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Abstract Medication adherence monitoring has relied largely
on indirect measures of pill ingestion including patient self-
report, pharmacy refills, electronically triggered pill bottles,
and pill counts. Our objective is to describe an ingestible
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biosensor system comprising a radio-frequency identification
(RFID)-tagged gelatin capsule. Once the capsule dissolves in
the stomach, the RFID tag activates to transmit a unique signal
to a relay device which transmits a time-stamped message to a
cloud-based server that functions as a direct measure of medi-
cation adherence. We describe a constellation of mobile tech-
nologies that provide real-time direct measures of medication
adherence. Optimizing connectivity, relay design, and interac-
tivity with users are important in obtaining maximal accept-
ability. Potential concerns including gut retention of metallic
components of the ingestible biosensor and drug dissolution
within a gelatin capsule should be considered. An ingestible
biosensor incorporated into a medication management system
has the potential to improve medication compliance with real-
time monitoring of ingestion and prompt early behavioral in-
tervention. Integration of ingestible biosensors for multiple
disease states may provide toxicologists with salient data early
in the care of poisoned patients in the future. Further research
on device design and interventions to improve adherence is
needed and will shape the evolving world of medication
adherence.

Keywords Medication adherence - Antiretroviral therapy -
Biosensors - HAART

Introduction

Chronic disease prevention and management strategies have
long been hindered by the challenge of maintaining appropriate
adherence to oral medication regimens. Accurate adherence
monitoring can facilitate delivery of support interventions to
optimize prevention and treatment outcomes. In addition, valid
measurement of oral medication adherence is critical to the
conduct of clinical trials, as well as disease prevention and
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treatment. Clinical investigations at the proof-of-concept stage
to assess new medication regimens cannot be interpreted with-
out valid adherence data because null findings may arise not
from lack of drug efficacy but from poor adherence [1].

Unfortunately, no gold standard exists for monitoring medi-
cation adherence. Commonly used methods include self-report,
announced and unannounced pill counts, pharmacy refill mea-
sures, electronic measurement of pill bottle opening, and mea-
surement of plasma drug concentrations (Table 1) [2-5]. These
methods of assessing medication adherence are usually subjec-
tive and rely on indirect evidence of medication ingestion. For
example, opening a pill bottle merely implies that a medication
was ingested, pharmacy refill times do no more than suggest that
a drug was ingested as prescribed, and self-report, relies on mem-
ory to recall episodes of nonadherence. The validity and precision
of these tools vary, and each confers a different set of advantages
and disadvantages depending upon the context of its use.

The recent development of ingestible biosensor systems
that integrate into existing medication adherence programs
provides a low cost solution for direct, accurate, real-time
medication adherence monitoring [6, 7]. Because ingestible
biosensors are adhered onto the desired drug, detection of
ingestion events is direct and accurate [8]. Strategies that in-
corporate ingestible biosensors into a body-sensing network
or existing mobile health-based (mHealth) adherence inter-
ventions may improve medication adherence both in clinical
trials and in the management of chronic disease [9—12]. Here,
we describe the current state of ingestible biosensors and pro-
vide formative guidance for their integration into systems for
real-time medication adherence.

Components of Ingestible Biosensor Systems

Ingestible biosensors comprise a constellation of advanced
technologies, including radio-frequency identification

(RFID) tags and wireless connectivity, to monitor and support
oral medication adherence. An RFID tag is adhered to a gel-
atin capsule that is large enough to encapsulate the oral med-
ication(s) under study (Fig. 1). The RFID-tagged digital pill
dissolves in stomach acid, releasing the study medication and
activating the RFID tag to emit a signal that is detected by a
RFID reader that is worn on the body (Fig. 2). The reader
wirelessly (2) transmits a time-stamped message with the pill’s
unique RFID code to a cloud-based, Health Insurance Porta-
bility and Accountability Act (HIPAA)-compliant online serv-
er. The third component is an interface (3) that promotes col-
laborative awareness between clinician-patient dyads. The in-
terface presents performance feedback describing medication
adherence, responds to nonadherence with support interven-
tions that are stored on the interface, and enhances communi-
cation between patient and healthcare provider.

After dissolution of the gelatin capsule and absorption of
the study medication, the RFID tag transits the bowel and is
eliminated in the stool.

Considerations for Implementing an Ingestible
Biosensor

Technical Considerations

To avoid interference with other devices that rely on wireless
data transmission, ingestible biosensors utilize different radio
frequencies from other wireless implantable devices and com-
mercial wearable devices to transmit ingestion data. Because
of the low power generated by the electrochemical reaction
between electrolytes in gastric acid and the digital pill’s bat-
tery, the RFID signal transmits over a very short range. Ingest-
ible biosensors, therefore, require that the receiver be placed
very close to the transmission source to collect and relay RFID
transmissions [6, 13]. Although current receivers, typically

Table 1 Methods to assess medication adherence

Technique Description Example Adherence category

Patient diary or report Log of ingestion events by patient or family member N/A Indirect

Pill counts Pharmacy pill counts to assess ingestion N/A Indirect

Pharmacy assessment Pharmacy pill refills for adherence N/A Indirect

Smart pill bottle Wireless pill bottle cap that acts as surrogate Medication Event Monitoring System Indirect
to ingestion event when bottle is opened (MEMS), AdhereTech, Abiogenix

uBox, Wisepill

Smart pill bottle prompts ~ Visual and audio prompts integrate to pill bottle Viality GlowCap, Medminder, MedSignal, Indirect
to remind patient to take medication e-Pill MedSmart PLUS

Pharmacological measures Drug levels in biomatrices to measure recent and Plasma, urine, saliva, cells, hair and Direct
cumulative drug exposure dried blood spots

Ingestible biosensors Integrated into medication or taken in addition to Proteus Raisin System, eTect ID Cap Direct
medication as a direct marker of ingestion

Directly observed therapy — Direct observation by nursing staff of medication N/A Direct
ingestion
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Fig.1 A digital comprlsed ofastandard gelatln pill capsule with an RFID tag (a) that can be integrated with any medication (b, ¢). For size reference, the

digital pill (a) is the size of an 800 mg ibuprofen tablet

worn on the hip, advances in data transmission will create a
stronger signal that can be acquired by receivers integrated
into common mobile devices like smartphones or
smartwatches. Other low-energy short-range data transmis-
sion protocols including Low Energy Bluetooth (BLE) and
ZigBee, may serve as alternatives to current RFID transmis-
sion and allow for improved range and more acceptable place-
ment of RFID receivers [14, 15]. Battery-powered ingestible
devices similar to pill endoscopy capsules can be developed
with improved range and signal duration, but are limited by
the physical size of components [16, 17]. Integration of re-
ceiver sensors in homes, hospitals, and chronic care facilities
where patients tend to ingest their medications may allow for
elimination of worn receivers and improved adherence to in-
gestible systems [18].

Clinical implementation of real-time medication adher-
ence monitoring systems including ingestible biosensors
relies heavily upon patient acceptability. Prior studies
demonstrate the feasibility of ingestible biosensors in di-
rectly observed therapy, but field testing of an ingestible
biosensor system in naturalistic patient populations has
yet to be performed [8, 19]. Qualitative patient feedback
from focus groups will pinpoint acceptable designs that
support integration of the device use into a user’s daily
routine and minimize missed adherence. Other strategies
to improve acceptability may include newer iterations of

HIPAA-compliant
cloud-based server

Synchronized
interface

J

Fig. 2 Ingestible biosensor system. (/) A radio-frequency identification
(RFID)-tagged gelatin capsule. Once the capsule dissolves in the
stomach, the RFID tag activates to transmit a unique signal to (2) a
relay device which transmits a time-stamped message to (3) a cloud-
based server that functions as a direct measure of medication adherence

RFID tags with greater signal strength, RFID readers with
greater sensitivity, smaller RFID tags, and positive patient
feedback [7].

Security and Privacy

Ingestible biosensors must meet security requirements for
protecting patient information as set forth by the Health Infor-
mation Technology for Economic and Clinical Health
(HITECH) and HIPAA standards. We recommend verifying
with suppliers that any new technology meets that HIPAA/
HITECH standards for secure data transmission are met. Se-
curity of an ingestible biosensor system begins with the RFID
pills. Set to specific bands of communications, RFID signals
can be intercepted during transmission to the receiver, or as
the receiver sends a signal to an online server [20]. Multiple
security encryptions are available to prevent a potential attack-
er from intercepting an RFID or SMS signal [21, 22]. Partner-
ships with industry and clinical data security experts can help
minimize signal interception so that a patient’s privacy is
protected. Biometric passcodes, alteration of signal character-
istics to minimize the distance over which data packets de-
scribing ingestion are transmitted, and design of behavioral
interventions that protect confidentiality are among the multi-
ple potential solutions to optimize privacy as ingestible bio-
sensors enter clinical use.

Potential Complications of Ingestible Biosensors
for Medication Adherence

Adverse events with ingestible biosensors include potential
retention of RFID tags and alteration to medication dissolu-
tion. Similar to capsule endoscopy pills, RFID-labeled biosen-
sors have epoxy-encapsulated metal components that do not
degrade during transit through the gut. To date, clinical trials
using digital pills have not reported retention in the gastroin-
testinal tract of ingested biosensors [8, 19]. By way of com-
parison, capsule endoscopy pills (31 %11 mm) are far larger
than the nondegradable metal component of ingestible biosen-
sors (1x1x0.3 mm) [23]. Greater than a decade’s experience
with capsule endoscopy has demonstrated a less than 2 %
retention rate [16, 23, 24]. The observation from capsule en-
doscopy studies is that symptoms of bowel obstruction and
pain are associated with a bowel lumen of less than 5 mm in
diameter [25]. Retention of nondegradable metal components
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of ingestible biosensors may occur, but their small size is
unlikely to lead to clinically significant outcomes.

Incorporation of a RFID tag into a gelatin capsule can
theoretically alter the dissolution of the therapeutic medication
encapsulated within it. A gelatin capsule can act as a barrier,
preventing access to the gastric environment that dissolves
and releases the drug. Activation of the RFID tag emits an
ultra high-frequency (UHF) signal that may alter the molecu-
lar structure of drugs [26]. Several lines of evidence suggest
that an RFID-tagged gelatin capsule overlying a medication
will not alter the pharmacokinetics, pharmacodynamics, or
structure of that drug. First, gelatin capsules, because of their
rapid and complete dissolution in aqueous media, are com-
monly used to formulate a wide variety of prescription and
over-the-counter medications. Second, gelatin capsules have
been used to improve palatability of medications, such as sa-
quinavir and L-thyroxine, without discernible change in drug
concentration [27, 28]. Third, reformulation of medications
including antiretroviral and hypothyroid drugs into gelatin
capsules produced no change in pharmacodynamic parame-
ters, including Cmax and area-under-the-curve [27-29].
Fourth, in vitro experiments exposing insulin and chemother-
apeutic agents to active RFID signals failed to change the
structure or composition of drug after nuclear magnetic reso-
nance and reverse-phase high-performance liquid chromatog-
raphy [30, 31].

Designing Devices for Maximal Success

Securing success with an ingestible biosensor requires that
each component—an ingestible biosensor, RFID relay, and
the patient/clinician interface—will be accepted and used ef-
fectively [32]. Factors for success may include palatability of
the digital pill, design of the relay device, and quality of the
interaction between the interface and users. Patients should
play a key role in design and development of ingestible
biosensor-based technology systems. Patients’ willingness to
swallow labeled pills, wear a relay device and respond to
interventions by their care provider, is paramount to using
digital pills as a direct measure of medication adherence [33,
34]. Continuous evaluation of an ingestible biosensor system
through iterative field testing, with refinements in technology
based on user input, will help inform ideal design of compo-
nents of the system. Design of the RFID relay device is critical
to improving usability of the system as a whole—an obtrusive,
unattractive device may hinder acceptability, lead to prema-
ture disuse of the adherence system, and produce unusable or
invalid data. A cumbersome relay device that requires fre-
quent charging, or that is physically uncomfortable or stigma-
tizing will inhibit use of the technology and prevent potential
ingestion events from being recorded. Worn devices that are
particularly noticeable may result in unwanted attention in
social situations, resulting in emotional or social discomfort.

@ Springer

Interface architecture is critical for integrating an ingestible
biosensor into a network of wearable biometric devices [12].
An interface of an ingestible biosensor should be designed so
that biometric data from a body-sensing network can be
interpreted, and a real-time, meaningful intervention delivered
in the context of an ingestion event or nonevent. Interventions
can be pushed to patients through utilizing short message ser-
vice (SMS) or multimedia messaging service (MMYS) that ex-
ist on the control channel of smartphones and cellular phones.
Due to the ubiquity of smartphones in the United States, de-
velopment of an app as an intervention can also be considered,;
apps, however, must be updated with each iteration of
smartphone-operating system, a shortcoming that contributes
to striking increases in programming and upkeep costs [35].
We believe utilizing existing MMS messaging is a
nonobtrusive and cost-efficient response. Allowing device in-
teractivity without having to activate a mobile app also saves
valuable battery life when compared to MMS, and may pro-
mote user acceptance of an intervention [36].

Ingestible Biosensors to Monitor Medication
Adherence

Ingestible biosensors offer several opportunities to improve
medication adherence across various disciplines. Enhanced
medication adherence using an ingestible biosensor system
could limit progression of chronic diseases such as HIV, re-
duce hospital readmissions in patients with congestive heart
failure, or ensure compliance with substance abuse treatment
programs in the outpatient setting. Ingestible biosensors can
accomplish these effects in several ways. First, ingestible bio-
sensors provide direct evidence of medication ingestion. Im-
portantly, data regarding ingestion is obtained in real time.
Existing methods to assess medication adherence generally
infer rather than measure medication ingestion [4, 37, 38].
By labeling medication with a biosensor, direct documenta-
tion of ingestion occurs, eliminating recall bias or distortion.
Second, ingestible biosensors allow longitudinal measures of
adherence and could provide data on adherence patterns. Cur-
rent medication adherence techniques assess ingestion events
over the course of weeks or months [39]. Such methods miss
nascent periods of nonadherence that may not be recognized
with current medication adherence strategies [40]. Because of
this imprecision in current approaches to adherence monitor-
ing, interventions for nonadherence may not be delivered until
a patient has been noncompliant for an extended period of
time—after behaviors associated with nonadherence have be-
come conditioned and an undesired clinical outcome has al-
ready occurred. An ingestible biosensor, with its real-time
ingestion detection ability, can identify short adherence gaps,
delivering interventions at times of nonadherence before such
behaviors become problematic.
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Third, ingestible biosensors can detect incipient changes in
adherence behavior in real time. When linked to user descrip-
tions of activity surrounding the taking of medicines, ingest-
ible biosensor systems can elucidate the behavioral contexts of
adherence and nonadherence. Immediate feedback tailored to
the setting of a missed dose may improve the relevance and
applicability of adherence interventions.

Fourth, ingestible biosensors provide individualized, real-
time performance feedback that can effect behavioral change.
Performance feedback is important in maintaining adherence.
Data obtained through an ingestible biosensor can allow pre-
cise feedback on adherence performance that can be reward-
ing for individuals with good adherence, and enlightening for
those with suboptimal adherence. These insights into individ-
ual adherence can affect behavioral changes and provide vital
clinical information for caretakers.

For a toxicologist, the introduction of ingestible biosensors
to measure medication adherence in a variety of prescription
and nonprescription drugs may help determine the history of
ingestion in a poisoned patient. The agents a patient ingested,
as well as the time of ingestion, are critical pieces of informa-
tion frequently unavailable to toxicologists evaluating a poi-
soned patient. Mainstream acceptance and integration of in-
gestible biosensors with a universal cloud storage and inter-
pretation system can allow a toxicologist prompt access to
ingestion data in the setting of an overdose, and allow for rapid
bedside treatment, and administration of appropriate antidotes
in an evidence based manner. Medications that have potential
for toxicity in their early initiation phases can be monitored by
a toxicologist with ingestion data integrated with a physical
exam and serum drug levels to help tailor therapy.

Additionally, toxicologists involved in substance abuse
treatment centers can utilize an ingestible biosensor system
to help improve adherence to treatments aimed at sobriety.
Combined with global positioning system (GPS) data, medi-
cation adherence or nonadherence data can provide important
data regarding geographical locations that may contribute to
episodes of medication adherence. Real-time ingestion adher-
ence and nonadherence patterns provide information to
treating toxicologists regarding potential triggers that may
cause a patient to relapse, allowing a deliverable interaction
prior to repeat drug use. Interventions from an ingestible bio-
sensor system can provide directed interventions at critical
times of nonadherence to help patients maintain sobriety.

Conclusion

Ingestible biosensors comprising a RFID-tagged digital pill
containing a target medication provides a new opportunity to
evaluate medication adherence, respond to nonadherence, and
improve health. Iterative technology development with im-
proved wireless transmission and patient-centered interfaces

will allow delivery of real-time interventions that can help
patients adhere to medication regimens. Further refinement
of a comprehensive device, recorder and interface should in-
clude input from users to maximize their acceptability and
adoption by patients. An effortless, unobtrusive ingestible bio-
sensor can provide real-time ingestion data that can be used to
tailor individualized, live interventions to improve medication
adherence.
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