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ABSTRACT
Background: Nonadherence to medication 
compromises the effectiveness of psychiatric 
treatments in patients with serious mental illness 
(SMI). A newly developed digital medicine system 
(DMS) offers an opportunity to objectively assess 
and report patient medication adherence. DMS 
includes a wearable sensor that receives a data 
signal from a medication tablet with an embedded 
ingestible sensor after ingestion of the medication 
and transmits that data to the patient’s mobile 
device to display health care information for the 
patient and treatment team.

Methods/Results: Development of a DMS requires 
a program that investigates safety, tolerability, 
and usability of the system in patients with 
SMI. It necessitates rapid design adaptation of 
the individual components and the integrated 
system and human factors studies with the 
intended users. This article describes the program’s 
methodology and shows results from 3 early 
studies, conducted in 2013 and 2014, to illustrate 
diversity of the programs’ methodology. First, 
a standard 28-day study showed minimal skin 
irritation and demonstrated acceptable wearability 
of the wearable sensor. Second, a 16-week study 
provided usability feedback from patients with SMI 
and caregivers to improve the mobile application. 
Third, end-to-end bench-level integrated 
system testing led to multiple substudies of a 
master protocol (ClinicalTrials.gov identifier: 
NCT02091882) to investigate various aspects of 
the system (eg, ingestible sensor detection and 
latency).

Conclusions: To develop a DMS in psychiatry, the 
system’s multiple components must be considered 
simultaneously using various methodologies. A 
focus on usability, along with agile evaluation 
and feedback across studies, provides an optimal 
strategy for ensuring patient acceptance and 
successful regulatory review.
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Serious mental illness (SMI) is one of the leading causes of long-
term disability worldwide. Major depressive disorder (MDD), 

schizophrenia, and bipolar disorder were ranked second, 11th, and 17th, 
respectively, on the list of global causes of long-term disability surveyed in 
188 countries by the Global Burden of Disease Study 2013.1 SMI affects a 
large proportion of the US population; in 2012, the estimated prevalence 
of mental illness and SMI among adults was 18.5% and 4.2%, respectively, 
based on the National Survey on Drug Use and Health.2 Pharmacologic 
treatment interventions reduce the severity of SMI and improve patient 
outcomes. For example, meta-analyses of results from 65 and 72 placebo-
controlled clinical trials in schizophrenia and MDD, respectively, showed 
that treatment with antipsychotics or antidepressants significantly reduces 
rates of patient relapse.3,4 However, medication is effective only when taken 
as prescribed, and nonadherence to treatment of SMI is often associated 
with suboptimal response as indicated by psychiatric hospitalization, 
arrests, violence, increased risk of suicide attempt, and poor occupational 
and social functioning.5–7 It is estimated that 40%–50% of patients with 
SMI are nonadherent to medication,8,9 and the rates further increase with 
longer observation time. For example, in a large, 4-year, cross-sectional 
study, 36% of patients with schizophrenia were found to be poorly 
adherent in each year, but 61% had adherence problems at some point 
during the study period.10 Assessment of nonadherence often relies on 
subjective patient self-report or clinician assessment.11 Studies comparing 
self-report or clinician judgment to more objective measures of adherence 
indicate that the former methods lead to overestimating patient adherence 
by health care providers.12 Numerous modalities currently available 
for direct or objective assessment of adherence, including pill counts, 
Medication Event Monitoring System (MEMS) bottle caps, pharmacy refill 
records, and biological assays from bodily fluids, have limitations, and 
none provide an actual measure of medication ingestion.13 Therefore, the 
ability to precisely and objectively assess medication adherence in patients 
with SMI remains a significant unmet need.

A newly developed digital medicine system (DMS) offers an innovative 
opportunity to objectively measure and report actual patient medication 
adherence. The DMS includes a wearable sensor that receives a data signal 
from a medication tablet with an embedded ingestible sensor activated in 
the stomach following medication ingestion. The design and performance 
of the ingestible sensor have been previously reviewed.14 Results from a 
trial that assessed medication adherence in patients with bipolar I disorder 
and schizophrenia using a prototype of a DMS were published in 2013 and 
demonstrated utility and good tolerability of the system for patients with 
psychiatric conditions.15 DMS is now being developed as a drug-device 
combination to assess adherence to aripiprazole, an atypical antipsychotic 
indicated for the treatment of schizophrenia, bipolar disorder, and MDD.16 
The DMS enables confirmation of ingestion and electronic feedback to the 
patient and health care provider (HCP), as well as the elected caregiver, 
family member, or friend. The system is an integrated product with 3 distinct 
components: ingestible sensor embedded in a medication tablet, wearable 
sensor, and mobile- and cloud-based software (Figure 1). The development 

See related article by Profit et al

https://clinicaltrials.gov/ct2/show/NCT02091882
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Figure 1. Digital Medicine System (DMS) Information Components and Data Communication
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• Ingestible sensor embedded within tablets containing various 
dosages of aripiprazole or placebo

• Ingestible sensor activates in the stomach and communicates 
to the wearable sensor

Wearable 
Sensor

• Applied to left costal area and worn up to 7 days

• Upon receiving signal from activated ingestible sensor, the 
wearable sensor sends a signal to the paired mobile computing 
device (eg, smartphone or tablet computer)

Medical Device Data 
System (MDDS)

• MDDS is software located on the mobile computing device that 
transmits information received from the wearable sensor and 
shares data with the patient component (app) of the Otsuka 
medical software on the same device

Patient Component 
(App) of the  Otsuka

Medical Software

• Patient component (app) of the Otsuka medical software, 
located on the mobile computing device, receives data from 
MDDS and transmits data via cell or Wi-Fi connectivity to the 
Otsuka cloud-based server

Otsuka 
Cloud-Based 

Server

• Otsuka cloud-based server (located behind �rewalls) 
communicates bi-directionally with the patient component 
(app) of the Otsuka medical software and completes 
averaging/trending of patient medication adherence data

Web Portals 
of the 

Otsuka Medical 
Software

• Web portals of the Otsuka medical software use a graphical user 
interface to display data from the Otsuka cloud-based server

• Provides patient-shared summary data to health care providers 
and caregivers in a unidirectional manner

Drug-device combination Proteus components of DMS Otsuka components of DMS

of an integrated technology that comprises pharmaceutical, 
medical device, and mobile application components and has 
the added complexity of involving multiple participants (ie, 
patient, HCP, caregiver) necessitates a number of empirical 
considerations and requires an evidence-based program that 
differs from the traditional development of a pharmaceutical 
agent.

A series of studies is being conducted to (1) identify the 
safety, tolerability, and usability of each individual component 
of the system; (2) evaluate safety and tolerability of the whole 
system; (3) determine human factors (HF) usability; and 
(4) assess integration of the individual components into 
the system and information flow. This integrated approach 
involves a combination of novel designs of clinical studies 
that adhere to good clinical practice and iterative usability 
testing using HF studies. Usability testing refers to the user 

experience of interacting with the system and is key to the 
development process of mobile applications.17 This method 
reveals design deficiencies and ensures the application 
is understandable, usable, and attractive for the targeted 
end users.18 The trials included in the DMS program are 
designed to accommodate subjective feedback from patients, 
caregivers, and HCPs in an iterative process that aims at 
improving functionality of individual components and also 
user experience with the overall system. This article outlines 
the overall DMS development process and then focuses 
on 3 individual studies as examples of early steps in the 
development program.

METHODS AND RESULTS

Development Process
The development of a DMS requires a program that 

investigates the safety, tolerability, and usability of the 
system in patients with SMI. The program necessitates 
conducting multiple independent studies that enable rapid 
refinement and adaptation both on the level of the individual 
components and as an integrated system. The studies used 
in the DMS development process are exploratory clinical 
trials and HF studies that allow DMS optimization and risk 
assessment. The goal of the clinical trials is to inform HF 
studies and provide product-related information. The goal 
of the HF studies is to assess the safe, effective, and correct 
use of DMS by the intended user for the intended uses. The 
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 ■ Nonadherence to medication compromises the 
effectiveness of antipsychotic treatments.

 ■ An objective assessment of adherence is an important 
unmet need in psychiatry because currently available 
methods of measuring adherence have limitations.

 ■ This article describes the methodologically diverse 
development of a drug-device combination comprising a 
digital sensor embedded in an aripiprazole tablet, which 
provides the opportunity to directly detect medication 
ingestion.
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stepwise process of deploying individual studies within the 
DMS development program is outlined in Table 1 and Figure 
2. Dermal safety (study 316-13-205), iterative application 
development (study 316-13-204), and iterative detection 
of ingestion and latency (study 316-14-206a followed by 
206b) represent areas investigated in the clinical trials that 
illustrate the diversity of approaches used during the DMS 
development.

Dermal Safety
The primary objective of the dermal safety study was 

to evaluate the wearable sensor for potential skin irritation 
when applied to normal skin and to determine the overall 
safety and tolerability of the sensor. The secondary objective 
was to evaluate adhesiveness of the wearable sensor. 
The study was conducted according to the US Food and 
Drug Administration (FDA) guidelines for industry on 
skin irritation testing.19 The study was approved by the 
institutional review board (Integreview), and the study 
participants provided written informed consent. 

In this phase 1, open-label, 4-week trial, conducted from 
June 2013 to July 2013, 30 healthy volunteers were randomly 
assigned in a 1:1 ratio to receive the wearable sensor on 
either the right or left side of the body above the lower edge 
of the rib cage. A control comparator, a 2 × 2 cm Webril pad 
attached to a nonporous, plastic film adhesive bandage (3M 
Blenderm), was worn on the opposite side. The sensor and 
the comparator were worn continuously for 7 days with 
weekly replacement, for a total of 4 applications in a 28-day 
period. The demographics, baseline characteristics, and 
disposition of the study participants are shown in Table 2. 

Of the 30 individuals randomized, 23 (76.7%) completed 
the study. Total cumulative and mean skin irritation scores 
were assessed for each participant using the modified Draize 

method.21 Pruritus was measured using the Visual Analog 
Scale that evaluates itch on a scale of 0 (no itch) to 100 mm 
(worst imaginable itch).22 Results of the trial showed that 
the wearable sensor caused little to no irritation (cumulative 
and mean skin irritation scores: 0–0.1) and mild increase 
in pruritus (mean change from baseline at all visits: 14.2–
18.6 mm). The wearable sensor was well tolerated, with no 
adverse events reported during the trial. The participants 
wore the sensor for an average of 6 days per week, and the 
period of wearability increased over the course of the trial.

Iterative Application Development
The primary objective of this application development 

study was to obtain descriptive feedback from patients 
with bipolar I disorder or MDD and their caregivers about 
updates made iteratively to the Otsuka medical software 
mobile phone application used in an early prototype of 
the DMS. The secondary objective was to assess safety 
of the DMS components. An additional objective was to 
summarize patient adherence based on ingestible sensor 
detection reported by the DMS prototype. 

The study was a 16-week, open-label, single-arm, 
clinical usability phase 4/exploratory observational trial 
conducted from August 2013 to February 2014 in 58 stable 
patients with a diagnosis of bipolar I disorder (n = 35) or 
MDD (n = 23) based on Diagnostic and Statistical Manual 
of Mental Disorders, Fourth Edition (DSM-IV) criteria and 
22 patient-designated caregivers. Written informed consent 
was obtained from the study participants, and the protocol 
was approved by the institutional review board (Copernicus 
Group). Patients took placebo embedded with the ingestible 
sensor in addition to their regular medication. All users were 
scheduled to provide regular feedback via in-person, one-
on-one, biweekly interviews and computer-administered 

Table 1. Investigational Trials in the DMS Development Program
Study Title/Description
Clinical study
316-13-204 A Usability Study of the DMS Prototype in Subjects with Bipolar Disorder or 

Major Depressive Disorder
316-13-205 A Phase 1, Open Label Trial to Evaluate the Skin Irritation Potential 

and Extent of Adhesiveness of the RP4 Wearable Sensor Following 
Application to the Skin of Healthy, Adult Subjects

316-14-206a A Sub-study to Measure the Accuracy of Ingestible Sensor Detection by the 
DMS and Determine the Latency Period

316-14-206b A Sub-study to Measure the Accuracy of Ingestible Sensor Detection by the 
DMS and Determine the Latency Period

316-14-220
Cohorts 1 and 2

A Multicenter, 8-Week, Open-label Study to Assess Usability of the DMS 
in Adult Subjects With Schizophrenia Who Are Treated With Oral 
Aripiprazole (Cohort 1 used wearable sensor RP4 and application v1.4; 
Cohort 2 used wearable sensor DW5 and application v.1.5.2)

Human factors study
Formative HF Trial 1 Android app v1.3, wearable sensor RP4, latch-closure packaging
Formative HF Trial 2 Android app v1.5.0, wearable sensor DW5, latch-closure packaging
Formative HF Trial 3 Trial included HCPs and caregivers
Formative HF Trial 4 Android app v1.5.1, in-service and onboarding videos, wearable sensor 

DW5, gift box packaging
Patient Validation HF Trial iOS app v1.5.2, in-service and onboarding videos, wearable sensor DW5, 

gift box packaging
HCP/CG Validation HF Trial Trial included HCPs and caregivers
Abbreviations: CG = caregiver, DMS = digital medicine system, HCP = health care provider, HF = human 

factors.
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aClinical study = blue boxes, human factors study = yellow boxes. Studies described in this article are outlined in red.
Abbreviations: Ari = aripiprazole, BP1 = bipolar I disorder, DMS = digital medicine system, HCP = health care provider, HF = human factors, HV = healthy 

volunteers, MDD = major depressive disorder, SCH = schizophrenia.

Figure 2. Schema of Investigational Trials in the DMS Development Programa 

questionnaires on usability of the mobile and the web 
software. The feedback was used to continuously update 
versions of the application. The study design enabled an 
innovative, multistep iterative refinement of the DMS 
prototype functions. In addition, patients also regularly 
assessed ease of wear and the comfort level of the wearable 
sensor. 

Of the 58 enrolled participants, 47 completed the study 
(Table 2). The feedback from study participants yielded 
positive results regarding usability and safety of the DMS 
prototype. By the end of the study, 83% of patients (48/58) 
felt very confident using the patient component of the 

Otsuka medical software, and 79% of patients (46/58) 
agreed that the wearable sensor is comfortable to wear by 
selecting a rating of ≥ 5 on a scale of 1 (strongly disagree) to 
7 (strongly agree). At the end of the study, 60% of patients 
(18/30) were very or extremely satisfied with the system, and 
74% of patients (22/30) indicated that they would likely use 
the DMS in the future by selecting a rating of ≥ 5 on a scale 
of 1 (extremely unlikely) to 7 (extremely likely). The study 
was a first controlled test of an early version of the patient 
smartphone application that guided a series of subsequent 
trials to further investigate and refine functionality and 
usability of the DMS.
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Iterative Detection of Ingestion and Latency
The primary objective of the ingestion detection study 

was to measure the accuracy of ingestible sensor detection 
by the DMS using tablets containing either aripiprazole or 
placebo and to determine the latency period between tablet 
ingestion and detection by the wearable sensor for both 
types of the ingested tablets. The secondary objective was 
to evaluate safety of the DMS. The ingestible sensor is safe 
and has been cleared for use by the FDA.23 

The study examining ingestion and latency was a 1-day, 
nonrandomized, prospective, single-site, phase 4 clinical 
trial with 30 healthy volunteers conducted from March 
2014 to April 2014 as a substudy of the Otsuka Study of 
Marker Ingested to Trigger Event Recorder (OSMITTER; 
ClinicalTrials.gov identifier: NCT02091882) umbrella 
protocol. The protocol was approved by the institutional 
review board (Copernicus Group), and participants provided 
signed informed consent. This master protocol was designed 
to rapidly test the technical performance, safety, and user 
satisfaction of the DMS components with healthy volunteers 
who could theoretically enroll into 24 feasibility substudies 
over a 12-month period.

The participants ingested a tablet embedded with the 
ingestible sensor every 2 hours for a total of 4 ingestions 
and were administered a new wearable sensor at each time 
point. The tablet ingested at hour 0 contained 10 mg of 
aripiprazole, and the tablets ingested at hours 2, 4, and 6 
contained placebo. In this trial, ingestible sensor detection by 
the wearable sensor was 98.3%. A subsequent substudy (316-
14-206b, Figure 2) that used a slightly modified protocol 
and tested updated versions of the phone application and 
the wearable sensor showed an overall ingestion detection 
rate of 96.6%. Results of the modified substudy are reported 

in detail elsewhere.20 The mean times of latency between 
ingestible sensor ingestion and detection by the wearable 
sensor were 1.1 and 5.1 minutes for sensors embedded in 
the placebo and aripiprazole tablets, respectively. The most 
common trial medication-associated adverse event (AE) 
was nausea, which was reported in 5 patients (16.7%). No 
serious medication-associated or device-associated AEs were 
reported.

DISCUSSION

The widespread use of mobile technologies such as 
cellular phones and smartphones has led to the rapid 
development of numerous applications in support of health 
care and the emergence of digital health aimed to deliver 
actionable health care information to patients, practitioners, 
and researchers. Digital medicine is intended to monitor 
health status and improve health outcomes, a service that is 
particularly useful in mental health.24 A recent review of 46 
studies reporting outcomes from digital health interventions 
in psychiatry found that emerging mobile technologies are 
highly feasible and acceptable for use among patients with 
SMI.25

Unfortunately, digital health technologies are often 
developed without adequate evaluation of their validity and 
effectiveness.26 A rigorous scientific approach to developing 
a new system based on formative and qualitative research 
with target users is time-consuming and often impractical 
to conduct in the field, considering the rapid evolution 
of technologies and their continuously changing role in 
daily life. Consequently, reports describing processes and 
outcomes from development of digital health technologies 
are scarce.27 Nevertheless, it is essential to ensure that the 
intended users can properly use the technology. Devices 
that fail to meet users’ behavioral and cognitive needs 
impose risks of adverse events resulting from user errors 
and increase frustration for the user. For example, designs 
used in common websites are poorly suited for patients 
with SMI whose neurocognitive deficits impose a barrier 
to effectively navigating and searching within standard 
websites.28 Therefore, interfaces intended for patients with 
SMI must be designed for, and have their usability tested in, 
the SMI patient population. Deployment of a user-centered 
program is particularly critical when deficits associated with 
SMI may compromise not only usability but also safety of the 
system. The process of development of the DMS included 
safety studies and extensive iterative HF studies directed 
at patients with SMI, their caregivers, and their health care 
providers. HF testing led to numerous modifications of the 
patient mobile application.

The 3 clinical trials outlined in this article were 
implemented early in the process of development of 
DMS and represent examples of different study designs: a 
traditional safety and tolerability study (dermal safety of the 
wearable sensor), an innovative formative usability study 
(iterative application development in patients with SMI), 
and a combined traditional and iterative study (detection 

Table 2. Participant Demographics, Baseline Characteristics, 
and Dispositiona

Dermal Safety
(n = 30)

Iterative 
Application 

Development
(n = 58)b

Age, mean (range), y 31.8 (18–45) 46.4 (20–73)
Age at diagnosis, mean (range), y NA 34.6 (13.2)
Sex, % male 30 36.2
Race, % white 90 77.6
Weight, mean (range), kg 72.2 (53.5–117.9) 90.9 (48.6–148.0)
CGI-S score, mean (SD) N/A 1.9 (1.1)
Patient disposition, n (%)

Enrolled 30 (100.0) 58 (100.0)
Completed 23 (76.7) 47 (81.0)
Discontinued 7 (23.3) 11 (19.0)

Withdrew consent 3 (10.0) 5 (8.6)
Protocol deviation 2 (6.7) 2 (3.4)
Lost to follow-up 0 2 (3.4)
Adverse events 0 2 (3.4)
Met protocol-specified 

withdrawal criteria
1 (3.3) 0

Withdrawn by investigator 1 (3.3) 0
aData from the iterative detection of ingestion and latency study are 

published in Profit et al.20

bIncludes 35 patients with bipolar disorder and 23 with major depressive 
disorder.

Abbreviations: CGI-S = Clinical Global Impressions-Severity, NA = not 
applicable, SD = standard deviation.

https://clinicaltrials.gov/ct2/show/NCT02091882
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possible incongruity between the number of electronically 
recorded bottle openings and the number of times the 
medication is ingested when using MEMS as an objective 
method for assessing adherence. Additionally, unlike 
biologic measures, DMS does not require blood sampling 
to measure adherence. Finally, unlike pharmacy records, 
DMS does not rely on the assumption that fulfillment of 
medication prescription indicates medication ingestion. 
Monitoring of objective adherence data with the DMS is 
anticipated to increase compliance and thereby potentially 
improve treatment outcomes.

CONCLUSIONS

The DMS represents a novel drug-device combination, 
and its rigorous development in psychiatry requires 
simultaneous use of various methodologies such as safety 
and tolerability studies, end-to-end bench testing, and 
HF studies capable of assessing data from diverse sources 
(ingestible sensor, wearable sensor, mobile application, 
clinical and human factors) and formats (qualitative and 
quantitative). A user-centric focus on usability, along with 
agile evaluation and feedback across studies, provides an 
optimal strategy for ensuring adequate patient acceptance 
and successful regulatory meetings in the emerging era of 
digital medicine.

of ingestion and latency in healthy volunteers). The results 
from these studies provided important feedback to the 
development team on early deficiencies in the design of 
individual components and led to multiple subsequent 
revisions in the patient mobile application, improvements 
in the wearable sensor, and simplifications in patient 
instructions for use. The early modifications, tested and 
further refined in subsequent clinical trials and HF studies, 
substantially improved the function and usability of the 
system.

The studies described here have some limitations. The 
dermal study and the study on detection of ingestion and 
latency were conducted in healthy volunteers. However, this 
was necessary to isolate the effects of disease symptoms from 
the ability to use the technology associated with the DMS. In 
addition, the studies were performed under conditions that 
sought to minimize influence of factors that might exist in 
a real world setting, such as interference from other mobile 
devices.

DMS has potential advantages over other measures 
of assessing medication adherence.13 Unlike adherence 
assessment interviews or questionnaires, DMS does not rely 
on HCP perception or patient self-reporting, but instead 
provides an objective assessment by directly measuring 
medication ingestion. An automated adherence report 
generated by the DMS may overcome the drawback of 
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