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ABSTRACT

Asthma, a chronic respiratory condition affecting approximately 12% of the global population, is
primarily managed using inhalers that deliver medication directly to the lungs. However, traditional
inhalers face significant challenges related to patient adherence, correct usage, and accessibility. In recent
years, smart inhalers, equipped with sensors and connectivity features, have emerged as a promising
solution. These devices are designed to enhance medication adherence, provide real-time feedback, and
monitor patient behavior through data analytics. This review examines the role of smart inhalers in
asthma management, discussing their key components, benefits, and clinical efficacy. Additionally, it
highlights ongoing research, future directions, and potential improvements to optimize the functionality
of these devices for better patient outcomes.
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INTRODUCTION
Asthma is a chronic condition of the respiratory system characterized by recurring symptoms such as
wheezing, dyspnea, chest tightness, and coughing. All of these occur due to varying degrees of lung
inflammation, intermittent bronchoconstriction, and bronchial hyper-responsiveness. Airflow obstruction
arises from the constriction of smooth muscle that wraps around the airways, mucus plugging, and
epithelial remodeling. Apart from systemic medications, inhalers are also the prime treatment option for
asthmatics and patients with chronic obstructive pulmonary disease because the medication administered
through them directly reaches the lungs with minimal side effects [1, 27, Inhalers allow the patient to
breathe in the medication in the form of aerosols containing small droplets of drug solution, large drug
particles, or fine dry powder; but how they are prepared and the location for drug deposition in the
respiratory system are different. Metered-dose inhalers were introduced in 1950, pressurized metered-
dose inhalers in 1955, and dry powder inhalers in 1970 as alternatives to metered-dose inhalers. There
are mainly two types of dry powder inhalers: resistance-based inhalers and vibration-based inhalers.
Currently, 12% of the global population suffers from asthma, and it is estimated that by the end of 2025,
100,000,000 people will have this disease. With the advent of steady progress in inhaler technology,
different types of smart inhalers have been developed for identifying and controlling the disease
efficiently. Smart inhalers are used in combination with radios, sensors, analytics-related software, and
wireless communications. In the present review, the role of inhalers in disease management is discussed
3,47
Challenges in Traditional Inhaler Use

There are numerous hurdles in the effective delivery of asthma medication through traditional inhaler
devices. Among them is the fact that many patients with asthma fail to use their inhaler devices correctly,
which can result in less effective medication delivery, inadequate control of their disease, and an increased
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risk of health complications. Poor adherence to treatment regimens, owing to forgetfulness or a lack of
understanding about the necessity of taking controller medications, is also a contributing factor to
uncontrolled asthma. Additional limitations in traditional inhaler function stem from patients' insufficient
ability to use inhaler devices because of their young age, older age, or limited cognitive, dexterity,
hearing, or vision abilities. Controllable environmental elements, including socio-economic factors such as
low income, low health literacy, poor health, and unaffordable inhaler devices, might also affect people's
usage of conventional inhalers [5, 67. To address disparities in patient inhaler technique, researchers have
designed new sensor-based technologies, often known as smart inhalers, to help consumers improve how
they use their inhalers. These tools are designed to solve challenges with traditional inhaler use, thereby
bolstering patient engagement and clinical outcomes. Smart inhalers come in a variety of models. Only
intelligent spacers are available, while others are fitted with a dry powder inhaler, an inhaled
corticosteroid MDI, or a rapid-acting agonist bronchodilator MDI. Pulmonary physicians and researchers
have been able to categorize the possible applications of these tools. Many studies have not yet made a
categorical distinction. Currently, none of the commercially available inhaler technologies have been
combined with smartphone technologies, particularly smart inhaler interfaces [[7, 87.
Emergence of Smart Inhaler Technology
In recent years, remarkable advancements have been achieved in the treatment of respiratory diseases like
asthma through the implementation of smart inhaler technologies. Smart inhalers represent advanced
versions of traditional inhaler devices, embedded with digital features or capabilities. The principal
objective of these technological advancements is to transform inhaler devices for better asthma patient
adherence and monitoring. When focused on better adherence, it is evident that basic inhaler devices
designed earlier did not possess multifaceted tracking capabilities, and thus, adherence or non-adherence
data were not retained. In contrast, smart inhalers characterize themselves by an ability to
chronologically monitor and store the adherence data of patients using propellant inhalers or dry powder
inhaler devices in an internal computer or a compatible add-on tool, paired with the standard inhaler
device [9, 107. In addition, advancements in asthma management have led to the development of mobile
smartphone applications and cloud computing, which are capable of ensuring the real-time availability of
asthma control data to concerned patients using smart inhalers. This data can further help healthcare
professionals discuss the latest trends in asthma control or prescribe an alternative treatment plan during
the next clinical visit. Smart inhalers can also be more interventional, helpful, and empowering to asthma
patients, as these devices can provide feedback or recommendations to individuals according to their
latest data trends. This feedback can include advice during the process of emergency rescue inhaler
therapy and/or connect to ambulatory alert systems, leading to improvements in asthma prescriptions or
interventions by healthcare professionals. Some smart inhaler prototypes are able to communicate with
patients when they are supposed to administer a particular dose or can provide predictive insights based
on user history data, generating an action plan for the user to execute after the occurrence of a particular
situation. All these latest advancements in traditional inhaler devices can be clubbed under the term
"smart inhalers." Although different smart inhaler prototypes have been developed with their unique
capabilities and limitations, none have reached the point of everyday use in asthma clinics, mainly because
of their ability to be tested intimately in clinical practice or upcoming pilot studies [11, 127].
Key Components of Smart Inhalers

The integration of sensors is the essential feature of smart inhaler devices, especially in the context of
asthma management. Added sensors on the inhaler are used for observation of the inhaler usage pattern
as well as monitoring adherence to the medication. Data generated by the sensors can be transmitted via
connectors to a storage device for further data analytics. The connectivity options available in smart
inhaler devices include Bluetooth and Wi-Fi, which allow data to be easily transferred to mobile
applications for further data analytics. Smart inhalers are built using a user-friendly interface that
provides real-time feedback to the user in an attempt to improve their experience with the device and
ultimately their adherence to their treatment regimen. The processor integrated into the device performs
the drug metering function and stores the inhalation data until the time of transfer. The inhalation cycle
data can be used to infer flow rate and volumes [13, 147]. Collection of data from the user device allows
fast inhaler usage data analytics. Data can be categorized by individual, dosage, frequency of use, and time
of inhalation. Patient-specific drug consumption patterns over time can be identified for individuals as
well as groups with common characteristics. Inhaler performance data are also captured, which can
provide the user with feedback on good and poor usage of the inhaler. Users can be issued alerts at the
first instance of a diverging data trend that may indicate potential exacerbation and avoid unnecessary
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healthcare visits. Stored drug data and timing of inhalations can be transmitted to patient databases for
patient mobile applications designed for recording and tracking inhaler usage and outcomes. The data are
essential for informing the patient when the next dose is due and for coordinating with the healthcare
provider. Data stored and captured from the device can be transmitted to servers located in clinics or
hospitals for healthcare provider follow-up. Moreover, the user’s nomadic devices, such as tablets or
smartphones, can transmit the data to the healthcare provider databases from the home care clinic or
hospital and can be used for appointment scheduling or confirmation. The inhalation and data transfer
processes now have an increasing degree of patient participation and input, which in turn can also take
the form of ethical considerations for the overall expected outcomes. These components should culminate
in better therapy and potential improvement in care that can lead to better patient outcomes [15, 167.
Sensors and Connectivity

The main aim of a smart inhaler is to track inhaler user behavior in terms of timing and frequency of
usage. Sensors fitted inside the device work as an accelerometer that reports device actuation and motion
artifacts. These sensors play three primary roles in an inhaler device: to track the inhalation profile, to
validate a user’s inhalation to ensure drug deposition in the lungs, and to monitor the dosing after the
dose delivery. More generally, the accumulated data provide details about a user’s adherence in real time
or at a predetermined threshold as input to the HIS. Various sensors have been employed, such as
capacitance sensors, ultrasonic sensors, optical sensors, inertial sensors, and accelerometers, and they
provide information on inspiratory flow profiles, inspiratory volume, and inspiratory efforts [17, 18, 197].
Using time-stamped data on the date and time of device actuations indicated timing and adherence issues
of inhaled corticosteroids. A study demonstrated that compliance with inhaled corticosteroids for one
month was suboptimal for half of the children enrolled. Therefore, a monitoring and reminder method
was proposed as a solution. Since then, the world has seen the development of non-pharmacology
intervention tools, including alarm systems, patient diaries, and electronic monitoring. The Bluetooth
feature in a daily smart inhaler pairs the inhaler to a mobile device, after which the device can then send
the pairing data to the cloud. A practical outcome of these technologies is that the HIS can manage and
analyze which medication measurements to transmit to the patient; this structure also prevents the
multiplicity of drug dosages generating random notifications. In terms of user anonymity, data security of
such smart inhalers is a crucial factor in the days of health informatics [20, 217.

Data Analytics and Feedback Systems
While stand-alone medication reminders have limited value, there is a growing recognition of the role of
data analytics and feedback systems in improving patient care and management at the individual patient
level. Such systems primarily analyze the data from the sensors to give a clearer indication of when
medications were taken and to provide insight into the individual's patterns of medicine use over time,
giving a picture of their compliance. The availability of this kind of evidence-based data has the potential
to enhance the discussion during healthcare contacts, but also to provide an opportunity for the use of
machine learning techniques to predict how well a course of medicine is progressing, and/or to generate
recommended changes to the management plan based on the profile of medicine use or to offer
customized behavior change techniques to support a participant or patient in taking their medicines [22,
237). The feedback loops generated by these solutions also allow us to provide a more direct and
immediate means of engagement with people. It can range from a mobile app that uses a sensor in an
inhaler to remind a patient when to take their treatment, to monitoring the use of medicines and
automatically alerting the patient and a healthcare professional when the usage pattern indicates that the
patient's control of asthma is reducing. At the population health level, access to aggregated compliance
data could be used by healthcare providers to monitor how well a new program, medication, or
intervention is being taken up by a cohort of patients and to track their medicine-taking over time to
evaluate if they are sticking to the medication regimen. However, these analytics vary in their levels of
sophistication. While some may be able to measure the user’s dosage, others can combine this information
with additional health data, such as asthma attacks or smart inhaler sensor activations, to develop a more
complete picture. There is a danger of paralysis by analysis and that the output will not be properly
understood or communicated effectively during the appointment. Furthermore, there may be ethical
concerns about the use of this data, including questions about interpretation and accuracy of electronic
monitoring, the impact of possible inaccuracies on individuals and their healthcare, and the potential
stigma for those using inhaled therapy for whom it is not best practice. Nevertheless, this data provides
an opportunity to substantially reduce avoidable emergency hospital admissions and avoidable deaths in
healthcare systems by being more proactive in the care provided. By using data analytics to provide a
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better understanding of patient compliance or adherence and applying an appropriate range of behavior-
changing techniques to help address poor patterns of adherence, the frequency of poor outcomes for
patients due to poor compliance may be subsequently reduced, and the cost and burden for healthcare
systems relating to avoidable care and treatments could be reduced. The level of regulation regarding
these solutions is currently being discussed as part of regulatory reforms [24, 257].
Benefits and Clinical Efficacy of Smart Inhalers
In addition to improving medication adherence among asthma patients, the initial applications and
efficacy of smart inhaler devices should be evaluated in the real-world setting. Studies suggest that
healthcare professionals place great importance on objective data related to illness and treatment; most
have indicated that smart inhalers could support better patient outcomes by complementing their clinical
decision-making. The feasibility and acceptability of health and patient care centers' stakeholders using
data and insights supplied by digital technologies have also been validated. At an individual level, this
simple form of communication between patients and healthcare professionals is precisely what the NBAI
aims to achieve. Continuous patient data collection through digital technologies provides a detailed,
objective, and long-term view of a patient's disease profile and treatment response, which may allow
identification of asthma patients eligible for a different treatment option. Consequently, improved
treatment outcomes may occur through the earlier implementation of more personalized treatment
approaches. Smart inhaler technology could act as the tool for necessary treatment in line with current
asthma management guidelines and treatment strategies [10, 26]. Clinical evidence shows that a person
with well-grounded, disease-specific confidence has a good understanding of his or her illness and its
management. A 6-month usual-care asthma management study demonstrated a higher level of confidence
in the usual care of the digital intervention group and a higher level of knowledge; this approach
encourages a collaborative relationship between the patients and professionals. An intervention that
improves confidence with a tailored information function was considerably more effective than routine
care. The use of smart inhaler devices represents a reasonable option to address the multiple dimensions
of the cost-utility analysis of a given treatment — both cost and consequences — compared with alternative
medications. They could be of particular interest as an alternative option to market access for individuals
who are currently not offered access to eligible and needed therapies, based on their history or likelihood
of being offered. A smart inhaler could reflect the increased value of that treatment approach due to the
potentially higher baseline value of associated fees in other, more severe and difficult patient populations
who would benefit [27, 287.
Current Research and Future Directions
Peers are addressing several areas of research that can be advanced. There are a number of studies that
are ongoing worldwide and will help determine patient health outcomes from the long-term use of these
devices. A program is evaluating both patient experiences of using a commercial device and the linkage
with patient outcomes from across the studies. This large system-wide study collates data from various
sources and investigates how people use a novel app-linked medication as well as assessing the potential
for the use of inhaler data as a phenotyping tool. Researchers in other teams have taken the step of
engaging the input of commercial manufacturers, the regulatory authority, and healthcare professionals
to ask how they see the 'next step' developing for smart inhalers to become adopted into clinical practice.
This work has explored how to interpret the multitude of data generated by smart inhalers through the
development of algorithms to highlight those with deteriorating control. Another activity looked at the
perspective of why someone may not use a smart inhaler — providing data on features that are of less or
more interest to users. Indeed, they may have researched what additional features individuals want to see
in a smart inhaler, with the potential for wider functionality such as add-ons to devices, diet, and activity
tracking. These investments in the smart inhaler 'who benefits' studies from various stakeholders and the
engagement of users, manufacturers, researchers, and others are reflective of the considerable effort being
placed into this area of current and emerging interest. They demonstrate that the area of smart inhalers
and devices continues to attract considerable interest from multiple stakeholders with an interest in
understanding the current and potential future contribution of such devices to asthma management.
There are developments occurring in relation to smart inhalers that do not make the landscape in the UK
that are discussed at a commercial and academic level. These focus mainly on the development of inhalers
for use in newly diagnosed patients [29, 147].
CONCLUSION
Smart inhalers represent a significant technological advancement in asthma management. By integrating
sensors and connectivity, these devices provide real-time tracking of medication use and adherence,
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allowing for personalized asthma management. The feedback systems and data analytics capabilities of
smart inhalers offer opportunities to improve patient outcomes, reduce emergency hospital visits, and
optimize treatment plans. Despite challenges related to widespread adoption and clinical integration, the
growing body of research supports the potential for these devices to revolutionize asthma care. As
technology continues to evolve, smart inhalers will likely play a crucial role in enhancing the quality of
life for asthma patients worldwide. Future research should focus on further improving device accessibility,
refining data interpretation, and ensuring broad clinical adoption to maximize their impact on asthma
management.
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