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The last half century of pulmonary product development is reviewed in the context of the
main drivers of innovation, technology development, and the advancement of science. A
perspective on development timeframes, patent lifetimes, and the odds of success of
developing of new inhaler technologies is presented.
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INTRODUCTION

Inhalation therapy has been documented in various forms for over 2000 years and has likely been
practiced in some form for much longer than that (Stein and Theil, 2017). However, the modern era
of inhalation therapy corresponds, not surprisingly, with the rise of modern pharmacology, a deeper
understanding of the biology underlying respiratory diseases, and an elucidation of airway structure,
aerosol transport, and deposition (Clark, 1995).

During the early part of the 19th century significant advances in the discovery of drugs to treat
asthma (Andersen et al., 2022) (beta agonists, corticosteroids, and anticholinergics) were setting the
stage for a transition from early nebulizer devices to more advanced delivery systems. In 1956, 3M
invented the now ubiquitous pressurized metered dose inhaler (pMDI) (Thiel, 1996); and in the late
1960s, Fisons Pharmaceuticals invented lactose carrier blends and the Spinhaler (Bell et al., 1971),
which became the precursor to the modern dry powder inhaler (DPI). The basic delivery
technologies that have evolved over the past half century can best be described as small personal
portable aerosol generators, and they can be divided into four major classes utilizing three physical
“forms” of drugs. The various technologies have different operating characteristics, patient interface/
user requirements, and dose limitations (Figure 1).

Amid steady progress in inhaler development, in the mid-1990s, chlorofluorocarbon (CFC)
propellants were banned due to their ozone depletion potential (Federal Register, 1994). The
realization that pMDIs, then as now the mainstay of inhalation therapy, might no longer be
available, sparked enormous efforts to find alternatives, as exemplified in patent filings of that
period. Between 1990 and 2010, nearly 1,000 patents describing inhalation technologies were
filed, compared to less than 100 in the previous two decades (Stein and Theil, 2017). However,
this drive for new technologies was short lived as alternative propellants were rapidly developed
and the pMDI remains the mainstay of inhalation therapy to this day. Of the many attempts to
use novel methods of generating aerosols for inhalation products, most failed. Electrostatic
atomizers (Zimilich et al., 2000) failed primarily due to formulation limitations because they had
to contain excipients to control conductivity that were incompatible with delivery to the airways.
Active DPI, which used compressed air (Patton, 2005), mechanical impact (Nelson et al., 1999),
or ultrasound (Fleming et al., 2012) to disperse drug powders, failed either due to a poor choice
of development candidate and poor business partner or because the technology was too
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expensive or too hard to make work in a clinical environment.
Several complex pMDI breath actuation devices also failed,
again due to a poor choice of molecule development candidate
or partner (Armer et al., 2007) or because they were simply too
expensive or complex for the market (Farr S J et al., 1995).
Several liquid atomizer technologies failed for a variety of
reasons from financial to market forces (Farr S J et al., 2004).
However, it is noteworthy that mesh nebulizers came of age
(Lipworth et al., 2005) and since developed the capability to
deliver 2 μm of aerosol at acceptable rates (Sweeny et al., 2019).
During this period the Respimat, invented in the late 1980s,
beat the odds and is now marketed with several drug
combinations for the treatment of asthma and chronic
obstructive pulmonary disease (COPD) (Dalby R et al.,
2004). The Staccato inhaler, which sublimes loxapine to
produce an inhaled aerosol, was also approved in 2012
(Dinh et al., 2011).

In the absence of worries of existing technologies being
withdrawn from the market, one of the major factors
controlling new technology adoption is whether it is enabling.
In a conservative industry, the general trend is to stick with what
is known rather than adopt additional technology risk,
particularly if the development involves a new chemical entity
(NCE) with a concomitant molecule risk. As a result, most of the
hopeful technologies fell by the wayside. Of more than 25 new
protype inhaler devices reported in the literature in the late 1990s,
few more than five have survived and continued in development;
even fewer have made it to market.

The evolution of delivery devices and therapeutic molecules
has primarily been targeted at facilitating increased levels of
patient adherence and compliance. From a molecule

perspective, treatments have evolved from short durations of
action to longer and longer durations of action (Andersen et al.,
2022), reducing dosing requirement frommultiple events per day
to once a day. For example, the bronchodilators salbutamol,
salmeterol, and vilanterol have moved from dosing four times
a day, to twice a day, to once a day. Although single-dose devices
utilizing single drugs and unit dose capsules are still being used
(Lipp et al., 2002; Garcia et al., 2012; Yin et al., 2017), they have
been largely replaced with multidose devices. Arguably these are
easier to use, require use only once daily, can deliver up to three
active molecules in a single dose (usually a B2 agonist, an
antimuscarinic, and a steroid) and require replacement only
once a month. Figure 2 presents a development sequence for
NCEs and devices developed by GlaxoSmithKline. It should be
noted that this sequence of development took over 23 years and
one of the devices, the Diskhaler, was never approved with
salbutamol in the United States.

However, despite these great advances, adherence and
compliance remain major hurdles to effective therapy
(Bourbeau and Bartlett, 2008; Restrepo et al., 2008; Vestbo
et al., 2009). Figure 3 presents typical compliance curves for
various drug delivery modalities and diseases. Compliance for
respiratory products, in particular corticosteroids and
bronchodilators in this example, is poor and shows a decline
of more than 70% over the first 3 months of treatment. That said,
even oncology, diabetes, and cardiovascular drugs show a decline
of 50% over 6 months. This indicates that, in general, patients
exhibit poor compliance regardless of the route of delivery or the
severity of disease, but also that despite major improvements in
inhaler design and inhaled drugs, respiratory therapy remains
challenging (Newman, 2014).

FIGURE 1 | The “universe” of inhaler technology illustrating patient technique requirements, primary drug “form,” inhaler type, maximum achievable dose with each
inhaler type, and the typical lung doses required for the major inhaled drug classes (adapted from Weers et al., 2004).
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Recent Trends and Developments
With a backdrop of reduced dosing frequency, and inhalers that
require fewer steps to operate and less frequent replacement, recent
technological developments have been targeted at mitigating the
impact of non-adherence to ensure the delivery of an adequate dose
over a broader range of operating characteristics with products that
are less reliant on patient technique. These developments have
mainly focused on manufacturing and formulation technologies,
so called “particle engineering”, to improve lung delivery efficiency,
and thereby directly reduce inter- and intrasubject variability
(Borgstrom et al., 2006). Figure 4 (data from Weers and Clark,
2017) describes one of the major problems encountered when
developing inhaled products. While the lower airway dimensions

of humans are reasonably consistent, intersubject variations in
oropharyngeal dimensions are large (Grgic et al., 2004). This
variation in geometry coupled to the typical performance range
(particle size and inhaled flow rate, d2Q) of most commercial inhaler
products is at the heart of a lot of the variability seen clinically (Weers
et al., 2019). This has resulted in developments in technology,
particularly in dry powder inhalers (DPIs), that produce more
ideal aerosol particle size and function at lower inhaled flow
rates. Reducing d2Q is paramount to making further reductions
in intersubject variability (Weers et al., 2013).

Although the conservative nature of drug development
dictates that adoption of new pulmonary technologies is slow
and fickle, great progress has ultimately been made in making

FIGURE 2 | Illustration of the concomitant development of longer acting drugs and more convenient devices (Note. The device platforms have generally been used
for more than one drug. The data presented have been limited to a single drug sequence for illustrative purposes).

FIGURE 3 | Adherence and compliance for various drug dosage forms. Of note is the 3-months fall-off in compliance apparent with all drugs, but it appears to be
more dramatic with inhalers than the other dosage forms (Schroeder et al., 2004; Vermeire et al., 2005; Dew et al., 2007).
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some of these technologies commercially available. Table 1
presents four particle engineering technologies, their
application, and the names of commercial products that utilize
them. It should however be understood that progression from
concept to product approval takes many years, which has
consequences for development cost and the remaining patent
life when a product finally makes it to market. For example, the
original provisional patent for Pulmospheres™ was filed in 1997,
the proof-of-concept study for TobiPodhaler was performed in
2000 (Duddu et al., 2002), and the product was approved for use
in cystic fibrosis patients by the FDA in March 2013, some
16 years after the initial work and with only 4 years of original
patent life remaining. Thus, development time and patent life
influences the choice and adoption of new technologies for

generic molecules that are being re-tasked for new indications
or the inhaled route of delivery as well as for NCEs.

The Fundamentals of Inhalation Delivery
Alongside new developments in technology, there has been an
accompanying improvement in the understanding of airway
deposition mechanisms and the technical requirements for the
design and development of inhalers.

The basic requirements for the delivery of drugs to the lung
have been known for many years (Clark, 1995) and are based on
the original work of the industrial hygiene community where
aerosol deposition was studied in the context of occupational
exposure during normal tidal breathing and exercise (Heyder
et al., 1986). Generally, the window of opportunity for an inhaled
aerosol to reach the lung is from about 0.5 to 5 µm in
diameter–too big and the aerosol impacts in the mouth and
oropharynx; too small and there is insufficient time for
sedimentation in the peripheral airways and the aerosol
particles are exhaled. However, these concepts were developed
based on tidal breathing and they are not directly applicable to all
inhalation modalities. For example, with conventional DPIs, the
instruction is to inhale forcefully, which generates inhaled flow
rates that are much higher than in normal tidal breathing. This
results in a higher probability of mouth and oropharyngeal
deposition and a requirement for a “finer” aerosol if
oropharyngeal deposition is to be avoided. Many inhaler
directions for use also instruct breath holds following
inhalation, which gives a longer residence time in the airways
and a greater chance for smaller particles to sediment and deposit.
In fact, only with nebulizer delivery using tidal breathing is
exhaled drug really an issue. Thus, while particle size range is
a reasonable general guide, the optimum size range for efficient
and consistent delivery varies markedly with inhaler and
formulation design. This was exemplified by the modeling
work of Egan and Clark (Egan and Clark, 1994)
demonstrating the effects of high inhalation flow rate and
breath holds compared to normal tidal breathing (Figure 5).
Figure 3 also exemplifies the main challenge: inhalers must
generate a sufficiently fine aerosol and deliver it at a
sufficiently low rate to avoid significant losses in the mouth
and oropharynx and deliver an effective dose to the lung

FIGURE 4 | The effect of aerosol size and inhaled flow rate (d2Q) on
interpatient variability in oropharyngeal deposition of inhaled aerosols. A
typical range of aerosol size and inhaled flow rate is illustrated as is a size and
flow rate that would minimize oropharyngeal losses and variability
(adapted from Weers and Clark, 2017).

TABLE 1 | Particle engineering coming of age—Approved pulmonary products containing engineered powders.

Technology Company Description (References) Commercial
name

Development
stage

Molecule

Pulmospheres Novartis Spray dried porous particles—DPI (Weers and Tarara, 2014) TOBI Podhaler Approved Tobramycin

Aerospheres Astra Zeneca Spray-dried porous particle dispersant—pMDI
(LeChuga-Ballesteros et al., 2011:; Ferguson et al., 2018)

Bevespi
Aerosphere

Approved GlycopyrrolateFormoterol
Fumarate

Technospheres Mannkind
Corporation

DKP precipitation—DPI (Pfutzner et al., 2002; Smutney et al.,
2009)

Affreza Approved Insulin

ARCUS Acorda
Therapeutics

Spray-dried large porous particles- DPI (Lipp et al 2002; Healy
et al., 2014)

Inbrija Approved Levadopa

PRINT Liquidia Corporation “Print”-shaped particle—DPI (Garcia et al., 2012:; DeSimone,
2016)

Yutrepia Tentative approval Treprostinil
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(i.e., a low d2Q). They obviously must also be relatively
inexpensive.

The performance of a range of inhaler products (DPIs, pMDIs,
pMDIs with spacer and holding chambers, and soft mist inhalers
(SMIs)) under ideal laboratory conditions is presented in Figure 6
(Clark, 2012). This figure summarizes two decades of research into
lung deposition and regional distribution from inhaled products
using gamma scintigraphy. The y-axis is total lung deposition as a
percentage of the inhaled dose. The lower x-axis is the peripheral-
to-central ratio, which is a measure of how much drug reaches the
peripheral air spaces. The upper x-axis is the percentage of the
inhaled dose that remains in the lung after 24 h, which is a measure

of the dose reaching the non-ciliated, alveolated airways that are
not cleared by mucocillary clearance. The solid line represents a
theoretical relationship between lung dose and regional deposition
for various aerosols with mass median aerodynamic diameters of
between 2 and 5 μm, geometric standard deviation of 2.0, and an
inhaled dose of 60 L/min. First, it can be seen from the data that the
majority of pMDIs and DPIs produce from 5 to 40% lung
deposition with between 45 and 60 % of that dose reaching the
peripheral airways. Most of the data points are well below the
theoretical line indicating that peripheral deposition is higher than
would be expected for a given lung deposition if the delivered
aerosols were monomodal and/or were not dynamic in nature. As
explained by Theil (Theil, 1998), this discrepancy is actually due to
the ballistic nature of pMDI sprays and the bimodal nature of DPIs
which usually generate a course mode that is large and causes
substantial deposition in the mouth and oropharynx and a fine
mode that penetrates to airways reasonably well. It is of note that
pMDIs with spacers or chambers are closer to the theoretical line.
Spacers and holding chambers remove the ballistic component of a
pMDI spray prior to reaching the patient’s mouth. Also the DPI
data point from Duddu et al. (2002) is noteworthy. This was
generated from a Pulmospheres™ formulation (Weers and Tarara,
2014) that, because of its easily dispersed nature, delivered single-
mode aerosol distribution in the region of 3–4 μm MMAD. This
exemplifies the advantages of particle engineering technologies
where interparticle forces can be controlled and manipulated to
produce aerosols fromDPIs that are relatively fine and delivered at
relatively low flow rates (i.e., possessing low d2Q).

Understanding Dry Powder Inhaler
Performance
With the advent of particle engineering and the growing use of
DPIs, more attention is being paid to patient interactions with
DPIs and whether they can inhale vigorously enough to be able to
use a DPI effectively. The obvious advantage of a DPI is that it
“automatically” coordinates drug delivery with inhalation
because it is the inhalation that provides the energy to extract
and disperse the inhaled dose. However, it is incumbent on the

FIGURE 5 | The effect of inhaled flow rate and breath hold on regional deposition from a dry powder inhaler (data from Egan and Clark, 1994).

FIGURE 6 | Summary of regional deposition from pharmaceutical
inhalers (from Clark, 2012).
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patient to inhale at a sufficiently high pressure drop/flow rate to
ensure the dose is adequately delivered. Despite half a century of
DPI use, this is a topic that has recently garnered much attention
as the clinical community tries to understand the cause and
impact of non-adherence and compliance on clinical outcomes
(Bourbeau & Bartlett, 2008).

The basic relationship between DPI resistance and inspiratory
pressure was defined by Clark (Clark & Hollingworth, 1993). The
flow rate through a DPI is proportional to the square root of the
pressure developed across it. The constant of proportionality is
defined as the inhaler resistance. The resistance of DPIs varies
depending upon their design and ranges from approximately
0.01 kPa ½ L/min to 0.06 kPa ½ L/min. The negative pressures
that patients can produce at the mouthpiece of a DPI generally
depends on age and gender and ranges from 12 kPa in adult men to
4 or 5 kPa in children and the elderly (Clark et al., 2020). Airway
resistance, even with the presence of respiratory disease, is much
lower than DPI resistances, and airway disease plays only a
secondary part in inhaler use through possibly generating
weakness in the respiratorymuscles (Clark, 2015; Sahay et al., 2021).

The performance of DPIs depends on the design of the
formulation as well as the inhaler itself, and so the clinical
community’s current efforts to define a single threshold flow
rate for all DPIs is inappropriate and dangerously misleading
(Clark et al., 2020). Since the flow rates at which products deliver
adequate lung doses are dependent upon the inhaler resistance
and the pressure drop a patient can produce, a more appropriate
metric is pressure, not inhaled flow rate (Clark, 2015).

Electronic Inhalers
In the continued pursuit of improved adherence and compliance,
which even with newer inhaler technologies is far from optimal,
modern electronics are beginning to playing their part.What started
as monitoring dosing in clinical trials has evolved into smart
inhalers that can help patients use correct inhaler techniques
and allow clinicians to monitor dosing compliance. Mehta
(2015) lists seven electronic monitoring devices for DPIs, and a
similar number of monitoring device for pMDIs have been reported
in the literature. Prichard (Pritchard et al., 2015) reviewed
monitoring technologies across all inhaler modalities in the
context of promoting adherence and compliance. However, to
date there are few publications detailing actual improvement in
clinical outcomes resulting from adherence monitoring, with most
publications detailing the accuracy of monitoring devices and such
things as the correspondence between patient diary cards and
adherence measured by the electronics. Pinnock (2017)
concluded that this “technology” is not a panacea in the context
of asthma self-management, but self-management options might be
improved by moving beyond performing specific functions such as
patient reminders and counting doses. It remains to be seen if this
approachwill have a real and sustained impact on clinical outcomes.

The Respiratory Marketplace
As previously mentioned, issues with CFC propellants and global
warming brought a renewed focus on other forms of inhaled drug
delivery. Although many technologies were tried, the performance
and cost constraints associated with small portable aerosol

generators capable of delivering inhaled drugs have resulted in
very few new technologies standing the test of time. Except for the
smart mist inhaler, the mainstay of inhalation therapy remains the
basic triad of pMDI, DPI, and nebulizer. Indeed, it was expected
that DPIs would displace the pMDI and, in sales revenue terms,
they have. However, the pMDI is still the most popular inhalation
device by number of doses and units sold by a factor of about three
(Fradley, 2006). While this is largely driven by low-cost generics, it
is also bolstered by new binary and triple combination products in
asthma and COPD (Self and Ellingson, 2017).

In 2018 there were 2,387 innovator drug products and 7,852
generic products approved for sale in the United States. Of these,
62% were oral dosage forms and only 1.2% (127) were pulmonary
products (Zhong et al., 2018). This illustrates several points. First,
and perhaps not surprisingly, oral products are the preferred
route for drug delivery. People are used to ingesting food and
supplements and adding tablets or capsules to the “diet” would
seem straightforward. Tablets are convenient, if you remember to
take them. In contrast, inhalation is one of the least popular
routes of delivery and one might speculate that most patients find
this route unfamiliar. It is also more technically demanding than
swallowing a tablet—despite the great advances that have been
made in pulmonary product design in recent years, specific
inhaler techniques are still necessary to ensure effective dosing.
A second observation is of the generic-to-innovator product ratio,
which is 4.7 for oral dosage forms and only 0.9 for pulmonary
products. While this is likely driven by the unattractiveness of
some of the market opportunities, it is interesting to speculate
that in large part, it is driven by the technical requirements for
inhaled products and the need for specialist knowledge to be able
to meet the FDA’s expectations when demonstrating equivalence.
This is exemplified by the long development times and technical
struggles to get the first generic salbutamol pMDI approved
(Adams et al., 1994) and more recently with similar struggles
to get a generic version of Advair approved (Donohue et al.,
2021). An Advair J substitutable generic product represents a
huge market opportunity, but it also presented huge technical
challenges that have resulted in some high-profile development
casualties.

SUMMARY

Much progress has been made over the last half century, both
in understanding the underlying rules of inhaler/formulation
design and in producing better inhaled products. Initial
developments were triggered by the emergence of new
molecules that were effective in treating pulmonary disease.
This was followed by issues with propellants and their ozone
depletion potential. This drove attempts to mitigate the
potential impact of the removal of pMDIs from the clinical
arsenal with new device innovation, but most of the new
device technologies that resulted fell by the wayside as new
propellants were developed. During this time frame, steady
progress was made in the discovery of longer acting molecules,
and multidose DPIs were developed, all of which enhanced
patient convenience with the inference that it could improve
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adherence and compliance. In recent years the focus has
switched from inhaler design to formulation design. For
many decades lactose blends and spheronized particles
ruled supreme; in the last two decades, multiple particle
engineering technologies have been developed and have
made it to market. These range from spray drying to
production of large or small porous particles (Lipp et al.,
2002; Weers et al., 2007; LeChuga-Ballesteros et al., 2011) to
PRINTing particles with defined shapes (Garcia et al., 2012),
to controlled precipitation of novel excipients (Pfutzner et al.,
2002). While these technologies have only recently made it
through to approval and have had an impact on a relatively
small number of products, they hold great potential for
improving pulmonary products and reducing the patient
burden of having to learn specific inhaler techniques.

Finally, from a marketed product perspective, pulmonary
products are still relatively niche. They obviously offer direct
access to the lung and most of the products that have been

developed treat lung diseases. However, there are several
products that have taken advantage of the lung as a portal
of entry into the systemic circulation (Exubra, Patton, 2006;
Inbrija, Lipp et al., 2002). The lung epithelium is thin and
most small molecules are absorbed at a rate that is comparable
to IV administration, provided they are relatively soluble and
not dissolution-limited (Hasdelt et al., 2016). It remains to be
seen if other technologies will emerge in future years, but
either way it should be remembered that the development of
any new pharmaceutical technology is a long and arduous
task, and this is particularly so for pulmonary delivery
technologies.
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