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The actuator has been the patient interface of the metered-dose inhaler for
the past 50 years. The original 1956 design remains a significant influence
upon today’s actuators and, moreover, its distinct geometry is still
recognisable on the market. The actuator has contributed to the
metered-dose inhaler’s success as a clinically effective and cost-effective
device. This review focuses upon developments since the actuator’s
introduction as an integral part of the metered-dose inhaler and discusses key
aspects of its design that influence lung deposition potential. The ability of
the actuator to reduce unwanted oropharyngeal drug deposition, facilitate
correct patient use and provide valuable patient feedback is highlighted.
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1. Introduction

During the last 50 years, the success of the metered-dose inhaler (MDI) has led to its
availability to deliver virtually all drugs used in the treatment of respiratory diseases.
The MDI’s cost-effectiveness, portability, apparent simplicity and convenience have
facilitated a widespread acceptance by both patients and clinicians, making it the
most common device used to deliver drugs to the lungs [1,201]. The story of the
creation of the MDI has been published by its inventor Charles Thiel 2. The first
MDI clinical study was performed in June 1955; the results are reported by
Freedman [31. On the 12th January 1956, new drug applications for two MDI
products were submitted to the FDA for approval. On the 9th March 1956, the
FDA approval was granted and a month later, Riker Laboratories launched the first
MDIs (Medihaler™ — adrenaline and isoprenaline).

The operational principle of present MDIs remains similar to the original 1950s
push-and-breath design, which dispensed each dose from a metering chamber fed by
a formulation reservoir, contained within a glass or metal container (Figure 1A).
Drug is either homogeneously dissolved (in solution) or micronised and suspended
in the formulation. On actuation of the MDI (Figure 1B), the MDI’s metering
chamber becomes closed to the formulation reservoir and opens to the atmosphere,
resulting in the expansion of the propellant-based formulation and atomisation
through the actuator orifice. The MDI has seen significant developments during
recent years as the original chlorofluorocarbon (CFC) propellants are replaced by
the non-ozone-depleting hydrofluoroalkane (HFAs) propellants HFA 134a and
HFA 227ea in accordance with the Montreal Protocol (1989). This review focuses
on the developments of the actuator since its introduction as an integral part of the
MDI and its role in delivering drugs to the lungs. For the purpose of this review, the
actuator is considered to be the patient-interface that couples directly to the
can-valve assembly. In addition, integrated devices (e.g., the spacer, counter,
actuation mechanism) will be considered as part of the actuator. Non-integratal
add-on devices will not be considered as part of the actuator.
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Figure 1. lllustration showing MDI’s dose discharge route. A. MDI in rest position — metering chamber open to formulation
reservoir. B. MDI in actuation position following dose discharge from metering chamber — metering chamber open to atmosphere.

MDI: Metered-dose inhaler.

2. Drug delivery

Depending on the product, 9 — 50% of the drug mass metered
by a correctly used MDI is able to reach a patient’s lungs [4-9].
Drug that does not reach the patient’s lungs is either deposited
in the valve stem, actuator and add-on device (if present) or
within the patient’s oropharyngeal region. However, when
MDls are used incorrectly [10-15], patients are likely to receive a
reduced or even a non-existent dose to the lungs. Therefore,
since their introduction, MDIs have been developed to
facilitate patient compliance and to enhance drug delivery
efficiency. Some patient errors (e.g., the patient not continuing
to inhale slowly after actuation of the MDI) require correction
by regular instruction and check-ups of inhalation technique
by appropriately trained clinical professionals [11,16]. However,
over the last 50 years, the increased understanding of the
actuator’s role as the patient interface and its ability to facilitate
correct patient use of the MDI have led to significant physical
developments in its design and practical execution.

2.1 Actuator geometry
Portability and convenience are of significant importance [12]
and exert influence on the physical size of the actuator.

Initially, the actuator’s housing extended only to the top of the
valve ferrule; the redesign of the actuator to encompass and
support the canister did not occur until 1965 [i01]. This
modification introduced four equally spaced ribs to locate the
container, and provided an annular passageway to draw air
using the mouthpiece. The additional support provided by the
modified actuator was introduced to prevent accidental
opening of the valve as a result of unintentional axial
movement of the valve stem. The updated design remains an
important feature of present actuators.

Of significant interest is the original length of the actuator
mouthpiece, which was 3- to 4-times longer compared with
that commonly used today. The benefits of extending the
actuator mouthpiece length have been reported to include
increased lung  deposition, reduced  oropharyngeal
deposition [71 and improved ability of patients to coordinate
breathing with MDI actuation [177. Although a shorter
mouthpiece improves portability and reduces packaging size,
it introduces the need for an add-on device to reduce
unwanted oropharageal drug deposition and related side
effects [18]. However, the use of an add-on device undermines
the portability advantages of the MDI and, in particular,
negates the gain obtained from reducing actuator mouthpiece
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length. Although add-on devices are of significant value to the
MDI with regard to optimising delivery of the therapeutic
dose [19-21], the related inconvenience and bulk may result in
non-compliance in patient use. In addition, patients may
resort to homemade add-on devices when commercially
produced devices are either unavailable or too costly [22-26].

The importance of actuator mouthpiece length is evident
from the numerous publications reporting actuator designs with
extended mouthpieces [14,27,102], mouthpiece attachments [103],
collapsible/extendable mouthpiece designs [104-1077 and inte-
grated expansion chambers [108]. Such designs claim to over-
come the commonly quoted disadvantages of the MDI: a high
plume velocity, high oropharyngeal deposition and a poor ability
of patients to coordinate breathing and MDI actuation. The
effect of extending the mouthpiece length of a Bespak BK633
actuator upon the delivered dose of a beclometasone
dipropionate (100 pg) solution MDI is presented in Figure 2
(Lewis et al., unpublished data). This figure demonstrates that a
modest increase in the length of an actuator’'s mouthpiece is able
to reduce the delivery of the undesirable non-respirable dose
(that leads to oropharyngeal deposition), while broadly
maintaining delivery of the respirable dose (drug mass with par-
ticles < 5 um aerodynamic diameter). As an alternative to
extending the actuator mouthpiece, modifications to
control [109] or inhibit airflow in the vicinity of the actuator
orifice [110] have also been reported to reduce plume velocity and
oropharyngeal deposition.

The first CFC-free MDI (Airomir™ — albuterol) was
launched by 3M Pharmaceuticals in 1995. Appropriately,
Airomir’s actuator re-introduced key geometrical features
from the original Medihaler™ (3M Pharmaceuticals) MDI
design. In addition to the sleeve supporting the can,
Airomir and the later Qvar™ (beclometasone
dipropionate; 3M Pharmaceuticals) were launched with
the round mouthpiece design and a modestly extended
mouthpiece, highlighting the importance of the original
1956 actuator. The round actuator mouthpiece was
described as a means of widening the patient’s mouth and
clearing the tongue and teeth from the path of the
delivered dose [28]. The combination of the mouthpiece
design with a reduced metering volume (25 pl) was
reported to result in a ‘softer puff’ [2g).

Although similar efficacy can be obtained by patients
using alternative inhaler devices [29,30] patients do not always
use their inhaler correctly [i0-151. The introduction of
inhalation-responsive actuators represents a development
that facilitates patient technique by addressing the
inhalation/actuation event [30-321. Improvements of this type
were first described in the 1960s [2,111] and have continued
over the years, and involve significant modifications to the
actuator housing. The first breath actuated MDI
(Duo-Haler™; 3M Pharmaceuticals) became commercially
available in 1970 [2,331. Development of the Duo-Haler
resulted in  the launch of the Autohaler™
(3M Pharmaceuticals) in 1989. According to a proportion of
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Figure 2. The effect of actuator mouthpiece length on the
delivered dose of an ethanol-based beclometasone
dipropionate (100 pg) solution HFA 134a MDI containing
10%w/w ethanol.

Data from Lewis et al., unpublished data.
HFA: Hydrofluoroalkane; MDI: Metered-dose inhaler.

the patient population (34 out of the 40 patients in the
study), Autohaler was claimed to be an easier-to-use
MDI 341. A number of other inhalation-responsive concepts
have been published (35,112,113, although only one other MDI
with integrated breath actuation (Easi-breathe™ - launched
in 1995; IVAX) has so far reached the market. The US
launch of MD Turbo™ (Respirics, Inc.) in 2006 introduced
a prescribed add-on breath-actuated device compatible with
several marketed MDIs [2021. When used correctly, patients
using a breath-actuated MDI have been reported to have
better control over their asthma [3e], resulting in a preference
by some patients when compared with the conventional
push-and-breathe MDI [37].

2.2 Atomisation

Atomisation of the MDI’s formulation is of fundamental
importance to the creation of a respirable dose, and occurs in
the region of the actuator orifice (Figure 1A). The atomisation
process begins as the formulation expands from the
confinement of the metering chamber, forming vapour
cavitations within the regions of the valve stem, actuator
sump and over the length of the actuator orifice [s,38-40]. The
process of liquid formulation expansion is followed by rapid
flashing of the highly volatile propellant as the dose is emitted
from the actuator’s exit. The atomisation event typically
occurs over a period of 0.1 — 0.5 s [3840], although it is
possible to extend this to 2 — 3 s (well within the range of
slow, deep, inhalation) by reducing the actuator orifice
diameter or increasing its length [18]. The duration of
atomisation is also dependent upon a number of other factors,
including the metered volume and composition of the
formulation, as well as the dimensions of the valve stem and
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Figure 3. lllustration of vapour cavities within actuator
sump and exit orifice.

actuator sump (Figure 1) 18]. The velocity of the emitted
cloud decreases rapidly as the cloud moves away from the
actuator orifice 1841], typically leaving the mouthpiece of a
conventional actuator at ~ 30 m/s [40,42]. Inhalation of the
high-velocity cloud will result in selective removal of
non-respirable particles by the oral cavity as a result of
turbulent dispersion and inertial impaction [43-46].

2.3 Respirable dose

Many factors determine what proportion of an atomised dose
is respirable. This is conventionally considered to be the drug
mass composed of particles < 5 um aerodynamic diameter.
Loss of 50 — 91% of the metered dose to the actuator’s
mouthpiece and patient’s oropharageal region is not
uncommon. This loss has been linked to the turbulent
dispersion of high-velocity clouds within regions of restricted
flow [42,4346,47. Control of the cloud dynamics can be
achieved by careful selection of formulation and device
variables. To this end, an understanding of the atomisation
process is essential.

Finley 1481 has emphasised the importance of propellant
cavitations and bubble growth during the atomisation
process, highlighting the importance of cavitation (or
flashing) within the valve stem and actuator sump. Detailed
cavitation and bubble growth observations within an actuator
have been recently published by Versteeg and Hargrave [g].
Figure 3 illustrates their observations during the main spray
event. They reported that a liquid-rich formulation flows
downwards along the sump walls, to collect at the base of the
sump, and a vapour-rich formulation occupies the sump’s
core. Throughout the spray event, variation in the detail was
noted; for example, a liquid-rich formulation was reported to
fill the sump until it reached the height of the spray orifice.
Changes in the density and extent of the vapour core were
apparent, as was the destruction and reformation of annular
liquid flow within the spray orifice. During the main spray

event, surging was observed, whereas pulsing of the spray
(narrowing and widening) was observed at the end. They
concluded that the formation of respirable particles (< 5 um
aerodynamic diameter) is a result of flash evaporation, and the
formation of large, non-respirable particles is a result of either
direct emission from the actuator orifice at the end of the
spray event or break-up and re-entrainment of the formula-
tion accumulating at the edge of the actuator orifice exit [g].
The observed accumulation of formulation at the edge of the
actuator orifice may lead to actuator blockage as drug residual
accumulates following cumulative doses. A number of
alternatives have been used to resolve such issues. Redesign of
the exit orifice to include a spout has been reported to prevent
cumulative drug build-up 1141. Inclusion of a low volatility
excipient to the formulation (e.g., ethanol) at a level that is
sufficient to retard the flashing event may also prevent
actuator blockage. This is exemplified in Figure 4, which
shows the extent of deposition around the actuator orifice
resulting from repetitive actuations of alternative estradiol
dipropionate 200 ug solution HFA134a MDls, formulated as
a potential for hormone-replacement treatment in post-
menopausal women [49,115]. Blockage of the actuator (Bespak
BK634, 0.30 mm orifice) is avoided because the formulation’s
ethanol content is increased from 0 to 15% w/w (Lewis et al.,
unpublished data). The actuator orifice geometry and
actuator sump geometry have also been reported to be of
significance with regard to understanding and reducing the
risk of actuator blockage [s0). Of particular interest is the
geometry of the actuator's sump which, for specific
formulations, has an influence on the deposition and
accumulation of drug within the actuator’s pre-orifice region.
Consequently, sump designs that ensure a smooth, rounded
interior surface and promote a continuous flow path towards
the spray orifice have been reported to improve drug delivery
consistency and reduce issues of actuator blockage [116].
Actuator orifice and sump geometry also influence spray pat-
tern [51]. However, the present FDA draft guidance requirement
for the analysis of spray pattern and plume geometry within still
air [203] does not consider complex plume dynamics and resulting
plume shapes within restricted flow regions, which include a
patient’s respiratory system [421. The clinical relevance of still air
spray pattern measurements, therefore, remains unclear.
The ability to produce a respirable dose is dependent upon
the MDIs  formulation, valve and  actuator
characteristics [46,52. Equation 1 provides an empirical
correlation between respirable ex-valve fine particle fraction
reported for ethanol-based HFA 134a solution MDIs [4g],
with actuator orifice diameter (a [mmy]), metered dose volume
(v [uI]) and HFA 134a content (C [% w/w]).

-15 -0.25 .3
Vv

FPF = 21x10a C
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Ethanol content (%w/w)

Figure 4. Effect of ethanol content on actuator blockage for estradiol dipropionate 200 pg solution HFA 134a MDIs. Actuator
deposition is shown following discharge of 30 50-pl doses through Bespak BK634 (0.30-mm orifice) actuators.

Data from Lewis et al., unpublished data.
HFA: Hydrofluoroalkane; MDI: Metered-dose inhaler.

Equation 1 predicts that MDIs with smaller actuator orifices
and smaller metering volumes and high propellant contents
will have the highest ex-valve fine particle fractions. Their high
dependency on formulation volatility (i.e., propellant content)
predicted by Equation 1 is concordant with Versteeg and
Hargrave’s observations that respirable particles are a result of
flash evaporation [g). Furthermore, the selective removal of
larger non-respirable particles by the actuator and oral
cavity [43,44,46] implies that Equation 1 may be applicable to
estimating the efficiency of alternative actuator designs.
However, the application of Equation 1 to predict the
respirable dose emitted from an MDI used in conjunction with
add-on chamber or spacer is not recommended. This is because
there is a potential for such devices to alter the respirable drug
mass as a result of the plume residence period [53554], and/or
their statically charged surfaces [s556]. The choice of
formulation, valve, canister and actuator also influence the
electrostatic properties of a plume emitted from an MDI [57-59].
However, so far, there is no clear evidence that electrostatics
affect the performance of a given MDI when no add-on device
is used.

2.4 Particle size distribution

The primary determinant of capture in the lung is the
aerodynamic size of a particle [40]. This characterises the
particle’s inertial behaviour (i.e., its ability to cross
streamlines when entrained in an airstream, its rate of
sedimentation in a gravitational field and diffusion). Control
of the particle size distribution of the respirable dose is,
therefore, of primary importance when designing a new
MDI or replacing an existing MDI with a
pharmaceutical/clinically equivalent product [40,60,61].

With regard to suspension formulations, the particle size
distribution of the emitted drug is dependent on the particle
size distribution of the micronised drug material [62-64],
excipient addition [es], valve lubricant [es,67, MDI storage
conditions [62,67] and actuator design [e3,64]. However, for
solution HFA MDI formulations, the particle size distribution

of the respirable dose is generally less variable, being dependent
mainly on propellant choice and the concentration of the
non-volatile element of formulation [18.46,52,68,69]. The mass
median aerodynamic diameter (MMAD) of the cloud delivered
by an ethanol-based solution HFA 134a formulation or
ethanol-based solution HFA 227ea formulation can be pre-
dicted using equations 2 and 3, respectively, where n is the
non-volatile formulation content (% w/w) [18].

MMAD,5,, = 2.31n""°

The simplicity of Equations 2 and 3 is striking, identifying
particle size distribution to be independent of actuator design
and metering valve characteristics. Furthermore, the lack of
dependency on the formulation’s liquid properties and/or
device dimensions is again indicative of a flash atomisation
process and furthermore, highlights the robustness of the
process. This is further evidenced by the similarity of
Equation 2 to that published contemporaneously by
Stein et al. [e9], which was derived using a different metho-
dology, formulations and device hardware. The formation of
vapour cavitations within the valve stem, actuator sump and
exit orifice (Figure 3) [8:39,48,70] renders the particle size
distribution of a solution MDI’s respirable dose to be
independent of the physical dimensions of these components.

_ 1/3
MMAD 70, = 3.26n
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Table 1. The effect of actuator orifice diameter and
metered-dose volume on the mean minimum plume
temperature (x standard deviation, °C) for three HFA
134a solution MDls [77].

Actuator  Metered Mean minimum plume
orifice dose temperature, 2 cm from actuator
diameter volume mouthpiece (°C)
(mm) (D
Ethanol content of MDI

0% w/w  10% wiw  20% wiw
0.22 +3x1 -2+1 +1+1
0.42 50 -4+2 -12+2 -4+3
0.58 -33+4 -29+2 -20+2
0.22 -28+4 -4+1 +1+1
0.42 100 -45+4 -25+1 -14+3
0.58 -48+6 -42+2 -24+1

HFA: Hydrofluoroalkane; MDI: Metered-dose inhaler.

2.5 Actuator orifice design

The importance of actuator orifice design in determining
drug delivery characteristics necessitates the tailoring of orifice
dimensions to meet the requirements of each formulation.
Present moulding processes limit the diameter of the exit
orifice to > 0.2 mm. Lewis etal. [18) used laser-drilling
technology to overcome these moulding constraints, enabling
unconventional orifice designs to be evaluated for potential
performance advantages. In addition to single circular orifices
(diameter of 0.12 — 0.42 mm), the performance of six
non-conventional orifice designs, including two vertically
stacked multiple (two or four) circular and four single
non-circular orifice designs (‘peanut’, ‘clover’, ‘cross’ and
‘slot’), were investigated. The particle size distribution of the
respirable mass was found to be independent of orifice shape
and the number of exit orifices. In agreement with previous
work [40,46,52,71], reducing the total cross-sectional area of the
orifice was found to increase the duration of the atomisation
as well as increasing the ex-valve respirable fraction. In
particular, the investigators noted that a ‘complex’ orifice
design was found to increase the wall effect (viscous drag) of
the orifice’s surface area, retarding the expelled plume velocity
and increasing undesirable drug retention within the
pre-orifice volume — notably the valve stem. It was also
concluded that complex orifice configurations seem to have
no advantage over single circular geometry. For a specific
formulation, reducing the orifice diameter from 0.22 to
0.14 mm (i.e., below that available from present moulding
technology) was found to more than double the plume
duration from 0.5t0 1.2 s, and increase the mean ex-valve
respirable fraction from ~ 48 to 79%. This result is of
particular interest with regard to developing MDIs with
highly respirable slow-moving plumes which are comparable
to that of electronic nebuliser devices such as Respimat®

(Boehringer Ingelheim), which has a plume duration of 1.5 s
for a unit dose of aqueous formulation [72).

The influence on performance characteristics of changing
the length of an MDI actuator orifice (normally
0.6 — 0.7 mm) was also examined and found to be dependent
on the formulation. For example, reducing the orifice length
from 0.6 to 0.3 mm was found for one ethanol-based solution
HFA formulation to have no effect on either the spray
duration or delivery efficiency of the emitted dose. However,
for another ethanol-based solution HFA formulation, an
increase in the ex-valve fine particle fraction (< 5 um) from
68 to 84% was observed.

2.6 Plume temperature
The temperature of a cloud emitted from an MDI can result
in patient discomfort such that the patient stops inhaling
prematurely (the cold Freon effect), resulting in inconsistent
or non-existent dose delivery to the lungs [73-75]. Cooling of
the MDI’s cloud is a result of formulation flashing and
evaporation, and it is coldest in the proximity of the actuator
orifice, where the emitted cloud is highly dynamic. Pertinent
design of the MDI to minimise cooling can result in the
removal of patient discomfort and improved compliance and
dose delivery to the lungs. The temperature of a cloud
delivered to the patient may be raised by addition of
co-solvents, such as ethanol, to suppress evaporation rate, an
increase in drug concentration to reduce the unit dose
metering volume, reduction of the actuator orifice diameter
or an increase in the length of the actuator mouthpiece [76,77].
Table 1 illustrates the influence of formulation metering
volume and ethanol content. Table 2 shows the use of a
large-volume add-on device (e.g., Volumatic™ [750 ml];
GlaxoSmithKline) results in the temperature of the emitted
plume approximating to ambient and that use of smaller
devices, such as the Chiesi Jet™ (125 ml) or Aerochamber
Plus™ (150 ml; Forest Laboratories, Inc.), also significantly
increases the temperature of the emitted plume.

2.7 Patient feedback

Since 1972, there has been significant interest in the
development of dose counters [78,79,117-123] t0 oOvercome
difficulties encountered by patients when determining if their
MDI is empty [48,8081. This has led to the FDAs 2003
recommendation that dose counters be integrated into MDI
products [204. The launch of Seretide Evohaler™
(GlaxoSmithKline) introduced the first MDI with a built-in
dose counter in 2004. Electronic monitors that can be
attached to MDIs to track and give feedback on patient
dosing have been described [s2-84]. The SmartMist™ system
(Aradigm Corp.) [s5] is an advanced electronic device, able to
analyse an inspiratory flow profile and automatically actuate
the MDI when predefined conditions of flow rate and
cumulative inspired volume coincide. Other electronic
concepts that use an electromagnet to actuate the dose on
activation have been reported [124], as well as data loggers that
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Table 2. The mean minimum plume temperature for six drug formulations discharged through conventional actuator,
Chiesi Jet actuator with integrated spacer, or conventional actuators in conjunction with add-on devices [77].

Actuator/add-on device (device volume)

Conventional Actuator with

actuator integrated spacer:
Chiesi Jet™ (125 ml)
Mean minimum plume -8to -1 +10 to +15

temperature (°C)

Conventional

actuator + Volumatic™*
(750 ml)

+17 to +19

Conventional
actuator + Aerochamber
Plus™=* (150 ml)

+10 to +13

*GlaxoSmithKline.

assist, record and restrict patient use [125-127]. These
developments represent significant modifications to the MDI
actuator as a patient interface, and clearly require careful
analysis of the patient benefits and justification of the
additional final unit cost.

3. Conclusions

Over the last 50 years, the development of the actuator as the
patient interface has resulted in significant capability to
control drug delivery characteristics from an MDI. In
particular, control of the respirable dose can be achieved by
pertinent selection of actuator orifice design. A decrease in the
orifice length and/or the orifice cross-sectional area will result
in an increase in the respirable drug mass.

Modest extension of the actuator mouthpiece will delay
exposure of the drug cloud to the patient, resulting in the
inhalation of the cloud at reduced velocity and at a
temperature closer to the ambient condition. This can result
in reduced oropharyngeal drug deposition, reduced patient
discomfort, an improvement in the ability for patients to
coordinate breathing and MDI actuation, and an increase in
respirable dose.

Correct geometry of the actuator housing is essential; the
housing must encompass and support the canister to prevent
accidental opening of the valve as a result of unintentional
axial movement of the valve stem. Developments within the
actuator housing have resulted in the introduction of
inhalation  responsive  actuators and integration of
dose-counter  mechanisms,  solving two commonly
encountered drawbacks of the MDI. Further advances in
technology have led to the development of actuators that
actuate the dose at predefined inhalation conditions and log
patient dosing to assist, record and restrict patient use. Each
of these represents a significant modification to the MDI and
highlights the actuator as the patient interface.

Fifty years on, the MDI remains the most popular and
cost-effective device for delivering drugs to the lungs. Since its
introduction, there has been an increase in the understanding
of the MDI’s atomisation process, making it now possible to
develop highly efficient MDls that are able to match the ‘soft’
clouds delivered from non-pressurised, mechanically powered
devices [72. This increased versatility, in addition to the
improved patient interface mechanisms, will keep the MDI as

the delivery drug system of choice ahead of alternative less
cost-effective systems.

4. Expert opinion

The MDI has now been with us for 50 years. Its low cost,
portability, convenience and popularity with both clinicians
and patients continue to maintain it as an important
inhalation delivery system [1201. The introduction of
inhalation responsive systems and integrated dose counters
has expanded the actuator’s role as a patient interface. During
the last decade, the ability to characterise and quantify drug
delivery performance has improved significantly. There is now
greater insight into how to optimise formulation, valve and
actuator performance. MDIs able to deliver low velocity ‘soft’
highly respirable clouds have already reached the marketplace
(e.g., Qvar), and the industry has successfully replaced a large
number of CFC products. Moreover, MDlIs with drugs and
drug combinations previously unavailable as CFC products
have now been launched.

A greater understanding of how to develop efficient MDlIs
has led to a number of publications and patents relating to the
development of the MDIs for the potential treatment of
non-respiratory diseases [49,86-88,115,128]. Furthermore, it has
been proven that an MDI is able to deliver a respirable dose
that is 80 — 96% of the ex-valve dose [18,46,60. Coupled with
the advantages of a fast onset of action and the avoidance of
first-pass hepatic metabolism, the application of the MDI to
target drug delivery to the lower airways as a portal to
systemic delivery is inevitable.

The concept of using the MDI to deliver insulin dates back
to 1956 [21. The technology and, in some cases, the
formulations already exist that are able to deliver drugs
systemically [49,86,871. Proving the safety and efficacy of these
products remains the greatest hurdle and risk to capital
investment. However, encouragement can be drawn from the
recent FDA approval of Exubera® (Pfizer; an active dry power
inhaler) to deliver inhaled insulin for the treatment of adults
with Type 1 and Type 2 diabetes. Such encouragement is
already stimulating the development of new therapeutic
applications by inhalation, which may well unleash the full
potential of the MDI.

With regard to the future development of the MDI and
its actuator, much of the original 1950s concept still plays a
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major role. Although this demonstrates the robustness and
success of the original design it also reflects a significant
lack of development. This scenario is fraught by the ever
increasing amount of data required to gain marketing
approval. Presently, the MDI represents the fastest route to
the market for an inhalation product [205]. The introduction
of new concepts and designs will inherently introduce
additional capital investment risks, as well as increasing the
likelihood of undesirable delays and costs of product
development and approval. In addition, cost-effectiveness
evidence generally favours the cheapest clinically effective
inhaler as a means of first-line treatment [189]. It is,
therefore, necessary that new MDI developments be both
clinically effective, as well as cost-effective, if they are to be
a favoured means of treatment. Furthermore, realisation of
the MDIs full technological advantages requires
optimisation of the formulation, device and inhalation
technique. Such developments would focus on the
respirable dose rather than the metered dose and align
formulation design, device design and inhalation technique

to optimise clinical benefit. However, it is likely that
changes to the MDI’s hardware will be driven by the
requirement to overcoming technical or regulatory hurdles
rather than as a means of ‘improving’ a readily available,
functional drug delivery device.

In summary, the MDI is a clinically effective and
cost-effective device, making it the preferred choice over rival
systems such as dry powder inhalers and electronic nebuliser
systems (e.g., Respimat®, Boehringer Ingelheim [72; Aerx®,
Aradigm Corp. [90]). Although the MDI and its actuator have
considerable potential for further optimisation, it is essential
that pharmaceutical and clinical considerations be considered
as a priority to the development of an already highly
successful product.
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