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Randomized clinical trial of a digital
medication system to enhance adherence
in patients with severe mental disorders

Check for updates

Jia Zhou1,2,9, Qian Zhai1,2,9, Han Qi1,2,9, Xiaolei Jin3, Cunli Xiao4, Wenxiu Li5, Junwei Song6, Lei Feng1,2,
Haibo Wang7,8, Chengcheng Dong1,2, Zibo Yu1,2, Yuan Feng1,2 , Gang Wang1,2 & Fang Yan1,2

To evaluate the effectiveness of a digital medication system in improving adherence among patients
with serious mental disorders (SMD), we conducted a cluster-randomized controlled trial across 30
communities in Beijing. Participants, aged 18–65 years, were diagnosedwith schizophrenia or bipolar
disorder and either received intermittent medication or refused treatment. Recruitment occurred from
September 2, 2022, to January 12, 2023. The intervention group received a digital medication system.
The control groupusedanonlinemedication diary. Theprimary outcomewaspoor adherence, defined
as missing 20% or more of prescribed doses at 12 months. Among 216 recruited patients, 206
completed the study. The intervention group showed significantly higher adherence (84/108 vs.
23/108), with an adjusted risk difference of 52.34% (95% CI: 34.65%–70.03%; P < 0.0001). This trial
provides the first robust evidence that the digital medication system can significantly improve
medication adherence in patients with SMD. Trial Registration: The trial was registered on theChinese
Clinical Trial Registry (chictr.org.cn) on May 29, 2022 (ChiCTR-ICR-2200060359).

The National Institute of Mental Health (NIMH) defines severe mental
disorders (SMD) as amental, behavioral, or emotional disorder resulting in
serious functional impairment, which substantially interferes with or limits
one or more major life activities1. These disorders primarily include schi-
zophrenia, bipolar disorder2, and in somestudies,major depressive disorder
is also included3. SMD contributes to considerable suffering, disability, and
premature mortality, resulting in substantial societal costs4. The World
Health Organization (WHO) reports that schizophrenia affects approxi-
mately 24 million people globally5, with nearly 50% of mental hospital
patients—those receiving specialized inpatient care and long-term resi-
dential services due to mental disorders—diagnosed with this condition6.
Bipolar disorder affects over 45 million people worldwide7, with a lifetime
prevalence of 2.5% inmen and 2.3% inwomen8. SMDs are characterized by
high relapse rates and persistent disability9, with long-term antipsychotic
therapy essential for managing these conditions7,10. A meta-analysis of 35
observational studies revealed that 56% of patients with schizophrenia and
44% of those with bipolar disorder exhibited non-adherence to their psy-
chotropic medications11. The studies included in the analysis assessed

medication non-adherence using various scales and terminology, such as
noncompliance, non-persistence, dropout, anddiscontinuation11. InChina,
the National Continuing Management and Intervention Program for
Psychoses (known as the 686 Program) was launched in 2004 to provide
freemedication and integratemental health services into the national public
health system12,13. Despite the program’s efforts, about 50%of patients fail to
regularly take their medications14. Non-adherence is the leading cause of
poor treatment outcomes15, including higher relapse rates, increased hos-
pital admissions, suicide attempts, and increased mortality16. These issues
put significant strain on healthcare systems17.

Managing medication adherence in the maintenance phase of SMD
treatment remains a major clinical challenge. There is currently no gold
standard for measuring adherence, since no measure can directly confirm
medication ingestion. One possible control method could have been ther-
apeutic drug monitoring (TDM) of the antipsychotic at follow-up visits.
However, this approach remains biased by both thewhite coat effect and the
Hawthorne effect18. Traditional methods, such as blood concentration tests,
medication diaries, and self-reports, are often inconvenient, costly, and lack
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real-time accuracy19,20. Themost common reason fornon-adherence among
patients with SMD was forgetting to take their medication21. Additionally,
caregivers face substantial burdens, with an average of 32 h per week spent
on patient care22, often without effective supervision of medication adher-
ence. Given the widespread use of smartphones, they offer a practical,
accessible platform for interventions that can be delivered anytime and
anywhere23. Research indicates that individuals with psychiatric disorders
use smartphones similarly to the general population, highlighting the
potential for mobile devices to enhance mental health services24.

Recent innovations in digital tools, such as electronic diaries25, mobile
apps26–29, and digital medication monitors (which typically refer to a smart
pill container capable of cueing the taking of medication, record the
instances of medication intake, and promptly alert caregivers or healthcare
workers of failures to takemedication as prescribed)30,31, have been explored
to improve adherence. However, systematic reviews have reported mixed
results20,32. For example, Dameery et al. demonstrated that a medication
reminder app significantly improvedmedication adherence in patients with
schizophrenia26. Additionally, an app-based digital intervention offering
adherence incentives showed positive outcomes formedication compliance
in patients with SMD29. However, both studies had small sample sizes and
employed single-arm designs, limiting the generalizability of their findings.
A study conducted in the USA involving 142 patients with SMD at a
community mental health center found that digital medication monitors
significantly improved adherence compared to usual care30. In contrast, a
one-month pilot study in France, involving 33 outpatients at high risk for
relapse, using digital medication monitors, showed no improvement in
adherence among patients with schizophrenia33. Despite these efforts, there

remains a gap in validation studies examining the integration of apps and
electronic monitors to improve adherence.

To address these issues, we developed a digital medication system to
improve adherence among patients with SMD. The system includes a digital
medicationmonitor thatprovides audio reminders, recordsmedicationdoses
in real-time, and uploads data to a mobile app accessible by caregivers and
healthcare workers. This technology aims to engage patients, caregivers, and
the community, offering a scalable solution to enhance medication adher-
ence. A cluster-randomized controlled trial (RCT) in Beijing, China, was
conducted to evaluate its effectiveness, hypothesizing that the combination of
this system with usual treatment would lead to greater improvements in
adherence compared to an online medication diary over 12 months. This is
the first RCT to evaluate the impact of a digital medication monitoring
system, integrating both a medication monitor and mobile app, on medica-
tion adherence in community-dwelling patients with SMD.

Results
Descriptive statistics
This study included 30 communities from four districts in Beijing, which
were randomly assigned to either the intervention group (15 communities,
108 patients) or the control group (15 communities, 108 patients). A total of
216 patients with SMD were recruited between September 2, 2022, and
January 12, 2023, from the districts of Haidian, Xicheng, Tongzhou, and
Pinggu. Following randomization, six participants from the intervention
group and four from the control group did not complete the study (Fig. 1).

As summarized inTable 1, thedemographic and clinical characteristics
of participants were similar across both groups, with the exception of age.

Experimental group(n=15 communities, 108 patients )

Patients were allocated with a digital medication system

Thirty communities across four districts of Beijing

Cluster randomization conducted
using community as the unit

Discontinued between baseline and month1(n=0)
Discontinued between month 1 and month 3(n=1)
     ●Unwilling to continue participating in the study(n=1)
Discontinued between month 3 and month 6(n=4)
     ●Unwilling to continue participating in the study(n=3)
     ●Death due to physical illness(n=1)
Discontinued between month 6 and month 12(n=1)
     ●Left the city(n=1)

Intention-to-treat analysis(n=108)
Per-protocol analysis (n=102)

Control group(n=15 communities, 108 patients )

Patients were allocated with digital medication record card

Discontinued between baseline and month 1(n=1)
     ●Death due to physical illness(n=1)
Discontinued between month 1 and month 3 (n=0)
Discontinued between month 3 and month 6(n=2)
      ●Unwilling to continue participating in the study(n=1)
      ●Death as a result of a traffic accident(n=1)
Discontinued between month 6 and month 12(n=1)
      ●Death due to myocardial infarction(n=1)

Intention-to-treat analysis(n=108)
Per-protocol analysis(n=104)

Fig. 1 | Study flowchart. Flowchart depicting the progression of study participants
through the trial, from recruitment and randomization to outcome measurement
and analysis. This study was conducted across 30 communities in four districts of
Beijing: Xicheng (urban core), Haidian (urban-rural fringe and high-tech develop-
ment zone), Tongzhou (suburban), and Pinggu (rural, primarily agricultural, with a
low population density). Recruitment dates were as follows: Haidian from

September 5 to October 13, 2022; Xicheng from September 2 to October 19, 2022;
Tongzhou from September 14 to October 25, 2022; and Pinggu from September 9,
2022, to January 12, 2023. Among the 216 patients included in this study, there was
indeed one case of hospitalization. This case is in the control group, where the par-
ticipant is noted as being unwilling to continue participating in the study.
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More than half of the participants were female (58.33%). The median age
was 52.25 years (IQR: 42.61–58.74), and 60.65% (131/216) had at least a
junior high school education. The median age of onset was 24 years (IQR:
20–33). Of the participants, 69 (31.94%) were experiencing their first epi-
sode, and 183 (84.72%) had a diagnosis of schizophrenia. Throughout the
study, atypical antipsychotics were the most frequently prescribed, with
risperidone, clozapine, and aripiprazole being the most commonly used
(Supplementary Table 1).

Effect of digital medication system on primary outcome
measures
For the primary outcome, medication adherence was significantly higher in
the intervention group at 12 months (84/108 vs. 23/108). The adjusted risk

Table 1 | ParticipantDemographic andClinicalCharacteristics
at Baseline, No. (%)

Variables Total (n = 216) Intervention
(n = 108)

Control
(n = 108)

Age, median
[IQR], yeara

52.25
(42.61–58.74)

49.80
(40.19–54.86)

54.17
(45.81–60.38)

Sex

Male 90 (41.67) 45 (41.67) 45 (41.67)

Female 126 (58.33) 63 (58.33) 63 (58.33)

Body mass index (BMI)b

Normal or healthy
weight

63 (29.17) 28 (25.93) 35 (32.41)

Overweight
or obese

149 (68.98) 79 (73.15) 70 (64.81)

Underweight 4 (1.85) 1 (0.93) 3 (2.78)

Ethnicity

Han 214 (99.07) 106 (98.15) 108 (100.00)

Other c 2 (0.93) 2 (1.85) 0 (0.00)

Educational level

Elementary school
or below

12 (5.56) 8 (7.41) 4 (3.70)

Middle school 73 (33.80) 36 (33.33) 37 (34.26)

Junior high school 94 (43.52) 51 (47.22) 43 (39.81)

Undergraduate
school or higher

37 (17.13) 13 (12.04) 24 (22.22)

Location

Urban 162 (75.00) 77 (71.30) 85 (78.70)

Rural 54 (25.00) 31 (28.70) 23 (21.30)

Marital status

Divorced or
widowed

36 (16.67) 15 (13.89) 21 (19.44)

Unmarried 71 (32.87) 42 (38.89) 29 (26.85)

Married 109 (50.46) 51 (47.22) 58 (53.70)

Employment status

Part-time/full time 25 (11.57) 16 (14.81) 9 (8.33)

Retired 56 (25.93) 24 (22.22) 32 (29.63)

Unemployed 135 (62.5) 68 (62.97) 67 (62.04)

Monthly income per household member (RMB, Yuan)

1000 and below 28 (12.96) 16 (14.81) 12 (11.11)

1000～2999 91 (42.13) 46 (42.59) 45 (41.67)

3000～4999 68 (31.48) 33 (30.56) 35 (32.41)

5000 and above 29 (13.43) 13 (12.04) 16 (14.81)

Insurance

Publicly funded 1 (0.46) 0 (0.00) 1 (0.93)

Cooperative
medical care

7 (3.24) 5 (4.63) 2 (1.85)

Basic medical
insurance

207 (95.84) 102 (94.45) 105 (97.23)

Self-funded 1 (0.46) 1 (0.93) 0 (0.00)

Regular drinking
history, yes

8 (3.70) 4 (3.70) 4 (3.70)

Smoking history, yes 23 (10.65) 12 (11.11) 11 (10.19)

Family history of
psychiatric
disorders, yes

26 (12.04) 15 (13.89) 11 (10.19)

Diagnosis

Schizophrenia 183 (84.72) 92 (85.19) 91 (84.26)

Table 1 (continued) | Participant Demographic and Clinical
Characteristics at Baseline, No. (%)

Variables Total (n = 216) Intervention
(n = 108)

Control
(n = 108)

Bipolar Disorder 33 (15.28) 16 (14.81) 17 (15.74)

Age of onset, median
(IQR), yeara

24 (20–33) 24 (20–30) 25 (20–34)

Previous hospitalization frequency

Never 54 (25.00) 27 (25.00) 27 (25.00)

One 73 (33.80) 37 (34.26) 36 (33.33)

Two 29 (13.43) 16 (14.81) 13 (12.04)

Three times
or more

60 (27.78) 28 (25.93) 32 (29.63)

Number of episodes

One 69 (31.94) 36 (33.33) 33 (30.56)

Two 49 (22.69) 28 (25.93) 21 (19.44)

Three 30 (13.89) 13 (12.04) 17 (15.74)

Four times or more 68 (31.48) 31 (28.70) 37 (34.26)

Comorbid other
mental
disorders, yesd

18 (8.33) 7 (6.48) 11 (10.19)

Comorbid with
hypertension, yes

31 (14.35) 12 (11.11) 19 (17.59)

Comorbid with
diabetes, yes

28 (12.96) 10 (9.26) 18 (16.67)

Comorbid with other
chronic
diseases, yese

7 (3.24) 2 (1.85) 5 (4.63)

Number of medication classes

One 108 (50.00) 47 (43.52) 61 (56.48)

Two or more 108 (50.00) 61 (56.48) 47 (43.52)

Frequency of daily medication intake

One time 85 (39.35) 44 (40.74) 64 (59.26)

Two times or more 131 (60.65) 41 (37.96) 67 (62.04)

Maximum number of pills per dose

One 48 (22.22) 21 (19.44) 27 (25.00)

Two 57 (26.39) 31 (28.70) 26 (24.07)

Three or more 111 (51.39) 56 (51.85) 55 (50.93)
aValues are expressed as median [interquartile range, IQR].
bUnderweight: BMI < 18.5 kg/m2, Normal or healthy weight: BMI ≥ 18.5 kg/m2 and < 24 kg/m2,
Overweight or obese: BMI ≥ 24 kg/m2.
cTwo patients identified as belonging to other ethnicities: one identified as Hui ethnicity, and the
other as Man ethnicity.
dComorbid othermental disorders included 11 caseswith anxiety disorder, six with depression, and
one with neurasthenia.
eSelf-reported chronic diseases confirmed by medical records: five patients had coronary heart
disease, one had renal insufficiency, and one had a history of stroke.
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difference was 52.34 percentage points (95% CI: 34.65–70.03; P < 0.0001),
and the adjusted risk ratio was 2.76 (95%CI: 1.52–5.03; P = 0.0009). Similar
results were observed at other time points (Fig. 2a). The crude risk
difference was comparable to the adjusted risk difference (Supple-
mentary Table 2). Intervention Effects on Primary Outcome Across
Visits Stratified by Polytherapy vs. Monotherapy support the effec-
tiveness of the intervention regardless of the patients’ treatment
regimen (Supplementary Tables 3 and 4). Sensitivity analyses using
the per-protocol dataset showed minimal variation from the com-
plete case analysis (Supplementary Table 5).

Effect of digital medication system on secondary outcome
measures
For the secondary outcome, the system-monitored medication adherence
ratio was significantly higher in the intervention group than in the control

group across multiple visits (F = 4.08, P = 0.0026) (Fig. 2b and Supple-
mentary Table 6). At 12 months, the intervention group exhibited a sig-
nificantly highermedication adherence rate (39.11%vs. 5.52%),with a least-
squares mean difference of 33.60% (95% CI: 24.68–42.51; P < 0.001).

The improvement in MARS scores over the visits was significantly
greater in the intervention group (F = 44.69, P < 0.0001) (Fig. 2c and
Supplementary Table 7). At month 12, the least-squares mean MARS
score for the intervention group was 7.68 (se = 0.23), significantly higher
than the control group’s score of 4.47 (se = 0.20). The between-group
difference was 3.11 (se = 0.27), with a 95% CI of 2.59–3.64 (P < 0.001).
Similarly, FBS scores in the intervention group were significantly lower
than those in the control group at all visits (F = 20.29, P < 0.001) (Fig. 2d
and Supplementary Table 8). At month 12, the least-squares mean FBS
score for the intervention group was 13.25 (se = 0.73), significantly lower
than the control group’s score of 19.26 (se = 0.85). The between-group

a. a. Medication Adherence: Self-Reports Medication Adherence: Self-Reports b. Adherence Rate from the Digital Medication Monitorb. Adherence Rate from the Digital Medication Monitor
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Fig. 2 | The primary and secondary outcomes. This figure compares primary and
secondary outcomes between the intervention and control groups across five visits:
baseline, 1month, 3months, 6months, and 12months. aThe primary outcome, self-
reported medication adherence, is presented for each visit, with the intervention
group represented by red bars and the control group by blue bars. b compares
adherence rates between the groups based on the digital medication monitor. c and

d show changes in theMedication Adherence Rating Scale (MARS) and Fatigue and
Behavioral Symptoms (FBS) scores, respectively, over the 12-month period. The red
dashed line represents the intervention group, while the blue solid line represents the
control group. Significant differences between groups are indicated by asterisks (*).
Error bars in (b), (c) and (d) indicate the standard error. MARS Medication
Adherence Rating Scale, FBS Fatigue and Behavioral Symptoms.
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difference was −6.01 (se = 1.00), with a 95% CI of −7.98 to
−4.03 (P < 0.001).

Feasibility of a digital medication system
Feasibility scores across different dimensions and roles showed a consistent
upward trendover time.Atmonth 3, the average scorewas approximately 6,
with healthcareworkers rating acceptability, likelihood of recommendation,
and satisfaction at 6.73, 6.43, and 6.61, respectively (Fig. 3a). By month 6,
average scores had increased, with acceptability, likelihood of recommen-
dation, and satisfaction for caregivers reaching 7.12, 6.61, and 7.18,
respectively (Fig. 3b).Atmonth 12, scores continued to rise, exceeding 7 and
approaching 8, with patients reporting acceptability, likelihood of recom-
mendation, and satisfaction at 7.67, 7.12, and 7.71, respectively (Fig. 3c). No
serious adverse events were reported during the trial. However, the control
group experienced one suicide attempt.

Discussion
To the best of our knowledge, this is the first RCT evaluating a digital
medication system that combines amedicationmonitor and amobile app to
improve adherence among community-dwelling patients with SMD. The
system includes medication storage and voice reminders, and through the
integrated app, provides real-time notifications to caregivers and healthcare
workers. The study followed the Medical Research Council’s guidelines for
evaluating complex interventions34. Feasibility assessments, including
acceptability, likelihood of recommendation, and overall satisfaction, were
collected frommultiple stakeholders. A combination of objective data from
the digital medication monitors and patient-reported data was used to
evaluate medication adherence. A pragmatic approach was employed,
testing both the intervention and its implementation strategy. The study
ensured feasibility by integrating the intervention into the established roles
of existing healthcare providers. The study settings and patient populations
were highly representative. The four districts of Beijing, each representing
different levels of economic development, contributed to the broader

applicability and generalizability of our findings. Additionally, the partici-
pants had diverse demographic and clinical characteristics, including
varying levels of education, employment status, marital status, illness epi-
sodes, and duration, further enhancing the generalizability of the results.
The need for patient-centered digital adherence technologies is particularly
urgent in low- andmiddle-income countries (LMICs), where non-specialist
healthcareworkers can benefit from cost-effective solutions. The findings of
this trial may provide valuable insights for LMICs facing similar resource
constraints. The results demonstrated that the digital medication system
significantly improved adherence across multiple measures and reduced
family burden. Additionally, the system was well-received by users, with
satisfaction steadily increasing over time. Overall, these findings suggest
substantial benefits for both patient care and public health.

Our findings align with previous studies that have utilized digital
technologies to improve medication adherence in patients with SMD. For
example, SMS-based interventions have been employed in six randomized
controlled trials (RCTs) to enhance medication adherence in this
population13,33,35–40. A stepped-wedge design trial conducted across nine
rural townships in Hunan Province, China, involving 277 community-
dwelling schizophrenia patients, showed improved adherence over a six-
month follow-upperiod39,40. In addition to SMS-based interventions, several
studies have explored the use of mobile apps to improve medication
adherence, thoughmany have been limited to single-group designs or small
pilot RCTs20. Four single-arm trials have demonstrated thatmobile apps can
effectively enhance adherence in patients with SMD26,29,41,42. For example, a
time series study conducted in Oman recruited 51 patients with schizo-
phrenia and/or schizoaffective disorder from tertiary hospitals. The parti-
cipants used a mobile phone app and were followed for 3 months, during
which medication adherence significantly improved26. In addition, a study
enrolled 33 patients with schizophrenia who used a smartphone interven-
tion for 1 month to receive automated, real-time illness management sup-
port. This study demonstrated the feasibility, acceptability, and preliminary
efficacy of the intervention41. Furthermore, an RCT conducted in China
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Fig. 3 | Feasibility of the digital medication system. This figure presents the fea-
sibility scores of the digital medication system, as reported by health workers (a),
caregivers (b), and patients (c) in the intervention group, measured at 3 months,
6 months, and 12 months. Each evaluation criterion is represented by a distinct

color: blue for acceptability of the intervention, red for the likelihood of recom-
mending the intervention, and green for satisfaction with the intervention’s per-
formance. Data for each visit are represented by bars, with the y-axis indicating the
feasibility score (range: 0–10).
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involving 84 discharged patients with schizophrenia used WeChat remin-
ders overa six-month follow-upperiod to improve antipsychotic adherence.
The study reported significant improvements in medication adherence
among participants27.

Additionally, three previous studies utilized digitalmedicationmonitors
to measure or improve medication adherence in patients with SMD30,31,43.
One RCT compared in-person and electronic monitoring to enhance
adherence to oral medications in schizophrenia. In this study, 142 patients
receiving medication maintenance at a community mental health center in
Texas were randomized into one of three treatment groups for 9months: (1)
the PharmCAT group, which involved weekly home visits from a therapist;
(2) the Med-eMonitor group, where an electronic medication monitor pro-
moted medication use, recorded complaints, and provided feedback on
adherence; and (3) Treatment as usual. While all patients received the Med-
eMonitor device to track medication adherence, the device was only pro-
grammed for intervention in theMed-eMonitor group. The results indicated
that the electronicmonitor significantly improvedmedicationadherence30. In
two additional studies, an electronic monitor was used primarily as an
objective measure of medication adherence to assess the effectiveness of the
intervention, rather than as the intervention itself. For instance, one study
examined the impact of providing electronically monitored antipsychotic
medication adherence data to prescribers for 23 outpatients with
schizophrenia43. Another pilot randomized trial evaluated a brief motiva-
tional intervention designed to improve medication adherence in 43 ado-
lescents with bipolar disorder, where the electronic monitor was used to
measure adherence and assess the intervention’s effectiveness31. These stu-
dies, primarily based on clinic-based populations, underscored the need for
further research and the dissemination of evidence-based strategies for
medication adherence assessment and intervention.

Unlike these prior studies, our trial incorporated a comprehensive
system that combined a digital medication monitor with a supporting
mobile application and evaluated adherence through multiple methods.
Regarding the mechanisms of action, forgetting to take medication is the
most common reason for non-adherence among patients with SMD21. The
digital medication system likely improves adherence by providing timely
reminders to patients. Equally important, we suspect that the system’s real-
time feedback to caregivers about patients’ medication status played a cri-
tical role in its relative superiority during long-term implementation. By
equipping families with timely information and actionable cues, the system
enabled more proactive and effective supervision of medication adherence,
thereby enhancing overall treatment adherence. Another important con-
sideration in this study is the difference in user experience between the apps
used by the intervention and control groups. Previous research indicated
that patient engagement withmobile health apps can be influenced by their
usability and visualizations44. In this study, although both groups used the
same app, the enhanced user interface in the intervention app could have
facilitated a more positive user experience, leading to better understanding,
greater comfort, and ultimately higher adherence. It is also important to
note that, at the final follow-up, we observed a decline in system-monitored
adherence, which could be attributed to several factors, including the six-
month gap between follow-ups13,40, disruptions caused by the COVID-19
pandemic. A more significant factor may be the stable adherence rates
reported by healthcare workers and the MARS scores. These findings sug-
gest that, over time, some patients may have developed stable adherence
habits, reducing their reliance on the digital system for medication man-
agement. In the context of community-based management, patients with
SMD can generally maintain a stable condition with consistent medication
adherence. However, it is acknowledged that some patients may experience
symptom fluctuations or relapse, often triggered by life events or irregular
medication intake. For these patients, the majority are able to continue
treatment at home through community-based care, with only a small
proportion requiring hospitalization. Among the patients included in this
study, there was one case of hospitalization, after which the participant
withdrew from the study. This situation helps prevent potential bias in
adherence measurement that could arise due to hospitalization.

Several limitationsmust be acknowledged in this trial. First, blinding
of patients and healthcare workers was not feasible due to the study’s
operational design, although the statistician remained blinded to group
allocation. This may have introduced potential bias. Second, the digital
medication system served as a proxy measure for medication adherence
and did not directly confirm medication ingestion. Although video doc-
umentation could have provided an objectivemeans of verification, its use
was impractical due to the cognitive and functional challenges faced by
patients with SMD. Additionally, the primary outcomes relied on self-
reported data, which are inherently susceptible to biases and may affect
the objectivity of the results. Further research is necessary to developmore
objective and feasible methods for assessing medication adherence in this
patient population. Moreover, the assessment of symptom severity was
not included throughout the study. This study was conducted within a
community-based care and management framework, and we enrolled
patients who were in the stable phase of their condition at the time of
inclusion. Although symptom severity assessment using structured rating
scales was not the focus of this research, it can indeed enhance the pre-
cision of symptom evaluation and add clarity to the study. In addition,
medication adherence at the time of initial diagnosis plays a critical role in
determining prognosis. Therefore, future studies are warranted to assess
adherence and the impact of interventions on symptom severity in
patients with first-onset schizophrenia or bipolar disorder, in order to
generate more comprehensive evidence. These limitations should be
considered when interpreting the findings.

This trial shows that the digital medication system can significantly
improve adherence among community patients with SMD. Based on these
findings, we aim to engage policymakers to integrate the system into the 686
Program. In regionswithmobile connectivity, adapting this systemcan play
a crucial role in achieving theWHO’s vision of integratedmental health and
social care services, as outlined in theComprehensiveMentalHealthAction
Plan 2013–2030.

Methods
Study design
We conducted a community-based, parallel-arm, cluster-randomized
controlled trial in Beijing, spanning 30 communities, with recruitment
taking place at six community healthcare centers. Participants were
recruited between September 2, 2022, and January 12, 2023. Ethical
approval was granted by the Ethics Committee of Beijing Anding Hospital,
affiliated with Capital Medical University (reference number 202261FS-2),
and all participants and their guardians provided written informed consent.
The trial was registered on the Chinese Clinical Trial Registry(chictr.org.cn)
on May 29, 2022 (ChiCTR-ICR-2200060359) and followed the Con-
solidated Standards of Reporting Trials (CONSORT) guidelines. The trial
protocol and statistical analysis plan (Supplementary materials) are pro-
vided. The intervention was developed based on implementation science
principles45 and eHealth behavioral theory46, with a particular emphasis on
the Unified Theory of Acceptance and Use of Technology.

Participants
The key inclusion criteria were as follows: patients aged 18–65 years, of any
gender, who were in the stable phase of their condition, diagnosed with
schizophrenia or bipolar disorder in accordance with ICD-10 criteria, and
receiving community-based care. Participants were required to be either on
intermittent medication or have refused treatment. Additionally, patients
and their family members should possess a smartphone and demonstrate
proficiency in its use. Exclusion criteria included individuals with a history
of substance dependence or acute intoxication, as well as those assessed by
the researcher to have a high risk of suicide. Psychiatrists at the community
healthcare centers were responsible for patient recruitment.

In this study, 359patients receiving oral antipsychotic treatment, either
on intermittent medication or refusing treatment, were approached and
screened. Of these, 137 patients declined to participate. An additional 6
patients were excluded for the following reasons: 5 were unable to use
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smartphones proficiently, and 1 was over 65 years old. As a result, 216
patients were successfully enrolled, yielding a response rate of 60.17%.

Randomization and masking
Randomization was performed using the PLAN procedure in SAS 9.4
by a statistician who was not involved in the trial. The randomization
schedule employed randomly permuted blocks to assign communities
to either the intervention or control group in a 1:1 ratio. Due to the
nature of the intervention, blinding of patients, caregivers, and
healthcare workers to treatment allocation was not feasible. However, a
secondary unblinding was conducted for the statistician performing
the analysis.

Interventions
Patients enrolled in the 686 Program are required to visit community
healthcare centers monthly to collect free antipsychotic medications, with
support fromhealthcareworkers who serve as treatment supervisors. In this
trial, patients in the intervention group received a digital medication system
combining a digital medicationmonitor and a companionmobile app. The
monitor storedmedications and issuedpreset voice alerts to remindpatients
to take their medication. It recorded each instance of opening, transmitted
this data to a cloud server for remotemonitoring by healthcare workers and
caregivers. If a patientmissed a scheduleddose, the system sent reminders to
both the caregiver and healthcare worker via the app (Fig. 4). Patients in the
control group received standard care with the same app for adherence
tracking via an online medication diary, but without the digital medication
monitor or caregiver support.

For patients in the experimental group, the app provides several key
features. Themedication remindermodule allows patients to view details of
themedications they need to take, including types, dosages, frequencies, and
times. The medication record module enables patients to track their med-
ication adherence history. In the function square module, patients can
complete scales pushed by healthcare workers, and view medication
reminder messages from both healthcare workers and caregivers. The
personal center module allows them to adjust the app’s notification settings
(e.g., the sound, display style), submit feedback, and update the app. The
patients in the control group had access only to the onlinemedication diary

module, where they provided feedback on their medication adherence and
completed scale assessments.

For caregivers, the app offers three primary functionalities: (1) viewing
the patient’s medication information, including types, dosages, frequencies,
times, and real-time medication adherence; (2) accessing the patient’s
overall medication history; (3) viewing assessment scales andmessages sent
by health workers.

For health workers, the app includes several administrative functions.
Thepatientmanagementmodule allowsdoctors tomanage their patient list,
search for patients, add new patients, and view and modify patient infor-
mation. The medication management module enables doctors to set and
review medication requirements for each patient, including types, dosages,
frequencies, and times, and tomonitor the patient’smedication history. The
scale management module allows doctors to send assessment scales to
patients and caregivers and review the completed results. The message
management module enables doctors to send reminders or follow-up
messages to patients, ensuring adherence to the prescribed medication
regimen.

These tailored functions ensure that each user type has access to the
relevant tools and information necessary for efficient management of
medication adherence and overall treatment.

Prior to the trial, healthcareworkerswere trained onusing themonitor
and app, followed by training for patients and caregivers. Participants
registered their information and logged into the app using passwords. Both
groupswere assessed for adherence at baseline and at 1, 3, 6, and 12months.
At 3, 6, and 12 months, acceptability evaluations were conducted for the
intervention group.

Before the main study, a pilot trial was conducted. We recruited five
patients with poor medication adherence (three diagnosed with schizo-
phrenia and twowith bipolar disorder) through convenience sampling from
theQinglongqiao Community inHaidianDistrict. The pilot trial took place
from June 27, 2022, to July 27, 2022, with recruitment occurring on June 27,
2022. Participants were followed for one month to identify and address any
barriers to patient and family cooperation. Based on feedback from doctors,
healthcare workers, patients, and family members, several modifications
were made, including improvements to data storage, updates to the app
interface, and optimization of reminders.

Predetermined 
schedule

2+ hours overdue 
for medication

 Patients with severe mental disorders

Electronic medication monitor

Cloud based server

Companion mobile application for the 
digital medication monitor

Each 10 minutes apart
For 3 times

Medication 
Record

Medication successfully taken

Medication failure

Family

Doctor

Fig. 4 | Digital medication system. This figure illustrates the workflow of a digital
medication system designed for patients with severe mental disorders. The system
consists of a medication monitor and a mobile application, operating based on a

predetermined schedule for medication administration. Icons in this figure were
generated from the open-access web-based software (ICONFONT, https://www.
iconfont.cn).
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Assessments and outcomes
The primary outcome was a binary variable indicating whether poor
adherence to antipsychotic treatment occurred at the 12-month visit. Poor
adherence was defined asmissingmore than 20% of the prescribed doses in
the past month (i.e., six or more daily doses in a month). Medication
adherence was primarily assessed through patient self-report.

Several secondary outcomes were also recorded. First, data from
the digital medication monitor was collected. For the intervention
group, adherence was calculated as the ratio of actual medication
retrievals from the monitor to the planned schedule, using data from
the cloud-based server. For the control group, adherence was calcu-
lated as the ratio of medication doses recorded by the online medica-
tion diary to the planned doses. Second, medication adherence
behaviors and attitudes were assessed at different visits using the
Medication Adherence Rating Scale (MARS), with higher scores
indicating better adherence47. Third, family burden was measured
using the Family Burden Scale (FBS), with higher scores indicating a
greater burden on the family48.

Except for primary and secondary outcomes, the feasibility of the
digital medication system was evaluated. Healthcare workers, patients, and
caregivers in the intervention group rated the digital medication system’s
feasibility using a visual analog scale (VAS) from 0 to 10, with higher scores
indicating better feasibility.

Statistical analysis
The sample size was determined based on a cluster-randomized controlled
design and theprimaryoutcome.Basedonprevious studies, after 12months
of intervention, the rate of poor medication adherence would be 60% for
patients using medication diary cards and 40% for those using the digital
medication system49. The sample size was calculated using PASS 2021, with
a two-sided alpha of 0.05, power of 0.80, an intra-cluster correlation coef-
ficient of 0.001, and an attrition rate of 20%.We estimated that 108 patients
per group, with an average cluster size of 6 patients across 15 communities,
would be needed to detect the expected differences. Therefore, the total
sample size required was 216 participants.

Data analysis followed a pre-specified plan in accordance with CON-
SORT guidelines. Primary analyses were performed on an intent-to-treat
basis, including all randomized patients. For the primary outcome, missing
datawere handled using aworst-case imputation scenario, assuming that all
missing visits in the control group had a favorable outcome and those in the
intervention group had a poor outcome50,51. Descriptive statistics were
reported asmedians (interquartile range, IQR) for continuous variables and
counts (percentages) for categorical variables.

Forbinaryoutcomes, both absolute and relativemeasures of effectwere
reported, as per CONSORT guidelines52. The primary outcome was ana-
lyzed using generalized estimating equations (GEEs) to account for clus-
tering within patients, nested within communities. A binomial distribution
with an identity linkwas used to estimate the risk difference (RD) alongwith
95% confidence intervals (CIs) and p-values. Log-binomial GEE regression
was also employed to calculate relative risk (RR), 95% CIs, and p-values53.
The exchangeable covariance structure was used tomodel the correlation of
responses from the same patients, and differences between study groups at
each time point were estimated using GEEs.

In adjusted analyses of the primary outcome, we included age, sex, and
diagnosis (schizophrenia or bipolar disorder) as covariates. Per-protocol
sensitivity analyses were also performed, including data from 102 partici-
pants in the intervention group and104 in the control groupwhocompleted
all visits.

For secondary outcomes,missing data were not imputed. Longitudinal
data for continuous outcomeswere analyzed using generalized linearmixed
models (GLMMs) that accounted for clustering at both the patient and
community levels. Standard errors were adjusted empirically, and an
autoregressive correlation structure was applied to the repeated measures.
These models were used to analyze secondary outcomes, including the
medication adherence ratio monitored by the system, MARS scores, and

FBS scores. Fixed effects for intervention group, visit, and their interaction
(group × visit)were included,with covariates adjusted similarly to theGEEs.
Due to significant baseline differences in MARS scores between groups,
baselineMARS scores were included as covariates in theGLMM forMARS.

The feasibility of the digital medication system was assessed inde-
pendently from the secondary outcomes, and descriptive statistics were
provided for the feasibility scores, which were not analyzed using GLMMs.

All analyses were conducted using SAS (version 9.4, SAS Institute,
Cary, NC) and R (version 4.3.2, R Foundation for Statistical Computing,
Vienna, Austria). P-values were two-sided, with significance set at P < 0.05.

Data availability
De-identified participant data on which this manuscript is based will
be made available, following publication, upon reasonable request to
yanfang2019@ccmu.edu.cn, and after a signed data access agreement with
the principal investigator.

Code availability
Data analysis was performed using SAS (version 9.4, SAS Institute, Cary,
NC) and R (version 4.3.2, R Foundation for Statistical Computing, Vienna,
Austria). The coding strategy is available upon reasonable request from the
corresponding author, Fang Yan, at yanfang2019@ccmu.edu.cn.
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