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Abstract
Once daily tenofovir/emtricitabine when used for pre-exposure prophylaxis (PrEP) is effective in preventing HIV acquisition 
but requires consistent medication adherence. The use of ingestible technologies to monitor PrEP adherence can assist in 
understanding the impact of behavioral interventions. Digital pill systems (DPS) utilize an ingestible radiofrequency emitter 
integrated onto a gelatin capsule, which permits direct, real-time measurement of medication adherence. DPS monitoring 
may lead to discovery of nascent episodes of PrEP nonadherence and allow delivery of interventions that prevent the onset of 
sustained nonadherence. Yet, the acceptance and potential use of DPS in high-risk men who have sex with men (MSM; i.e., 
those who engage in condomless sex and use substances) is unknown. In this investigation, we conducted individual, semi-
structured qualitative interviews with 30 MSM with self-reported non-alcohol substance use to understand their responses to 
the DPS, willingness and perceived barriers to its use, and their perceptions of its potential utility. We also sought to describe 
how MSM would potentially interact with a messaging system integrated into the DPS. We identified major themes around 
improved confidence of PrEP adherence patterns, safety of ingestible radiofrequency sensors, and design optimization of the 
DPS. They also expressed willingness to interact with messaging contingent on DPS recorded ingestion patterns. These data 
demonstrate that MSM who use substances find the DPS to be an acceptable method to measure and record PrEP adherence.
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Introduction

Once-daily tenofovir disoproxil fumarate/emtricitabine  
(Truvada™) for pre-exposure prophylaxis (PrEP) is up to 
99% effective in preventing acquisition of human immunode-
ficiency virus (HIV) when taken every day as prescribed, but 
its effectiveness is directly linked to medication adherence, Electronic supplementary material The online version of this 

article (https ://doi.org/10.1007/s1046 1-020-03082 -y) contains 
supplementary material, which is available to authorized users.
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which can be challenging [1, 2]. In studies evaluating PrEP 
adherence in high risk populations, including men who 
have sex with men (MSM), tenofovir levels in participants’ 
plasma have demonstrated only 28% to 84% adherence to 
once-daily PrEP [3–8]. In the multinational Pre-exposure 
Prophylaxis Initiative (iPrEx) study, PrEP adherence by drug 
detection was 51% in MSM and overall efficacy for HIV pre-
vention was 44% versus placebo [1, 9]. Real-world clinical 
implementation of PrEP has been equivocal; some studies 
have documented suboptimal adherence, while others have 
outperformed the original iPrEx study [10]. Near-continuous 
adherence in some studies may also reflect a high degree of 
motivation among individuals who self-select into research. 
Such studies have underscored the importance of identifying 
novel, accurate methods to measure PrEP adherence.

In order to measure and respond to PrEP nonadherence, 
many techniques have been developed, including user self-
report, pill counts, pharmacy refills, electronic adherence 
monitors (EAMs), and pharmacologic measurement, includ-
ing detection of drug concentrations in hair, plasma, urine, 
and erythrocytes [11, 12]. While there are advantages and 
disadvantages of using each adherence measure [11–17], 
there continues to be controversy around which tools will be 
most acceptable in the context of PrEP adherence monitor-
ing. In contrast to adherence to antiretroviral therapy (ART), 
for example, the need for complete PrEP adherence may 
not be constant; indeed, the concept of prevention-effective 
adherence refers to the use of PrEP only in contextual situ-
ations where high-risk activities may occur, such that an 
individual is protected against HIV acquisition, and not dur-
ing periods of low risk exposure [18]. There is therefore a 
critical need to develop adherence tools that both measure 
and contextualize PrEP use.

Digital pill systems (DPS) are a novel direct and objective 
measure of real-time adherence to PrEP, which afford an 
opportunity to understand the context in which PrEP is used 
[19]. DPS are comprised of three parts: (1) a radiofrequency 
identification (RFID)-tagged gelatin capsule, (2) a wearable 
reader device, and (3) a cloud-based server driving a col-
laborative interface [14]. The RFID-tagged gelatin capsule, 
which encapsulates the oral medication in use, dissolves in 
the gastric acid after ingestion, releasing the medication and 
triggering a signal from the RFID tag. This signal is detected 
by the wearable reader, which then wirelessly relays a time-
stamped message, containing a unique RFID code, to an 
interface by way of a cloud-based server. Ingestion data are 
displayed on this interface, and are accessible to patients via 
a mobile application, and to researchers and clinicians via 
an online system [14]. By capturing objective medication 
ingestion data in real time, DPS present a novel method of 
adherence measurement that can promptly identify episodes 
and patterns of suboptimal adherence, and that allow for 
notification to a patient’s care team prior to the onset of 

persistent nonadherence [14, 20–22]. Thus, real-time adher-
ence monitoring may permit delivery of evidence-based 
behavioral interventions at the moment of nonadherence.

DPS have previously been used to measure adherence and 
observe ingestion patterns with ART, antidiabetic agents, 
antihypertensives and opioids [14, 23–25]. Such investiga-
tions have demonstrated the feasibility of deploying DPS 
among specific patient populations. With respect to accept-
ability, small pilot studies using similar DPS to measure 
adherence to ART and tuberculosis treatment have found 
the DPS to be acceptable, and have documented participant 
satisfaction related to operating the DPS. The safety of DPS 
has also been demonstrated; two existing systems in the 
United States (US) have received clearance as medication 
event monitors from the FDA, and multiple investigations 
have demonstrated bioequivalence of several ART drugs, 
including tenofovir, an important component of PrEP [26, 
27].

Despite these advancements, the acceptability and opti-
mal design of a DPS to measure PrEP adherence in MSM, 
particularly those with concomitant substance use disorders 
[28–34] and PrEP nonadherence [35, 36], remains unknown. 
It is plausible that key design features of digital pills that 
have been accepted in other populations may not translate 
for those who may experience or fear social stigma related 
to PrEP use. For example, the use of a wearable device may 
not be acceptable in situations where PrEP adherence would 
be ideally recorded, and although recent data suggests that 
81% of the US population own smartphones, those who may 
benefit most from a DPS may lack access to this technol-
ogy [37]. Yet, the ability to directly understand real-time 
PrEP adherence among individuals with substance use may 
enable timely delivery of interventions that boost adherence 
and prevent nonadherence. Understanding how MSM who 
use substances perceive the DPS, as well as clarifying the 
potential barriers to implementation in this population, will 
help to optimize this tool and provide valuable insights into 
PrEP ingestion patterns among individuals at high risk of 
HIV transmission.

Uptake of a DPS system among MSM who use sub-
stances is of interest, as MSM who use substances are less 
likely to achieve PrEP adherence [35, 36]. A study of MSM 
currently taking PrEP found that use of “club drugs” (e.g., 
methamphetamine, cocaine, ketamine, MDMA/ecstasy) 
increased the odds of same-day nonadherence by 50% and 
next-day nonadherence by 60% [35]. Additionally, MSM 
who use substances are more likely to engage in condom-
less anal sex and have multiple sexual partners, which may 
place them at increased risk of HIV acquisition [28–34]. 
Accordingly, the aim of this study was to understand the 
acceptance and optimal design of a DPS to measure PrEP 
adherence in HIV-negative MSM who self-reported non-
alcohol substance use. We conducted individual quantitative 
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assessments and semi-structured qualitative interviews, 
grounded in the Technology Acceptance Model (TAM) [38], 
to explore barriers and facilitators associated with perceived 
use, design of the DPS, rudimentary messaging components 
of the DPS, and intended use of the technology to measure 
and improve PrEP adherence.

Methods

Participants

Participants were recruited through community outreach, 
social media platforms, and flyers posted at Fenway Health, 
a Boston community health center specializing in sexual and 
gender minority health, and recruitment events throughout 
the greater Boston area. All participants met the following 
inclusion criteria: (1) 18 years or older; (2) self-reported 
HIV-negative; (3) cisgender MSM; (4) currently on PrEP 
or eligible for PrEP; and (5) self-reported substance use, 
excluding alcohol, within the last 6 months. Participants 
were excluded if they (1) self-reported living with HIV or (2) 
did not speak English. Institutional Review Board approval 
was obtained from Fenway Health. Qualitative interviews 
were conducted between November 2018 and July 2019.

Procedures

Potential participants were screened via phone or in per-
son by a member of the study team. Eligible and interested 
individuals were scheduled for a one-time study visit where 
they consented to study procedures, and completed a brief, 
self-administered quantitative assessment on paper. Partici-
pants then took part in an audio-recorded, semi-structured 
qualitative interview in a private location at the study site 
with a trained member of the study team.

Measures

Quantitative Assessment

Participants self-reported sociodemographic information, 
including age, race, ethnicity, sexual orientation, relation-
ship status, education, income, and primary care provider 
information. Health information questions included history 
of medical conditions, mental health problems, and sexu-
ally transmitted infections. Participants also reported on the 
number and type of sexual partners they have had in the last 
3 months, preferred sexual activities, substance use before 
or during sexual activity, and condom use. The assessment 
included substance use questions surrounding frequency and 
severity of use.

Semi‑structured Qualitative Interview

We developed a qualitative interview guide grounded in 
the Technology Acceptance Model (TAM) with an aver-
age length of 26.3 min [38]. We role-played the inter-
view guide with three members of the study team who 
ultimately conducted interviews to ensure questions and 
probes were clear (PC, YM, MJB). An expert in qualitative 
interview and analysis methods (RKR) trained interview-
ers (PC, YM, MJB) in specific qualitative interview tech-
niques. Questions explored the acceptance and perceived 
usefulness of digital pills for measuring PrEP adherence, 
willingness to use digital pills, design of the DPS, struc-
ture of reminder messages, and potential uses for adher-
ence data derived from the digital pill. Interviews also cov-
ered topics related to perceptions around data privacy and 
access; these results will be reported separately. A model 
of the digital pill and Reader device (etectRx, Gainesville, 
FL) was used to introduce the DPS to participants during 
the interview (Fig. 1). Sample questions and probes are 
provided in Table 1. We adhered to the Consolidated Cri-
teria for Reporting Qualitative Research (COREQ) in the 
design, conduct and analysis of individual interviews [39].

Analyses

Descriptive statistics from quantitative data were cal-
culated. Audio-recorded interviews were professionally 
transcribed and then reviewed by study staff to confirm 
transcription accuracy and de-identify the text. We did not 
employ participant checking in the review of transcripts. 
Cleaned transcripts were entered into NVivo software 
(version 12) for data management of codes and applied 
thematic analysis [40–42]. We applied the initial core 
components of the TAM (perceived use and intended use 
of a technology) to guide interpretation of interview tran-
scripts. Four study team members (GG, MB, LM, YM) 
read transcripts individually to apply initial deductive 
codes. All transcripts were double-coded. Team members 
met regularly to review and discuss coding, adding new 
codes iteratively into the coding framework and resolving 
discrepancies at each stage. Discrepancies in computerized 
coding were reviewed by the PI and discussed with the 
study team; an audit trail of codebooks was preserved for 
reference and comparison throughout the process. At each 
five coded transcripts, the study team paused and assessed 
for thematic saturation [43]. Three independent coders 
(GG, MB, YM) reviewed aggregate coding and identified 
key themes, which were presented to the full study team, 
who discussed and refined emergent themes. Finally, these 
themes were mapped onto the TAM to understand barriers 
and facilitators associated with DPS.
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Results

Over the study period, 90 individuals were screened, 64 
were eligible, and 30 enrolled in the study. Reasons for 
ineligibility included reporting no substance use in the 
past 6 months (n = 24) and reporting a positive or unknown 
HIV serostatus (n = 4); two participants were deemed inel-
igible for both of these reasons. All participants owned 
a smartphone. Thirty-four individuals were eligible but 

did not enroll due to scheduling difficulties with the study 
team, or individuals who did not present at their sched-
uled interview time. Sociodemographic data for the 30 
enrolled participants are presented in Table 2. Mean age 
was 39.5 years old (range 23–63), most participants self-
identified as Caucasian (63.3%), not Hispanic/Latino 
(73.3%), homosexual or gay (80%), and the majority had 
completed college (76.7%).

Fig. 1  The digital pill system 
comprises an ingestible elec-
tronic sensor integrated into a 
gelatin capsule over-encapsulat-
ing tenofovir disoproxil fuma-
rate/emtricitabine (Truvada™) 
as a digital pill (a). Upon inges-
tion, the digital pill is activated 
and emits a radiofrequency 
signal that is transmitted to a 
wearable Reader device (b)

Table 1  Sample qualitative interview content areas, questions, and probes

Sample topic areas, questions, and probes from individual qualitative interviews

Content area Sample questions and probes

Initial impressions of digital pill technology What are your initial reactions to the digital pill?
Are there design factors to the digital pill and Reader that prevent you from wanting to use 

it?
Why would these factors prevent your use of digital pills?

Willingness to use the DPS Given what you know, would you be willing to use the digital pill? Why/Why not?
If you were introducing the digital pill to your friends, what would you say about it?
Tell me how it would feel to use a DPS to record and visualize your PrEP adherence?

Perceptions around safety and the design of the DPS Are there design factors to the digital pill and reader that prevent you from wanting to use 
it? Why would these factors prevent your use of digital pills?

What are you thoughts about wearing the reader? Any changes to its design that would 
help?

What do you think about integrating the technology into another device that you use daily 
(e.g., watch, smartphone)?

Optimal users and uses of DPS What are potential factors that would prevent someone from wanting to use this technol-
ogy?

If you were introducing the digital pill to your friends, what would you say about it?
Messaging and the DPS We programmed DigiPrEP to send a confirmatory text message each time you take your 

digital pill. I’m interested to hear your reaction to this.
Tell me about situations you would like to receive notifications about your adherence.
Would you be willing to receive messages regarding other influences of adherence?
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Quantitative Results

Descriptive statistics for select quantitative measures are 
presented in Table 3. Participants reported a median of four 
sexual partners over the past 3 months (range 0–200). Nearly 
half of participants (n = 12) reported no condom use dur-
ing the past 30 days. The majority (n = 17) reported current 
use of PrEP. Of these participants, 29.4% (n = 5) reported 
missing at least one dose of PrEP in the past 2 weeks. 
With respect to substance use, most participants reported 
non-medical use of stimulants (n = 19), as well as alcohol 
(n = 22), cannabis (n = 20), and other substances such as 
poppers (n = 18).

Qualitative Results

We identified five major themes surrounding the feasibil-
ity and acceptability of the DPS: (1) initial impressions of 
digital pill technology; (2) willingness to use the DPS; (3) 
perceptions around safety and the design of the ingestible 

Table 2  Sociodemographic characteristics

a Data missing from one participant

Variable Sample (N = 30)

n %

Age (in years)
 Mean (SD) 39.5 (12.6) –

Race*

 White 19 63.3
 Black/African American 2 6.7
 More than one race or other 6 20
 Other 2 6.7

Ethnicity
 Not Hispanic or Latino 22 73.3

Education
 High school graduate/GED 2 6.7
 Some college education 5 16.7
 College graduate 8 26.7
 Some graduate education 6 20
 Graduate/professional 9 30

Income (annual)a

 Less than $6000 3 10
 $6000 to $11,999 4 13.3
 $12,000 to $17,999 2 6.7
 $18,000 to $23,999 3 10
 $24,000 to $29,999 2 6.7
 $30,000 to $59,999 6 20
 More than $60,000 9 31

Sexual orientation
 Homosexual or gay 24 80
 Bisexual 5 16.7
 Other 1 3.3

Relationship status
 Single 21 70
 In a committed relationship 2 6.7
 In a domestic partnership 3 10
 Married 3 10
 Divorced 1 3.3

Table 3  Descriptive statistics for select quantitative measures

Percentages may not total 100 due to rounding
a Data missing from two participants

Variable Sample (N = 30)

n %

Sexual partners in past 3 months
 Median (range) 4 (0–200) –

On PrEP
 Yes 17 56.7
 No 13 43.3

Condom use in past 30  daysa

 Never 12 42.9
 Almost never 4 14.3
 Sometimes 3 10.7
 Almost every time 5 17.9
 Every time 4 14.3

Ever had an STD
 Yes 18 60
 No 12 40

Had an STD in past 12 months
 Chlamydia 4 44.4
 Gonorrhea 7 77.8
 Syphilis 1 11.1

Diagnosed mental health problems
 Anxiety 15 50
 Depression 11 36.7
 Bipolar disorder 2 6.7
 Schizophrenia 1 3.3
 Other 7 23.3
 None 11 36.7

Non-medical use of stimulants
 Yes 19 63.3
 No 11 36.7

Other substances in use
 Alcohol 22 73.3
 Marijuana 20 66.7
 Sedatives 6 20
 Opiates 3 10
 Hallucinogens 3 10
 Heroin 1 3.3
 Other (e.g., poppers, amyl/butyl nitrate) 18 60

Missed doses of PrEP in past 2 weeks
 Yes 5 29.4
 No 12 70.6
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sensor and wearable Reader; (4) optimal users and uses of 
the DPS; and (5) messaging connected to ingestions and 
nonadherence events (Table 4).

Initial Impressions of Digital Pill Technology

After participants were presented with the DPS, most 
described the technology as innovative and potentially valu-
able. Many participants liked the concept of having access 
to their adherence data in real-time and expressed a desire 
for a system that could independently verify their adher-
ence patterns. Access to one’s own real-time adherence data, 
as well as the ability to receive notifications and informa-
tion about one’s adherence on their smartphone, was per-
ceived by many participants to be a useful component of 
the technology.

I think that’s great for PrEP… I think it would be a 
clever way to get people on track to actually take their 
pills. A lot of people would be like, ‘Oh, I don’t need 

it.’ But look, let me tell ya. My past experience, yes. 
(Age 36, on PrEP)

It’s connecting you with technology, and then it’s 
like… it’s making you inseparable. (Age 27, not on 
PrEP)

Accountability and Verification of PrEP Adherence 
Using the DPS

Many participants reported that the primary reason to use the 
DPS in the context of PrEP would be to improve their adher-
ence. Participants who were currently on PrEP reflected 
that, in retrospect, the DPS would have been helpful when 
they started PrEP, viewing it as a tool to overcome initial 
routine-related changes associated with the initiation of a 
new medication. Similarly, those who were not currently on 
PrEP viewed the DPS as a method to help them understand 
their progress in adherence. Both current PrEP users and 
non-PrEP users who were open to this idea explained that 
the DPS would hold them accountable for taking PrEP on a 

Table 4  Participants’ perceived feasibility and acceptability of the Digital Pill System

Themes Content

Initial impressions of digital pill technology Technology is perceived as innovative and potentially valuable
Access to their adherence data in real-time was perceived as a useful aspect of the tech-

nology
Helpful for people starting PrEP
Increased accountability around PrEP adherence
A tool to build confidence in their ability to maintain adherence

Willingness to use the DPS Willingness attributed to research with particular emphasis on studies that might benefit 
the MSM community

Increased interested after learning more specific information about the operation of the 
technology

Lack of need limited their interest in the technology, along with a greater uncertainty and 
lack of knowledge around how the technology works

Perceptions around safety and the design of the DPS Safety-related and side effects concerns around using the DPS
The design of the pill is not perceived as a barrier to using DPS
No concerns about the palatability of the digital pill
Opaque gelatin capsule is perceived as a benefit, decreasing stigma around PrEP
The size of the wearable reader was perceived as a barrier, as well as the hazzle of charg-

ing it
Reader is also viewed as a visual adherence reminder itself
Suggestions such as, wearable reader can be integrated into a belt or a phone attachment

Optimal users and uses of DPS For frequent travelers, people with memory issues, unstable living situations or disorgan-
ized lives, the DPS would be particularly helpful

Viewed as a tool to overcome initial routine-related changes for people initiating PrEP
Substances users and people having spontaneous sexual encounters will benefit from the 

DPS
Messaging and the DPS Preference for confirmation messages after using the technology

Confirmatory messages and reminder messages as potentially helpful for reinforcing their 
commitment to maintaining adherence. Also, they were seen as a way to connect with 
and feel cared by their providers

Receptive to the idea of having a message after a nonadherence episode
An important component of the technology will be the ability to customize frequency, 

timing, content and mode of delivery of all messages linked to the DPS
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regular basis. A number of participants also described past 
episodes when they were unsure if they had already taken 
their PrEP on a given day, noting that the DPS could serve as 
a way to validate past ingestions. Additionally, participants 
reported that the DPS could help them build confidence in 
their ability to maintain adherence; indeed, increased confi-
dence was discussed as a powerful means by which to miti-
gate potential health anxiety related to nonadherence.

It would make me feel good. Not good that I didn’t 
take my medicine but good that I’m having the assis-
tance through this machine to learn to take my pills 
properly. (Age 40, on PrEP)

It helps me to have more confidence in other areas of 
my life, knowin’ that I’m HIV negative, and it just 
opens more possibilities of what I can do with my life 
and what other areas I might wanna challenge myself 
in. (Age 53, on PrEP)

Willingness to Use the DPS

More than half of participants, including some who self-
reported adequate baseline PrEP adherence, described them-
selves as open to using the DPS (n = 19). Several participants 
noted that they would be willing to try the DPS in the con-
text of a research investigation focused on PrEP adherence, 
with a particular emphasis on studies that might benefit the 
MSM community. Participants also discussed an increased 
interest in using the DPS after learning more specific infor-
mation about how the technology operates, including the 
time commitment required to utilize the Reader device dur-
ing each use.

I just see this [technology] as the most fantastic thing 
on so many levels of chronic illness treatment other 
than this. It’s very exciting to me. (Age 55, not on 
PrEP)

When I first read about this study… I thought to 
myself, well, [the Reader] is probably something 
you have to keep on you all the time, in which case I 
wouldn’t be interested in it, but if… it would just sit 
in the medicine cabinet, then I’d be intrigued. (Age 
39, on PrEP)

Not all participants expressed a willingness to use the 
DPS. For some, a perceived lack of need limited their inter-
est in the technology, while a broader uncertainty and lack 
of knowledge about the DPS was paramount for others. 
One participant noted that he would prefer to wait until the 
DPS had been more widely used and tested before trying it 
himself.

I struggle to think of a situation where I would need 
that for my PrEP just because it’s like I do it at the 
same time every day and… whether I’m drinking alco-
hol or engaging in risky or sexual behaviors, that stuff 
to me doesn’t impact the fact that I take my PrEP every 
morning when I brush my teeth. (Age 39, on PrEP)

It’s something I’ve never heard of before. It’s some-
thing new. I actually don’t know if people will take it. 
I, personally, wouldn’t take it right away. I’d have to 
see more studies and, yeah, let time pass a little bit. 
(Age 60, not on PrEP)

Perceptions of Safety and the Design 
of the DPS

A number of participants expressed safety-related concerns 
around using the DPS (n = 12), particularly as it relates to 
ingesting the digital pill itself. This was perceived as a bar-
rier to acceptance of the DPS and its application in the real 
world. Some worried that ingesting a radiofrequency emitter 
would cause adverse events that might compound existing 
side effects from PrEP. Others reported concerns about the 
metal components of the DPS, citing allergies to various 
materials, as well as the potential side effects of ingesting 
digital pills.

I do have initial concerns just because I have a lot of 
knowledge about how technologies are affecting our 
body, and I’d want to know more about the filament 
that gets broken down because then you’re putting a 
piece of technology in your body that’s transmitting a 
signal that’s non-organic. (Age 29, not on PrEP)

I’m definitely willing to try it but just being nervous 
at first. Just to see what my body would react to once 
I’m gonna take to it… For example, side effects…
am I gonna throw up if I— once I take this? ‘Cause 
sometimes even just thinking about certain things you 
just—you wanna just throw it up. Either that or is my 
stomach gonna—am I gonna feel it in my stomach? 
Am I still gonna feel awkward in my intestines—when 
it’s going through the system, how’s my body gonna 
feel or react to it? (Age 36, on PrEP)

Design of the Digital Pill and Intrusiveness 
of Ingesting a Radiofrequency Transmitter

Other participants did not perceive safety issues related to 
the DPS as a barrier to adoption. They also noted that the 
design of the digital pill and ingestible sensor would not be a 
barrier to using a DPS. They reported that ingesting a digital 
pill would feel similar to taking a standard PrEP tablet, and 
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that the concept of swallowing an RFID tag, overencapsulat-
ing PrEP, was novel and exciting. These participants addi-
tionally noted that the gelatin capsule and RFID tag did not 
contribute significantly to the size of PrEP; therefore, they 
were not concerned about the palatability of the digital pill.

When people actually have these, they do not even 
have the feeling that they are ingesting something 
that’s not like a regular capsule. It gives you the feel-
ing that it’s just like any other capsule. You don’t have 
to think twice before taking this because… it acts as a 
medicine. (Age 27, not on PrEP)

Seems cool. Seems like it doesn’t really ask much of 
people who are taking medication. The pill still seems 
to me like a normal pill, so it’s nothing different in that 
sense. (Age 25, not on PrEP)

Participants described the use of an opaque gelatin 
capsule, as opposed to a transparent one, as an additional 
benefit, noting that it could quell potential safety concerns 
that might arise from the ability to directly see the radiof-
requency emitter during each dose. Participants also men-
tioned that the opaque capsule may mask the signature blue 
color of Truvada for PrEP, thereby decreasing the potential 
for PrEP-related stigma.

Not [a] transparent one. Transparent one is like ingest-
ing an LED bulb. Then it gives you that feeling, ‘Oh 
my god.’ Yeah. Even this chip that you see, people 
might still have that thing of, ‘Oh my god, I swallowed 
a chip. What’s gonna happen to me?’ This doesn’t give 
you that feeling. It’s like a normal capsule. (Age 27, 
not on PrEP)

Barriers Associated with Using the Reader 
Component of the DPS

A major perceived barrier to operating the DPS was the size 
of the wearable Reader. While recognizing that future ver-
sions of the device are likely to be miniaturized, partici-
pants viewed the current iteration of the technology—which 
requires that the Reader be worn on a lanyard around one’s 
neck—as bulky and inconvenient. They described the idea 
of carrying and traveling with the Reader, as well as the 
requirement that they remember to use an entirely separate 
device when taking their daily medication, as cumbersome.

That’s a big device… If you have to carry that around, 
I think it would be very off-putting because at least for 
me, I don’t even have a wallet because I think wallets 
are too thick. (Age 38, on PrEP)

My initial thought was, wow, this is bulky… If I had 
to wear this around my neck walking down the street, 
I wouldn’t love it. (Age 24, on PrEP)

Participants also described a number of potential strate-
gies for circumventing these barriers. The most frequently 
reported strategy was to wear the Reader only when taking 
their medication in order to avoid the inconvenience of 
wearing the device for longer periods of time. This reflects 
a misconception held initially by many participants that 
the Reader would be required to be worn at all times, 
regardless of when an individual took their mediation. 
Other strategies included placing the device close to their 
body while taking their medication for the most efficient 
use, storing it in a location at home that they would see 
every day (e.g., next to their toothbrush), and storing it 
inside a travel bag in anticipation being away from home.

I didn’t realize it transmitted that quickly. It was my 
first thought that somebody would have to digest the 
circuit board or whatever to emit a signal, but it’s 
almost instantaneous. Just put it next to your pill bot-
tles, I think. (Age 59, on PrEP)

I wouldn’t wear it around my neck. I don’t know. 
I probably would probably wear—always keep it 
on me somewhere like in my pocket or somewhere 
where—like my bag but not way down in there. (Age 
36, on PrEP)

Despite the many perceived barriers to operating the 
Reader, some participants described its size as serving 
as a visual adherence reminder in itself. For these par-
ticipants, the mere existence of such a prominent device 
near their pill bottle was viewed as an additional way to 
prompt them to take their medication, thereby reinforcing 
adherence behavior.

If you were to just remember to put [the Reader] 
on, then I don’t think you’d forget to take your PrEP 
with it kind of thing. In a way it sounds redundant, 
I guess, because I feel like, if this isn’t permanently 
on you, then you make a conscious effort to put it on. 
When you make a conscious effort to put it on in the 
first place then you’re not going to forget to take the 
PrEP. (Age 23, on PrEP)

It’s a big device and when you see it on the table… 
you become more aware… (Age 38, on PrEP)

When asked to expand upon their concerns about the 
Reader design, participants imagined that improved ver-
sions might include a Reader that is integrated directly 
into a watchband, smartphone or phone case, all of which 
were viewed as less intrusive than the current version. 
Participants also described future iterations of the Reader 
that could be integrated into a belt, a fob attached to a 
keychain, or a thin, credit card-sized object that could fit 
into a wallet.
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Optimal Users and Uses of the DPS

Part of the TAM explores the potential application or 
intended use of technologies. In order to evaluate potential 
uses of the DPS, participants were asked to think about spe-
cific groups of people who would benefit from the use of the 
DPS, as well as scenarios in which the DPS would be most 
beneficial. Participants identified those with frequent travel 
or changes in routines, memory issues, unstable living situ-
ations, or otherwise disorganized lives as groups for whom 
the DPS would be particularly helpful, while also noting that 
these individuals may be difficult to engage more generally. 
Many also reflected on the potential utility of the DPS for 
early habit formation when beginning a new medication, 
noting that individuals who were starting PrEP for the first 
time might benefit from using this technology.

I think the people that are at risk of not taking PrEP are 
the ones that would not use this. Because they are—I 
don’t know—they are disorganized. They don’t have a 
routine. It seems like I’m just thinking out loud here. 
They lead, not chaotic lives, but chaotic routines, and 
I think that this would get lost somewhere. (Age 38, 
on PrEP)

I think that it might be helpful for people that are new 
to the medication to have some type of a reminder or 
something until the person gets into the habit of taking 
it on a regular basis as the doctor prescribes it. (Age 
54, on PrEP)

With respect to optimal deployment strategies and con-
texts for the DPS, some participants identified daily changes 
in routines (e.g., patterns on weekdays versus weekends, 
staying over at a partner’s home) were identified as events 
that commonly disrupt medication-taking behavior; as 
such, these contexts were described as opportunities where 
the DPS could be useful for maintaining and reinforcing 
adherence.

I take vitamins every day, so I usually just try to take 
it when I take my vitamins… I’m a nurse, so… I 
wouldn’t say there’s one specific time of the day that I 
take my meds because normally—like today, I didn’t 
work, so I woke up, took them in the morning, and 
went about my day. But, if I had worked last night, I 
wouldn’t have wanted to take them right before I go 
to bed in the morning ‘cause—I don’t know. Some-
thing about taking pills seems like starting your day 
to me. It puts me in a position to not sleep. (Age 24, 
on PrEP)

Participants also described events like substance use 
and spontaneous sexual encounters as having historically 
compromised their ability to remember to take PrEP. As 

such, many participants viewed these types of events as epi-
sodes in which the DPS would be helpful and were willing 
to accept use of the technology in the context of substance 
use to help reinforce PrEP adherence during these episodes.

I have had no issues forgetting to take PrEP, only if 
I have had like stimulant and drug use issues or if I 
had moments of using, I wasn’t always taking PrEP on 
time. (Age 31, not on PrEP)

I can see how maybe if someone were using a fair 
amount of controlled substances, it could be useful just 
because maybe that beep would be the little thing that 
brings them back to reality enough. (Age 50, on PrEP)

Messaging Connected to Ingestions 
and Nonadherence Events

Participants considered three major categories surround-
ing messaging linked to the DPS: the delivery of messages 
to confirm that ingestions had been detected, reminder 
messages prior to one’s pre-specified dosing window, and 
reminder messages in the context of nonadherence events. 
The current iteration of the DPS includes simple, neutral 
text messages to indicate that the ingestion was recorded 
on the interface (e.g., “medication ingestion detected”). 
When asked if these messages would influence participants’ 
medication-taking behavior, the response was mixed; some 
reported that these messages would provide confirmation 
that they had used the technology successfully, thus reduc-
ing concerns about DPS malfunctions. Many participants 
additionally described these confirmatory messages, as well 
as reminder messages sent prior to one’s dosing window, 
as potentially helpful for reinforcing their commitment to 
maintaining PrEP adherence.

It’d be nice, just almost like praise for the day, yes, oh, 
you took your PrEP, that’s great. (Age 29, on PrEP)

I think it would be helpful [receiving a reminder mes-
sage from DPS] because in this world I feel there is 
no person who does not rely on a calendar. (Age 27, 
not on PrEP)

Others, however, noted that such confirmatory and 
reminder messages could be excessive, and instead described 
a strategy of intensive daily messaging for a set period of 
time only, followed by a gradual tapering off of messages, 
which would correspond to an individual’s demonstrated 
level of adherence using the DPS over time.

I think it would be useful. I would be thankful… I 
think, as long as the texts are customized to people’s 
schedules and not reminding people who are gonna 
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do it anyway, then I think it could be done effectively 
without being annoying. (Age 31, on PrEP)

Contextual Basis of Reminder Messages Linked 
to Nonadherence Events

Many participants were also receptive to the idea of receiv-
ing additional reminder messages following instances of 
nonadherence documented by the DPS. These messages 
were viewed as an acceptable means by which to introduce 
adherence interventions, particularly given that they were 
perceived to be more foolproof than other methods of man-
aging one’s adherence. Some participants also suggested 
that this messaging modality could function as a platform 
in which anticipatory reminders could help reinforce PrEP 
adherence.

I would actually love if I got… a message on my phone 
saying, ‘Hey, seems like you forgot your PrEP today’ 
… because then, that’s a great way of reminding. (Age 
38, on PrEP)

It would be helpful to me if… I haven’t taken it by 6:30 
every morning, this thing sends me a text message to 
my phone, ‘Hey you haven’t taken your PrEP today.’ I 
guess being a little cynical, I could do that on my own 
on my phone right now if I really wanted to. Now, 
granted, I guess there’s some user error. I hit snooze. I 
get sidetracked… Maybe this thing sends you a second 
reminder ‘cause it is detecting it biologically. (Age 39, 
on PrEP)

Some participants discussed the use of such reminders 
from the DPS, following instances of nonadherence, in the 
context of their relationships with their healthcare providers; 
the receipt of such messages was perceived as an additional 
way to connect with, and feel cared for by, their providers.

I’d feel loved… That someone loves me, or that some-
one cares for me… ‘cause people like that. Yeah. I 
don’t think there’s anything negative about that. It lets 
them know they’re doing a good job and that they’re 
following the regimen they’re supposed to be on. (Age 
54)

Oh, I love it. I like to be connected with doctors, phar-
macy, medication that for some reason is making me 
feel good. Safe. Involved with something that could get 
better for everybody. (Age 45)

Participants also commented on the structure of confirm-
atory messages, reminder messages prior to one’s dosing 
window, and reminder messages linked to nonadherence. 
In particular, they expressed a desire to have the ability to 
customize the frequency, timing, content and mode of deliv-
ery of all messages linked to the DPS; this was described as 

an especially important component of the technology—and 
one that would make it more acceptable to potential users.

You would have a little dashboard on the phone that 
said, ‘What sort of PrEP compliance help are you seek-
ing: daily? Do you just want a monthly summary or 
a weekly summary? Are you in a more ‘let yourself 
go’ mode, and you’d like it every 12 h?’ I would still 
say, though, stick with the 24 [hours], because people 
habituate, and if something comes in too often they’ll 
ignore it… (Age 50, on PrEP)

I think that it would be helpful. A reminder in the 
morning and a friendly reminder or something linked 
to one of the—I think, yeah, there are things that peo-
ple always see in the morning, right? I don’t know. It 
depends. Probably, it would be nice if you can change 
the way you are notified, like probably email or just 
an alert… Customizing the notification. (Age 26, on 
PrEP)

Discussion

Prevention of new HIV infections is a key pillar of the 
UNAIDS “Getting to Zero” strategy [44], and one method of 
achieving zero new HIV infections is increasing access and 
uptake of PrEP among eligible individuals. Despite advance-
ments in expanding access to PrEP, it remains underuti-
lized, and adherence remains suboptimal. The development 
of tools that better track and assess PrEP adherence, and 
respond to events of nonadherence, may help PrEP initiators 
and experienced PrEP users to achieve optimal adherence. 
This investigation demonstrates that HIV-negative MSM 
who report the use of non-alcohol substances are generally 
accepting of a DPS to measure and record real-time PrEP 
adherence, including individuals who already perceived 
themselves to be PrEP adherent, but describe a number of 
potential barriers to adoption of the technology. Many par-
ticipants viewed the DPS as providing an incontrovertible 
and readily accessible record of their adherence behavior, 
which had the potential to increase perceived confidence 
and personal accountability around PrEP-taking behavior. 
While DPS have been in development for at least a decade, 
the technology was still perceived to be innovative and novel 
by the MSM in the present study.

The TAM builds a framework through which to evaluate 
the application of novel health technologies by exploring 
the user’s perceived use, intended use and actual use of a 
technology [38]. Grounding our qualitative interviews on 
the pillars of TAM allowed to identify important barri-
ers and facilitators related to participants’ perceived and 
intended uses of the DPS. The majority of barriers cen-
tered around the design of the Reader, the composition of 
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the digital pill, and perceived safety issues. The majority 
of facilitators centered around the innovative nature of 
DPS and the value of having real-time access to directly 
measured PrEP adherence data.

The Reader device was perceived to be the largest bar-
rier to operation of the DPS, primarily as a result of its 
size and shape. Because the digital pill emits a radiofre-
quency signal, the technology requires a receiver that can 
capture this signal; the DPS described in this investigation 
boosts signaling strength within the radiofrequency trans-
mitter, allowing for the use of an off-body Reader. While 
miniaturization or integration of the technological receiver 
capability of the Reader will occur as DPS technology 
advances, there may be instances where the current itera-
tion of Reader is acceptable to certain participants who 
respond positively to visual cues surrounding adherence.

Another design-related barrier to acceptance of the DPS 
was the transparent version of the digital pill that was used 
to illustrate the interior components during the qualitative 
interviews. Participants considered this version of the pill 
to be disconcerting as it exposed the electronic compo-
nents of the digital pill. In order to eliminate this barrier, 
participants proposed the use of opaque gelatin capsules. 
Similarly, participants reported concerns around the safety 
of ingesting electronic components of the digital pill. They 
described concerns around the potential release of met-
als (silver and zinc used in the radiofrequency emitter) 
into their body. As a solution to this barrier, participants 
recommended we provide additional safety data to study 
participants about preclinical studies surrounding safety 
of the digital pill. Importantly, during the study period, 
the DPS described in this investigation obtained 510 K 
status from the FDA [45]. Part of this clearance includes 
enhanced toxicology data around the safety of the ingest-
ible sensor and adverse event reporting; we anticipate that 
the FDA clearance of this DPS will assuage many of the 
initial safety-related concerns posed by participants in the 
present study.

Future Reader design should be guided by user-centered 
feedback. In our qualitative interviews, participants sug-
gested integrating the Reader technology into a smartphone 
case, a wallet card, or clothing accessories such as a belt 
buckle. The intent of these modifications would be to further 
integrate the Reader into the fabric of daily life, rendering a 
DPS even less intrusive and the experience of its use more 
akin to that of a typical medication ingestion. These sugges-
tions are consistent with prior DPS studies that have used 
other types of Reader devices that require user interaction, 
including a wearable on-body patch system used in another 
DPS, which may lead to disengagement with a DPS [22]. 
Future iterations of the DPS may therefore need to offer a 
wide variety of relay devices that accommodate daily rou-
tines as well as users’ individual preferences.

Facilitators to adoption of the DPS centered around the 
perceived innovative nature of the system and the benefits 
of accessing real-time PrEP adherence data. Compared to 
barriers, these facilitators mostly mapped onto the TAM 
intended use domain. Participants valued the innovative 
nature of the technology because of its ability to generate 
real-time PrEP adherence data. These data were described 
as a way to generate personal insights around the context of 
their adherence and nonadherence, and to receive feedback 
on their PrEP use, which could then be customized to meet 
their unique needs. For example, an individual who uses 
PrEP on an episodic, on-demand basis, and who demon-
strates excellent adherence via a DPS, could signal a period 
of increased risk via the technology, which would trigger 
increased vigilance and intervention to support their adher-
ence. Likewise, an individual who maintains continuous 
PrEP adherence, but who develops waning adherence dur-
ing a particular period of time, could have their data used 
to signal the need for more intensive adherence supports. 
Providers could use DPS data to access patients with subop-
timal adherence in order to better to understand the context 
in which this occurs. Finally, as on-demand PrEP becomes 
increasingly popular [46–48], DPS may also be used to 
understand other contextual behaviors around PrEP use and 
adherence, including HIV risk behaviors related to sexual 
activity or substance use [49]. The DPS platform can be used 
to collect patient reported outcomes surrounding events of 
adherence or nonadherence, deliver ecological momentary 
assessments around ingestion patterns, or complete closed 
loop feedback systems that respond to nonadherence [50, 
51].

Participants also discussed the value of delivering mes-
sages surrounding adherence and nonadherence events 
linked to the DPS. They were accepting of confirmatory 
feedback messages, and described the need for simple, neu-
tral messaging confirming proper operation of the DPS as 
a closed feedback system. They also identified reminder 
messages prior to a pre-specified dosing window, as well 
as reminder messages following nonadherence events, as 
largely acceptable and desirable avenues through which to 
engage with the DPS, monitor their PrEP adherence, and 
potentially communicate with healthcare providers. Consist-
ent with studies among individuals living with HIV that have 
examined reactions to messaging surrounding ART adher-
ence detected by a smart pill bottle [52, 53], participants in 
the present study described the importance of detecting nas-
cent nonadherence events and providing adherence supports 
during these times. These data suggest that the DPS can be 
deployed in the real world as both a clinical and research tool 
geared towards providing direct measures of PrEP adher-
ence. Additionally, this investigation demonstrates that 
MSM will interact with simple messages from the DPS; the 
technology may therefore present a unique opportunity to 
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impart PrEP adherence skills linked to real-time measures 
of adherence.

It is important for researchers to define the difference 
between messaging integral to DPS like neutral confirma-
tion messages, and more structured messages delivering con-
tingent reinforcement or corrective feedback to individuals 
as part of a behavioral intervention. Our data suggest that 
some form of neutral confirmation messaging is vital to 
maintaining adherence to a DPS so that actual adherence 
to PrEP can be recorded using this system. Future iterations 
of DPS-enabled messaging architecture should involve the 
development of feedback loops that provide real-time behav-
ioral interventions that respond to PrEP nonadherence and 
immediately reinforce adherence. In light of data suggest-
ing that substance use may increase the risk of next day 
PrEP nonadherence, a DPS messaging architecture may also 
include anticipatory reminders to reinforce adherence during 
episodes of substance use [30].

Additionally, iterative refinements in energy harvesting 
(e.g., the use of physiologic processes, such as generation of 
the acidic environment in the stomach, to generate energy to 
power devices) to boost the strength of the radiofrequency 
signal from the ingestible sensor, combined with the min-
iaturization and adaption of the wearable Reader into an 
increasingly unintrusive design, will continue to make the 
experience of using a DPS equivalent to taking standard 
medication. The ultimate aim will be to ensure that use of 
a DPS is seamless, allowing the user, scientists, and/or cli-
nicians to focus on the adherence behavior, ingestion pat-
terns, and linked interventions that accompany this type of 
technology.

There are several limitations to this investigation. First, 
our qualitative work asked participants about their perceived 
willingness to use the digital pill, but the lived experiences 
of individuals who actually use DPS may vary. Second, our 
study participants were predominantly Caucasian and well 
educated. It is possible that individuals of different racial 
backgrounds and education status may perceive the use 
of an ingestible sensor differently; therefore, our findings 
cannot be considered generalizable to MSM more broadly. 
Third, we were only able to enroll English-speaking indi-
viduals in this study; future work should explore the use of 
DPS in non-English speakers. Fourth, our eligibility crite-
rion around negative HIV status was based on self-report 
only, and did not include a specified timeframe for a prior 
negative HIV test, nor did our procedures include confir-
mation of participants’ self-reported status via rapid HIV 
test. Fifth, this manuscript does not describe considerations 
surrounding data privacy and access to the DPS. While 
our qualitative interviews raised a number of perspectives 
about these topics, the breadth of qualitative data collected 
requires a more nuanced discussion in future publications 
(currently in process), as participant feedback around data 

security and privacy may have an impact on acceptance of 
the DPS. Finally, in the midst of this investigation, the DPS 
we described to participants in our qualitative interviews 
received clearance by the FDA. This may change perceptions 
of acceptability and safety surrounding the DPS and will 
require further exploration in this population.

These data helped to inform the development and optimi-
zation of a 90-day, open-label trial to evaluate the feasibility 
and acceptability of deploying a DPS for PrEP adherence 
in HIV-negative MSM who use substances other than alco-
hol, which recently concluded. Our next step will be to con-
duct several additional demonstration trials to understand 
the real-world operability of digital pills. This investiga-
tion demonstrates that DPS are perceived as an acceptable 
technology to measure PrEP adherence among MSM with 
non-alcohol substance use. While there are many potential 
avenues for further optimization of the technology, MSM 
are largely willing to ingest digital pills and perceive value 
in having access to their real-time, personal adherence data. 
Digital pill technology may therefore be deployed to meas-
ure and monitor PrEP adherence, and can be combined with 
targeted interventions that detect and respond to suboptimal 
adherence in real-time.
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