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Imaging techniques have been used extensively to study the delivery of inhaled medications. De-
position scintigraphy involves the quantification of deposited aerosol dose and is performed using
2-dimensional planar or 3-dimensional positron emission tomography (PET) or single-photon-
emission computed tomography (SPECT) imaging techniques. Planar techniques have an extensive
history of use, and quantification methods are well established. SPECT and PET techniques can
provide better dose localization, but quantification is more complex, and the techniques are in more
limited use. Aerosols have also been used to deliver radiopharmaceutical probes for the imaging of
lung physiology. These studies include measurements of ventilation, mucus and cough clearance,
and, more recently, liquid absorption in the airways. Clearance measurements have been used to
assess therapeutic response in conditions such as cystic fibrosis. Future directions in aerosol-based
imaging are likely to include use of novel probes to measure new physiological processes in the lung,
more thorough integration of anatomical imaging, and use of multiple probes to simultaneously
image drug and disease or interacting physiological processes. Key words: aerosol deposition; aerosol
scintigraphy; mucus clearance; lung imaging; molecular imaging; nuclear imaging. [Respir Care
2015;60(6):850–857. © 2015 Daedalus Enterprises]

Introduction

A key aspect in the development of inhaled medications
is the measurement and optimization of deposited aerosol
dose. The use of imaging techniques to measure aerosol
drug deposition has followed the development of more
complex inhaled therapies and the invention of more ad-
vanced aerosol delivery technologies. Deposition scintig-

raphy techniques provide quantitative information on aero-
sol deposition using the radioactivity associated with an
added radiopharmaceutical as an analog for drug dose.
Nuclear imaging cameras can depict the deposited aerosol
within the body, allowing for regional dose quantification.
Deposition scintigraphy techniques have evolved along
with nuclear imaging technology, and a variety of 2-di-
mensional and 3-dimensional techniques are now in use,
some of which include anatomical imaging. These tech-
niques have been applied with medical nebulizers, me-
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allel with pharmacokinetic measurements. Aerosols have
also been used to deliver radiopharmaceutical probes to
the lungs for physiological imaging purposes. These aero-
sol-based imaging techniques allow measurements of ven-
tilation, permeability, liquid absorption, and clearance in
the lungs. In some cases, these measurements have proved
to be a valuable outcome measure for therapeutic devel-
opment.

Techniques to Assess Aerosol Delivery

The importance of quantifying deposited aerosol dose
can be appreciated by considering medications with nar-
row therapeutic indices, such as insulin, or with no imme-
diate indication of clinical effect, such as an inhaled ste-
roid. Dosing variability in aerosol drug delivery is well
documented, especially in the setting of lung disease. De-
position scintigraphy can be used to quantify and optimize
delivered aerosol dose and dosing variability ahead of the
performance of pivotal clinical studies.

Deposition scintigraphy involves the use of either direct
or indirect radiopharmaceutical labels. Technetium-99m
(99mTc) is often used for this labeling based on its strong
imaging signal and its limited half-life (6 h).1 Indirect la-
beling is performed by adding an approved 99mTc com-
pound, such as 99mTc-diethylenetriamine penta-acetic or
99mTc-sulfur colloid, to an aerosol medication and dem-
onstrating that the radioactivity associated with the 99mTc
distributes proportionally to the active drug content
throughout a range of different aerosol sizes.2 Direct la-
beling can often be performed through stannous reduction
of 99mTc before addition to the active drug.3 If performed
successfully, the 99mTc is then bound directly to the active
drug. Techniques for establishing and validating these la-
bels are described in the literature.4

Once a labeling method is established, a combination of
the inhaled medication and the radiopharmaceutical is de-
livered using a clinically applicable delivery system. The
radioactivity associated with 99mTc acts as an analog for
drug dose. It can be measured in the delivery system be-
fore and after delivery to determine the total delivered
dose (a mass balance technique). When specific calibra-
tions are in place, total deposited dose can also be deter-
mined directly from gamma camera images. Figure 1 in-
cludes a planar image of a lung transplant recipient
performing a deposition scintigraphy study. These images
provide both a qualitative picture of aerosol deposition in
the lungs and a means to quantify the dose in different
deposition zones. Quantification of deposited dose from
gamma camera images involves a series of corrections
typically including decay, background, and attenuation cor-
rection and the use of geometric mean averages of anterior
and posterior images to account for the different distances
between the organs and the camera. Regional dosing may

be determined by simply dividing up the total planar im-
age counts by region. Reviews of these techniques have
been published as part of attempts to standardize them for
multi-center use.5

Typically �148 MBq (4 mCi) of 99mTc is added to a
nebulizer for a deposition scintigraphy scan. The associ-
ated radiation exposure after inhalation depends on the
efficiency of the delivery system, the physiological and
radiological half-life of the radiopharmaceutical in use,
and the size (age) of the patient. As an example, a 148-
MBq dose of 99mTc-sulfur colloid delivered with 20% ef-
ficiency would result in an internal dose of 29.6 MBq
(0.8 mCi), which would be associated with an estimated
effective dose equivalent exposure of 0.44 mSv (44 mrem)
for an adult subject.6 This is �14% of yearly natural back-
ground exposure.7 These exposure levels are low enough
to allow multiple studies and pediatric applications.

Nebulizer delivery systems are the simplest to assess
using deposition scintigraphy methods because the active
drug is directly accessible for labeling. Many examples of
deposition studies with nebulizers are available in the lit-
erature.2,8-12 These studies were instrumental in demon-
strating the significant intersubject variability associated
with nebulized drug delivery and contributed to the devel-
opment of new and more precise delivery systems. Studies
with metered-dose inhalers require on-site canister charg-
ing after drug labeling and thus pose more complica-
tions.13-17 The labeling of powders presents even more
substantial complications because the labeling technique
must be applied without affecting the shape or size of the
drug particles. This can be accomplished by incorporating

Fig. 1. Planar image depicting aerosol deposition in a lung trans-
plant recipient.
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the radiolabel ahead of the powder formation process18,19

or through careful processing of the existing powder.20,21

Gamma cameras have one or more imaging heads that
contain a series of individual crystal or solid-state gamma-
ray detectors. A single gamma camera head can capture a
planar image similar to that shown in Figure 1. Two gamma
camera heads positioned 180° from each other can provide
simultaneous anterior and posterior planar images. Step-
wise rotation of the gamma camera heads can be used to
generate a series of planar images at different locations
around the body that can then be processed to generate a
3-dimensional depiction of the radiopharmaceutical in the
body. This process also generates a series of transverse,
coronal, and sagittal views. This is the basis of single-
photon-emission computed tomography (SPECT) imag-
ing. SPECT studies use radioisotopes similar to those de-
scribed for planar scintigraphy. SPECT scans of aerosol
deposition can provide exact localization of deposited dose
within the 3-dimensional anatomy of the lung. In planar
images, many lung structures are overlaid, making it im-
possible to completely differentiate between airway and
alveolar deposition. SPECT imaging allows better differ-
entiation of these structures and may allow for the isola-
tion of specific anatomical regions. In many cases, SPECT
cameras offer the option of collecting and co-registering a
computed tomography (CT) or magnetic resonance imag-
ing (MRI) scan. This can be placed onto the SPECT image
to depict aerosol deposition and lung anatomy together,
thus allowing for even more specific localization of aero-
sol deposition. However, quantification of aerosol deposi-
tion in SPECT imaging requires more complex techniques
compared with those for planar imaging and longer imag-
ing periods, and these techniques are generally used less
often.22-24

Positron emission tomography (PET) uses different radio-
isotopes, which emit a positively charged electron (position).
Positrons travel a short distance in the body before interacting
with an electron, causing annihilation and emission of 2 high-
energy gamma rays in exactly opposite directions. Having 2
signals at a fixed orientation provides better signal localiza-
tion and ultimately better resolution than SPECT. CT or MRI
is often included with PET in the same scanner. PET has
been used for aerosol imaging by a limited number of cen-
ters.25,26 PET radiopharmaceuticals generally have shorter
half-lives. The most commonly used PET radioisotope, flu-
orine-18, has a half-life of 110 min. A wide variety of PET
radiopharmaceuticals have been produced, some including
PET emitting carbon-11, which could potentially be synthe-
sized into many active drugs.27

MRI-based techniques have been considered for use in
assessing deposited aerosol dose. These techniques offer
the advantage of measurement without ionizing radiation
exposure. One historic drawback of MRI in lung imaging
is the imaging artifacts associated with lung expansions

and contractions during the extended MRI scan time. Newer
scanning techniques have largely removed these obsta-
cles.28 However, aerosols in these techniques need to in-
clude a contrast agent, such as gadolinium, to be detect-
able. Gadolinium-based deposition measurement
techniques have been demonstrated in animal studies, but
the required contrast amounts limit the potential for human
use at this time.29 Hyperpolarized gases are being utilized
to illustrate ventilation through MRI. If a human-suitable
contrast agent for aerosols could be found, this modality
might allow for simultaneous imaging of ventilation and
aerosol deposition.

Imaging techniques for measuring deposited doses of
aerosol drugs in the lung will continue to play a role in the
development of new inhaled medications and delivery de-
vices. This includes a role in initial dose selection and in
estimating population dosing variability. More sophisti-
cated applications might include the use of multiple, tightly
controlled dosing levels to determine dose-to-effect rela-
tionships. Deposition studies have, in some cases, been
integrated into pharmacokinetic testing, which is a staple
of medication development.2 This combination of tech-
niques provides a full picture of the kinetics of inhaled
drug delivery. Recent attempts have been made to stan-
dardize the techniques used to perform deposition scintig-
raphy studies, providing a basis for application through
multi-center studies.4,5,24,25,30 This standardization may also
facilitate a regulatory role for these techniques. Simple
validation of sufficient dosing at sites of proposed action
would seem to justify this regulatory role. Table 1 includes
a summary comparison of available imaging modalities.

Aerosol-Based Physiology Measurements

Aerosolized radiopharmaceuticals are used in a variety
of clinical and experimental functional nuclear imaging
procedures. In these studies, radiopharmaceutical probes
are used to measure specific aspects of lung physiology.
Aerosol-based ventilation scans are commonly performed
in nuclear medicine departments. These scans utilize neb-
ulized 99mTc-diethylenetriamine penta-acetic aerosols to
measure lung ventilation. An injected radiopharmaceutical
particle probe is then typically utilized to measure perfu-
sion (ventilation/perfusion scan). These scans can be used
to detect pulmonary emboli or ventilation/perfusion mis-
matching in the lungs.

Aerosol-based imaging has a long history in experimen-
tal studies of lung physiology. One common experimental
application is the measurement of lung clearance. A non-
absorbable radiolabeled probe is typically delivered into
the lungs. It becomes suspended in the mucus in the air-
ways. Serial gamma camera images are collected over
extended periods to measure the clearance of the mucus
through mucus or cough clearance. These host-defense
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mechanisms are vital to protecting the lungs from inhaled
pathogens and particulate. Their failure in diseases such as
cystic fibrosis can lead to life-threatening opportunistic
infections. Mucus clearance scans have been applied to
test new medications for cystic fibrosis. In some cases,
these imaging methods may provide indications of thera-
peutic efficacy ahead of other outcome measures.31-33 Fig-
ure 2 shows example images depicting mucus clearance.

Radiolabeled small-molecule probes have been deliv-
ered to the lungs by aerosol to assess lung permeability.
These probes can be absorbed into the bloodstream, and
their rate of clearance has been used as an indication of
lung inflammation and injury. Increases in the absorption

rate of radiolabeled diethylenetriamine penta-acetic have
been demonstrated in smokers34 and in subjects with in-
flammatory diseases such as asthma.35 Small-molecule
probes have also been developed to detect changes in air-
way liquid absorption. In these studies, a multiprobe method
is utilized. A particle probe is delivered along with a small-
molecule probe in the same aerosol. This small molecule
is removed from the lungs through both absorption and
mucus clearance, whereas the particle is removed only by
mucus clearance. Each probe has a different radiolabel, so
they can be independently tracked. The difference in the
clearance rates of the probes provides an estimate of the
absorption rate of the small-molecule probe. These absorp-
tive clearance rates have been shown to be related to liquid
absorption by in vitro studies and increased in the airways
of patients with cystic fibrosis. Airway liquid hyperab-
sorption is a key aspect of cystic fibrosis lung pathophys-
iology that would be expected to change rapidly with a
successful therapy, and this technique is being developed
to rapidly screen new cystic fibrosis medications.36,37

Limitations of Aerosol-Based Techniques

Much of the experience in measuring aerosol deposition
using imaging techniques was obtained through studies of
uniform solutions delivered with jet nebulizers. As inhaled
drug development moves more toward the use of powders,
suspensions, and complex large molecules, new labeling
and validation techniques will be required. Techniques
that could be applied more generally across different prep-
arations with similar characteristics would be particularly
useful.

Aerosol-based physiology techniques are ultimately lim-
ited by the methods used to deliver aerosol probes. More

Table 1. Comparison of Various Imaging Modalities for Aerosol-Based Techniques (Deposition or Physiology)

Technique Advantages Disadvantages Citation

Planar scintigraphy Established quantification techniques, available
standardized procedures

Poor representation of 3-dimensional lung
anatomy

Newman et al5

3-Dimensional SPECT
scintigraphy

3-Dimensional imaging, potential to localize
sites of disease through co-registration with
CT/MRI

Long imaging times possibly not suitable for
physiology, more complex quantification

Fleming et al24

3-Dimensional PET
scintigraphy

3-Dimensional imaging, potential to localize
sites of disease through co-registration with
CT/MRI, potential for directly labeled drugs
or sophisticated physiology probes

More complex radiopharmaceutical
production, often short-lived
radiopharmaceuticals

Dolovich and Bailey25

MRI 3-Dimensional imaging, potential to localize
sites of disease, potential for simultaneous
imaging of ventilation

Human use limited by required large amounts
of current contrast agents

Thompson and
Finlay29

SPECT � single-photon-emission computed tomography
CT � computed tomography
MRI � magnetic resonance imaging
PET � positron emission tomography

Fig. 2. Mucociliary clearance of radiolabeled particulate from the
large airways depicted over �60 min.

IMAGING IN AEROSOL MEDICINE

RESPIRATORY CARE • JUNE 2015 VOL 60 NO 6 853



targeted delivery techniques would allow for more specific
assessments, for example, better isolation of small airways
from alveoli. In this regard, novel aerosol technologies
designed to target drug delivery may find a second appli-
cation in the assessment of lung physiology. All of these
techniques are limited by the spatial resolution provided
by the imaging modality. No current modality is capable
of imaging the smallest airways or alveoli. Physiological
imaging methods are further limited by the temporal res-
olution of the imaging modality.

Future Developments

PET imaging provides unique opportunities for physi-
ological lung imaging. The increased resolution of these
techniques can provide local assessments that may not be
possible with other modalities. A wide variety of PET
probes can be produced by cyclotron. These include mol-
ecules such as carbon-11, nitrogen-13, fluorine-18, and
oxygen-15. These basic molecules can be used to generate
simple probes, such as 13N-labeled ammonia or 15O-la-
beled water, or more complex probes, such as active drug
molecules or antibodies. Many specific PET probes have
been developed to quantify aspects of physiology such as
cell metabolism, tumor growth, angiogenesis, and forma-
tion of the extracellular matrix.38-41 PET probes are com-
monly used to detect the increased metabolic rate associ-
ated with tumor growth. Other injected PET probes have
already been used in studies of ventilation, perfusion, and
inflammation.42 However, very little work has been done
with aerosol delivery. The attraction of this route is direct
access to the pulmonary epithelium. As described above,
PET methods provide improved resolution and can be over-
laid on matching CT or MRI scans collected in the same
scanner, thus allowing for exact localization. Drawbacks
to PET methods include the very limited half-life of some
of the positron emitters and the extensive facilities re-
quired to produce them.

Most new nuclear imaging scanners combine a func-
tional imaging modality (SPECT or PET) with an anatom-
ical imaging method (CT or MRI). This mixed-modality
imaging allows drug doses or physiological measurements
to be more exactly located. This is particularly advanta-
geous given the complex 3-dimensional structure of the
lung. Lung MRI, which was generally not considered use-
ful in the past because of the motion artifacts associated
with breathing, is becoming more common.28,43 This mo-
dality could potentially provide finer resolution than has
previously been available through CT scans and spare pa-
tients the significant radiation burden associated with CT.

We had previously described the aerosol delivery of
multiple radiolabeled probes to the lungs to measure ab-
sorptive clearance (liquid absorption) in the airways.37 In
those studies, the combination of the probes provided in-

formation that was not available with a single probe. These
probes were independently resolvable because they were
tagged with different radioisotopes, specifically indium-
111 and 99mTc. New imaging techniques could be de-
signed based on a differential method such as this or a
co-localization method. An intriguing example would be
an imaging technique that independently depicts patho-
physiology and therapeutic delivery in the lung. Consider,
for example, an aerosol deposition study of an inhaled
steroid that also includes a depiction of lung inflammation
or a chemotherapeutic that could be localized to the site of
a tumor. Delivery techniques could be tuned as part of the
development process or customized to specific patients.
As imaging technologies and probe developments advance,
such measurements may become feasible and provide new
insights into disease treatments. More precise aerosol drug
delivery technologies would allow for easier and more
precise application of these techniques to the lungs.
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Discussion

Rubin: Tim, that was great. I’m par-
ticularly excited about the compari-
son between absorption and mucus
clearance. That is so powerful for our

understanding of the physiology.
When is it going to be ready for prime
time?

Corcoran: We published an imag-
ing study,1 and we published a lot of

the background work as well.2 I think
it’s important; it’s a tough case to make
unless you look at the cell work, and
frankly, I know people aren’t gener-
ally as interested in that. But we did a
lot of mechanistic work to show that
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our imaging is really showing us some-
thing about absorption through the ep-
ithelium. Taken together, I think we
have a pretty good case out there in
the literature now. We have had some
interest from folks who are trying to
develop therapies to add this to what
they’re doing clinically.

Berlinski: Can you comment about
the repeatability of the studies? You’re
doing these imaging studies, and like
any test that we use, we always strug-
gle with some of the outcomes be-
cause they’re not very repeatable.

Corcoran: Absolutely. We have a
study under way right now looking at
the repeatability, just doing 2 measure-
ments in CF [cystic fibrosis] subjects
within a few weeks of each other and
looking at the repeatability of mucus
clearance and absorption. That should
be finished within the next month or
so.

Hill: Thanks for that very elegant
presentation. One of the things that
was striking about the deposition stud-
ies you showed was the heterogeneity
in a lot of these patients, especially
after transplantation; it’s really strik-
ing. I’m wondering, have you been
able to think about correlating this with
efficacy of medications? You can
imagine—and I was actually going to
ask Marcos [Restrepo] this when he
gave his talk—that antibiotics or cy-
closporine, for example, might depend
on how well distributed the drug is in
the lung.

Corcoran: It’s like I said, it’s like
getting a 2- or 3-fold difference in an
oral medication; you would think to
yourself that it’s obviously going to
make a difference in your outcome.
The limited evidence we have is what
I’ve put up there. When we were able
to measure these doses early in a trial,3

there was a relationship between
what the subject got into the right part
of the lung, which in this case was the
periphery, and the change in pulmo-

nary function they got out of it over
time. I don’t know whether many big
clinical studies have included mea-
surement of dosing. I suspect that with
many drugs, if they had looked at that
early on, 1) they might have tried
harder to get the dosing to be what
they wanted it to be, and 2) they might
have seen a relationship between dose
and effect. It just makes sense that
you should because if the drug’s not
getting to where you want it to be,
there’s no way it can work.

Hill: Marcos, do you have any com-
ments?

Restrepo: There’s a very nice study
you should review by Lu et al.4 They
did CT [computed tomography] scans
after administration of ceftazidime,
and they showed how it really con-
centrated in different parts of the lung
in different time frames and different
dates. And I agree with Tim that the
correlation is really variable, but it’s
good in certain medications. It cannot
be extrapolated to every medication
that gets aerosolized. I don’t know the
data on many different antibiotics be-
cause I think that, with these novel
experiments, there are not very many
in the literature to my knowledge.

Hess: I think my question follows
this: there’s a paper5 I will present
tomorrow morning from a group who
enrolled subjects with severe acute
asthma and delivered radioisotope-
tagged albuterol. The subjects were
randomized into a nebulizer group who
took it the usual way and a group who
had the nebulizer in line with NIV
[noninvasive ventilation]. They
showed no difference in deposition or
clearance between the 2 groups, but
impressive differences in spirometry.
I’ve been struggling as to how I
will explain that. Maybe you can help
me?

Corcoran: I brought up some of the
issues we have with trying to quantify
dose within the lungs, and you have to

wonder if there is one treatment reach-
ing more of the small airways, maybe
a larger portion is in the medium air-
ways. We just don’t have a way to
show that through these techniques. I
think we’re finding our limits with
these techniques and reaching out to
try and do things like co-register an
anatomical image along with the de-
position image and getting into 3D so
we can really get a better idea as to
what portion of the lung we’re reach-
ing. Lung dosing is probably not the
story; it’s dose in different areas, dose
in the periphery. That would be my
thought, that we’re probably trying to
apply a coarse technique, and it’s the
finer differences in deposition that re-
ally matter. That’s a very interesting
study.

O’Malley: I’m so curious, Dean.
Which group did better in spirome-
try?

Hess: The group who got their albu-
terol bronchodilator with NIV did bet-
ter.

‡ Suggett: Nice talk, Tim. I just won-
der if you would comment on the ap-
plicability of hyperpolarized helium
and imaging?

Corcoran: Hyperpolarized heli-
um—my understanding of this is fairly
limited—is that it’s a ventilation tech-
nique. Correct? So you’re able to use
the hyperpolarized helium to get a bet-
ter illustration of where air ventilation
is going. You would assume that there
would be a nice relationship between
where ventilation is and where aero-
sol is, but I haven’t seen it used along
with an aerosol technique. I may just
be missing it in the literature.

‡ Suggett: No, I haven’t either. I’ve
seen it when looking at airway venti-
lation, but I wonder if it could be used
after giving a drug just to see the ef-
fect.
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Corcoran: I’m a big fan of trying
to get a couple things out of a study;
if you can image physiology and drug
deposition together, I think there’s a
lot more information in that than im-
aging them separately. Imaging dis-
ease using nuclear techniques is en-
tirely possible now; we could think
about trying to image sites of disease
in the lung and then give the drug and
see how much of the drug is actually
finding its way to the sites of disease.
For example, a marker of inflamma-
tion you could see on an image like
this would be great. They do exist,
and then maybe you come along after
the inflammation and give the drug
and see if the drug is going to the
disease. I think the future will be add-
ing these techniques together.

‡ Suggett: Even looking to mucus
clearance, if you’re trying to identify
where clearance is needed in the lungs,
it might become clearer if mucus plugs
were linked to resultant impacts on
lung ventilation.

Corcoran: Yes, and linking nuclear
scans with anatomical scans is very
doable now.

‡ Jason A Suggett PhD MBA, Mon-
aghan Medical.
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