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ABSTRACT
Objective: Inpatient psychiatric admissions drive the financial
burden of schizophrenia, and medication adherence remains
challenging. We assessed whether aripiprazole tablets with sensor
(AS; system includes ingestible event-marker sensor, wearable
sensor patches, and smartphone application) could reduce
psychiatric hospitalizations compared with oral standard-of-care
(SOC) antipsychotics.
Methods: This phase 3b, mirror-image clinical trial was conducted
from April 29, 2019–August 11, 2020, in adults with schizophrenia
with ≥ 1 hospitalization in the previous 48 months who had been
prescribed oral SOC for the preceding 6 months (retrospective
phase). All participants used AS for at least 3 months and up
to 6 months. Primary endpoint was the inpatient psychiatric
hospitalization rate in the modified intent-to-treat (mITT; n = 113)
population during prospective months 1–3 versus retrospective
phase. Proportion of days covered by medication was the
secondary endpoint. Safety endpoints included adverse events
related to the medication or patch and suicidality.
Results: AS significantly reduced hospitalizations during
prospective months 1–3 (−9.7%) and months 1–6 (–21.3%
[P ≤ .001 for all comparisons]) in the mITT population versus the
corresponding retrospective phase. AS use improved confirmed
medication ingestion by 26.5 percentage points in prospective
months 1–3 (P ≤ .001) and reduced PANSS scores. Patches were
well-tolerated, and no participant reported changes in suicide risk.
Conclusions: Compared with oral SOC, AS reduced inpatient
psychiatric hospitalization rates for adults with mild-to-moderate
schizophrenia. The AS system may aid medication ingestion and is
associated with improvements in symptoms, potentially reducing
acute-care needs among patients with schizophrenia.
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S

chizophrenia is a leading cause of disability worldwide.1
In the US, there are an estimated 823,000 to > 3 million
people living with schizophrenia.2–5 Inpatient costs were
responsible for > $15 billion in health care costs for patients
with schizophrenia in the US in 2013.6 Prior hospitalization
is associated with increased risk of future hospitalization
for patients with schizophrenia; in a 2017 study of
patients with schizophrenia or schizoaffective disorder,
15% were readmitted within 3 months of discharge from
a psychiatric hospital and 33% were readmitted within 1
year.7 Nonadherence to antipsychotic medication increases
the risk of psychiatric hospitalization and relapse after
discharge.8,9 The elevated risk of relapse among patients with
schizophrenia contributes to monthly expenses exceeding
4 times that of a demographically matched population,
with costs driven by inpatient admissions (42%), outpatient
treatment (33%), and prescription drugs (25%).10
Interventions that enhance adherence and reduce
hospitalization for patients with schizophrenia are greatly
needed. In the present study, we investigated the effects of
a digital medicine system, aripiprazole tablets with sensor
(AS; Abilify MyCite, Otsuka Pharmaceutical Co., Ltd.) on
inpatient psychiatric hospitalization rates. The AS system
was designed to objectively confirm medication ingestion
using prescription aripiprazole tablets embedded with an
ingestible event-marker sensor, a wearable sensor patch,
and a smartphone app to confirm tablet ingestion.11 The AS
system is approved in the US to treat schizophrenia, bipolar
I disorder, and major depressive disorder.12,13 After tablet
ingestion, the sensor is activated by stomach fluid and signals
to the adhesive sensor patch on the wearer’s torso.14 The app
collects patch data via Bluetooth and transmits them to a
secure digital health data server.14 Participants can access
their data through the app, and health care providers and
designated caregivers can access the data through separate
cloud-based web portals, allowing intervention by these
individuals if participants discontinue their medication.14
To date, several studies reported that users of the AS
system found it to be usable, acceptable, and satisfactory;
the sensor patch is wearable per user feedback with only
mild safety considerations and performed well in detecting
ingestions.13,15–19 The efficacy of oral aripiprazole was
already established for patients with schizophrenia; thus,
the US Food and Drug Administration review of the pill,
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rehospitalization in patients with schizophrenia; medication
nonadherence is a contributing factor to hospitalization,
as many patients struggle to take their antipsychotic
medication regularly.
Patients with schizophrenia are willing and able to use
digital medicine technologies to help manage their
condition; in prior studies of aripiprazole tablets with
sensor (AS, composed of pills with ingestible event-marker,
a wearable sensor patch, and a smartphone application]),
patients found that the system fit into their daily routine
and the wearable patch provided good coverage of
medication ingestion.
In the largest trial to date of patients with serious mental
illness using a digital medicine system, compared with
standard oral antipsychotics, AS use significantly reduced
inpatient psychiatric hospitalization rates for adults with
mild-to-moderate schizophrenia, increased the proportion
of days covered by medication, and improved clinical
symptoms.

patch, and smartphone app concluded the system and its
components “function as intended.”20 Recent studies have
evaluated the capacity of AS to detect shifts in medication
ingestion patterns, characterize patient activity as markers of
behavioral change, and evaluate rest quality.21–23 However,
the efficacy of AS in improving clinical outcomes for patients
with schizophrenia remains to be demonstrated, and many
prior studies lacked a comparator arm, as noted in a 2019
systematic review by Cosgrove and colleagues.24 Thus, in the
largest trial to date of patients with schizophrenia using any
digital medicine system, we investigated whether AS could
lower rates of psychiatric hospitalizations relative to oral
standard-of-care (SOC) therapy. In this phase 3b, mirrorimage study, we compared past hospitalization rates for
adults with schizophrenia when they took oral SOC therapy
versus when they used the AS system as part of their care
plan.
METHODS
Study Design and Participants
This 6-month phase 3b, multicenter, open-label, mirrorimage trial took place from April 29, 2019, to August 11,
2020, at 58 sites in the US (ClinicalTrials.gov identifier:
NCT03892889) and was conducted in accordance with local
laws, the International Conference on Harmonization Good
Clinical Practice guidelines, and the Declaration of Helsinki.
Before study initiation, written informed consent covering
retrospective, screening, and prospective trial phases was
obtained electronically from participants. The protocol and
consent forms were approved by the relevant institutional
review board (IRB) or independent ethics committee at
each site. Participants were recruited via site databases of
patients with schizophrenia and IRB-approved digital and
print advertising.

schizophrenia (diagnosed according to the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition) with
a Positive and Negative Syndrome Scale (PANSS)25 score
between 60–90. Eligible participants had ≥ 1 inpatient
psychiatric hospitalization in the preceding 48 months,
had been prescribed oral SOC antipsychotics (including
aripiprazole) for ≥ 6 months, owned and were able to use a
smartphone, and had skin at the lower edge of the left rib
cage devoid of dermatologic problems. Eligible participants
were taking aripiprazole, had a history of tolerating oral
aripiprazole, or, for those with unknown aripiprazole
tolerance, were progressively cross-titrated to aripiprazole
over ≤ 45 days. Excluded were participants currently treated
with a long-acting injectable (LAI) antipsychotic, those
diagnosed with a mental disorder other than schizophrenia or
with comorbid psychiatric disorders, those allergic to adhesive
tape or another component of the AS system, pregnant or
nursing women, those who did not agree to practice 2 forms
of birth control or abstinence, and participants unwilling or
unable to use a smartphone.
Procedures
Study design is shown in Supplementary Figure 1.
At screening, informed consent was obtained, eligibility
was confirmed, participants’ antipsychotic regimen and
hospitalization history were collected for the prior 6 months
(“retrospective phase”), and smartphone compatibility,
cellular service stability, and daily wireless network availability
for the duration of the study were verified. Participants whose
phones were incompatible with the AS system app were
loaned a smartphone for the study.
At baseline, participants completed clinical assessments
(see Study Endpoints) and were trained to use the AS system,
instructed on downloading the app and using the dashboard,
and given a kit containing 1 month’s supply of AS and
sensor patches. Participants visited the study site monthly
for prospective months 1–5 to receive study supplies and
completed clinical and safety assessments digitally at months
3 and 6. Psychiatric hospitalizations and treatment (outpatient
or non-inpatient) were recorded throughout the study, and
accountability for study materials was performed monthly.
Participants used the AS system during initial prospective
months 1–3, which included ingesting study medication (≤ 30
mg) once daily, wearing the patch, and using the smartphone
app. Participants were instructed to wear patches continuously
and were notified approximately weekly by the app for patch
replacements. Throughout the prospective phase, participants
could view their data at will via the app. Investigators
and caregivers or support individuals (designated by the
participant) were able to view the participant’s data through
separate Web portals. Investigators could set up missed dose
notifications to identify lapses. The call center provided AS
technical support to participants and investigators.
After 3 months, participants continued using the AS system
for prospective months 4–6 or reverted to SOC therapy based
on their preferences and investigators’ discretion, in an effort
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Study Endpoints
The primary endpoint was the difference in proportions
of participants with ≥ 1 inpatient psychiatric hospitalization
between prospective and retrospective months 1–3 in
the modified intent-to-treat (mITT) population, defined
as participants who completed the month 3 visit or had
≥ 80% of their study medication ingestions recorded
by the AS system during prospective months 1–3. The
secondary endpoint was assessing whether the AS system
improved confirmed medication ingestion compared
to the retrospective phase, calculated from the overall
proportion of days covered (PDC) as a proxy for medication
adherence27 in the ITT population (those who received
≥ 1 dose of study medication). PDC in both phases of the
study were determined from the participants picking up
their medication. For the retrospective phase, PDC was
calculated from pharmacy records as the proportion of days
a participant had medication available versus the number of
days in a defined period.27 For participants who completed
prospective months 1–6 using AS, PDC was determined
from study drug dispensation when participants collected
their medication from the study site. For participants
who discontinued before 6 months, PDC during AS use
was determined from study drug dispensation (ie, when
participants collected their medication), whereas PDC after
AS cessation was based on pharmacy records.
Key exploratory endpoints included inpatient
hospitalization rates (defined as the proportion of
participants with ≥ 1 inpatient psychiatric hospitalization)
in the prospective and retrospective phases for months 1–6
in the mITT population (those who completed 3 months or
took ≥ 80% of study medication) and in the ITT population
(full study population) for months 1–3 and months 1–6.
Change from baseline in clinical assessment scores was
determined after 3 and 6 months of AS use via the Clinical
Global Impression–Severity of Illness scale (CGI-S), the
5-dimension 5-level EuroQol (EQ-5D-5L), Patient
Activation Measure–Mental Health (PAM-MH), PANSS,
and Personal and Social Performance scale (PSP).25,28–31
Scores for the CGI–Improvement of Illness (CGI-I) scale
were determined after 3 and 6 months of AS use.29 Treatment
response was defined as ≥ 30% reduction from baseline in
PANSS total score or a score of 1 (very much improved) or
2 (much improved) on the CGI-I scale.
Safety was assessed by documenting adverse events (AEs),
treatment-emergent AEs (TEAEs), and serious AEs (SAEs),
classified by preferred terms of the standardized Medical
Dictionary for Regulatory Activities version 23.0. Reports
of suicidality or suicidal ideation were assessed using the
Columbia Suicide Severity Rating Scale (C-SSRS).32 Patchrelated TEAEs were graded by the health care provider using

33

≥ 2 considered clinically significant.
Post hoc sensitivity analyses were conducted on
hospitalization rates for months 1–6 in the ITT population. In
the first analysis, participants who experienced SAEs because
of schizophrenia symptoms, had post-baseline CGI-S ≥ 6, or
who discontinued AS for lack of efficacy were included in
the proportion of participants with hospitalization. For the
second analysis, participants who met criteria from the first
analysis plus those who experienced any TEAEs belonging to
the system organ class of psychiatric disorders were included
in the proportion of participants with hospitalization.

Statistical Analyses
The primary endpoint was assessed in the mITT population
using an exact McNemar test on participants with paired
hospitalization data from months 1–3 of the retrospective and
prospective phases. Based on published data, the expected
inpatient psychiatric hospitalization rate during retrospective
months 1–3 was ~15.5%, while the expected rate during
prospective months 1–3 was ~7%.34,35 We expected 13.5%
of participants to have been hospitalized retrospectively
but not experience a prospective hospitalization, and 5%
of participants to be hospitalized prospectively who were
not hospitalized retrospectively (estimates of “discordant
proportions”). Based on these assumptions and a 2-sided
α = 0.05, 200 participants completing prospective months
1–3 would provide 80% power to detect an 8.5% difference in
paired proportions of hospitalizations between prospective
and retrospective phases.
Continuous variables in the ITT population were
summarized by means, medians, ranges, relevant quartiles,
and standard deviations (SD), with statistical significance
assessed via paired t tests. The trial was stopped early at
the interim analysis because of efficacy, according to a
re-calculated boundary of 2-sided α = 0.0025, using the alpha
spending function based on the number of participants who
reached the 3-month interim analysis.
RESULTS
Participants
From April 29, 2019, to August 11, 2020, 445 participants
were screened and 277 were enrolled (ITT population)
(Supplementary Figure 2). Most participants were male
(n = 182, 65.7%) and Black or African American (n = 167,
60.3%). The mean time since diagnosis was 16.4 years
(SD 12.0) (Table 1). Aripiprazole was the most common
antipsychotic used previously by participants (88.1%),
followed by quetiapine/quetiapine fumarate (29.2%),
risperidone (20.6%), and olanzapine (11.6%) (Table 1).
Other antipsychotics were used less frequently. The mITT
population comprised 113 participants (mean age: 45.6
years [SD 12.8]); 9 participants discontinued before month
3 but were included in the mITT population because they
had taken ≥ 80% of their study medication (Supplementary
Figure 2). The mean PANSS score at baseline for the mITT
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to maintain person-centered care.26 All participants received
identical standard follow-up care. At study termination or AS
cessation, used patches and study materials were returned.
Participants received a safety follow-up call 30 days (± 3
days) after discontinuing AS.
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71.5 (8.6)
3.8 (0.7)
66.0 (20.0)
62.4 (12.6)
79.1 (17.1)
244 (88.1)
32 (11.6)
81 (29.2)
57 (20.6)

Abbreviations: CGI-S = Clinical Global Impression–Severity of Illness scale,
EQ-5D-5L = 5-dimension 5-level EuroQOL Questionnaire, ITT = intentto-treat, PAM-MH = Patient Activation Measure–Mental Health,
PANSS = Positive and Negative Syndrome Scale, PSP = Personal and Social
Performance scale, SD = standard deviation.

population was 71.9 (SD 8.2), corresponding to mild-tomoderate schizophrenia.36
Fifty participants were discontinued before study
completion when the trial was terminated early because of
efficacy. Mean treatment duration was 72.9 days (SD 61.3).
After completing months 1–3, 84 participants continued AS
for months 4–6 and 20 participants opted to switch, with 19
participants reverting to oral SOC therapy and 1 participant
choosing to begin LAI treatment.
Efficacy
Discordant proportions were compared between the
retrospective and prospective study phases, as described
in Methods. No participants using the AS system were
hospitalized during prospective months 1–3 in the mITT
population (n = 113), while 9.7% of participants using oral
SOC had been hospitalized in retrospective months 1–3 but
were not hospitalized in prospective months 1–3, resulting
in a difference of –9.7% (primary endpoint; P = .0010; Figure
1A). During prospective months 1–3, 1.1% of participants
using AS in the ITT population (N = 277) who had not been
previously hospitalized in retrospective months 1–3 were
hospitalized, while 9.4% of participants using oral SOC
who were not hospitalized in prospective months 1–3 were
hospitalized during retrospective months 1–3, a difference
of –8.3% (P < .0001; Figure 1B). No participants using AS
were hospitalized during prospective months 1–6 in the
mITT population (n = 86), while 19.8% of participants using
oral SOC not hospitalized in prospective months 1–6 were
hospitalized during retrospective months 1–6, a difference
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24
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1.1
Retrospective Prospective

aFor the retrospective phase, discordant populations refers to participants

who were hospitalized retrospectively but not prospectively. For the
prospective phase, discordant populations refers to participants who
were hospitalized prospectively but not retrospectively. Discordant
proportions in the retrospective phase were compared with discordant
proportions in the prospective phase using an exact McNemar test as
described in Methods.
bThe mITT population included participants who either completed 3
months with AS or took ≥ 80% of the study medication for months 1–3 of
the prospective phase.
cThe ITT population included participants who received ≥ 1 dose of the
study medication.
Abbreviations: AS = aripiprazole tablets with sensor, ITT = intent-to-treat,
mITT = modified intent-to-treat.

Table 2. Medication Coverage (ITT Population)
PDC (%)
Months 1–3
Mean (SD)
Median
Range
P value
Months 1–6
Mean (SD)
Median
Range
P value

Retrospective
(n = 162)

Prospective
(n = 162)

51.0 (37.9)
60.0
0–100.0

77.5 (31.8)
100.0
0.0–100

26.5 (42.8)
16.7
−72.2 to 100.0
< .0001

48.6 (35.2)
47.8
0.0–100.0

67.6 (32.7)
76.7
0.0–100.0

19.1 (41.5)
14.4
−83.9 to 100.0
< .0001

Difference

Abbreviations: ITT = intent-to-treat, PDC = proportion of days covered,
SD = standard deviation.

of –19.8% (P < .0001; Figure 1C). In prospective months 1–6,
1.1% of participants in the ITT population (N = 277) who
used AS and who were not hospitalized retrospectively were
hospitalized, while 22.4% of participants using oral SOC
were hospitalized during retrospective months 1–6 but not
in the prospective phase, a difference of –21.3% (P < .0001;
Figure 1D).
Post hoc sensitivity analyses were conducted for
months 1–6 in the ITT population. In the first analysis, 2
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98 (35.4)
167 (60.3)
4 (1.4)
5 (1.8)
3 (1.1)
16.4 (12.0)
[0.0–48.9]

24
Discordant populations
with hospitalization (%)

182 (65.7)
95 (34.3)

B. ITT Populationc Months 1–3

A. Primary Endpoint mITT
Populationb Months 1–3

Discordant populations
with hospitalization (%)

ITT population
(N = 277)
44.2 (12.4)

Discordant populations
with hospitalization (%)

Parameter
Age, mean (SD), y
Sex, n (%)
Male
Female
Race, n (%)
White
Black or African American
Native American
Asian
Other
Time since diagnosis, mean (SD), y
[range]
Score at baseline, mean (SD)
PANSS
CGI-S
PAM-MH
PSP
EQ-5D-5L overall health
Historic medication usage (≥ 5% participants), n (%)
Aripiprazole
Olanzapine
Quetiapine/quetiapine fumarate
Risperidone

Discordant populations
with hospitalization (%)

Demographics

Digital Medicine System and Rates of Hospitalization

Change from baseline to month 3
Median
Mean (SD)
(min, max)
P value
−5.2 (8.6)
−4.0
< .0001
(−25.0, 14.0)
−0.4 (0.7)
0.0
< .0001
(−3.0, 1.0)
…
…
…

Assessment
PANSS

N
115

N
82

CGI-S

114

EQ-5D-5La

…

PAM-MHa

…

…

…

…

69

PSPa

…

…

…

…

72

83
72

Change from baseline to month 6
Median
Mean (SD)
(min, max)
P value
−7.9 (10.2)
−6.0
< .0001
(−37.0, 13.0)
−0.5 (0.9)
0.0
< .0001
(−4.0, 1.0)
1.6 (19.7)
0.8
.4795
(−49.9, 49.8)
−0.7 (19.6)
0.0
.7624
(−60.6, 70.3)
6.2 (12.1)
4.0
< .0001
(−15.0, 81.0)

a
These assessments were conducted at baseline and after 6 months of AS.
Abbreviations: AS = aripiprazole tablets with sensor, CGI-S = Clinical Global Impression–Severity of Illness
scale, EQ-5D-5L = 5-dimension 5-level EuroQOL Questionnaire, ITT = intent-to-treat, PAM-MH = Patient
Activation Measure–Mental Health, PANSS = Positive and Negative Syndrome Scale, PSP = Personal and
Social Performance scale, SD = standard deviation.

participants with severe illness or who experienced lack
of efficacy were included in the discordant proportions
of participants with prospective hospitalizations, which
was 1.8% (5/277) in prospective months 1–6 versus
22.4% in retrospective months 1–6, a difference of
–20.6% (P < .0001). For the second sensitivity analysis, 5
participants who experienced TEAEs specific to exacerbation
of schizophrenia were included in the discordant proportions
of participants with prospective hospitalizations, which was
3.6% (10/277) in prospective months 1–6 versus 22.4% in
retrospective months 1–6, a difference of –18.8% (P < .0001).
Altogether, 162 participants had PDC data available for
both phases (secondary endpoint; ITT population) (Table
2). During prospective months 1–3 when participants used
AS, mean PDC was 77.5% (SD 31.8) versus 51.0% (SD 37.9)
during retrospective months 1–3 when participants were
taking oral SOC, an improvement of 26.5 percentage points
(SD 42.8; P < .0001).
Participants underwent clinical assessments after 3
months (PANSS, CGI-S) and 6 months (PANSS, CGI-S, PSP,
EQ-5D-5L, PAM-MH) of AS use (ITT population) (Table 3).
At both timepoints, AS use was associated with significantly
improved PANSS and CGI-S scores relative to baseline. PSP
scores improved from baseline by 6 months of AS use. There
was no significant change from baseline in EQ-5D-5L or
PAM-MH scores. With AS use, 16.5% of the ITT population
(19/115) met the definition of treatment response (≥ 30%
reduction from baseline in PANSS total score or scored “very
much improved” or “much improved” on CGI-I scale) by 3
months, 27.7% (23/83) by 6 months, and 16.6% (35/211) by
the final study visit. The median time to discontinuation (all
causes) in the ITT population was 50 days (n = 204; 50/277
[18.1%] due to the study stopping early for efficacy and
154/277 [55.6%] actual discontinuations).
Safety
Seventy participants experienced 107 AEs and 67
participants experienced 93 TEAEs (Table 4). Thirty-three
participants experienced 39 TEAEs related to AS (Table 4),
21 of whom had a patch-related nonserious TEAE (medical

device site reaction). Nine serious TEAEs occurred among
6 participants (2.2%) during the trial. Five serious TEAEs of
schizophrenia (exacerbation of symptoms) occurred among
2 participants; all were determined by site investigators to
be unrelated to treatment. Other serious TEAEs occurred in
1 participant each (acute pancreatitis, drug hypersensitivity,
bacterial pneumonia, and cerebrovascular accident). There
were 6 clinically significant (grade ≥ 2) skin irritation events.33
Twenty-two participants who experienced a TEAE (27 events
overall) discontinued treatment. The most common reasons
for TEAE-related discontinuation were device site reactions
(n = 8) and psychiatric disorders (n = 7) (Table 4). Mean
change from baseline in C-SSRS suicidal ideation scores
was considered not clinically significant. During or after AS
use, no participants exhibited emergent suicidal behavior,
serious suicidal ideation, or worsening of suicidal ideation.
One death occurred during the study; it was caused by a
cerebrovascular accident and deemed unrelated to treatment.
DISCUSSION
In this phase 3b mirror-image study, integration of the
AS system into the routine care plan for participants with
schizophrenia significantly reduced inpatient psychiatric
hospitalizations relative to the lookback period when
participants were using oral SOC therapy. This was true
across study populations (mITT and ITT) and the 2 time
periods assessed (months 1–3 or months 1–6) in a clinical
trial setting. Confirmation of participants’ medication
ingestion also improved while using AS, and symptoms of
their illness improved significantly. Treatment response was
achieved for approximately 1 in 5 participants after 3 months
of AS use and approximately 1 in 4 after 6 months. These
results suggest the AS system may improve symptoms and
reduce psychiatric hospitalizations for individuals with mildto-moderate schizophrenia.
The improvement in hospitalization rate during AS
use persisted through sensitivity analyses that included
participants who discontinued due to AEs or had newly
emergent psychiatric AEs that might have required
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Parameter
Mean treatment duration, days
Exposure duration, n (%)
1–14 days
15–35 days
36–84 days
85–140 days
≥ 141 daysa
Participants with AEs, n (%)
[number of AEs]
Participants with TEAEs, n (%)
[number of AEs]
Nonserious TEAEs, n (%)
Serious TEAEs, n (%)
Severe TEAEs, n (%)
TEAEs by system organ class, n (%)
General disorders and administration site conditions
Nervous system disorders
Psychiatric disorders
Participants with treatment-related TEAEs, n (%)
[number of AEs]
Treatment-related TEAEs by system organ class, n (%)
General disorders and administration site conditionsb
Nervous system disordersc
Musculoskeletal and connective tissue disordersd
Eye disorderse
Gastrointestinal disordersf
Immune system disordersg
Metabolism and nutrition disordersh
Deathsi
Participants who discontinued due to AEs, n (%)
Patch-related
Rash
Irritation
Pruritus
Unspecified medical site reaction
Psychiatric disorders
Exacerbation of schizophrenia symptoms
Auditory hallucinations
Anxiety
Paranoia
Psychotic disorder
Restlessness
Nervous system related
Akathisia
Cerebrovascular accident
Headache
Tongue biting
Muscle related
Muscle tightness
Muscle twitching
Other
Nausea
Drug hypersensitivityj

ITT population
(N = 277)
72.9
59 (21.3)
54 (19.5)
64 (23.1)
34 (12.3)
66 (23.8)
70 (25.3)
[107]
67 (24.2)
[93]
62 (22.4)
6 (2.2)
4 (1.4)
22 (7.9)
16 (5.8)
13 (4.7)
33 (11.9)
[39]
21 (7.6)
8 (2.9)
2 (0.7)
1 (0.4)
1 (0.4)
1 (0.4)
1 (0.4)
1 (0.4)
22 (7.9)
8 (2.9)
5 (1.8)
1 (0.4)
1 (0.4)
1 (0.4)
7 (2.5)
3 (1.1)
2 (0.7)
1 (0.4)
1 (0.4)
1 (0.4)
1 (0.4)
5 (1.8)
2 (0.7)
1 (0.4)
1 (0.4)
1 (0.4)
2 (0.7)
1 (0.4)
1 (0.4)
3 (1.1)
2 (0.7)
1 (0.4)

a15 participants had treatment exposure > 168 days.

bIncluded medical device site reaction and erythema, irritation, pruritis, and

rash at medical device site.

cIncluded akathisia, dyskinesia, headache, sedation, and somnolence.
dIncluded muscle tightness and muscle twitching.
eBlurred vision.
fNausea.

gDrug hypersensitivity.
hDyslipidemia.

iOne death occurred during this trial (cerebrovascular accident) and was

deemed not related to trial treatment by the investigator.
the study, 1 participant experienced an allergic reaction of
severe intensity. The study investigator considered the event as serious
(medically significant) and assessed the causality as related to aripiprazole
but not related to the wearable sensor patch.
Abbreviations: AE = adverse event, ITT = intent to treat, TEAE = treatmentemergent adverse event.

jOn day 12 of

subsequent inpatient admission. Evidence has shown that
patients with schizophrenia who had been hospitalized
involuntarily have an elevated risk of readmission within 1
year (odds ratio: 3.25 [range: 1.19–8.85]).7 For the present
study, we used published hospitalization rates to estimate
expected hospitalizations34,35 and evaluated discordant
proportions by comparing the proportion of participants who
were hospitalized retrospectively but not prospectively to the
proportion hospitalized prospectively but not retrospectively
within the same study phase (eg, months 1–3).
Medication nonadherence is linked to increased
hospitalizations and more frequent outpatient visits.9 In our
study, in the ITT population, AS use improved medication
coverage as a proxy of adherence by 26.5 percentage points in
the first 3 months of use and by 19.1 percentage points after
6 months of use (P < .0001 for both) versus the retrospective
phase. This improvement, combined with the 8.3% reduction
in hospitalization rate among the ITT population, is consistent
with Marcus et al (2008) who found that 12.3% of acute-care
inpatient admissions were attributable to nonadherence.37
In the present study, mean PDC, a conservative estimate
of adherence defined as the sum of nonoverlapping days
of medication supply divided by the time period,38 which
is widely used (eg, by Centers for Medicare & Medicaid
Services plan ratings39), was similar to a previous study of AS
in patients with schizophrenia, in which the mean proportion
of days with good patch coverage was 64.3% (SD 20.2).18
How might the AS system affect clinical outcomes? In
a recent systematic review, lack of patient insight (ie, not
acknowledging their illness or the need for treatment) and
negative patient attitudes were consistently associated with
medication nonadherence.40 Improvements in patient insight
or the therapeutic alliance were positively associated with
increased medication adherence and greater improvements
in clinical outcomes.41 From the provider’s perspective,
awareness of medication nonadherence, from clinical case
vignettes of simulated patients with serious mental illness,
resulted in different treatment decisions compared with
patients who were adherent to their medications.42 Future
studies will elucidate whether greater insight or improvements
in the therapeutic relationship via the AS system might be
facilitating improvements in clinical outcomes in patients
using AS.
In patients who struggle with consistently taking their
medication, LAI antipsychotics can be useful to improve
adherence.43 In our study, the time to discontinuation
of AS for all causes was 50 days. This is comparable to a
recent study in a German population where the median
time to discontinuation was 50 days for patients taking oral
antipsychotics (95% confidence interval [CI], 46–56) and
216 days for those on LAI antipsychotics (CI, 193–249).44
However, negative attitudes toward LAI use are relatively
common among both patients and providers.43 Brissos and
colleagues43 (2014) identified possible reasons for hesitance
toward LAIs, including slow dose titration, difficulty
adjusting the dose, pain and irritation at the injection site,
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meeting an efficacy parameter for their medication regimen.
The PANSS range of 60–90 suggests mild-to-moderate
schizophrenia symptoms36; while some participants may not
have been experiencing active psychosis at the time of study,
they could still benefit from AS. The mITT population had
high adherence (> 80%) during the prospective period, so
additional work is needed to understand the effect of AS in
patients with a history of documented nonadherence. This
study was also limited by reliance on participants’ recalling
locations where they had been hospitalized.
Mirror-image studies have limited capacity to identify
causal relationships due to lack of a side-by-side control
group50; however, this study design entails participants
serving as their own internal control, to assess prospective
outcomes relative to their own retrospective outcomes.
As the mirror-image design necessitated using PDC as an
indirect read-out of medication adherence, future studies
on hospitalization rates will benefit from objective data
confirming medication ingestion provided by the AS system.
Additional factors warranting caution in interpreting
these data include the relatively small sample size,
nonrandomized nature of the study, overrepresentation of
participants who had previously taken aripiprazole, and the
trial stopping early for efficacy. Clinical trials stopped early
for benefit may overestimate treatment effects51; however,
these overestimations are largely due to random error.52 In
a study of simulated truncated randomized clinical trials,
overestimation of treatment effects due to stopping early
was generally small and of minimal impact in meta-analyses
of pooled treatment effect.53 Finally, longer-term studies are
needed to assess how greater duration of participants’ AS
usage impacts hospitalization rates.
Additional research is encouraged to determine whether
AS could reduce caregiver stress, as caregivers of patients with
schizophrenia have perceived greater burden when caring
for patients with acute psychosis, with poor medication
adherence, or in psychiatric hospitals.54
CONCLUSION
To our knowledge, this is the largest trial to date of
patients with serious mental illness using a digital medicine
system. Compared with standard oral antipsychotics, AS use
significantly reduced inpatient psychiatric hospitalization
rates for adults with mild-to-moderate schizophrenia; several
limitations of our study necessitate future studies to elucidate
the mechanisms whereby AS helps improve clinical outcomes
in patients. AS was well tolerated, with lower rates of skin
irritation than in previous trials.18 The AS system is a tool
that can aid patients and physicians in making informed
choices to determine the course of pharmacotherapy most
likely to be successful for patients. By maximizing chances
of patient success and thereby reducing rates of psychiatric
hospitalization, inclusion of AS in the routine care plan may
help alleviate the burden on health care resources that is
common in this population.
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feelings that LAIs were more coercive, and perceived stigma
for LAI antipsychotics. In qualitative interviews of patients in
early intervention teams in the UK, patients considered LAI
antipsychotics easy to use and helpful in that they didn’t need
to take daily medication, yet some patients associated LAIs
with injection pain, fear of needles, and feelings of coercion.45
Thus, we feel the AS system is a midpoint approach between
oral antipsychotics and LAIs in terms of helping patients
with more regular medication ingestion. Additionally, the AS
system provides passive biomarker data (eg, patient activity
and rest quality) to monitor alongside trends in medication
ingestion.21,23
AS use was associated with significantly improved
clinician-reported outcomes (ClinROs; PANSS, CGI-S) by 3
and 6 months; PSP scores also improved by month 6 (P < .001
for all assessments). Participants who completed 3 or 6
months of AS use had similar baseline ClinROs values. The
relatively high discontinuation rate did not numerically affect
the change from baseline in ClinROs scores. No significant
change of EQ-5D-5L or PAM-MH scores (patient-reported
outcomes [PROs]) was observed, indicating no perceived
change in participant quality of life or patient activation.
PROs are direct reports of patients’ feelings and perceptions
of function, while ClinROs are indirect measures46; hence,
the timing of detected changes may not always align between
PROs and ClinROs, particularly because patients may require
longer duration of treatment to perceive clinical benefit.
In a recent study of patients with schizophrenia taking an
aripiprazole LAI, self-reported mental health–related QOL
improved progressively over ≥ 2 years.47
The current study had a high overall discontinuation rate
(73.6%). However, 50 participants were terminated early
because of favorable interim analysis findings (18.1%); the
actual rate of discontinuation was 154/277, or 55.6%. Of these,
50 (18.1%) opted to discontinue the study and 46 (16.6%) were
lost to follow-up; challenges with using the technology (eg,
dose not registering on the app) and needing to wear patches
continually may have contributed to these discontinuations.
Unfortunately, high discontinuation rates are common in
trials of antipsychotic medications, ranging from 19%–75%
in a 2009 meta-analysis,48 and patients’ decisions to withdraw
consent are unpredictable.49 Discontinuations may have
also been impacted by the digital nature of the AS system.
Digital tools hold promise to address many unmet needs in
patients with serious mental illness, but technology is not for
everyone; pre-screening to identify participants in clinical
studies and patients in clinical practice who might struggle
with using digital tools will likely be critical to successfully
navigating this evolving space in digital medicine.
Several limitations are notable for this study. This study,
like most studies of patients with schizophrenia, had an
overrepresentation of Black men relative to the general
population, which may limit interpretability. Participants in
this study had a mean PANSS score corresponding to mildto-moderate disease36; the ability of AS to reduce psychiatric
hospitalizations in patients with severe schizophrenia requires
further study. Eligible participants were required to be taking
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1
SUPPLEMENTARY MATERIAL
Supplementary Figure 1. Study Design

aPrimary

inclusion criteria: men and women aged 18–65 years, diagnosis of schizophrenia per DSM-5, ≥ 1 inpatient psychiatric hospitalization in the preceding

4 years, prescribed oral antipsychotics for ≥ 6 months, owned and were able to use a smartphone, skin at lower edge of rib cage devoid of dermatologic problems.
Excluded were participants treated with an LAI antipsychotic, diagnosed with a mental disorder other than schizophrenia, comorbid psychiatric conditions, or with
an allergy to adhesive tape or any other components of the AS system.
bThe

mITT population included participants who either completed 3 months with AS or who took ≥ 80% of the study medication for the indicated portion of the

prospective phase (eg, months 1–3 or months 1–6). Nine participants discontinued on or before month 3 but were included because they had ≥ 80% adherence to
the AS system. The ITT population (N = 277) included participants who received ≥ 1 dose of the study medication.
cTAU

included 19 participants who opted for oral SOC and 1 participant who chose LAI antipsychotic therapy.

Abbreviations: Ari = aripiprazole, AS = aripiprazole tablets with sensor, DSM-5 = Diagnostic and Statistical Manual of Mental Disorders, 5th edition, IEM =
ingestible event-marker sensor, LAI = long-acting injectable, (m)ITT = (modified) intent-to-treat, SOC = standard of care, TAU = treatment as usual.
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Supplementary Figure 2. Participant Disposition

aOther

reasons for discontinuation included physician decision (n = 8), protocol deviation (n = 3), lack of efficacy

(n = 1), pregnancy (n = 1), withdrawal by caregiver (n = 1), and other (n = 5).
bA

total of 113 participants remained in the study past month 3; of these, 20 switched to TAU, including 19

participants who opted for oral SOC and 1 participant who chose LAI antipsychotic therapy. Eighty-six participants
met criteria for the mITT population in months 1–6, 17 of whom took oral SOC. Twenty-seven participants withdrew
before 6 months and did not meet criteria for the mITT population in months 1–6, 3 of whom took oral SOC before
discontinuation of the study.
cTAU

included 19 participants who opted for oral SOC and one participant who chose LAI antipsychotic therapy.

dSeventy-three

participants completed 6 months’ use of the AS system, whereas 13 participants took ≥ 80% of their

study medication.
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Abbreviations: AS = aripiprazole tablets with sensor, LAI = long-acting injectable, SOC = standard of care, TAU =
treatment as usual
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