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Abstract: Connected drug delivery devices are increasingly being developed to support patient 

supervision and counseling in home setting. Features may include dosing reminders, adherence 

trackers, tools for patient education, and patient diaries to collect patient-reported outcomes, as 

well as monitoring tools with interfaces between patients and health care professionals (HCPs). 

Five connected devices have been selected as the basis for a review of the clinical evidence 

concerning the impact of electronic tools on treatment adherence and efficacy outcomes. Dis-

ease areas covered include multiple sclerosis, diabetes, hypertension, liver and renal transplant 

recipients, tuberculosis, hepatitis C, clinically isolated syndrome, asthma, and COPD. From 

studies comparing the use of electronic feedback tools to standard of care, there is an initial 

evidence for a higher adherence to treatment and better outcomes among patients who use the 

electronic tools. To substantiate the assumption that connected devices can improve adherence 

in an outpatient setting over a prolonged period of time, further data from controlled randomized 

studies are required. Key barriers to the broader adoption of connected devices include data 

privacy laws that may prevent data sharing with HCPs in some countries, as well as the need to 

demonstrate that the tools are consistently used and generate a high-quality and reproducible 

database. If these challenges can be addressed in a way that is agreeable to all stakeholders, 

it is expected that the future value of connected devices will be to 1) facilitate and improve 

patient involvement in disease management in a flexible care setting, 2) enable early treatment 

decisions, and 3) complement value-based reimbursement models.

Keywords: home-administration, self-administration, connected drug delivery device, adher-

ence, patient-reported outcomes, real-world evidence

Introduction
Globally, health care systems are facing challenges in managing the rapidly increasing 

cost of medical management, while also seeking to improve patient treatment outcomes 

and access to care. In this context, the so-called value-based health care agreements 

have been introduced in some countries. Value-based care refers to a model whereby 

health outcomes are measured against the cost of delivering the treatment or health 

care service;1 this differs from a fee-for-service approach, in which providers are paid 

according to the amount of health care services delivered.

One way to reduce health care costs and resources might be to shift patient care 

from hospital to home setting.2 While the availability of oral and subcutaneous (SC) 

dosing regimens for small molecules and biotherapeutics makes home-administration a 

reality for many diseases,3 treatment adherence in a decentralized, uncontrolled setting 
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can be negatively affected by infrequent direct interactions 

between patients and health care professionals (HCPs).

Thus, to ensure that patients comply with dosing regi-

mens and to enable an ongoing dialog with HCPs, a variety 

of connected devices and corresponding health applications 

(apps) have been developed. These tools incorporate dosing 

reminders and educational features that help patients under-

stand the rationale for complying with a treatment regimen. 

Adherence trackers capture whether patients are accurately 

taking the correct doses at appropriate intervals, while other 

apps allow patient-reported outcomes (PROs) to be recorded 

to enable monitoring of treatment effects as well as safety 

and tolerability. Information may also be accessible for pay-

ers and providers.4

Today, the potential value of electronic tools in comple-

menting conventional treatment is generally accepted. 

However, there remains limited quantitative evidence on 

the impact of connected devices and health apps in relation 

to adherence to treatment, health outcomes, and overall 

cost effectiveness. The aims of this review article were to 

1) summarize the regulatory environment within the field 

of connected devices and describe the regulatory status 

of selected devices; 2) review the impact of the selected 

devices on adherence to treatment and health outcomes; and 

3) identify barriers that need to be overcome to unfold the 

full potential of these tools. The relevance of such tools in 

facilitating drug administration in a decentralized setting, 

to complement value-based health care and to facilitate 

early treatment decisions, is discussed. Connected devices 

and health apps that complement drug treatments are in-

scope. The so-called “stand-alone” health apps that are 

not used in combination with a drug are beyond the scope 

of this review.

Materials and methods
The connected drug delivery devices have been selected to 

cover a range of different indications, administration routes, 

and presentations (ie, connected tools available for different 

molecules or in combination with a specific molecule only).

Connected health solutions that are in-scope include 

those that

•	 are used as part of a drug delivery device (ie, for SC, 

oral, or inhaled administration) and collect device usage 

information with accompanying software that analyzes 

and reports information (ie, hardware and software). 

Devices can be equipped with electronic dosing remind-

ers and/or adherence trackers

•	 are approved by the Food and Drug Administration (FDA) 

or European Medicines Association (EMA) and already 

on the market to support administration of specific drug 

treatments with a number of supporting clinical trials 

available in the literature.

Connected health solutions that are out of scope include 

those that

•	 qualify as connected drug delivery device as per above, 

but are not yet approved, marketed, and/or are currently 

in development with limited evidence available from 

clinical trials

•	 have a diagnostic purpose, such as glucose monitoring tools

•	 are not used as part of a drug delivery device, such as 

mobile apps and other software for patients and/or HCPs 

that enable monitoring and tracking, provide coaching or 

recommendations, or enable connectivity between HCPs 

and patients (ie, software only or software and hardware 

not involved in drug delivery).

On this basis, the connected devices selected were RebiSmart® 

(Merck KGaA, Darmstadt, Germany), BETACONNECT™ 

(Bayer AG, Leverkusen, Germany), Proteus Discover (Proteus 

Digital Health, Inc, Redwood City, CA, USA), SmartInhaler™ 

(Adherium North America, Inc, San Mateo, CA, USA; now 

known as Hailie™ but branded as SmartInhaler™ at the time 

the included studies were completed),5 and Propeller (Propel-

ler Health, Madison, WI, USA). These technologies are either 

marketed in combination with one molecule (RebiSmart® with 

interferon β-1a, BETACONNECT™ with interferon β-1b), 

or marketed or developed for use with different molecules 

(Proteus, SmartInhaler™, and Propeller). The principal char-

acteristics of these selected devices are summarized in Table 

1. Tools that may allow an ongoing dialog between patients 

and HCPs, patient monitoring, or the collection of PRO data 

are available with some of the devices, but are not consistently 

applied in the different clinical studies discussed.

Targeted searches were run to characterize the devices and 

to address the research questions for each device. Key research 

questions are summarized in Table S1. The searches were 

conducted using PubMed, Google, Google Scholar, company 

websites, regulatory databases, health technology assessment 

(HTA) databases, and trial registries (Table S2). Specific search 

terms used for the different devices are listed in Table S3. 

Potentially relevant references for each device were initially 

identified using title/abstract screening, and full texts were 

retrieved. Full texts were then screened, and all publications 

relevant to the research questions were included in this review.

www.dovepress.com
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Results
Regulatory guidance for connected 
devices and health apps (US and EU)
US medical device definitions and classifications
As an integral part of drug treatment and patient monitor-

ing, connected devices and related health apps can meet the 

definition of a medical device. To market a medical device 

in the United States (US), manufacturers require the submis-

sion of a Premarket Notification 510(k) prior to commercial 

distribution, and the FDA issues a “letter of substantial 

equivalence” confirming that the device is considered sub-

stantially equivalent to one legally in commercial distribution 

in the US.6 Similarly, in the European Union (EU), medical 

device commercialization requires a Conformité Européene 

(CE) mark that indicates compliance with specific standards 

of performance, quality, safety, and efficacy EU regulations. 

In case a medical device is associated with a specific treat-

ment, additional regulatory requirements that also consider 

approval of the accompanying active substance need to be 

fulfilled.7

Devices are generally classified according to the risk 

they pose to consumers. In the US, connected devices and 

health apps that meet the definition of a medical device can 

be classified as either Class I, with the lowest risk (eg, smart 

devices and health apps helping users to self-manage their 

disease without providing specific clinical suggestions), or 

Class II and III, encompassing complex devices with a high 

risk (eg, health apps that can control another medical device 

or provide a patient-specific diagnosis or treatment). Most 

Class I devices and some Class II devices are exempt from 

Premarket Notification 510(k).6

In the EU, according to the 2017 Medical Device Direc-

tive 2017/745,7 health apps can be considered as non-medical 

devices or classified as Class I (low risk), IIa (low/medium 

risk), IIb (medium/high risk), or III (high risk). This classifi-

cation takes into account 23 rules that consider the function, 

the patient’s risk, and the manufacturer’s intended use of the 

device.7 Under Directive 2017/745, software for diagnostic 

or therapeutic purposes is classified as Class IIa, and under 

certain conditions could even be included in Class IIb or III.

Regulatory status for selected devices
The regulatory status for the five selected devices in this 

section are based on publicly available information.

Approval status of selected connected devices (US)
In the US, premarket 510(k) approvals with regulatory Class 

II classification were obtained for devices not involving 

specific medications (Proteus Discover, SmartInhaler™, and 

Propeller).8 Furthermore, 510(k) approvals were obtained 

at multiple times; that is, whenever any substantial changes 

were made to the devices.8

For devices associated with specific treatments such 

as BETACONNECT™ with interferon β-1b and Proteus 

Discover with aripiprazole, the approval pathway involved 

different steps. For BETACONNECT™, supplemental Bio-

logics License Application letters were submitted.9 A New 

Drug Application (NDA) was opened for Proteus Discover 

with aripiprazole.10 In an initial rejection letter, the FDA 

asked for data under real-world conditions, evaluation of 

use-related risks, and confirmation that customers could use 

the device safely and effectively.10 Proteus Discover approval 

was based on the NDA resubmission that contained data 

from “human factors validation studies.”10 The RebiSmart® 

is not filed in the US.

Approval status of selected smart devices (EU)
In the EU, all approved devices received a CE mark.11–14 

For Proteus Discover, a submission was made to the EMA 

to issue a favorable opinion considering the use of Proteus 

technology as a “qualified method” for measuring adher-

ence and associated relevant physiologic and behavioral 

parameters, such as indications of therapeutic response. The 

Committee for Medicinal Products for Human Use (CHMP) 

gave a favorable opinion for the same and noted that “if the 

device is intended to be marketed with a specific medicinal 

product, a relevant benefit/risk assessment will be carried 

out at time of marketing authorization application depending 

on the dossier.”15 BETACONNECT™ is not filed in the EU.

Impact of selected connected devices on 
adherence, clinical outcomes, and health 
care resource use
Adherence and clinical outcomes data were available for all 

selected connected devices. Data for the impact on health 

care costs and resource utilization were limited, with evidence 

available only for Propeller and the SmartInhaler™. The 

majority of clinical studies identified were uncontrolled trials 

(single-arm, prospective, or retrospective cohorts).

Key findings from the respective studies are presented 

in the following sections. For each device, randomized con-

trolled trials (RCTs) and/or larger non-RCTs are described 

in detail, with statistical significance and smaller studies 

summarized in the respective tables. To assess the impact 

of patient age on adherence to treatment, the age of the 

study population as well as its impact on adherence rates is 
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listed, if applicable. Where available, the focus is on trials 

that compare use of a connected device vs a non-connected 

device or standard of care.

RebiSmart®

RebiSmart® is an individually adjustable electronic injec-

tion device developed to facilitate the SC self-injection of 

interferon β-1a for the treatment of multiple sclerosis (MS) 

and includes injection reminders and a web-, tablet-, and 

smartphone-based software app to collect and store real-time 

adherence, clinician-reported outcomes, and PRO data.16,17

RebiSmart® clinical studies identified in the search are 

detailed in Table 2 and include MS patients treated three 

times weekly with SC interferon β-1a. None of the trials 

compared RebiSmart® against standard of care without 

electronic tools. As no RCTs have been conducted using 

RebiSmart®, data from the three largest uncontrolled studies 

are described below.

In a multicenter observational study, 912 RMS patients 

self-administered SC interferon β-1a using the RebiSmart® 

autoinjector three times weekly for 12 months or until early 

discontinuation (ED).18 The primary endpoint of mean cumu-

lative adherence for the safety population, defined as the pro-

portion of expected injections completed as captured by the 

autoinjector, was 97.1%. Mean adherence rates did not appear 

to differ by time since starting interferon β-1a before study 

entry – rates ranged from 96.7% to 97.3% across the catego-

ries. Mean adherence per patient since the last visit at month 

12/ED was 96.5%. To assess the impact of full treatment 

adherence on disease activity, a clean patient subset (all data 

available, no open queries) was separately analyzed. In this 

analysis (n=720), a significantly higher proportion of patients 

treated with high-dose interferon β-1a (≥120 µg/week) were 

relapse-free at month 6 compared with patients with lower 

doses (92.5% vs 86.7%, respectively), and a nonsignificant 

trend was observed at month 12/ED (82.1% vs 76.6%). At 

month 12/ED, 72.4% of highly adherent patients (defined as 

cumulative adherence >75%) and 41.2% of patients with a 

lower adherence were relapse-free. The mean annual relapse 

rate (ARR) was 0.3 in highly adherent patients and 0.6 in 

less adherent patients.

In a multicenter, retrospective, observational study, data 

from 258 relapsing-remitting multiple sclerosis (RRMS) 

patients who received interferon β-1a treatment using 

RebiSmart® for 36 months or until treatment discontinua-

tion were analyzed.19 Adherence was based on the number 

of SC administrations from treatment initiation to device 

replacement or treatment discontinuation. Overall adher-

ence was 92.6%, while 32% achieved an adherence rate of 

100%, 80.6% achieved adherence ≥90%, and 13.2% showed 

adherence <80%. An analysis by quarter revealed a slight 

decrease in adherence over time, with a mean overall adher-

ence of 94.0% at 0–3 months and 90.4% at the time of device 

replacement. Over the study period, the incidence of relapses 

decreased from 5.8% at 0–3 months to 4.0% at 33–36 months. 

Suboptimal adherence (adherence of <80%) was about three 

times higher in subjects with relapses compared with those 

without relapses.

In a multicenter, retrospective, observational study, 384 

RRMS patients self-administered interferon β–1a three times 

weekly using RebiSmart® for a period of 12 months.20 Over-

all, 89.3% of patients were adherent to treatment (≥80% of 

the scheduled injections were administered). At 12 months 

follow-up, adherence rates varied significantly by age groups 

with the highest adherence rate (93.2%) in those aged 26–40 

years, followed by 87.5% in patients aged ≥41 years, and 79% 

in those aged ≤25 years. Moreover, 90.5% of patients with a 

baseline Expanded Disability Status Scale (EDSS) <4 showed 

≥80% adherence (vs 71.4% in patients with EDSS score ≥4).

A number of smaller uncontrolled trials with follow-up 

periods between 12 weeks and 1.5 years revealed high adher-

ence of ≥80%–90%.21–27 Lugaresi et al28,29 found a decrease 

in adherence (among completers) from 100% through week 

4 to 99.1% in weeks 5–8, to 89.0% in weeks 9–12. After a 

long-term follow-up of 20.5 months, overall adherence was 

further decreased to 79.8%. Ghezzi et al30 reported declin-

ing adherence rates over the study period, with 12-, 24-, 

and 52-week adherence rates of 82.5%, 80.0%, and 67.5%, 

respectively.

While in the majority of trials conducted with the Rebi-

Smart®, the impact of patient age on adherence was either not 

assessed or no statistically significant correlation could be 

detected, Zecca et al25 found a statistically significant impact 

of higher age on objective adherence (Table 2). Median age 

as per adherence rates was 41.0 years in patients with low 

adherence rates, 48.5 years in patients with medium adher-

ence, and 53.5 years in patients with high adherence rates.

Predictors for adherence were assessed in a number of 

these smaller uncontrolled studies. In a retrospective analy-

sis of data from RRMS patients, Moccia et al22 found that 

missing the first dose during the first month of observation 

was more likely to be associated with clinical relapse, as 

well as with a significantly lower adherence to treatment 

compared with fully adherent patients or patients who 
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missed a dose at a later point. A correlation between high 

adherence and a high proportion of relapse-free patients 

and a very low annualized relapse rate was reported by 

Solsona et al.23

BETACONNECT™
The BETACONNECT™ autoinjector system, designed to 

simplify SC injections of interferon β-1b automatically, col-

lects data on injection date and time, injection depth, injection 

speed, and injection volume. The system offers injection 

reminders and can transfer data to an optional mobile phone 

app/computer program and a navigator app to enhance com-

munication between patients and HCPs.31

Key outcomes from clinical studies identified for BETA-

CONNECT™ are detailed in Table 3. As no RCT has been 

conducted with the BETACONNECT™ device, data from the 

three published uncontrolled studies in MS patients treated 

with SC interferon β-1b are described below.

In a prospective, observational, 24-week cohort study 

in 151 patients with RRMS or clinically isolated syndrome 

(CIS) treated with interferon β-1b using the BETACON-

NECT™ autoinjector, adherence (defined as percentage of 

patients injecting ≥80% of prescribed dosages with at least 

one BETACONNECT™ readout) declined from 72.0% at 

week 4 to 67.3% at week 12 and 57.9% at week 24.32 Pre-

mature study discontinuation was the main reason for this 

decline in adherence (11.2% at week 4, 22.4% at week 12, 

and 29% at week 24). The proportion of adherent patients at 

each respective visit was high over the study period (81.1% 

at week 4, 86.7% at week 12, and 80.5% at week 24). Key 

predictors for persistence (defined as the number of patients 

still using the device at the follow-up visit) were age and “no 

previous treatment” – patients ≥40 years were more likely to 

still be using the device at follow-up than patients <40 years, 

and treatment-naive patients were more likely to be persistent 

than those who were previously treated with interferon β-1b.

In a multicenter, prospective, single-arm, observational 

24-week study in 474 RRMS and 26 CIS patients treated with 

interferon β-1b using BETACONNECT™, median adher-

ence (defined as completing ≥80% of prescribed injections) 

remained stable at between 93.9% and 95.4% at all visits.33 

Higher adherence was associated with male gender, existing 

concomitant disease, shorter disease duration, higher Symbol 

Digit Modalities Test (SDMT) score, and higher satisfaction 

with the myBETAapp.

A smaller study in 89 RRMS patients with a 6-month 

observation period reported a mean adherence rate of 97.6%, 

with 95.5% of patients reaching ≥80% adherence.34

Proteus Discover (ingestible sensors)
The Proteus system uses ingestible sensors that communicate 

wirelessly to a patch worn on the body to accurately docu-

ment medication adherence for oral medications. These data, 

as well as medication reminders, are sent to the patients’ 

mobile phone. Data can be shared with HCPs, allowing them 

to view adherence.35

For Proteus Discover, a number of RCTs and prospective 

trials have been identified (Table 4). Adherence was not a pri-

mary objective in most of the studies, with the focus tending 

to be on efficacy outcomes or cost savings using the Proteus 

technology. Indications included tuberculosis, hepatitis C, 

hypertension, type 2 diabetes mellitus (T2DM), hypercho-

lesterolemia, and liver and renal transplant recipients. RCTs 

comparing Proteus technology to standard of care, as well as 

economic model studies, are described below.

In a cluster-randomized, prospective, open-label trial 

with a 12-week intervention period, 109 patients with T2DM 

(hemoglobin A1c [HbA1c] ≥7) and hypertension (systolic 

blood pressure [SBP] ≥140 mmHg) were randomized to 

receive medicine in combination with the Proteus ingest-

ible sensor for 4 or 12 weeks, or usual care.36 In the Proteus 

groups, the medical sensor and the medication were co-

encapsulated to ensure that both were taken simultaneously. 

The Proteus group investigators were instructed to review 

the adherence reports on the web portal during study visits 

and provide patient education/counseling or titrate medica-

tions as needed, based on these reports, in addition to other 

clinical data. Medication adherence, calculated only for the 

Proteus ingestible sensor, was >80% (not a trial objective).

In hypertension, at week 4, the combined Proteus groups 

had a mean change in SBP from baseline of –21.8 mmHg vs 

–12.7 mmHg for usual care. In addition, a greater proportion 

of participants in the Proteus groups achieved their BP goal 

(81%) compared with usual care (33.3%). At week 12, 98% 

of Proteus participants achieved their BP goal vs 51.7% of 

usual care participants.36

In diabetes, there was a nonsignificant difference in 

HbA1c reduction in favor of the Proteus groups (4-week 

Proteus group mean, −0.32%; 12-week Proteus group mean, 

−0.08%; usual care mean, 0.28%). For participants with a 

baseline HbA1c ≥8%, the Proteus groups experienced a larger 

HbA1c decrease compared with an HbA1c increase in the 

usual care group (difference from 4-week Proteus group, 

−0.98%; difference from 12-week Proteus group, −0.57%). 

Differences in change in low-density lipoprotein cholesterol 

(LDL-C) between the Proteus groups and the usual care group 

were –33.2 mg/dL at week 4 and –19.2 mg/dL at week 12.36
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In a cluster RCT in 57 hypertension and T2DM patients 

with a 12-week follow-up, Proteus Discover-derived medica-

tion dose reminders were associated with a 16% increase in 

medication taking vs no reminder messages.37 Average daily 

adherence was 85.9, and 79% of subjects achieved >80% 

adherence. Moreover, there were no overdose events related 

to Proteus medication dose reminders.

In other uncontrolled studies with comparatively short 

observation periods (2–4 weeks), adherence was typically 

>80% in patients with hypertension,38–40 hepatitis C,41 or liver 

and renal transplant recipients.42 Godbehere and Wareing39 

and Naik et al40 distinguished between “taking adherence” 

(the number of ingestible sensors detected over the number 

of prescribed sensors) and “timing adherence” (the number 

of sensors detected within ±2 hours of the average time of 

all detections for the dosing period). A trend for higher vari-

ability in timing adherence was observed compared with 

taking adherence.

No formal assessment of the impact of age on adherence 

rates was conducted in the studies reported for the Proteus 

device.

The impact of using Proteus technology on health care 

costs has been analyzed for treatment of tuberculosis, 

hypertension, T2DM, and hypercholesterolemia. Au-Yeung 

and DiCarlo43 compared the impact of wirelessly observed 

tuberculosis therapy (WOT) using Proteus technology with 

WHO-recommended standard of care, 7-day and 3-day 

directly observed therapy (DOT). Using treatment data from 

public sources, it was calculated that the cost of WOT would 

be 36% of 7-day DOT and 71% of 3-day DOT in a public 

health facility’s cost-to-treat analysis. In other words, the total 

cost for 7-day and 3-day DOT were estimated US$3,472 and 

US$1,772, respectively, while the total cost for WOT was 

estimated US$1,273.

Kim et al44 estimated the impact of the Proteus technol-

ogy on outpatient services, monitoring, and cardiovascular 

complications in uncontrolled hypertensive patients. From 

a study that assessed the potential of the technology in 164 

patients with a history of uncontrolled hypertension, the 

authors estimated that the Proteus system could result in 

cost savings of $7.3–18.3 million in a health plan of 1 mil-

lion members and could lead to a 3%–9% reduction in the 

number of coronary artery disease (CAD) and stroke events 

in 1 year. In 2015, Kim et al calculated the value of Proteus 

on reducing BP, blood glucose levels, and lipids in patients 

with comorbid hypertension, diabetes, and hypercholester-

olemia.45 The model was based on costs from the Medicare 

Fee schedule, Agency for Health care Research and Quality 

(AHRQ) databases, payer interviews, clinical and utilization 

assumptions from the literature, expert opinions, as well 

as a study using the Proteus technology in patients with 

uncontrolled hypertension. The authors estimated that cost 

offsets for Proteus would be $90–185/month of use (includ-

ing reimbursements) and that medical cost savings (reduc-

tions in outpatient/inpatient services, monitoring, disease 

management, medication costs) would be $850–$980 per 

patient per year (5%–11% reduction in diabetes and CVD 

complications).

SmartInhaler™
The SmartInhaler™ platform includes adherence trackers 

for patients and HCPs, dosing reminders, and allows insights 

into medication usage. SmartInhaler™ medication sensors 

wrap around a patient’s existing dry powder or metered-dose 

inhaler and automatically send usage data to their smartphone 

using Bluetooth®. The corresponding app analyzes, stores, 

and monitors inhaler use.46

Both RCTs and prospective studies in asthma patients 

have been conducted with the SmartInhaler™ (Table 5), 

with RCT data comparing SmartInhaler™ to standard of 

care described in detail below.

In an open-label, parallel group RCT, 90 children aged 

6–16 years on regular inhaled corticosteroids (ICSs) with 

poorly controlled asthma were randomized to electronic 

adherence monitoring using SmartInhaler™ with daily 

reminder alarms together with feedback in the clinic (active 

intervention) or to adherence monitoring alone (usual care).47 

The study had a 12-month follow-up, with clinic visits at 3 

months intervals. Adherence rate (calculated for each 3-month 

period) was calculated as percentage of the number of doses 

actually taken vs number of doses prescribed. There was a 

statistically significant difference in adherence (70% for active 

intervention vs 49% control). There was no significant differ-

ence in change in Asthma Controlled Questionnaire (ACQ), 

but children in the intervention group required significantly 

fewer courses of oral steroids and fewer hospital admissions.

In a randomized study of 220 children aged 6–15 years 

with asthma exacerbation treated with ICS, audiovisual 

reminder functions (AVRFs) on the SmartInhaler™ device 

used with a preventer inhaler was either enabled (intervention 

group) or disabled (control group).48 The follow-up period 

was 6 months, and adherence was defined as the proportion of 

ICS taken relative to the number of doses prescribed. Median 

adherence was 84% and 30% in the intervention and control 

groups, respectively. In addition to the improved adherence, 

improvement in asthma morbidity score from baseline to 
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6 months was significantly greater in the intervention group 

(from 9.3 to 7.3) than in the control group (from 9.2 to 8.0). 

In addition, there were fewer exacerbations at 2 months in the 

intervention group than in the control group (6% vs 24%), 

but no differences in FEV
1
, asthma-related school absences, 

emergency visits, or caregiver work absences.

In a smaller study with a follow-up period of 4 months, 26 

children aged 6–14 years were randomized to being informed 

of their adherence (intervention group) or for their adher-

ence to remain undisclosed (control group). Adherence was 

collected by means of the SmartInhaler™. Similar to Chan 

et al,48 it was found that while adherence was significantly 

higher in the intervention group (79% vs 58%), this was not 

reflected in a statistically significant improvement in lung 

function.49 The change in FEV
1
 from baseline was 13.8% 

in the intervention group vs 9.8% in the control group, and 

the mean FEV
1
 in the final month was 87.3% and 86.9%, 

respectively, in the two groups.

In a randomized open-label parallel group study with 

a follow-up of 24 weeks, 110 adult or adolescent asthma 

patients taking ICS were randomized to receiving their 

medication with or without an AVRF.50 Adherence (defined 

as the proportion of medication taken as prescribed over the 

final 12 weeks of the study) was 93% in the AVRF group 

and 74% in the control group. In addition, the proportions 

of subjects taking >50%, >80%, or >90% of their medication 

were greater in the AVRF group.

In a cluster RCT, with general practitioner (GP) as a 

unit of cluster, GPs were trained to deliver the relevant 

intervention(s) with 143 patients from their own practice 

prescribed twice-daily ICS/long-acting β
2
-agonist for ≥1 

month with a follow-up of 6 months.51 GPs were randomized 

to one of the following four groups: usual care (UC) (n=43 

patients); UC + personalized adherence discussions (PAD, 

n=24 patients); usual care + inhaler reminders and feedback 

(IRF) (n=35 patients); UC + IRF + PAD (n=41 patients). 

Adherence was significantly higher in the IRF (73%) than 

in non-IRF groups (46%), and there was no statistically 

significant difference between PAD and non-PAD groups. 

Asthma Controlled Test (ACT) scores improved overall 

(mean change, 4.5), and a significant difference among IRF 

and non-IRF groups was observed. About 11% and 28% of 

patients experienced severe exacerbations in the IRF and non-

IRF groups, respectively. Overall, there were no significant 

differences between the reminder and non-reminder groups 

in any other secondary outcome.

In a randomized crossover study in 64 adolescent 

asthma patients, Britto et al52 investigated the impact of text 
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messaging using SmartInhaler™ on adherence to prescribed 

ICS. All patients underwent 3 months of receiving person-

alized text messages such as medication or appointment 

reminders or other messages of their choice (intervention 

arm) and 3 months without access to the text messaging tool 

(control arm) in a randomized order. Receiving text reminders 

resulted in a 2.75% increase in adherence each month, while 

adherence decreased in the absence of text messages. In the 

group that received text messages first, intervention effects 

were not sustained on switching to control, and adherence 

decreased.

No formal assessment of the impact of patient age on 

adherence rate was conducted in the studies reported for the 

SmartInhaler™.

To assess the feasibility and acceptability of health 

worker-delivered electronic adherence monitoring, a prospec-

tive cohort 3-month pilot study was performed in which 14 

children (median age, 3.5 years) with the highest frequency 

of asthma-related emergency department and hospital care 

within a local managed care Medicaid plan were enrolled.53 

The intervention included motivational interviewing, elec-

tronic monitoring of controller and rescue inhaler use, and 

outreach by a community health worker for predefined 

medication alerts. All participants initiated the use of the 

electronic devices, but no modem signal was transmitted 

after a mean of 45 days for five patients. All caregivers 

viewed the electronic monitoring device favorably and would 

recommend it to friends; 56% believed the device helped to 

improve asthma control.

Morton et al47 reported a trend in the reduction in GP/

emergency department visits and days off school due to 

asthma in the SmartInhaler™ group. This difference was, 

however, not statistically significant. Results from multivari-

ate analysis showed that patients receiving usual care were 

~1.5 times more likely to be prescribed oral steroids (inci-

dence rate ratio [IRR]: 1.53) and also had ~4.5 times higher 

rate of hospital admissions (IRR: 4.38) compared with the 

SmartInhaler™ group.

SmartInhalers™ were subject to a National Institute of 

Health & Clinical Excellence (NICE) HTA.13 The review 

included five RCTs in adults and children assessing asthma 

control using ACQ scores, medication adherence, proportion 

of prescribed doses taken, and days absent from school for 

patients using SmartInhalers™ as highlighted in Table 5.

While an improved adherence with the SmartInhaler™ 

technology was found across studies, NICE noted that “key 

uncertainties are that some of the available studies were either 

not designed to or were not adequately powered to show whether 

improved adherence is associated with significantly improved 

outcomes.” It concluded that the evidence for these possible 

resource consequences is limited and that the resource impact 

would be greater than standard care, because of the cost of the 

device and software access (£100 per unit [exclusive of VAT], 

plus £14.17 per month for each HCP to access cloud-based 

data), unless reductions in GP and hospital visits were realized.

Propeller
The Propeller system includes an electronic inhaler sensor 

that attaches to an existing third-party inhaler. The sensor 

monitors the date, time, and frequency of medication use 

and transmits these data back to secure servers through 

a smartphone app or hub-base station. Location data are 

collected on medication use among patients who have a 

smartphone. The sensors regularly transmit data back to the 

server or sync through the smartphone or hub.54 Similar to 

the SmartInhaler™ technology, Propeller is used for a variety 

of differed inhaler types.

Both RCTs and prospective studies in patients with 

asthma and COPD have been conducted with the Propeller 

system (Table 6). Data from RCTs and larger uncontrolled 

studies that compared the use of Propeller to standard of 

care are described in detail below. Use of rescue inhaler was 

monitored in most of the studies. While some studies high-

light the use of a short-acting β-agonist (SABA), others did 

not mention the name of the rescue inhaler.

In an RCT enrolling 495 asthma patients with a SABA 

prescription at study intake, patients either received access 

to and feedback from the Propeller system, with physicians 

able to monitor patient status (intervention group) or routine 

care whereby patients were fitted with sensors, but did not 

receive feedback.55 The follow-up period was 12 months. The 

mean daily number of SABA uses per person decreased by 

0.41 for the intervention group and by 0.31 for routine care 

between the first week and the end of study. In addition, the 

proportion of SABA-free days increased by 21% for the 

intervention group and 17% for routine care. ACT scores 

were not significantly different between arms. There was a 

greater improvement in the proportion of patients with con-

trolled asthma in the intervention group vs routine care (63% 

vs 49%) among adults with initially uncontrolled asthma.

In a 6-month RCT, 125 adult asthma patients with a 

SABA prescription were randomized to an intervention 

(electronic inhaler sensors tracking medication use, electronic 

data visualizations, reminders, and personalized education) 

or control group (received sensors, but with no data access 

for the patient or care manager).56 In addition to a 21-point 
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improvement in adherence in the intervention group, sig-

nificant improvements in controller medication adherence, 

daily SABA use, asthma-free days, and asthma control were 

reported.

In 2015, Van Sickle et al57 published the results from a 

study in 299 asthma patients with a SABA prescription. The 

initial control period was 30 days and the subsequent period 

during which patients received the smartphone and web-

based self-management tool was 12 months. At follow-up, 

rescue inhaler use declined by 75%, and the proportion of 

participants with an asthma-free day increased by 39%. The 

proportion with asthma-free days during the initial control 

period was significantly lower than all subsequent months, 

and the proportion considered well-controlled increased by 

33% between intake and exit. In addition, while only 41% of 

patients were reported to have an asthma action plan at study 

entry, 57% had one at the end of the trial. Similar findings 

were reported in a number of other non-randomized trials.58–65

Suboptimal adherence trajectories following severe 

exacerbations independent of the use of daily text message 

reminders by means of the Propeller system were reported by 

Kenyon et al.66 In their study, children aged 2–13 years with 

persistent asthma were randomized to an intervention group 

(receiving daily text message reminders, including tips about 

the value of regular controller use) or control group (receiv-

ing only two reminders to sync their sensors). The impact of 

patient age on adherence to study treatments was assessed. 

After adjusting for age and parental education, mean adher-

ence rates were 36% and 32% for the intervention and control 

groups, respectively. Mean daily medication adherence trends 

over the 30-day intervention were also similar between the 

two groups, with broadly overlapping standard deviations. In 

addition, mean change in the parent-reported portion of the 

childhood asthma control test (cACT) score over the 30 days 

was not statistically significantly different between controls 

(3.1) and intervention (1.2). While the study was not powered 

to analyze adherence, there was no signal of impact due to 

the text message intervention.

In a model of the impact of municipal intervention sce-

narios based on data from 140 asthma patients recording 

inhaler use with a wireless sensor that passively collected 

date, time, and location of inhaler use in Louisville between 

June 2012 and February 2014, it was estimated that $1.8 

million in hospitalization costs could be avoided through 

targeted use of interventions such as the Propeller device.67

A retrospective study of electronic medical records 

compared asthma-related and non-asthma-related utilization 

event rates among 507 asthma patients during the intervention 

period (use of Propeller Sensor) to those during their pre-

intervention baseline.68 All acute asthma-related utilization 

rates demonstrated significant reductions, including hospital-

izations (2.7 to 0.6 days), inpatient days (7.9 to 1.4 days), and 

emergency department visits (19.2 to 8.3 days), while non-

acute asthma-related clinic visits increased (197 to 277 days). 

Moreover, there was a non-statistically significant decrease in 

all non-asthma utilization events, including hospitalizations, 

emergency department visits, and clinic visits. The authors 

suggested that the increase in clinic visits may be related to 

providers making an attempt to address patient worsening in 

a non-acute setting before an acute exacerbation occurred.

Discussion and conclusion
From the five preselected connected drug delivery devices, 

the two that were developed by the manufacturer of combined 

interferons (RebiSmart® and BETACONNECT™) showed 

high adherence rates of >80% to 90% overall. In addition, 

as assessed with the RebiSmart® device, there was a cor-

relation between higher adherence and a number of efficacy 

outcomes. Nevertheless, it cannot be concluded that the 

observed compliance with the dosing regimen was a result 

of the application of connected features, as the relevant trials 

did not include a control arm.

A different database is available for devices that were 

developed by specialized biotech companies aiming to apply 

their technologies to molecules and devices developed by 

potential pharma partners (Proteus Discover, SmartInhaler™, 

Propeller). As part of the overall value proposition, studies 

have been conducted comparing adherence to treatment and 

related outcomes with and without connected device features. 

Collectively, clinical studies demonstrate improved adher-

ence to treatment with the connected device vs standard of 

care, with a number of trials revealing a correlation between 

adherence and efficacy outcomes. In addition, there is initial 

evidence that the use of connected devices could result in 

lower health care costs due to reductions in outpatient and 

inpatient services, patient monitoring, disease management, 

and medication costs.

Therefore, considering together the data available for 

the different connected devices, there is initial evidence that 

such tools could be a cost-effective modality to improve 

adherence to treatment and ultimately outcomes outside of 

a controlled stetting. Thus, digital homecare is expected to 

decrease uncertainty around patient adherence, while main-

taining patient-centric disease management.

Through real-time collection of patient health and dis-

ease state information, connected devices can promote the 
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early tracking of potential adverse events or complications, 

allowing physicians to differentiate between pharmacological 

resistance and improper medication use. This may prevent 

severe treatment-related events or treatment failure that would 

otherwise consume costs and resources (including hospital-

ization) and enable real-time decision-making concerning 

continuation of treatment (including whether to maintain or 

alter the dose) or treatment discontinuation.

Connected drug delivery devices may also play a role in 

complementing value-based reimbursement models. Long-

term reimbursement decisions for the “companion drug” 

might be supported with adherence or PRO data derived 

from these technologies. Such data could be used to support 

performance and value-based payment solutions by track-

ing the ongoing performance post-approval to confirm the 

outcomes of RCTs in the real-world setting.

To ensure broad acceptance of connected devices, how-

ever, a number of barriers still need to be overcome (Figure 1). 

Despite initial enthusiasm, patients may lose motivation over 

time, which is difficult to show in a clinical trial setting. Not 

all patients will want to share their data with HCPs or payers, 

and depending on the area where people live, connectivity 

issues may prevent continuous application of the electronic 

device. In addition, as reasons for nonadherence depend on 

the patient and patient population, customized connected 

tools tailored to individual patients, patient populations, and 

indications need to be made available. From an HCP perspec-

tive, there will likely be concerns about lack of remunera-

tion for patient training, data capture, and assessment. Also, 

aspects of reliability, completeness, and security of the data, 

as well as the perceived lack of control and direct patient 

contact while still being liable for the treatment, need to be 

further addressed. To unfold the full potential of connected 

devices from an HCP and payer perspective, more data on the 

health economic benefit need to become available on an indi-

vidual drug and/or indication basis. The increasingly stringent 

laws around data privacy and patient security also have to 

be taken into consideration in this context. For example, the 

new European regulations on personal data protection that 

came into effect in May 2018 across its Member States69,70 

will impact the European setting for connected devices and 

health apps. The full set of its implications on the environ-

ment for connected devices and related health apps will not 

be fully understood and visible for a few years.

It is expected that future connected device features 

enabling drug delivery in the home setting may be further 

improved technically by considering aspects such as patient 

age, general customization to individual patient needs, as 

well as a combination of different adherence tools. Studies on 

the impact of patient age on the successful use of connected 

Figure 1 Expected value of connected devices for stakeholders and potential barriers to adoption.
Abbreviations: PRO, patient-reported outcome; RWD, real-world data.

–  Dosing reminder
–  Adherence tracker
–  Education/training
–  Diary

–  Adherence tracker
–  Disease monitoring
–  Early treatment decisions based

on PRO & RWD

–  Reduced uncertainty due to
PRO & RWD

–  Complement value-based
reimbursement models

Patient

Physician

Payer

Key identified barriers

•  Diminishing motivation

•  Concerns around data privacy

•  Connectivity issues

•  Reasons for non-adherence depend on
patient population

Key identified barriers

•  Lack of reimbursement of training & data
capture/assessment (country-dependent)

•  Reliability & security of data

•  Regulations around data privacy may
block data sharing

•  Loss of control & of direct patient
interactions, but still liability for patient
treatment

Key identified barriers

•  Limited data on health economic
benefit
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may block data sharing

•  Concerns around suitability of
clinical trials ot predict real-world
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devices are still limited. More work in this area is mandated, 

as one potential challenge with the widespread use of con-

nected devices is the requirement to develop a certain level 

of computer skills in computer-naive patients. Interestingly, 

however, in a study with the RebiSmart, older age was associ-

ated with a higher objective adherence.25 In contrast, Barone 

et al71 reported a greater preference for BETACONNECT™ 

among younger patients (100% in patients aged 18–40 years) 

compared with older patients (75% in patients aged 51–70 

years). Furthermore, older patients were less likely to switch 

away from standard injection.

In this context it becomes evident that a customization of 

connected device features should not only relate to a patient’s 

age but also to other individual needs that are specific to the 

person, medication, and timing of drug intake. As already 

seen in the field of asthma and chronic obstructive diseases, 

depending on individual patient needs, electronic devices are 

complemented with text messaging and self-managing tools 

(ie, web-based and mobile apps to record symptoms and moni-

tor the disease).72 To permit a user-centered design in engag-

ing individuals in behavior change, patients should even be 

involved in designing the most appropriate adherence tool.73

To further improve compliance with the treatment regi-

men outside the setting of a controlled hospital or physician’s 

office, a combination of different adherence tools has already 

been proposed with the aim of tracking and overcoming a 

number of factors leading to poor adherence. Kalantarian 

et al74 described a two-step system for detecting when a pill 

bottle is opened using commercial smart-bottle technologies, 

and when a pill is consumed using a custom-designed smart 

necklace equipped with a piezoelectric sensor. The authors 

suggested that combining these two mechanisms coupled 

with a mobile app could passively monitor adherence and 

inform caregivers of patient status.

The field of connected drug delivery devices is evolving 

rapidly. In particular, with the first FDA-approved smart pen 

for insulin launched in 201775 and a number of similar devices 

in late-stage development, the clinical database on the use-

fulness of electronic adherence tools linked to drug delivery 

devices is expected to increase significantly in the near future.

In summary, connected drug delivery devices offer the 

potential to ensure a high quality of care while support-

ing drug administration in a decentralized setting. There 

is already a comparatively large database on the impact of 

connected features on adherence to treatment and efficacy 

outcomes. To further apply data generated by connected 

devices for enabling early treatment decisions and to even 

complement value-based reimbursement models, aspects 

such as HCP reimbursement, data reliability, as well as data 

privacy need to be assessed in greater detail.
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Supplementary materials

Table S1 Predefined research questions

Research questions

•	 Is there any regulatory/HTA guidance for connected devices in the US and EU, including apps or software in particular?
•	 What was the approval pathway for any connected devices that have been reviewed by regulatory authorities?
•	 Which clinical studies or other studies were required by regulatory and HTA bodies in order to grant approval of the selected connected 

devices?
•	 What is the impact of selected connected devices on adherence (clinical studies or RWE)?
•	 What is the impact of selected connected devices on clinical outcomes?
•	 What is the impact of selected connected devices on health care costs and resources, including doctors’ visits (scheduled and unscheduled visits)?
•	 What are the potential barriers that need to be overcome to unfold the full potential of these tools?

Abbreviations: EU, European Union; HTA, Health technology assessment; RWE, real-world evidence; US, United States.
 

Table S2 Data sources searched

Data sources searched
PubMed
Google
Google Scholar
Company websites
HTA databases (AETSA; AHRQ; CADTH; CTAF-ICER; HAS; INAHTA; IQWiG; NHS; NICE; PBAC; SMC)
USFDA website
EMA website
Clinicaltrials.gov
International Clinical Trials Registry Platform

Abbreviations: AETSA, Agencia de Evaluación de Tecnologías Sanitarias de Andalucía; AHRQ, The Agency for Health care Research and Quality; CADTH, Canadian Agency 
for Drugs and Technologies in Health; CTAF-ICER, The California Technology Assessment Forum – Institute for Clinical and Economic Review; EMA, European Medicines 
Agency; HAS, Haute Autorité de Santé; HTA, Health technology assessment; INAHTA, The International Network of Agencies for Health Technology Assessment; IQWiG, 
The Institute for Quality and Efficiency in Health care; NHS, National Health Service; NICE, National Institute for Health and Clinical Excellence; PBAC, Pharmaceutical 
Benefits Advisory Committee; SMC, Scottish Medicines Consortium; USFDA, United States Food and Drug Administration.

Table S3 Search terms used

Device Synonym/local language translation

Proteus Discover Proteus pill, Proteus patch, and other translated terms of the device in different languages (eg, Proteus-Pille [German], 
Proteus pillola [Italian], pilule Proteus [French], píldora de Proteus [Spanish])

RebiSmart® Msdialog and other translated terms of the device in different languages (same as that of English)
BETACONNECT™ BETACONNECT™ system, BETACONNECT™, and other translated search terms of the device in different languages 

(eg, Beta verbinden [German], Beta connettersi [Italian]; while French and Spanish terms remained same as that of English 
language)

SmartInhaler™ Smart inhaler, SmartInhaler medication sensors, SmartInhaler sensors, Smartturbo, Smarttouch and other translated terms 
of the device in different languages (eg, Intelligenter Inhalator [German], Inalatore intelligente [Italian], Inhalateur intelligent 
[French], Inhalador inteligente [Spanish])

Propeller Propeller Sensor, specific device terms including Ellipta, Respimat, Diskus, MDI, metered-dose inhaler, and other translated 
terms of the device in different languages (eg, Elica [Italian], Hélice [French & Spanish]); while the German term remained 
same as that of English language

Note: General searches were also undertaken to identify guidance documents for connected devices overall.
Abbreviation: MDI, metered-dose inhaler.
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