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Abstract

Historically, the inhaled route has been used for the delivery of locally-acting
drugs for the treatment of respiratory conditions, such as asthma, COPD, and
airway infections. Targeted delivery of substances to the lungs has some key
advantages over systemic administration, including a more rapid onset of action,
an increased therapeutic effect, and, depending on the agent inhaled, reduced
systemic side effects since the required local concentration in the lungs can be
obtained with a lower dose. Fortunately, when designed properly, inhaled drug
delivery devices can be very effective and safe for getting active agents directly
to their site of action.

A. Lexmond « B. Forbes (D<)
King’s College London, London, SEI 9NH, UK
e-mail: ben.forbes@kcl.ac.uk

© Springer International Publishing AG 2016 265
C.P. Page, P.J. Barnes (eds.), Pharmacology and Therapeutics of Asthma and
COPD, Handbook of Experimental Pharmacology 237, DOI 10.1007/164_2016_67


mailto:ben.forbes@kcl.ac.uk

266 A. Lexmond and B. Forbes

Keywords
Aerosol ¢« DPI ¢« Formulation ¢ Inhaler ¢« Nebuliser « pMDI

1 Introduction

In what is arguably one of the most impressive works on asthma ever written, “On
asthma: Its pathology and treatment” (1860), physician (and asthma sufferer) Henry
H. Salter discusses and classifies all treatments then available for this intriguing
disease, which he describes as “paroxysmal dyspnoea of a peculiar character,
generally periodic, with intervals of healthy respiration between the attacks”. One
treatment that particularly stands out today is smoking tobacco. As a depressant,
tobacco was claimed to counteract the spasm of the airway musculature (Salter
1868).

Smoking tobacco fell out of grace in the second half of the twentieth century due
to its obvious negative effects on the respiratory tract with increasing evidence
associating smoking with lung cancer and chronic obstructive pulmonary disease
(COPD) (Cornfield et al. 1959, 2009; Auerbach et al. 1966; U.S. Department of
Health and Human Services 2010). Nonetheless, smoking has continued to be
advocated as an obscure reliever of breathlessness for some patients with asthma.
In essence, tobacco may provide some benefit for some patients with asthma, as it
has been demonstrated that nicotine can suppress various inflammatory and allergic
parameters providing a plausible explanation why some patients with asthma
continue to smoke claiming beneficial effects (Mishra et al. 2008). However, the
cigarette presents what may be the worst example of a delivery device for
administering the nicotine into the body for the “pleasurable” effects sought by
smokers as it is associated with the inhalation of many other harmful chemicals
producing what are now well-recognised harmful effects on the lungs and else-
where. Fortunately, when designed properly, inhaled drug delivery methods can be
very effective and safe for getting active agents into the body.

2 Inhaled Drug Delivery

The respiratory system offers a unique route for the delivery of drugs to the body.
Historically, this route has been used for the delivery of locally acting drugs for the
treatment of respiratory conditions, such as asthma, COPD, and airway infections.
Targeted delivery of substances to the lungs has some key advantages over systemic
administration routes, including a more rapid onset of action, an increased thera-
peutic effect, and, depending on the agent inhaled, reduced systemic side effects
since the required local concentration in the lungs can be obtained with a lower dose
(Newhouse and Dolovich 1986; Dolovich et al. 2005).

However, the particular architecture of the lower respiratory tract, with its vast
absorptive surface area of approximately 100 m> (Weibel 1963), also allows
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inhalation of certain substances into the lung to be an alternative portal to the
systemic circulation instead of parenteral or oral administration. The lungs can thus
function as a non-invasive systemic delivery route, for example when a rapid effect
is desired for pain relievers (Aurora et al. 2011; Farr and Otulana 2006; Fulda
et al. 2005; Furyk et al. 2009; Silberstein 2012; Xu et al. 2012), or for substances
with low (or no) bioavailability after administration via the gastrointestinal tract
(Patton and Byron 2007; Siekmeier and Scheuch 2008). Examples of such
substances are therapeutic proteins, which are prone to degradation by metabolic
enzymes (e.g. pepsin) in the gastric lumen (Lizio et al. 2000; Zijlstra et al. 2004;
Laube et al. 1998; Heinemann et al. 2000; Bosquillon et al. 2004), or substances that
are metabolised extensively upon first passage through the gastrointestinal wall and
the liver (the first-pass effect) (Zheng et al. 1999).

However, the architecture of the lungs also poses the main challenge for
pulmonary drug delivery, as it has evolved to prevent foreign matter from reaching
the peripheral parts of the lungs. Therefore, aerosols must meet a strict set of
physical and chemical requirements for inhaled drug delivery to be successful.
Moreover, a device is needed for aerosol generation and facilitation of its delivery
to the lungs. This makes inhaled drug delivery much more complex than oral or
parenteral administration.

2.1 Aerosol Deposition in the Respiratory Tract

Aerosolised compounds can only exert their effects when they first pass the
oropharynx and subsequently come in contact with the airway surface following
inhalation into the respiratory tract. Transport of the particles in the aerosol towards
these surfaces, i.e. their deposition, results from a balance between the forces that
act on the inhaled particles. Four types of forces are involved in particle deposition
in the respiratory tract: inertial, gravitational, and diffusional forces, as well as the
drag force of the moving air that counteracts deposition (Hinds 1982; Frijlink and
De Boer 2004).

Impaction as a result of high particle inertia is the predominant deposition
mechanism in the upper airways, where the air velocity is high and the airflow
turbulent. Particles of a sufficient mass (sufficiently high inertia) cannot follow the
changes of airflow direction at the bifurcations fast enough and collide with the
opposing airway surface. The probability of impaction increases with the square of
the particle diameter, particle density, and particle velocity. Generally, particles
with an aerodynamic diameter larger than 5-10 pm (at particle velocities above
30-50 L/min) have the highest probability of depositing in the throat by inertial
impaction.

Deposition by sedimentation is the settling of particles under the influence of
gravity. The gravitational force increases with the mass (cubic particle diameter)
and the stationary settling velocity (counteracted by the drag force) with the square
of the particle diameter. Furthermore, sedimentation is a time-dependent process,
which implies that the longer a particle resides in an airway duct, the higher the
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probability that it gets deposited by sedimentation. Therefore, this mechanism
prevails when both the air velocity is low and of the same order of magnitude as
the settling velocity, and the residence time is high, which is the case in the
peripheral airways.

Diffusion, or Brownian motion, is the random movement of particles within a
gas resulting from collisions with gas molecules. Diffusion increases with decreas-
ing particle diameter and only very fine particles (smaller than 0.5 pm) are depos-
ited by diffusion. Like sedimentation, diffusion is a time-dependent process. Hence,
deposition by diffusion occurs mainly in the peripheral airways, although the
relatively limited residence time of particles in the respiratory tract in combination
with their random movements results in a very low deposition probability and very
fine particles are likely to be exhaled instead of depositing.

2.2 The Aerodynamic Particle Diameter and Particle Size
Distribution

In the descriptions above, four parameters were identified that determine whether a
particle deposits in the respiratory tract and by which mechanism: the particle
diameter, the particle density, the particle velocity, and the residence time in the
airways.

Small, spherical particles with high density can exhibit the same aerodynamic
behaviour as much larger spheres with a lower density. Hence, expressing the size
of such particles in their geometric diameter is not useful for predicting their fate
after inhalation. Therefore, the concept of an aerodynamic diameter has been
introduced, which standardises for particle density and shape (Hinds 1982). By
definition, the aerodynamic diameter of a particle is the diameter of a sphere of unit
density that settles with the same velocity in still air (thus under the influence of
gravity) as the particle in question. Particles with the same aerodynamic diameter
exhibit the same inertial behaviour.

In general, particles with an aerodynamic diameter of 1-5 pm are regarded as
suitable for inhalation. To express particle size, the mass median aerodynamic
diameter (MMAD: the aerodynamic diameter below which 50% of the emitted
mass is contained) is commonly used, in combination with the geometric standard
deviation (GSD) as measure for the size distribution. Yet this parameter provides no
information on how much of the dose is converted into an aerosol. More meaningful
parameters are the fine particle fraction (FPF) and fine particle dose (FPD), which
express the portion of the dose (in percentage and mass, respectively) with an
aerodynamic diameter below a specified size, usually below 5 pm.

2.3 Patient-Related Factors That Influence Aerosol Deposition

Aerosol deposition patterns are not solely determined by the aerodynamic size
distribution of the particles. Particle velocity and residence time, which have
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already been mentioned as parameters that affect deposition, depend on the inhala-
tion manoeuvre of the patient. Another important determinant is the geometry of the
respiratory tract. With decreasing airway diameter, the deposition probability of all
three mechanisms increases. This implies that deposition patterns are different in
populations with reduced airspaces, such as children (smaller airways), asthma and
COPD patients (narrowed and obstructed airways), or patients with bronchiectasis
(dilated airways filled with sputum).

Inhalation is the result of expansion of the chest, which creates a pressure
difference between the lungs and the atmosphere, in response to which air flows
into the lungs. The harder the patient inhales, the faster the particles travel into the
lungs, initially with the same velocity as the air that is inhaled. At higher velocities,
particle deposition shifts more towards inertial impaction, as more (finer) particles
cannot follow the changes in airflow direction at bifurcations.

The inhaled air functions as the medium for aerosol transport into the lungs. To
reach the alveolar region, the inhaled volume has to be sufficiently large. This can
be accomplished by either exhaling maximally prior to deeply inhaling once, or by
tidally breathing in the aerosol over a prolonged period of time. In the latter case,
mixing of the freshly inhaled air containing the aerosol with the air that is already
present in the lungs is required to enable deposition of the aerosol particles in the
peripheral parts of the respiratory tract (Bennett and Smaldone 1987; Nikander
et al. 2010).

Patients can be instructed to inhale in the most appropriate way. However, not all
patients have the capacity — either cognitive or physical, or both — to follow these
instructions. When an inhalation device is not used properly, device performance is
negatively affected, which inevitably results in altered aerosol deposition, and thus
in less drug reaching the target area, and possibly increased chance of developing
unwanted side effects. It is thus of utmost importance that inhalation devices are
user-friendly and optimised for specific patient populations.

3 Delivery Devices for Inhalation

Inhalation products are complex drug delivery systems consisting of a formulation
of the drug and a delivery device that converts the formulation into an inhalable
aerosol.

Devices for inhaled drug delivery have two basic functions, namely aerosol
formation and facilitation of aerosol transport into the lungs. A distinction is made
between passive and active devices. A passive device derives the energy required
for aerosol formation from the inhaled air stream, i.e. from the patient, while active
devices create the aerosol independently of the patient’s inhalation. Inhalation
devices can be further categorised in various ways, such as single-dose versus
multi-dose, or disposable versus reusable. Multi-dose devices may (but do not
necessarily) provide benefits for chronic therapy, such as cost reduction, portability,
and portability, ease of use and convenience. For irregular administrations and
one-time applications, disposable devices may be more suitable. Furthermore,
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aspects such as the risk of device contamination acting as a reservoir for microbial
growth and allowing the development of antibiotic resistance may affect the choice
for a multi- or single-dose device.

Traditionally, three types of inhalation devices can be distinguished: pressurised
metered dose inhalers (pMDIs), nebulisers, and dry powder inhalers (DPIs). More
recently, new types of devices have emerged, such as the Soft Mist Inhaler
(Boehringer Ingelheim), which combine functional characteristics of the traditional
classifications.

3.1 Pressurised Metered Dose Inhalers

Pressurised metered dose inhalers are the most often-prescribed inhalation devices
for symptom management of patients with asthma or COPD (Laube et al. 2011).
pMDIs were developed in the 1950s as the first portable multi-dose inhaled drug
delivery system. Their basic design consists of a canister that is closed off by a
metering valve, an actuation mechanism, and a mouthpiece. The canister holds a
propellant under pressure, in which the drug and any excipients are dissolved or
suspended (Smyth 2005).

The principal excipient present in all pMDI formulations is the propellant, which
is required for aerosolisation of the drug, but which also acts as solvent or suspen-
sion medium. In addition, co-solvents, solubilisers, and stabilisers may be present.
The first generation pMDIs contained chlorofluorocarbons (CFCs) as propellants,
which have been phased out from use due to their ozone depleting properties since
the 1987 Montreal Protocol on Substances that Deplete the Ozone Layer. The
Montreal protocol has led to replacement of CFCs by hydrofluoroalkanes (HFAs) in
pMDIs (Bell and Newman 2007). Some important differences exist between
CFC-pMDIs and HFA-pMDIs. On average, the plumes from HFA-pMDIs have a
lower velocity and a higher temperature than CFC-pMDI plumes (Gabrio
et al. 1999), which may affect patient experience (Laube et al. 2011). In addition,
the particles generated with HFA-pMDIs can be smaller, which has led to the
development of so-called extra-fine particle products (e.g. Foster (budesonide/
formoterol), Chiesi). By virtue of the lower plume velocity and smaller aerosol
particle size, HFA-pMDIs show an enhanced lung deposition (Leach et al. 2002;
Leach 1998; Goldin et al. 1999; Barnes et al. 2011).

The pMDI is actuated by pressing the canister down, resulting in the release of a
fixed amount of the contents that disperses into small particles by rapid expansion
of the propellant in the nozzle region. This actuation mechanism is one of the main
disadvantages of conventional pMDIs, as actuation takes place independently of the
patient’s inhalation. Dose release and inhalation should be synchronic, or the entire
dose deposits in the back of the patient’s throat. Therefore, good actuation-
inhalation (“hand-lung”) coordination is required, which cannot be taught to all
patients. To allow for more generalised use of pMDIs, two alternatives have been
introduced: the breath-actuated pMDI (e.g. Teva’s Redihaler) and the use of a
valved holding chamber (VHC). Breath-actuated pMDIs still require the patient
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to comprehend how to perform the desired inhalation manoeuvre. When no com-
prehension is to be expected at all, for example in very young children, a VHC can
be used.

VHCs (e.g. Trudell’s AeroChamber, GSK’s Babyhaler) are extension devices
with a one-way valve incorporated into the mouthpiece, allowing for the patient to
inhale a static aerosol instead of a plume. The patient can keep the device in his
mouth while breathing in and out, as the exhalation into the VHC is directed away
from the aerosol-holding chamber via the one-way valve. This way, the aerosol can
be inhaled in multiple breaths. Even though less mouth deposition can be expected
when using a VHC, the final lung deposition is still low due to losses in the VHC by
various mechanisms, including impaction and sedimentation of the aerosol
(Bisgaard et al. 2002). For the sake of an easier name, VHCs are sometimes
incorrectly grouped with spacers. Spacers (e.g. GSK’s Volumatic) are simpler
types of extension devices that have no valve and function solely by increasing
the distance between the pMDI and the throat of the patient. This lack of a valve
strongly diminishes the spacer’s applicability in patients who cannot follow inhala-
tion instructions, as it bears the risk of the patient exhaling into the device and
thereby spoiling the aerosol.

3.2 Nebulisers

Nebulisers generate aerosols from aqueous solutions or suspensions of the drug.
Their use is mainly confined to situations that do not allow for the use of a pMDI or
DPI, for example when the patient is unconscious, or for therapeutic agents for
which no pMDI or DPI formulation is available (yet) (Le Brun et al. 2000). Also for
drugs requiring high doses, such as antibiotics, nebulisation was the only available
delivery option until recently.

Basically, two different nebuliser types exist: jet and ultrasonic. Jet nebulisers
produce aerosols with a two-fluid nozzle. The relatively wide size distribution of
the droplets from such nozzles is adjusted to the desired range by removal of the
largest droplets, which occurs through impaction against a flow body in the aerosol
stream (baffle). Many variables can influence the droplet size distribution, including
the physicochemical properties of the solution (McCallion et al. 1995; MacNeish
et al. 1997; Coates et al. 1997; Le Brun et al. 1999; Lexmond et al. 2013), the jet
pressure adjusted for the nozzle (Lexmond et al. 2013; de Boer et al. 2003; Newman
et al. 1986; Niven and Brain 1994), and the breathing manoeuvre of the patient, or
when tested in the lab, the suction flow rate (Le Brun et al. 1999; de Boer
et al. 2003). The lung deposition efficiency of jet nebulisers is low, resulting in
long administration times (Le Brun et al. 2000). Other major drawbacks of jet
nebulisers are the long preparation and cleaning times, as well as the large residual
volumes in the nebuliser cups, which may result in considerable waste of the
formulation.

Ultrasonic nebulisers produce droplets by applying high-frequency pulses from
an oscillating piezo-element to the solution, thereby creating standing waves on the
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liquid surface from which droplets are released. The droplet size distribution
depends largely on the oscillation frequency, which is mostly in the order of
magnitude between 1.3 and 2.4 kHz. Unlike jet nebulisers, ultrasonic nebulisers
do not require rather bulky compressors or other pressurised air systems. In the
more recently developed vibrating mesh nebulisers, the piezo technology is com-
bined with a perforated membrane (mesh), which is in contact with the drug
formulation. Two different principles are available; those in which the oscillation
is applied to the membrane itself and those in which the oscillation comes from a
horn transducer that vibrates in the liquid reservoir. Vibrating mesh nebulisers
deliver more condense aerosols than jet nebulisers, which increases the output
rate and reduces the administration time. They are often equipped with chip
technology to adjust the nebulisation procedure to the solution to be administered
and to the breathing manoeuvre of the patient (adaptive aerosol delivery), or to
monitor patient adherence and compliance (Nikander et al. 2010; Geller and Kesser
2010; Bennett 2005; Fischer et al. 2009; McCormack et al. 2012). Examples of
vibrating mesh nebulisers are the I-Neb (Philips Respironics), Aeroneb (Nektar
Therapeutics), Micro Air (Omron Healthcare), and eFlow Rapid (Pari).

Nebulisers generally are reusable devices. Consequently, they have to be
cleaned and disinfected on a regular basis. Improper cleaning can lead to deteriora-
tion of nebuliser performance (Rottier et al. 2009). Moreover, good hygiene is
paramount because nebuliser formulations consist of water mostly, and are thus
highly sensitive to microbiological contamination.

3.3 The Soft Mist Inhaler

Like the vibrating mesh nebulisers, the Soft Mist Inhaler (SMI) is a more recent
development in inhalation devices. The SMI is a nebuliser, as it disperses a solution
of the active agent into fine droplets. It differs from the traditional nebulisers in that
it is a hand-held, portable device that does not require an external power source, but
is actuated by a mechanical spring. The instantaneous formation of the aerosol is
comparable to a pMDI; thus, proper actuation-inhalation coordination is necessary
(Lavorini 2013). However, it takes longer before the entire aerosol is generated
(1.5 s versus 0.21-0.36 s for an HFA-pMDI) and the aerosol is emitted as a slow-
moving mist, allowing for a relatively high lung deposition (Dalby et al. 2004).

34 Dry Powder Inhalers

Dry powder inhalers are the only inhalation devices that contain the drug in the dry
state. DPIs typically consist of a powder formulation, a dose metering mechanism
that either contains or measures a single dose of the therapeutic, a powder
de-agglomeration principle, and a mouthpiece (Frijlink and De Boer 2004). Most
DPIs are passive (breath-actuated) devices, so actuation and inhalation do not have
to be coordinated as with pMDIs. Being operated by the breath of the patient means
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that a certain minimal inspiratory effort from the patient is required for proper dose
release from the DPI.

Various DPIs containing different therapeutics are commercially available.
These devices can be classified into three types. The first are multi-dose DPIs,
which contain the powder formulation in bulk in a reservoir, from which a dose is
metered upon use by the patient. The second category includes devices that contain
multiple pre-metered (sealed) doses within the device, which are called multiple
unit-dose devices. Lastly, single-dose DPIs exist that are loaded with a single dose
of the powder formulation, which is prepared either by the manufacturer (dispos-
able devices) or by the patient immediately before use (capsule-based devices).

Delivery of the powder formulation to the lungs occurs through consecutive
processes within the DPI, which are (typically) initiated by the inhalation manoeu-
vre of the patient. After entrainment of the powder formulation from the dose
metering system, de-agglomeration or dispersion takes place, eventually resulting
in an aerosol of small, inhalable particles of the active agent (and any excipients).
The effectiveness of these processes, and hence the effectiveness of aerosol forma-
tion, is dependent on the powder formulation, the DPI (especially the powder
dispersion/de-agglomeration mechanism), and the patient’s inspiratory effort
(inspiratory flow rate and inhaled volume).

Particularly for DPIs, the inhalation manoeuvre is highly important and the
inhalation profile that is needed depends on the working principle of the inhaler
and the desired deposition site in the respiratory tract (Frijlink and De Boer 2004).
Whether a patient is able to perform the inhalation manoeuvre required for a
particular type of DPI depends on patient characteristics like age and clinical
condition (i.e. type and severity of disease), which may present them with physical
limitations or insufficient understanding of how to handle the device (Price
et al. 2013; Brocklebank et al. 2001; Lavorini et al. 2008; Pedersen et al. 2010;
Lexmond et al. 2014a).

DPIs are versatile and applicable to a wide array of drugs because of the large
dose range that can be covered, the dry state of the formulation, and the various
formulation approaches that are available. DPIs are also very complex delivery
systems, consisting of an inextricable combination of device and formulation. For
that reason, the development of DPI products is often a next-level approach and
they are generally only available for well-established therapies.

4 Choosing the Appropriate Device

The interaction between patient and device is the most important interaction to
acknowledge when prescribing an inhaled drug product, since the device has to be
prepared and used correctly to achieve sufficient lung deposition required for the
desired therapeutic effect. In other words, an inhalation product is only as good as
the patient’s ability to use it, or their motivation to use and maintain it correctly.
The options are of course limited by the therapies that are available. Asthma and
COPD medications are the best-established inhaled therapies, for which numerous
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options are available — not only in the number of active substances available, but
also in the large number of devices. This is exemplified by the short-acting ;-
agonist salbutamol, where in the UK alone at least four nebuliser solutions are
available (two with, and two without a preservative), three HFA-pMDIs, one
breath-actuated pMDI, and five DPIs, most of these in various dosages.

When there is ample choice, the prescriber should opt for the therapy that has the
highest chance of success. This success is not only dependent on the patient’s
ability to use a specific device, but also on their preferences, cooperativeness,
willingness, and possibly familiarity with the device. If a patient has used a specific
device correctly for years, their therapy may not be improved by switching to a
device that by itself is better than the one they have been using, because they have to
learn and adopt new handling instructions, and possibly also a new inhalation
manoeuvre. However, a patient who is competent and willing may very well benefit
from putting effort into learning a new technique and switching to the new device.

For all types of devices, a challenge facing inhaled drug development is that a
large proportion of patients have been reported to use their devices incorrectly,
resulting in suboptimal therapy (Lavorini et al. 2008; Giraud and Roche 2002;
Melani et al. 2012). These proportions increase when patients use multiple devices,
especially if this includes different types of devices (van der Palen et al. 1999; Price
et al. 2012). Therefore, it is advisable to limit the number of (different) devices per
patient, if possible. Fixed dose combination products may have therapeutic benefits
in this respect, provided that the combination is rational — i.e. the combined drugs
have complementary pharmacological effects and comparable dosing frequency,
and preferably the same target area in the respiratory tract. Various combination
products are already available (e.g. the ICS/LABA combinations; budesonide/
formoterol, fluticasone proprionate/salmeterol, beclomethasone dipropionate/
formoterol, fluticasone furoate/vilanterol for the maintenance treatment of asthma
and COPD, and the LAMA/LABA combinations umeclidinium/vilanterol,
aclidinium/formoterol, glycopyrronium/indacaterol, currently only for the treat-
ment of COPD) and there are many others currently in late stage development,
including triple therapy for the treatment of patients with COPD treatment (LAMA/
LABA/ICS) (Cazzola et al. 2012).

Further to increasing the chance of successful therapy, choice of device also
allows the most cost effective products to be used, as pharmacoeconomic
considerations are increasingly an important aspect of delivering healthcare. This
generally implies that the moment a cheaper alternative product becomes available,
patients are often switched to the less expensive product. However, because of the
precarious balance between patient use and device performance, switching may not
always be in the best interest of the patient. For example, if the effectiveness of the
therapy is reduced due to the switch to a cheaper device causing suboptimal control
of symptoms, perhaps resulting in hospitalisation, then overall costs of healthcare
may even increase over the long term. Optimal healthcare is therefore better looked
at from the overall cost-effectiveness of treatment, rather than concentrating on just
minimising the direct costs of the medication.
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When the choice is limited or there is none at all, it is the physician’s — and
pharmacist’s — duty to facilitate and ensure the patient is receiving the maximal
therapeutic benefit from whatever inhaled medicine has been prescribed. Training
and regular checking of the technique used by the patient or their carer are essential
in this respect (Broeders et al. 2009; Papi et al. 2011). Enabling maximal therapeu-
tic benefit includes prescribing appropriate accessories for specific age groups or
devices, such as facemasks for infants and toddlers or VHCs for use with pMDIs.

4.1 Effectiveness; Effect of Training and Compliance

Key to effective inhalation therapy is correct inhaler and inhalation technique,
which comprise both correct handling of the device and the performance of a
correct inhalation manoeuvre. What makes this so hard is that practically each
individual device has its own mode of operation. Overall, the same procedures
apply to the different types of inhalation devices, but the steps can vary significantly
between devices, especially for DPIs. Therefore, general guidelines on the use of a
type of inhaler lack practicality and usefulness and should be avoided.

Correct inhaler and inhalation technique can only be expected when the patient
is properly trained in using their particular device. Training is a joint effort
involving both the healthcare provider and the patient, which starts with teaching
and learning the manoeuvre, followed by repeated demonstration by the patient
and, if necessary, adjusting the technique by the healthcare provider (Lavorini
et al. 2008; Papi et al. 2011). Needless to say, the healthcare provider must
completely understand and master the technique for every specific inhalation
device that they deal with. Unfortunately, this is often not the case (Self
et al. 2007), which can be attributed at least partly to poor appreciation of the
complexities of inhaler technology. This can be resolved by additional training for
healthcare providers, as well as appointing physician assistants and nurse
practitioners specialised in pulmonary diseases and inhalation therapies.

Besides correct technique, patient compliance is just as important for effective
inhalation therapy (Cochrane et al. 2000). Compliance is expressed as the level at
which the patient’s behaviour complies with the prescribed therapy. Indeed, flaw-
less inhaler technique is useless when a patient does not take their medication.
Noncompliance is not necessarily deliberate (it includes forgetting to take medica-
tion) and it is not necessarily harmful either. However, if a patient has good reasons
not to adhere to their prescribed therapy, for example because they have side effects
they cannot tolerate, discussing alternatives with their physician is better than
altering the dose or dose regimen themselves. Taking any concerns of the patient
seriously and engaging in dialogue can often be the key to improving compliance
and thereby the effectiveness of the therapy.
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4.2 Off-Label Use

Off-label use is defined as the intentional use of a medicinal product for a medical
purpose that is not in accordance with the authorised product information
(European Medicines 2012). This definition also applies to medical devices and
thus to inhaled delivery devices. Off-label use of inhaled delivery devices, mostly
nebulisers, can especially be found in clinical research.

Preparing a formulation for nebulisation can be very straightforward, which is
the main reason why nebulisers are often used in the early stages of clinical
development, as for example seen in studies on pulmonary vaccination and lung
cancer therapy (Wauthoz et al. 2010; Otterson et al. 2010). Also for individualised
medicine, pulmonary administration of the therapeutic can be accomplished by
nebulisation of a simple solution of the compound (Mdiz et al. 2009). It should be
stressed though that in such cases, compatibility of the formulation and the
nebuliser cannot simply be assumed. Stability, for example, can be compromised
when the stresses induced by the nebulisation process may damage the formulation,
which can be the case for large molecules or complex particulate systems (Niven
and Brain 1994; Khatri et al. 2001; Munster et al. 2000; Albasarah et al. 2010;
Elhissi et al. 2006, 2007; Amini et al. 2014; Kleemann et al. 2007; Hertel
et al. 2014).

However, it is not just complex molecules that may present challenges when
nebulised. Sometimes even the most straightforward small-molecule formulation
can be incompatible with the chosen delivery device as shown for adenosine
5’-monophosphate (AMP), which is used as a bronchial challenge agent in asthma
research and diagnostics. The high AMP concentrations required in some patients
to evoke bronchoconstriction were shown to greatly affect nebuliser performance
(Lexmond et al. 2013). This study presents a good example of a simple and fast, but
inadequate solution to a problem that is more complex than anticipated and has led
to the development of an alternative dry powder formulation of adenosine where
much higher doses of this challenge agent can be delivered to the airways
(Lexmond et al. 2014b, c¢).

5 Summary

There have been major advances in the development of effective drugs for the
treatment of asthma and COPD over the past two decades. Furthermore, since the
introduction of the first pMDI for delivering drugs topically to the airways, there
have also been considerable improvements to inhalation devices and to our under-
standing of the complexity of formulating inhaled medicines. However, with the
development of new drug classes, some of which are not traditional low molecular
weight compounds, but larger molecules such as peptides (Larche 2014), proteins
(O’Byrne 2013), and even oligonucleotides (Fonseca and Kline 2009), major
challenges remain to ensure that these novel pharmacological entities can be
delivered safely and effectively for the benefit of patients.
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