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Occasional review

Studies using radiolabelled aerosols in children

Mark L Everard

Although more than 20 years have passed since
radioisotopes were first used to study the de-
position of aerosols in the respiratory tract
of children,' such studies have only recently
become relatively more common.2 The reason
for this lies in the widespread concern regarding
the use of radioisotopes for research purposes
in childhood. Indeed, this concern is such that
certain journals have rejected studies, not on
the basis of their scientific content, but upon
the editor's view that such studies are essentially
unethical. However, information obtained from
such studies is becoming increasingly im-
portant as the number of expensive and potent
therapeutic agents being delivered by this route
increases.7
The purpose of this paper is to review ra-

diation protection and ethical issues relating to
the use of radioisotopes in research projects
involving children. It then goes on to discuss
technical aspects relevant to those interested in
designing or interpreting radiolabelled aerosol
deposition studies in children.
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Assessment of risks
The International Commission on Radiological
Protection (ICRP) has published guidelines for
those considering exposing healthy volunteers
to ionising radiation. Earlier recommendations8
were revised and updated in 1992.9 These
guidelines discuss the potential harmful effects
of ionising radiation, factors affecting the risk
of harm, and ethical aspects of such studies.
Harmful biological effects of ionising

radiation can be "deterministic" or "sto-
chastic".9" Deterministic effects are those that
can be attributed to direct cytotoxic effects of
radiation. Below a certain threshold the pos-
sibility ofcausing harm will be zero. As the dose
increases above this threshold value, individual
cells will become damaged and die. As the dose
further escalates damage will increase steeply
as increasing numbers of cells within the organ
are affected. The "threshold" dose varies de-
pending upon the tissue involved, with tissues
such as gonads and bone marrow being most
sensitive. Providing the dose remains below
the threshold dose relevant to the organ being
exposed, a prediction can be made that no
clinical effects will become evident. For re-
search purposes such effects are essentially
irrelevant as doses used should be below thresh-
old values.

In contrast, there is no threshold dose for

stochastic effects. These effects result from
radiation-induced changes in cells which sur-
vive and remain capable of division or forming
a zygote (germ cell). These effects are due
to changes such as mutations, deletions and
translocations in the DNA of cells and the
effects may take many years to become manifest
as overt malignancy or, indeed, may take one
or more generations in the case of affected
germ cells. There is apparently no threshold for
such effects and the probability of it occurring is
a function ofthe dose. This implies that ionising
radiation at any dose is potentially harmful and
may induce cancer or inherited disease at a
later date. Factors influencing the magnitude
of this risk depend upon factors such as the
tissue irradiated, sex, age, and probably in-
dividual susceptibility. The issue of age is par-
ticularly relevant to paediatric studies.
The radiation risk to children per unit ra-

diation dose is believed to be higher than in
adults'2 since (1) children may be more sens-
itive to radiation (though this is now not be-
lieved to be the case with the possible exception
of the juvenile thyroid); (2) the long latent
period of radiation carcinogenesis (typically
about 25 years) means that children are more
likely to express any increased risk of car-
cinogenesis; and (3) children have a greater
potential for passing on deleterious mutations
as they may potentially have more children
following exposure than adults (although gen-
etic effects in man have not been observed).

EFFECTIVE DOSE AND EFFECTIVE DOSE
EQUIVALENT
The absorbed dose for a tissue (DTR) exposed
to ionising radiation is the energy absorbed
per unit mass [Gray (gy) = joules absorbed per
kilogram] and for a given tissue or an organ
the dose is generally assumed to be absorbed
uniformly. Since different ionising radiations
have varying abilities to cause harm, a radiation
weighting factor (WR) is used to allow for
the relative biological effect of the particular
radiation used. The WR for gamma radiation
is 1, while alpha particles have a WR of 20,
reflecting their substantially greater potential
for causing biological effect. Thus, the equi-
valent dose to a tissue (HT) is given by
DTR x WR and is expressed as sieverts (Sv). If
more than one form of radiation is involved,
HT is the sum of the separate equivalent doses.

Since different organs vary in their tolerances
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to radiation a tissue weighting factor (WT) is
used. These are 0 01 (skin), 0-05 (bladder,
breast, liver, thyroid, and all other tissues), 0 12
(lung, red bone marrow, stomach, and colon),
and 0-2 (gonads). The effective dose is obtained
by multiplying the tissue weighting factor by
the equivalent dose. For example if the lung
alone received 5,tSv of radiation the effective
dose would be 5 x0-12=06 iSv, and this
would be equivalent in terms of potential harm
to uniformly irradiating the whole body with
066,Sv. Where several organs are exposed to
a source, the effective dose is the sum of the
weighted equivalent doses for the particular
tissues or organs receiving a dose.

Thus, the effective dose
(E) = XWT x HT (in Sv)

applies to the whole body and permits ex-
pression of the relative risk of stochastic effect
occurring to be expressed whether exposure is
uniform or non-uniform.
The use of this unified scale of effective dose

permits intercomparison of the probable risk
posed by any procedure involving ionising ra-
diation and permits a direct comparison with
the dose received by individuals from natural
background sources.

FACTORS AFFECTING EFFECTIVE DOSE IN
AEROSOL STUDIES
For radionuclides delivered as an aerosol, the
effective dose will be influenced by a number
of factors such as its residence time in the
lungs and body. For example, technetium 99m
(99mTc) which is the standard radioisotope used
in aerosol deposition studies has a radiation
half life of 6.04 hours.'3 If administered as
99mTc sodium pertechnetate it is rapidly cleared
from the lungs with a half life within the lungs of
10-15 minutes.'4 When administered as 99mTc-
DTPA (diethylenetriaminepentaacetic acid)
the half life for remaining within the lungs may
be as long as 150 minutes.'3 Absorption from
the lungs can be enhanced by alteration in
posture, disease states, exercise, and in
smokers.'3'5 In these forms the dose absorbed
by the body and individual organs can also be
influenced by the frequency ofmicturition since
they are water soluble and excreted in urine.
When administered in a non-absorbable form
such as 99mTc-colloidal human serum albumin
(HSA), activity deposited in alveolar and non-
ciliated areas remains for a period well in excess
of 24 hours.'617
For many aerosols as much as 80% of the

dose is deposited in the upper airway and is
swallowed. This fraction has a large influence
on the effective dose due to exposure of the
cells within the gastrointestinal tract and sur-
rounding organs and to the slow clearance from
this organ. Hence, measures to reduce the
swallowed dose such as gargling and mouth
washes are desirable.

Deposition of aerosol within the airways,
even in peripheral regions of healthy lungs, is
non-uniform'8 with most occurring at sites such
as bifurcations and other changes in con-
figuration of the airways. Such uneven dis-
tribution is increased in the presence of airways

disease with "hot spots" occurring in more
central regions of the lungs. The impact of
uneven deposition and hot spots on the cal-
culated risk has not been extensively studied
and further work is required. The absorbed
dose within an organ exposed to radiation is
assumed to be uniform and it is assumed that
individual cells within an organ all receive an
equal proportion ofthe dose. 9 This assumption
is based upon the fact that most forms of
ionising radiation such as gamma rays have
ranges much greater than the average cell dia-
meter. However, most radionuclides also emit
low energy Auger electrons with subcellular
ranges and this may result in non-uniform
exposure of cells.'9 The practical significance
of this is not clear, but it is likely to be small
compared with other factors such as the con-
tribution to the overall risk of the activity that is
swallowed. Furthermore, as mentioned above,
clearance of many radionuclides via the pul-
monary circulation is rapid while mucociliary
clearance also ensures that particles do not
remain static within the conducting airways.
Risk of possible stochastic effects for any given
effective equivalent dose is based on data from
a number of sources including exposure to
radiation from nuclear weapons and a wide
variety of medical sources over the past 80
years. Extrapolation from all these sources has
potential limitations and, indeed, safe levels
of annual occupational exposure have been
significantly reduced recently as previous es-
timates of risk were shown to underestimate
the risk.9 The risk of harm to an adult subject
who is exposed to ionising radiation in the
course of a study for research purposes has
been divided into three categories by theWHO,
and subsequently modified by the ICRP.8 It
is expressed in terms of the effective doses
involved. These categories include a cor-
responding category in terms of the benefit to
be accrued as a result of the study. The highest
risk category is for effective dose equivalents of
>lOmSv which carry a risk of one in 1iO or
more. To justify such a risk the benefits derived
from the study must be "substantial and usually
directly related to the saving of life or the
mitigation or prevention of serious disease".
At the other end of the spectrum the risk is

defined as "trivial" with a risk of one in 106 or
less. The effective dose for an adult to fall
within this category is <0 1 mSv. For children
the dose is probably between a third and a half
of this figure.8 Doses in that range represent
that received by individuals during a few weeks
from natural background sources (average an-
nual exposure from natural source in North
America is 2 mSv), and these doses are con-
siderably less than variations in annual doses
from natural background received by persons
living in different locations. With a risk believed
to be in the order of one in a million and hence
generally regarded as trivial, the benefit accrued
by society as a result of exposing subjects to
this risk need only be "minor".8

Estimation of the effective dose delivered to
a patient is complex and needs to be assessed
by qualified medical physicians who are capable
ofmaking the necessary dosimetric calculations
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and measurements. The use of effective dose
rather than simply expressing the initial activity
to be administered in MBq will allow ethical
committees to assess the risks of particular
studies in terms that are readily com-
prehensible, particularly as it allows the risk to
be expressed in relation to the natural back-
ground or other understandable parameters
such as the probability of being killed in a
motor vehicle accident.

Principles of research design
The principles underlying research design
when using ionising radiation can be sum-
marised under three headings": (1) the po-
tential benefits should be justified; (2) all
exposures should be kept as low as reasonably
achievable; and (3) dose limits specified by the
ICRP should not be exceeded.

JUSTIFICATION OF STUDIES
In order to justify a study one needs not only
to argue that the information obtained is im-
portant and of benefit to society, if not directly
to the individual exposed, but that the in-
formation cannot be obtained in other ways.
The study of aerosol delivery in childhood
has only recently received attention. Various
approaches have been used. Clinical studies
have been performed comparing the clinical
effect when utilising different methods of de-
livery, but these studies shed little light on
deposition since they generally use P2 agonists
in supramaximal doses. For example, studies
have shown no difference in clinical effect when
12 agonists are inhaled via the nose or a mouth-
piece,20 but deposition studies have shown sig-
nificant differences in the dose delivered to the
lungs.2' A more recent approach has been to
collect drug on filters to determine the inhaled
dose under different conditions using pumps
to simulate the patients' respiratory pat-
terns,22-24 or using patients themselves inhaling
from different devices.2526 The pump models
in particular have clarified many aspects that
influence the dose delivered to a patient and
have provided basic knowledge essential to de-
signing appropriate isotope studies. However,
this approach gives no information relating to
where in the body the dose is deposited or the
proportion of the inhaled dose that would be
exhaled. For dry powder inhalers'427 and
metered dose inhalers'428 the exhaled dose is
likely to be very low, largely due to the pattern
ofthe inspiratory manoeuvre, but for nebulisers
the exhaled fraction may be significant.2930

It is theoretically possible to predict the pat-
tern of deposition by combining data related
to the dose inhaled with data describing the
particle size distribution of an aerosol, together
with a description of the inspiratory pattern,
by using mathematical models developed
largely by those in the field of industrial hygiene
and radiation protection.3'"` Such math-
ematical models have been devised for adults
and subsequently modified in the light of ex-
perimental data. However, there are presently
no experimental data to validate or modify the
models of deposition in infants and children.

Furthermore, these models assume non-dis-
eased airways and hence are only applicable to
healthy individuals. Other problems with this
approach are that, in most instances, math-
ematical models and the experimental work
against which they are judged have used
monodispersed aerosols. Most therapeutic aero-
sols are polydispersed and as such have de-
position patterns significantly different from
that of a monodispersed aerosol with the same
aerosol mass median diameter (AMMD).3"
It is not surprising, therefore, that predicting
patterns of deposition with these models is
inaccurate when applied to therapeutic aero-
sols. Furthermore, they assume tidal breath-
ing and further modifications are required with
other delivery systems such as dry powder in-
halers35 when other inspiratory manoeuvres are
used.
Another potential problem with the use of

filters is that the filters themselves, or associated
equipment such as one-way valves, may intro-
duce unforeseen artifacts. For instance, we
have observed in one study that the increase
in resistance resulting from the use of a one-
way valve caused children to breath around a
mouthpiece, resulting in falsely low drug
delivery to the filter.
Another non-isotope method that can give

slightly more direct information to the dose
delivered is to use drugs that are essentially not
absorbed from the gastrointestinal tract36 or to
block gastrointestinal absorption by ingesting
charcoal.3738 These methods would need to be
validated for use in children and infants and,
again, they do not provide information relating
to the pattern of deposition within the airways.

Basic information related to deposition of
aerosols in health and disease can be provided
by an aerosol bolus dispersion method based
upon photometric measuring of the number of
particles inhaled and exhaled.'73940 This has
been extensively used by some investigators
and its use is now being extended into the
paediatric age group.4' This method does use
monodispersed aerosols which are very differ-
ent from the polydispersed aerosols used in
clinical practice, and hence results produced
by this method are not directly relevant to
the assessment of therapeutic delivery systems.
Indeed, these methods generally use particle
sizes with low deposition.

Non-isotopic approaches, as cited above, can
provide essential information that clarifies
many of the issues particularly relevant to aero-
sol delivery in children and adults, but there are
certain types of extremely valuable information
such as the pattern of deposition that cannot
be obtained, and it is likely that isotope studies
will be required to clarify certain fundamental
questions. However, before proceeding to these
studies it is essential that investigators thor-
oughly understand the principles underlying
aerosol therapy and, in particular, the aspects
specifically relevant to children and infants.

MINIMISING EXPOSURE
The second major principle is that radiation
exposure should be kept to the lowest possible
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value that does not jeopardise the quality of
data obtained. Using too low a dose and failing
to obtain adequate data are contrary to the
principles governing the risk/benefit criteria.
However, even within the "trivial" risk category
the dose to which children are exposed should
be minimised. Strategies to achieve this include
using longer acquisition times rather than
higher doses, providing that the increased time
does not affect the quality of the information,42
and using the lowest number of patients com-
patible with obtaining an unequivocal
answer." If necessary, the study should be
terminated once statistically reliable data have
been obtained. Another major influence on the
dose required is the use of standard planar or
single photon emission computed tomography
(SPECT) imaging.44 At least one study has
shown that SPECT scanning, with its three
dimensional resolution, gave a statistically sig-
nificant improvement in resolution when as-
sessing central and peripheral deposition.45
Other studies have not found this, although
in each case there was a tendency towards
improved resolution.44446 SPECT scanning cur-
rently requires higher doses and much greater
imaging time, usually 15-20 minutes,'543
compared with the 1-2 minutes required for
an image with planar imaging. Even in those
few units with multiheaded gamma cameras
specially designed for this purpose imaging
times are still in the order of 5-10 minutes.43
Good arguments are therefore required to jus-
tify this method rather than the simpler planar
imaging but, as the technology improves, this
form of imaging may become the method of
choice.

Radiolabelled aerosol studies
In research, radiolabelled aerosols have been
most widely used to study deposition of drugs
within the respiratory tract. For most studies
the label is only loosely associated with the
drug and probably dissociates rapidly after de-
position. Hence it gives no information on
the subsequent fate of the drug. True direct
labelling of drugs in which an isotope is in-
corporated into the drug molecule has been
achieved4748 and does permit studies to assess
clearance of the drug as well as deposition, but
such labelling is generally a complex procedure
requiring a cyclotron. Radioisotope studies
have also been used to study mucociliary clear-
ance, 1l8 and the effect of factors such as dis-
ease and smoking on permeability of the
respiratory tract to low molecular weight com-
pounds such as DTPA.'6 1749 Some studies have
gone further and delivered radionuclides that
are rapidly absorbed, together with ones re-
moved by mucociliary clearance, in order to
study these two clearance mechanisms sim-
ultaneously or have attempted to distinguish
between clearance from alveolar and bronchial
surfaces.'7

Imaging using positron emission tomography
(PET)50 permits accurate three dimensional
imaging, and because it is possible to directly
label both drugs5' and endogenous substan-
ces,50 this form of imaging could potentially be

used for investigations into a wide range of
topics related to disease processes, biological
function, and drug action within the respiratory
tract.'750 PET might therefore prove to be the
most informative mode of imaging, but its
applications are limited by the very short half
life of the positron emitting nuclei and the
limited number of centres with access to this
form of technology.
The following discussion will be related

essentially to studies aimed at assessing de-
position of aerosols within the respiratory tract
using conventional gamma scintigraphy.

PRACTICAL ASPECTS RELATED TO
RADIOLABELLED DEPOSITION STUDIES
As stated above, it is important that studies are
carefully designed in the light of knowledge
currently available in order to ensure that the
results obtained are of sufficient value to justify
the study. The design should also ensure that
the technical aspects of such studies are care-
fully prepared before administering radiation to
subjects. Numerous studies with adult subjects
have now been published, yet many fail to
describe methods and validation procedures in
any detail while some totally omit fundamental
aspects such as the methods used to estimate
the dose delivered to the lungs. It is highly
desirable that, for studies involving children,
techniques should be chosen with care and
methods described clearly so that comparisons
can be made between studies with some va-
lidity.
The following sections will discuss tech-

niques for labelling aerosols and then go on to
discuss techniques for determining where the
inhaled dose has deposited. Surprisingly, this
latter subject has been least well studied and
validated.

LABELLING OF AEROSOLS
Nebulised solutions
The traditional method for labelling drug sQ-
lutions delivered from both jet and ultrasonic
nebulisers has been the so called "soap"
method in which a drug solution is mixed with
a radionuclide. It has been assumed, quite
reasonably, that the droplets generated by the
nebuliser contain drug and radiolabel in pro-
portions determined by the solution from which
they are generated. Since the particle size char-
acteristics of the aerosol are largely determined
by the design of the nebuliser and the driving
gas flow used, it is also reasonable to assume
that the particle size characteristics will be little
altered by the addition of most radionuclides.
Relatively few studies have attempted to de-
termine whether these assumptions are valid
for a particular combination of drug and radio-
nuclide, but those that have found that the
drug did follow the label5253 and the radio-
isotope had little effect on the particle size
characteristics of the aerosol.5254 As the radio-
label travels with the drug in droplets but
is not bound to the drug, information on de-
position can be obtained but, since drug and
label dissociate rapidly after deposition, these
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studies will not provide any information re-
garding clearance of the drug following de-
position. It is possible to directly label some
drugs such as pentamidine49 and hence the
fate of the drug once inhaled can be assessed
(providing the labelling involves isotope sub-
stitution), but it is doubtful if information re-
lating to the pattern of deposition can be
improved.
The "soup method" is, ofcourse, not suitable

for drug suspensions such as the steroid pre-
parations for use with nebulisers, since the drug
may not be uniformly distributed in either the
suspension or the droplets generated by the
nebuliser.

Studies utilising jet nebulisers should take
into account the great variation in nebuliser
output and particle size that can occur between
nebulisers of the same make, even those from
the same batch.5556 Some manufacturers have
started to address this problem by using im-
proved moulding techniques. Another potential
problem, ignored in many studies, has been
the use of inappropriate methods for obtaining
particle size measurements. It is frequently not
realised that significant drying of wet aerosols
occurs when using cascade impactors, resulting
in much finer droplet sizes than would be
obtained with laser particle sizers5758 which can
measure the particle size characteristics of the
aerosol as it leaves the nebuliser. Thus, laser
particle sizing is the method of choice for meas-
uring the output from nebulisers.58 This po-
tential for aerosols to change in size due to
hygroscopic growth or drying also means that
the characteristics of an aerosol can be sig-
nificantly altered if a length of tubing is in-
troduced between the nebuliser and patient.
For dry powder inhalers and metered dose
inhalers cascade impactors or multistage im-
pingers are used.

It is well known that intersubject variation
can be very large when studying deposition of
aerosol from a nebuliser. It should be re-
membered that intrasubject variability is also
significant when studies utilising nebulisers are
repeated, and this must be taken into account
when deciding upon subject numbers.59 Much
of this variability probably stems from differ-
ences in inhalation patterns,60 and hence vari-
ability may be reduced to some extent by using
predetermined patterns of inhalation, but this
does not mimic the clinical situation.

Metered dose inhalers and dry powders
During the past five years there has been a
relative explosion of deposition studies using
Kohler's "direct" labelling technique6' and its
subsequent modifications and improvements.
Previous studies had used one of two ap-
proaches. One involved direct labelling of the
ipratropium bromide molecule using 77Br for
the bromide moiety," while others have used
labelled Teflon particles to replace drug
particles.6263 However, the chemical and phys-
ical properties of a system that uses Teflon
rather than drug is almost certainly different
from one containing active drug. In 1988
Kohler et al described a method in which 99mTc

was added to a metered dose inhaler canister,
together with propellants, surfactant, and
drugs.6' Subsequent workers6465 have modified
and improved the technique so that no alter-
ations to the contents of the canister are
required other than the addition of the radio-
label. These methods are not applicable to
all metered dose inhaler products and hence
careful in vitro radiation is essential before
undertaking deposition studies.66 The term
"direct labelling" is misleading in that the
radiolabel is not part of the drug structure but
is associated either with the micronised drug
particles or the surfactant coating, depending
upon the drug/surfactant combination used.66
An increasing number of these studies, using
various drugs, has been published over the
past few years 1427286768 Similar techniques have
been used for labelling powders,'4276970 al-
though for some powders particular adapt-
ations are required.25
As noted above, essential to these techniques

is in vitro verification of the accuracy of the
labelling techniques and details of this have
frequently been omitted in publications. Ac-
curacy of labelling should be confirmed by
means of a cascade impactor or similar particle
sizing device. It should be shown that (a) the
radiolabel follows the drug - that is, that they
are in equal proportions on each stage - and
(b) the radiolabelling procedure does not alter
the dose and particle size distribution of the
aerosol. Published data show that the particle
size distribution may be affected to some extent
by the process and that there is frequently
a difference between the distribution of the
radiolabel and drug.27 68-70 These differences are
generally small but may have some effect on
the results obtained with the gamma camera.
As in the case of jet nebulisers, inhalation

patterns can be prescribed or spontaneous. For
example, subjects using powder inhalers may
inhale at maximal inspiratory flows as ad-
vocated in the clinical setting or be taught to
aim for a predetermined inspiratory flow.'527

ASSESSMENT OF DEPOSITION
In any experiment a number of parameters
must be assessed. These include: (a) the dose
deposited within the respiratory tract of the
subject, (b) the pattern of deposition within
the body, and (c) the pattern of deposition
within the lungs.
A large number ofmethods of analysing data

and presenting the results have been used in
studies in adult subjects. As a result it is fre-
quently difficult to compare the results ob-
tained in different studies in any meaningful
way.58

Total delivered dose
Total drug delivery nebulisers can be de-
termined from the counts obtained from the
apparatus before and after nebulisation once
correction for background and decay are made.
This assumes that all of the radiolabel not
deposited within the body is retained within
the apparatus, which must therefore include
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filters to trap aerosol. With tidal breathing, as
when using jet nebulisers, significant quantities
of the inspired dose are exhaled and these must
be collected. Some investigators have tried to
quantify the total dose deposited by using a
controlled pattern of breathing and drug col-
lection on filters,71 or by modifying the aerosol
bolus/photometric method to quantify the dose
deposited.72
For studies using dry powders and metered

dose inhalers the "administered dose" of ac-
tivity can be obtained by collecting a dose onto
a filter or in a closed container. It must be
remembered that as much as 20% of the nom-
inal dose is retained within the actuator when
using metered dose inhalers"42865 and, similarly,
for dry powder inhalers significant amounts of
drug remain within the device.'427 The retained
dose should be included in the "total dose".

Unfortunately, many studies do not give a
figure for the total dose delivered but give
an "intrapulmonary" dose estimated from the
dose measured using a gamma camera cor-
rected for tissue attenuation which is very de-
pendent on the method used.

Distribution of deposited drug within the body
The measurement of the absolute quantity of
radioactivity within the respiratory tract is com-
plicated by attenuation and scatter of gamma
rays within the body. In addition, for planar
imaging correction must be made for the effect
of distance of activity from the gamma camera
as deposition occurs in three dimensions. If
a simple anterior image is obtained, activity
deposited posteriorly would generate fewer
counts per second than an equal quantity de-
posited anteriorly. To correct for this, the geo-
metric mean of counts obtained from anterior
and posterior images of the chest is calculated.
This measurement is largely independent of
depth.

Several methods have been devised in an
attempt to correct for attenuation. These in-
clude the administration of a known dose of
radiation intravenously in the form of micro-
aggregates which are assumed to be entirely
trapped within the pulmonary circulation2959 73;
the use of "phantoms" in which a radiation
source is placed within a block of material
designed to simulate the chest wall74 75; cal-
culations based upon reference values for
different chest thicknesses65; and the use of
"flood sources"7677 to obtain transmission im-
ages for each subject. Attenuation of activity
in the stomach and oropharynx is greater than
that for the chest.
The microaggregate method is often re-

garded as the "gold standard" for determining
attenuation within the chest but there are in-
evitably some differences between the dis-
tribution of injected microaggregates and
radiolabelled therapeutic aerosols.7" More im-
portantly, this method is probably unsuitable
for studies involving children because of the
increased radiation dose required. Little work
has been done to assess the accuracy of the
other methods until recently, but a recent
study77 in adults showed that phantom methods

significantly underestimated the dose within
the lung. Perhaps more importantly, the same
correction factor is used for all subjects which
can introduce significant non-systematic in-
accuracies.72 Calculation of an attenuation fac-
tor using a "flood source" tended to slightly
overestimate the dose within the lungs but
was considerably more accurate. This method
involves recording an image of a source of
gamma rays, usually 99mTc, using a gamma
camera. The subject is then placed between
the gamma camera and the flood source and
the image recorded. The attenuation factor for
each subject is calculated from the difference
in counts76 and is specific for the individual
gamma camera. Further advantages of this
method are that the lung outlines can be defined
and attenuated factors for both head and stom-
ach can be calculated, though this is rarely
done. The additional radiation exposure using
this method is low. The study found that two
"build-up factor" methods which have not been
used in deposition studies were the most ac-
curate, but these are more complicated than
the geometric mean,flood source method76
which was felt to be sufficiently accurate.77

Transmission scans do not provide in-
formation that would allow correction for scat-
ter but it appears that, for isotopes such as
99mTc, ignoring the effects of scatter does not
lead to excessive errors.42

Deposition within the upper airways is fre-
quently assumed to be the difference between
the calculated lung dose and the delivered dose
and is rarely directly quantified.

Distribution within the lungs
For planar studies it has been conventional to
divide the images into central and peripheral
regions of the lung with the implication that
central regions contain predominantly large air-
ways and the peripheral regions predominantly
alveoli, but because of the two dimensional
nature of the image there is inevitably much
overlap of conducting airways and alveoli, par-
ticularly in the central region. The "penetration
index" (ratio of peripheral to central de-
position) obtained from planar images is there-
fore probably relatively insensitive to changes
in patterns of deposition. Moreover, there has
been no standard method of defining central
and peripheral regions and many arbitrary
methods for dividing the lung into central and
peripheral regions have been used. This makes
it extremely difficult to compare results from
different investigators.58

In an attempt to define the dose deposited
in non-ciliated regions, formulations such as
99mTc-HSA, which are absorbed very slowly
from the alveoli, have been used. Images ob-
tained immediately after delivery are compared
with those 24 hours later allowing for decay of
activity. The assumption has been that residual
activity lies within the alveoli, the activity within
the conducting airways having been removed
by mucociliary clearance.'618 This assumption
has recently been shown to be an over-
simplification'8 and clearance of such products
is probably more complex than was previously
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assumed.'873 This technique also greatly in-
creases the residence time of the radionuclide
within the lung.

Perhaps of more importance is the finding
that it is frequently unclear what the sig-
nificance of a "good" penetration index is. For
a drug such as pentamidine good peripheral
deposition is obviously desirable as its site of
action is the alveoli. For drugs such as steroids
and antibiotics in cystic fibrosis, their site of
action is likely to be the conducting airways
and hence alveolar deposition is probably un-
desirable. However, the surface area of distal
airways is much greater than that of earlier
generations and in order to deliver adequate
doses to smaller conducting airways, significant
alveolar deposition is likely since current de-
vices, which produce polydisperse aerosols,
cannot accurately target specific regions. For
highly soluble drugs such as bronchodilators,
redistribution of drug from central to more
peripheral regions through the bronchial cir-
culation may obviate the need for good peri-
pheral deposition.78
As mentioned previously, the use of SPECT

scanning has, in some studies, improved res-
olution when compared with conventional
planar scanning, but the increased dose and
complexity involved makes it debatable
whether its use can be justified routinely in
children; however, this may change with im-
proved equipment. A further technical problem
with SPECT is that the relatively long
acquisition time causes problems with
radionuclides such as 99mTc-labelled sodium
pertechnetate that are rapidly cleared from the
lungs and subsequently appear in the pul-
monary circulation.

In summary, radiolabelled deposition studies
can be performed in children using a level of
radiation exposure equivalent to just a few
weeks of radiation from natural sources.7 The
risk from such exposure is very low but, in
order to justify even this small risk, studies
must be carefully designed to ensure that un-
necessary investigations are avoided and that
useful data are provided that cannot be ob-
tained in other ways (table). This requires a
thorough understanding of the use of aerosols
in childhood, the technical limitations of de-
vices, and the provision of the expert technical
assistance provided by medical physicists and
technologists.

The author acknowledges Dr I Gonda for his helpful comments.

Aspects of study design to be considered before commencing studies on deposition of
radiolabelled drugs

(1) Factors affecting delivery from the type of device to be studied should be thoroughly
understood

(2) Patient and delivery system factors known to be relevant to children should be considered
(3) Radiolabelled aerosols should only be used to answer important questions that cannot be

answered in an alternative way
(4) The minimum dose compatible with good quality should be used
(5) The minimum number of subjects consistent with statistically reliable data should be used
(6) The radiolabel must follow the drug (at least before deposition) and must not alter the

characteristics of the aerosol
(7) A method for correcting for attenuation should be used that allows correction factors to be

calculated for each patient and which has been shown to produce accurate results
(8) Internal checks should be employed such as calculating lung dose (a) directly from gamma

camera images and (b) as percentage of dose "deposited" obtained from pre and post
images of device and filters

(9) Accurate advice must be obtained from medical physicists and from individuals with
previous experience in the field
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