Real-World Implementation Challenges Associated with a Digital Pill System to Measure Adherence to HIV Pre-Exposure Prophylaxis from Two Studies of Men Who Have Sex With Men
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Abstract

Once-daily oral pre-exposure prophylaxis (PrEP) is highly effective for HIV prevention, but its efficacy is dependent on adherence, which can be challenging for men who have sex with men (MSM) with substance use. Digital pill systems (DPS) represent a novel tool for directly measuring adherence through ingestible radiofrequency sensors that confirm ingestions in real-time. We examined operational challenges across two studies involving DPS to measure PrEP adherence. While most participants successfully operated the system, a number of technological and sociobehavioral challenges requiring intervention were identified across both studies. Technological issues were both system- and participant-related, and were primarily addressed with technical updates and participant re-education, while sociobehavioral issues, including health and housing changes and issues with technology access, warranted innovative solutions. Future research leveraging DPS technology should develop robust supportive infrastructure and mitigation procedures to promptly identify and resolve operational issues to optimize the potential benefits of DPS use.
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1. Introduction 
Human immunodeficiency virus (HIV) represents an ongoing public health crisis on a global scale. In the United States (US) in 2020, the US Centers for Disease Control and Prevention (CDC) reported 30,635 new infections, with transmissions primarily occurring via sexual activity and/or injection drug use (CDC, 2022). These statistics likely underestimate the true HIV incidence in 2020, however, given the impact of the COVID-19 pandemic on clinic-based testing. Men who have sex with men (MSM) experience health disparities that place them at a disproportionate risk for HIV. In 2019, approximately 69% of new diagnoses in the US were among MSM (CDC, 2021a, 2021b).
Over the last decade, once-daily oral pre-exposure prophylaxis (PrEP) has been empirically demonstrated to be highly efficacious for HIV prevention (Anderson et al., 2012; Doblecki-Lewis et al., 2015), and is recommended by both the US CDC (CDC, 2017) and the World Health Organization (WHO, 2016); however, its effectiveness depends on the degree of adherence. In 2012, the multinational Pre-exposure Prophylaxis Initiative (iPrEX) study demonstrated that once-daily tenofovir disoproxil fumarate/emtricitabine (TDF/FTC) was 99% effective for preventing HIV in MSM with drug levels consistent with daily adherence, and over 90% effective in those who took at least four of seven daily doses per week, but only 76% effective among individuals who took fewer than four doses per week (Anderson et al., 2012; Grant et al., 2010).
Substance use disorders increase the risk of suboptimal PrEP adherence and subsequent HIV infection. In 2018, individuals with substance use accounted for 10% of new infections across the US. In one study of MSM, the use of psychostimulants (e.g., cocaine, methamphetamine, ketamine, and ecstasy) increased the likelihood of same-day PrEP nonadherence by 55%, and next-day nonadherence by 60% (Grov et al., 2019). Substance use in the context of sexual activity is common among MSM (Bourne & Weatherburn, 2017; Brennan-Ing et al., 2014), and use of substances – particularly stimulants – has been associated with increased engagement in condomless anal intercourse, which further increases the risk of HIV infection (Feldman et al., 2015; Hoenigl et al., 2016). 
Given the interplay of these risk factors, it is important to develop novel tools to accurately measure PrEP ingestion behavior and address suboptimal adherence in order to reduce HIV transmission in this population. Many techniques for measuring adherence currently exist – in the context of HIV, as well as other disease states – and range from indirect strategies (e.g., self-report, pill counts, pharmacy refill data, and smart pill bottles) to more direct ones (e.g., in-person and video-based directly observed therapy, and pharmacological measures that detect drug levels in blood, urine, or hair) (Bell & Haberer, 2018; Castillo-Mancilla & Haberer, 2018; Spinelli et al., 2020). Though many of these measures represent significant scientific advancements, each strategy is also subject to key disadvantages (e.g., social and desirability biases, and cost and scalability challenges), such that there is still no gold standard for measuring adherence. 
1.1. Digital pill systems 
Digital pill systems (DPS) represent a novel approach for objectively measuring medication adherence in real-time. DPS enable the direct measurement of ingestion events via an ingestible radiofrequency sensor (ID-Tag) that is integrated into a gelatin capsule (ID-Capsule), which overencapsulates a medication (e.g., TDF/FTC; Figure 1) (P. R. Chai, Vaz, Goodman, et al., 2022; Goodman et al., 2022). Upon ingestion of this “digital pill,” the radiofrequency sensor is activated by the chloride ions in gastric fluid, which broadcasts a radiofrequency signal from inside the stomach that is acquired by a wearable Reader device (Figure 1). Ingestion data is  stored and then relayed via low energy Bluetooth (BLE) from the Reader to a participant-facing smartphone application (ID-Cap App, Figure 1), as well as to a clinician- or researcher-facing online server, where adherence metrics are displayed on-demand. Participants also have the ability to manually record ingestions in the ID-Cap App, in the event that an ingestion is not recorded by the Reader or confirmation of its detection is not displayed in the ID-Cap App. 

[image: A picture containing person, screenshot, design

Description automatically generated]

Figure 1. Overview of ID-Cap System components. The ingestible radiofrequency sensor (ID-Tag) is embedded within a gelatin capsule (ID-Capsule), which over-encapsulates a medication (A). The ID-Tag is activated in the stomach, and the radiofrequency signal is transmitted to the Reader (B). Ingestion data flows from the Reader to the ID-Cap App (C) and online server. Images courtesy of etectRx (Gainesville, FL).

In addition to transmitting ingestion data from the digital pill, the Reader also contains a gyroscope, which allows the device to recognize motion and orientation (e.g., indicating whether the Reader has been moved from the charging pad). Gyroscopic information from the Reader can be used to contextualize both participant-reported technological issues and adherence behavior, and to infer whether the device has been operated correctly (e.g., via motion data consistent with wearing the Reader). Battery life information can also be queried from Readers by etectRx, which can further assist study teams in understanding real-world use behaviors and better troubleshoot technological issues as they arise.
Our prior research has established the overall feasibility of DPS technology for measuring PrEP adherence (P. R. Chai, Mohamed, Bustamante, et al., 2022), as well as acceptability among both prospective and actual users (P. R. Chai et al., 2021; P. R. Chai, Goodman, Bronzi, et al., 2022). We have also established the DPS as a platform technology that permits the delivery of personalized, digital adherence interventions respondent to adherence data (P. R. Chai et al., 2021; P. R. Chai, Mohamed, Bustamante, et al., 2022; P. R. Chai, Mohamed, Goodman, et al., 2022). 
According to the Technology Acceptance Model (TAM), real-world adoption of a novel technology is driven by its perceived usefulness and ease of use (Venkatesh & Davis, 2000). This theoretical framework has informed our ongoing implementation work in which we have sought to identify key perceived benefits and barriers to daily operation (P. R. Chai, Mohamed, Bustamante, et al., 2022; P. R. Chai, Mohamed, Goodman, et al., 2022). In response to participant feedback, we developed a standardized, two-part training program – grounded in the TAM – to help new DPS users navigate challenges associated with daily system operation. The program comprises an initial in-person training session, followed by a six-day remote follow-up period with scripted text message check-ins to support DPS operation and basic troubleshooting. An analysis of this pilot program found that participants perceived both the in-person and remote follow-up components to be acceptable (P. Chai et al., 2021). 
The aim of this analysis is to describe the operational challenges that occurred in the real-world deployment of a DPS (ID-Cap System, etectRx, Gainesville, FL), across two studies that leveraged DPS technology to measure adherence to once-daily oral TDF/FTC as PrEP in HIV-negative adult MSM with non-alcohol substance use.
2. Materials and Methods 
2.1. Studies included
The DigiPrEP study (NCT03842436) was a single-arm, open-label, pilot demonstration trial (N=15), conducted between March 2019 and April 2020, which evaluated the feasibility, acceptability, and accuracy of a DPS for measuring adherence to PrEP over a 90-day period (P. R. Chai, Mohamed, Bustamante, et al., 2022). Participants completed the standardized training program on DPS operation, which involved both in-person and remote support  as described above (P. Chai et al., 2021). We also conducted monthly pill counts and timeline followback discussions to contextualize instances of DPS-detected PrEP nonadherence and evaluate adherence patterns over the study period (P. R. Chai, Mohamed, Bustamante, et al., 2022).
The PrEPSteps study (NCT03512418) is an ongoing pilot randomized controlled trial (current N=23 completers; target N=60) to evaluate the feasibility, acceptability, and potential effectiveness of a cognitive behavioral therapy (CBT)-based, smartphone-delivered adherence intervention that responds to DPS-detected PrEP adherence and nonadherence (P. R. Chai, Mohamed, Goodman, et al., 2022). Participants first complete a 14-day run-in period, in which they utilize the DPS to measure daily PrEP adherence. All participants also complete an initial session of a CBT-based adherence counseling program (LifeSteps) (Safren et al., 1999). They are then randomized to the intervention – i.e., 90 days of DPS use, plus personalized LifeSteps booster messages, containing real-time adherence feedback and support based on PrEP ingestion patterns – or the time-matched control, involving use of the DPS alone without additional adherence support. As in the DigiPrEP study, we evaluate PrEP adherence patterns at monthly study visits and provide technological support in accordance with our standardized DPS training program (P. Chai et al., 2021), as well as ad-hoc support with operational issues as they arise. PrEPSteps participants are followed for an additional three months following completion of the 90-day period of DPS use, in order to assess persistence of PrEP adherence skills.
2.2. Recruitment
Participants were recruited for both the DigiPrEP and PrEPSteps studies via existing recruitment databases at the study site, medical record review, provider referrals, and social media and community-based outreach in the greater Boston metropolitan area. Potential participants were pre-screened via phone or in-person by the study team; individuals who met preliminary eligibility criteria were scheduled to attend an in-person study visit to confirm eligibility.
2.3. Participants
Participants in both studies met the following inclusion criteria: (1) age 18 or older; (2) cisgender MSM; (3) non-alcohol substance use in the past six months; (4) currently taking or initiating once-daily TDF-FTC as PrEP; (5) qualifying laboratory tests for PrEP (negative rapid HIV test, creatinine, hepatitis B immunization, screening for sexually transmitted infections [STIs]); and (6) owns a smartphone with Android or iOS. PrEPSteps participants were also screened for moderate to severe non-alcohol substance use disorder via the Mini International Neuropsychiatric Interview (MINI) assessment (Sheehan et al., 1998). 
Exclusion criteria for both studies were: (1) non-English-speaking; (2) living with HIV; (3) not qualified to take PrEP (e.g., abnormal liver function, or creatinine clearance <60); (4) allergy to gelatin, silver, or zinc (components of digital pill); (5) history of Crohn’s disease or ulcerative colitis; (6) history of bowel surgery, gastric bypass, or bowel stricture; (7) history of gastrointestinal malignancy or radiation to abdomen; and (8) unable or unwilling to ingest digital pills.
2.4. Assessment of operational challenges and development of solutions
Throughout both the DigiPrEP and PrEPSteps studies, weekly study team meetings were conducted in collaboration with etectRx, which involved an ongoing review of participants’ adherence data in the online clinician dashboard, as well as discussion of reported technological and sociobehavioral challenges (e.g., participant financial constraints) associated with operation of the DPS. Several mechanisms were used in team discussions to identify operational challenges requiring study team follow-up. 
First, in instances where participants contacted members of the study team and specifically requested assistance with the DPS, or reported adherence challenges related to a perceived malfunction of the technology, the study team promptly reviewed these issues with etectRx, and developed appropriate troubleshooting strategies. Such strategies included providing remote technological support to participants via text message and/or phone, and scheduling in-person follow-up visits to resolve outstanding issues. 
Second, gyroscopic data from Readers indicating potential patterns of Reader non-use – for example, as detected by a lack of physical contact of the Reader with the charging pad, or a lack of motion of the device – were monitored on an ongoing basis by etectRx. Such information was discussed as a study team when operational issues arose, and was used to contextualize participant-reported operational challenges and better distinguish technological issues that occurred outside of participants’ control (e.g., malfunction of a component of the system) from potential instances of participant disengagement with the DPS. The study team and etectRx reviewed such challenges in detail and jointly troubleshooted solutions (e.g., replacement of malfunctioning component of the system, as applicable), which were implemented by the study team.
Third, sociobehavioral challenges were recorded by the study team during timeline followback discussions conducted at monthly study visits, as well as during ad-hoc correspondence with participants over the course of the study period. These types of challenges were documented and subsequently reviewed among study team members in order to determine an appropriate course of action and resolution (e.g., additional remuneration to enable continued participation, in the event of financial hardship affecting a participant’s ability to utilize the technology).
2.5. Analyses
Descriptive statistics were calculated to characterize sample sociodemographics. Operational challenges documented across both studies (i.e., via ad-hoc contact with the study team throughout DPS use, and/or during timeline followback discussions at monthly study visits) were reviewed and collated. Challenges were indexed into overarching categories, and the technological solutions, troubleshooting steps, and management strategies developed and implemented by both the study team and etectRx were summarized.

3. Results
3.1. Characteristics of samples
A total of 38 enrolled participants across the two studies were included in this analysis. The mean age of the combined sample was 37 years old (SD=9.4). Participants were primarily White (n=26, 68.4%), not Hispanic or Latino (n=31, 81.6%), identified as homosexual or gay (n=32, 84.2%), and held at least a college degree (n=27, 71.1%). Nearly two-thirds of the overall sample owned and operated an iPhone (n=23, 60.5%), versus an Android, during the study period.

Table 1. Sociodemographic characteristics (N=38)
	
	n (%)

	Age
	

	Mean (SD)
	37.3 (9.4)

	Race
	

	American Indian or Alaska Native
	1 (2.6)

	Asian
	1 (2.6)

	Black
	3 (7.9)

	White
	26 (68.4)

	More than one race
	6 (15.8)

	Other
	1 (2.6)

	Ethnicity
	

	Hispanic or Latino
	7 (18.4)

	Not Hispanic or Latino
	31 (81.6)

	Gender
	

	Cisgender man
	38 (100)

	Sexual orientation
	

	Bisexual
	6 (15.8)

	Homosexual or gay
	32 (84.2)

	Education
	

	Less than high school
	1 (2.6)

	High school or GED
	2 (5.3)

	Some college
	8 (21.1)

	College degree
	14 (36.8)

	Some graduate/professional work
	2 (5.3)

	Graduate/professional degree
	11 (28.9)

	Smartphone type
	

	Android
	15 (39.5)

	iPhone
	23 (60.5)


3.2. DPS operational challenges and solutions 
Operational issues across both studies were collated and organized into two categories: (1) technological challenges, and (2) sociobehavioral challenges. 
3.2.1. Technological challenges. Technological issues were organized into two sub-categories: (1) system-related issues with the delivery and display of ingestion data, and functionality of DPS components, and (2) participant-related issues in DPS operation. 
System-related challenges primarily included problems with data transmission at three different points – from the ID-Tag (within the ID-Capsule) to the Reader, from the Reader to the ID-Cap App, and from phones to the online server. A variety of technical steps were taken by etectRx to address these issues, including improving ID-Tag manufacturing and screening processes to establish high signal strength, as well as improving the signal detection sensitivity in the Readers, in order to ensure the appropriate capture of ingestion event information. etectRx also identified and corrected several bugs in the Reader software and ID-Cap App – which contributed to data transmission failures from Readers to phones, and from phones to the server – and improved Bluetooth stability and automatic re-pairing capacity to resolve the related transmission issues. In addition, a system communication error caused some issues in the display of ingestion data on the online server, periodically resulting in the appearance of duplicate ingestions. etectRx modified the software to correct the filters in the display of duplicate ingestions and to improve the researcher-facing visualization of ingestion data on the server.  
In terms of challenges related to the functionality of DPS component parts, some participants reported charging issues – e.g., malfunctioning charging pads, power bricks (possibly due to an electrical surge), and Readers (possibly due to dropping the device and damaging the charging coil inside the Reader). These were documented by the study team, and, through an internal investigation, etectRx identified a manufacturing issue that had caused several Readers to be produced without the necessary shielding. This issue was corrected, and in parallel, the study team replaced the faulty Readers and charging components for participants to use for the duration of the study period.
Participant-related operational challenges included failing to wear the Reader for sufficient time to allow for detection of a digital pill ingestion, as well as issues pairing the Reader with their phone via Bluetooth prior to ingestions. Other Bluetooth-related issues involved participants switching phones and having difficulty with unpairing the Reader from their old phone and re-pairing it with their new phone. Participants also periodically turned Bluetooth off on their phone (e.g., to save battery, if using an older phone with limited battery power) and forgot to turn it back on prior to a digital pill ingestion. Additional operational challenges included issues with using the wireless charging pad (e.g., failing to place the Reader in the correct position on the charging pad in order to engage the charging coil), correctly placing the Reader on the charging pad but forgetting to plug it into an electrical outlet, and forgetting to charge the Reader at all prior to use.
For each of these issues, the study team reinforced participants’ training and education around the correct operation of the Reader, charging components, and Bluetooth pairing within the ID-Cap App. The study team also developed additional low threshold supports, including providing participants with a physical study card containing the Bluetooth pairing code – which they could easily access in the event that their Reader became disconnected and Bluetooth re-pairing was required – as well as a step-by-step quick start guide with resources to help them autonomously troubleshoot and resolve connectivity and charging issues. etectRx also implemented several updates to the online server and ID-Cap App in response to these operational challenges, including ID-Cap App enhancements to improve Bluetooth pairing and automatic re-pairing, as well as adding diagnostic information on the main screen of the app to alert participants of any issues with the Bluetooth connection between their phone and Reader.
In instances where participants elected to manually record PrEP ingestions in the ID-Cap App, the study team was initially unable to determine in real-time whether these manually reported ingestions were the result of “true” technology failures, or other operational or personal reasons unrelated to the technology itself (e.g., choosing not to use the Reader during an ingestion if short on time). To correct this, etectRx added a feature to the online server, which enabled the study team to review, in real-time, participants’ reported reasons for manually recording their ingestions in the ID-Cap App.
3.2.2. Sociobehavioral challenges. A number of sociobehavioral issues also arose across both studies, which were organized into two sub-categories: (1) issues related to changes in participants’ life circumstances, and (2) issues related to participants’ access to technology. Both of these sub-categories represented largely unanticipated barriers to both DPS operation and study engagement.
Some participants faced financial constraints that impacted their ability to operate the DPS during the study period – including, for example, an inability to pay for a phone plan or data plan that would support their ongoing use of the ID-Cap App, or an outstanding Apple bill preventing them from downloading the app at all. In such instances, the study team provided participants with additional remuneration, on a case-by-case basis, in order to alleviate any financial problems that were interfering with their use of the DPS. Limited access to electricity to charge the Reader was an additional challenge that emerged; to address this, the study team began charging participants’ Readers as needed while they were onsite during study visits.
Changes in housing and health status – particularly involving homelessness, hospitalization, and incarceration – also periodically arose as operational challenges. For some participants, substance use during the study period additionally interfered with their ability to operate the DPS. In response to these issues, the study team maintained ongoing contact with participants, as much as possible, to support their retention. The study team documented in detail the impact of such life circumstances on participants’ study engagement, and shared this information with etectRx, in order to contextualize the observed operational challenges in these cases and inform the design of future studies.
Finally, participants’ travel and other changes in daily routines at times posed a challenge to DPS operation. Some participants disengaged from using the DPS to measure their PrEP ingestions while on vacation or otherwise away from home, and reported that they had limited access to the DPS components (including their Reader, charger, or supply of digital pills) during these periods. In response, the study team reinforced training messages with participants around the use of the technology in the context of international travel (i.e., ID-Cap System use is not permissible outside of the US), and documented the impact of such routine-related changes on real-world engagement with the DPS.

4. Discussion
The translation of novel technologies into real-world use is often accompanied by operational challenges, particularly in the context of health systems. Empirical exploration of such issues can be highly informative for continued advancement and deployment, and for maximizing “technological affordances” – i.e., the problem-solving capability of a technology (Mora et al., 2021). As many operational challenges may be unanticipated, early-stage pilot trials are particularly important for understanding the clinical value of technologies themselves, as well as the parallel support systems that must be developed for successful implementation in the real world. 
While the development of DPS for adherence measurement continues to evolve – with several studies demonstrating its feasibility, acceptability, and potential for an effect on adherence across multiple disease states (Belknap et al., 2013; P. R. Chai et al., 2017; P. R. Chai, Mohamed, Bustamante, et al., 2022; Daar et al., 2020) – less is known about the range of potential operational challenges and specific training and support infrastructure needed to troubleshoot and resolve issues to support DPS use in both research and clinical settings.
Overall, while the majority of participants across the two studies included in this analysis – which used DPS to measure PrEP adherence in MSM with non-alcohol substance use – were able to use the system successfully (P. R. Chai, Mohamed, Bustamante, et al., 2022), this investigation identified a number of operational challenges, suggesting that such issues are likely to occur as DPS technology is leveraged as a tool for adherence measurement and intervention. Moreover, this analysis demonstrated that a robust training and support infrastructure for participants, as well as ongoing coordination between research teams and industry collaborators, are critical to the timely identification and resolution of operational issues.  
The majority of technological challenges involved system-related issues with the transmission of PrEP ingestion data (primarily caused by bugs in the ID-Cap App and Reader software), and participant-related operational issues (primarily related to using and charging the Reader, and connecting to the Reader via Bluetooth). Though unanticipated, many of the system-side issues were uncovered based on operational feedback from participants. For example, some reported to the study team that they had ingested a digital pill and worn the Reader per the proper procedure, but noted that the ingestion did not appear on the ID-Cap App; in response to this feedback, etectRx was able to identify the bugs and then rapidly design and implement software modifications and hardware updates to improve the transmission of ingestion data. 
While many of the operational challenges on the participants’ side were anticipated, given the novel nature of the system, several were unexpected. Though we projected that participants would have little difficulty operating the wireless charging pad, some found it challenging to correctly place the Reader on the pad to engage the charging coil, as well as to remember to plug the pad into an outlet while in use. These types of unforeseen issues prompted the study team to improve the initial technology training materials and procedures, and to develop enhanced materials for reinforcing proper DPS use throughout the study period. 
Most of the sociobehavioral challenges that emerged across both studies, relating to changes in life circumstances and access to technology, were also unanticipated. For example, some faced financial constraints which limited their access to the ID-Cap App (e.g., insufficient phone data plans, or outstanding bills), and some had limited access to electricity to charge the Reader (e.g., due to unstable housing) or relied on public Wi-Fi networks to allow their Reader to upload adherence data to the server. Other life circumstances created temporary disruptions in DPS use, which then led to additional technological challenges – for example, after one participant’s Reader discharged completely during a hospital stay, they subsequently had difficulty with re-pairing to their phone via Bluetooth after recharging and turning the Reader back on. 
While some sociobehavioral challenges were voluntarily reported by participants – prompting the development of innovative solutions (e.g., subsidizing phone data plans to enable use of the ID-Cap App, or providing access to electricity to charge Readers) – many were first identified by the study team and etectRx while reviewing adherence data in the online server. Periods of consistent nonadherence were flagged, and internal Reader data (e.g., gyroscopic data indicating a lack of Reader movement and/or loss of battery) was then reviewed to further contextualize DPS-detected nonadherence. Taken together, this information prompted outreach from the study team to check in and assist participants with technological issues as needed. Interestingly, in many cases, issues that were initially interpreted as solely technological eventually exposed key sociobehavioral challenges that were interfering with, and had a compounding effect on, PrEP adherence and DPS use. DPS-detected patterns of nonadherence may be indicative of either true PrEP nonadherence or of issues with operation of the technology (which can then also result in nonadherence); it is therefore critical that future research seek to disentangle these issues. 
All of the challenges identified in this investigation highlight the importance of developing a highly adaptable and robust support infrastructure to accompany DPS implementation – both for the purposes of troubleshooting and resolving technological problems, and for managing complex life circumstances – in order to facilitate successful DPS operation in the real world. Such supports should include protocolized strategies to address common, anticipated challenges, such as Reader connectivity, charging, and ID-Cap App operation. Study teams should also implement specific protocols for unexpected challenges, including those that encompass both technological and sociobehavioral issues which may require creative or ongoing solutions. In addition, study teams should aim to distinguish acute issues from longer-term disengagement, utilizing a combination of direct participant feedback, review of DPS-detected adherence data, and review of internal Reader data that may suggest a lack of system use, in order to facilitate prompt, precise intervention. 
Additionally, in light of the multiple syndemic conditions known to impact PrEP adherence in this population – including substance use and other mental health comorbidities (Shuper et al., 2020) – future DPS research in the context of HIV prevention should systematically evaluate the effects of syndemic social and behavioral factors on the adoption of and continued engagement with DPS technology, as well as on PrEP adherence as measured by the DPS. Our strategies for identifying, triaging, and mitigating operational and sociobehavioral challenges across both studies – and with a population utilizing a medication regimen that carries stigma (Golub, 2018) – may help to guide future deployments of DPS technology and uncover additional factors that influence PrEP adherence in this group. 
This investigation had several limitations. Most participants were well-educated and all owned smartphones; the challenges associated with DPS operation may vary across populations, including those with different levels of education and technological fluency, who may also stand to benefit from DPS-based adherence measurement. Both studies also enrolled from a community health center focused on lesbian, gay, bisexual, transgender and queer or questioning (LGBTQ+) research and clinical care, including PrEP care; baseline willingness to use a DPS for adherence measurement may be different across other health care contexts. In addition, given that technological and sociobehavioral challenges occurred on an ongoing and often interconnected basis, frequency data for each specific operational challenge was not collected and was therefore not available for analysis. Finally, as sample sizes were relatively small, findings may not generalize to all HIV-negative MSM with substance use.

5. Conclusion
Though DPS present a unique opportunity to objectively measure adherence behavior, and can be leveraged to deliver real-time supportive adherence interventions, real-world use can involve operational challenges. Across two studies utilizing DPS for PrEP adherence measurement, both system- and participant-related technological and sociobehavioral issues were identified as operational challenges impacting DPS use. While most technological challenges were anticipated as issues that can arise with uptake of any novel technology, some sociobehavioral challenges impacting DPS operation required innovative solutions and intervention. Future research should develop standardized strategies and robust supportive infrastructure to anticipate, identify, and resolve operational issues in order to optimize the potential benefits of DPS technology for adherence measurement.
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Appendix



Table 2. Examples of real-world DPS operational challenges, solutions, and strategies used
	Type of Challenge
	Example(s) of Challenge
	Solutions and Strategies for Management

	TECHNOLOGICAL

	Data Delivery and Display & Functionality of DPS Components

	Transmission of ingestion data from ID-Tag to Reader 
	Ingestion data from ID-Tag periodically not received by Reader
	· etectRx improved signal strength of ID-Tags
· etectRx improved signal detection sensitivity in Reader
· etectRx improved study team ability to identify usage errors in real-time

	Transmission of data from Reader to phone
	Ingestion data from Reader periodically not relayed to ID-Cap App
	· etectRx added debug code to ID-Cap App to more quickly identify failure issues
· etectRx improved Bluetooth connection stability and automatic re-pairing 
· etectRx corrected error in Reader software causing transmission of partial data sets

	Transmission of data from phone to server
	Ingestion data received by ID-Cap App periodically not relayed to server
	· etectRx identified and corrected logic causing data relay failure in ID-Cap App 
· etectRx improved ability to transmit large data sets from Reader after period of disconnection 

	Visualization of data on server
	Duplicate ingestions displayed on server due to communication errors 
	· etectRx modified software to correctly filter display of duplicate ingestions

	Charging components 
	Malfunctioning charging pad, power brick, or charging coil inside Reader
	· Study team replaced charging components for participant use during duration of study
· etectRx identified and corrected manufacturing issue with Reader shielding

	Participant Operation of DPS

	Reader
	Failure to wear Reader for sufficient time during ingestion; failure to turn on and pair Reader before ingestion; failure to launch ID-Cap App before ingestion
	· Study team improved and reinforced training procedures for Reader operation
· etectRx enabled ID-Cap App to run in background on phone, eliminating need to launch app before ingestion

	Bluetooth
	Difficulty pairing Bluetooth to phone; paired Bluetooth outside of ID-Cap App; switched phones during study period and did not re-pair Bluetooth correctly; turned Bluetooth off to save battery
	· Study team improved and reinforced training procedures for Bluetooth pairing
· etectRx updated ID-Cap App to improve pairing utility and enhance automatic re-pair
· etectRx added diagnostic alerts on ID-Cap App for Bluetooth status issues

	Charging procedures
	Failure to charge Reader; lack of use of charging pad or USB charging cord; use of outlet not connected to electricity
	· Study team improved and reinforced training procedures for charging Reader

	Manually recorded ingestions
	Study team unable to determine if manually recorded ingestions due to technology failures or other reasons
	· etectRx added server feature to enable real-time review of reasons for manually recorded ingestion in ID-Cap App

	SOCIOBEHAVIORAL

	Participant Life Circumstances

	Financial constraints
	Inability to pay for phone or data plan to use ID-Cap App; lack of access to electricity to charge Reader
	· Study team provided additional remuneration to alleviate financial issues 
· Study team charged Readers during participants’ study visits as needed

	Change in housing or health status
	Homelessness; hospitalization; incarceration
	· Study team maintained periodic contact and documented impact on study engagement

	Substance use
	Substance use-related impairment in ability to operate DPS
	· Study team maintained periodic contact and documented impact on study engagement

	Travel or other change in routine
	Issues with access to DPS components or medication due to travel or other change in daily routine
	· Study team reinforced training guidance around use of DPS during travel and documented impact on study engagement

	Participant Access to Technology

	Phone access 
	Limited access to phone due to misplacing or breaking device
	· Study team assisted with re-downloading ID-Cap App and re-pairing with Reader

	Reader access
	Limited access to Reader due to misplacing device
	· Study team replaced Reader for participant use during duration of study

	ID-Cap App access
	Limited access to ID-Cap App due to insufficient data, phone storage, or outstanding Apple bills 
	· Study team provided additional remuneration to alleviate financial issues

	Internet access
	Limited access to Wi-Fi or internet at home or in community
	· Study team instructed participants to connect to Wi-Fi while onsite at study visits
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