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Abstract: Medication non-adherence to asthma and chronic obstructive pulmonary disease therapy poses
a significant burden for patients and societies. Non-adherence encompasses poor initiation, implementation
(including poor inhalation technique) and non-persistence. Globally, non-adherence is associated with poor
clinical outcomes, reduced quality of life and high healthcare and societal costs. Costs are mainly caused by
excess hospitalizations and impaired work productivity. Multiple intervention programs to increase adherence
in patients with asthma and chronic obstructive pulmonary disease have been conducted. However, these
intervention programs are generally not as effective as intended. Additionally, adherence outcomes are mostly
examined with non-objective or non-granular measures (e.g., self-report, dose count, pharmacy records).
Recently developed smart inhalers could be the key to objectively diagnose and manage non-adherence
effectively in patients with asthma and chronic obstructive pulmonary disease. Smart inhalers register usage
of the inhaler, record time and date, send reminders, give feedback about adherence and some are able to
assess inhaler technique and predict exacerbations. Still, some limitations need to be overcome before smart
inhalers can be incorporated in usual care. For example, their cost-effectiveness and budget impact need to be
examined. It is likely that smart inhalers are particularly cost-effective in specific asthma and chronic obstructive
pulmonary disease subgroups, including patients with asthma eligible for additional GINA-5 therapy (oral
corticosteroids or biologics), patients with severe asthma in GINA-35, patients with asthma with short-
acting beta2 agonists overuse, patients with asthma and chronic obstructive pulmonary disease with frequent
exacerbations and patients with asthma and chronic obstructive pulmonary disease of working-age. While there
is high potential and evidence is accumulating, a final push seems needed to cost-effectively integrate smart
inhalers in the daily management of patients with asthma and chronic obstructive pulmonary disease.
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Introduction

Worldwide, respiratory diseases are one of the leading
causes of death, of which chronic obstructive pulmonary
disease (COPD) and asthma are most common. In 2015,
174 million and 358 million people suffered from COPD
and asthma worldwide of which 3.2 and 0.4 million die each
year, respectively (1). Besides the high healthcare burden,
asthma and COPD also cause high economic burden both
consisting of direct healthcare costs and indirect costs such
as work productivity losses (2-4).

"To help achieving asthma and COPD treatment goals,
i.e., preventing exacerbations and increase patients’ quality
of life, both pharmacological and non-pharmacological
treatments are available. Non-pharmacological treatments
include increasing physical activity, smoking cessation and
improved nutrition, whereas pharmacological treatment
mainly consists of bronchodilators and anti-inflammatory
drugs. These drugs have demonstrated beneficial effects
in randomized controlled trials (5,6). Yet in daily real-
world practice, effects are often less profound due to non-
adherence. Indeed, around 22-78% of patients with asthma
and COPD are poorly adherent to their medication (7).
This high non-adherence rate has multiple causes, among
which that patients do not start their medication, that they
do not use the medication as intended, or that they are not
persistent to therapy (8). It is suggested that an increase in
adherence could improve clinical outcomes and quality of
life of patients and decrease the economic burden of asthma
and COPD (3,9). Therefore, physicians, pharmacists
and nurses should pay proper attention to the optimal
management of non-adherence.

Notably, in the past fifteen years, electronic monitoring
devices (EMDs) or so called “smart inhalers” have been
introduced, which can monitor adherence objectively, and
provide patients with feedback regarding adherence and
inhalation technique (10-12). Therefore, smart inhalers
seem a promising addition to our therapeutic patient
management arsenal. However, the clinical and economic
consequences of implementing these devices are still unclear
and subject to debate. The aim of this review is to provide
a narrative overview of both the extent of medication non-
adherence, its clinical and economic consequences as well as
potential solutions, with a focus on the recently developed
smart inhalers.

We present the following article/case in accordance with
the Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/jtd-20-2360).
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Methods

This narrative review was informed by a semi-structured
search in PubMed for English language articles, performed
in May 2020, and with key terms being “medication
adherence”, “asthma”, and “COPD” (including their

synonyms), without any date of publication restrictions.

Narrative

Global epidemiology and burden of medication adhberence
in patients with asthbma and COPD

Adherence to therapy can be defined as “the extent to
which a person’s behavior corresponds with the agreed
recommendations from a healthcare provider” (13).
Although it is recommended to be adherent to therapy,
many patients tend to forget their medication, either
intentionally or unintentionally (11,14). Globally, asthma
and COPD adherence rates are generally very poor. For
example, patients with COPD have an adherence rate of
only 22% in South-Korea, 29.2% in China, 34.8% in Italy,
23.9% in Belgium, 32.4% in Spain, 25% in Canada, 23.4%
in the United States (US) and 27.4% in Nigeria (Figure 1)
(9,15-21). Except for Brazil and Italy, with an adherence
rate of 52% and 43.8% among patients with asthma,
respectively, the adherence rate of patients with asthma is
not much better: patients with asthma in US are for 22.2%
adherent, in France for 24.9%, in Ethiopia for 18%, in
Saudi-Arabia for 27.4%, in China for 13.8%, in Australia
for 19.4% and in New-Zealand for only 30% (Figure I)
(22-30). While true differences in patient adherence
between countries could actually exist, it should be
acknowledged that also the definitions of adherence or the
adherence measurement methods contribute to variation.

Taxonomy of adberence and its phenotypes

The adherence process (or: patient journey) comprises
three chronological phases which are categorized according
to the ABC taxonomy: (A) initiation, (B) implementation
and (C) persistence (8). The initiation is a binary variable:
a patient either starts taking their medication or does not.
Implementation is whether the actual dosing of the patient
corresponds with the prescribed dosing regimen (e.g.,
inhalation technique, frequency and correct dose). Lastly,
the persistence is the time from initiation of the treatment
to discontinuation of the therapy (8). Both in asthma and
COPD, inhaler devices are most commonly used to deliver

7 Thorac Dis 2021;13(6):3846-3864 | http://dx.doi.org/10.21037/jtd-20-2360


http://dx.doi.org/10.21037/jtd-20-2360
http://dx.doi.org/10.21037/jtd-20-2360

3848 Jansen et al. Smart inhalers in asthma/COPD adherence management

24.9%

52%

22.2%

O COPD adherence
‘:I Asthma adherence

Figure 1 Medication adherence rates across the globe for patients with asthma/COPD. The blue circles represent COPD adherence in the

following countries: South Korea, China, Italy, Belgium, Spain, Nigeria, the US and Canada. The orange blocks represent asthma adherence
in the following countries: New Zealand, Australia, China, Ethiopia, Saudi Arabia, Brazil, the United States, France and Italy. COPD,

chronic obstructive pulmonary disease.

medication to the lungs. Therefore, the proper use of
the inhaler is of prime importance. There is a difference
between not using the inhaler and the incorrect use of
the inhaler. The first can be intentional or unintentional,
the latter is usually unintentional, patients do inhale their
medication, but not correctly (11). Research shows that
only 18.2% of the patients with asthma was able to perform
more than seven of the eleven inhalation steps correctly (24).
For patients with COPD, only 6% was able to fulfil the
correct inhaler technique and to use their inhaler regularly
over 80% of the time (11).

Besides the ABC taxonomy, which focusses on the
chronological phases of adherence, adherence can also be
grouped by underlying behavior. These behavioral forms
(or phenotypes) of adherence are described by the World
Health Organization (WHO) and have an impact on all
chronological phases of the ABC taxonomy. These types
are referred to as erratic, unwitting or intelligent non-
adherence (13). “Erratic non-adherence” is most well-
known and is mainly caused by forgetfulness, e.g., due
to a disorganized or busy lifestyle. Patients who do not
understand or unintentionally misapply the medication

© Journal of Thoracic Disease. All rights reserved.

instructions, suffer from “unwitting non-adherence”.
In asthma/COPD, this includes not understanding the
regimen (e.g., once vs. twice daily) or a poor inhaler
technique. Lastly, “intelligent non-adherence” is the
deliberate, intentional, choice of patients to not take their
medication as prescribed (13). This could have different
underlying reasons including the fear of side-effects, not
feeling sick or high costs.

Effect inbalation technique on adherence asthma and
COPD

Inhalation technique affects adherence via the second
phase of adherence: implementation. The most frequently
occurring inhalation errors are an insufficient inspiratory
flow, not exhaling before inhaling the medication,
absence of breath hold after inhaling the medication and
unsuccessful dose preparation (8,24,31). Up to 94% of
the dry powder inhaler (DPI) users, both patients with
asthma/COPD, make at least one inhaler error during
each inhalation that results in suboptimal treatment (3,32).
The CRITical Inhaler mistaKes and Asthma control
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(CRITIKAL) study showed that approximately 35% and
47% of the patients with asthma using a DPI or metered
dose inhaler (MDI) respectively, had an insufficient
inspiratory flow (33). An Italian real-world study showed
that switching inhaler devices led to inhalation errors due to
the fact that the patients had to learn to deal with another
device (34). However, when patients switched to inhaler
devices which were engineered to minimize inhaler errors
significantly less inhalation errors occurred (35).

How to determine adherence in patients with asthma or
COPD¢?

There are different methods to determine adherence in
patients with asthma or COPD. For example, the initiation
of treatment is measured by examining whether medication
is prescribed and consequently collected/dispensed at the
pharmacy (8). This method has its limitations, because
dispensing data does not prove whether a patient actually
starts using the medication (11).

The same holds true for one of the most commonly
used methods, i.e., patients’ self-reported adherence, that
usually underestimates true rates of non-adherence (i.e.,
overestimates the rates of adherence), due to socially desired
answers (36). While self-report is of less value to measure
the extent of non-adherence, self-reported methods, such as
the Test of Adherence to Inhalers (TAI) questionnaire (37)
may however provide important qualitative data on the
reasons for non-adherence.

Canister weighing can be performed to determine
whether patients used their inhaler devices during the
treatment period. However, removal of the doses does not
prove that the dose has been inhaled by the patient (38).

Another option is measurement of fractional exhaled
nitric oxide (FeNO) in patient’s breath (39). This is
however an indirect measurement that requires frequent
measurements, is also impacted by smoking or respiratory
tract infections, and is often only available in more
specialized hospital settings. A promising future option may
be the use of testing in human scalp hair that may provide
a measure of long-term drug exposure (40). This method,
however, needs more validation.

Generally, the most objective measurer to continuously
measure the implementation are EMDs. Some researchers
plea they are the “gold standard” to objectively measure
adherence in patients with asthma or COPD (8). These
devices record each administration, and some can measure
the quality of the inhalation technique and give feedback
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and reminders (8).

Persistence with asthma/COPD therapy is most
frequently measured by determining the frequency of
pharmacy medication refills. Yet, refill records do not
differentiate between the end of a treatment period and the
moment of discontinuation. Therefore, this method may
overestimate the rates of persistence (8). All in all, most
currently used methods have strengths but also several
limitations that hamper their value in determining the true
rates of adherence.

Factors affecting adberence

Whether patients are adherent to their (inhaled) medication
is determined by multiple demographic, practical and
psychological factors (41). For example, adherence to
asthma and COPD treatment is influenced by age, costs of
the treatment, education, knowledge about the disease and
medication, regimen complexity, poor communication with
the healthcare professional, adverse effects of the drugs,
comorbidities, depression and frailty (7,8,11).

The three phases of adherence are each influenced
by specific factors (41). Regarding the initiation phase,
one study showed that female patients, younger patients,
non-married patients, current smokers and high alcohol
users were less likely to start their therapy (42). The
implementation of therapy is generally high when (I)
patients believe that their asthma is a long-term disease, (II)
when patients believe that maintenance treatment is needed
to control asthma and (III) when patients are able to manage
their inhaler device (43,44). In contrast, implementation
is poor in patients who complain about having too much
medication, in women and current smokers (8,31). Non-
persistence in COPD is likely to occur in young patients,
current smokers, patients with more severe COPD and
patients receiving multiple inhalers (45,46). Persistence for
patients with asthma is higher when being male, having a
prescription for a higher dose therapy, having comorbidities
and older age (23).

Clinical and economic consequences of non-adhberence in
astbma and COPD

The overall adherence among patients with asthma/
COPD is worse compared to other patients with chronic
diseases (47). Variable symptoms, frequent comorbidities
and the complex inhaled route of drug administration may
be partly responsible (47). The high non-adherence rates
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have several clinical and economic consequences, discussed

in further detail below (7).

Clinical consequences of non-adherence in asthma and
COPD

There is a clear negative association between medication
non-adherence and poor disease outcomes (7). The
main clinical consequence of non-adherence of asthma
and COPD treatment is decreased disease control,
leading to high exacerbation rates, high symptom rates,
increased mortality and disability and reduced quality of
life (48). According to the Study of Asthma Phenotypes
and Pharmacogenomic Interactions by Race-Ethnicity
(SAPPHIRE) trial, 24% of the asthma exacerbations could
be prevented when patients would have been adherent to
their inhaled corticosteroids (ICS) (49). Exacerbations are
effectively reduced when a patient is adherent for over
75% of the time (47,49). Partly due to this threshold, most
studies define a patient as “good adherent” when they are
adherent for over 80% of the time.

In patients with over 80% adherence, clinical outcomes
improve significantly. Indeed, higher adherence was
associated with less hospitalizations, exacerbations and
emergency department visits, and with better lung
function (17,50). Furthermore, in a post-hoc analysis, good
adherence was associated with a lower mortality rate among
patients with COPD, although “the healthy adherer effect”
(i.e., the phenomenon that good adherence is an indicator
for an overall healthier lifestyle) may partly explain this (51).
The opposite is true for patients that are poorly adherent:
poor adherence is associated with increased healthcare use
and mortality (52).

Another consequence of non-adherence for patients
with asthma is additional prescription of either potentially
harmful or more expensive medication. Patients in the first
four steps of GINA use ICS, long-acting B-agonists (LABA)
and/or short-acting B-agonists (SABA), which are relatively
affordable and safe therapies with few side effects. Patients
with uncontrolled severe asthma who already receive (or
are prescribed) high-dose ICS and LABA could be stepped
up to GINA step 5 (53). In this step, patients could receive
add-on therapy such as oral corticosteroids (OCS) or
monoclonal antibody therapy (e.g., anti-IgE, anti-IL-5).
The former cause many side effects which in turn can be
expensive (54); the latter are more expensive. However,
many patients eligible or using biologics and OCS are non-
adherent to their therapy (14,55).

An important factor of non-adherence is a poor

© Journal of Thoracic Disease. All rights reserved.

inhalation technique: four times as many patients with
poor inhalation technique suffer from uncontrolled asthma
compared to patients with good inhalation technique.
Similarly, exacerbation rates doubled in patients with
COPD who made at least one inhalation error (47). On
the contrary, clinical outcomes improved over time in
patients with asthma/COPD who made less inhalation
errors (56). Moreover, good adherence (over 80%) is no
guarantee for good clinical outcomes, because patients
with good adherence, but a poor inhalation technique
experienced more exacerbations compared to patients
with good inhalation technique (52). In conclusion, non-
adherence goes hand in hand with poor clinical outcomes,
an adherence rate over 80% is associated with improved
clinical outcomes and inhalation technique should be taken
into account when improving adherence.

Economic consequences of non-adherence in asthma
and COPD

The economic consequences are expressed in direct
and indirect costs, direct costs are healthcare costs (e.g.,
hospitalizations, medication) and indirect costs are societal
costs (e.g., loss of productivity, missed workdays) (57). Non-
adherence in patients with asthma/COPD is associated with
high healthcare and societal costs due to exacerbations,
hospitalizations, missed school and workdays and loss of
productivity (7,16,17,48).

A British study showed that patients experiencing an
asthma exacerbation had 3.5 times more healthcare costs
compared to those who did not (58). Yet, the economic
burden due to asthma is mainly prescribed to the high
indirect costs: 62.5% of the total annual costs per
patient were caused by loss of productivity and missed
workdays (59). Exacerbations of patients with COPD are
suggested to cause 35-45% of all direct costs associated
with COPD (7). A net reduction of healthcare costs of
$300,000 per thousand patients, annually, was shown when
patients with COPD were adherent to their medication
compared to when they were non-adherent (60). Therefore,
it is plausible that non-adherence is (partly) responsible for
high healthcare and societal costs (61).

The economic impact of non-adherence in patients with
asthma/COPD is also driven by poor inhalation technique.
This has been demonstrated in three countries. In Spain,
Sweden and the United Kingdom (UK), the direct annual
costs per patient with asthma or COPD were €1421, €1,183
and €963, respectively. A substantial part of these direct
costs (i.e., €109, €55 and €21) were estimated to be due to
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inhalation errors. When including indirect costs due to
inhalation errors, the costs more than doubled (to €271,
€466 and €506, respectively). Therefore, it seems that poor
inhalation technique contributes significantly to the large
economic burden of COPD and asthma (3).

The economic case for adherence improvement in
COPD mainly lies in the prevention of costly hospital-
treated exacerbations. In asthma, the majority of healthcare
costs are spent on medication (62). Further increasing
adherence is therefore likely to only increase these
healthcare costs, yet many patients with asthma are of
working age. As such, if enhanced adherence results in less
missed workdays and improved productivity, still a positive
return on investment can be expected (62).

Adberence enbancing intervention programs

Physicians, pharmacists and nurses have a very important
role in management of their patients’ adherence
behavior (63). Many intervention programs aiming at
improvement of adherence in patients with asthma/COPD
are primary care based. These include the PHARMA-
ceutical Care for COPD (PHARMACOP) trial in Belgium,
the Medication Monitoring and Optimization (MeMO)
program in the Netherlands and a randomized controlled
trial in Spain (9,19,64). These studies show a significantly
improved adherence and less hospitalizations in the
intervention group, which received information about
the disease, the importance of adherence and inhalation
technique, compared with the control group receiving usual
care (9,19,64).

Another reason for high non-adherence rates is the
inability of healthcare professionals to educate their patients
about the importance of good adherence and a good
inhalation technique (3). It is shown that training healthcare
professionals on asthma guidelines, educational skills and
communication techniques improved health outcomes of
patients with asthma in the US (65).

In line with the fact that many patients have limited
knowledge about the disease and its treatment, it is
suggested that involving the patient in the decision-making
plan of their own treatment may enhance adherence,
quality of life and lung function (41,66,67). This finding
is described in the shared decision making (SDM) model.
SDM describes four key features that are important to
involve a patient in their own treatment plan: (I) share
relevant information, (II) talk about treatment preferences,
(III) discuss the options and (IV) agree on the treatment (66).
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Research showed that patients involved in the decision-
making plan of their own treatment were more adherent
and had improved clinical outcomes compared to the
patients who were not actively involved in their treatment

plan (67).

Smart inbalers: objective, real-time adberence
measurenent

An emerging field of inhaler technology makes use of
electronic sensors attached to or integrated in the inhaler.
These so-called “smart inhalers” can make adherence
assessment much more reliable, granular and objective.
Smart inhalers come in various forms (see Figure 2),
from simple tracking devices only counting the usage of
an inhaler, to more sophisticated devices that provide
reminders and personalized feedback to patients (106).
Smart inhalers can provide objective and real-time data on
inhaler use and can as such support adherence management
either in combination with a self-management app (stand-
alone option) or to facilitate consultations between patient
and healthcare provider. In the latter option, the actual
dosing, and sometimes its quality, can be compared with
the prescribed dosing and can be used as a starting point
for a conversation about non-adherence. In its stand-alone
use, smart inhalers can also provide reminders for patients
to take their medication and they can give the patient
motivation and feedback on daily use and inhaler technique
(63,69). Thus, smart inhalers can be used in different
aspects of the adherence work-up (see Figure 3). Amongst
others, they can be used to (I) detect non-adherence,
(II) provide reminders, (III) provide educational and
motivation feedback and (IV) to improve inhaler technique.
In the following section, we will further illustrate these
functionalities.

Using smart inhalers to detect non-adherence

First, smart inhalers can be used to detect non-adherence.
This can be of importance in both daily clinical practice
as a starting point for conversation about adherence,
or to guide treatment step-up decisions (see Figure 3).
Another possible application is in the interpretation of
medication effectiveness in the regulatory process during
registration trials (107). Currently, in many clinical trials,
actual medication use is poorly registered. As such, when
the examined medication has no pharmacological effect,
it may well be that some participants actually never took
the drug without the investigator knowing (108). Of note,
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Figure 2 The evolution of smart inhalers over time. (A) Nebulizer Chronolog (68); (B) Aerosol Actuation Counter (MDI) (69); (C) Doser
(MDI) (70,71); (D) Smart Mist (MDI) (69,72); (E) MDILog (MDI) (69,73); (F) SmartTouch for Symbicort (MDI) (69,70); (G) SmartInhaler
Tracker (pMDI) (69); (H) SmartTrack (MDI) (69,74); (I) Inspiromatic (DPI) (75); (J) Prohaler (DPI) (76); (K) Updated SmartTouch for
Symbicort (MDI) (77-79); (L) eMDI (pMDI) (80); (M) Turbu+ (MDI) (81); (N) Electronic Breezhaler (DPI) (82); (O) Hailie for Flovent,
available for multiple devices (Ventolin, ProAir, Seretide) (MDI) (83,84); (P) CareTRx (MDI) (69,85); (Q) Propeller sensor Diskus (DPI)
(86,87); (R) HeroTracker (DPI & MDI) (88); (S) GSK Elipta inhaler (propeller sensor) (DPI) (89,90); (T) Propeller sensor for Neohaler (and
Breezhaler) (DPI) (91,92) ; (U) Findair (MDI) (93); (V) Propeller sensor for Symbicort (pMDI) (94); (W) Enerzair Breezhaler (DPI) (95); (X)
I-neb (Nebulizer) (96,97); (Y) Verihaler (MDI) (98); (Z) T-haler (MDI) (99); (A1) RSO1 (DPI) (100); (B1) INCA (DPI) (101); (C1) Respiro
Sense diskus (DPI), also available for Easyhaler, Zephir, Handihaler and Elipta (102); (D1) Inspair (pMDI) (103); (E1) Pneumahaler (Soft
mist inhaler) (104); (F1) Proair Digihaler (mDPI) (105). *, FDA approved smart inhalers; **, Smartdisk (DPI), Smartturbo (DPI), Smartflow
(pMDI), Smartmat (SMI) are devices from the same company but not FDA approved. They all have reminder and feedback function and
count the number of inhalation and record time and date, but they are suited for different inhaler devices. This company is now Hailie; #, do

predict exacerbations and does not give reminders.

variability in adherence levels of participants can have a Using smart inhalers to provide reminders

significant impact on the required samples size and trial Smart inhalers can also serve to remind patients to use

power, and thus costs of the trial (106). Approximately
63% of the randomized controlled trials examining
treatment for patients with severe asthma did not report
whether the participants were adherent. Trials examining
adherence achieved a significantly higher power (mean
power 59%) to find expected differences in the forced
expiratory volume within one second (FEV,) compared
with trials that did not examine adherence (mean power
49%). Of note, the adherence-examining trials had a lower
sample size. It has been suggested that undetected non-
adherence is responsible for up to 50% of the variance in

FEV, results (107).
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their inhaler. It has been shown that patients who received
electronic inhaler reminders administered their medication
1.5 times more often compared to patients who did not
receive reminders (109).

Table 1 includes an overview of smart inhaler
interventions using reminders which have been examined
in randomized controlled trials in the past seventeen
years. The E-Monitoring of Asthma Therapy to Improve
Compliance in children (e-MATIC) trial found that children
(aged 4-11 years) receiving short message service (SMS)
reminders had a higher adherence rate than the children
who did not receive reminders (69.3% wvs. 57.3%) (113).
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However, there was no reduction in exacerbations, improved
quality of life or asthma control in both groups (113).
A randomized controlled trial in New Zealand enrolling
children with asthma (6-15 years) achieved higher
adherence rates in the intervention group (84% vs. 30%
in the control group) than the Dutch e-MATIC trial while
both trials used the same method (25,113). Furthermore,
the New Zealand trial found that the children in the
intervention group suffered significantly less exacerbations
and their lung function improved (25). However, the New
Zealand trial recruited children with poor asthma control
and low adherence at baseline, while the e-MATIC trial
recruited clinically stable patients with asthma (25,113).
"This divergent inclusion criteria might explain the different
results.

EMDs with reminder functions also record time and
date of the inhalation maneuvers which explains the
adherence behavior of a patient. The STAAR study found
that children (6-16 years) receiving reminders and feedback
from their clinician about their adherence behavior were

© Journal of Thoracic Disease. All rights reserved.

significantly more adherent over a period of 12 months
than the children whose adherence was monitored but not
reviewed and whom did not receive reminders (70% uvs.
49%) (112). Although the adherence rate did not exceed
the 75% threshold, it did result in a significant decrease in
exacerbations and hospitalizations (112).

Using smart inhalers to provide educational and
motivational feedback

Besides reminders, patients can also receive feedback from
smart inhalers (Tuzble I). Biofeedback can be based on
time of use, inhaler technique, habit and the relationship
between peak flow and adherence (111). Multiple studies
show that patients receiving feedback about their inhalation
behavior have an increased adherence rate, experience
a better quality of life, less symptoms and less seasonal
variations (110,112,114). Patients receive a lot more
information via these feedback systems compared to usual
care. Disadvantages of smart inhalers are that the clinicians
and pharmacists have to explain the patient how the
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Table 1 Overview of smart inhaler interventions tested in randomized controlled trials

First author,

Smart inhaler-based

ar Country No. intervention and Effects
y population
O’Dwyer et al. Ireland 152 Biofeedback in adult Adherence: 62% adherence in IG1, which is 18% higher than the
(110) 2020* asthma and COPD adherence in IG2 (P=0.004) and 24% higher than CG (P=0.003) after
2 months. After 6 months, adherence is 14% higher in IG1 than in 1G2
(P=0.07) and 31% higher than in CG (P=0.001)
Exacerbations: 0.7 (IG1), 1.1 (IG2) and 0.9 (CG) exacerbations/patient/
6 months
QoL: SGRQ score -5.3 (IG1) and -5.7 (IG2) compared with baseline.
Only IG1 had sustained reduction after 6 months (-6.1)
Sulaiman et al. Ireland 218 E-monitoring and Adherence: 73% (IG) vs. 63% (CG) (P=0.02)
B )
(111) 2018 biofeedback on Inhaler errors: 11 (IG) vs. 15 (CG) inhaler errors/patient/month
adherence and
inhalation technique in  Uncontrolled asthma occurred more among non-adherence patients
adult asthma (49.2+16.5 (35%) than among adherent patients (27 %)
years)
Mortonetal. UK 90 E-monitoring, reminding Adherence: 70% (IG) vs. 49% (CG) (P<0.001)
C . .
(112) 2017 jv?ifzsetitrf:?éf children Fewer hospitalizations (P<0.001) and fewer courses of oral
corticosteroids (P=0.008) in IG vs. CG
16 years)
QoL: ACQ score 1.58 vs. 1.50
Vasbinder The 219 E-monitoring and Adherence: 69.3% (IG) vs. 57.3% (CG)
etal. D(1 13) Netherlands reminding children with QoL: PAQLQ no difference between IG and CG
2016 asthma (4-
11 years) Exacerbations: no difference between IG and CG
Asthma control: no difference C-ACT between |G and CG
Merchant USA 495 E-monitoring, reminding Daily SABA use: improved more in IG (-0.31/person/day) than in CG
etal. (114) and feedback in children (-0.41/person/day) (P<0.001)
£ .
2016 Z:je?dtﬁlet; with asthma QoL: ACT score not significantly different between I1G and CG, but
5 years) uncontrolled asthma scores improved more in IG than in CG (63% vs.
4 49%, P<0.05)
SABA free days: +21% (IG) vs. +17% (CG) (P<0.01)
Chan New 220 E-monitoring and Adherence: 84% (IG) vs. 30% (CG) adherence (P<0.0001)
etal E Zealand reminding children with Asthma morbidity: changes from baseline to 6 months in IG significantly
(25)2015 asthma (6- .
greater than in CG (P=0.008)
15 years)
Exacerbations: 6% (IG) vs. 24% (CG) in the first 2 months
No significant difference between IG and CG in absence from school
(children) or work (caregiver)
Foster et al. Australia 143 E-monitoring, reminding Adherence: 76% (IG) vs. 46% (CG) (P<0.0001)

(109) 2014°

and feedback in adult
and children with
asthma (14-65 years)

Exacerbations: 11% (IG) vs. 28% (CG) (P=0.013)

QoL: significantly improved within IG and CG (P<0.0001), with no
significant difference between groups

Table 1 (continued)
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Table 1 (continued)

rt inhaler-
First author, Smart inhaler-based

car Country No. intervention and Effects
y population
Aptar et al. USA 333 Individualized problem- Adherence: mean adherence (61%) declined significantly (P=0.0004) over
(115) 2011" solving intervention time with 14% (CG) and 10% (IG)

and UC in adult asthma
using electronic
monitoring (35-63
years)

Asthma control: improved with 20% (CG) and 18% (IG) (P=0.002)
QoL: improved in IG and CG with 18% (P<0.0001)

Charlesetal. New Zealand 110 E-monitoring, reminding Adherence: 88% (IG) vs. 66% (CG) (P<0.0001) in the last 12 weeks of the

(116) 2007 and feedback in asthma trial
patients (13-65 years)
Onyirimba USA 30 Feedback from clinician Adherence: 81% (IG) vs. 47% (CG) in the second week (P=0.003)
etal. (117) based on electronically . . ) .
2003’ recorded adherence QoL: AQLQ score improved from baseline with 1.13 (IG) and 0.76 (CG)

in adult asthma (P<0.05 within both groups)

(A) The St. George Respiratory Questionnaire (SGRQ) scores the QoL between 0 (few limitations) and 100 (many limitations). Reduction
of SGRQ score in IG1 and IG2 are significant. Exacerbations: no significant between group differences and no significant within group
differences after 2 and 6 months compared with baseline. (B) Difference inhaler errors between |G and CG not significant. (C) Asthma
control questionnaire (ACQ) scores the QoL with a score between 0 (totally controlled asthma) and 6 (severely uncontrolled asthma). No
significant difference in QoL between IG and CG. (D) Pediatric asthma quality of life questionnaire (PAQLQ) scores the QoL of children
with a score between 0 (uncontrolled asthma) and 27 (controlled asthma). C-ACT is the childhood asthma control test which scores
asthma control between 0 (uncontrolled asthma) and 25 (controlled asthma). (E) The asthma control test (ACT) scores the asthma control
between 0 (uncontrolled asthma) and 25 (controlled asthma). Adherence was not measured. Short-acting p-agonists (SABA) free days
increased significantly in IG vs. CG. (F) Proportion of patients experiencing more than 1 exacerbation in the first 2 months. No difference
in exacerbations between IG and CG after 6 months. Asthma morbidity measured with C-ACT. (G) No significant difference in proportion
of patients experiencing more than one exacerbation in 6 months in IG group vs. CG group. QoL measured with ACT. (H) QoL between IG
and CG not significant. QoL was measured using the ACQ. () No significant differences AQLQ score between IG and CG. Asthma quality
of life question (AQLQ) scores the QoL of adult patients with asthma between 0 (not impaired) and 7 (severely impaired). IG1 = intervention
group 1, IG2 = intervention group 2. IG, intervention group; CG, control group; QoL, quality of life.

smart inhaler needs to be handled, which takes time and
causes a higher workload for healthcare professionals (70).
On the other hand, healthcare professionals do not
need to monitor the adherence of patients themselves
and patients have better clinical outcomes, which will
cause less general practitioner visits and healthcare costs.
Furthermore, there is technology emerging that combines
environmental triggers (e.g., allergens and pollution)
causing asthma attacks with the location of the patient.
When the patient is exposed to the same set of triggers in
the future, the smart inhaler could warn the patient for a
possible exacerbation (106).

Using smart inhalers to improve inhalation technique

As many patients with asthma/COPD have a poor
inhalation technique, the latter is an important factor

© Journal of Thoracic Disease. All rights reserved.

of non-adherence. Smart inhalers could be useful in
monitoring inhalation technique (7able 1) (70). Both
the inhalation technique of DPI and pMDI users can
be monitored. An example is the inhaler compliance
assessment device (INCA), which can detect inhaler
errors by audio recording (11). Patients receiving
intensive education about the importance of adherence
and inhalation technique and who received biofeedback
from the INCA had an increased adherence rate and an
improved inhalation technique compared to patients who
only received intensive education (111). A limitation of
this smart inhaler was that numerous inhalation recordings
are needed to estimate the peak inspiratory flow rate and
the inspiratory capacity (111). Therefore, researchers
examined a more efficient and faster method to calibrate
flow-sound models to estimate the entire flow profile of
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inhalation. This method uses the logarithmic relationship
between the flow signal and the acoustic envelope of the
sound of inhalation (12).

Patient experiences with smart inhalers

Patients with asthma, adults as well as children, are
generally positive about the use of smart inhalers (118,119).
Patients with moderate to severe asthma were positive
about the reminder function and the adherence feedback
of the SmartTrack device (Adherium, Auckland, New
Zealand) (118,120). The reminder function “trained” these
patients to be adherent and encouraged them to make
inhaler use a daily habit (118). Furthermore, the reminder
function made children feel more in control over their
asthma compared to children who did not have access to
the reminder function (120). Patients with asthma who
only used their inhaler symptomatically were less positive
about the reminder function (118). A positive aspect of
the use of smart inhalers is that patients with asthma feel
responsible for their therapy (119). The feedback function
of smart inhalers was generally considered as positive,
but patients prefer certain methods over others (e.g.,
email, smartphone app) (119). The device ergonomics
are important to consider when developing a smart
inhaler (120). Adults found the SmartTrack easy to use,
but up to 16% of the children using the SmartTrack device
reported it as “too big” (118-121). Another issue that
may be relevant is whether patients want to share their
adherence data recorded by the smart inhaler with health
care professionals. Patients do see the benefits of sharing
adherence information, but they also consider the negative
implications of sharing adherence data (119).

Cost-effectiveness of improved adherence

Programs that increase adherence and quality of life may
improve clinical outcomes. Yet, interventions also come at a
price and therefore, to assess whether they do provide value
for money, their cost-effectiveness is important. The effects
of a cost-effectiveness analysis are expressed in quality-
adjusted life years (QALY), which is a measure for the
quantity and quality of the life lived—one QALY represents
1 year in perfect health (57). As has been highlighted before,
increased adherence could reduce costs, due to amongst
others, less hospitalizations, more productive workdays, and
an increased quality of life (7,60,122,123). Whether these
can counterbalance the additional costs of the intervention
is an issue of debate.

© Journal of Thoracic Disease. All rights reserved.

The PHARMACOP-intervention program in Belgium
was able to improve adherence and inhalation technique
in patients with COPD and decrease hospitalizations (9).
The accompanying cost-effectiveness study showed that
this would lead to total cost savings of €227 per patient,
compared to usual care (122). The initial costs for the
PHARMACOP-intervention were €161 per patient higher
compared to usual care, but they were offset by €388 per
patient savings due to the fact less exacerbations had to be
treated (122).

Not many studies examined the cost-effectiveness of
improving adherence to asthma therapy, except for the
hypothetical USA model study of Zafari et al. (124). This
study found that over a 10-year time period, full-adherence
to therapy cost $3,187 per patients more, prevented 2.26
exacerbations per patient and caused 0.13 QALY gain
per patient compared with usual care. Therefore, the
incremental cost effectiveness ratio (ICER) was estimated at
$24,515/QALY (57). The ICER decreased drastically when
the prevention of indirect costs (i.e., work productivity)
due to full adherence were included (124). In conclusion,
both in asthma and COPD, limited evidence indicates that
intervention programs to improve adherence are cost-
effective.

Cost-effectiveness of smart inbalers

Most smart inhalers are available for prices that range
between $100 and $500 per device (10). Additional
differences occur in the battery life of the devices. The
SmartTrack for example, has a battery life of approximately
58 days (121) while some Hailie devices have rechargeable
batteries (83). Therefore, it is yet unknown whether smart
inhalers provide a favorable return on investment. To our
knowledge, only an exploratory cost-effectiveness analysis
examining the costs and benefits of the use of smart inhaler
intervention therapy in patients with COPD has yet been
performed (125). It showed that the use of the INCA smart
inhaler for patients with poor adherence and a good inhaler
technique caused an annual cost saving of €845 per patient.
The use of INCA in patients with good adherence and poor
technique and in patients with poor adherence and poor
technique was also cost-effective, but not cost-saving (125).
This suggests that smart inhalers targeting patient-specific
inhaler technique and adherence profiles could potentially
improve clinical and economic outcomes of patients with
COPD (106).

Yet, given the scarcity of evidence, future clinical trials
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are needed that include robust economic outcomes and
cost-effectiveness analyses. Clinical outcomes should
furthermore include exacerbation rate, the clinical stability
of patients, whether inflammatory biomarkers change when
adherence rates change, and whether loss of lung function
can be prevented (126). The latter is very interesting due
to the fact that up to 50% of the patients with symptomatic
asthma do not have T2 cytokine driven eosinophilic airway
inflammation which makes them less sensitive for steroid
therapy (127,128). Therefore, to be able to interpret
changes in lung function and symptoms when adherence is
improved due to smart inhalers, the inflammatory biology
of patients should also be examined (126).

Future perspective
Challenges to overcome

To fully integrate smart inhalers in daily clinical care,
several challenges must be overcome. For example, apps
and software are now developed for each device separately
(Figure 2) (10,69), and they all need to be integrated in
medical patient management systems. This is hard to
organize, and it may confuse patients and increase the
workload for healthcare professionals. Ideally, the data
derived from the smart inhaler should be easy to interpret,
compatible between smart inhalers from different
manufacturers, and the data uploads should be seamlessly
integrated into one single patient management platform
(63,70).

Furthermore, technical aspects of smart inhalers should
be as easy as possible to prevent time consuming training
for healthcare professionals and patients and technical
issues should be resolved before a smart inhaler is used
in usual care. In an earlier study, several technical issues
of smart inhalers were reported, e.g., not recording doses
(broken switch or mechanical damage), nozzle blockade and
low battery. By identifying technical malfunctions during
pre-use studies and within-studies, technical issues can be
resolved which makes them more feasible for integration
in real-world usual care (129). The material used to
construct the smart inhalers should also be considered
in detail. It should be robust to prevent breakage and it
should preferably be biological degradable or recyclable to
minimize environmental impact (63,70).

Smart inhalers should meet the regulatory requirements
of the Food and Drug Administration (FDA) and other
regulatory bodies such as the European Medicines Agency
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(EMA). The FDA and EMA may still challenge the
evidence that smart inhalers improve clinical outcomes and
quality of life (130). The studies conducted so far showed
a significantly improved adherence in both children and
adults when using smart inhalers (Table 1) (25,109-117).
However, not all trials show a decrease in exacerbations and
hospitalizations and an improved quality of life and lung
function (109,112,113).

The costs of smart inhalers are another challenge to
overcome. The costs should be acceptable to payers (e.g.,
patients, health insurances etc.) and manufactures (10). Untl
now, only one exploratory modeling study indicated that smart
inhalers could be cost-saving in patients with COPD (125).
Another challenge is related to the payer. For example,
are smart inhalers going to be available over-the-counter
or compensated by the insurer? To solve this problem,
manufacturers can integrate the smart inhaler into the
inhalation device to make the smart inhaler part of asthma/
COPD medication, which are commonly reimbursed (131).
Another issue: can insurers see the adherence data of the
assurer? The latter is mainly important when employers
provide the insurance. Employers should not be able to see
the adherence data of their employee and penalize them for
it (63).

This brings us to another important issue of smart
inhalers: can smart inhalers guarantee the privacy of
users? (130) A total of 59% of the questioned patients with
asthma/COPD in the UK and US do not want to use an app
connected to the smart inhaler which gives reminders and
feedback about the adherence and inhalation technique,
because the app gives them the “big brother is watching
you” feeling (70). Thus, still some challenges need to be
overcome before smart inhalers are fully ready for real-
world patient care.

Smart inbalers for specific patient groups

While the exact cost-effectiveness in the overall group of
patients with asthma or COPD is not determined yet, smart
inhalers are likely to be cost-effective in specific subgroups
of patients with asthma/COPD. For example, one subgroup
consists of patients with uncontrolled asthma who are non-
adherent in GINA-4. By improving the adherence rate in
these patients, their asthma could be controlled, preventing
those patients from going to more expensive or harmful
medication (55). For example, GINA-5 includes treatment
with OCS, which causes many side effects, and biologics,
which are very expensive. It is shown that patients who
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already receive OCS or biologics are also poorly adherent to
ICS (132). Maintenance treatment to ICS is still needed in
GINA-5 to control asthma (132). By improving adherence
in these patients, therapy can be optimized, improving
clinical outcomes.

Another subgroup in which smart inhalers are likely
to be cost-effective are patients with severe COPD who
often experience exacerbations and hospitalizations. These
patients cause high healthcare costs while the adherence
rate is only 40% (42). Improved adherence improves
clinical outcomes in patients with COPD which results in
lower healthcare costs. When COPD cannot be controlled
with the usual LABA/long-acting muscarinic-antagonists
(LAMA) therapy, triple therapy can be assessed. This
therapy consists of ICS/LABA/LAMA and is usually more
expensive than dual therapy (133). By improving adherence
in uncontrolled patients with COPD, exacerbations and
hospitalizations could be reduced and triple therapy may be
prevented or delayed.

A fourth potentially cost-effective subgroup are
patients with asthma with SABA overuse which indicates
uncontrolled asthma. However, 6.6% to 16% of patients
overusing SABA are not using ICS at all and 57% are
non-adherent to ICS half of the time (114,134). Another
subgroup are patients with asthma/COPD of working
age. Patients with asthma/COPD are not able to work
during exacerbations, severe symptomatic periods and
hospitalizations which results in high indirect costs (3,4,59).
Approximately 25% of the working-age patients with
COPD quit work due to COPD (135) and up to 47% of
the patients in low-income countries lost their job due to
asthma (136). By increasing adherence, asthma and COPD
can be controlled in many patients, which results in less
healthcare costs and less missed working days.

A subgroup different from the “high-risk-high-
gain” subgroups mentioned above, are the patients with
asthma/COPD who start taking their medication for
the first time. When these patients receive short-term,
but properly intense smart inhaler-informed education
and habit formation, right from the moment they start
their treatment, their adherence behavior may become
an integrated part of their life, preventing possible bad
adherence behavior in the future (131).

Conclusions

In conclusion, medication non-adherence is prevalent in

patients with asthma and COPD and places a high burden

© Journal of Thoracic Disease. All rights reserved.

on patients and societies around the world. Smart inhalers
seem very promising to monitor and manage medication
adherence in these patients, ultimately improving clinical
outcomes and quality of life and reducing the high
economic burden. It is likely that smart inhalers are cost-
effective, especially when used in high-risk subgroups of
patients, however more research is needed to confirm this.
Before implementing smart inhalers in usual care, some
aspects should be considered and optimized. Especially, the
privacy of patients has to be secured, the data should be easy
to interpret, uniform between different smart inhalers, and
the benefits of the smart inhalers should outweigh the costs.
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