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Bronchiolar aerosol deposition and clearance

J. E. Agnew

We have often, and over a long time, thought of the
"small airways" as a mystery zone or a quiet zone [1].
Relative to central bronchial generations, the total cross-
sectional area of each bronchiolar generation is large.
Airflow resistance should in consequence be low. Consid-
erable changes due to disease could, thus, occur with lit-
tle chance of being detected by conventional lung function
testing. This is the basic idea of a "quiet zone" at risk
of insidious damage. The concept was strengthened by
the finding that early damage from cigarette smoking
occurs within these airways [2].  However, even for the
normal lung, there is morphological evidence that inter-
nal bronchiolar diameters appear to act as a major deter-
minant of ventilatory function [3]. Conventional spirometry
supposedly reflects "large airways" function, but is sig-
nificantly related to specific pathological scores of small
airways disease in patients with minimal airways obstruc-
tion [4]. Sustained exploration of "small airways tests"
has suggested that several such tests can respond sensi-
tively to bronchiolar inflammation [5]. Sadly, these tests
generally lack predictive ability. In particular, they can-
not foretell which smokers will develop overt disease
[5].

Considerable attention has been paid to the small air-
ways in asthma. Even when free from symptoms, asth-
matics may well have persisting evidence of a small airways
abnormality, at least partially reversible by bronchodilator
administration [6]. A severe attack is likely to be accom-
panied by highly significant bronchiolar abnormalities
including inflammation and lumen occlusion [7].

A different focus of attention on the small airways has
recently come from the radiation safety field. Driven by
concerns over risks from long-lived radioactive particu-
lates retained in workers' lungs, a new respiratory tract
model - from the International Commission on Radio-
logical Protection (ICRP) - explicitly treats the bronchi
and the bronchioles as separate zones [8]. These two
zones are held to differ not only in their deposition and
clearance characteristics but also in terms of the cellu-
lar sites considered to be crucially radiation-sensitive.

New methods of investigating the small airways are,
therefore, to be welcomed. In this issue of the Journal,
SVARTENGREN et al. [9] describe their evaluation of small
airways deposition and clearance. The findings and
approach of this study offer a chance to reconsider the
"mystery zone" status of the small airways and to look
again at their defence role in the lungs.

Deposition by very slow inhalation

Recent aerosol work from the Karolinska Institute [10]
has exploited a simple idea. The starting point is that,
by means of a very slow inhalation, quite large aerosol
particles (aerodynamic diameter ~6 µm) can be persuaded
to pass through the large airways with almost no depo-
sition. This is achieved with airflow velocities just too
low for particle deposition by inertial impaction. Within
the small airways, due to their larger total cross-section,
airflow velocities become lower still. Transit times through
each individual airway unit are then long enough, and
yet internal diameters small enough, for many particles
to deposit by sedimentation under the influence of grav-
ity. Calculations [9, 11] based on WEIBEL model geom-
etry [12] demonstrate the magnitudes of the effects
involved.

Sites of long-term particle retention

For many years a "Task Group" lung model, published
in Health Physics in 1966 [13], defined lung zones for
radioactive particle retention. Particles deposited within
the lung could be attributed either to "tracheobronchial"
or "alveolar" deposition. Calculations were kept simple
by the concept that insoluble particles were cleared from
the tracheobronchial airways by a fast clearance process
- mucociliary transport. Clearance by this means was
completed within 24 h. By contrast, the alveolar zone
was considered to be cleared only by slowly-acting mech-
anisms. Negligible alveolar clearance was, therefore, ex-
pected in the first 24 h. A single measurement at 24 h,
as a percentage of initial lung deposition, hence served
to measure "% alveolar deposition".  Insoluble particles
still present at 24 h would be expected to be retained
for a very long span of time. If they carried a long-lived
radio-active content, they could well constitute a signif-
icant carcinogenic hazard.

The concept of the 24 h watershed between "tracheo-
bronchial" and "alveolar" deposition encountered pro-
gressively strengthening criticism [14, 15]. Even in healthy
people, inhalation manoeuvres which encouraged depo-
sition deep within the bronchial tree tended to give a
degree of clearance from 24 h to 48 or 72 h too great
to seem acceptable as early "alveolar" clearance rather
than continuing "tracheobronchial" clearance. For patients
with airways obstruction, retardation of tracheobronchial
mucociliary transport must make any tracheobronchial-
alveolar clearance watershed even more difficult to pin-
point.

Twenty four hour incompleteness of tracheobronchial
clearance is now, however, a minor part of the long-term
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retention story.  Recently, major emphasis has been placed
on retention at tracheobronchial sites [8, 16]. The idea
is not new but has gained impetus from inhalation stud-
ies using radioactive aerosol bolus techniques [17, 18],
with support from studies aiming at bronchiolar deposi-
tion by the slow inhalation technique [9, 10]. Utilizing
either technique, the proposition is that the aerosol par-
ticles are carried only a fairly short distance into the
bronchial tree and there undergo efficient deposition. The
idea only makes good practical sense if the particles are
large enough to undergo deposition fairly promptly.
Particles not deposited via a prompt deposition mecha-
nism could, of course, be carried much deeper into the
lungs by gas-mixing mechanisms.

Aerosol bolus and probe techniques

When aerodynamic diameter (or actual diameter for
material of "unit" density in grams per cubic centimetre)
is about 0.5–1 µm, all the main particle deposition mech-
anisms are ineffectual. These particles are too small for
appreciable inertial deposition, or gravitational sedimen-
tation, unless a postinspiratory breathhold pause allows
sufficient time for adequate sedimentation to occur. They
are too large for appreciable deposition by diffusion. A
bolus of such particles inhaled only to a shallow lung
depth can (in the absence of a breathhold pause) readily
be remeasured on exhalation but with its profile consid-
erably broadened [19]. An inhaled bolus of width 50 cm3

(actually measured as "half-width" from a plot of aerosol
concentration against inhaled/exhaled volume) inhaled
to a volumetric depth within the lungs of 200 cm3 is
"recovered" in the expired volume as a bolus of width
275 cm3 [19]. Mathematical modelling, based on the
Weibel model, has up to a point agreed [20] with the
experimental data, although with reservations over effects
due to lung asymmetry.

When variable breathhold pauses are employed, effi-
ciency of aerosol recovery following inhalation of larger
aerosol volumes can be used to estimate airway diame-
ters at different lung depths. Essentially, the argument is
that the time required for a certain fraction of particles
to be deposited is a function of the distance through
which they have to fall. This, in turn, is a function of
airway diameters at the lung volumetric depth in ques-
tion. Experimental data depend, as expected, on the sub-
ject's degree of lung inflation and show good agreement
with morphometric data [21]. Taken together, aerosol
bolus and probe developments have added to the belief
that we can now understand and predict particle aero-
dynamic behaviour within the lungs. They thus support
the proposition that we can predictably target test parti-
cles onto the bronchiolar airways [9, 10].

Ineffective bronchiolar mucociliary defence?

Many particles deposited at bronchiolar sites seem to
be retained for a long time [9, 10, 17, 18]. Arguments
for the seeming inefficiency of bronchial or of bronchio-
lar defence by mucociliary transport, thus, need to be re-
explored. When the "mucociliary" clearance process takes
2 or 3 days [9, 10] to complete, we can reasonably accept

that peripheral mucociliary rates are slower than had pre-
viously been thought. The greater worry, however, is the
high proportion of particles appearing totally to escape
mucociliary clearance.

Localized gaps in the mucous blanket can clearly con-
stitute a "hole in the defence". They probably cause nor-
mal bronchioles to be poorly defended - at least against
the retention of inert, nonirritant test particles. Early
smoking-related bronchiolar changes [2] may, in fact, tem-
porarily improve peripheral lung zone particle clearance,
by making more mucus available for mucociliary trans-
port [22].

Much more emphasis has recently been placed on par-
ticle transport into and through mucous layers [23].
Currently, this seems probably most relevant to long-
term retention of small particles. The probability that an
insoluble particle deposited in the bronchioles will be
retained there for weeks seems to depend strongly on its
geometric size [16, 18]. Surface tension forces appear
far more likely to pull small rather than large particles
through the mucous layers and into contact with the
epithelial surface [23]. Retention within the normal lung
72 h postinhalation of about 60% has been reported for
2.4 µm geometrical diameter particles deposited from a
bolus inhaled only to a volumetric depth of about 60 cm3

[17]. Providing simple volumetric considerations apply,
these particles should have been deposited primarily in
bronchi and bronchioles. The very slow inhalation tech-
nique sets out to achieve predominantly bronchiolar depo-
sition. Applied to 4.1 µm geometrical diameter particles
it yields a normal 72 h retention of about 36% [10].
Setting aside different experimental conditions, these find-
ings together imply that normal small airways have very
imperfect mucociliary defence. The same finding appears
also to apply in asthma [9] - again in terms of the pro-
portion of particles not cleared by any reasonably fast
clearance process. The only caveat has to be a lingering
doubt that a considerable proportion of particles may, in
fact, have actually reached the alveolated airspaces of
the lung [17, 18]. Marked dispersion of a nondepositing
bolus [19] does suggest that particles at the front of the
bolus may reach deeper into the lung than simple calcu-
lations imply, or that the lung's asynchrony may exert a
considerable influence on where particles actually get to
[19].

Interaction between lung structure and gravitational
particle aerodynamics must also influence results obtained
with the slow inhalation technique. Detailed studies of
distal bronchiole deposition utilize quite sophisticated
computer simulations. HOFMANN et al. [24] have esti-
mated (by Monte Carlo methods) how large particles
deposit under gravity in bifurcations at the terminal bron-
chiole level.  Efficiency of deposition (summed over par-
ent and daughter airways) was highest for a horizontally
positioned bifurcation (parent and daughters all in the
same horizontal plane). Efficiency could be as much as
one-third lower for orientations in which the parent bron-
chiole was vertical [24]. Detailed deposition patterns were
highly sensitive to bifurcation orientation [24]. These
findings predict marked local variability in deposited sur-
face concentrations. They also indicate a degree of local-
ized variability in the proportion of particles able to
escape deposition at this lung depth and, potentially,
undergo deposition in the "alveolar region".
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Deposition and clearance: asthmatics and normals

A general view has been that mucociliary clearance
tends to be impaired in asthma, albeit with a great
variability among asthmatic subjects [8, 25]. Even asth-
matics apparently in clinical remission may show defec-
tive clearance [26]. For some asthmatics, the compensatory
mechanism of cough can achieve reasonably normal aero-
sol clearance values - at least from the larger airways.
For many asthmatics, bronchodilators may additionally
stimulate clearance. Corticosteroid therapy can enhance
peripheral zone radioaerosol clearance in asthma [27].
The results reported in this issue of the Journal [9] may,
thus, demonstrate "normal" clearance running in paral-
lel with good symptom control.

The new respiratory tract model [8] includes "modi-
fying factors" both for disease and for medication effects.
"Asthma"' is, within the model's framework, taken to
slow bronchial and bronchiolar clearance by a factor of
0.7. This factor is applied to the rate constant of an expo-
nential equation. For bronchiolar clearance, a normal
clearance half-time of about 8 h is, thereby, extended to
an estimate for asthmatics of about 12 h. In the formu-
lation of the model, there is specific recognition that medi-
cation may enhance clearance rates [8] with, in fact, a
proposed modifying factor for β-adrenergic agents of 2.0
(predominantly based on data from healthy subjects).
What must be emphasized, however, is that the model's
adoption of these factors is intended for radiation safety
calculations covering populations likely to include asth-
matic subjects. The model is based on "best currently
available" estimates. It does not pretend to offer exact
pathophysiological data. The results of SVARTENGREN et
al. [9] for post-24 h clearance fit adequately comfortably
with the generalised idea of the ICRP model -  namely
that clearance is achieved by a mixture of several "fast"
and "slow" processes. They do, however, suggest that
clearance between 48 and 72 h is similar to that between
24 and 48 h. Mathematically, the model relying mainly
(for normal subjects) on reference clearance rates corre-
sponding to half-times of (roughly) 100 min, 8 h and ≥20
h would predict rather less clearance over the 48 to 72
h interval. But again, it must be emphasized that the
model only aims to give a general, and mathematically
convenient, formulation of clearance dynamics.

Bronchiolar or alveolar deposition?

Disentangling bronchiolar from alveolar deposition is
important when comparing measured retention data to
calculated generation-by-generation deposition models
[11]. These models have to make simplifying assump-
tions, not least in their utilization of simple deposition
formulae for impaction and sedimentation. Designation
of (say) generations 9–15 as "bronchiolar" [8] inevitably
ignores the lungs' real asymmetry [28], let alone any
question as to whether generation 15 should be consi-
dered "transitional" rather than "bronchiolar" [28]. Adjust-
ing model dimensions to allow for differing degrees of
lung inflation can also readily influence calculated depo-
sition efficiencies.

Nevertheless, if we have to carry out safety calcula-
tions for a nuclear industry worker, we still want to know

whether particles retained at 72 or 96 h are in the bron-
chioles or in the alveolar region. We need this know-
ledge as an input to basic radiation dose calculations and
because it may help to predict whether retention will be
long-term or very long-term. Likewise, when we con-
sider possible targeted deposition of inhaled medication
in asthma, we will want to know how much of an attempted
bronchiolar deposition may actually overshoot into the
alveolar region.

Therapeutic implications?

How helpful might it be to target therapeutic aerosol
deposition selectively onto the small airways? If this is
a desirable objective, can it be achieved in clinical prac-
tice by a very slow inhalation technique [9]? Methods
of inhaled drug delivery are changing anyway [29], imply-
ing a need to look again at the better "targeting" of inhaled
medication. The issues to be considered clearly include
the target to be aimed at and the tightness of aim needed.
It should, probably, be equally important to consider
whether we have any means of verifying that the inhaled
medication really is deposited on target.

Practical limitations have to be taken into account.
Simple observation shows that inhaled drug delivery in
a nonspecialist hospital ward tends to be a "hit-or-miss"
affair. Careful audit has documented wide variability of
practice, even after positive steps to advocate adherence
to guidelines [30]. Despite careful attention to technique,
supposedly similar devices may, in fact, deliver different
drug amounts and with a varying spectrum of particle sizes.

For inhaled corticosteroids, as for bronchodilators, a
guiding principle has been that an "ideal inhaler" should
maximize conducting airways deposition, whilst mini-
mizing both oropharyngeal and alveolar deposition [29].
For most drugs, there is, as yet, little knowledge - and
certainly no consensus - as to whether peripheral rather
than central airways deposition could really confer any
benefit [29]. Aerosol deposition modelling, moreover,
highlights how a shift from central to peripheral airways
deposition can enormously change surface concentration
of the deposited drug [11]. Many drug-receptor interac-
tions are concentration-dependent, and a recent review
in the Journal clarifies how such dependence may be
implicated in hitherto inadequately understood conse-
quences of long-term β2-agonist use [31]. Attempts to
target inhalation therapy onto the small airways should,
therefore, be appropriately backed-up by long-term effi-
cacy assessments.

The small airways

Various applications of sophisticated technology are
currently carrying forward our understanding of the lung's
quiet zone. Acoustic reflection work has suggested that
a greater bronchodilator efficacy in asthma of adrener-
gic as opposed to anticholinergic bronchodilators may
result from a greater effect specifically within the small
airways [32]. Tomographic gamma-camera imaging  aligned
with data from magnetic resonance imaging has been
used to map out particle deposition per airway generation
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in the clear hope of contributing to future targeted deliv-
ery of inhaled medication [33]. Differing aerosol tracer
approaches have looked at deposition, clearance rates and
long-term retention in the small airways [9, 10, 17]. Ideas
from a respiratory tract model basically formulated for
radiation safety needs [8] clearly interact with all the
considerations involved. This model has purposely been
so designed that it can take account of new data - most
easily in the form of new or revised "modifying factors".
Future work with this model will benefit from testing
model predictions against real data and, when appropri-
ate, modifying the model. Problems will remain over elu-
cidating whether particles, inhaled according to one
protocol or another, really are deposited in ciliated small
airways or whether they may actually "overshoot" and,
therefore, reach the alveolar zone. Further consideration
of the lung's asymmetry should be helpful. Modelling
based on symmetrical geometry tends to underestimate
inhaled bolus dispersion [20], and may similarly tend to
underestimate the proportion of particles capable of reach-
ing alveolar generations via a "short" pathway or because
the lung behaves asynchronously. Surface concentrations
of deposited drug may be important determinants of effec-
tiveness, or even of unwanted interactions [31]. Even
using a symmetrical model, a shift in deposition from
large to small airways sites is likely considerably to lessen
particle surface concentrations [11]. When asymmetry is
taken into account, mathematical modelling can further
show that the degree of asymmetry profoundly affects
localized deposition concentrations immediately distal to
an airways bifurcation [34].

Large, or fairly large, inhaled particles have high depo-
sition probabilities in the terminal bronchioles and adjacent
airways. The slow inhalation technique [9,10] encourages
their deposition at the distal margins of the lung's "quiet
zone" and, linked to findings from other approaches, must
surely encourage our better understanding of that zone's
function.
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