which may dramatically increase deposition in the inhalation
system because of gravitational settling or impaction (and
consequently bring about an overestimate of DF).

B10. Hygroscopic aerosol. If the intention is to study the
deposition of hydrophobic particles, it is important to ensure
that the particles do not contain hygroscopic material. Even a
small fraction of such material may alter DF as the RH in the
lungs is close to saturation. In the diffusion-dominated regime
(up to at least 200nm), hygroscopic material on the particles
increases particle size and, hence, decreases the diffusivity. A
decreased diffusivity will decrease DE.©& %)

B11. Monitor breathing pattern. The breathing pattern
needs to be monitored during the deposition measurement
for comparison with other data and computer models. The
international standard is to report breathing volumes at
“body temperature and pressure, saturated” (BTPS), i.e.,
37°C and 100% RH, which are the conditions in the lung.
Conversion to BTPS could be made as

Vinitial (Pinitial — Pw)

4
302.4 - Tinitiar @)

Virps =

where Viitiat, Pinitial, and Tiyiig are the initial volume, pres-
sure, and temperature and Pyy is the initial partial pressure of
gaseous water. A 10% difference in breathing volume cor-
responds to approximately up to 0.02 in DF (or a relative
difference of 3%) according to the ICRP model.
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B12. Defining breathing pattern. Breathing pattern is
one of the main determinants for lung deposition and has
to be considered in study design. Either controlled or
spontaneous breathing may be used. Controlled breathing
conditions allow for easier comparison between laborato-
ries and with computer models and may be useful for
predicting the influence of physical particle transport
mechanisms on lung deposition. Spontaneous breathing
provides better data for the lung dose rate and, therefore,
may be more relevant for the assessment of lung deposited
particle dose rate and health effects. As breathing pattern
is influenced by the measurement procedure, spontaneous
breathing will be different from natural. An alternative
approach is to perform an initial monitoring of the natural
breathing pattern of the subjects with a noninvasive
method such as inductance bands (e.g., Respitrace), and
thereafter use this breathing pattern during the deposition
measurements. 8 2

Particle detection

Most detection methods available for aerosol character-
ization can be applied to respiratory tract deposition mea-
surements. A few crucial aspects have to be considered.

C1. Correct patrticle sizing. The characteristic particle size
for diffusion-related effects is the mobility diameter. The most
common techniques for measurement of this particle size are
mobility particle sizers [differential, scanning, or fast (DMPS,
SMPS, or EMPS, respectively)]. These instruments need to be
calibrated, e.g., with particle standards, for correct sizing. For
particles smaller than 300 nm, a size accuracy of +4.2%,+6.9%,
or+13.9% is sufficient for deposition measurements with an
accuracy of +3%,+5%, or+10%, respectively.

C2. Detection efficiency. Provided the detection efficiency
is relatively constant with concentration, it is of minor impor-
tance if a single instrument is used for measurement of both
inhaled and exhaled air samples. If separate instruments are
used, size-resolved experimental intercomparison of the detec-
tion efficiencies is crucial, and differences need to be accounted
for in the data reduction algorithm. Detection efficiency may also
be altered between inhaled and exhaled samples because of
differences in temperature, humidity, or pressure (see B4 and B5).

C3. Size shift altering detection efficiency. A particle
size shift between inhaled and exhaled samples could induce
a bias in the deposition measurement. This needs to be
considered only if particle detection efficiency is size-
dependent, e.g., close to the cutoff of a particle counter.

C4. Low response time. The finite response times of
detection instruments such as particle counters may delay
and smear the signal.®® Especially in studies where the ex-
haled concentration is monitored breath by breath, this is
critical because the aerosol concentration at the end of the
exhalation for nano-sized particles typically is 50-100%
lower than at the beginning. A particle detector capable of
following these rapid concentration variations is necessary
together with correction for signal response time (see Eq. 5 in
Brown et al.®). An easier alternative is to have a volume for
smoothing and mixing the exhaled aerosol. Alternative so-

lutions, such as sampling the exhaled aerosol in several
containers, have also been presented.(e‘g" 60)

C5. Proper particle diameter.  As pointed out previously,
the mobility diameter should be used to describe lung de-
position of nanoparticles. If a mass-based detection method
is used, the mass median diameter (MMD) should be pre-
sented rather than the count median diameter (CMD). For
radiolabeled aerosols, the appropriate diameter is the activity
median diameter (AMD), which is typically larger than
CMD.®» When DF is measured by mass, surface area, or
activity, but reported by CMD, the value will underestimate
the true DF in the diffusion-dominated regime. The error will
increase with increasing GMD.

Polydisperse aerosols

It is sometimes advantageous to study respiratory tract
deposition of a polydisperse aerosol, i.e., to use an aerosol
with a broad size range and compare the inhaled and ex-
haled size distributions to get the size-dependent DFs. It is
the easiest option for investigation of the deposition of am-
bient aerosols, it may reduce measurement time because a
range of particle sizes is inhaled simultaneously, and it may
improve size resolution. However, the use of a polydisperse
aerosol also introduces some additional experimental diffi-
culties. Most studies of this type have used an SMPS. The
SMPS has superior size resolution and lower detection limit
in terms of concentration compared with most other size
spectrometers. The main disadvantage is the rather low
time resolution, which puts high demands on the aerosol
source stability as only a limited number of size scans in
inhaled and exhaled air can be performed during an inha-
lation session.

D1. Size shifts. The major difficulty in studies of
polydisperse aerosols is the effect of shifts in particle size
between inhaled and exhaled samples (see Appendix).
Such shifts may occur in the lungs because of restructur-
ing, evaporation, coagulation, or condensation at 37°C and
near 100% RH. For high but still realistic size shifts of 5%, a
bias of more than 0.1 in DF may occur, which may be up to
about 100% in relative difference, if DF is near its mini-
mum value. The error increases for aerosols with narrow
size distribution (low GSD).

Radiolabeled aerosols

E1. Attenuation and scattering. When DF is measured
with a gamma camera (spatially resolved gamma ray
counting), the tissue-specific attenuation and scattering of
the gamma rays has to be taken into account. This attenua-
tion factor is subject-specific and has to be assessed sepa-
rately. A more comprehensive discussion on this issue is
provided in the Appendix.

E2. Leaching of tracer. Leaching of the radiotracer will
reduce the measured lung activity, which will result in an
underestimate of the particle dose in the lungs. Leaching can
be measured with particles on a filter probe or by collecting
urine samples and investigating these for radioactive con-
tamination (if the radiotracer is not metabolized in the
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body).?**” Very small particles (<10nm) may to a signifi-
cant extent penetrate the epithelium and urine.®**” How-
ever, only a minor fraction of these particles reaches the
alveolar region, as most deposit in the upper airways, and a
prerequisite of renal clearance is also an unchanged hydro-
dynamic size without formation of any protein corona—a
rare feature.“® Experiments with new types of radiolabeled
aerosols may be disapproved by the ethical review board.

Recommended Experimental Setup
and Procedures for Quality Assurance

To achieve high-quality measurements, all relevant design
aspects discussed in the previous section have to be consid-
ered. There are a range of options to build such setups, and
thus the experimental procedures reported in the literature
differ substantially (see Fig. 3 and Appendix). The experi-
mental design is largely determined by parameters such as
aerosol type, particle detector, choice of breathing pattern,
etc., and it is hence not possible to provide a description of
the optimal setup. Nevertheless, some general guidelines
and suggestions to minimize errors from the design aspects
can be given (Table 1; see also Appendix for details on each
design aspect).

Of the two types of inhalation systems—flow-through and
bag systems (Fig. 3)—the flow-through systems are the most
common and, in many respects, the preferable choice, al-
though both have their benefits. Bag systems primarily have
the advantage of efficient mixing of the exhaled aerosol
(aspect B8) and smoothing of pressure variations (B5). For
flow-through systems, the varying concentration of the ex-
haled particles can be handled, for instance, by a very fast
detector combined with volume flow measurement®# > or
by leveling the concentration variations with a mixing vol-
ume.©8~ 1) Difficulties with pressure variations can be
managed by considering detector type and tubing dimen-
sions. Bag systems have the major drawbacks of complex
particle losses (B2) that vary with time and fill rate of the bag
and the need of an exhaust valve to waste the first exhaled
breaths (B7).

Many design aspects are controlled in similar ways irre-
spective of system type. Particle losses (B2) are minimized by
the use of short tubing, conductive material to reduce electro-
static deposition, and correction for remaining system losses.
Leaks (B3) may be tested by, e.g., inhalation of particle-free air.
Changes in temperature and RH (B4) could, for instance, be
handled by drying the exhaled air and measuring at constant
temperature. A simple correction could be made to compensate
for the effect of low particle concentration in the instrumental
dead space (B6).®® Condensation of water in the exhaled
aerosol (B9, B10) is avoided by heating parts of the inhalation
system (Fig. 3). Particle size shift of the aerosol during breath-
ing is a substantial problem in polydisperse measurements (D1)
and is discussed in detail in the Appendix.

Tests of the validity of the experimental setup are re-
commended and can be performed in a variety of ways. Precision
of the instrumental setup may be determined by repeating
identical deposition measurements (for instance, through a
packed bead bed, parallel tubes, or some other device with well-
defined geometry; if particle penetration is known, accuracy also
may be validated®), and sensitivity canbe investigated by
varying breathing patterns or aerosol properties.
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FIG. 5. The number of critical design aspects that poten-
tially may have led to a bias in the published experiments (A,
B, C, and D refer to items in Table 1). The average for each
decade is shown. In total, 40 studies measuring particles
below 300 nm in diameter were included. It is important to
note that this figure is based solely on information given by
the authors of the reviewed studies. As it is likely that some
design aspects were addressed properly, but not explicitly
mentioned in the studies, this figure presents a “worst case”
scenario. Criteria and explanations for each design aspect are
found in the Appendix.

For quality assurance during the exposures where exhaled
aerosol is retained for sampling, it is suggested to include
continuous monitoring of at least temperature in the con-
tainer for exhaled air and RH before the inlet to the aerosol
detector. Simultaneous measurements of air pressures,
aerosol flow rates, temperature, and RH at other positions
are also helpful. This does not fully apply to experiments
with radiolabeled aerosols.

To help the volunteer adjust to the equipment and find a
relaxed position, it may be advisable to perform a short test
experiment before the full exposure. Especially if different
aerosols are studied within the same experiment, it is pref-
erable if the order of aerosols is randomized and that the
study is single-blinded. Nonrandom order or subject
knowledge of the exposure might affect the quality of DF
measurements.

For comparison with lung deposition models and other
experimental data, it is important to include a basic medical
examination of the subjects and to provide data on at least
the most common spirometric lung function values, as well
as height, age, sex, smoking history, and relevant diseases.
Additional measurements of total lung capacity, function
residual capacity, and airway resistance may also be useful
from a modeling standpoint. The participation of a physician
is strongly recommended for correct interpretation of medi-
cal data. Historically, the vast majority of the studies carried
out after 1980 provide at least basic information on health
and smoking status of the subjects, whereas before this year
it was omitted in almost all studies (see Table 2 in Appendix
for a list of experiments).

Previous Experiments

Over the last century, around 50 empirical studies have
been carried out to assess lung deposition of particles less
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FIG. 6. The fraction of all studies that may be biased because of not appropriately accommodating the critical design aspects
introduced above (see Section 4; A, aerosol properties; B, inhalation system; C, particle detection; D, aerosol polydispersity).
Black and white indicate design aspects that, if not considered, lead to an overestimate and underestimate of DF, respectively.
Gray refers to design aspects that may cause an error in both directions depending on the specific operational conditions. It is
important to note that this figure is based solely on information given by the authors of the reviewed studies. As it is likely
that some design aspects were addressed properly, but not explicitly mentioned in the studies, this figure presents a “worst
case” scenario. Criteria and explanations for each design aspect are found in the Appendix.

than 300 nm in human subjects (see Table 2 in Appendix). In
total, these studies have included close to 500 volunteers,
most of them healthy men of European descent. Approxi-
mately 140 were women, 34 asthmatics and 32 patients with
COPD. Predominantly hydrophobic, laboratory-generated
particles have been examined.

The literature was reviewed to identify experimental dif-
ficulties in measurements of particle lung deposition, with a
focus on nano-sized particles. Some studies on total deposi-
tion of cigarette smoke were omitted, as this aerosol includes
a substantial fraction of larger particles (>300nm). Thus, 40
relevant studies were obtained dating back into the 1940s
(see Table 2 in Appendix).

As a guide for evaluation of data quality, implementation
of each of the critical design aspects was systematically as-
sessed for the 40 found studies (Figs. 5 and 6). The criteria for
considering a risk of bias due to insufficient consideration of
a design aspect are listed in the Appendix. For instance,
design aspect Al (when a polydisperse aerosol is utilized as
a measure for the DF of a monodisperse aerosol) was re-
garded as potentially distorting the results, if the GSD of the
inhaled aerosol was not provided or exceeded 1.3. A few
studies only present short and incomplete descriptions of
their experimental systems, and may therefore be judged as
neglecting many of the design aspects while, in reality, the
methodology may have been appropriate. Some design as-
pects may have been addressed properly in the study, but
not explicitly mentioned by the authors. Hence, it is impos-
sible to provide a validated rating of the quality of individual
studies with our approach. Therefore, only information on
the average experimental quality related to the entire data

pool or stratified according to the decade of publication is
provided in this review article.

The number of design aspects potentially distorting the
results, summarized in Figures 5 and 6, show some clear
trends: (1) improvement in methodology has been limited
over time; (2) almost no studies incorporate all design as-
pects; and (3) frequent not-mentioning of some important
design aspects, for instance, correction for apparatus dead
space and particle losses, suggests that substantial biases in
parts of the reviewed experimental data exist.

It is noteworthy that the development of particle detection
and sizing techniques, in general, has not been accompanied
by progress in methodology (Fig. 5). Some of the early
studies of lung deposition were well designed and carefully
prepared, whereas there are more recent studies with serious
flaws. Thus, the quality of data has not necessarily improved
with time. A few studies consider almost all the design as-
pects.(e'g" 86,37,69-72) Boor instance, it was the express purpose
of Heyder’s studies to reduce experimental errors and to
accurately characterize deposition.”*”" However, it is note-
worthy that the majority of these were carried out during the
1970s and 1980s with only a few subjects (typically four male
volunteers with unknown lung function) and limited data for
particles below 100nm. In 14 of the 40 studies (i.e., 35%),
there is a risk of bias due to 10 or more design aspects.
Detailed descriptions of the previous assessments of the
various design aspects are provided in the Appendix.

Some design aspects may have biased 30-70% of all ex-
periments and thus have a potential to distort the collection
of measured data. As seen from Figure 6, the top five design
aspects not considered appropriately were: (1) changes in
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temperature and RH, 70% may be biased; (2) particle losses
in the inhalation system, 65%; (3) apparatus dead space, 53%;
(4) leaks, 50%; and (5) condensation of exhaled aerosol, 50%.
Apart from correction for apparatus dead space, omission of
these design aspects is likely to lead to an overestimation of
the measured DF compared with the true value.

Conclusion, Outlook, and Identification
of Critical Research Needs

Accurate knowledge on pulmonary deposition of nano-
particles is essential for various reasons. In light of the rapid
economic growth of nanotechnology and the ongoing anthro-
pogenic emission of ultrafine particles (from, e.g., combustion
emissions), validated predictions of the nanoparticle lung bur-
den are needed for regulatory measures on acceptable exposure
levels. Moreover, inhalation of nanoparticles provides a non-
invasive means of drug delivery that may play an important
role in the emerging field of nanomedicine. For instance, in
spite of the large therapeutic potential of peptides and proteins,
they are very difficult to use in therapy due to their poor sta-
bility in physiological media and difficulties in delivering them
across biological barriers. Nanoparticle drug-delivery systems
are considered one of the most promising technologies to
overcome these limitations, because they are known to cross
biological barriers and to enter cells in high yields, thus im-
proving cellular delivery of macromolecules.” In addition,
nanoparticles play a significant role in diagnostics as imaging
agents.(74) Moreover, it is even conceivable that careful mea-
surement of particle lung deposition may serve directly as a
sensitive diagnostic tool for lung disease (e.g., COPD, emphy-
sema), as suggested by Heyder and co-workers.*””?

Experimental data on respiratory tract deposition of par-
ticles in the diffusion-dominated regime are very limited.
Within the 50 experimental studies reviewed here, women
are generally underrepresented and few studies used nose
breathing. Data for children, diseased, and elderly are ex-
tremely scarce. In light of the higher vulnerability of these
segments of the population and the need for more efficient
drug-delivery techniques for treating diseases via inhalation
(noninvasive application option), there is an urgent need for
more particle lung deposition measurements stratified for
age and health state.

Furthermore, more information is needed on the deposition
of specific particle types. The predominantly used hydro-
phobic particles may be relevant for freshly generated aerosols
from, for instance, traffic exhaust. However, environmental
(nonsoluble) particles typically become moderately hygro-
scopic and polydisperse due to atmospheric processing.” As
hygroscopic particles grow in the humid environment of the
respiratory tract due to water uptake, attention also needs to
be directed to the effect of hygroscopicity on particle lung
deposition. A group of particles that recently has attracted
much attention is carbon nanotubes. By analogy with asbestos
fibers, it has been suggested that these could have substantial
adverse health effects because of their shape and insolubili-
ty.””) However, no experimental data on respiratory tract
deposition of carbon nanotubes are available. In addition,
information on the deposition of nano-sized particles with
high electrical charge is largely missing.

Ultimately, accurate data on nanoparticle lung deposition
enables validation and improvement of already existing and
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new computational models of particle lung deposition.
Currently, both semiempirical (e.g., ICRP model) and ab initio
models (e.g., MPPD model) use theoretical predictions of
diffusional particle deposition in ducts mimicking the re-
spiratory tract to compensate for the limited amount of data
for particles below 100nm. The models are, however, in
reasonable agreement (typically <0.1 difference in DF) with
much of the available, more recent, data.©8" 2>%7

To facilitate comparison of measured and modeled lung
deposition values, it is important to include sufficient infor-
mation on breathing pattern and subjects: (1) respiratory
parameters—respiratory frequency, tidal volume, minute
ventilation, breath holding, mouth or nose breathing; (2) an-
thropometric parameters—age, sex, weight, height, cigarette
smoking history (pack years); (3) lung function parameters
(usually given as %predicted)—FEV; (forced expiratory vol-
ume in 1sec), FVC (forced vital capacity, maximum tidal
volume), FEV;/FVC (reduced in obstructive lung diseases,
such as asthma, COPD), RV (reserve volume, elevated in
patients with emphysema); and (4) information about lung
disease state and medical treatment—disease stage (e.g., gold
stage for COPD), exacerbation, use of drugs (like steroids).

As shown in this review, reliable measurement of the re-
spiratory tract deposition of nanoparticles is less straight-
forward than the task initially may appear. Several studies
have accounted for most of the discussed critical design as-
pects, but almost none has reportedly included all. This
likely contributes to the considerable variation found in the
experimental lung deposition data reported in the literature.
One of the main objectives of this study is to ensure best
possible data quality for future nanoparticle lung deposition
measurements. The list of design aspects presented here may
serve as a guideline for designing accurate measurement
systems.

Biases in DF introduced by not adequately considering
one or more critical design aspects have most likely had an
impact on current lung deposition models. For instance, the
study by Schiller et al.®® on four male subjects has been
highly influential. This study is among the most carefully
designed in the literature, and its data can be considered of
the highest quality. Nevertheless, particle loss correction in
the inhalation system appears to be a formidable task due to
a flexible mixing volume, and some design aspects were not
recognized or may have had an impact, such as mouthpiece
dead space.

In the end, uncertainties in the deposition of nanoparticles
in the lung will remain due to considerable intersubject
variability in lung morphology, breathing pattern, and pos-
sibly even circadian rhythms affecting the respiratory tract.
This is particularly relevant for vulnerable subgroups of the
population. Thus, it is likely that accurate nanoparticle lung
deposition for a specific individual will always require direct
measurement of the particle lung deposition for the indi-
vidual of interest. Hence, accurate, compact, and easy-to-
handle devices for particle lung deposition measurement are
expected to be used even if perfectly validated deposition
models for the general population are available.

Finally, it is important to note that the ultimate goal of
respiratory tract deposition measurements would be to
identify the site of deposition of each single aerosol
particle in the lung. Information on regional deposition is
crucial, because different areas of the respiratory tract
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have different anatomy, physiological function, and
clearance mechanisms. This might possibly be achievable
in the future with a combination of vastly improved lung
imaging techniques and intricate means of particle la-
beling. Currently, only very little information on regional
particle deposition is available based on gamma camera
data and/or on bolus inhalation techniques, where the
inhaled aerosol is only provided during part of the in-
halation period, which allows targeting of the lower air-

ways and the alveoli, respectively. However, the
precision of the bolus method is limited by factors such
as turbulence in the upper airways, a relatively small
volume in the conducting airways, and left-to-right
asymmetry of the lung.”®”®) Computational lung depo-
sition models provide a rough estimate of regional de-
position, but in light of the complexity of the morphology
of the lungs, any of these models requires reliable ex-
perimental data for validation.

APPENDIX

Detailed Description of Critical Aspects
for Particle Lung Deposition Measurements

Aerosol source

A1. Monodispersity of the challenge aerosol. There are
several ways of generating monodisperse particles with
GSD<1.3. Narrow nanometer-sized aerosol can be directly
generated by the electrospray technology.®” Alternatively,
one can generate monodisperse particles (GSD<1.1) by
nebulization of a liquid suspension containing monodisperse
particles. These suspensions are available from various
vendors covering a size range of 0.02-100 um. However, both
electrospray and nebulization also generate a background of
particles from dried droplets that contain other material than
the fabricated particles. This background can be reduced by a
DMA. Polydisperse aerosol generators or ambient particles
can be used to produce monodisperse aerosol with GSD <1.1
by selecting a narrow size fraction, for instance, by DMAs,
which typically operate in the size range of 1-1,000nm.®"
However, care must be taken to avoid multiply charged
particles with different mobility diameter: see A2.

Previous experiments. In 70% (28/40) of the reviewed stud-
ies, the particle distribution had a GSD<1.3 or was presum-
ably measured with correspondingly high size resolution from
a polydisperse aerosol. In 30%, GSD was>1.3 or unclear.

A2. Multiple mechanical mobility diameters obtained while
separating a single electrical mobility. If monodisperse
particles are separated from a polydisperse distribution in an
electric field (e.g., with a DMA), they will have similar
electrical mobility but multiple mechanical mobilities be-
cause of varying electric charge. For particles with equal
electrical mobility, those with multiple charges have larger
mechanical mobility (i.e., larger diameter) than those that are
singly charged. In the diffusion-dominated regime, it is (pri-
marily) the mechanical mobility that determines deposition.
In this size range, DF is decreasing with size, and thus the
multiply charged particles have lower deposition; DF will be
underestimated. This has probably only caused a small de-
viation from the true DF in a few studies during the 1980s.
Based on the size distributions in these studies and on an
assumption of equilibrium bipolar charge distribution, the
maximum error was estimated to be —0.03 in DF (relative
error —6%).

There are different means to minimize errors from multi-
ply charged particles with single electrical mobility but
varying mechanical mobility. If monodisperse particles are
selected from a polydisperse aerosol with an electric field, the
selected particle size should be large compared with the peak
size in the original polydisperse aerosol to ensure that the
number concentrations of multiply charged particles are
considerably smaller than for singly charged particles.

Previous experiments. In 90% of the studies, aerosol particles
were generated in ways where this was no difficulty. In 10%
(four of the reviewed 40 studies), monodisperse particles
were obtained from a polydisperse distribution by selecting a
single electrical mobility.****8 1t seems the original size
distribution in some of these cases had a CMD below the size
selected by the electrostatic classifier, and thus the fraction of
multiply charged particles could be presumed to be low.

A3. Radiolabeled particles. The two most prominent
techniques for the generation of nano-sized radiolabeled
aerosol particles are based on nucleation and condensation of
supersaturated material (e.g., carbon, gold, silver, or indium)
vaporized either in a Technegas system or by spark discharge.

Because of the high number of very small primary parti-
cles formed in the supersaturated atmosphere, they imme-
diately coagulate and form particle clusters, where primary
particles usually can be in the size range of a few nanome-
ters. These clusters then have a much larger mobility diam-
eter compared with the volume equivalent diameter. The
cluster particles can further be compacted or sintered in an-
other furnace, resulting in a complete change of morphology.
By using this technique, radiolabeled Au, Ag, and In parti-
cles have been produced.®*% For studies of lung ventilation
in nuclear medicine, a specific technique has been developed
(Technegas, Media Cybernetics, Canberra, Australia) where
carbon particles are formed after a carbon crucible is heated
to 2,600°C.%> Before heating, the crucible is loaded with
[99mTc]perteChnetate. As technetium has a lower melting
temperature compared with carbon, it condenses first,
forming a radiolabeled technetium core, which is covered by
a carbon shell, making the technetium-carbon particles in-
soluble.?? The Technegas particles usually have diameters
above 100nm and are hygroscopic because they contain sa-
line from the technetium elution. By using ion exchange, the
saline can be removed from the eluate and nonhygroscopic
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particles can be prepared in the mobility diameter range
between 30 and 200 nm.*?

Nano-sized aerosol generation by spark ignition between
two electrodes is, meanwhile, a well-established method to
produce particles between 10 and 100nm diameter, and
commercial devices are available.®®” As spark ignition also
ablates atoms from the electrode, producing a supersaturated
atmosphere, there are many similarities in structure and
properties to the condensation aerosol, namely, the particles
are clusters of smaller primary particles. Radiolabeling can be
achieved if one or both electrodes are made of radiolabeled
material, as has been done using iridium, gold, silver, and
TiOz.(%'SS'Sg) When both electrodes are of different materials,
multicomponent nano-sized particles can be formed, such as
carbon particles labeled with iridium. The most common
spark-generated particles are soot particles, and they have
been widely used in inhalation and toxicology studies.”

These generation methods for radiolabeled particles give
size distributions with GMD>1.3 (typical values for GMD
are 1.5-1.8), and the particles may carry some hygroscopic
material. The hygroscopic material lowers the deposition
probability in the diffusion-dominated size regime. These
factors have to be considered when providing data on DF.

Previous studies. In 22.5% (9/40) of the studies, radi-
olabeled particles were used.®340485091-9) 11y four of these,
size distribution is unclear (all nine studies have GMD > 1.3).

A4. Lower and upper concentration limits. The aerosol
concentration needs to be high enough to give useful
counting statistics, but sufficiently low to avoid coagu-
lation. Concentration limits may also be determined by
the instruments used for particle detection. A bias due to
particles generated during respiratory activity (typical-
ly <10cm™®®) is unlikely, but if the concentration in the
inhalation system is much lower than in the surrounding
environment, measurements become more sensitive to
small leaks at, for instance, the breathing mask. For very
high concentrations, coagulation may distort the mea-
surements. Experimental setups with long residence times
of the aerosol, for example, by storing it in bags before
measurement, are more sensitive to high concentrations.
Concentrations up to 2x10° have been used for deposi-
tion studies in the diffusion-dominated regime.(17'97) The
maximum amount of particles lost between the inhaled
and exhaled sample due to coagulation, as estimated with
equations provided by Baron and Willeke,® was around
2.5%. This may have caused an overestimation of DF
with 0.01 to 0.02 (relative error 2-3%), but probably it
was partly compensated for in the loss correction.

Previous experiments. Sixty percent (24/40) of the studies
were considered to use acceptable aerosol concentrations;
23% (nine studies) had concentrations high enough to sus-
pect significant coagulation; and 17% (seven studies) did not
provide concentration of the aerosol.

A5. High electrical charge on the particles. Freshly
generated particles may carry high levels of charge, and this
may influence particle deposition in the lungs.®*** Typi-
cally, the naturally present radiation generates enough ions
for gradual neutralization of the aerosol. However, in the

vicinity of aerosol sources (e.g., certain occupational settings,
combustion sources, nebulizers, dry particle disperses, or
even electrospray generators), highly charged particles may
be available for inhalation.

Melendri et al.®® provide an equation for the limiting
number of charges (depending on particle size) characterizing
the onset of additional lung deposition due to image charges.
If the purpose of the experiment is to study deposition of
neutral aerosol, potential biases due to charge effects should
be eliminated by neutralizing the aerosol with standard
neutralizers (e.g., irradiation with f-radiation or soft X-ray).

Previous experiments. Seventy-two percent (29/40) of the
studies were unlikely to be affected by excessive particle
charge. High electrical charging is primarily assumed to be a
problem in studies where the aerosol is generated with a
nebulizer without particle neutralization before inhalation.

A6. Stability of the aerosol concentration. The aerosol
concentration should be sufficiently stable during exposure.
In most experimental setups, the inhaled and exhaled aerosol
is not continuously monitored, but rather measured with a
single instrument alternating between the two. The error in
the measured DF depends on the time delays in these al-
terations compared with the time scale of the variations in
aerosol concentration.

Previous experiments. Ninety percent are unlikely to be af-
fected by variations in concentration of the inhaled aerosol—
in most cases because mixing volumes were used.

Inhalation system

B1. Separation between inhaled and exhaled sam-
ples. Two main methods have been used for separating
inhaled and exhaled samples: (1) a counter close to the
mouthpiece (or face mask) that continuously records inhaled
and exhaled air, or (2) a valve system that directs the air into
separate reservoirs (including exhalation filter sampling).

Previous experiments. The vast majority of experiments use
valve systems, but there are exceptions. Landahl et al.®"
used two separate mouthpieces, with inhalation from one
and exhalation into the other. However, this method intro-
duces several experimental difficulties, such as leak prob-
lems and limitations of the breathing pattern. Kim and
Jaques® counted the particles at the mouthpiece with a
modified UCPC for high time resolution.

B2. Particle losses in the inhalation system. Particle
losses in the inhalation system may be interpreted as deposition
in the lungs. If the magnitude of the particle losses is known,
they could to some extent be corrected for. But efforts have to
be made to minimize losses, because any correction will be
associated with uncertainties. Losses are dependent on particle
size, particle electrical charge, aerosol flow rates and their
variability, RH (for hygroscopic aerosols), and temperature. For
some bag systems, there is an additional difficulty because
losses also depend on the fill ratio of the bags and the surface
properties of the inside of the flexible bag.

Particle losses could be decreased by use of electrically
conducting material, by avoiding sharp bends in the tubing



18

(for large particles), and by keeping residence time of the
aerosol in the system low. Sampling close to the mouthpiece
may be preferable. However, some losses in the inhalation
system are usually unavoidable, and to correct DF for these, a
modified version of Equation 1 can be used (DFequipment is the
deposition fraction of particles in the inhalation system)™®

DF=1- Cexhaled/(Cinhaled(1 - DFequipment)) (Sl)
DFequipment has been measured for a number of different
systems. 18899100 Tt i important to note that losses may be
RH-dependent.®?

There are special concerns in measurements of regional
deposition with radiolabeled aerosol using radionuclide
imaging devices because of attenuation and scattering of the
radiation in the body. This is discussed separately further on.

Previous experiments. In 35% (14/40) of the studies, losses
are either corrected for or likely to be negligible. In the other
studies, particle losses were not fully considered or bags
were used in a way that makes loss correction difficult.

B3. Leaks. The system has to be leak tight. If breathing by
mouthpiece, it is necessary to use a nose clip. Dry lips have also
been noted to be a potential problem.” Errors caused by leaks
are decreased if the aerosol concentration surrounding the in-
halation system is comparable to the concentration inside. Leaks
could be tested, for instance, by inhalation of particle-free air.

Previous experiments. Fifty percent (20/40) of the studies
could be assumed to have leak tight systems. The experi-
ments where leaks were considered plausible had one or
more of the following features: face mask without leak test,
mouthpiece without mentioning nose clip, or inhalation and
exhalation through different mouthpieces.

B4. Change in temperature and RH between inhaled and
exhaled samples. If inhaling dry or room temperature
aerosol, the volume of the air is larger in the lung due to body
temperature and humidity saturation and, in addition, the
exhaled air is larger than the inhaled air because of increased
temperature and humidity (see B11). This may distort both
the particle concentration measurement and the monitoring
of the breathing pattern. Therefore, all lung function mea-
surement devices predict a BTPS correction based on envi-
ronmental conditions (temperature, pressure, RH).

To avoid this problem, inhaled and exhaled aerosols
should be measured at similar temperature and RH. This
does not necessarily mean that the inhaled aerosol needs to
be heated and humidified. The exhaled aerosol could also be
dried and cooled before measurement. Alternatively, if all
exhaled particles are sampled, for instance, on a filter, the
change in volume makes no difference.

Previous experiments. Thirty percent (12/40) were assumed
to account fully for change in volume due to heating and
humidification.

B5. Pressure variations. Pressure variations caused by
breathing distort the aerosol flow and may give errors in par-
ticle sizing and counting. If subjects are breathing spontane-
ously, a large pressure drop will also make the breathing

LONDAHL ET AL.

pattern less natural. If equal volume flows (and not mass flows)
are sampled from the inhaled and exhaled aerosols, a pressure
difference gives rise to an oversampling on the high-pressure
side and vice versa. The maximum difference in pressure be-
tween inhaled and exhaled air that could be exerted by a
healthy woman is around 10kPa.’ It is unlikely that the
pressure difference in an inhalation system exceeds 10% of this.
A pressure that is 1kPa higher in the sampling point for ex-
haled aerosol may cause an underestimation of up to 0.01 in
DF, or 7% relative error. Some detectors are also sensitive to
pressure variations because of flow distortions.

Previous experiments. Sixty percent (24/40) use systems
where pressure variations are unlikely to cause difficulties.
Several of the remaining systems were difficult to evaluate
regarding pressure disturbances.

B6. Apparatus dead space. The air trapped in the dead
space in the mouthpiece or face mask after exhalation is in-
haled again. Thus, the measured inhaled and exhaled aerosol
concentrations may differ from the concentrations that are
breathed at the mouthpiece.

Previous experiments. Forty-seven percent (19/40) correct
for mouthpiece dead space. Thus, this design aspect has
probably resulted in a systematic underestimation of much
of the available experimental data, including those used for
the ICRP evaluation. Few studies provide information on the
dead-space volume and could be corrected afterwards. It is
notable that many of the early studies took dead space into
account,(©8- 3857,9295100,102103) yhereas it tended to be for-
gotten over the last two decades.

B7. Discard first breaths. The data from the first breaths
contain room aerosol and need to be discarded. If bags or
containers are used for collection of the aerosol, the inhala-
tion system must include a valve for waste of the initially
exhaled air. In the flow-through systems (Fig. 3, left), the
data from the first breaths need to be discarded.

Previous experiments. In 70% (28/40) of the studies, the first
breaths are discarded or the exposure times are long enough
(hours) to make the effect negligible.

B8. Varying exhaled concentration. The particle con-
centration in the exhaled breath is not uniform. The air ex-
haled at the end of the breath contains fewer particles than
initially. If total deposition is measured, it is therefore nec-
essary to measure over the complete breath. This could be
achieved by mixing the exhaled aerosol in a container or by
fast time-dependent sampling combined with volume flow
measurement. In the latter, concentration multiplied by flow
rate is integrated over time—thus a high precision is needed
in both time-resolved concentration and flow rate to obtain
reliable data. Long measurement times have also been used
to smear over the varying exhaled concentration.

Previous experiments. Seventy-eight percent (31/40) sam-
pled the complete breath or had sufficient mixing.

B9. Condensation of water on exhaled aerosol. If the
undiluted exhaled aerosol is cooled below approximately
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35°C, it becomes supersaturated with water, which may in-
duce a strong particle growth followed by substantially al-
tered particle losses in the system. An increase in RH from
dry to above 70% is likely to alter the size of hygroscopic
particles substantially and thereby shift the particle losses.
See also the discussion on polydisperse aerosols below.

Previous experiments. In 50% (20/40) of the inhalation
systems, heating or drying was used to avoid condensation
of water.

B10. Hygroscopic aerosol. Hygroscopicity may alter
deposition. This is a problem only if it is not a property that
is studied. For example, iron oxide particles have sometimes
been used in experiments where they, probably falsely, have
been assumed to be hydrophobic.®

Previous experiments. Ninety-three percent (37/40) are not
biased by unwanted size shifts because of hygroscopicity.
One study used iron oxide®”; another compared ambient
aerosol deposition with ICRP data and found a deviation
that may very well be explained by hygroscopicity®®; and a
third study considered the slightly hygroscopic glycerol

particles to have negligible growth.(%)

B11. Monitoring of breathing pattern. Not all inhalation
systems include monitoring of the breathing pattern. This is
necessary for comparison with models and previous exper-
iments.

Previous experiments. Eighty-two percent (33/40) of the
reviewed studies provide breathing pattern, but only one
explicitly reports BTPS.!%%

B12. Defining breathing pattern. A controlled and pre-
determined breathing pattern may be achieved either by
having subjects breathing according to a displayed signal or
by a valve system regulating the inhaled and exhaled flow
and volumes; the former is by far the most common. The
breathing pattern is most likely disturbed by the inhalation
system, and therefore the spontaneous breathing of the
subjects will deviate from their natural behavior."%

Previous experiments. Most experiments use a controlled
breathing pattern where subjects breathe according to a signal.

Particle detector

C1. Particle sizing accuracy. The error in particle diam-
eter measured with a mobility particle sizer is determined by a
number of factors, such as DMA design and accuracy in flow
rate, voltage, and particle charge distribution. Calibration with,
for instance, polystyrene particles of known size, is needed for
accurate sizing. The precision of a calibrated instrument is
typically within a few percent of the true diameter.

Previous experiments. Sixty-seven percent (27/40) of the
studies provide reasonable particle size data. Correct sizing
in the diffusion-dominated regime was a major difficulty in
many of the studies until the 1980s. These studies used
varying methods, such as diffusion batteries, light scattering,
electron microscopy (in some cases, on semivolatile parti-
cles), or impactors.

C2. Detection efficiency. Usually a single instrument is
used for measurement of both inhaled and exhaled particle
concentrations. In these cases, detection efficiency has a mi-
nor influence on the measured respiratory tract deposition—
provided that the detection is linearly proportional to
concentration. As long as the fractional error in the concen-
tration measurement is constant, the obtained DF will not
be affected. If separate instruments are used for inhaled/
exhaled samples, a deviation of only a few percent may
cause a major error, especially when the DF is low.

Previous experiments. Fifty-five percent (22/40) of the
studies used one detector measuring at constant temperature
and RH; 13% (5/40) used separate instruments(1017/609497),
and 33% (13/40) measured at varying temperature or hu-
midity between inhaled and exhaled samples.

C3. Size shift that alters detection efficiency. A particle
size shift between inhaled and exhaled samples could induce
a bias in the deposition measurement if it leads to altered
detection efficiency.

Previous experiments. Twenty-eight percent (11/40) of the
reviewed studies were at risk of having altered detection effi-
ciency due to size shifts, but in most of these the effect could be
assumed to be of minor importance. This design aspect is
primarily influencing a number of older studies where particle
growth due to condensation was likely to change detection.

C4. Low response time. The finite response times of
detection instruments such as particle counters may delay
and smear the signal.*® This difficulty could be minimized
either by use of a fast detector or by a mixing volume for the
exhaled air. In the mixing volume, concentration variations
are smoothed out.

Previous experiments. Eighty-five percent (34/40) of the
studies are unlikely to be affected by finite response time of
particle detectors; most of these use mixing volumes to level
out the varying exhaled particle concentration.

C5. Proper particle diameter. In some experiments, pa-
rameters proportional to total particle surface area or mass are
measured. This is most notable for studies with radiolabeled
aerosols, but other mass measurement methods have also been
used, such as filter collection, flame photometry, impingers, or
thermal precipitators. If particle mass is measured, the MMD
needs to be provided and not only the CMD.

Previous experiments. In 83% (33/40) of the studies, the
proper particle size metric appears to be reported; 17% use
techniques measuring particle mass or activities, but pro-
vide number size distributions.

Additional design aspects for particle lung deposition
measurements with polydisperse aerosols

When a polydisperse measurement is performed, an on-line
particle size spectrometer is typically used to determine the
complete size distribution of particles in inhaled and exhaled
air samples. The main disadvantage is the rather low time
resolution, which puts high demands on the aerosol source
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FIG. 7. Inhaled size distribution and the exhaled distribu-

tion as calculated by the ICRP model (tidal volume, 0.750 L;
breathing frequency, 12min™"). A presumed 5% negative size
shift of the exhaled distribution due to, for instance, evapo-
ration or agglomerate restructuring is also shown. If the size-
shifted exhaled distribution is used to calculate the DF, an
error will occur as shown in Figure 8.

stability as only a limited number of size scans in inhaled and
exhaled air can be performed during an inhalation session.
More recently, electrical mobility spectrometers have been
developed based on parallel detection of the complete size
distribution with a set of electrometers. Using such instruments,
a full-size spectrum (typically 5-500nm) is achieved with a
sampling frequency of 0.1-1 Hz, which can be beneficial when
determining respiratory deposition of particles from combus-
tion systems or at work places. However, both the size reso-
lution and the sensitivity are significantly reduced compared
with the SMPS. Particularly, the lower sensitivity is a major
limitation when performing ambient measurements. Examples
are the FMPS (TSI Inc.) and the DMS (Cambustion). An Elec-
trical Low Pressure impactor® has similar performance as the
FMPS, with the exception that particles are classified according
to their aerodynamic diameter, which is not optimal for de-
scribing deposition of particles smaller than about 200 nm.
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FIG. 8. Error caused by 1% and 5% size shifts of the ex-
haled size distribution from Figure 7. The erroneous depo-
sition curves are calculated by using size-shifted exhaled
distributions (ICRP model; tidal volume, 0.75 L; breathing
frequency, 12min™").
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To investigate respiratory tract deposition as a function of
chemical composition and size, it may in the future be pos-
sible to sample with an aerosol mass spectrometer (AMS)!%”
in inhaled and exhaled air. Components that can be quanti-
fied with the AMS include ammonia, nitrates, and sulfates,
as well as individual organic fragments. The AMS would
have sensitivity enough for ambient respiratory deposition
measurements of size-integrated chemically resolved data.
At elevated concentrations, size-resolved deposition (vac-
uum aerodynamic diameter) data may be possible.

D1. Size shifts. The most important, but often over-
looked, difficulty with polydisperse methods is small size shifts
of the particle diameter between inhaled and exhaled samples
(Fig. 7). A few percent shift in size is usually insignificant for
techniques where the total concentration of a monodisperse
aerosol is studied. However, for polydisperse aerosols, even a
small shift of the exhaled aerosol may distort the size distri-
bution sufficiently to bring about major errors when it is
compared with the inhaled distribution. For many aerosols, the
size distribution can be altered in the lungs due to evaporation,
agglomerate restructuring, coagulation, or condensation.

Figures 7 and 8 illustrate how a small size shift may give
rise to a substantial measurement error in polydisperse ex-
periments. Figure 7 shows a typical size distribution with a
CMD of 130nm and a GSD of 1.7. The exhaled size distri-
bution is estimated by the ICRP model. A negative shift of 5%
is introduced (for instance, because of particle evaporation in
the lungs). When calculating the DF of the unaltered size
distributions at 300nm with Equation 3, the value becomes:

DF(300) =1 — Cexhaled /Cinhaled = 1 — 0.045/0.05=0.1

However, if there is a 5% negative size shift of exhaled dis-
tribution due to evaporation, the exhaled concentration at
300nm appears to decrease by 11% (for this particular size
distribution; the decrease would be larger for a more narrow
distribution and smaller for a broad distribution). Thus, the
calculated DF instead turns out to be:

DF =1 — Cexhaled /Cinhaled = 1 — 0.04/0.05=0.2

In other words, for a measured DF that is a factor two higher
than the true DF, a small shift in size of the exhaled particles
could cause a major error in the measured concentration
because the concentration varies with size. As demonstrated
in Figure 8, even a size shift as minor as 1% may introduce a
significant error in the measured DF. Errors caused by size
shifts increase with decreasing GSD of the distribution.

To investigate potential size shifts, a single particle size
can be selected in a DMA, and these particles can then either
be artificially conditioned to respiratory conditions or pref-
erentially be inhaled by a human subject. The altered size can
thereafter be measured with an SMPS with a precision po-
tentially better than 1%.

There are several approaches to account for size shift in
polydisperse experiments: (A) use stable particles; (B) pre-
condition the particles before inhalation®”; (C) process the
particles measured from the inhaled air”?; or (D) adjust the
measured DF for the size shift.®” In addition, it is necessary
to dry the aerosol before measurement to avoid particle
growth by water uptake (see B4).
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Previous experiments. Sixty-two percent of the studies are
unlikely to be affected by size shifts. Of the 40 reviewed
studies, 23 were using polydisperse aerosols. Of these, 15
may be biased due this design aspect, four took measures,
and four only reported total DF.

Additional design aspects for measurements
with radiolabeled aerosols

The dose of inhaled radiolabeled aerosols is usually as-
sessed using the count rate of radionuclide imaging devices,
such as a shielded whole-body scintillation counter, a pla-
nar gamma camera, single-photon emission CT (SPECT), or
positron emission tomography.1%®1? Besides the depos-
ited dose, the distribution of deposited activity is of great
interest in order to assess deposition in the different ana-
tomical compartments of the respiratory tract, such as the
extrathoracic (upper) airways, the thoracic (lower) airways,
and the alveoli. This is of importance because many lung
diseases are often, at least in an early stage, limited to one
region of the respiratory tract. For example, asthma is pri-
marily a thoracic airway disease.

The most frequently used technique of imaging deposited
radiolabeled particles in the lung is planar gamma camera
imaging.!"'" A planar gamma camera consists of a large Nal
crystal (can be up to 40cmx60cm) coupled to multiple
photomultiplier tubes distributed over the area of the Nal
crystal. Gamma rays hitting the crystal induce light flashes
that are detected by the photomultipliers and converted into
voltage impulses, the height of which depends on the gam-
ma ray energy. A collimator in front of the Nal crystal allows
only gamma rays penetrating perpendicular to the collimator
surface to pass. Together with mathematical algorithms, this
allows a localization of the gamma source.

Attenuation and scattering in the body lowers the detec-
tion sensitivity of deposited radiotracers.!''**? In order to
estimate attenuation correction factors (ACF) of radioactivity
distributed in the lung, all tissues have to be considered. A
first-step approximation method to calculate the ACF was
proposed by Fleming and Pitcairn et al.,''"'* where it was
assumed that the activity is homogeneously distributed in the
lung with thickness L and covered by the chest wall with
thickness a (anterior) and b (posterior). The ACF of a posterior
planar gamma camera measurement (ACFp) is then given by:

Ly

A= (= 1 — exp(— uaD)

(52)

where psr and pyr are the linear gamma ray attenuation
coefficients of soft tissue (ugr=0.151cm™) and of lung tissue
(1r=0.038 cm‘l).(“5) Using standard anatomic dimensions
(a=b=2cm and L=21cm), Equation 1 yields ACFp ~ 2.

Recent computational analysis based on realistic lung and
anatomical structures predicted differences in attenuation
between radiolabeled aerosols deposited in the trachea and
central airways versus lung periphery.ms) For example, the
high spinal or sternal attenuation in the central region sep-
arates between the left and right lungs in almost all thorax
scintigrams, although both lungs are next to each other. This
was confirmed by attenuation measurements after radi-
olabeled aerosol bolus inhalation,''® where ACF can double
for central airway aerosol deposition.

Approaches to assess patient individual ACFs was
developed using density mapping of X-ray computed
tomography (CT) scans,'?>'3117) Jung uptake of *™Tc-
macroaggregated albumin after intravenous injection,'® r
total chest gamma ray transmission analysis.!!*12

Valuable ACFs are important regarding the dose as-
sessment of radiolabeled drug inhalation. Most drug for-
mulations contain larger-sized aerosols, which have
preferred central airway deposition, and incorrect ACF
determination implies an error of up to 100% in estimation
of the deposited dose.!’® In addition, patients with ob-
structive lung diseases (COPD, asthma) show higher de-
position rates at central airway bifurcations due to
impaction, caused by higher inhalation flow rates and air-
way narrowing. Clinical studies require planar gamma
camera imaging in assessing the deposition and distribu-
tion of inhaled radioaerosols.

Analysis of particle distribution in the lung
from planar gamma camera imaging

The pattern of activity distribution between central (C)
and peripheral (P) lung regions was analyzed after defining
total lung and central airway regions of interest (ROIs).
Counts in peripheral lung regions were calculated as the
difference in count rate between the total lung and the cen-
tral ROI of each lung lobe. Normalized C/P ratios of the
aerosol inhalations have to be obtained by dividing each
aerosol C/P ratio by the Kr-gas ventilation C/P ratio,"*"
which can be considered as normalization to the volume
distribution of the lung. Normalized aerosol C/P was
1.04+£0.07, 0.83+£0.12, and 1.91+0.56 after full breath, after
deep, and after shallow aerosol bolus inhalations, respec-
tively."'® Deep bolus C/P was significantly lower compared
with full breath C/P (p<0.01), whereas shallow bolus C/P
was significantly higher (p<0.01), confirming the local tar-
geting of the aerosol bolus technique.

Measurement of Regional Particle Lung Deposition

Clearance mechanisms, and hence the retention of particles,
depend on lung region. For example, the alveolar regime is
particularly vulnerable due to the absence of mucociliary
clearance and a very thin air-blood barrier, which may facilitate
particle translocation into secondary organs. The distribution of
the deposited particles may also be altered in the diseased lung.
For these, and other, reasons, it is often of interest to measure not
only total, but also regional lung deposition.

There are three main methods to assess regional lung
deposition: (1) aerosol bolus inhalation or analysis of the
nonuniform exhaled concentration; (2) clearance kinetics
(fast clearance—upper respiratory tract; slow clearance—
alveolar region); and (3) spatially resolved analysis of
gamma-camera pictures and SPECT scans, preferably in
combination with a lung imaging technique such as CT.
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