Advanced Drug Delivery Reviews 64 (2012) 357-368

Contents lists available at SciVerse ScienceDirect DRUG Alneed
G 3
R

eviews

Advanced Drug Delivery Reviews

journal homepage: www.elsevier.com/locate/addr

Lung imaging — Two dimensional gamma scintigraphy, SPECT, CT and PET

Joy Conway

Faculty of Health Sciences, University of Southampton, Level E, Centre Block, CE115, Southampton General Hospital, Tremona Road, Southampton, UK
Southampton NIHR Respiratory Biomedical Research Unit, Level E, Centre Block, CE115, Southampton General Hospital, Tremona Road, Southampton, UK

ARTICLE INFO ABSTRACT
Articl_e history: This review will cover the principles of imaging the deposition of inhaled drugs and some of the state-of-the
Received 29 July 2011 art imaging techniques being used today. Aerosol deposition can be imaged and quantified by the addition of

Accepted 24 January 2012

- ) a radiolabel to the aerosol formulation. The subsequent imaging of the inhaled deposition pattern can be
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acquired by different imaging techniques. Specifically, this review will focus on the use of two-dimensional
planar, gamma scintigraphy, SPECT, CT and PET.

g?;r‘:;ﬁgd:'dmi graphy This review will look at how these imaging techniques are used to investigate the mechanisms of drug deliv-
SPECT ery in the lung and how the lung anatomy and physiology have the potential to alter therapeutic outcomes.
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1. Introduction

The efficacy of an inhaled active agent depends on many factors
including individual anatomical and physiological variations, the ef-
fects of pathology, and the inhaler device used. It is important that
any variation in pulmonary deposition is quantified, as accurate mea-
surement of the amount of drug to reach the lung allows verification
of dose and the ability to relate that dose to clinical effect. Sensitive
and reliable methods that allow therapeutic interventions to be stud-
ied in detail are required. Ideally the quantification methods need to
be translatable to other research centres so that a multi-centre, con-
sensus view on inhaled therapies can be gained.

Inhaled drug deposition can be evaluated by a variety of estab-
lished non-imaging and imaging methods. The methods that do not
involve imaging include the charcoal-block and urinary excretion
pharmacokinetic methods. Both these techniques of measuring phar-
macokinetics (PK) will allow quantification of the relative pulmonary
bioavailability of an inhaled drug [1-5]. The charcoal block method
uses charcoal ingestion to block any systemic uptake via the gastroin-
testinal route, thus quantifying pulmonary bioavailability. The urinary
excretion method estimates systemic delivery by comparing ‘area
under the curve’ data between different regimens so it is useful as a
measure of relative pulmonary bioavailability. Some research groups
have used both PK data and lung imaging to quantify deposition
[2,3] and it is generally accepted that PK methods give similar results,
for total lung deposition, to lung imaging data [3,6]. PK methods have
the advantage over lung imaging techniques of not requiring a radia-
tion dose so it may seem that there is no reason to go to an imaging
method to assess lung deposition. The principal limitations of PK
data are that these methods may not be suitable for all drugs and
the lack of information these methods give on regional deposition
of the inhaled drug within the lung in vivo may be important in rela-
tion to clinical effect. Imaging studies can be carried out by any drug
formulation that can be satisfactorily radiolabelled. A recent work-
shop on the role of PK methods in establishing bioequivalence for in-
haled drugs confirmed the current consensus opinion that the
limitation of the PK methods is the lack of reliable information on re-
gional deposition of the inhaled drug [7].

Is regional deposition important? The receptors for different drug
groups such as inhaled bronchodilators and corticosteroids have re-
gional differences in density and so it is considered that differing re-
gional deposition patterns may have an important clinical effect [8].
Inhaled aerosols can be targeted to different regions of the lung by
manipulating the particle size, the method of inhalation and even
perhaps by the carrier gas [9-13]. Usmani et al. [11] have shown
that regional targeting of an inhaled 3,-agonist to the proximal air-
ways is more important than distal alveolar deposition for bronchodi-
lation. This group found that by altering the intrapulmonary
deposition through the manipulation of aerosol particle size they
could enhance inhaled drug therapy. Usmani et al. [11] found that
the larger particle sizes (approximately 6 um and 3 um MMAD)
achieved greater bronchodilation than the smaller particles (1.5 pm
MMAD) and concluded that regional deposition of an inhaled drug
should be considered when developing future inhaled treatments
[14].

The lung can also be used as a portal for the delivery of drugs to
the systemic circulation [15] and in this context the alveolar zone
usually needs to be targeted to gain maximum cross-over to the cir-
culation. Successful peripheral targeting depends on the aerosol
properties, the properties of the drug and the physiology and path-
ophysiology of the patient [16,17]. Quantification of the total and
regional lung deposition can be seen as important to the under-
standing of the therapeutic response for both topical and systemic
targeting of an inhaled drug.

The other potent factor that can affect regional deposition is the
severity of the lung disease being targeted. Airway obstruction from

such factors as inflammation, loss of elastic recoil, increased secre-
tions and sputum plugging, smooth muscle contraction and areas of
bronchiectasis will all have a marked effect on regional deposition
tending to increase the amount of aerosol deposition in the central
airways and to increase inhomogeneity of the deposited drug
throughout the lung [18]. Alteration of the in vivo pattern of deposi-
tion within the lung, with disease, is of potential importance in judg-
ing clinical trial results that compare disease to health.

With the emergence of ‘new’ inhaled therapeutic agents such as:
liposomal vectors for gene therapy; prostacyclins for pulmonary arte-
rial hypertension; cyclosporin for the prevention of post lung trans-
plant rejection; aerosolised vaccinations for influenza, measles,
rubella and even anthrax; and therapeutic approaches to lung fibrosis
and TB, there may well be an increased need for regional targeting of
an inhaled drug and therefore regional quantification of deposition
can be seen as essential [19]. It should also be acknowledged that re-
gional deposition information is not just of value to the world of in-
haled drugs. There is also a need to understand risk assessment of
inhalation toxicology although this is outside the scope of this review.
Regional targeting does not also need to just be about peripheral ver-
sus central deposition it could also include the targeting of specific
lobes or sub-lobar segments. This type of anatomical targeting
might be applicable and perhaps more relevant to the clinical scenar-
io, such as when using an inhaled drug to treat cystic fibrosis (CF)
where the lung disease is often not homogeneous in nature

There is a clear need to quantify lung deposition patterns of in-
haled therapies and that drive has led to the development of several
pulmonary imaging techniques based on the use of gamma cameras.
The basic principles behind gamma scintigraphy work are the addi-
tion of a radiolabel to the aerosol formulation and the subsequent im-
aging of the inhaled deposition pattern via the use of one or multiple
gamma camera detector heads. For gamma scintigraphy, the radiola-
bel is usually the isotope Technetium (°*™Tc). The most straightfor-
ward imaging technique is two-dimensional (2D) gamma
scintigraphy, also referred to as planar imaging, which gives useful in-
formation on the total amount of inhaled drug to reach the lungs and
also some information on regional deposition [20].

The introduction of cameras that allowed a 360° rotation provided
three-dimensional (3D) imaging data, referred to as single photon
emission computed tomography or SPECT, was the next develop-
ment. The advantage of SPECT over 2D gamma scintigraphy is that
SPECT allows the quantification of regional lung deposition with a
greater precision than 2D planar imaging [21]. SPECT can also be com-
bined with both low-resolution and high-resolution computed to-
mography (HRCT). This allows anatomical information to be aligned
with the deposition data and offers the possibility of further methods
of 3D segmentation. HRCT on its own can describe detailed central
airway anatomy which is known to have high inter-subject variation
and may be one of the anatomical reasons for individual variance in
deposition. Both 2D planar and 3D SPECT gamma camera techniques
give some insight into the fate of inhaled aerosols and have been
used by many centres to study inhaled drugs such as inhaled bron-
chodilators, mannitol, tobramycin and interferon gamma
[11,22-27]. Positron emission tomography (PET) when applied to
the field of inhaled drug deposition, also uses an inhaled radio-
labelled aerosol technique and gives 3D imaging data [28] but uses
a different method of radiolabelling to planar or SPECT imaging, in-
corporating positron emitters such as '8F, >N, ''C and '°0 into the
drug molecule. The radiolabelling process is significantly more com-
plicated than planar or SPECT imaging but does offer the advantage
of direct labelling of the drug molecule providing information not
just on deposition but also allows clearance of the drug to be followed
over time [9].

This review will focus on the use of two-dimensional planar,
gamma scintigraphy, SPECT, CT and PET and how these imaging tech-
niques are utilised to investigate the mechanisms of drug delivery in
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