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Abstract: During the last decades, the term “drug delivery systems” (DDSs) has almost fully replaced
previously used terms, such as “dosage forms”, in an attempt to emphasize the importance of the
drug carrier in ensuring the claimed safety and effectiveness of the product. However, particularly in
the case of delivery devices, the term “system”, which by definition implies a profound knowledge
of each single part and their interactions, is not always fully justified when using the DDS term.
Within this context, dry powder inhalers (DPIs), as systems to deliver drugs via inhalation to the
lungs, require a deep understanding of the complex formulation-device-patient interplay. As of now
and despite the progress made in particle engineering and devices design, DPIs’ clinical performance
is limited by variable patients’ breathing patterns. To circumvent this pitfall, next-generation DPIs
should ideally adapt to the different respiratory capacity of individuals across age, health conditions,
and other related factors. In this context, the recent wave of digitalization in the health care and
industrial sectors may drive DPI technology towards addressing a personalized device-formulation—
patient liaison. In this review, evolving technologies are explored and analyzed to outline the progress
made as well as the gaps to fill to align novel DPIs technologies with the systems theory approach.
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1. Introduction

A thorough literature search in Science Direct and PubMed databases evidenced a
significant rate increase over the last decade of publications on dry powder inhalers (DPIs),
confirming a constant growth of the interest in inhaled medicines. At the same time, several
market reports predict a similar growth in the pulmonary administration route, due to
an increase in respiratory disease incidence and the need for more effective combination
therapies [1-3]. The versatility of inhaled therapies, for both local and systemic diseases,
justifies the attempt to potentiate the portfolio of innovative pulmonary drug delivery
technologies. The United States is leading the global inhalers market, which is expected to
reach USD 33,572.9 million by 2023 at a compound annual growth rate (CAGR) of 6.1%
during the forecast period [4].

Along with traditional products, smart technologies are emerging to satisfy specific
market requirements for cost-effective innovation. In this regard, digital systems have
already vehemently penetrated the inhaler market, carrying notorious advantages in the
prevention of device use errors. In fact, microprocessors are increasingly implemented in in-
halers to assist the patient in proper device handling, with a positive impact on compliance
and product satisfaction. However, a real breakthrough in next-generation inhalers may re-
sult from the application of smart technologies, allowing device performance to be tailored
based on a patient’s variable breathing patterns, while providing user-friendly features and
preventing, compensating for, and/or recording potential handling and actuation errors.
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Among all the available technologies, the soft mist platform is worth citing due to its
patient-centered approach and innovative technology, which is challenging the pressurized
metered-dose inhaler (pMDI) and DPI market, thus placing it under the spotlight as a
future growth driver [5].

In spite of the winds of change in the inhalation device market, the global inhalers
scenario is still lacking innovative technologies for a number of reasons that this review
attempts to examine and discuss, with a specific view on DPIs. Moreover, we provide the
reader with an updated prospect on the DPI digitalization market as well as shedding light
on the application of novel smart technologies and the required steps ahead.

2. State of the Art

DPIs are systems capable of delivering a particle-type formulation of an active phar-
maceutical ingredient (API) for local or systemic effect via the oral-pulmonary route. They
have gained attention as a valid alternative to nebulizers and pMDIs and are currently
preferred for the treatment of chronic respiratory diseases [6,7]. DPIs are portable, simple
to use, propellant-free delivery systems offering a superior drug physico-chemical stabil-
ity, deep lung deposition, and the possibility of delivering high drug dosages [8]. With
the patient’s inspiratory flow being the primary force for particle deagglomeration and
dispersion, they do not require coordination between breathing and device actuation [8].

DPIs are complex systems and their clinical performance depends on fully addressing
the harmonic interaction between three important aspects that must be taken into consid-
eration during development: (i) the physico-chemical and engineering properties of the
powder formulation; (ii) the design of the device, with a special emphasis on its powder
deagglomeration and dispersion capabilities; and (iii) ideally, the strength/pattern of each
patient’s inspiratory airflow [9].

From a formulation point of view, the powder physico-chemical/engineering
properties—namely particle size, particle morphology, hygroscopicity /moisture content,
and surface electrostatic charge—are known to determine the particles’ fate and deposition
pattern upon inhalation [10]. Such patterns strongly influence the resulting inhaled drug
pharmacokinetics (PK) as a consequence of the known dependency of the drug’s fate on
the actual deposition site along the respiratory tract. A thorough discussion of such aspects
is beyond the scope of this review, and readers can refer to the work of EIKasabgy et al. for
more details [11]. In order to reach the lower respiratory tract and optimize pulmonary
drug delivery, particle aerodynamic diameter should span between 0.5 pum and 5 um [12,13].
The preparation of a dry powder for inhalation within this size range is challenging and
involves either the mixture of micronized drug with coarse carrier particles, such as lactose,
to reduce powder cohesiveness and improve flowability, or particle engineering techniques,
including spray-drying, spray-freeze-drying, and supercritical fluid-drying technology [14].
A great deal of work has been carried out in the development of advanced drug delivery
systems (DDSs) for DPIs, such as liposomes, nanocomposites, solid lipid nanoparticles,
polymeric micro-nano-particles, and microspheres [15]. These advanced delivery plat-
forms seek to overcome the limitations of conventional carrier-based DPIs and a few have
already reached the market. Among others, the Pulmosphere™ technology (Novartis,
Basel, Switzerland) represents a significant breakthrough in the scenario of engineered
inhalable particles. It enables fabrication of low-density, porous particles with a charac-
teristic sponge-like morphology and reduced interparticle cohesion, with improved drug
loading (as high as 90% w/w), lung targeting, and dose consistency [16]. Another recent
technology, Technosphere® (MannKind Corporation, Westlake Village, CA, USA), consists
of a DDS-based on fumaryl diketopiperazine microparticles, which are self-assembled in a
mild acidic medium to form microspheres with high porosity and surface area that can be
administered without the addition of carrier particles [17].

The successful delivery of drugs into the respiratory tract is dependent in part on
the integration between device design and formulation. Since the introduction of the first
DPI, Spinhaler® (Fisons, Ipswich, UK), devices technology has continued to evolve, and
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more than 40 different types of devices are currently available on the market [18,19]. They
can be broadly classified based on the number of doses they can carry (single-unit dose,
multi-dose reservoir, multi-unit dose), the mechanism used for powder aerosolization
(passive and active), and the intrinsic resistance characterizing the device (low-, medium-,
and high-resistance) [20]. First-generation devices, such as Spinhaler® and Rotahaler®
(GlaxoSmithKline, London, UK), are breath-actuated single-unit dose devices, whereas
second-generation devices are multi-dose reservoir-type devices, such as Turbohaler®
(Astra Zeneca, Cambridge, UK), Easyhaler® (Orion Pharma, Espoo, Finland), Ultrahaler®
(Sanofi-Aventis, Paris, France), and MAGhaler® (Boehringer-Ingelheim, Ingelheim, Ger-
many) or multi-unit dose devices, such as Diskhaler® (GlaxoSmithKline, London, UK),
Aerohaler® (Boehringer-Ingelheim, Ingelheim, Germany), and Eclipse® (Sanofi-Aventis,
Paris, France). Despite their higher cost of production, multi-unit inhalers are likely to
ensure better dosage uniformity and a formulation’s chemical stability compared with
multiple-dose devices [21]. Recent research has focused on the development of new de-
vices able to ensure dose uniformity and airflow-independent pulmonary delivery [22].
NEXThaler® (Chiesi Farmaceutici, S.p.A., Parma, Italy) is a novel, breath-actuated, multi-
unit dose device that provides accurate dose metering and releases the dose only when
an inspiratory flow threshold of 35 L/min is reached [23,24]. Newer-generation devices
include the so-called “active”, power-assisted devices, in which external energy forces,
such as compressed air, electrical vibration or mechanical impellers, are employed for
powder aerosolization, eliminating the need for patient-generated high inspiratory flow
rates [25,26]. MicroDose® (MicroDose Therapeutx, Monmouth Junction, NJ, USA) is an ac-
tive piezoelectric-based DPI that is actuated on sensing a certain inspiratory flow threshold,
whereas Aspirair® (Vectura Company, Chippenham, UK) and ResQhaler™ (Aespira Ltd.,
Moshav Shdema, Israel) employ compressed air as a powder dispersion source [25,27]. The
Occoris® (Team Consulting, Cambridge, UK) platform is an active powder aerosolization
engine that can be incorporated into various DPIs [27]. Despite being promising and
advantageous, its high cost and reduced portability remain a barrier for the widespread
use of power-assisted DPIs, and so far none of them has reached the market [28-30].

3. Limitations of Currently Available DPIs

Currently available DPIs vary in aerosolization performance and the fraction of de-
livered dose in the lungs ranges from approximately 9% to 80% [21]. This high variability
and sometimes low lung deposition may be attributed to two major issues: (a) the particles’
strong cohesive forces and inadequate device design that, either taken alone or together,
may hamper powder deagglomeration, and (b) the patient’s inability to achieve sufficient
inspiratory airflow [21]. Whilst efforts have been focused on advances in both formulation
and device design, the patient’s impact on the overall delivery system performance—in
terms of inhalation pattern, therapy adherence, and correct inhaler use—is still far from
being thoroughly assessed. The currently marketed DPI devices are breath-actuated, and
thus a forceful and deep inhalation is needed to disaggregate the powder formulation into
particles able to reach the respiratory tract. In general, high patient inspiratory airflows are
often associated with improved DPI performance [31]. Nevertheless, because proper dose
intake is also dependent on device characteristics, DPI resistance should be accounted for
in order to meet the patient’s inspiratory capacity [32]. In fact, selection of DPIs with proper
aerodynamic resistance is fundamental for optimal patient-device matching [33], especially
for certain patient categories, such as the elderly, children, and individuals with compro-
mised lung function such as asthma, chronic obstructive pulmonary disease (COPD) or
cystic fibrosis (CF) disease, who cannot achieve sufficient inspiratory airflows [24]. An
out-of-tune patient-device match can often result in incomplete drug emission and/or
oropharynx deposition [34,35]. Therefore, it is undeniable that a DPI’s clinical performance
depends on the device’s capacity to address a patient’s particular inhalation issue—a
feature that cannot however mitigate the high inter- and intra-individual variability in
drug delivery [21].
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Unfortunately, approximately 22-78% of patients with asthma and COPD and
31-53% of CF patients are poorly adherent to their inhaled medications [36,37]. Errors
in inhalation techniques occur in a percentage of 6.8-43.2%, and only 10-52% of physicians
are adequately informed regarding proper device use [38,39]. The most common clinically
significant errors include incorrect positioning of both the device and the head, failure
(i) to insert and pierce the capsule (for the capsule-based DPIs), (ii) to exhale away from
the device prior to inhalation, (iii) to hold the breath after inhalation, and (iv) to maintain
a forceful and deep inspiration. Incorrect inhaler actuation techniques can be associated
with patient-related factors, such as age, sex, health condition, and education level [40,41].
A study of a total of 2288 records highlighted that, independent of the type of inhaler
used, the strongest association was found between inhaler misuse and older age, lower
level of schooling, and inadequate instructions by healthcare providers [42]. As expected,
elderly patients with comorbidities, such as Parkinson’s disease and dementia, may be
more susceptible to handling errors compared with healthy or younger patients [38].

4. Bioequivalence and Bioavailability Issues of DPI Products

Addressing bioavailability /bioequivalence (BA/BE) issues of pharmaceutical prod-
ucts is a critical task for pharma companies. While well established for most oral products—
for which the proliferation of the generics market has allowed the exclusivity extension
for well-known blockbuster drugs—the issue of BA/BE assessment has only recently been
revived as well for orally inhaled and nasal drug products (OINDPs), in light of the patent
expirations of a number of landmark inhalation products.

As a consequence, regulatory agencies have focused a great deal of attention on
drafting proper guidelines on quality and safety as well as on the BA/BE of inhaled prod-
ucts [43-50], albeit the guidelines are more straightforward for most systemic treatments,
as several requirements for BA /BE assessment for locally active pharmaceutical products
or specialized delivery systems still remain largely unmet. Overall, OINDPs struggle for a
shared consensus on harmonized BA /BE assessment. It was not the aim of this review to
provide a detailed survey of all contrasting and divergent approaches and regulations on
OINDP BA/BE, as this topic has already been thoroughly debated in recent publications
that can be useful to interested readers [51-53].

An issue worth mentioning though is the different view of the BE problem that persists
among the major regulatory agencies. The Food and Drug Administration (FDA) and
Japan Ministry of Health recommend comprehensive in vitro—in vivo and clinical charac-
terization to support BE, while the European Medicines Agency (EMA) advises a stepwise
BE assessment and accepts in vitro studies provided that there is a total match, in particu-
lar in delivered dose uniformity and aerodynamic particle size distribution, between the
innovator and the generic [54]. Other agencies, such as Canada Health and the Australian
Therapeutic Goods Administration (TGA) line up more with the US, relying mostly on
PK and pharmacodynamic clinical studies [53]. Device similarities between generic and
innovator products are differently addressed as well, with the FDA being more conserva-
tive in recommending a similar number of doses, external operating procedures, size and
shape, device resistance, dose indicator/counter, and a patient feedback mechanism. The
EU limits recommendations to inhaled volume, handling, and similar resistance.

Such differences raise barriers to BA /BE assessment of inhaled medicines that grow
even higher when considering next-generation devices. As will be better discussed later
in this review, although new technologies are encouraged by some regulatory agencies,
they are not adequately supported by standardization and struggle to find their place
in the regulatory framework. This is worsened by the complexity of DPI products, in
which device and formulation attributes must converge to provide the target performances.
Therefore, both sides should be considered when addressing BA/BE of DPIs. However,
guidelines still have a traditional view of DPIs, missing aspects related to technology
integration and innovation. Beyond this, the R&D world of inhalable dry powders suffers
from years of stagnation in powder engineering, to which the lack of adequate research on
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new excipients for pulmonary drug delivery has given substantial contribution. To prove
it, the current list of accepted materials is limited to lactose, mannitol, glucose, trehalose,
phosphatidylcholines, and magnesium stearate [12].

While technology is moving fast with the increase in novel, integrated, alternative
Good Manufacturing Practice (GMP)-ready approaches that combine next-generation an-
alytical and modeling skills [55], regulations remain behind, gasping to find their way
among complex clinical requirements. This trend is exacerbated by an escalation of com-
plexity and costs for OINDP approval and by the scientific gaps that still exist, especially
for locally acting DPI products.

In this regard, beyond recent progress [56], animal models do not support humans [57,58]
and sensitive methods for the assessment of clinical efficacy as well as in vitro/in vivo
correlation for inhaled medicines are still lacking [59]. In this scenario, the clinical endpoint
approach is strongly biased by the not always clear correlation between efficacy and
selected clinical endpoints. This risk is higher for therapies in which the drug deposition
pattern is directly linked to efficacy. Konstan et al. and Ramsey et al. [60,61] have clearly
pointed out this problem in CF therapy, where, as with other inhaled medicines such
as bronchoprotectants, the forced expiratory volume (FEV1) is usually employed as a
clinical efficacy endpoint. In these studies, FEV1 did not change significantly when treating
patients with liquid aerosols or dry powders, despite the known different lung deposition
behavior of the two forms. Darquenne et al. [62] ascribed such non-correlation to the
features of the spirometry method, it being responsive only to proximal deposition effects.
This evidence, in line with EMA guidelines [49], warns of a potential insensitivity of efficacy
studies when BE is assessed on a response scale. As anticipated, this issue is more relevant
when a localized effect is sought, such as for inhaled antimicrobial therapies, for which
current guidelines show conflicting recommendations [63-65]. In such cases, treatment
complexity, the lack of standardized protocols, and the appropriateness of comparator
products make selection of proper clinical endpoints even more challenging. Moreover,
surrogate analyses, such as sputum concentration, which is used to measure clinical drug
concentrations in the lungs, is highly variable and likely unreliable [66].

Confirming the above, Montgomery et al. [67] questioned the use of FEV1, exacerba-
tion or sputum analysis, and patient-reported outcomes as primary or surrogate endpoints
in inhaled antibiotic therapies due to their lack of correlation with clinical efficacy. In this
case, additional confirmatory endpoints were required to avoid clinical outcome and side
effect confounding.

Khoubnasabjafari et al. [68] recently postulated that the use of the exhaled breath
condensate test, which reflects alveolar lining fluid composition, as an alternative to current
testing methods for BE assessment. This method may help address some of the above
issues; nevertheless, a robust validation is required in order to confirm its clinical merit
among different inhalation products.

Confounding is a real problem in clinical trials for DPIs in particular, where the risk of
errors in inhaler handling by the patient can be high. Discerning patient’s handling errors
from actual clinical effects is not easy, especially in phase III trials where assistance and
support to patients cannot be granted. Here is where digital systems can really make an
impact by allowing monitoring and control over all phases of clinical studies [69]. How
digitalization may help BA/BE assessment of DPI products is insightfully discussed in the
following sections.

5. Digitalization: From Nebulizers and pMDIs to DPIs

In light of all the above considerations, two interrelated critical questions arise: Is there
space for novelty in inhaled medications? If yes, which would/should be the direction? In
this regard, digitalization is a fast growing and promising technology that could support
patient-centered care, while offering realistic solutions not only for patients, but also for
healthcare providers and pharma companies. Digital technology can improve clinical
outcomes by enhancing adherence and minimizing a patient’s errors through cell-phone
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applications connected with the device, which provide useful tools such as reminders and
step-by-step guidance for the proper usage technique. From the other side, physicians
can track in real time a patient’s compliance to the therapeutic regimen or symptom wors-
ening and consequently prevent severe disease exacerbations and improve the patient’s
quality of life [70]. This is of crucial importance for chronic respiratory diseases since it is
often challenging to distinguish patients with refractory disease from those with poorly
controlled disease due to low adherence or improper inhaler use [71]. This real-time in-
formation is also of paramount importance for the health technology assessment (HTA)
organizations and regulatory agencies in validating the safety and effectiveness of drug
products under “real life” conditions. Digitalization can improve monitoring of the current
pharmacovigilance system and economically benefit pharma companies through increased
patient’s adherence [70].

As mentioned above, for drug—device combinations, and particularly for inhalation
products, errors related to patient device usage and delivery variations, as well as defective
data collection, may provide distorted information concerning therapeutic efficacy in
clinical trials [69]. Hence, the introduction of digital tools in clinical trials can contribute to
a better understanding with regard to drug—-device combination efficacy, ensuring that the
collected data are not influenced by poor adherence and administration issues [69]. These
digital tools could include devices and audio-based technologies to monitor medication
adherence and connected wearables to track the activity of patients and evaluate the effect
on clinical efficacy, as well as companion apps to capture patient-reported outcomes [72].

“Smart” inhalers, as termed in the related literature, which provide reliable and
objective feedback mechanisms regarding medication adherence and inhalation technique,
have been added to the existing therapeutic arsenal for the treatment of chronic respiratory
diseases—namely, asthma, COPD, and CF. They can be divided into two categories: add-
on devices, in which the e-module is externally attached to the inhaler, and originally
integrated devices, in which the e-module is incorporated inside the device [73]. Their
development started in the late 20th century from simple devices able to track inhaler usage
(Table 1). The Nebulizer Chronolog (NC) (Forefront Engineering Corporation, Denver,
USA) was the first adherence-monitoring device of inhaled medication to receive FDA
approval in 1982 [74]. It was designed as an enhanced case surrounding the inhaler canister,
and it was able to record not only inhaler actuations but also the exact date and time
of every actuation, storing roughly 4000 events [74]. In the following years, the market
was invaded by other “smart” inhalers, both nebulizers and pMDIs. At first, “intelligent”
nebulizer systems, such as the I-neb® Adaptive Aerosol Delivery (AAD®) device (Philips
Respironics, Murrysville, PA, USA), AKITA® (Activaero GmbH, Gemunden, Germany),
and AeroEclipse® (Monoghan/Trudell Medical International, London, ON, Canada) were
launched. They ensured optimal drug delivery by detecting a patient’s breathing pattern
and releasing the aerosol only during the inspiratory phase, thus preventing losses during
exhalation, for which conventional nebulizers are notorious [75-78].

Table 1. Marketed and under-development digitalized nebulizers, pMDIs, and SMIs in alphabetical order (not intended to

be fully exhaustive).

Approval/
Brand Name Device Add-On Integral Company Name Launched/Publication References
Year
Lupin
ADHERO pMDI v Limited/ Aptar 2019 t+ [79]
Monoghan-Trudell
AeroEclipse® nebulizer v Medical 2006 * [80]
International

AKITA® nebulizer v Activaero GmbH 2009 *** [81]

Breelib™ nebulizer v Vectura/Bayer 2016 ** [82,83]
CapMedic® pMDI v Cognita Labs 2020* [84,85]
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Table 1. Cont.
Approval/
Brand Name Device Add-On Integral Company Name Launched/Publication References
Year
Teva
CareTRx® pMDI v Pharmaceutical 2014 + [86,87]
Industries Ltd.
Doser™ pMDI v Meditrack Inc. 1994 *# [74]
H&T
eMDI™ pMDI v Presspart—Cohero 2016 + [88,89]
Health
FindAir ONE pMDI v FindAir 2019 ** [90,91]
Hailie® pMDI v Adherium Ltd. 2018 * [92-94]
Aptar Pharma
® p
HeroTracker pMDI v (Cohero Health) 2015t [95]
I-neb® Adaptive Aerosol . e L -
Delivery (AAD®) nebulizer v Philips-Respironics 2006 [37,75,96]
Inspair pMDI v Biocorp 2016 [97]
Intelligent Control Inhaler 3M Drug Delivery
(ICI) pMDI v Systems 2016 [98,99]
Westmed
™ * yi
MDILog pMDI v Technologies Inc. 1997 *# [74]
Forefront
Nebulizer Chronolog pMDI v Engineering 1982 *# [74]
Corporation
Pneumahaler SMI v RPnguma 2017 [100,101]
espiratory
ResMed
® *, %%
Propeller pMDI v (Propeller Health) 2014 [102]
Smart Inhaler Tracker pMDI v Adherium Ltd. 2006 # [74]
Smart Mist® pMDI v Aradigm 1996 *# [74]
Corporation
SmartTrack™ pMDI v Adherium Ltd. 2009 * [103]
Cambridge
X ® & 4
T-Haler pMDI v Consultants 2012 [104,105]
Verihaler pMDI v Sagentia Innovation 2010 [104,106]

*FDA, ** EMA approved, T marketed, # currently withdrawn from the market/use limited to the academic environment.

Doser™ (Meditrack Inc., Hudson, MA, USA), Smart Mist® (Aradigm Corporation,
Hayward, CA, USA), MDILogTM (Westmed Technologies Inc., Englewood, USA), Smart
Inhaler Tracker (Adherium Ltd., Auckland, New Zealand), and Smart Track™ (Adherium
Ltd., Auckland, New Zealand) were some of the first digitalized pMDIs [36,107]. Except
for the Doser, all of them provide records regarding date and time of actuation, as well
as specific reminders through ringtones [107]. Furthermore, MDILog and SmartMist
can additionally detect inhalation, and the latter provides immediate feedback on the
inhalation technique: a red light is displayed when inhalation is too rapid, a green light
when inhalation is adequate, and no light when inhalation is too weak [107]. Subsequently,
the Propeller® device (ResMed, San Diego, CA, USA) introduced further innovation,
embedding Global Positioning System (GPS) functionality, which enabled detection of the
exact location where patients experienced asthma exacerbation episodes and thus mapped
high-risk areas and potential environmental triggering factors [107]. Propeller® add-on
sensors are compatible with a wide range of pMDIs, such as Flovent® (GlaxoSmithKline,
Brentford, UK), Dulera® (Merck, Kenilworth, NJ, USA), QVAR® (Teva Pharmaceutical
Industries, Petah Tikva, Israel), and Ventolin® HFA (GlaxoSmithKline, Brentford, UK) [108].
In 2015, the Propeller Platform (PP) received FDA clearance for the only SMI marketed: the
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Respimat® (Boehringer Ingelheim, Ingelheim am Rhein, Germany) [109]. In 2020, the FDA
approved a customized Propeller sensor for Symbicort® (AstraZeneca, Cambridge, UK),
for which the pharmaceutical company had previously marketed an FDA-approved device,
the SmartTouch™ (currently called as Hailie® sensor) for Symbicort® in collaboration
with Adherium Ltd. (Auckland, New Zealand). FindAir ONE (FindAir, Krakéw, Poland),
a “smart” add-on device for pMDI inhalers, was launched in the European market in
2019 and provides, among other benefits, useful information regarding the pollen level,
air quality, and weather conditions, to help asthma patients predict an asthma attack-
promoting environment [90,91]. Further advances were achieved by the Intelligent Control
Inhaler (ICI) (3M Drug Delivery Systems, Saint Paul, MN, USA), which originally was an
integrated breath-actuated pMDI, capable of registering the dose only upon the patient’s
correct inhalation rather than on device actuation and also capable of monitoring the
inhalation flow rate, aiming to minimize technique errors [110,111].

6. Marketed and under Development Digitalized DPIs

As discussed hereafter, the research and development of “smart” pMDIs has paved
the way to the development of digital DPIs (Table 2).

Table 2. Marketed and under-development digitalized DPIs in alphabetical order (first rows are dedicated to marketed
products; not intended to be fully exhaustive).

Brand Name Add-On Integral Characteristics Company Name ApproYal/FaunChEd/ References
Publication Year
Pressure sensor (peak
inspiratory flow, inhaled
. ® volume).
Digihaler™ for Records date and time of
use.
Sends dose reminders.
Teva
ProAir® v Pharmaceutical 2018 * [112]
Industries Ltd.
Teva
AirDuo® v Pharmaceutical 2019 * [113]
Industries Ltd.
Teva
ArmonAir® v Pharmaceutical 2020 * [114]
Industries Ltd.
Records date and time of
Enerzair® use. Novartis-
B ei 11 ® v Records inhalation ResMed 2020 ** [115]
reezhaler acoustic. (Propeller Health)
Sends dose reminders.
Hailie® Recordsacjséz taigrcll time of
sensor for . L Adherium Ltd. 2018 * [116]
Provides audiovisual
reminders.
Diskus® . .
(SmartDisk™) v GlaxoSmithKline 2019 * [117]
Handihaler®
(SmartHandy™) v Boehringer Ingelheim 2019 * [117]
HeroTracker® v Records actuations. Aptar Pharma 2020
Sensor for Sends dose reminders. (Cohero Health) (2015)
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Table 2. Cont.

Brand Name Add-On Integral Characteristics Company Name ApproYaIIFaunched/ References
Publication Year
Diskus GlaxoSmithKline 2019 [118]
Records date and time of
actuation.
Propeller® Ir?nove.ltlve GPS ResMed )
functionality enables to [74]
sensor for . . . (Propeller Health)
identify triggers of
exacerbation.
Diskus® v GlaxoSmithKline 2015 * [109]
Ellip a® v GlaxoSmithKline 2016 * [119]
Neohaler® v Novartis 2018 * [36]
Records device use.
Respiro for Provides personalized Amiko SRL [120]
guidance.
Teva
Spiromax® v Pharmaceutical 2018 **
Industries Ltd.
Nexthaler® v Chiesi Farmaceutici 2018 **
S.p.A.
Ellipta® v GlaxoSmithKline 2018 **
Records device use. Berry Global
RS01X v App provides Healthcare 2020 ** [70]
personalized guidance. -Amiko SRL
Diskus .
Adherence v Records date and time of - 2004 [121]
Logger ’
Electronic v Records device use. Novartis 2018 [122]
Breezhaler
Electronic Records blister
Diskhaler v perforation and airflow. ) 1997 [125,124]
Inhaler
Compliance v Records inhalation audio Vitalograph Ltd. 2016 ** [71,125-127]
Assessment
(INCA)
. . Records patient OPKO Health Inc.-
™
Inspiromatic v compliance. (Inspiro Medical Ltd.) 2014 [128]
Records date and time of
USSC-03 v use. Novartis 2016 [73,129]
Records inhalation profile.
Records date and time of
. use. . . )
Verihaler v Records inhalation Sagentia Innovation 2010 [104,106]
acoustic.

*FDA, ** EMA approved.

Although first conceived as pMDI sensors, the PP has recently received FDA clearance
as add-on sensors for DPIs as well. Propeller® sensors dedicated to Diskus® (GlaxoSmithK-
line, Brentford, UK), Ellipta® (GlaxoSmithKline, Brentford, UK), and Neohaler® (Novartis,
Basel, Switzerland) received FDA approval in 2015, 2016, and 2018, respectively [36,109,119].
In 2020, the European Commission (EC) announced Enerzair® Breezhaler® (Novartis, Basel,
Switzerland) approval for all EU member states, as well as the UK, Iceland, Norway, and
Liechtenstein [115]. It is indicated for the maintenance treatment of asthma in adult patients
not adequately controlled with a combination of a long-acting beta2-agonist (LABA) and a
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high dose of an inhaled corticosteroid who experienced at least one asthma exacerbation
event in the last year [130]. The optional digital companion consists of a customized
electronic Propeller® sensor that can be attached to the base of the inhaler and that records
actuations as well as the whirring noise of the spinning capsule during inhalation [130].
The sensor can be linked with the Propeller® app via Bluetooth [131]. In addition, the app
sends the patient specific reminders for the inhaler’s use and monitors adherence over
time [132].

In 2018, Adherium Ltd. launched the Hailie® solution (previously known as Smartin-
haler™) in the US, after its FDA 510(k) over-the-counter clearance to enable sales direct to
consumers [116]. It involves an add-on sensor, developed for pMDIs as well (Table 1), that
can be attached to the inhaler and records data regarding medication usage. The sensor
can be paired with the Hailie® app on a mobile device, where patients can set up specific
reminders and track medication usage [92]. In June 2021, Adherium submitted an FDA
510(k) application for a next-generation Hailie® sensor able to capture physiological data as
well [133]. Hailie® add-on sensors dedicated to Diskus® (SmartDisk™) and Handihaler®
(SmartHandy™) were recently launched [117].

On the European side, Respiro was approved by the EMA and received the European
Conformity (CE) mark in 2018. The Respiro digital health platform consists of a sensor
able to monitor device usage and to help patients to adopt correct actuation maneuvers.
Respiro was marketed the same year for three different products: Spiromax®, Nexthaler®,
and Ellipta® [120].

Another add-on device that has been evaluated in different studies and trials [71,125-127] is
the Inhaler Compliance Assessment (INCA). It is a CE-marked acoustic recording device
manufactured by Vitalograph Ltd. INCA registers the time and technique of inhalation by
acquiring the audio of the inhalation act to identify wrong procedures, such as exhalation
or too short an inhalation time. Audio files are collected and analyzed to understand
patient adherence and inhalation technique suitability, with the objective of improving
treatment and establishing patient training requirements.

The Diskus® technology officially entered the digital world in 2020, when Aptar
Pharma acquired the Cohero Health portfolio [134]. Cohero Health has conceived different
digital tools and technologies such as the HeroTracker Sensor class B digital device. This
add-on sensor was combined with the Diskus® DPI as a reminder to ensure patient adher-
ence to a therapeutic regimen. The sensor also records and monitors actuations once it is
connected via Bluetooth to the BreatheSmart app [135].

In the early 2000s, a digital version of a well-known product, the Advair Diskus DPI,
was tested by adding Diskus Adherence Logger add-on sensor technology [121], which was
characterized by small dimensions, low cost, and extended battery duration (6 months).
The Adherence Logger was found able to record the date and time of use to guarantee
patient adherence to treatment. Nevertheless, to the best of our knowledge, no further
development of this product has been reported, suggesting that this technology has been
discontinued for some reason.

Another add-on device is the Verihaler, also developed for pMDIs (Table 1). It in-
corporates a small microphone that records inhalation acoustics from DPIs. Based on a
proprietary algorithm, information such as peak inspiratory flow rate (PIFR) and dose
emission can be extracted from the acoustic file. It can be linked via Bluetooth to a medical-
grade app allowing the collection of evidence connecting a potential clinical condition with
issues of device misuse and therefore to poor or inadequate adherence [104,106]. Despite
its promise, Verihaler has not yet reached the market.

Teva Pharmaceutical Industries Ltd. (Petah Tikva, Israel) obtained FDA approval in
2018 for the first all-in-one digital DPI with built-in sensors and Bluetooth technology [112].
The ProAir® Digihaler® is a digital rescue inhaler approved for use in four-year-old and
older patients to treat or prevent bronchospasm with reversible obstructive airway disease,
such as asthma and COPD, and for the prevention of exercise-induced bronchospasm [136].
It incorporates a built-in electronic module—namely, a pressure sensor, a wireless transmit-



Pharmaceutics 2021, 13, 1455

11 of 23

ter, and a processor [137]. The pressure sensor consists of barometric type Micro-Electro-
Mechanical Systems (MEMS) able to detect pressure changes smaller than 1 Pa [137]. The
pressure sensor port is attached to the device mouthpiece and can detect various inhaler
activities, including the mouthpiece cover opening [137]. ProAir® Digihaler® has a dose
counter attached to the actuator, which at the beginning of the treatment displays the num-
ber 200, which corresponds to the total available actuations. When the dose counter reaches
20, the color of the numbers changes to red, whereas when the dose counter reaches 0, the
whole background color changes to solid red [138]. In addition, if no information regarding
the dosage is sensed within a pre-scheduled dosing period time, a specific reminder can
be sent to the patient and/or the caregiver [137]. The device can be connected with a
smartphone application using a Quick Response (QR) code located on the top of the inhaler.
When connected to the inhaler, the app allows the patient to monitor all MEMS-recorded in-
haler information, including PIFR and inhalation volume, daily inhaler events, and checks
for updates on weather and environmental conditions [139]. In this way, patients are able
to review and share data with their healthcare provider, which may contribute to a more
informed discussion regarding disease management [140]. A pilot study on 360 patients
highlighted that a predictive model based on data recorded by the device, which included
inhaler use, PIFR, volume inhaled, time to peak flow, and inhalation duration, was effective
in predicting an imminent asthma exacerbation [141]. Overall, the average number of
albuterol daily inhalations over a period of five days before an asthma exacerbation event
resulted in being the main predictive factor [141]. The Digihaler® “family” was expanded
with the approval by the FDA of two digital products: the AirDuo® Digihaler® and the
ArmonAir® Digihaler® in 2019 and 2020, respectively. They are indicated for the treatment
of asthma in patients aged twelve years or older. The AirDuo® Digihaler® can be used
for symptom control, such as wheezing, whereas the ArmonAir® Digihaler® is indicated
for longer-term treatment [113,114]. They both incorporate the same technology as the
ProAir® Digihaler®.

In 2020, Respiro was integrated into the well-known RS01 single-dose DPI to produce
the digital RS01X DPI [70]. It tracks medication usage via its built-in sensor and can be
connected to Amiko’s Respiro app, which additionally provides patients with personalized
guidance on proper use techniques and medication reminders [70]. Furthermore, the
RS01X automatically detects and records patient-generated inhalation parameters, such as
inhalation flow rate and duration [70].

To the best of our knowledge, the Digihaler® family and RS01X complete the existing
portfolio of marketed integrated DPIs. However, other digital DPIs with built-in technology
and noteworthy features have been also developed.

More specifically, the USSC-03 device is manufactured as an electronic system able to
monitor time, date, and inhalation profile to evaluate treatment adherence. It is provided
with a sensor able to measure the pressure drop inside the device so that the blister is
not opened until a pressure drop of about 1.5 kPa is detected. This allows wrong powder
deposition following a poor inspiratory act to be avoided [73,129].

Another product with distinctive features is the Inspiromatic™ DPI. Noteworthy ad-
vancement results from its active DPI features, being equipped with a powder fluidization
system activated at low inhalation flow rate (7 L/min) and a data logger to record patient’s
performance. It was evaluated in a comparative study against Aerolizer® as a reference
product in asthmatic children [128]. This active DPI was well accepted, safe, and showed a
performance comparable with the Aerolizer®, but with a superior potential in handling
pediatric patients as well as patients with low inspiratory capacity.

The Diskhaler® and Breezhaler® are devices with a long market tradition that are un-
der development to go digital. In particular, the first paper reporting the use of an electronic
Diskhaler dates back to 1997, when it was used to study treatment compliance in asthmatic
adults [123]. This smart device registers both blister perforation and airflow, which are
indicators of dose administration [124]. The electronic version of the Breezhaler® [122] is



Pharmaceutics 2021, 13, 1455

12 of 23

slightly larger but shares the same performance, with the additional capacity of monitoring
and recording inhalation use.

7. Regulatory Standards in DPI Digitalization

DPIs are considered drug-device combination products by the EMA, which recently
issued a draft guideline on the quality requirements for drug-device combinations [142,143].
Based on this, it is important to distinguish an integral device from a non-integral one.
The first has to meet the following three characteristics: (i) the device and the medicinal
product form a single integral product, (ii) it is intended for use in the given combination,
and (iii) it is not reusable [144]. Therefore, medical devices that are co-packaged with a
medicinal product are non-integral devices. Consequently, DPIs already loaded with drug
doses in blister (multi-unit dose) or those with a powder reservoir (multi-dose reservoir)
are considered integral devices. Conversely, DPIs used to administer a single-dose unit
are classified as non-integral devices. Since the action of the medicinal compound(s)
is of principal importance in DPIs, they have to comply with Directive 2001/83 CE or
Regulation (EC) No 726/2004 on medicinal products [145]. For marketing authorization of
an integral device, it is necessary to follow Article 117 of Regulation (EC) No 745/2017. In
particular, the dossier should include a Declaration of Conformity (DoC) or a certificate for
the medical device from a EU notified body. If this documentation is not provided together
with the marketing authorization dossier, it is mandatory to include a DoC to Annex I of
the medical device regulation reporting the general safety and performance requirements
for medical devices [146]. For non-integral medical devices, the CE mark is mandatory, in
accordance with the medical device legislation. Then, due to technological advancements
and emerging technologies, DPIs should also have a measuring or metering function. To
guarantee treatment efficacy, it is of paramount importance that an innovation, among
the wide range of inhalers with different designs, does not leave the patient confused
and disoriented [38,147]. For this purpose, the role of the EMA is to evaluate the “quality,
safety, and efficacy” of the medicinal product along with device safety and performance.
Regarding any software combined with the digital inhaler, at the European level, little is
reported in the literature. In particular, the EU Court of Justice issued a judgment at the
end of 2017 attesting that a software can be classified as a medical device under EU law
if certain conditions are met [148]. If the software is specifically developed to be used for
diagnosis, prevention, monitoring, treatment, or alleviation of disease according to the
Directive 93/42/EEC, the software will fall under the medical device Directive [148,149].
The need for a judgment on this matter reveals the complexity of the regulations for
medical devices and their interpretation. It is also important to remember that Regulation
(EC) No. 745/2017 was fully effective as of 26 May 2021. On the regulatory standards of
software combined /contained in medical devices, the FDA is more explicit with regard
to specific guidance for the content of premarket submissions for software, which was
published approximately 15 years ago [150]. Moreover, mobile medical applications are
also regulated by the FDA, as reported in the last issue of the policy for device software
functions and mobile medical applications [151,152]. According to the FDA, DPIs fall within
the definition of combination products [153,154]. In particular, drug-specific inhalers can
reach the market after approval of a new drug application (NDA), while a solitary device
can follow two different routes: (i) NDA or (ii) the 510(k) with the FDA Center for Devices
and Radiological Health [155] in cases in which the drug is already approved by the Center
for Drug Evaluation and Research [156]. Several FDA departments are involved in the
approval of combination products, and this may create difficulties for an applicant. The
complex approval process is a common global issue for digital DPIs. As reported by
Sven Dethlefs from TEVA, the approval process is long and, while fitness devices are not
FDA-regulated products, the software development for DPIs is required to consider many
similar aspects (e.g., documenting action, notification, ... ), and it is necessary to interact
with several departments [157]. It would therefore be desirable to have a clear EU/US
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guideline that establishes harmonized procedures for the approval for these innovative
digital inhalers.

In Japan, medical devices are regulated by the Act on Securing Quality, Efficacy and
Safety of Pharmaceuticals, Medical Devices, Regenerative and Cellular Therapy Products,
Gene Therapy Products and Cosmetics, effective since November 2014 [158]. To date, no
specific document is available on the approval process of digitalized products, and they
are likely to be evaluated individually during review process.

Since 31 January 2020, the UK was formally out of the EU, but the European pharma-
ceutical law continued to apply to the UK until the end of 2020. Brexit had a strong impact
on the EMA, which worked hard since March 2019 to relocate physically to Amsterdam
and to avoid medicine shortages as much as possible. The EMA also issued guidance for
companies involved in Brexit. Inhalers or medicinal product-medical device combinations
produced in the UK would need to be tested in European facilities in order to be released
in Europe as imported products, since the UK is now considered to be a separate country.
All of these aspects have to be followed carefully, with substantial reference to the official
website of the EU and UK governments [159,160].

Another aspect, not closely related to the regulation of digitalized products but of
paramount importance, deals with the protection of sensitive information of patients who
have to be monitored [152]. In this regard, the World Health Organization (WHO) has
published several papers based on its eHealth global survey [161,162].

8. Gaps to Be Filled to Reach Digitalization

Terms such as “smart” DDSs and the like, while technologically feasible today, should
be used with caution, since they reflect a product’s clinical performance in the real world,
once approved and commercialized.

We believe that now is time to define what “smart” really means when referring
to pharmaceutical products and devices at the health system level, and thus, regulatory
guidelines should be put forward for discussion and expedited adoption of such a concept.

There is a well-recognized gap between what is recorded in clinical trials before
marketing authorization of drug products compared with post-approval evidence, which
negatively affects the safety/effectiveness index of drug products. This “lost in translation”
scientific drawback has to be bridged with advanced tools such as artificial intelligence
(Al) and Big Data, as defined in the Industry 4.0 wave of change. Inhalation devices could
be a starting point for delivering real advancements in filling the gap between efficacy and
effectiveness for patients’ benefit. In this regard, substantial contribution could stem from
the growing arsenal of DPI digital functions that, as summarized above and in Figure 1,
are evolving to erase the distance between simple digitalized and actual smart systems.
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Figure 1. Summary of the available digital functions of the current digitalized DPIs arsenal. The

requirement for “smart” device features, according to a generally recognized definition, also defines

the gap that exists today between digital and smart devices.

Within this context, we propose a series of assertions to be considered by health

community experts and patient advocacy groups as a “starting seed” to raise awareness
and discussion:

a.

The “smart” definition and its proper use in pharmaceutical products. This term and
its equivalents should be used only when meeting predefined conditions set by the
regulatory authorities. Silverio-Fernandez et al. [163] contributed to the definition of
“smart device”. Based on a selected literature search, they initially identified five key
features corresponding to the term “smart device”: autonomy, connectivity, context-
awareness, user-interaction, mobility, and data storage. The first three core aspects
appeared in their review of the related literature twice as much when compared with
the last two. A “smart” device should be able to interact with patients, with other
stakeholders of the health system, and of course with other devices. Moreover, it
should be able to produce reliable data, and their patterns should be available in real
time to all stakeholders in the health system. Above all, however, the “smart device”
must, when taken as a whole and respecting systems theory, provide a pragmatic
solution to a real problem, i.e., meeting a real unmet need of the patient, an unmet
need that is predefined by the health authorities. Applying the above concept to
inhalation DDSs, a device could be authorized as “smart” only when its ability
to predict and adjust to the different breathing patterns of patients is scientifically
proved and approved by regulators.

The Internet of Things (IoT) aspect of “smart” coupled with Al and machine learning
capabilities will eventually be a change driver in transforming the currently passive
and deferred pharmacovigilance system to an active one, permitting real-time evalua-
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tion and interventions for assuring continuous monitoring of the safety/effectiveness
index of drug products across their lifecycle.

C. The health system will be able to pay suppliers based on real-world valid data,
relating the pricing/reimbursement schemes with the pragmatic performance of
DDSs.

d.  This will also change the landscape of clinical trials, as they will be on-going through
a product’s lifecycle and data will be shared by the patient with all concerned parties
under real-time conditions.

e. Reviewing the “European 2020 Pharmaceutical Strategy” and its updates, it is now
officially recognized that there are “unmet needs due to the absence of commercial interest
and limitations of science” and that “research priorities should be aligned to the needs
of patients and health systems”. To overcome this gap quickly and efficiently, many
aspects need to be changed both at the tactical level and strategy-wise. In spite of the
current rush toward personalized medicine, most inhaled products are developed
in a non-patient-centered fashion without accounting for actual individual needs.
Therefore, greater effort should be focused on the understanding of patients” unmet
needs rather than the researchers’ citation portfolio. This is the transformation that
must be “technologically” driven when designing next-generation inhalation devices.
A “smart” device should facilitate real solutions for a given patient need, one that
is not “invented” in order to “justify” a novelty claim. The implemented “smart”
technology is an input in the whole process, which when interacting with other
factors, such as selection of API, excipients, and device design, enhances the DPI’s
capacity to address a real unmet need.

f. Given the thousands of publications related to inhalation delivery, perhaps it is time
to reconsider how many of them have actually contributed to practical advancements
by impacting patient lives. The advantage of the scientific community being “data
super-rich” is at the same time its problem because its abundance hampers the
transformation of this big basket of a myriad of mixed data into pharmaceutical
products and services that are valuable to patients.

Last but not least, the establishment of the smart concept will also allow the definition
of quality in pharmaceuticals to be corrected. In fact, in regulatory guidelines the terms
“quality”, “efficacy”, and “safety” are proposed as separate terms; thus, their obvious
interconnection is missing, while it is scientifically absolutely solid that quality equals
safety and effectiveness.

The technological/digital evolution of DDSs has to be translated into inhalation
devices in a way that substantially improves their clinical performance in comparison with
the current state of the art. To achieve this, in our opinion the following are fundamental

steps in order to identify the gaps to be filled with “next-generation” devices:

a. Redefine the scope and stay tuned with the patient’s unmet needs. The one who
is responsible for imparting this new message is the scientist, who through deep
knowledge and high ethics has to carefully listen to patient’s needs so as to quickly
address them.

b. These needs have to be communicated, discussed, and adopted by the scientific
community. There are a lot of meetings, many of them financially supported by the
EU, which could easily serve this purpose.

c. A clear “position paper” has to be constructed to effectively communicate these
unmet needs of patients to health system stakeholders in real time.
d.  This “consensus paper” should be an official “compendium”, like the pharma-

copoeias, which every stakeholder consults and has to comply with before designing
a new inhalation product or an extension of an approved one.

e. The regulatory authorities have to adopt this as a “gold standard”, to differentiate
the submissions needing attention and priority from those that are the mere nth copy
product of the original.
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f. HTA committees should make this “standard” visible to all stakeholders and make
clear that the health system will only pay for the real, scientifically solid, delivery
of value to the patient and not for a “copy and paste” approach. This is a major
paradigm shift for paying for the value delivered to the patient and not paying based
on sales volume discounts.

g.  Redefine, at the regulatory level, the definition of quality. It is not rational to adopt
in a regulatory document a “chemistry-oriented” definition, which never existed
in the related literature on quality, but instead to promote the quality-by-design
initiative, in which quality is presented correctly, as was proposed by Juran three
decades ago. Moreover, as our understanding of the gaps is progressing, the term
“efficacy”, reflecting what is achieved in clinical trials, has to be replaced with the
term “effectiveness”, which underlines what is realized after a product’s approval,
under real-world conditions. This means adopting the correct approach, which is
that quality equals safety and effectiveness, with the note that quality is continuously
monitored, in real time, over the whole product lifecycle.

h.  The regulatory list of what is called “quality guidelines” has to be revisited and the
first guideline, to start the journey towards fulfilment of the patient’s unmet needs,
should be the “Pharmaceutical Quality System” known as International Council
of Harmonization Q10 (ICHQ10). This guideline should also be revised based on
the following two recommendations. The first should be a precaution to readers
“not to proceed with the study of the rest of quality guidelines if ICH Q10 (now as
ICHQ1) is not fully understood”. The second is to bring on a brief, but well-presented
introduction to “systems theory”, which must be implemented as a prelude to the
pharmaceutical quality system.

i. In health systems there is at least one paradox. The two ends of the pharmaceutical
supply chain are represented by the producer on the one side and the patient on
the other side, supported by regulatory agencies and HTA committees. Being actual
payers for the delivered therapeutic value, patients should be pivotal leaders. If
so, health authorities should set a new array of standards as defined above. Par-
ticularly, payers should be in the position to entrust manufacturers to supply an
inhalation device which, among the other known regulatory requirements, is capable
of maintaining optimal delivery performance regardless of a patient’s breathing
patterns. This is a standard practice adopted in other fields, where governments pay
manufacturing companies for the development of specific technological solutions.
The above mentioned scheme could also be applied to publicly funded research
programs in the health sector.

9. Perspectives after Digitalization

W.E. Deming coined a very important laconic phrase: “No aim? No System!” It is
now time for the so called “patient-centered approaches” to be translated into realistic
health solutions. The above aim being clear, the strategy of the pharmaceutical industry
and researchers should assure the satisfaction of predefined unmet medical needs.

The payer should take the lead in setting the therapeutic targets to be met and success
should be measured against publicly pre-announced requirements that reflect the scientific
gaps to be filled for patient’s benefit.

Within this context the digitalization era in the health system should be framed and
communicated to all concerned parties, and this has to be carried out by the regulatory
bodies on behalf of the patients.

Regulators should shift from an “auditing—monitoring” passive attitude to an at-
titude of being active health system players, re-writing and imposing the rules of the
reimbursement schemes upon entirely new bases:

e Promoting and demanding real innovation with fast and reliable approval procedures
for drug products that meet preset therapeutic targets;
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e  Assuring real-time safety and effectiveness of drug products in the pragmatic world
of everyday clinical practice.

The COVID-19 pandemic revealed specific weaknesses in the above context, and the
intellectual power of academia along with the pharmaceutical industry should be aligned
and focused on the diseases/clinical cases for which knowledge is insufficient or lacking.

Recognizing and communicating what we do not know is the first and sincere step
forward.

This review, although it specifically tries to address the gaps in DPIs digitalization,
comports with the authors’ intention to promote a broader debate as well so as to en-
courage a cultural change in the current approaches to the research and development of
pharmaceutical products.

Author Contributions: All authors contribute equally to the conception, writing, revision of the
manuscript. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dry Powder Inhaler Market Share—Industry Outlook Report 2027. Available online: https://www.gminsights.com/industry-analysis/
dry-powder-inhaler-market (accessed on 8 July 2021).

2. Dry Powder Inhaler Devices Market Share, Size and Industry Growth Analysis 2021-2026.  Available online:
https:/ /www.industryarc.com/Report/16963/dry-powder-inhaler-devices-market.html (accessed on 8 July 2021).

3.  Dry Powder Inhaler Market Share, 2021 with Opportunities and Strategies to Boost Growth, Trends Forecast to 2027 | Says
Kenneth Research. Available online: https://www.marketwatch.com/press-release/dry-powder-inhaler-market-share-2021
-with-opportunities-and-strategies-to-boost-growth-trends-forecast-to-2027-says-kenneth-research-2021-05-04 (accessed on 8
July 2021).

4.  Respiratory Inhalers Market 2021: Global Forecast to 2023 by Trends, Product Type, Future Growth, Leading Key Players,
Demand Forecast and Revenue Analysis with Top Countries Data. Available online: https://www.marketwatch.com/
press-release/respiratory-inhalers-market-2021-global-forecast-to-2023-by-trends-product-type-future-growth-leading-key-
players-demand-forecast-and-revenue-analysis-with-top-countries-data-2021-05-07 (accessed on 13 July 2021).

5. Iwanaga, T.; Tohda, Y.; Nakamura, S.; Suga, Y. The Respimat®Soft Mist Inhaler: Implications of Drug Delivery Characteristics for
Patients. Clin. Drug Investig. 2019, 39, 1021-1030. [CrossRef]

6.  Chalvatzaki, E.; Chatoutsidou, S.E.; Lazaridis, M. Simulations of the Deposition of Pharmaceutical Aerosols in the Human
Respiratory Tract by Dry Powder Inhalers (DPIs). J. Drug Deliv. Sci. Technol. 2020, 59, 101915. [CrossRef]

7. de Boer, A.H.; Hagedoorn, P.; Hoppentocht, M.; Buttini, F.; Grasmeijer, E; Frijlink, HW. Dry Powder Inhalation: Past, Present and
Future. Expert Opin. Drug Deliv. 2017, 14, 499-512. [CrossRef] [PubMed]

8. dos Reis, L.G.; Chaugule, V.; Fletcher, D.E; Young, PM.; Traini, D.; Soria, ]. In-Vitro and Particle Image Velocimetry Studies of Dry
Powder Inhalers. Int. J. Pharm. 2021, 592, 119966. [CrossRef] [PubMed]

9.  Frijlink, HW.; De Boer, A.H. Dry Powder Inhalers for Pulmonary Drug Delivery. Expert Opin. Drug Deliv. 2004, 1, 67-86.
[CrossRef] [PubMed]

10.  Chaurasiya, B.; Zhao, Y-Y. Dry Powder for Pulmonary Delivery: A Comprehensive Review. Pharmaceutics 2020, 13, 31. [CrossRef] [PubMed]

11. ElKasabgy, N.A.; Adel, LM.; Elmeligy, M.E. Respiratory Tract: Structure and Attractions for Drug Delivery Using Dry Powder
Inhalers. AAPS PharmSciTech 2020, 21, 238. [CrossRef]

12.  Pilcer, G.; Amighi, K. Formulation Strategy and Use of Excipients in Pulmonary Drug Delivery. Int. J. Pharm. 2010, 392, 1-19. [CrossRef]

13.  Miyamoto, K.; Taga, H.; Akita, T.; Yamashita, C. Simple Method to Measure the Aerodynamic Size Distribution of Porous Particles
Generated on Lyophilizate for Dry Powder Inhalation. Pharmaceutics 2020, 12, 976. [CrossRef] [PubMed]

14.  Shetty, N.; Cipolla, D.; Park, H.; Zhou, Q.T. Physical Stability of Dry Powder Inhaler Formulations. Expert Opin. Drug Deliv. 2020,
17,77-96. [CrossRef]

15. Mehta, P. Dry Powder Inhalers: A Focus on Advancements in Novel Drug Delivery Systems. |. Drug Deliv. 2016, 2016, 1-17.
[CrossRef] [PubMed]

16. Weers, J.; Tarara, T. The PulmoSphereTM Platform for Pulmonary Drug Delivery. Ther. Deliv. 2014, 5, 277-295. [CrossRef]


https://www.gminsights.com/industry-analysis/dry-powder-inhaler-market
https://www.gminsights.com/industry-analysis/dry-powder-inhaler-market
https://www.industryarc.com/Report/16963/dry-powder-inhaler-devices-market.html
https://www.marketwatch.com/press-release/dry-powder-inhaler-market-share-2021-with-opportunities-and-strategies-to-boost-growth-trends-forecast-to-2027-says-kenneth-research-2021-05-04
https://www.marketwatch.com/press-release/dry-powder-inhaler-market-share-2021-with-opportunities-and-strategies-to-boost-growth-trends-forecast-to-2027-says-kenneth-research-2021-05-04
https://www.marketwatch.com/press-release/respiratory-inhalers-market-2021-global-forecast-to-2023-by-trends-product-type-future-growth-leading-key-players-demand-forecast-and-revenue-analysis-with-top-countries-data-2021-05-07
https://www.marketwatch.com/press-release/respiratory-inhalers-market-2021-global-forecast-to-2023-by-trends-product-type-future-growth-leading-key-players-demand-forecast-and-revenue-analysis-with-top-countries-data-2021-05-07
https://www.marketwatch.com/press-release/respiratory-inhalers-market-2021-global-forecast-to-2023-by-trends-product-type-future-growth-leading-key-players-demand-forecast-and-revenue-analysis-with-top-countries-data-2021-05-07
http://doi.org/10.1007/s40261-019-00835-z
http://doi.org/10.1016/j.jddst.2020.101915
http://doi.org/10.1080/17425247.2016.1224846
http://www.ncbi.nlm.nih.gov/pubmed/27534768
http://doi.org/10.1016/j.ijpharm.2020.119966
http://www.ncbi.nlm.nih.gov/pubmed/33161040
http://doi.org/10.1517/17425247.1.1.67
http://www.ncbi.nlm.nih.gov/pubmed/16296721
http://doi.org/10.3390/pharmaceutics13010031
http://www.ncbi.nlm.nih.gov/pubmed/33379136
http://doi.org/10.1208/s12249-020-01757-2
http://doi.org/10.1016/j.ijpharm.2010.03.017
http://doi.org/10.3390/pharmaceutics12100976
http://www.ncbi.nlm.nih.gov/pubmed/33076510
http://doi.org/10.1080/17425247.2020.1702643
http://doi.org/10.1155/2016/8290963
http://www.ncbi.nlm.nih.gov/pubmed/27867663
http://doi.org/10.4155/tde.14.3

Pharmaceutics 2021, 13, 1455 18 of 23

17.

18.

19.
20.

21.

22.
23.

24.

25.

26.
27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

Sarala, N.; Bengalorkar, G.; Bhuvana, K. Technosphere: New Drug Delivery System for Inhaled Insulin. Fut. Prescr. 2012, 13,
14-16. [CrossRef]

Berkenfeld, K.; Lamprecht, A.; McConville, J.T. Devices for Dry Powder Drug Delivery to the Lung. AAPS PharmSciTech 2015, 16,
479-490. [CrossRef]

Kaur, S.S. Pulmonary Drug Delivery System: Newer Patents. Pharm. Pat. Anal. 2017, 6, 225-244. [CrossRef]

Newman, S.P. AEROSOLS. In Encyclopedia of Respiratory Medicine; Elsevier: Amsterdam, The Netherlands, 2006; pp. 58-64. ISBN
978-0-12-370879-3.

Islam, N.; Cleary, M.J. Developing an Efficient and Reliable Dry Powder Inhaler for Pulmonary Drug Delivery—A Review for
Multidisciplinary Researchers. Med. Eng. Phys. 2012, 34, 409-427. [CrossRef] [PubMed]

Islam, N.; Gladki, E. Dry Powder Inhalers (DPIs)—A Review of Device Reliability and Innovation. Int. J. Pharm. 2008, 360, 1-11. [CrossRef]
Lee, H.-G.; Kim, D.-W.; Park, C.-W. Dry Powder Inhaler for Pulmonary Drug Delivery: Human Respiratory System, Approved
Products and Therapeutic Equivalence Guideline. ]. Pharm. Investig. 2018, 48, 603-616. [CrossRef]

Corradi, M.; Chrystyn, H.; Cosio, B.G.; Pirozynski, M.; Loukides, S.; Louis, R.; Spinola, M.; Usmani, O.S. NEXThaler, an Innovative
Dry Powder Inhaler Delivering an Extrafine Fixed Combination of Beclometasone and Formoterol to Treat Large and Small
Airways in Asthma. Expert Opin. Drug Deliv. 2014, 11, 1497-1506. [CrossRef]

Chan, J.G.Y,; Wong, J.; Zhou, Q.T.; Leung, S.S.Y.; Chan, H.-K. Advances in Device and Formulation Technologies for Pulmonary
Drug Delivery. AAPS PharmSciTech 2014, 15, 882-897. [CrossRef]

Lavorini, F.; Fontana, G.A.; Usmani, O.S. New Inhaler Devices—The Good, the Bad and the Ugly. RES 2014, 88, 3-15. [CrossRef]
Cazzola, M.; Cavalli, F; Usmani, O.S.; Rogliani, P. Advances in Pulmonary Drug Delivery Devices for the Treatment of Chronic
Obstructive Pulmonary Disease. Expert Opin. Drug Deliv. 2020, 17, 635-646. [CrossRef]

Price, D.N.; Kunda, N.K.; Muttil, P. Challenges Associated with the Pulmonary Delivery of Therapeutic Dry Powders for
Preclinical Testing. KONA Powder Part. J. 2019, 36, 129-144. [CrossRef]

Zhou, Q.T,; Tang, P,; Leung, S.S.Y.; Chan, ].G.Y.; Chan, H.-K. Emerging Inhalation Aerosol Devices and Strategies: Where Are We
Headed? Adv. Drug Deliv. Rev. 2014, 75, 3-17. [CrossRef]

Ibrahim, M.; Verma, R.; Garcia-Contreras, L. Inhalation Drug Delivery Devices: Technology Update. Med. Devices 2015, 8, 131-139. [CrossRef]
Mahler, D.A. Peak Inspiratory Flow Rate as a Criterion for Dry Powder Inhaler Use in Chronic Obstructive Pulmonary Disease.
Ann. ATS 2017. [CrossRef] [PubMed]

Pirozynski, M.; Sosnowski, T.R. Inhalation Devices: From Basic Science to Practical Use, Innovative vs Generic Products. Expert
Opin. Drug Deliv. 2016, 13, 1559-1571. [CrossRef]

Hejduk, A.; Urbanska, A.; Osiniski, A.; Lukaszewicz, P.; Domariski, M.; Sosnowski, T.R. Technical Challenges in Obtaining an
Optimized Powder/DPI Combination for Inhalation Delivery of a Bi-Component Generic Drug. J. Drug Deliv. Sci. Technol. 2018,
44, 406-414. [CrossRef]

Dash, A.; Singh, S.; Tolman, J. Pharmaceutics: Basic Principles and Application to Pharmacy Practice; Academic Press: Cambridge,
MA, USA, 2013; ISBN 978-0-12-386891-6.

Lavorini, F; Pistolesi, M.; Usmani, O.S. Recent Advances in Capsule-Based Dry Powder Inhaler Technology. Multidiscip. Respir.
Med. 2017, 12, 11. [CrossRef]

Jansen, E.M.; Kocks, ].W.H. Global Burden of Medication Non-Adherence in Chronic Obstructive Pulmonary Disease (COPD) and
Asthma: A Narrative Review of the Clinical and Economic Case for Smart Inhalers. J. Thorac. Dis. 2021, 13, 3846-3864. [CrossRef]
Geller, D.E.; Madge, S. Technological and Behavioral Strategies to Reduce Treatment Burden and Improve Adherence to Inhaled
Antibiotics in Cystic Fibrosis. Respir. Med. 2011, 105, S24-531. [CrossRef]

Leiner, S.; Parkins, D.; Lastow, O. Inhalation Devices and Patient Interface: Human Factors. AAPS J. 2015, 17, 457-461. [CrossRef] [PubMed]
Chrystyn, H.; Lavorini, F. The Dry Powder Inhaler Features of the Easyhaler That Benefit the Management of Patients. Expert Rev.
Respir. Med. 2020, 14, 345-351. [CrossRef]

Melani, A.S. Inhaler Technique in Asthma and COPD: Challenges and Unmet Knowledge That Can Contribute to Suboptimal
Use in Real Life. Expert Rev. Clin. Pharmacol. 2021, 14, 991-1003. [CrossRef]

Lavorini, F,; Janson, C.; Braido, F; Stratelis, G.; Lokke, A. What to Consider before Prescribing Inhaled Medications: A Pragmatic
Approach for Evaluating the Current Inhaler Landscape. Ther. Adv. Respir. Dis. 2019, 13, 1753466619884532. [CrossRef]

Melani, A.S.; Bonavia, M.; Cilenti, V.; Cinti, C.; Lodi, M.; Martucci, P.; Serra, M.; Scichilone, N.; Sestini, P.; Aliani, M.; et al.
Inhaler Mishandling Remains Common in Real Life and Is Associated with Reduced Disease Control. Respir. Med. 2011, 105,
930-938. [CrossRef]

Office of the Federal Register, N.A. and R.A. 63 FR 64270—Draft Guidance for Industry on Metered Dose Inhaler (MDI) and
Dry Powder Inhaler (DPI) Drug Products; Chemistry, Manufacturing, and Controls Documentation; Availability. Available
online: https://www.govinfo.gov/app/details/FR-1998-11-19 /https%3A%2F%2Fwww.govinfo.gov%2Fapp%2Fdetails%2FFR-
1998-11-19%2F98-30938 (accessed on 6 July 2021).

Nasal Spray and Inhalation Solution, Suspension, and Spray Drug Products—Chemistry, Manufacturing, and Controls
Documentation. Available online: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/nasal-
spray-and-inhalation-solution-suspension-and-spray-drug-products-chemistry-manufacturing-and (accessed on 8 July 2021).


http://doi.org/10.1002/fps.90
http://doi.org/10.1208/s12249-015-0317-x
http://doi.org/10.4155/ppa-2017-0019
http://doi.org/10.1016/j.medengphy.2011.12.025
http://www.ncbi.nlm.nih.gov/pubmed/22277307
http://doi.org/10.1016/j.ijpharm.2008.04.044
http://doi.org/10.1007/s40005-017-0359-z
http://doi.org/10.1517/17425247.2014.928282
http://doi.org/10.1208/s12249-014-0114-y
http://doi.org/10.1159/000363390
http://doi.org/10.1080/17425247.2020.1739021
http://doi.org/10.14356/kona.2019008
http://doi.org/10.1016/j.addr.2014.03.006
http://doi.org/10.2147/MDER.S48888
http://doi.org/10.1513/AnnalsATS.201702-156PS
http://www.ncbi.nlm.nih.gov/pubmed/28481631
http://doi.org/10.1080/17425247.2016.1198774
http://doi.org/10.1016/j.jddst.2018.01.019
http://doi.org/10.1186/s40248-017-0092-5
http://doi.org/10.21037/jtd-20-2360
http://doi.org/10.1016/S0954-6111(11)70024-5
http://doi.org/10.1208/s12248-015-9717-9
http://www.ncbi.nlm.nih.gov/pubmed/25589457
http://doi.org/10.1080/17476348.2020.1721286
http://doi.org/10.1080/17512433.2021.1929922
http://doi.org/10.1177/1753466619884532
http://doi.org/10.1016/j.rmed.2011.01.005
https://www.govinfo.gov/app/details/FR-1998-11-19/https%3A%2F%2Fwww.govinfo.gov%2Fapp%2Fdetails%2FFR-1998-11-19%2F98-30938
https://www.govinfo.gov/app/details/FR-1998-11-19/https%3A%2F%2Fwww.govinfo.gov%2Fapp%2Fdetails%2FFR-1998-11-19%2F98-30938
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/nasal-spray-and-inhalation-solution-suspension-and-spray-drug-products-chemistry-manufacturing-and
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/nasal-spray-and-inhalation-solution-suspension-and-spray-drug-products-chemistry-manufacturing-and

Pharmaceutics 2021, 13, 1455 19 of 23

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Draft Guidance on Fluticasone Propionate; Salmeterol Xinafoate. Available online: https://www.accessdata.fda.gov/drugsatfda_
docs/psg/Fluticasone%20Propionate;%20Salmeterol%20Xinafoate%20Inhalation%20Aerosol %20Metered %20NDA %20021254
%20PSG%20Page%20RC%20May%202019.pdf (accessed on 8 July 2021).

Draft Guidance on Ipratropium Bromide. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/psg/
Ipratropium%20bromide_MDI_021527_RC03-15.pdf (accessed on 8 July 2021).

Draft Guidance on Levalbuterol Tartrate. Available online: https:/ /www.accessdata.fda.gov/drugsatfda_docs/psg/PSG_021730.pdf
(accessed on 8 July 2021).

Draft Guidance on Budesonide; Formoterol Fumarate Dihydrate. Available online: https://www.accessdata.fda.gov/drugsatfda_
docs/psg/Budesonide%?20and%20Formoterol%20fumarate%20dihydrate_ MDI_021929_RC06-15.pdf (accessed on 8 July 2021).
EMEA Committee for Medicinal Products for Human Use (CHMP). Guideline on the pharmaceutical quality of inhala-
tion and nasal products. Guideline on the Pharmaceutical Quality of Inhalation and Nasal Products. Available online:
https:/ /www.ema.europa.eu/en/documents/scientific-guideline /guideline-pharmaceutical-quality-inhalation-nasal-
products_en.pdf (accessed on 8 July 2021).

Committee for Medicinal Products for Human Use. Guideline on the Requirements for Clinical Documentation for Orally Inhaled
Products (OIP) Including the Requirements for Demonstration of Therapeutic Equivalence between Two Inhaled Products for Use
in the Treatment of Asthma and Chronic Obstructive Pulmonary Disease (COPD) in Adults and for Use in the Treatment of Asthma
in Children and Adolescents. Available online: https://www.ema.europa.eu/en/documents/scientific-guideline /guideline-
requirements-clinical-documentation-orally-inhaled-products-oip-including-requirements_en.pdf (accessed on 8 July 2021).
Thakkar, K.; Mhatre, S.; Jadhav, M.; Goswami, S.; Shah, R. Pharmacokinetic Studies for Proving Bioequivalence of Orally Inhaled
Drug Products—Ceritical Issues and Concepts. Front. Pharmacol. 2015, 6. [CrossRef] [PubMed]

Lu, D.; Lee, S.L.; Lionberger, R.A.; Choi, S.; Adams, W.; Caramenico, H.N.; Chowdhury, B.A.; Conner, D.P;; Katial, R.; Limb,
S.; et al. International Guidelines for Bioequivalence of Locally Acting Orally Inhaled Drug Products: Similarities and Differences.
AAPS . 2015, 17, 546-557. [CrossRef]

Kuribayashi, R.; Yamaguchi, T.; Sako, H.; Takishita, T.; Takagi, K. Bioequivalence Evaluations of Generic Dry Powder In-
haler Drug Products: Similarities and Differences Between Japan, USA, and the European Union. Clin. Pharm. 2017, 56,
225-233. [CrossRef]

Hou, S.; Wu, J.; Li, X.; Shu, H. Practical, Regulatory and Clinical Considerations for Development of Inhalation Drug Products.
Asian J. Pharm. Sci. 2015, 10, 490-500. [CrossRef]

Shur, J. Exploring a Faster, More Cost-Effective Alternative to Generic Bioequivalence. ONdrugDelivery 2019, 102, 12.

Calderon, V.E.; Valbuena, G.; Goez, Y.; Judy, B.M.; Huante, M.B.; Sutjita, P.; Johnston, R.K.; Estes, D.M.; Hunter, R.L.; Actor, ] K,;
et al. A Humanized Mouse Model of Tuberculosis. PLoS ONE 2013, 8, €63331. [CrossRef]

McShane, H.; Williams, A. A Review of Preclinical Animal Models Utilised for TB Vaccine Evaluation in the Context of Recent
Human Efficacy Data. Tuberculosis 2014, 94, 105-110. [CrossRef]

De Groote, M.A; Gilliland, J.C.; Wells, C.L.; Brooks, E.J.; Woolhiser, L.K.; Gruppo, V.; Peloquin, C.A.; Orme, .M.; Lenaerts,
A.]. Comparative Studies Evaluating Mouse Models Used for Efficacy Testing of Experimental Drugs against Mycobacterium
Tuberculosis. Antimicrob. Agents Chemother. 2011, 55, 1237-1247. [CrossRef]

Lee, S.L.; Saluja, B.; Garcia-Arieta, A.; Santos, GM.L.; Li, Y.; Lu, S.; Hou, S.; Rebello, J.; Vaidya, A.; Gogtay, ].; et al. Regulatory
Considerations for Approval of Generic Inhalation Drug Products in the US, EU, Brazil, China, and India. AAPS J. 2015, 17,
1285-1304. [CrossRef]

Konstan, M.W.; Flume, P.A.; Kappler, M.; Chiron, R.; Higgins, M.; Brockhaus, F.; Zhang, J.; Angyalosi, G.; He, E.; Geller, D.E.
Safety, Efficacy and Convenience of Tobramycin Inhalation Powder in Cystic Fibrosis Patients: The EAGER Trial. J. Cyst. Fibros.
2011, 10, 54-61. [CrossRef]

Ramsey, B.W.; Pepe, M.S.; Quan, ].M.; Otto, K.L.; Montgomery, A.B.; Williams-Warren, J.; Vasiljev-K, M.; Borowitz, D.; Bowman,
C.M.; Marshall, B.C,; et al. Intermittent Administration of Inhaled Tobramycin in Patients with Cystic Fibrosis. Cystic Fibrosis
Inhaled Tobramycin Study Group. N. Engl. ]. Med. 1999, 340, 23-30. [CrossRef]

Darquenne, C.; Fleming, ].S.; Katz, I.; Martin, A.R.; Schroeter, J.; Usmani, O.S.; Venegas, J.; Schmid, O. Bridging the Gap Between
Science and Clinical Efficacy: Physiology, Imaging, and Modeling of Aerosols in the Lung. J. Aerosol. Med. Pulm. Drug Deliv. 2016,
29, 107-126. [CrossRef]

EMEA Committee for Medicinal Products for Human Use (CHMP). Guideline on the Clinical Development of Medicinal Products
For the Treatment of Cystic Fibrosis. Available online: https://www.ema.europa.eu/en/documents/scientific-guideline/
guideline-clinical-development-medicinal-products-treatment-cystic-fibrosis-first-version_en.pdf (accessed on 8 July 2021).
US FDA Workshop-Issues in the Design of Clinical Trials of Antibacterial Drugs for the Treatment of Non-Cystic Fibrosis
Bronchioectasis. Available online: https://www.federalregister.gov/documents/2012/08/16/2012-20106/issues-in-the-design-
of-clinical-trials-of-antibacterial-drugs-for-the-treatment-of-non-cystic (accessed on 8 July 2021).

Center for Drug Evaluation and Research Patient-Reported Outcome Measures: Use in Medical Product Development to
Support Labeling Claims. Available online: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/
patient-reported-outcome-measures-use-medical-product-development-support-labeling-claims (accessed on 8 July 2021).
Mukker, J.K.; Singh, R.S.P.; Derendorf, H. Pharmacokinetic and Pharmacodynamic Implications in Inhalable Antimicrobial
Therapy. Adv. Drug Deliv. Rev. 2015, 85, 57—-64. [CrossRef]


https://www.accessdata.fda.gov/drugsatfda_docs/psg/Fluticasone%20Propionate;%20Salmeterol%20Xinafoate%20Inhalation%20Aerosol%20Metered%20NDA%20021254%20PSG%20Page%20RC%20May%202019.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Fluticasone%20Propionate;%20Salmeterol%20Xinafoate%20Inhalation%20Aerosol%20Metered%20NDA%20021254%20PSG%20Page%20RC%20May%202019.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Fluticasone%20Propionate;%20Salmeterol%20Xinafoate%20Inhalation%20Aerosol%20Metered%20NDA%20021254%20PSG%20Page%20RC%20May%202019.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Ipratropium%20bromide_MDI_021527_RC03-15.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Ipratropium%20bromide_MDI_021527_RC03-15.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/PSG_021730.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Budesonide%20and%20Formoterol%20fumarate%20dihydrate_MDI_021929_RC06-15.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Budesonide%20and%20Formoterol%20fumarate%20dihydrate_MDI_021929_RC06-15.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-pharmaceutical-quality-inhalation-nasal-products_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-pharmaceutical-quality-inhalation-nasal-products_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-requirements-clinical-documentation-orally-inhaled-products-oip-including-requirements_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-requirements-clinical-documentation-orally-inhaled-products-oip-including-requirements_en.pdf
http://doi.org/10.3389/fphar.2015.00117
http://www.ncbi.nlm.nih.gov/pubmed/26089798
http://doi.org/10.1208/s12248-015-9733-9
http://doi.org/10.1007/s40262-016-0438-8
http://doi.org/10.1016/j.ajps.2015.08.008
http://doi.org/10.1371/journal.pone.0063331
http://doi.org/10.1016/j.tube.2013.11.003
http://doi.org/10.1128/AAC.00595-10
http://doi.org/10.1208/s12248-015-9787-8
http://doi.org/10.1016/j.jcf.2010.10.003
http://doi.org/10.1056/NEJM199901073400104
http://doi.org/10.1089/jamp.2015.1270
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-clinical-development-medicinal-products-treatment-cystic-fibrosis-first-version_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-clinical-development-medicinal-products-treatment-cystic-fibrosis-first-version_en.pdf
https://www.federalregister.gov/documents/2012/08/16/2012-20106/issues-in-the-design-of-clinical-trials-of-antibacterial-drugs-for-the-treatment-of-non-cystic
https://www.federalregister.gov/documents/2012/08/16/2012-20106/issues-in-the-design-of-clinical-trials-of-antibacterial-drugs-for-the-treatment-of-non-cystic
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/patient-reported-outcome-measures-use-medical-product-development-support-labeling-claims
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/patient-reported-outcome-measures-use-medical-product-development-support-labeling-claims
http://doi.org/10.1016/j.addr.2015.03.002

Pharmaceutics 2021, 13, 1455 20 of 23

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.
95.

Montgomery, A.B.; Abuan, T.; Yeager, M.A. Regulatory Aspects of Phase 3 Endpoints for New Inhaled Antibiotics for
Cystic Fibrosis Patients with Chronic Pseudomonas Aeruginosa Infections. ]. Aerosol. Med. Pulm. Drug Deliv. 2012, 25,
198-203. [CrossRef]

Khoubnasabjafari, M.; Rahimpour, E.; Samini, M.; Jouyban-Gharamaleki, V.; Chen, L.; Chen, D.; Chan, H.-K.; Jouyban, A.
A New Hypothesis to Investigate Bioequivalence of Pharmaceutical Inhalation Products. DARU ]. Pharm. Sci. 2019, 27,
517-524. [CrossRef]

Matt Ash; Bastiaan De Leeuw; Tom Lawrie-Fussey How a Digital Approach Can Unpick Clinical Trial Challenges and Improve
Outcomes. ONDrugDelivery 2019, 14-16.

RS01X—Berry Global Healthcare’s single-Dose DPI Goes Digital with Amiko’s Respiro. ONdrugDelivery 2020, 115, 22-25.
Sulaiman, I.; Mac Hale, E.; Holmes, M.; Hughes, C.; D"Arcy, S.; Taylor, T.; Rapcan, V.; Doyle, F.; Breathnach, A.; Seheult, | ; et al.
A Protocol for a Randomised Clinical Trial of the Effect of Providing Feedback on Inhaler Technique and Adherence from an
Electronic Device in Patients with Poorly Controlled Severe Asthma. BM] Open 2016, 6, e€009350. [CrossRef] [PubMed]
Accelerating Clinical Trials with Digital Health e BrightInsight. Available online: https://brightinsight.com/white-paper/
accelerating-clinical-trials-with-digital-health (accessed on 14 July 2021).

Moon, C.; Smyth, H.D.C.; Watts, A.B.; Williams, R.O. Delivery Technologies for Orally Inhaled Products: An Update. AAPS
PharmSciTech 2019, 20, 117. [CrossRef] [PubMed]

Kikidis, D.; Konstantinos, V.; Tzovaras, D.; Usmani, O.S. The Digital Asthma Patient: The History and Future of Inhaler Based
Health Monitoring Devices. J. Aerosol. Med. Pulm. Drug Deliv. 2016, 29, 219-232. [CrossRef] [PubMed]

Denyer, J.; Dyche, T. The Adaptive Aerosol Delivery (AAD) Technology: Past, Present, and Future. J. Aerosol. Med. Pulm. Drug
Deliv 2010, 23, S-1. [CrossRef]

Fischer, A.; Stegemann, J.; Scheuch, G.; Siekmeier, R. Novel Devices for Individualized Controlled Inhalation Can Optimize
Aerosol Therapy in Efficacy, Patient Care and Power of Clinical Trials. Eur. J. Med. Res. 2009, 14, 71-77. [CrossRef]

Ari, A. Jet, Ultrasonic, and Mesh Nebulizers: An Evaluation of Nebulizers for Better Clinical Outcomes. Eurasian |. Pulmonol.
2014, 16, 1-7. [CrossRef]

Giovagnoli, S.; Schoubben, A.; Ricci, M. The Long and Winding Road to Inhaled TB Therapy: Not Only the Bug’s Fault. Drug Dev.
Ind. Pharm. 2017, 43, 347-363. [CrossRef]

Lupin Launches “Adhero,” First-of-Its-Kind Connected Smart Device in India to Support Treatment of Respiratory Disease.
Available online: https:/ /www.lupin.com/lupin-launches-adhero-first-of-its-kind-connected-smart-device-in-india-to-support-
treatment-of-respiratory-disease/ (accessed on 30 June 2021).

AeroEclipse* Breath Actuated Nebulizer | Trudell Medical International. Available online: https://www.trudellmed.com/
aeroeclipse-breath-actuated-nebulizer (accessed on 30 June 2021).

AkitaJet. Available online: http:/ /www.akita-jet.com/ (accessed on 3 July 2021).

Vectura Partner Launches Breelib Nebuliser in Poland. Available online: https://www.cphi-online.com/vectura-partner-
launches-breelib-nebuliser-in-news045649.html (accessed on 4 July 2021).

Gessler, T. Lloprost Delivered via the BREELIB™ Nebulizer: A Review of the Clinical Evidence for Efficacy and Safety. Ther. Adv.
Respir. Dis. 2019, 13, 1753466619835497. [CrossRef]

CapMedic—Simplifying Inhalers For Correct And Regular Use. Available online: https:/ /capmedicinhaler.com/ (accessed on 29
June 2021).

LLC, C.L. 90% of Patients Can’t Use Inhalers Correctly, Digital Inhaler CapMedic Receives FDA Clearance to Change That. Avail-
able online: https:/ /www.prnewswire.com/news-releases/90-of-patients-cant-use-inhalers-correctly-digital-inhaler-capmedic-
receives-fda-clearance-to-change-that-300992966.html (accessed on 3 July 2021).

CareTRx. Available online: https://www.caretrx.com/ (accessed on 3 July 2021).

Reich, J.E. MIT’s “Smart Inhaler” Spin-Off Gecko Health Gets Picked Up By Big Pharma. Available online: https:/ /www.techtimes.
com/articles /100659 /20151028 /smart-inhaler-mit-gecko-health-gecko-cap-caretrx-teva-pharmaceuticals.htm (accessed on 3
July 2021).

Cohero Health and Presspart Group Announce Completion of Connected Metered Dose Inhaler. Available online:
https:/ /www.prweb.com/releases/CoheroHealth /eMDI/prweb13308354.htm (accessed on 30 June 2021).

H&T Presspart Granted European Patent for the EMDI Connected Inhaler. Available online: https://www.presspart.com/
ht-presspart-granted-european-patent-emdi-connected-inhaler/ (accessed on 17 July 2021).

Halim, S. Learn about the Launch of the Innovative Smart Inhaler Device in Europe. Available online: https://www.healtheuropa.eu/
smart-inhaler-device/91492/ (accessed on 13 July 2021).

FindAir ONE. Available online: https://findair.eu/products/findair-one.html#value (accessed on 13 July 2021).

Hailie® | Sensors & Solution For Medication Tracking. Available online: https://www.hailie.com/ (accessed on 3 July 2021).
Adherium Adherium Receives Additional U.S. 510(k) Clearance, Setting in Motion a Full U.S. Consumer Launch of the Hailie™
Solution. Available online: https://www.adherium.com/news/adherium-receives-additional-us-fda-510-k-clearance-setting-
in-motion-a-full-us-consumer-launch-of-the-hailie-solution/ (accessed on 3 July 2021).

Adherium—Our Technology. Available online: https://www.adherium.com/our-technology (accessed on 4 July 2021).
CoheroHealth Breathing Tracker & Respiratory Disease Management Products. Available online: https://coherohealth.com/
business/products/ (accessed on 4 July 2021).


http://doi.org/10.1089/jamp.2011.0911
http://doi.org/10.1007/s40199-019-00250-x
http://doi.org/10.1136/bmjopen-2015-009350
http://www.ncbi.nlm.nih.gov/pubmed/26729384
https://brightinsight.com/white-paper/accelerating-clinical-trials-with-digital-health
https://brightinsight.com/white-paper/accelerating-clinical-trials-with-digital-health
http://doi.org/10.1208/s12249-019-1314-2
http://www.ncbi.nlm.nih.gov/pubmed/30783904
http://doi.org/10.1089/jamp.2015.1267
http://www.ncbi.nlm.nih.gov/pubmed/26919553
http://doi.org/10.1089/jamp.2009.0791
http://doi.org/10.1186/2047-783X-14-S4-71
http://doi.org/10.5152/ejp.2014.00087
http://doi.org/10.1080/03639045.2016.1272119
https://www.lupin.com/lupin-launches-adhero-first-of-its-kind-connected-smart-device-in-india-to-support-treatment-of-respiratory-disease/
https://www.lupin.com/lupin-launches-adhero-first-of-its-kind-connected-smart-device-in-india-to-support-treatment-of-respiratory-disease/
https://www.trudellmed.com/aeroeclipse-breath-actuated-nebulizer
https://www.trudellmed.com/aeroeclipse-breath-actuated-nebulizer
http://www.akita-jet.com/
https://www.cphi-online.com/vectura-partner-launches-breelib-nebuliser-in-news045649.html
https://www.cphi-online.com/vectura-partner-launches-breelib-nebuliser-in-news045649.html
http://doi.org/10.1177/1753466619835497
https://capmedicinhaler.com/
https://www.prnewswire.com/news-releases/90-of-patients-cant-use-inhalers-correctly-digital-inhaler-capmedic-receives-fda-clearance-to-change-that-300992966.html
https://www.prnewswire.com/news-releases/90-of-patients-cant-use-inhalers-correctly-digital-inhaler-capmedic-receives-fda-clearance-to-change-that-300992966.html
https://www.caretrx.com/
https://www.techtimes.com/articles/100659/20151028/smart-inhaler-mit-gecko-health-gecko-cap-caretrx-teva-pharmaceuticals.htm
https://www.techtimes.com/articles/100659/20151028/smart-inhaler-mit-gecko-health-gecko-cap-caretrx-teva-pharmaceuticals.htm
https://www.prweb.com/releases/CoheroHealth/eMDI/prweb13308354.htm
https://www.presspart.com/ht-presspart-granted-european-patent-emdi-connected-inhaler/
https://www.presspart.com/ht-presspart-granted-european-patent-emdi-connected-inhaler/
https://www.healtheuropa.eu/smart-inhaler-device/91492/
https://www.healtheuropa.eu/smart-inhaler-device/91492/
https://findair.eu/products/findair-one.html#value
https://www.hailie.com/
https://www.adherium.com/news/adherium-receives-additional-us-fda-510-k-clearance-setting-in-motion-a-full-us-consumer-launch-of-the-hailie-solution/
https://www.adherium.com/news/adherium-receives-additional-us-fda-510-k-clearance-setting-in-motion-a-full-us-consumer-launch-of-the-hailie-solution/
https://www.adherium.com/our-technology
https://coherohealth.com/business/products/
https://coherohealth.com/business/products/

Pharmaceutics 2021, 13, 1455 21 of 23

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.
109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Hardaker, L.E.A.; Hatley, R H.M. In Vitro Characterization of the I-Neb Adaptive Aerosol Delivery (AAD) System. ]. Aerosol. Med.
Pulm. Drug Deliv. 2010, 23 (Suppl. S1), S11-5S20. [CrossRef]

Vuillecard, J. Leverage Technology to Overcome Pulmonary Drug Delivery Challenges. OndrugDelivery 2016, 72, 18-21.

3M Unveils Intelligent Inhaler. Available online: https://manufacturingchemist.com/news/article_page/3M_unveils_
intelligent_inhaler /135758 (accessed on 29 June 2021).

3M’s New Intelligent Control Inhaler for More Accuracy in COPD Treatment. Available online: https://www.medgadget.com/
2016/04/3ms-new-intelligent-control-inhaler-for-more-accuracy-in-copd-treatment.html (accessed on 29 June 2021).

Kesten, S.; Israel, E.; Li, G.; Mitchell, J.; Wise, R.; Stern, T. Development of a Novel Digital Breath-Activated Inhaler: Initial Particle
Size Characterization and Clinical Testing. Pulm. Pharmacol. Ther. 2018, 53, 27-32. [CrossRef]

Pneuma Respiratory. Available online: https://pneumarespiratory.com/ (accessed on 29 June 2021).

Propeller Health Receives New FDA Clearance for Next Generation Propeller Platform. Available online:
https:/ /www.propellerhealth.com/press/press-release/propeller-health-receives-new-fda-clearance-next-generation-
propeller-platform/ (accessed on 29 June 2021).

Nexus6 Receives 510(k) Clearance for SmartTrack Electronic Respiratory Medication Adherence Monitoring Solution. Available
online: https:/ /www.prweb.com/releases/2009/11/prweb3264424 htm (accessed on 29 June 2021).

Shakshuki, A.; Agu, R.U. Improving the Efficiency of Respiratory Drug Delivery: A Review of Current Treatment Trends and
Future Strategies for Asthma and Chronic Obstructive Pulmonary Disease. Pulm. Ther. 2017, 3, 267-281. [CrossRef]

Bishop, B. T-Haler Digital Inhaler Turns Battling Asthma into an Instructional Game. Available online: https://www.theverge.
com/2012/3/13/2866135/t-haler-digital-inhaler-battling-asthma-interactive-game (accessed on 4 July 2021).

Sagentia Innovation. Available online: https://www.sagentiainnovation.com/ (accessed on 4 July 2021).

Howard, S.; Lang, A.; Patel, M.; Sharples, S.; Shaw, D. Electronic Monitoring of Adherence to Inhaled Medication in Asthma.
CRMR 2014, 10, 50-63. [CrossRef]

Kim, M.S.; Henderson, K.A. Using Connected Devices to Monitor Inhaler Use in the Real World. Respir. Drug Deliv. 2016, 1, 37-44.
Propeller Health Receives FDA Clearance for the Propeller Platform in Association with Boehringer Ingelheim’s Respi-
mat®Inhaler and GlaxoSmithKline’s Diskus®Inhaler. Available online: https://www.prnewswire.com/news-releases/propeller-
health-receives-fda-clearance-for-the-propeller-platform-in-association-with-boehringer-ingelheims-respimat-inhaler-and-
glaxosmithklines-diskus-inhaler-300116853.html (accessed on 4 July 2021).

Integrates, L.S. 3M: How Connected Technology Is Helping to Put Patients at the Centre of Drug Delivery. Available on-
line: https:/ /www.lifescienceintegrates.com/3m-how-connected-technology-is-helping-to-put-patients-at-the-centre-of-drug-
delivery/ (accessed on 1 May 2021).

3M Unveils Intelligent Inhaler Designed to Help Control Spiraling Costs of Respiratory Disease. Available online: https://news.
3m.com/2016-04-19-3M-Unveils-Intelligent-Inhaler-Designed-to-Help-Control-Spiraling-Costs-of-Respiratory-Disease (ac-
cessed on 18 July 2021).

Digihaler®Family of Inhalers | Patient Information. Available online: https://www.digihaler.com/ (accessed on 1 May 2021).
Teva Launches Two Digital Inhalers in the U.S., AirDuo®Digihaler®(Fluticasone Propionate and Salmeterol) Inhalation Powder
and ArmonAir®Digihaler®(Fluticasone Propionate) Inhalation Powder. Available online: https://www.biospace.com/article/
teva-launches-two-digital-inhalers-in-the-u-s-airduo-digihaler-fluticasone-propionate-and-salmeterol-inhalation-powder-
and-armonair-digihaler-fluticasone-propionate-inhalation-powder/ (accessed on 1 May 2021).

Teva’s Two New Digital Inhalers Complete Digihaler Product Line. Available online: https://www.mobihealthnews.com/news/
teva-s-two-new-digital-inhalers-complete-digihaler-product-line (accessed on 12 June 2021).

Novartis Receives EC Approval for Enerzair®Breezhaler®, Including the First Digital Companion (Sensor and App) That Can
Be Prescribed alongside a Treatment for Uncontrolled Asthma in the EU. Available online: https://www.novartis.com/news/
media-releases/novartis-receives-ec-approval-enerzair-breezhaler-including-first-digital-companion-sensor-and-app-can-be-
prescribed-alongside-treatment-uncontrolled-asthma-eu (accessed on 1 May 2021).

Inc, AN.A. Adherium Launches Hailie™ Solution Direct-to-Consumer in the U.S. for Better Asthma and COPD Management.
Available online: https:/ /www.globenewswire.com/en/news-release/2018/08/13/1550687/0/en/ Adherium-Launches-Hailie-
Solution-Direct-to-Consumer-in-the-U-S-for-Better- Asthma-and-COPD-Management.html (accessed on 18 July 2021).
Ahderium Receives U.S. 510(k) Clearances for SmartDisk and SmartHandy. Available online: https:/ /www.adherium.com/
media/1363/510k-smartdisk_handy.pdf (accessed on 18 July 2021).

How Do I Get Started with HeroTracker Sensor for Diskus? Available online: https://coherohealth.zendesk.com/hc/en-us/
articles/115003876632-How-do-I-get-started-with-HeroTracker-sensor-for-Diskus- (accessed on 23 June 2021).

FDA Clears Propeller Health Sensor for GSK Ellipta Inhaler. Available online: https://medcitynews.com/2016/11/fda-propeller-
health-gsk-ellipta/ (accessed on 23 June 2021).

Amiko Receives CE Mark for Three Inhaler Sensors. Available online: https://amiko.io/2018/02/05/amiko-receives-ce-mark-
use-respiro-platform/ (accessed on 23 June 2021).

Bogen, D.; Apter, A.J]. Adherence Logger for a Dry Powder Inhaler: A New Device for Medical Adherence Research. J. Allergy
Clin. Immunol. 2004, 114, 863-868. [CrossRef] [PubMed]

Olthorpe, P.; Pavkov, R.; Rozenman, Y.; Humby, C. Adding Electronics to Breezhaler: Satisfying the Needs of Patients and
Regulators. Respir. Drug Deliv. 2018, 1, 71-80.


http://doi.org/10.1089/jamp.2009.0792
https://manufacturingchemist.com/news/article_page/3M_unveils_intelligent_inhaler/135758
https://manufacturingchemist.com/news/article_page/3M_unveils_intelligent_inhaler/135758
https://www.medgadget.com/2016/04/3ms-new-intelligent-control-inhaler-for-more-accuracy-in-copd-treatment.html
https://www.medgadget.com/2016/04/3ms-new-intelligent-control-inhaler-for-more-accuracy-in-copd-treatment.html
http://doi.org/10.1016/j.pupt.2018.08.007
https://pneumarespiratory.com/
https://www.propellerhealth.com/press/press-release/propeller-health-receives-new-fda-clearance-next-generation-propeller-platform/
https://www.propellerhealth.com/press/press-release/propeller-health-receives-new-fda-clearance-next-generation-propeller-platform/
https://www.prweb.com/releases/2009/11/prweb3264424.htm
http://doi.org/10.1007/s41030-017-0046-2
https://www.theverge.com/2012/3/13/2866135/t-haler-digital-inhaler-battling-asthma-interactive-game
https://www.theverge.com/2012/3/13/2866135/t-haler-digital-inhaler-battling-asthma-interactive-game
https://www.sagentiainnovation.com/
http://doi.org/10.2174/1573398X10666140429005007
https://www.prnewswire.com/news-releases/propeller-health-receives-fda-clearance-for-the-propeller-platform-in-association-with-boehringer-ingelheims-respimat-inhaler-and-glaxosmithklines-diskus-inhaler-300116853.html
https://www.prnewswire.com/news-releases/propeller-health-receives-fda-clearance-for-the-propeller-platform-in-association-with-boehringer-ingelheims-respimat-inhaler-and-glaxosmithklines-diskus-inhaler-300116853.html
https://www.prnewswire.com/news-releases/propeller-health-receives-fda-clearance-for-the-propeller-platform-in-association-with-boehringer-ingelheims-respimat-inhaler-and-glaxosmithklines-diskus-inhaler-300116853.html
https://www.lifescienceintegrates.com/3m-how-connected-technology-is-helping-to-put-patients-at-the-centre-of-drug-delivery/
https://www.lifescienceintegrates.com/3m-how-connected-technology-is-helping-to-put-patients-at-the-centre-of-drug-delivery/
https://news.3m.com/2016-04-19-3M-Unveils-Intelligent-Inhaler-Designed-to-Help-Control-Spiraling-Costs-of-Respiratory-Disease
https://news.3m.com/2016-04-19-3M-Unveils-Intelligent-Inhaler-Designed-to-Help-Control-Spiraling-Costs-of-Respiratory-Disease
https://www.digihaler.com/
https://www.biospace.com/article/teva-launches-two-digital-inhalers-in-the-u-s-airduo-digihaler-fluticasone-propionate-and-salmeterol-inhalation-powder-and-armonair-digihaler-fluticasone-propionate-inhalation-powder/
https://www.biospace.com/article/teva-launches-two-digital-inhalers-in-the-u-s-airduo-digihaler-fluticasone-propionate-and-salmeterol-inhalation-powder-and-armonair-digihaler-fluticasone-propionate-inhalation-powder/
https://www.biospace.com/article/teva-launches-two-digital-inhalers-in-the-u-s-airduo-digihaler-fluticasone-propionate-and-salmeterol-inhalation-powder-and-armonair-digihaler-fluticasone-propionate-inhalation-powder/
https://www.mobihealthnews.com/news/teva-s-two-new-digital-inhalers-complete-digihaler-product-line
https://www.mobihealthnews.com/news/teva-s-two-new-digital-inhalers-complete-digihaler-product-line
https://www.novartis.com/news/media-releases/novartis-receives-ec-approval-enerzair-breezhaler-including-first-digital-companion-sensor-and-app-can-be-prescribed-alongside-treatment-uncontrolled-asthma-eu
https://www.novartis.com/news/media-releases/novartis-receives-ec-approval-enerzair-breezhaler-including-first-digital-companion-sensor-and-app-can-be-prescribed-alongside-treatment-uncontrolled-asthma-eu
https://www.novartis.com/news/media-releases/novartis-receives-ec-approval-enerzair-breezhaler-including-first-digital-companion-sensor-and-app-can-be-prescribed-alongside-treatment-uncontrolled-asthma-eu
https://www.globenewswire.com/en/news-release/2018/08/13/1550687/0/en/Adherium-Launches-Hailie-Solution-Direct-to-Consumer-in-the-U-S-for-Better-Asthma-and-COPD-Management.html
https://www.globenewswire.com/en/news-release/2018/08/13/1550687/0/en/Adherium-Launches-Hailie-Solution-Direct-to-Consumer-in-the-U-S-for-Better-Asthma-and-COPD-Management.html
https://www.adherium.com/media/1363/510k-smartdisk_handy.pdf
https://www.adherium.com/media/1363/510k-smartdisk_handy.pdf
https://coherohealth.zendesk.com/hc/en-us/articles/115003876632-How-do-I-get-started-with-HeroTracker-sensor-for-Diskus-
https://coherohealth.zendesk.com/hc/en-us/articles/115003876632-How-do-I-get-started-with-HeroTracker-sensor-for-Diskus-
https://medcitynews.com/2016/11/fda-propeller-health-gsk-ellipta/
https://medcitynews.com/2016/11/fda-propeller-health-gsk-ellipta/
https://amiko.io/2018/02/05/amiko-receives-ce-mark-use-respiro-platform/
https://amiko.io/2018/02/05/amiko-receives-ce-mark-use-respiro-platform/
http://doi.org/10.1016/j.jaci.2004.07.017
http://www.ncbi.nlm.nih.gov/pubmed/15480328

Pharmaceutics 2021, 13, 1455 22 of 23

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

van der Palen, J.; Klein, J.J.; Rovers, M.M. Compliance with Inhaled Medication and Self-Treatment Guidelines Following a
Self-Management Programme in Adult Asthmatics. Eur. Respir. |. 1997, 10, 652-657. [PubMed]

Rau, J.L. Determinants of Patient Adherence to an Aerosol Regimen. Respir. Care 2005, 50, 1346-1356.

O’Dwyer, S.M.; MacHale, E.; Sulaiman, I.; Holmes, M.; Hughes, C.; D’Arcy, S.; Rapcan, V.; Taylor, T.; Boland, F.; Bosnic-Anticevich,
S.; et al. The Effect of Providing Feedback on Inhaler Technique and Adherence from an Electronic Audio Recording Device,
INCA®, in a Community Pharmacy Setting: Study Protocol for a Randomised Controlled Trial. Trials 2016, 17, 226. [CrossRef]
Sulaiman, I.; Cushen, B.; Greene, G.; Seheult, ].; Seow, D.; Rawat, F.; MacHale, E.; Mokoka, M.; Moran, C.N.; Sartini Bhreathnach,
A.; et al. Objective Assessment of Adherence to Inhalers by Patients with Chronic Obstructive Pulmonary Disease. Am. |. Respir.
Crit. Care Med. 2017, 195, 1333-1343. [CrossRef] [PubMed]

Moran, C.; Doyle, F.; Sulaiman, I.; Bennett, K.; Greene, G.; Molloy, G.J.; Reilly, R.B.; Costello, R.W.; Mellon, L. The INCA™
(Inhaler Compliance Assessment™): A Comparison with Established Measures of Adherence. Psychol. Health 2017, 32, 1266-1287.
[CrossRef] [PubMed]

Steuer, G.; Prais, D.; Mussaffi, H.; Mei-Zahav, M.; Bar-On, O.; Levine, H.; Gendler, Y.; Blau, H.; Stafler, P. Inspiromatic-
Safety and Efficacy Study of a New Generation Dry Powder Inhaler in Asthmatic Children. Pediatr. Pulmonol. 2018, 53,
1348-1355. [CrossRef] [PubMed]

Glusker, M.; Axford, G.; Le, J.; Lin, J.; Maltz, D.S.; Paterson, D.; Serafin, C.; Smith, W.; Tiwari, N.; Todd, N.; et al. USSC-03: A
Modular Breath-Actuated Multi-Dose Dry Powder Inhaler System with Telehealth Capability. Respir. Drug Deliv. 2016, 3, 449-454.
Enerzair Breezhaler. Available online: https:/ /www.ema.europa.eu/en/medicines/human/EPAR/enerzair-breezhaler (accessed
on 9 May 2021).

Enerzair Breezhaler—Summary of Product Characteristics (SmPC)—(Emc). Available online: https://www.medicines.org.uk/
emc/product/11886/smpc (accessed on 1 May 2021).

Propeller Health Sensor to Be Co-Packaged with Recently Approved Enerzair®Breezhaler® Asthma Medication in Europe. Avail-
able online: https:/ /www.businesswire.com /news/home/20200706005585/en/Propeller-Health-Sensor-to-Be-Co-Packaged-
With-Recently- Approved-Enerzair%C2%AE-Breezhaler%C2%AE- Asthma-Medication-in-Europe (accessed on 1 May 2021).
Adherium Adherium—Adherium Submits US FDA 510(k) Application for next Generation Hailie®Sensor with Physiolog-
ical Measures. Available online: https://www.adherium.com/news/adherium-submits-us-fda-510-k-application-for-next-
generation-hailie-sensor-with-physiological-measures/ (accessed on 18 July 2021).

Cohero Health’s Digital Respiratory Assets Get Scooped up by AptarPharma. Available online: https://www.mobihealthnews.
com/news/cohero-healths-digital-respiratory-assets-get-scooped-aptarpharma (accessed on 23 June 2021).

What Is a HeroTracker Sensor for Diskus and How Does It Work? Available online: https://coherohealth.zendesk.com/hc/en-
us/articles/115003954032-What-is-a-HeroTracker-sensor-for-Diskus-and-how-does-it-work- (accessed on 23 June 2021).
Teva’s ProAir Digihaler Breezes into U.S. Market. Available online: https://www.fiercepharma.com/drug-delivery/teva-s-
proair-digihaler-breezes-into-u-s-market (accessed on 1 May 2021).

Mehta, P.P. Dry Powder Inhalers: A Concise Summary of the Electronic Monitoring Devices. Ther. Deliv. 2021, 12, 1-6. [CrossRef]
Proair Digihaler (Albuterol Sulfate Inhalation Powder): Uses, Dosage, Side Effects, Interactions, Warning. Available online:
https:/ /www.rxlist.com/proair-digihaler-drug.htm (accessed on 1 May 2021).

ProAir Digihaler, a Rescue Inhaler With Built-In Sensors, Now Available. Available online: https://www.empr.com/home/
news/proair-digihaler-inhalation-powder-available-for-over-4-years/ (accessed on 1 May 2021).

Teva Announces FDA Approval of ProAir®DigihalerTM. Available online: https:/ /community.aafa.org/blog/teva-announces-
fda-approval-of-proair-digihaler (accessed on 1 May 2021).

Safioti, G.; Granovsky, L.; Li, T.; Reich, M.; Cohen, S.; Hadar, Y.; Pleasants, R.; Chrystyn, H.; Hill, T.; DePietro, M. A Predictive
Model for Clinical Asthma Exacerbations Using Albuterol EMDPI (ProAir Digihaler): A Twelve-Week, Open-Label Study.
Iproceedings 2019, 5, €15173. [CrossRef]

Dimitrova, E.K. Quality Requirements for Drug-Device Combinations. Available online: https://www.ema.europa.eu/en/
quality-requirements-drug-device-combinations (accessed on 9 April 2021).

Santos, C.; Marco, G.; Nagao, L.M.; Castro, E.; Chesworth, T. European Regulatory Developments for Orally Inhaled and Nasal
Drug Products. AAPS PharmSciTech 2018, 19, 3134-3140. [CrossRef]

Questions & Answers on Implementation of the Medical Devices and In Vitro Diagnostic Medical Devices Regulations ((EU)
2017/745 and (EU) 2017 /746). Available online: https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/
questions-answers-implementation-medical-devices-vitro-diagnostic-medical-devices-regulations-eu/745-eu-2017 /746 _en.
pdf (accessed on 9 April 2021).

Legal Framework Governing Medicinal Products for Human Use in the EU. Available online: https://ec.europa.eu/health/
human-use/legal-framework_en (accessed on 9 April 2021).

Medical Devices. Available online: https:/ /www.ema.europa.eu/en/human-regulatory/overview /medical-devices (accessed
on 9 April 2021).

Lyapustina, S. Regulatory Pitfalls and Opportunities When Repurposing for Inhalation Therapy. Adv. Drug Deliv. Rev. 2018, 133,
57-65. [CrossRef]

Classification of Software as a Medical Device. Available online: https:/ /www.biosliceblog.com /2018 /01/classification-software-
medical-device/ (accessed on 12 April 2021).


http://www.ncbi.nlm.nih.gov/pubmed/9073000
http://doi.org/10.1186/s13063-016-1362-9
http://doi.org/10.1164/rccm.201604-0733OC
http://www.ncbi.nlm.nih.gov/pubmed/27409253
http://doi.org/10.1080/08870446.2017.1290243
http://www.ncbi.nlm.nih.gov/pubmed/28276739
http://doi.org/10.1002/ppul.24077
http://www.ncbi.nlm.nih.gov/pubmed/29905977
https://www.ema.europa.eu/en/medicines/human/EPAR/enerzair-breezhaler
https://www.medicines.org.uk/emc/product/11886/smpc
https://www.medicines.org.uk/emc/product/11886/smpc
https://www.businesswire.com/news/home/20200706005585/en/Propeller-Health-Sensor-to-Be-Co-Packaged-With-Recently-Approved-Enerzair%C2%AE-Breezhaler%C2%AE-Asthma-Medication-in-Europe
https://www.businesswire.com/news/home/20200706005585/en/Propeller-Health-Sensor-to-Be-Co-Packaged-With-Recently-Approved-Enerzair%C2%AE-Breezhaler%C2%AE-Asthma-Medication-in-Europe
https://www.adherium.com/news/adherium-submits-us-fda-510-k-application-for-next-generation-hailie-sensor-with-physiological-measures/
https://www.adherium.com/news/adherium-submits-us-fda-510-k-application-for-next-generation-hailie-sensor-with-physiological-measures/
https://www.mobihealthnews.com/news/cohero-healths-digital-respiratory-assets-get-scooped-aptarpharma
https://www.mobihealthnews.com/news/cohero-healths-digital-respiratory-assets-get-scooped-aptarpharma
https://coherohealth.zendesk.com/hc/en-us/articles/115003954032-What-is-a-HeroTracker-sensor-for-Diskus-and-how-does-it-work-
https://coherohealth.zendesk.com/hc/en-us/articles/115003954032-What-is-a-HeroTracker-sensor-for-Diskus-and-how-does-it-work-
https://www.fiercepharma.com/drug-delivery/teva-s-proair-digihaler-breezes-into-u-s-market
https://www.fiercepharma.com/drug-delivery/teva-s-proair-digihaler-breezes-into-u-s-market
http://doi.org/10.4155/tde-2020-0091
https://www.rxlist.com/proair-digihaler-drug.htm
https://www.empr.com/home/news/proair-digihaler-inhalation-powder-available-for-over-4-years/
https://www.empr.com/home/news/proair-digihaler-inhalation-powder-available-for-over-4-years/
https://community.aafa.org/blog/teva-announces-fda-approval-of-proair-digihaler
https://community.aafa.org/blog/teva-announces-fda-approval-of-proair-digihaler
http://doi.org/10.2196/15173
https://www.ema.europa.eu/en/quality-requirements-drug-device-combinations
https://www.ema.europa.eu/en/quality-requirements-drug-device-combinations
http://doi.org/10.1208/s12249-018-1154-5
https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/questions-answers-implementation-medical-devices-vitro-diagnostic-medical-devices-regulations-eu/745-eu-2017/746_en.pdf
https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/questions-answers-implementation-medical-devices-vitro-diagnostic-medical-devices-regulations-eu/745-eu-2017/746_en.pdf
https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/questions-answers-implementation-medical-devices-vitro-diagnostic-medical-devices-regulations-eu/745-eu-2017/746_en.pdf
https://ec.europa.eu/health/human-use/legal-framework_en
https://ec.europa.eu/health/human-use/legal-framework_en
https://www.ema.europa.eu/en/human-regulatory/overview/medical-devices
http://doi.org/10.1016/j.addr.2018.04.013
https://www.biosliceblog.com/2018/01/classification-software-medical-device/
https://www.biosliceblog.com/2018/01/classification-software-medical-device/

Pharmaceutics 2021, 13, 1455 23 of 23

149.

150.

151.

152.

153.
154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Regulation (EU) 2017 /745 of the European Parliament and of the Council of 5 April 2017 on Medical Devices, Amending Directive
2001/83/EC, Regulation (EC) No 178/2002 and Regulation (EC) No 1223/2009 and Repealing Council Directives 90/385/EEC
and 93/42/EEC (Text with EEA Relevance). Available online: https:/ /eur-lex.europa.eu/legal-content/EN/TXT /?uri=CELEX%
3A32017R0745 (accessed on 12 April 2021).

Guidance for the Content of Premarket Submissions for Software Contained in Medical Devices. Available online:
https:/ /www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-content-premarket-submissions-
software-contained-medical-devices (accessed on 12 April 2021).

Policy for Device Software Functions and Mobile Medical Applications. Available online: https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/policy-device-software-functions-and-mobile-medical-applications (accessed on
21 April 2021).

Himes, B.E.; Leszinsky, L.; Walsh, R.; Hepner, H.; Wu, A.C. Mobile Health and Inhaler-Based Monitoring Devices for Asthma
Management. J. Allergy Clin. Immunol. Pract. 2019, 7, 2535-2543. [CrossRef]

Combination Products. Available online: https://www.fda.gov/combination-products (accessed on 13 April 2021).
CFR—Code of Federal Regulations Title 21. Available online: https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/
cfrsearch.cfm?fr=3.2 (accessed on 13 April 2021).

Center for Devices and Radiological Health. Available online: https://www.fda.gov/about-fda/fda-organization/center-
devices-and-radiological-health (accessed on 13 April 2021).

Center for Drug Evaluation and Research | CDER. Available online: https://www.fda.gov/about-fda/fda-organization/center-
drug-evaluation-and-research-cder (accessed on 13 April 2021).

Teva Develops First FDA-Approved Digitally-Integrated Inhaler. Available online: https://www.clinicalleader.com/doc/teva-
develops-first-fda-approved-digitally-integrated-inhaler-0001 (accessed on 14 April 2021).

Standards for Medical Devices in Japan. Available online: https://www.std.pmda.go.jp/stdDB/index_en.html (accessed on 21
April 2021).

Anonymous Brexit: The United Kingdom’s Withdrawal from European Union. Available online: https:/ /www.ema.europa.eu/
en/about-us/brexit-united-kingdoms-withdrawal-european-union (accessed on 26 April 2021).

Medicines and Healthcare Products Regulatory Agency. Available online: https://www.gov.uk/government/organisations/
medicines-and-healthcare-products-regulatory-agency (accessed on 26 April 2021).

WHO. Management of Patient Information: Trends and Challenges in Member States: Based on the Findings of the Second Global Survey on
EHealth; World Health Organization: Geneva, Switzerland, 2012; ISBN 978-92-4-150464-5.

WHO. Legal Frameworks for EHealth: Based on the Findings of the Second Global Survey on EHealth; World Health Organization:
Geneva, Switzerland, 2012; ISBN 978-92-4-150314-3.

Silverio-Fernandez, M.; Renukappa, S.; Suresh, S. What Is a Smart Device?—A Conceptualisation within the Paradigm of the
Internet of Things. Vis. Eng. 2018, 6, 3. [CrossRef]


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32017R0745
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32017R0745
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-content-premarket-submissions-software-contained-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-content-premarket-submissions-software-contained-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/policy-device-software-functions-and-mobile-medical-applications
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/policy-device-software-functions-and-mobile-medical-applications
http://doi.org/10.1016/j.jaip.2019.08.034
https://www.fda.gov/combination-products
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr=3.2
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr=3.2
https://www.fda.gov/about-fda/fda-organization/center-devices-and-radiological-health
https://www.fda.gov/about-fda/fda-organization/center-devices-and-radiological-health
https://www.fda.gov/about-fda/fda-organization/center-drug-evaluation-and-research-cder
https://www.fda.gov/about-fda/fda-organization/center-drug-evaluation-and-research-cder
https://www.clinicalleader.com/doc/teva-develops-first-fda-approved-digitally-integrated-inhaler-0001
https://www.clinicalleader.com/doc/teva-develops-first-fda-approved-digitally-integrated-inhaler-0001
https://www.std.pmda.go.jp/stdDB/index_en.html
https://www.ema.europa.eu/en/about-us/brexit-united-kingdoms-withdrawal-european-union
https://www.ema.europa.eu/en/about-us/brexit-united-kingdoms-withdrawal-european-union
https://www.gov.uk/government/organisations/medicines-and-healthcare-products-regulatory-agency
https://www.gov.uk/government/organisations/medicines-and-healthcare-products-regulatory-agency
http://doi.org/10.1186/s40327-018-0063-8

	Introduction 
	State of the Art 
	Limitations of Currently Available DPIs 
	Bioequivalence and Bioavailability Issues of DPI Products 
	Digitalization: From Nebulizers and pMDIs to DPIs 
	Marketed and under Development Digitalized DPIs 
	Regulatory Standards in DPI Digitalization 
	Gaps to Be Filled to Reach Digitalization 
	Perspectives after Digitalization 
	References

