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In the United States 13% to 9% of children (ages 0-17 years) have special healthcare needs
(1). Unfortunately, 50-55% of children and their families do not follow treatment plans as
prescribed (2). Such high rates of nonadherence (i.e., extent to which a person’s behavior
does not correspond with agreed upon recommendations from a healthcare provider (3))
have significant negative consequences, including: greater risk of relapse, increased
morbidity and mortality, unnecessary changes to the regimen, development of drug
resistance, decreased cost-effectiveness of medical care, and inaccurate clinical trial results
(2, 4-7). Thus, documentation of nonadherence rates, identification of barriers to or
strategies to improve adherence, and development and integration of adherence interventions
are imperative.

Regrettably, despite increased recognition that adherence is a significant issue across
pediatric disease groups, there remains a lack of consensus regarding the “best” adherence
measure. Patient, parent, and provider-report, pharmacy refill data, pill counts, serum assays,
and electronic monitors have all been used to monitor medication adherence with varying
success. Of note, even though there remains no clear “gold standard” measure of medication
adherence (8), the use of electronic monitoring has increased and is often employed as the
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standard to which other measures of adherence are compared (e.g., (9-11)). Given increased
recognition of the role of adherence in health outcomes, the use of electronic monitors to
assess adherence, and the increasing use of electronic measures as key components in
interventions to improve adherence, it is critical that objective evaluation of their utility and
evidence of their functional capabilities in real world settings be made available. In order to
aid decision making related to using electronic adherence monitors in future studies or
incorporating such measures into clinical practice in order to improve adherence rates, this
systematic review will 1) provide a brief description of currently available electronic
measures of medication adherence, 2) discuss the strengths and weaknesses of these
measures (and validation information when available), and 3) provide examples of their use
and relevant empirical data for a subsample of measures from our own research.

A systematic review was completed using PubMed (12) to identify previous studies that
used electronic measures of medication adherence in pediatric populations through February
2010. Search terms included: (adherence OR compliance) AND (electronic, technology,
MEMS, Doser, MDllog, Smartinhaler, Medsignals, Pillphone, Nebulizer, Chronolog, Drug
Exposure Monitor). Initial device names were included from the authors’ experiences;
additional names were added as identified through other search terms. References of
identified articles were examined to identify additional published studies. Final inclusion/
exclusion criteria and article selection is further illustrated in the Figure. A summary of
monitor use by disease group is provided in the Table.

Oral Medication Monitors

Comprising a standard plastic vial and cap with a micro-electric circuit, Medication Event
Monitoring System (MEMS) records the date, time, and frequency of vial openings. The
device is available in a TrackCap or SmartCap (LCD display of openings and time frame
since last opening) model. The Drug Exposure Monitor (eDEM) (13) is a similar, but older,
device. Data are transferred to a Windows-based computer (AARDEX Ltd. Union City,
CA).

Strengths—MEMS is the most prevalent electronic monitor for oral medication
adherence. By recording date, time, and frequency of pill bottle openings, MEMS provides a
long-term measure of patient adherence in real-time. The device is strongly correlated with
serum assays and pharmacy refill data (11, 14), with up to 100% specificity between MEMS
and pharmacy refill data (11) reported. Researchers have also described significant
correlations between higher adherence rates and lower viral loads in HIV (15). Data output
from MEMS can reveal detailed medication-taking patterns, such as under-dosing, over-
dosing, delayed-dosing, drug holidays (16), and/or “white coat compliance” (i.e., patient
taking medication more frequently directly before clinic appointments) (17).

Weaknesses—As with all electronic monitors, MEMS does not confirm the number of
medications ingested (16-20) (e.g., patient does not remove medication or removes
medication from bottle but does not ingest). Patients may not consume removed doses or
open the vial once to take out several doses. Second, several studies suggested MEMS may
not be feasible for routine clinical use or is only feasible in research-driven clinical settings
due to its expense (19, 21). Third, malfunction rates ranged from 5-20% (19, 22, 23),
resulting in loss of data. One study reported 59% of patients with unexplained bottle
openings (e.g., illogical times, families reported that medications were not taken) that were
subsequently deleted from data (15). Due to the lack of water resistant caps and vials,
studies using liquid medications reported malfunctions and loss of data (19, 22, 23), limiting
use in young patients who cannot ingest pills (24). Other complaints included poor device
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durability, misplacement of caps, difficulty in covert use, not conducive to travel, and
interference with family’s existing pill organization (8, 11, 14, 15, 21, 22, 24).

Example—As part of an ongoing longitudinal study examining oral medication adherence
in pediatric new onset epilepsy, children (2-12 years) received a MEMS Trackcap and bottle
to monitor adherence to antiepileptic drug (AED) therapy over two years. To date, of the 53
children who completed the two year study, 13% had unexplained bottle openings, 2% had
incorrect time recordings, 6% lost caps and 6% had broken caps. Data download difficulties
were experienced by 13% of patients and 26% of families forgot to bring their bottle to at
least one scheduled visit. Overall, 15% of caps needed to be replaced during the course of
the study; however, AARDEX was very willing to work with investigators to solve such
issues. Despite some difficulties with the software program used to download MEMS data
(i.e., PowerView) (e.g., incorrect phase dates, incorrect medication saved) the program
provides several ways to examine data (e.g., calendar view, non-monitored periods, drug
holidays). Customer support is extremely responsive to device-related difficulties and
technical support requests.

MedSignals® is an electronic pill box consisting of four plastic programmable bins and a
LCD screen. The device communicates through analog telephone lines and uploads daily bin
openings to an internet server. A secured website enables remote set-up and management of
the device. Each bin can be programmed to display visual and/or verbal reminders to take a
medication and related details (e.g., take with food).

Strengths—MedSignals® tracks up to four medications and provides reminders to take
medications at correct times (e.g., voice activation, blinking lights, text, beeping). Each bin
is programmable through the website and can be updated as the patient’s medications
change. The box is portable and holds a charge for several days. When placed back on the
cradle to recharge, the device automatically uploads data to the server and website. Due to
daily automatic uploads, the website provides real-time feedback on patient medication
adherence and lessens family burden by eliminating trips to the research/clinical site for
downloads. Data output provides graphs, charts, adherence statistics, and date/time-stamped
bin openings.

Weaknesses—High device expense and additional monthly upload fees may limit
MedSignals® use in routine clinical settings (see website for current pricing). Similar to
MEMS, the device does not confirm number of medications ingested and lacks the ability to
detect omitted doses or openings where several pills are extracted. Bin size is small and
might not hold certain medications in sufficient quantity.

Example—In a randomized controlled trial to improve adherence in pediatric inflammatory
bowel disease (IBD), 24 youth (11-17 years) received MedSignals® to monitor oral
medication adherence. One family chose not to use the device and 53% of families reported
device-related errors (e.g., spontaneous time reset, data upload failure, unregistered or
phantom bin openings, incompatibility with digital phone line). Additional reported
difficulties included: difficulty fitting medication in bin, inability to record daily number of
pills prescribed (device limited one medication to 9 pills), spontaneous return to default
settings, and need for manual upload of data. Technical support was responsive to device-
related difficulties, usually responding to requests within 48 hours. Of note, device-related
errors substantially decreased during the study as requests to customer support were
addressed (53% versus 18%).
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Inhaled Medication Monitors

The DOSER™ (MEDITRACK Products Easton, MA) and DOSER Clinical Trials (CT)
consist of a circular LCD screen that attaches to the top of a metered dose inhaler (MDI) and
tracks medication exhausted from the MDI. The device displays the number of daily
inhalations and the number remaining in the canister, storing 30 days of data. When firmly
pressed, the device beeps to signal an occurrence and the screen documents inhalation. No
feedback is provided in masked or blinded studies.

Strengths—The DOSER™ enables discrimination of inhaler use patterns across time (25).
Three studies found a high correlation between canister weight and raw DOSER™ data (9,
26, 27). For example, Bender et al reported DOSER™ adherence was 50% compared with
69% via canister weight (9). Similarly, Jentzsch et al reported 51.5% DOSER™ adherence
compared with 46.3% canister weight adherence (26). Other researchers reported accuracy
as high as 94.3%, with reliability data ranging from 52-58% (8, 9). The DOSER™ is
sensitive to treatment effects. For example, Bartlett et al described an increase in medication
use from 29% to 54% following a five-week intervention (25).

Weaknesses—Recurrent mechanical failure limits DOSER™ data collection. From 8-
21% failure rates were reported across studies (e.g., blank/unreadable display, battery
failure, error messages, display recording only a few days of use) (8, 9, 27). Young children
have difficulty pressing the device with enough force to register a puff (27) and, because the
device must have one second between puffs, the device cannot register double puffing (i.e.,
patient quickly takes multiple puffs directly after another). Lastly, the DOSER™ does not
record actual inhalation of medication and data cannot be directly downloaded to a computer
software program (8).

Example—A subsample of 14 children (4-17 years) from a larger study examining the
psychosocial functioning of children with eosinophil-associated gastrointestinal disorders
(EGID) and their families were given standard DOSER™ devices to monitor three-month
adherence to an inhaled corticosteroid. During the study, one family decided not to use the
device, and 46% reported errors (e.g., device stopped recording, failed to register or
recorded extra puffs, recorded over data after 30 days, plastic ring on bottom of device
prevented full dose of medication from being dispensed). In addition, the device could not
be sterilized and reused. Device training (observed practice of installation and use of device
with placebo inhaler) at the time of consent was instituted with recruitment of the sixth
participant and substantially decreased reported errors (60% versus 38%). One family,
noting the DOSER™ facilitated medication monitoring, asked for information for continued
personal use following participation.

MDILog is a device that contains a computer chip and attaches to the top of a MDI. The
patient presses down on the top of the device during each inhalation, and the date and time
of each MDI actuation is recorded and displayed on an LCD screen (Westmed Technologies
Inc, Englewood, Colorado).

Strengths—The MDILog is able to detect medication dumping (i.e., the rapid expelling of
multiple actuations in approximately one minute) (28, 29). The device also performs a self-
check and battery test nightly to ensure data integrity (28). Weinstein et al also noted the
favorable reliability data evident for the most recent version of the MDILog (30).

Weaknesses—Like most electronic monitoring devices, mechanical errors (e.g., faulty

calibration, battery failure, device loss) are the most prevalent weaknesses. McQuaid et al
reported that data from approximately 9% of devices were excluded due to systematic errors
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(28), and Walders et al reported that 9% of devices produced unrecoverable data due to
device loss, failure, or damage (29). Although MDILog can detect when medication
dumping occurs, like other monitors it cannot confirm actual inhalation (29, 30) or prevent
medication dumping (13, 29). Of note, the MDILog Il is now able to document improper
inhalation. Lastly, the device cannot be sterilized and reused with multiple patients (30) and
cannot be used with medication samples.

The Smartinhaler replaces the plastic case of a MDI and records the date and time the
medication is actuated (10, 31). Data is downloaded to a computer (Nexus 6, Auckland,
New Zealand).

Strengths—The Smartinhaler can alert researchers/clinicians to dumping patterns in
patient adherence. For example, Burgess et al discovered one patient actuated three doses in
one month followed by a month where 213 doses were actuated within minutes (31).

Weaknesses—Burgess et al reported that contact with water led to unrecoverable data for
two devices used by the same patient (31). Similar to other monitors, the inability to confirm
medication ingestion and whether effective techniques are used (10, 31) are also significant
limitations.

Nebulized Medication Monitors

The Nebulizer Chronolog replaces the standard plastic mouthpiece and records the date and
time of each actuation (32—34). Data can be downloaded to a computer (Forefront
Technologies Inc, Lakewood, Colorado).

Strengths—Similar to other electronic monitors, the Nebulizer Chronolog can detect
medication dumping (32, 33), patterns of missed doses over time (34), and can be used with
a variety of inhaled medications (32). Coutts et al found that one patient was dumping
medication directly before clinic visits, as many as 77 times in 13 minutes (32).

Weaknesses—L.ike its counterparts, the Nebulizer Chronolog does not confirm
medication inhalation (32, 33). Gibson et al reported that patients had difficulty fitting the
device onto a MDI, problems where an actuation was recorded but the patient did not take
medication, and that the electronic switch on some devices stuck during actuations (34).

The I-neb Adaptive Aerosol Delivery (AAD) is the newer version of the Halolite Nebulizer,
an aerosol delivery system that releases medication when inhalation is detected. The device
records the date, time, and duration of each actuation and can be used with multiple forms of
nebulized medications (35, 36).

Strengths—The device only releases medication upon detection of inhalation and can be
used with multiple nebulized medication (35). Patients can also take breaks or pauses during
treatment (36).

Weaknesses—Butz et al reported 17 monitors (8%) failed due to technical malfunctions
and the device does not account for a patient’s potentially inaccurate flow rate or technique
(37).

DISCUSSION

This review focused exclusively on electronic monitors of medication adherence in use
across pediatric populations and updates the review provided by Quittner et al (8). As such,
it provides an important resource regarding strengths and weaknesses of particular electronic
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monitors in several pediatric disease groups. These data are especially relevant for
individuals considering incorporation of these devices into research protocols or clinical
practice. There are several advantages inherent in electronic monitors, which is likely
responsible for their increased use and frequent reference as the “gold standard” to which
other measures of adherence (e.g., pill count, self-report) are compared (e.g., (9-11)).
Clinicians can use electronic monitors with their patients to address a number of clinical
issues and initiatives. These may include, among others, 1) dosing regimen complexity (e.g.,
multiple doses per day may be too difficult for some patients), 2) dose timing, which can
affect drug concentration in blood, 3) white coat compliance or other problematic patterns of
medication taking, and 4) ongoing objective monitoring of adherence behavior, which is
superior to current practice habits which rely on self-report, clinician ratings, or perhaps no
assessment. In conjunction with continuing advancements in software development,
electronic monitors enable insight into medication taking patterns (e.g., white coat
compliance, drug holidays), help identify barriers to medication adherence, and are sensitive
to treatment effects (e.g., (25)). These features allow for testing of various hypotheses
regarding adherence patterns, which is critical to ultimately designing and optimizing
interventions to promote treatment adherence.

However, electronic monitors are not without their limitations. Difficulties related to
mechanical malfunctions are evident across all electronic monitors. In addition, the high cost
and training necessary to effectively use current monitors cannot be understated and restricts
their use in primary or specialized clinical care. However, as additional data regarding the
relationship between monitoring, adherence, and health outcomes emerges, health
management organizations and other insurance companies may be more likely to assume
their cost. Similar to other adherence measures (e.g., serum assays, self-report), inability to
confirm the number of medications ingested restricts their reliability and validity. Use of
monitors that include feedback (e.g., Trackcap) and introduction of novel devices (e.g.,
unfamiliar pill container) into the family routine also limit their function as naturalistic
measures. Consequently, this review supports previous recommendations for inclusion of
other methods of adherence measurement (e.g., serum assay, pill count, self-report) to
complement electronic data (8). Although review of these other methods goes beyond the
scope of the current review, previous research suggests that the use of these measures also
incorporates particular strengths/weaknesses.

Regarding specific recommendations in selecting monitors for future research and/or clinical
use, several conclusions can be drawn. Despite the tremendous potential offered by newer
devices, available studies strongly support the reliability and validity of MEMS as the
electronic device of choice in monitoring oral medication adherence. Future, additional data
for other oral medication monitors will better allow investigators/clinicians to make
informed decisions regarding their use. Concerning inhaled medication monitors, the
MDILog and Doser have been widely used in pediatric asthma. Given their similar strengths
and weaknesses, individuals are encouraged to examine the needs of their study and/or
clinical practice and weigh the advantages/disadvantages of each monitor in best meeting
their requirements. Finally, that the I-neb AAD system has been redesigned to address some
of the weaknesses in its earlier model should be encouraging in measuring nebulized
medication adherence.

Although this review summarizes available data regarding electronic adherence measures
and their use in pediatric disease groups, these data are meant to suggest some issues that
may be encountered when using these devices, not to dissuade researchers or clinicians from
any particular device. Of note, many of the studies included in this review relied on small
samples, and/or were pilot studies. Studies varied widely in regard to the information
provided concerning device function. For example, even though validation data may be
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available in adult studies, data was not always provided for the pediatric population.
Standardization of such data provided in future studies will help further advance research in
this area. In addition, some of the measures are not currently available or have been updated
to address earlier technological issues. However, given the small number of articles, they
were still included to illustrate possible difficulties that may arise. It is anticipated that the
information provided in this review will aid individuals in selecting appropriate electronic
adherence monitors for research and/or clinical purposes and effectively address potential
weaknesses of measures through careful planning and monitoring.

Despite these limitations, this review provides several key directions for future research and
development in this area. First, improvements in technology will increase electronic
adherence measures’ reliability and validity and may help to decrease their cost. Second, use
of a cellular device signal will enable remote downloading and relieve the burden associated
with home visits or downloading at clinic appointments. Several companies are developing
and testing these technologies now. Third, research and clinic friendly servers that enable
direct downloading and interpretation of data will enhance their usefulness for analysis and
efficient incorporation into routine clinical visits. For example, clinicians can use electronic
monitoring data to identify and problem-solve with families around possible adherence-
related difficulties at the time of clinic visits. Fourth, patient-friendly devices (e.g., pill
boxes that hold a full week of medication doses, portable devices) will help to foster their
acceptability to families. Finally, investigation of how best to combine measures of
adherence is imperative across chronic conditions. For example, researchers have used
correction factors or composite scores calculated from electronic adherence measures to
address inflation in self-report and pill count data (e.g., (38, 39)). With advances in
medicine, the continued awareness of adherence as a significant health care issue in
pediatric populations, and demonstrated relationships between adherence and health
outcomes (e.g., (15)), the use of electronic monitors may become a permanent fixture in
adherence-related research and clinical practice.
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{Included] [ Eligibility ] [ Screening } [Identification]

Records identified through

database searching
(n=944)

Additional records identified
through other sources

(e.g., reference list)

Figure.

Records after duplicates removed

(n = 956)

A
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Records screened
(n = 956)

Records excluded*
(n=882)

A

Full-text articles
assessed for eligibility
(n=74)

h 4

Full-text articles*
excluded
(n=27)

v

Studies included in
qualitative synthesis
(n=47)

Study selection flow diagram (60). Reasons for exclusion: (1) not written in English; (2)

primary or original study data not included; (3) electronic monitor of oral medication

adherence not included (not prescribed treatment regiment [eg, blood glucose monitoring,
peak flow monitoring]), and (4) sample did not include participants under 18 years of age or
included participants above age 25 years.
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Table 1

Electronic monitor by illness group and websites for additional product and pricing information

IlIness group used Website

Oral Medication Monitors

« Medication Event
Monitoring System (MEMS)/Drug
Exposure Monitor (eDEM)

* MedSignals
Inhaled Medication Monitors

* DOSER

« MDI Chronolog &
+ MDILog
« Smartinhaler.
Nebulized Medication Monitors

« I-neb Adaptive
Aerosol Delivery (AAD)/HaloLite Nebulizer b

« Nebulizer Chronolog &

Arthritis (40, 41) www.aardexgroup.com
Asthma (13)

Cystic fibrosis (21, 42)
Dermatitis (43, 44)

Epilepsy (17)

Heart disease (45, 46)

Hepatitis (47)

HIV (11, 15, 19, 48)

Leukemia (20)

Liver transplant (49, 50)

Renal transplant (23, 24, 50, 51)
Sickle cell disease (22)
Thalassemia (18)

Tuberculosis (16)

Inflammatory bowel disease www.medsignals.com

Asthma (9, 13, 25-27, 52-54) www.doser.com

Eosinophil-associated gastrointestinal disorders

Asthma (55) -
Asthma (13, 28, 29, 52, 53, 56, 57) www.westmedinc.com P

Asthma (10, 31) www.smartinhaler.com

Asthma (36, 37, 58)
Cystic fibrosis (35, 56)(57)

Asthma (32-34, 59) -

www.ineb.respironics.com ©

a . .
No website available.

bAs of July 2010, currently being redesigned and not available for purchase from website.
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Information for redesigned model; I-neb Adaptive Aerosol Delivery (AAD) and Patient Logging System (PLS) is a newer model of the HaloL.ite

Nebulizer.

J Pediatr. Author manuscript; available in PMC 2012 October 1.



