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Abstract

Introduction

Electronic adherence monitoring (EAM) is increasingly used to improve adherence. How-

ever, there is limited evidence on the effect of EAM in across chronic conditions and on

patient acceptability. We aimed to assess the effect of EAM on adherence and clinical out-

comes, across all ages and all chronic conditions, and examine acceptability in this system-

atic review and meta-analysis.

Methods

A systematic search of Ovid MEDLINE, EMBASE, Social Work Abstracts, PsycINFO, Inter-

national Pharmaceutical Abstracts and CINAHL databases was performed from database

inception to December 31, 2020. Randomised controlled trials (RCTs) that evaluated the

effect of EAM on medication adherence as part of an adherence intervention in chronic con-

ditions were included. Study characteristics, differences in adherence and clinical outcomes

between intervention and control were extracted from each study. Estimates were pooled

using random-effects meta-analysis, and presented as mean differences, standardised

mean differences (SMD) or risk ratios depending on the data. Differences by study-level

characteristics were estimated using subgroup meta-analysis to identify intervention charac-

teristics associated with improved adherence. Effects on adherence and clinical outcomes

which could not be meta-analysed, and patient acceptability, were synthesised narratively.

The Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA)

guideline was followed, and Risk of bias (RoB) assessed using the Cochrane Collabora-

tion’s RoB tool for RCTs. The review is registered with PROSPERO CRD42017084231.
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Findings

Our search identified 365 studies, of which 47 studies involving 6194 patients were included.

Data from 27 studies (n = 2584) were extracted for the adherence outcome. The intervention

group (n = 1267) had significantly better adherence compared to control (n = 1317), (SMD =

0.93, CI:0.69 to 1.17, p<0.0001) with high heterogeneity across studies (I2 = 86%). There

was a significant difference in effect according to intervention complexity (p = 0.01); EAM

only improved adherence when used with a reminder and/or health provider support. Clinical

outcomes were measured in 38/47 (81%) of studies; of these data from 14 studies were

included in a meta-analysis of clinical outcomes for HIV, hypertension and asthma. In total,

13/47 (28%) studies assessed acceptability; patient perceptions were mixed.

Interpretation

Patients receiving an EAM intervention had significantly better adherence than those who

did not, but improved adherence did not consistently translate into clinical benefits. Accept-

ability data were mixed. Further research measuring effects on clinical outcomes and patient

acceptability are needed.

Introduction

Poor medication adherence costs the US health system between $100 and $300 billion of

avoidable health care costs annually, and is associated with increased morbidity and mortality

[1, 2]. Despite the large body of literature on adherence, medication adherence remains subop-

timal [1]. Interventions to improve adherence have had only modest impacts on adherence,

and have uncertain long-term sustainability due to the short trial durations and need for inten-

sive resources [1, 3]. Digital solutions can address some of these concerns by potentially

improving intervention sustainability through automation and reduce resources for imple-

mentation [4]. Exploring new ways of delivering healthcare is essential with the COVID-19

pandemic and increased pressures on health systems [5–7].

Electronic adherence monitoring (EAM) [4] use electronic devices that record medication-

taking, usually the time and date of each dose. These medication monitors are increasingly

used as part of strategies to improve adherence. EAM is seen as the gold standard of adherence

measurement due to their objectivity and data recording accuracy [4, 8], and can be used to

improve adherence through direct patient reminders for medication-taking [9], and/or by

facilitating adherence feedback to the patient [10, 11]. Previous reviews have looked at the

effect of certain features of EAM and associated electronic devices such as reminders [7, 12–

15], medication packaging [13], or adherence feedback [10], on adherence. The reviews gener-

ally report a positive effect on adherence [7, 12–15] however no reviews have examined EAM

specifically, or across all chronic conditions rather than specific conditions [14, 15]. Christen-

sen et al. for example conducted a systematic review of studies on EAM for oral antihyperten-

sive medicines, and found that most reported average adherence rates above 80%, though

adherence did vary from 0 to 101% [16]. The authors did not perform a meta-analysis. In a sys-

tematic review and meta-analysis by Yaegashi et al., adherence as measured by EAM was

reported to be 71% for antipsychotics in schizophrenia [17]. Lee et al. conducted a meta-analy-

sis of RCTs of EAM in children with asthma and reported that the EAM group was 1.50 times

more likely to adhere to inhalers compared with the control group [18]. However, these
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reviews have not included clinical outcome data [13], or where there is outcome data, the

review has not been systematic [9] or did not include a meta-analysis [10], or focused on spe-

cific populations or medication [17, 18].

Given the costs of poor adherence, and the increasing investment into EAM to improve

adherence, there is a need for a high quality systematic review and meta-analysis. The findings

will inform public health decision-making and future strategies to improve adherence and out-

comes across chronic conditions. This systematic review examines the effect of EAM across all

chronic conditions on adherence and clinical outcomes.

Materials and methods

This systematic review was conducted based on Guidelines of the Cochrane Collaboration as

described in the Cochrane Handbook of Systematic Reviews of Interventions, version 6.0

(updated July 2019) [19] and the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA). The review is registered with PROSPERO CRD42017084231.

Search strategy and selection criteria

We did a systematic search of the literature using Ovid Medline, EMBASE, Social Work

Abstracts, PsycINFO, International Pharmaceutical Abstracts, EBM Reviews–Cochrane Cen-

tral Register of Controlled Trials and CINAHL from database inception to June 1, 2020. Index-

ing terms based on electronic monitoring, adherence, and intervention were used to develop

the search strategy; full details are in S1 Appendix. No language or participant type limit was

used. This search strategy was supplemented by a manual search of the reference lists of the

identified studies to find other relevant studies. All titles and abstracts were screened separately

by 2 authors independently (AC first, with a second screen by JH/CP/HF). Full texts were

obtained for eligible studies or abstracts that did not have sufficient information for review.

Studies that did not meet the inclusion criteria or had reasons for exclusion were not reviewed

further, and reasons for exclusion documented.

Inclusion criteria were: a) the intervention evaluated EAM as an intervention to improve

medication adherence; b) participants were individuals with chronic conditions, defined as a

long-term, persistent health condition lasting 3 months or more [20]; c) one of the outcome

measures was medication adherence, though this did not need to be measured by electronic

monitoring, and clinical outcomes did not need to be assessed; and d) the study was a RCT or

a controlled clinical trial (to ensure the highest quality of evidence was included). Studies were

still eligible for inclusion even if only one group had adherence monitored electronically and

the other did not. Cluster trials were eligible for inclusion. EAM was defined as any mecha-

nism or device that measures and records adherence electronically, regardless of whether or

not the EAM devices had a reminder function. All studies meeting the inclusion criteria were

included regardless of how adherence was measured (via EAM or not), the adherence mea-

surement (objective or self-report), definition of adherence (taking, timing adherence, or dif-

ference between two time-points) or analysis method (e.g. mean ± SD, odds ratios).

Adherence had to be measured for all participants at the individual level and not at a group

level e.g. adherence of individual patients not adherence of patients within one pharmacy site.

Studies that used a downstream measure to approximate adherence e.g. adherence knowledge

as a proxy for adherence, or used electronic monitoring for adherence measurement only,

rather than to improve adherence, were excluded. Studies using a within-subjects design or

historical controls were excluded due to the risk of bias arising from factors other than the

intervention itself. Studies using contemporary controls were included.
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Data analysis

AC and HF extracted the following data for each study: general study information (author,

year of publication); study design; study population (age, sex, health condition); study dura-

tion; type of EAM used; description of the intervention and control conditions including

details on intervention complexity (i.e. how many components were included in the interven-

tion in addition to EAM e.g. whether the intervention used EAM alone, EAM + EAM

reminder, or EAM + health professional input, or all of the aforementioned components);

method of adherence feedback; timing of the adherence feedback to the individual (immediate

or delayed); presence of participant blinding to adherence monitoring function of EAM; how

adherence was measured; outcome measures–effect on adherence, clinical outcomes and other

findings; and any data on patient perceptions of EAM.

Studies were classified based the chronic condition of the participants in the study, and on

how EAM were used in the adherence intervention–either direct-to-patient to improve adher-

ence (e.g. via a reminder or visual feedback), or through an indirect provider-to-patient interac-

tion (e.g. adherence feedback by the health provider), or both. The effect on clinical outcomes,

where reported, was classified as “significantly improved”, “trend towards improvement but

not significant”, “no effect”, or “worsened”. Patient perceptions of the EAM intervention were

categorised as perceptions of EAM or of the adherence intervention.

GRADE was used to rate the quality of evidence according to risk of bias, consistency,

directness, precision and reporting bias [21]. The risk of bias (RoB) in each included study was

assessed independently, using the Cochrane Collaboration’s RoB tool for RCTs [22], by AC

and HF/CP. A funnel plot was used to evaluate the effect of publication bias.

Data were pooled from studies which reported medication adherence of participants in the

intervention and control groups. The primary outcome measure was the difference in medica-

tion adherence between intervention and control groups, expressed as the mean difference

(MD) with 95% confidence intervals (CIs), and derived using random-effects models to

account for both within-study and between-study variance (tau-squared [τ2]).SMD was used

to account for different measures of adherence reporting. The SMD expresses the intervention

effect in standard units rather than the original units of measurement and shows the difference

in mean effects between the intervention and control groups divided by the pooled standard

deviation of participants’ outcomes [19]. A positive SMD (i.e. greater than 0) indicates better

adherence in the intervention group compared to control. To accommodate for differences

between studies in adherence measures, adherence definitions, and analysis methods, the

generic inverse variance outcome type was used. All estimates are presented as SMDs. As med-

ication adherence differs significantly among different health conditions, the adherence out-

come was analysed by chronic disease. There were two secondary outcomes: the difference in

medication adherence between intervention and control groups in studies that a) measured

taking adherence (i.e. studies that measured the percentage of prescribed doses taken, regard-

less of timing [23]) and b) studies that used an objective measure of adherence.

We contacted authors for studies that did not have data or could not be converted into the

required format for meta-analysis (i.e. SMD and standard deviation). The primary outcome

measure was chosen for studies that had multiple medications or dosing regimens or adher-

ence measures (e.g. timing and taking adherence); or reported multiple intervention or control

groups. If outcomes were reported at multiple time points, we extracted these and included the

latest reported time point. We excluded post-intervention follow-up data. If multiple measures

of adherence were used, we included the most objective measure in the review. Reporting in

the study of one or more of the outcomes listed here was not an inclusion criterion for this

review. Intention-to-treat (ITT) or ’full analysis set’ analyses were used where these were
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reported. For studies that did not report data in a form that allowed meta-analysis, this data

were reported narratively (e.g. as medians and interquartile ranges for each group).

Studies that included all as primary or secondary outcomes, decisions were made in the fol-

lowing order: the most recent (or end) time-point in the intervention period; the group with

the largest number of participants; the dosing regimen with the least daily doses; taking adher-

ence; and the intervention group that most closely represented EAM alone and the control

group that most closely represented usual care.

The Q test [24] and the I2 index were used to identify and quantify study heterogeneity

respectively. Cochrane RevMan Software version 5.4 [25] was used for all statistical analyses,

and p-values <0.05 denoted statistical significance.

Study-level characteristics: Subgroup analysis. We conducted pre-specified subgroup

analyses to investigate the effect of the following study-level characteristics on adherence: 1)

age; 2) healthcare setting; 3) intervention complexity (i.e. EAM alone, EAM + EAM reminder,

EAM + health professional input or all aforementioned components); 4) method of adherence

feedback; 5) timing of adherence feedback to the participant (immediate or delayed); 6) study

duration; and 7) participant blinding to the EAM adherence monitoring function.

Effect on clinical outcomes. Based on the heterogeneity of the different disease measures, we

conducted meta-analyses only when this was meaningful, that is, when treatments, partici-

pants, and the underlying clinical question were similar enough for pooling to make sense, for

example, where studies used similar outcome measures. We therefore performed a meta-anal-

ysis by grouping together similar measure types according to the chronic disease. For studies

that did not report data in a form that allowed

meta-analysis, this data were reported narratively (e.g. as medians and interquartile ranges

for each group).

GRADE was used to rate the quality of evidence according to risk of bias, consistency,

directness, precision and reporting bias [21]. The risk of bias (RoB) in each included study was

assessed independently, using the Cochrane Collaboration’s RoB tool for RCTs [22], by AC

and HF/CP. Funnel plots were used to evaluate the effect of publication bias.

Data were pooled from studies which reported the clinical outcome of interest in the inter-

vention and control groups. Continuous data (data that can take any numerical value) was

analysed as mean differences (MDs) using a random-effects model and 95% confidence inter-

vals (CIs) if the measures used in the studies were reported on the same scale. If data were

reported using different measures or scales, SMDs were used to account for the different meth-

ods of measurement (e.g. different asthma control questionnaires. If both change from base-

line and endpoint scores were available for continuous data, change from baseline scores were

used. For data reported as rates or proportions, this was analysed as risk ratios using a ran-

dom-effects model and by inverse variance. If a study reported outcomes at multiple time

points, we used the measure taken at the last follow-up. Intention-to-treat (ITT) or ’full analy-

sis set’ analyses were used where these were reported.

Patient acceptability of the EAM intervention. Don patient acceptability were synthesised

narratively.

Results

Our search identified 565 records, of which 365 were screened after duplicates were removed.

66 full-text articles were assessed for eligibility and 47 studies involving 6194 patients met the

inclusion criteria for inclusion in this systematic review (Fig 1). Table 1 describes the main

characteristics of the studies. Study population size ranged from 6 [26] to 784 [14] participants

(mean = 128, median = 80). Most (n = 41, 87%) were in adults with only 6 studies in children.
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The most common conditions were in asthma (n = 10, 21%) [11, 27–35], or human immuno-

deficiency virus (HIV) (n = 9, 19%) [36–44], or hypertension (n = 6, 13%) [14, 45–49].

The most common EAM device type was an electronic cap fitted onto an oral medication

bottle (the ‘Medication Event Monitoring System (MEMS)‘ (n = 14, 30%) [26, 37, 39, 40, 42,

43, 47, 48, 50–55] or similar (n = 10, 21%) [38, 41, 46, 49, 56–61]. The four (9%) other studies

of oral medicines used electronic medication blister cards [14, 62–64]. Some used EAM

devices that fitted to a specific medication formulation such as inhalers (n = 12, 26%) [11, 27–

35, 65, 66] or eyedrops (n = 2, 4%) [67, 68]. Five (11%) [36, 44, 45, 69, 70] used an integrated

medication management system (MMS) which included recording of dosing times and symp-

toms, reminders about lifestyle and /or medication-taking, and information about disease

control.

Most studies, except two early studies [46, 63], used electronic monitoring to measure

adherence, though this was frequently used with other measures such as serum medication lev-

els [39, 40, 59, 63], self-report [14, 38, 39, 41, 43, 49, 51–55, 64–66, 71], adherence question-

naire [36, 45, 51, 61], pill count [38, 48, 51, 59, 69, 70], canister weight [65, 66],or prescription

refill data [52, 55].

Of the 47 included articles, 27 (57%) studies provided sufficient data for the primary out-

come meta-analysis, through the published manuscript or author contact. Fourteen (30%)

authors were uncontactable, three (6%) studies did not report on adherence differences in

Fig 1. PRISMA flow diagram of eligible studies.

https://doi.org/10.1371/journal.pone.0265715.g001
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both control and intervention groups and two (4%) authors could not provide further data.

From these 27 included studies, 25 were eligible for the secondary outcome analysis of studies

measuring taking adherence, and 24 of studies using objective adherence measures.

Effect of EAM on medication adherence

The primary outcome analysis of pooled data from 27 studies (n = 2584) showed that the inter-

vention group (n = 1267) had significantly better adherence than control (n = 1317),

(MD = 0.93, CI: 0.69 to 1.17, p =<0.0001). Statistically significant heterogeneity was present

(Q = 187.65, p =<0.0001) and of substantial degree (I2 = 86%). The forest plot for all studies is

shown in Fig 2.

Fig 2. Forest plot of effect of the electronic adherence monitoring intervention compared to control on

medication adherence for studies with available data (n = 27) by chronic condition. SE, standard error; CI,

confidence intervals for effect size.

https://doi.org/10.1371/journal.pone.0265715.g002
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The secondary outcome analysis of the 25 studies (n = 1127 in the intervention, n = 1175 in

the control) that measured taking adherence showed a positive effect size (MD = 0.95, CI: 0.69

to 1.22, p =<0.0001). Simlarly, analysis of the 24 studies using objective measures of adher-

ence (n = 1131 intervention, n = 1164 control group) also showed a statistically significant pos-

itive effect size (MD = 1.02, CI: 0.76 to 1.28, p =<0.0001).

Study-level characteristics: Subgroup analysis. Separate subgroup analyses are shown in

Table 2. All subgroups had positive effect sizes, with no significant differences among sub-

groups except for the “complexity of intervention” variable (p = 0.01). EAM-only interventions

did not improve adherence (SMD = 0.24, CI:-0.35 to 0.84) as much compared to interventions

where the EAM was used with a reminder and / or health professional input (SMD ranged

from 0.73 (EAM + health professional input) to 1.51 (EAM + EAM reminder) (CI range:

-0.54–2.22).

Effect on clinical outcomes

Table 3 shows the effects of EAM on clinical outcomes across the 47 included studies summa-

rised narratively. Nine studies (19%) did not assess clinical effect [26, 38, 54–57, 65, 66, 68]–

most these (7/9) were of a shorter study duration (six months or less). There were 38 (81%)

studies that reported clinical outcomes; ten (26%) reported statistically significant improve-

ments [27, 28, 30, 32, 37, 39, 46, 47, 52, 62].

Due to the wide heterogeneity of the types of measures used to assess clinical outcomes, meta-

analyses could only be conducted by disease group, where there were three or more studies

reporting on clinical effect in a similar way. Across the 38 studies that reported on clinical out-

comes, meta-analyses could be conducted using the following outcome measures–viral load for

HIV, blood pressure for hypertension; and asthma control measures for asthma. For studies in

HIV, 5 [36, 37, 72–74] of the 9 HIV studies reported on proportion of patients with undetectable

viral load as an outcome;. In hypertension, 4 [49, 75–77] of the 7 studies reported on mean change

in blood pressure (systolic and diastolic); and in asthma, 5 of the 9 studies reported on change in

asthma control [28, 32, 34, 78, 79], in a way that could be included in the meta-analysis. Table 4

shows the evidence profile for these three clinical outcomes, and for adherence.

There were 3 studies that reported outcomes in transplant patients, however only 2

reported numbers of patients with rejection [51, 58] while the other reported on 5-year event-

free survival rates [64]. The remaining 11 studies reporting on outcomes were in a range of

health conditions: heart failure (2/10); diabetes (2/10); glaucoma; bipolar disorder; percutane-

ous coronary intervention; psychosis; COPD; coronary artery disease; and schizophrenia, all

reporting on outcomes using different measures (e.g. symptom scores or hospitalisation rates)

and therefore could not be synthesised via meta-analysis.

Fig 3 shows the effect of EAM on clinical outcomes in HIV, hypertension and asthma. For

all outcomes, the analysis crossed the boundary of now effect, but showed a non-significant

effect favouring the EAM group. For HIV, those receiving the intervention had a 1.08 (95% CI

0.91–1.29, p = 0.39) chance of having an undetectable viral load. In hypertension, the EAM

group achieved a lower systolic and diastolic blood pressure by 2mmHg, though the 95% CI

was wide. For asthma, a SMD of 0.09 (95% CI, -0.07–0.24, p = 0.43) was seen, indicating a

small but positive improvement in asthma control favouring the intervention, though this was

not significant. Table 3 describes narratively the outcomes for other health conditions, which

report a range of effect from significant improvements in outcome to no effect. There were 15

studies that reported no effect on outcomes; these had improvements in adherence from 2%

[43, 48] to 34% [31], and had a lack of blinding or real-time feedback, with most (11/15 stud-

ies) not feeding back adherence in real-time to the participant.
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Not all studies reporting clinical benefit had improvements in adherence. Four studies [45, 58,

61, 64] had no significant effect on adherence but reported clinical benefit. Three [36, 41, 69] had

improvements in some but not all clinical parameters (e.g. reduced viral load, but no effect on

CD4 count [36]), and two [44, 63] had a negative effect on clinical outcomes but a positive [44] or

no effect [63] on adherence. In a study of patients with bipolar affective disorder, the EAM inter-

vention group reported higher rates of anxiety, depression and somatism than the controls [63].

Wu et al. reported worsened quality of life in patients with HIV who received the EAM interven-

tion [44] than those who did not, but no differences in disease control.

Assessment of risk of bias

Most studies had at least one domain rated as having a high risk of bias (n = 40, 85%, S1 and

S2 Files). There was a high performance bias in most studies (n = 35, 74%). This is expected as

blinding of patients and health professionals is difficult due to the nature of the EAM interven-

tion. Most studies (n = 38, 81%) had low detection bias as adherence and clinical outcome

measures were objectively measured. Whist the risk of selective reporting bias was low within

each study, overall, there was moderate selective reporting bias as 20 of the 47 studies did not

report data in a way that could be meta-analysed.

Assessment of publication bias across studies

The funnel plot (S3 File) indicated acceptable plot symmetry for both adherence and clinical

outcomes data, suggesting limited publication bias, though the large amount of study hetero-

geneity needs to be considered.

Table 2. Effect of study-level characteristics on medication adherence (n = 27).

Variable Subgroups No. of studies No. of participants SMD CI p-value for interaction�

Age Children (<18 years) 4 467 1.28 0.36 to 2.2 0.37

Adults (�18 years) 23 2097 0.85 0.62 to 1.02

Healthcare setting Primary / ambulatory care /outpatient 20 2023 0.85 0.59 to 1.10 0.32

hospital setting 7 561 1.14 0.63 to 1.64

Complexity of the

intervention

EAM only 3 235 0.24 -0.35 to

0.84

0.01

EAM + EAM reminder 7 829 1.51 0.81 to 2.22

EAM + health professional input 13 1288 0.73 0.54 to 0.93

EAM + EAM reminder + health professional

input

4 232 1.05 0.77 to 1.33

Method of adherence

feedbacka
Direct-to-patient 6 655 0.96 0.37 to 1.54 0.15

Healthcare provider facilitated 12 1062 0.79 0.54 to 1.03

Both 7 665 1.42 0.82 to 2.01

Timing of adherence feedback Real time (immediate) 9 1048 1.03 0.66 to 1.40 0.53

Delayed 18 1536 0.88 0.57 to 1.19

Study duration Short (6 months) 11 856 0.70 0.40 to 0.99 0.09

Long (over 6 months) 16 1728 1.08 0.74 to 1.43

Blindingb Blinded to adherence monitoring function 7 741 1.06 0.59 to 1.53 0.09

No blinding 10 982 0.62 0.46 to 0.79

SMD, standardised mean difference; CI, confidence intervals for effect size; EAM, Electronic medication monitor
aTwo studies did not provide adherence feedback to participants and were not included in the subgroup analysis.
bIt was not clear in 10 studies whether participants were blinded to adherence monitoring. These were excluded from the subgroup analysis.

https://doi.org/10.1371/journal.pone.0265715.t002
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Quality of evidence

Table 4 shows the GRADE ratings for adherence and clinical outcomes for the 3 conditions

where this could be meta-analysed.

Risk of bias for adherence (S1 and S2 Files) was rated as serious for the adherence outcome

due to the high number of studies with unclear allocation concealment and the risk of perfor-

mance bias, as a results of the inability to blind the intervention to the participants and out-

come assessors in most studies, which could affect outcome reporting. For clinical outcomes

however, the nature of the outcomes (viral load and blood pressure) are objective measures

that are unlikely affected by knowledge of group allocation; as such evidence was not down-

graded for HIV and hypertension but was so for asthma. Inconsistency was downgraded and

rated as serious for adherence and blood pressure, given the high heterogeneity of the studies.

Fig 3. Forest plot of effect of the electronic adherence monitoring intervention compared to control on clinical

outcomes by a) viral load for Human Immunodeficiency Virus; b) blood pressure for hypertension; c) asthma control

for asthma.

https://doi.org/10.1371/journal.pone.0265715.g003
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Indirectness, imprecision and publication bias were not downgraded for adherence, but

evidence was downgraded for risk of bias and inconsistency. Quality was upgraded given the

strong association and large effect size. This gave an overall rating of moderate certainty in the

effect estimate for adherence. For clinical outcomes, overall certainty in the evidence was

deemed low, mainly as a result of inconsistency and imprecision as a result of the small sample

sizes per condition.

Patient acceptability perceptions of the EAM intervention

Fourteen studies evaluated patient acceptability of the EAM intervention (see S4 File). Nine

assessed usability of the device [11, 30, 37, 38, 44, 49, 67, 69, 70] though one study did not

report the results [67]; four focused on the acceptability of the adherence feedback and interac-

tion with health providers [47, 53, 54, 56]; and one study focused on both the device and the

health provider interaction [62].

Patient perceptions of EAM. Of the nine studies that reported patient perceptions of the

device, perceptions were negative in nearly half [37, 44, 69, 70]. In the Velligan et al. study, par-

ticipants preferred getting medication support from staff rather than from EAM [70], and had

negative feedback, primarily about the device’s reminder beeps. Similarly, Wu et al. reported

that the EAM device was too large and too loud, leading to unwelcome questions and possible

revelation of the patient’s HIV status [44]. In contrast, the EAM device used by Frick et al.,

which included a button to silence the alarm, received positive feedback, with 99% stating they

would use the vial again and 97% finding the alarm helpful [38]. Other studies reported mixed

results, with some participants enjoying EAM as they felt it helped them stay on schedule with

their doses, whilst others “hated the device” and felt their lives were regulated by the EAM

device, and found EAM to be a nuisance [69], unnecessary and unattractive [37, 80].

Patient perceptions of the adherence intervention. Patient perceptions of the adherence

intervention were more positive than for the device [37]. Patients and health providers found

the adherence review and discussions the most beneficial parts of the intervention and “looked

forward” to receiving their adherence data [47, 53, 56, 62]. The adherence feedback did not

make patients feel uncomfortable [53] and was not perceived to be intrusive [62], or a burden

[54].

Other findings. Although most studies did not aim to evaluate patient perceptions, four

studies attributed recruitment issues, patient drop-outs and non-participation to issues with

device acceptability by patients (S4 File) [14, 37, 45, 51]. Training was also identified as a factor

to consider for intervention acceptability [41].

Discussion

This is the first systematic review and meta-analysis of EAM and the effect on medication

adherence and clinical outcomes, across all chronic conditions. To our knowledge, this sys-

tematic review and meta-analysis is the largest in this field, comprising 47 RCTs in the system-

atic review and 27 studies in the meta-analysis of adherence. Whilst there have been systematic

reviews across conditions, these have been for multiple types of interventions rather than spe-

cifically examining the effect of EAM. Patients receiving an EAM intervention had signifi-

cantly better adherence compared to those who did not, with a large magnitude of effect

(SMD = 0.93). SMD measures effect when studies report efficacy as a continuous measure-

ment, with zero meaning the intervention and control groups have equivalent effects, with

SMD increasing as the difference between the intervention and control group increases. An

SMD over 0.8 is considered a large effect [81]. Putting this into perspective, when SMD = 0,

the probability that the intervention outperforms control is 0.5 (no better than chance); and
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when SMD = 1, the probability increases to 0.76. In this review, SMD = 0.93, meaning for indi-

viduals who receive EAM, there is a approximately a 0.7 probability that their adherence will

improve than if they didn’t receive the EAM. As our review found however, this may not con-

sistently translate to clinical benefits, as this appears to vary depending on the population and

chronic condition. This highlights the potential of EAM to improve medication adherence in

patients with chronic conditions. Similar effect sizes were seen in studies measuring only tak-

ing adherence, and in studies using objective adherence measures. We found that the effect of

EAM appeared particularly large for asthma and HIV, similar to findings from other reviews,

though the number of studies per condition are small, which limits our confidence in the find-

ings. Lee et al. reported that in children with asthma, those receiving an EAM intervention

were 1.5 times more likely to adhere than those in the control group [18]. Similarly Christen-

sen et al. noted high adherence rates reported across included studies for HIV populations

receiving EAM [16], though the authors did not conduct a meta-analysis. Our findings are

similar to previous reviews of the effect of reminders or adherence feedback on adherence, but

the magnitude of effect in prior reviews was smaller and non-significant [82] or not quantified

if findings in studies that only reported results narratively [7, 9, 10, 12, 13]. Previous reviews

may have only been limited to one health condition [17, 18], or evaluated only one aspect of

EAM (e.g. reminders, adherence feedback, or the packaging), which may explain our larger

magnitude of effect. We found improvements in clinical outcomes in HIV, hypertension and

in asthma, but none of these reached statistical significance due to the small number of studies

that were able to be included.

There are several implications for physicians, researchers, and payers. First, our review

found that intervention complexity was important for intervention effectiveness. Studies using

an EAM device by itself, without reminders or health provider input, did not improve adher-

ence. This aligns with previous literature showing that complex interventions–i.e. those involv-

ing more than one intervention element–are more effective [83]. A systematic review of

electronic packaging interventions on adherence, including both RCTs and non-RCTs, found

that complex interventions with EAM were the most effective for improving adherence [84].

Second, the delivery format of the EAM intervention did not appear to greatly influence the

magnitude of effect. Intervention effectiveness was not influenced by how adherence feedback

was provided or the timing of the feedback, nor by the age of the participants, with EAM being

effective in both children and adults.

Third, although there were significant improvements in adherence, few RCTs reported cor-

responding benefits in clinical outcomes. Those that did show clinical improvements reported

a greater magnitude of increase in adherence. It is possible that a minimum threshold of per-

centage adherence change is needed before any clinical change can be achieved, however the

threshold is unknown for most conditions and depends on the medication pharmacology [85].

Whilst there are many studies demonstrating the association between adherence and clinical

outcomes [86, 87], it is not known whether the relationship is a linear, exponential or logarith-

mic one, and the relationship is likely to be affected by the disease, medication and patient

[85]. We found that, on average, only half of those interventions that improve adherence trans-

late to corresponding improvements in clinical outcomes.

There are several limitations to consider. The impact on adherence was pooled from 27

studies; over 40% of the studies (20/47) did not report adherence data in way that could be

meta-analysed. The impact on clinical outcomes is also less clear. Several studies did not mea-

sure clinical outcome data or where data were measured, the outcomes were not relevant to

the condition. For example, Elixhauser et al. used a general psychological symptom question-

naire [88] to assess the effect of an intervention to improve lithium adherence, rather than a

validated mania scale, which would have better reflect lithium adherence and response [63].
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Even in conditions where disease control can be easily measured and validated disease control

questionnaires exist, such as in asthma, heart failure, or diabetes, there was large heterogeneity

in the measures used and outcomes studied that precluded inclusion in a meta-analysis [11,

14, 27–31, 45–48, 52, 53, 61, 69]. This lack of standardisation in outcome measures across the

same disease state makes inter-study analyses and comparisons difficult. In this review, we per-

formed a meta-analysis to synthesise clinical outcomes but only where meta-analysis was

meaningful. As outcome measures were highly varied, we opted only group together measures

for the same condition where these made clinical sense. The limitation of this approach is the

small number of studies that were able to be included, which reduced our confidence in the

findings. Additionally, for the studies that could not be included in the meta-analysis, this

could only be described narratively and whether studies reported statistically significant bene-

fits. This has limitations as it does not provide information about overall effect size. Questions

also remain about the sustainability of the intervention effects–only 21 of the 38 studies that

assessed clinical outcomes were of 6 months duration or longer. Whether these benefits are

maintained in the long-term for chronic conditions is not known as initial intervention effects

may wane over time. Whilst most studies assessed adherence well, by triangulating data from

more than one objective adherence measure to evaluate adherence, the measurement of clini-

cal outcomes is less consistent. Future research should use validated markers of disease control

that can be used in different research studies and clinical settings. As adherence is only a medi-

ator of therapeutic outcomes, adherence studies should ideally always include a measure of

clinical outcomes as an endpoint, as achieving adherence is meaningless if patients are not get-

ting any clinical benefits. This is seen in the studies that reported clinical benefits, but no effect

on adherence. Of note, a limitation for our review is how quality of evidence was assessed. We

used the Cochrane Risk of Bias 1.0 tool for evidence certainty grading; however, we note that

random sequence generation and allocation concealment were often rated as ‘unclear risk of

bias’ due to absence of sufficient detail in reported studies. If the Cochrane Risk of Bias 2.0 tool

were used, this may potentially downgrade the evidence certainty to ‘very serious’ risk of bias.

Our results emphasise the need to consider the patient in healthcare interventions. Less

than a third of the studies reported on patient acceptability, yet findings show that patient per-

ceptions of the devices were often negative. In contrast, patient perceptions about the adher-

ence interventions were positive, particularly about the provision of adherence feedback and

the opportunity to interact with a health provider. Issues relating to the loudness of the

reminder and device size are common themes that future interventions involving EAM should

consider. Devices where patients are able to silence reminders and / or personalise the

reminder setting may be more acceptable [80]. Training resources need to be considered, par-

ticularly as technologies change and more EAM devices become available. Our findings high-

light the importance of including feasibility and patient acceptability measures in future

research.

By combining data from RCTs, our systematic review and meta-analysis found that EAM

can have a significant effect on medication adherence in chronic conditions. How these adher-

ence improvements translate into clinical benefit is less clear. A quarter of the studies reporting

adherence improvements had corresponding clinical benefits. The lack of standardised out-

come measures that reliably and accurately reflect disease control prevents us from definitively

answering how EAM affects clinical outcomes. Future research should measure clinical out-

comes using standardised and validated tools; be of adequate study duration to assess the sus-

tainability of improvements in adherence and disease control in the medium- to long-term;

and importantly, evaluate the patient acceptability of the EAM intervention.
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