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Abstract

Medication nonadherence is a vexing problem in health
care necessitating patients and health professionals’
efforts to prevent, minimize, or reverse it. Research
participants’ inconsistent medication taking obscures
treatment efficacy and adds costs to biomedical research.
Electronic monitoring devices (EMDs), like the Medication
Event Monitoring System (MEMS), have grown in
sophistication, providing precise, timely insights into
individuals’ medication-taking patterns across clinical
populations. This article reports on the desirability and
feasibility study of using a wireless EMD in clinical re-
search to promote adherence to clinical regimens and
research protocols. Nonadherence in transplant patients
has been linked to late acute rejection and graft loss. High
levels of adherence (97.7 %) were documented for six
renal transplant recipients for a mean of 6 months
(M=196.1+71.2 days) who indicated acceptance of the
technology. MEMS data confirmed the feasibility of using
wireless EMDs to monitor medication use. Monitoring
provides greater assurance that research studies reflect
the biological impact of medications and provide a basis
for targeting adherence enhancement efforts within re-
search investigations.
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Introduction

Clinical trials evaluating pharmaceuticals depend
heavily on research participants following the study
dose protocol. Research is predicated on the assump-
tion that participants actually take their medication in
accordance with the protocol of the research arm to
which they are assigned. In health care, the relation-
ship between adherence and health outcomes may be
conceptualized, albeit perhaps simplistically, as
“linear and predictable with good adherence resulting
in the desired health outcome” [1]. The assumption,
however, that people adhere as meticulously to med-
ication regimens as their health care providers and
clinical investigators would wish, i.e., that they behave
consistently over time, flies in the face of clinical and
research realities [2, 3]. Hence, Urquhart [4] concep-
tualizes adherence as “the extent to which the patient’s
actual history of drug administration corresponds to

Implications

Practice: New wireless medication monitoring
technology can be employed to help patients track
their own medication adherence and to allow
researchers and health professionals to collaborate
with them to optimize medication taking.

Policy: The inclusion of more precise and timely
medication adherence information in clinical re-
search has the potential to improve research and
to provide greater assurance about the accuracy of
the findings of clinical investigations.

Research: The use of wireless electronic medica-
tion monitoring devices is feasible to audit and may
help improve medication adherence within clinical
and translational research.

the prescribed regimen.” Adherence is critical to
achieving the promise of innovative treatments as
they are adapted to clinical practice.

Adherence in renal transplants

Medication nonadherence (NA) is a worldwide prob-
lem across clinical conditions [5] and is the focus of
this report. DiMatteo’s [6] review calculated mean
adherence of 75.2 % (range=4.6-100 %) across 569
studies. The critical importance of adherence to im-
munosuppressant regimens in solid organ transplants
makes it essential that organ recipients follow their
regimens. Despite the role of adherence in optimizing
clinical outcomes, Dew et al.’s [7] meta-analysis of post-
transplant adherence in 32 studies noted mean NA for
kidney recipients of 35.6 %, exceeding NA for heart
(14.5 %) and liver (6.7 %) recipients. Also, despite
medications’ centrality to optimizing outcomes, NA
in kidney recipients was higher than NA for nine other
health behaviors (e.g., diet, exercise, clinic appoint-
ment attendance). The significance of adherence for
renal transplant recipients is clear: NA has been esti-
mated to account for 16 % of kidney graft loss and 20 %
of late acute rejection episodes [8, 9]. Even modest NA,
i.e., missing as few as 5 % of immunosuppression doses,
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has been associated with up to 50 % of death-censored
graft loss [10].

The prevalence of problems and severity of health
consequences and costs associated with NA in renal
transplantation render it essential to maximize adher-
ence for this medically complex population. Kidney
graft loss can result in multiple adverse consequences
including need for hospitalization, dialysis, retrans-
plant (thereby increasing the pool of 109,521 patients
currently on the national waiting list for kidneys [11]),
as well as the risk of premature mortality. In addition
to such clinical outcomes, kidney graft loss due to NA
is estimated to cost the US health care system about
$100 million annually [12-14].

Adherence in research

In research, too, adherence is a complex phenomenon
that is of critical importance to the success of an inves-
tigation. Thus far, the effects of heterogeneous adher-
ence to the research protocol in biomedical research
and on the medical literature are not fully understood
[15]. Convergent studies of diverse health conditions
confirm that NA continues to be a major challenge in
research as well as health care [16].

Research participants may adhere better to regi-
mens than patients do in clinical practice [17]. An
analysis of 51 studies that reported drug adherence
estimated mean adherence of 85.7 % (range 48—
100 % [18]). However, other researchers have estimat-
ed that as many as 25-50 % of research participants
may not adhere fully with some elements of trial pro-
tocols [19]. Although adherence in clinical trials is
fundamental to achieving scientific objectives [20],
most studies, even in high impact journals, do not
document adherence rates [18]. Inadequate adherence
within a study undermines its validity, confounds sta-
tistical analyses (e.g., increases probability of type II
error), may preclude drawing scientific conclusions,
and adds costs [2].

Research participants’ insufficient adherence can in-
crease the sample size necessary to achieve statistical
power for evaluating research hypotheses [21]. It can
lengthen studies and necessitate adding trial centers. It
also consumes additional staff time and resources to
address the NA [22, 23]. Such concerns lead some
researchers to advocate for developing uniform stand-
ards for reporting on adherence in clinical trials akin to
the Consolidated Standards of Reporting Trials
(CONSORT) guidelines for reporting on data and
recruitment [18, 24]. Monitoring medication taking is
a common strategy used to assess and promote regi-
men adherence in clinical research [3].

In biomedical research, the “80 % rule” has been a
conventional threshold for regimen adherence, includ-
ing medication taking [2]. Studies that fail to reach that
threshold may be deemed inadequate by funding
agencies as well as by reviewers and editors for publi-
cation in scientific journals. Scientific journals are re-
luctant to publish articles with low adherence [25].
Consequently, it is important for drug trials and other

research to integrate both measurement of adherence
and processes to facilitate adherence.

Assessing adherence

Because people generally take medications unsuper-
vised, health professionals have limited understanding
of their patients’ actual medication taking patterns. In
clinical contexts, health professionals may query
patients to detect NA. Such imprecise assessment is
vulnerable to desirability bias, leading to adherence
estimates that exceed measurement by electronic
monitoring devices (EMDs [26]). Patients’ acknowl-
edgement of NA may be an honest reporting of their
experience. However, it also could reflect limitations
of patients’ awareness or memory of their NA, or it
may be a defensive or misleading socially desirable
report [27]. Other approaches are also possible, such
as blood or urine assays which are available for some
medications to indicate levels of the medications or
metabolites, or asking patients to keep written or
graphed records that add structure to self-reports. Ob-
jective adherence measurement approaches include
pill counts, in which staff counts patients’ remaining
pills at clinic visits. The count back method is calculat-
ed by subtracting how many pills remained from how
many should have remained from the number dis-
pensed during the monitored time period. Pill counts
have been the most commonly used method of mea-
suring adherence in clinical trials [18]. Pharmacy
records also indicate when patients seek refills, which
can be compared to when they should have obtained
refills if they have been taking doses as prescribed.
Although none of these metrics related to patient med-
ication use can be presumed to provide definitive
accounting of actual medication ingestion (i.e., they
all have limitations and are based on certain assump-
tions), they generally provide valuable insights into
how consistently patients take their medications com-
pared to their prescription. Relative advantages and
limitations of monitoring approaches have been dis-
cussed elsewhere [24, 28] and warrant the consider-
ation of clinical researchers.

Quantification of medication use has also been
available in recent decades through EMDs that track
patients’ use of medications using microchip technol-
ogies. EMDs are engineered to track when patients
open medication vials or pillboxes. Data can be down-
loaded and reviewed to provide a window on a per-
son’s medication taking. Electronic monitoring is gen-
erally regarded as one of, and arguably the best meth-
od, for measuring medication adherence (MA [26,
29]). EMD cap openings are generally presumed to
be reasonable, albeit imperfect, proxies for medication
taking that, shy of direct observation, serve as a “gold
standard” for verifying when patients take medications
[29-31]. It is noted, however, that despite the utility of
this approach, there are limits (i.e., patients may not
necessarily ingest the medication when they opened
the vial), and patients can subvert the technology if so
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motivated [32]. Strategies have been suggested to over-
come some of these limits [33].

Earlier reviews summarized some of the commer-
cially available EMDs [26, 34]. Ingerski et al.’s [34]
analysis was based largely on a PubMed search iden-
tifying nearly a thousand publications mentioning
electronic monitoring of MA [34]. The Medication
Event Monitoring System (MEMS®), the predomi-
nant electronic monitor of MA [34], has been used to
evaluate MA for a broad range of conditions such as
epilepsy, hypertension, HIV/AIDs, transplants, and
psychiatric disorders. MEMS® has been employed
extensively, including in reports in 785 peer-
reviewed articles and review articles [35], as well as
in books, doctoral dissertations, published symposia,
and lectures, etc. [36]. Interventions involving
MEMS® in clinical settings, while costly, provide
one of the clearest pictures of patients’ medication
use. The costs of providing monitored clinical care
perhaps are best viewed relative to the overall costs
for managing conditions, including NA and its conse-
quences. For example, the estimated costs of heart
failure in 2010 in the USA were $39.2 billion with
NA considered to be contributing substantially to
those costs [37]. To the extent that EMDs can help to
reduce NA [37], the costs of using EMDs could pre-
vent and offset other health care costs.

Recently, a second generation of medication-
tracking devices (see Table 1) has been introduced,
harnessing the Internet to provide closer to real-time
feedback [38]. The full impact of this next generation
of devices is not yet known. However, the ability to
give people and their health providers contemporane-
ous data about their MA might have greater potential
to affect behavior and facilitate interventions to im-
prove behavior than less immediate or less precise

Table 1| Examples of Internet-based electronic medication
monitors

Product Manufacturer
GlowCaps Vitality, Inc.
http://www.glowcaps.com/

Medication Event Monitoring MWV Healthcare

Systems- (MEMS®)
http://www.mwvaardex.com/
Products/DataCollection/

MEMSCap
Maya Medminder
www.medminder.com
Med-eMonitor InforMedix
http://www.informedix.com
SimpleMed Vaica Medical
http://www.vaica.com/products
eCAP Mediary
http://informationmediary.com/

ecap/
Wisepill Wisepill

Technologies

http://reports.mediscern.com/
wisepill/

feedback. Carver and Scheier’s [39] control systems
theory and Leventhal et al.’s [40] self-regulation mod-
els underscore the importance of timely feedback in
altering behavior to conform better to goals. This
wireless approach also has the potential to increase
patients’ sense of self-efficacy and self-determination
[41, 42]. It is consistent with the theory of planned
behavior [43] for changing health behaviors as well
as the current interest and proliferation of approaches
to self-monitoring [44].

Objective of feasibility study

This preliminary report describes the feasibility and
acceptability of using a new generation of wireless
EMD in renal transplant patients who were part of a
larger study of MA. These participants had already
demonstrated good adherence with older, nonwireless
MEMS technology. We did not know how receptive
they would be to the newer technology, which is more
interactive, requires placement of the vial on the read-
er base to upload data, and whether they would toler-
ate communications from a nurse coordinator that
address MA records. Consequently, the present study
was undertaken to ascertain participants’ willingness to
use the wireless technology. Participants’ enrollment in
the pilot trial using the newer wireless MEMS allowed
exploration of their experience with the upgraded
technology.

Methods

Six renal transplant recipients were invited, and all
volunteered to use the wireless MEMS after participat-
ing in the early phase of an IRB-approved study of MA
(clinicaltrials.gov #NCT00148174 [45]). The feasibility
study was approved by the IRB because no additional
risks were identified, expanding the earlier study to
allow participants to use the wireless MEMS. In the
Nevins et al. [45] study, participants were monitored
with nonwireless MEMS without receiving MA feed-
back. They were selected for the feasibility study based
on having completed the prior study and on their
willingness to try the new technology. They had not
participated in any research interventions to improve
MA. All participants demonstrated MA >90 % using
the standard, nonwireless MEMS cap with their immu-
nosuppressant medication vial. Sample size was limited
due to funding and time constraints. Since we were
principally interested in whether the new technology
was acceptable to participants, we solicited individuals
who we anticipated would actually use it and would be
able to provide comparative feedback based on actual
experience. The study was undertaken to explore the
feasibility of designing a larger clinical intervention trial
using the wireless technology with a sample character-
ized by more heterogeneous adherence.

The sample included two women and four men at
the University of Minnesota Medical Center whose
mean age at transplant was 45.9 years. Their moni-
tored p.o. immunosuppressant regimen was b.i.d. (i.e.,

page 287 of 293


http://www.glowcaps.com/
http://www.mwvaardex.com/Products/DataCollection/MEMSCap
http://www.mwvaardex.com/Products/DataCollection/MEMSCap
http://www.mwvaardex.com/Products/DataCollection/MEMSCap
http://www.medminder.com/
http://www.informedix.com/
http://www.vaica.com/products
http://informationmediary.com/ecap/
http://informationmediary.com/ecap/
http://reports.mediscern.com/wisepill/
http://reports.mediscern.com/wisepill/

ORIGINAL RESEARCH

page 288 of 293

12 h apart, e.g., 8 A.M. and 8 PM.). Four were taking
mycophenolate mofetil (MMF; CellCept); two took
enteric-coated mycophenolic acid (Myfortic). MA
was tracked between 12/20/2012 and 8/2/2013 with
the medAmigo wireless MEMS (see Fig. 1). The
MEMS and wireless MEMS caps contain a plunger
mechanism that moves each time the cap is removed
from the pill vial. Integrated microcircuits record the
time and date of vial openings. The functionality of the
device is not affected by the physical characteristics
(e.g., appearance or size) of the pill.

The wireless MEMS can store 3800 events and has
an estimated battery life >24 months. It transfers data
by telemetry to a reader that downloads, encrypts, and
transmits it via wireless circuits (Global System for
Mobile Communications [GSM]) to a central data-
base. Individuals’ data can be reviewed by staff admin-
istrators (e.g., research nurse) via a secure website.
Reports were generated and shared with participants
providing them with feedback on the consistency of
their medication taking. The wireless cap features a
liquid-crystal display (LCD) indicating the number of
cap openings since midnight and the hours elapsed
since the last opening. This feature provides a visual
reminder as to when to take the next dose or reflects
whether a scheduled dose might have been missed.
Wireless MEMS caps fit standard medication vials
(e.g., Pro Plus Vial 30, 60, or 90 dram) in a range of
sizes. Participants were instructed not to open the cap
except when taking a medication and to refill vials with
their medications, when necessary, only when they
had already opened the vials to take a prescribed dose
(i.e., so as not to overestimate doses taken). Further
information is available at www.medAmigo.com.

MEMS Cap With Vial on Reader

Fig. 1| MEMS cap with vial on reader

Prior to participating in the pilot, participants com-
pleted a separate MA study using nonwireless MEMS
caps beginning the day following hospital discharge
after renal transplant. Nonwireless MEMS were mon-
itored about 6 months (M=185.3149.9 days). In that
study, these participants returned their nonwireless
MEMS caps as requested 3-month post-transplanta-
tion for review and did not receive data reports. In
the feasibility study, data collection began a few days
after returning the nonwireless MEMS cap (mean 191
+49.4 days following transplant; range 147-285) and
used the wireless MEMS for several months (M=196.1
171.2 days). They received reports about their medi-
cation taking (e.g., Figs. 2 and 3) by email approxi-
mately every 2 weeks based on the wireless cap data.
They had regular phone or email contacts (=2 weeks)
with the study nurse to review their pattern of medi-
cation taking.

At the conclusion, participants completed a 13-item
multiple-choice questionnaire developed by the
authors about their experience with the wireless tech-
nology. Descriptive statistics were calculated using
Microsoft Excel. Additional qualitative data were
reviewed based on email communications between
participants and the research nurse and notes taken
by the research nurse at the time of phone contacts. In
addition to tracking wireless MEMS data, we inquired
about experiences with the technology and reviewed
email exchanges and nurse coordinator notes summa-
rizing their discussions.

Results

Table 2 presents adherence and interdose interval
(IDI) data for feasibility study participants. IDI refers
to the time between medications taken as quantified by
cap openings. Both the mean and the standard devia-
tion of IDI are indices of consistency of medication
taking. Participants’ original (i.e., nonwireless) and
wireless MEMS data were fairly comparable. Mean
early adherence for the first 3-month post-transplant
with the nonwireless MEMS was 98 % (£2.2 %), with
mean IDI in medication taking of 11.8 h (£0.5). The
mean nonwireless IDI s.d. was 2.8 h (£1.4). Maximum
intervals during the monitored period are also pre-
sented. For the wireless MEMS, the mean adherence
calculated by the MEMS software on a daily basis was
97.7 % (3.2 %), with a mean IDI of 12.2 h (+0.5) and
IDI s.d. of 2.25 h (£1.3).

Figures 2 and 3 present qualitative and quantitative
data from two participants. Participant #1 (in Table 2)
generated nearly perfectly consistent MA (Fig. 2). The
calendar and time plots revealed just two missed doses
over the monitored 280-day period, an adherence
level >99 %.

Figure 3 presents calendar and time plots of partic-
ipant #6 (in Table 2) whose data were variable over a
486-day monitoring period in which 8.8 % of doses
were not recorded as having been taken on time. This
participant acknowledged using an idiosyncratic sys-
tem of keeping morning medication out of the MEMS-
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Graphics of Patient Exhibiting Nearly 100% Adherence With Wireless MEMS Cap

December 2013 January 2014 February 2014
Mon | Tue [Wed | Thr | Fri | Sat | Sun Mon | Tue |Wed | Thr | Fri [ Sat [ Sun Mon | Tue |Wed | Thr | Fri | Sat | Sun
March 2014 April 2014 May 2014
Mon | Tue [Wed | Thr [ Fri | Sat | Sun Mon | Tue |Wed | Thr | Fri | Sat [ Sun Mon | Tue |Wed | Thr | Fri | Sat | Sun
15 1
201

2:59 AM

12:00 AM 2

1217/2013 1221/2013 1/4/2014 1/1812014 21/2014 21152014 3/1/2014 31572014 3/29/2014 4/12/2014 4/26/2014 510/2014 5/24/201

Fig. 2| Graphics of patient exhibiting nearly 100 % adherence with wireless MEMS cap. White boxes indicate either dates not
monitored at beginning or end of trial or days of week that were incorporated in an adjacent month’s data. Gray boxes indicate
days on which patient did not demonstrate cap openings expected for that day (i.e., missing at least one dose). The graph
displays the times of day the vial was opened and the bars represent missed doses within time frame

monitored vial “twisting” the cap at home, but
actually taking the medication upon arrival at
work. This approach undermined the ability of
the system to track actual medication use. It gen-
erated data similar to patterns of lower MA. The
case illustrates the importance of adhering to EMD
protocols as directed to generate reliable, interpret-
able data. The modification complicated the proto-
col, confounding understanding of MA, and pre-
cluding definite verification of MA.

Participants uniformly found the wireless system
preferable to the nonwireless system. All six found
the LCD display to be helpful in tracking their
most recent doses. For example, one described
waking up during the night, worried that she had
missed her last dose. She viewed the cap display to
confirm that she indeed had taken it. Participants
appreciated receiving their personal summary data
every few weeks, especially toward the beginning
of this pilot. Five participants were “very” and one

was “somewhat likely” to recommend the wireless
MEMS cap to others.

All participants indicated that it was feasible to ask
research participants to use wireless caps for at least
1 year, with most reporting feasibility for longer peri-
ods. Three thought that they would be likely to use the
wireless MEMS if it were available beyond the study.
At their request, they continued using it beyond the
first anniversary of their transplant because they found
it helpful in maintaining their adherence.

The research nurse’s discussions with partici-
pants provided qualitative feedback about their
medication taking behaviors that allowed for joint
problem solving. By reviewing MEMS feedback
together, participants and the nurse could have
authentic, focused discussions about missed doses
and individuals’ unique medication taking patterns.
For example, participants who missed doses when
their schedule changed (e.g., on the weekends), or
at certain times of the day or week, could develop
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Graphics of Patient Exhibiting 91.2% Adherence with Wireless MEMS Cap'

November 2013 December 2013 January 2014
Mon | Tue (Wed| Thr | Fri | Sat | Sun Mon | Tue |Wed | Thr | Fri | Sat [ Sun Mon | Tue (Wed | Thr | Fri | Sat | Sun
28 ]
5 1 6 1 1 1 12 1
134 15 4 )
19 1 20 1 20 1
29 4
February 2014 March 2014 April 2014
Mon | Tue |Wed | Thr | Fri | Sat | Sun Mon | Tue (Wed | Thr | Fri | Sat | Sun Mon | Tue (Wed | Thr | Fri | Sat | Sun
i P 4]
3 1 7 1 8 1 9 1 12 0 13 0
10 4 10 4 n “olcolcol7o0lt0l?0[°0
174 194 21 0
26 4 30 30 4

2:59 AM

12:00 AM
900 Pm ]| P VR 0 °
6:00 PM]
300 PM
12:00 PM}.--
900 AV 1%
6:00 AMP-

00 AM m =

11/2/2013 11/16/2013 12/7/2013 12128/2013 111812014 212014 2115/2014 3/1/2014 3/15/2014 3/29/2014 4/12/2014 4/26/2014

Note: Patient’s vacation (April 12-21) was excluded from calculation of adherence due to self-

determined vacation.

Fig. 3 | Graphics of patient exhibiting 91.2 % adherence with wireless MEMS cap®

a plan for addressing this together. Participants
often initiated discussions about missed or incon-
sistent timing of doses after reviewing their record.
These discussions impressed the nurse as more
collaborative, less defensive, and more productive
than conversations of MA with other participants
based on the nonwireless MEMS, which lacked
immediate feedback.

Participants uniformly indicated that the wireless
cap was easy to use. However, two acknowledged
some inconvenience due to the MEMS reader
requirements for space and to be plugged in. Brief
problem solving helped integrate it into users’ rou-
tine. The pilot also revealed that caps needed to be
open at least 3 s to register events, leading to
updated instructions.

Discussion
Technological advances providing enhanced infor-
mation about medication taking present increasing

opportunities to maximize research participants’
and patients’ MA. The more effective medications
and the more serious the condition for which they
are taken, the more important it is to optimize MA.
Wireless EMDs offer unprecedented potential to
provide timely feedback and to generate data-driv-
en, problem-solving discussions between research
participants and research staff specifically, and be-
tween patients and caregivers in general.

Our research group has monitored renal trans-
plant patients’ medication taking for over a decade
[9, 45] using MEMS® and is currently conducting
studies on the early prediction of NA and on inter-
ventions to enhance MA. Wireless technology pro-
vides a logistical breakthrough in presenting near
real-time MA data and feedback, closing the gap in
earlier iterations of EMD technology that required
the physical return of caps to be downloaded at
clinical visits, or the mailing of caps that had built
in delays. In this series of studies, renal transplant
recipients were willing to initiate monitoring
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Table 2 | Renal recipients’ medication adherence and interdose intervals: sequential nonwireless and wireless MEMS caps summaries by participant

Interdose interva

Interdose interval in

Adherence % Interdose interval in

Age at transplant

Length in days

Participant/cap

maximum hours
Nonwireless/ /

wireless

hoursS.D. Nonwireless/

wireless

hours Men Nonwireless/

wireless

Nonwireless/

wireless

47.85

3.83
1.54
1.34
2.35
2.52
1.27
1.68
1.53
2.12
2.02
5.11
4.79

10.43
12.05
11.95
11.91
12.18
12.02
11.82

12.11

97
99
100

31

147
280
185
197
178
182
181
141
280
102
141
275

1 Nonwireless
1 Wireless

24.17

23.92
26.02

35

2 Nonwireless
2 Wireless

99.3

25.35
23.97
23.58

24.28

97.2

42

3 Nonwireless
3 Wireless

99.7
100

68

4 Nonwireless
4 Wireless

99

24.88
24.35

12.08
12.14
12.61

99.4
13.15

98

55

5 Nonwireless
5 Wireless

48.63

94.0

43

6 Nonwireless
6 Wireless

35.93

91.2

Note: MEMS proprietary software analyzed continuous dosing records for each patient to provide overall rates of adherence based on cap openings on a given day with days defined as beginning at 3:00 am. Further descriptions of the protocol for calculating

adherence are reported in references [9, 45]

within a few days of transplant and collectively
were monitored for a total of 2289 patient moni-
tored days: 1112 nonwireless MEMS monitored
days followed by 1177 wireless MEMS monitored
days in the feasibility study.

The cases delineated in Figs. 2 and 3 illustrate the
calendar and intuitive graphics that can be used to
discuss adherence with EMD users. This feedback
loop allows researchers and clinicians to problem
solve with patients about missed or late doses so as
to maximize the consistency of MA. This is partic-
ularly important in transplant recipients to ensure
that they are dosed steadily with sufficient immu-
nosuppressant medication to optimally regulate
their immune function and prevent rejection of
transplanted organs.

These renal transplant recipients accepted the
wireless MEM, found it user-friendly, tolerated dai-
ly use for months, and were open to longer mon-
itoring. Our earlier research participants have been
willing to use the nonwireless MEMS caps for
multiple years. The preference expressed for the
wireless MEMS caps suggests that many would be
anticipated to be willing to monitor their medica-
tion usage for longer periods than were monitored
in this feasibility study. Furthermore, the cap pro-
vides valuable real-time feedback to patients. In
our studies with nonwireless caps, participants
have been monitored for as long as 5 years [9];
so, it is reasonable to expect that research partic-
ipants similarly would be willing to be monitored
for extended periods with wireless EMDs. There is
no known upper limit to monitoring length. The
parameters of patients’ willingness to be monitored
could be explored in future studies. Extended
monitoring is particularly important for longer tri-
als, such as with chronic illnesses and slowly pro-
gressing conditions.

The limited sample size and sampling are recog-
nized limitations to this study and precluded mean-
ingful comparisons in adherence between the wire-
less and nonwireless devices or exploration of
effects due to time, learning, or sequence. Individ-
uals who were willing to participate in this pilot
were already known to be tolerant of the medica-
tion monitoring with the nonwireless methodology.
We sought to explore whether such individuals
would also tolerate the nonwireless technology.
We do not know how well these results would
generalize to larger samples or to naive cap users
or less adherent individuals. However, our previ-
ous research with NA patients would suggest that
wireless EMDs are likely to be tolerated by most
patients. We anticipate this to be a ripe area for
future research with this evolving technology.
Whereas medication monitoring provides robust
data about use of EMDs, it does not guarantee that
a person has actually taken the medication. The
limitations and weaknesses of electronic monitor-
ing have been described elsewhere [46]. The cost
of the technology and the logistics of using it and
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integrating it within clinical protocols may be lim-
iting factors to its adoption for research and in
clinical contexts [34].

Although the added complexity inherent in
monitoring adherence increases the costs of con-
ducting research, the benefits of being able to cer-
tify some threshold of adherence and to target
interventions (now possible in close to real time)
to enhance MA of participants whose adherence
may be problematic, adds both to the integrity of
the research enterprise and to the probability that
studies will succeed in answering the scientific
questions they investigate. In behavioral research,
treatment fidelity [47] or implementation fidelity
[48] are critical concerns. Such concerns parallel
the fidelity to protocol in biomedical research [49]
that can potentially be enhanced by using EMDs to
monitor MA.

Costs of tracking MA in research may be in part
offset by being able to shorten trials and decrease
sample size if research participants sustain higher lev-
els of MA [2]. Given the fundamentally behavioral
basis of taking medications, psychologists are particu-
larly prepared to collaborate in developing and imple-
menting MA-enhancing programs in research based
on their focus on behavior, and expertise in behavioral
measurement (which medication monitoring is) and in
promoting behavior change.

Timely and consistent MA is a critical aspect of
biomedical research. Interest in the use of increasingly
sophisticated technology for monitoring MA is not
limited to clinical trials. In health care clinical out-
comes are increasingly tracked by health care institu-
tions, governments, and payers, and efforts are under-
way for utilizing outcomes as the basis of payment as
part of pay-for-performance [50]. Consistent with the
triple aim [51] and health reform [52], as payment
hinges increasingly on health outcomes, rather than
the volume of service rendered, this technology can be
employed with efforts to optimize MA so as to maxi-
mize the potential of achieving clinical outcomes, es-
pecially for patients exhibiting or at risk for NA.

Moreover, EMDs can be seen in a larger context,
namely, the current zeitgeist of interest in quantifying
various parameters of human performance, as in The
Quantified Self [53], a collaboration of users and devel-
opers of self-tracking tools that is dedicated to increas-
ing self-knowledge through metrics. Just as people are
electronically tracking other parts of their personal
regimens (e.g., minutes of exercise, steps, caloric in-
take) and health outcomes or progress toward health
goals (e.g., weight, blood pressure, pain) through var-
ious devices (e.g., fitbit, pedometer), apps, and web-
sites, they now have useful, accurate, timely tools for
quantifying their medication usage, providing data for
better understanding their behavior so as to be more
capable of changing it. EMDs provide feedback con-
sistent with control systems theory [39] and have the
potential to enhance health behavior in accord with
other health behavior change models such as the the-
ory of planned behavior [37].

Wireless EMDs are valuable new collaborative tools
that equip psychologists and other health professionals
to provide more direct assistance to patients seeking to
optimize MA in research and in clinical contexts. As
medications become more powerful and expensive,
and as the costs of biomedical research and clinical
care mount, it is increasingly important to understand
how patients actually take their medications, and to
strive to ensure they are taken properly. Effective
translation of clinical research results to improve clin-
ical care demands accurate measures of MA in both
research and clinical contexts. Wireless EMD technol-
ogy offers feasible options for researchers and practi-
tioners to accomplish these worthy objectives while
providing patients who are striving to manage diverse
conditions with the desired, timely feedback that can
help them achieve critical health goals. The full impact
of this new wireless technology on MA and the man-
agement of diverse health conditions will hopefully be
explored through future sufficiently powered random-
ized controlled clinical trials and other translational
research incorporating wireless EMDs.
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