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Abstract: Direct-acting antivirals (DAAs) achieve high hepatitis C virus (HCV) cure rates 
and are forgiving to missed doses, but adherence–efficacy relationships have not been well 
defined. Traditional adherence measures (e.g. pill counts, self-report and pharmacy refills) 
over-estimate medication adherence. Newer technology-based tools have been used to 
provide more objective adherence data. Herein, electronic medication diaries (e-diaries), 
medication events monitoring system (MEMS®) caps, electronic blister packs, electronic 
pill boxes, video-based directly observed therapy (vDOT), artificial intelligence platforms 
(AIPs), and ingestible sensor systems are described, and compared based on existing studies 
using DAA. Percent adherence, predictors of adherence, and HCV cure rates utilizing these 
technologies are included. DAA adherence with e-diaries was 95–96%, MEMS® caps and 
ingestible biosensors were between 95% and 97%, blister pack weekly dosing ranged 73–98%, 
and daily dosing 73–94%, whereas electronic pill boxes ranged between 39% and 89%, 
vDOT was 98% and AIP 91–96%. Despite a wide range of adherence, high sustained virologic 
response (SVR) rates (86–100%) were observed across all studies utilizing these different 
technology-based tools. Current data support the forgiveness of DAA therapies to missed 
doses using tools that provide more quantitative adherence measures compared with self-report 
and provide insight on adherence–efficacy relationships for contemporary DAA.
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Introduction
Hepatitis C virus (HCV) infection is caused by a 
blood-borne flavivirus, an enveloped positive sin-
gle-sense-strand RNA virus.1 HCV establishes 
chronic infection in the majority of those infected 
(~70%),2 which may lead to cirrhosis, liver can-
cer, and/or death if not treated. An estimated 58 
million people have chronic HCV infection 
worldwide, with 1.5 million new cases annually.2 
There is currently no vaccine to prevent HCV 
infection, but chronic HCV is curable with a vari-
ety of effective direct-acting antiviral (DAA) ther-
apies. Sustained virologic response (SVR) is 
synonymous with cure and is defined as having an 
undetectable HCV-RNA in peripheral blood 

(determined with the most sensitive polymerase 
chain reaction (PCR) technique) 12 weeks after 
completion of treatment ( i.e. SVR12).3,4 Current 
DAA therapies appear forgiving to missed doses, 
based on high SVR rates in clinical trials and real-
world settings.5,6 Achieving SVR12 is associated 
with a number of benefits, including reductions in 
transmission, liver-related manifestations and all-
cause mortality, and improved quality of life.7

Available DAA agents (Table 1) act on three tar-
gets in the HCV lifecycle. NS3/4A protease inhibi-
tors prevent cleavage of enzymes that are essential 
for HCV replication, whereas NS5A inhibitors 
block the protein responsible for proper assembly 
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and function of the replication complex, therefore, 
inhibiting both viral replication and assembly/
egress of viral particles.8 NS5B nucleotide inhibi-
tors suppress viral replication by binding to the 
active site of the polymerase enzyme and termi-
nating the cycle chain. The non-nucleoside inhibi-
tors (less preferred due to their low potency) bind 
to an allosteric site thereby preventing polymerase 
conformational changes.9,10

Combinations of DAAs are used to achieve high 
SVR rates.11 DAA treatment is generally 8 or 12 
weeks in duration with one to three tablets taken 
once daily. DAAs are well tolerated. More com-
mon side effects (occurring in less than 20% of 
patients) include fatigue, gastrointestinal symp-
toms, and headache.12–14

Despite high efficacy rates and good tolerability, 
some patient populations are less likely to be 
treated with DAAs due to adherence concerns, 
such as persons who use drugs (PWUD) or those 
with mental health comorbidities.15–18 DAAs are 
clearly forgiving to missed doses based on high 
rates of SVR12 achieved in clinical trials and in 
practice, but the precise level of ‘forgiveness’ of 
DAA therapies to missed doses is unclear. 
Traditional adherence measures like pill counts, 
self-report, and pharmacy refills have been used 
to capture DAA adherence, however, these meas-
ures have significant shortcomings and tend to 
over-estimate adherence for a variety of disease 
states.19 Newer technology-based measures for 
adherence assessments could help to better 
understand adherence–efficacy relationships with 
DAAs in addition to offering more detail about 

dose timing and adherence patterns in persons 
with HCV.

The purpose of this review is to describe and 
compare technology-based adherence monitoring 
approaches used in persons with HCV and DAA 
adherence as measured by these new approaches. 
Characteristics of study participants (including 
drug and alcohol use) are described to evaluate 
usability and generalizability.

Methodology
Abstracts, posters, presentations, and manu-
scripts relevant for this review were identified 
through searches of Google Scholar and PubMed 
between 2015 and 2021. The following search 
terms were used: ‘hepatitis C’, ‘HCV’, ‘direct act-
ing antiviral’, ‘DAA’, ‘electronic’, ‘adherence’, 
‘technology’. Additional studies were identified 
by following citations of identified manuscripts, 
presentations, and posters. Technologies reviewed 
included electronic medication diaries, medica-
tion events monitoring system (MEMS®) caps, 
electronic blister packs, electronic pill boxes, 
video-based directly observed therapy (vDOT), 
artificial intelligence platforms (AIPs), and ingest-
ible biosensor systems.

Electronic medication diary
Electronic diaries20,21 (e-diaries) function like an 
electronic dose log, allowing participants to man-
ually record drug dosing (and symptoms if desired) 
using handheld devices, such as phones, tablets, 
and computers that are wirelessly integrated in a 

Table 1.  Summary of HCV DAA treatment regimens by class.

DAA treatment regimen NS3/4A protease 
inhibitor

NS5B nucleotide 
polymerase inhibitor

NS5A inhibitor

Elbasvir/grazoprevir (EBR/GZR) x x

Glecaprevir/pibrentasvir (GLE/PIB) x x

Ledipasvir/sofosbuvir (LDV/SOF) x x

Sofosbuvir/simeprevir (SOF/SIM) x x  

Sofosbuvir/velpatasvir (SOF/VEL) x x

Sofosbuvir/velpatasvir/voxilaprevir 
(SOF/VEL/VOX)

x x x

DAA, direct-acting antivirals; HCV, hepatitis C virus.
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website or an application (Figure 1).20,21 E-diaries 
also feature alarms to remind participants to vol-
untarily answer pre-defined study questions, such 
as adverse events (AEs) and date/time entry of 
medication dosing. With this technology, partici-
pants complete questionnaires electronically and 
data are sent wirelessly. Once data are entered 
and accuracy confirmed by participants in the 
e-diaries, it cannot be changed.22 Investigators 
can then access the stored data in designated 
secure cloud.

E-diaries were used to monitor adherence to 
elbasvir–grazoprevir (EBR/GZR) in the phase 3 
randomized, double-blind, multicenter, placebo-
controlled C-EDGE CO-STAR trial.23 HCV 
mono-infected (93%) and HCV/HIV co-infected 
individuals (7%) were on opioid agonist therapy 
(OAT). In this study, 301 participants (Table 2) 
with HCV genotypes 1, 4, and 6 were randomly 
assigned in a 2:1 ratio to immediate versus deferred 
EBR/GZR (50 mg/100 mg daily). In total, 201 
participants were assigned to the immediate-
treatment group (ITG) and received EBR/GZR 
for 12 weeks, and 100 were assigned to the 
deferred-treatment group (DTG). The latter 
received placebo for the first 12 weeks followed by 
4 weeks of follow-up prior to the 12-week open-
label treatment phase with EBR/GZR. All 100 in 
the DTG had detectable HCV RNA at week 16, 
of which 95 started the open-label study medica-
tion for active treatment. Substance use was 

assessed at baseline, day 7, every 2 weeks during 
treatment and at SVR 4, 8, 12, and 24 via urine 
drug screening (UDS).

By intention to treat, SVR12 was 91.5% (184/201; 
(95% CI: 86.8%, 95%)) in the ITG group versus 
89.5% (85/95; (95% CI: 81.5%, 94.8%)) in the 
active phase of the DTG.23 Adherence by e-diary 
in the initial 12-week treatment period was >95% 
in 192/199 (96.5%) of ITG participants and 97/97 
(100%) of the placebo-phase DTG. Adherence 
was 91/95 (95.8%) during the active-phase DTG. 
Positive UDS results were found in >50% of par-
ticipants for at least one recreational drug, but 
there was no difference in SVR rates between 
those who had positive versus negative UDS.

Medication events monitoring system 
(electronic MEMS® caps)
Medication event monitoring system24 (Electronic 
MEMS Caps (MWV Healthcare, Switzerland 
Ltd, Sion, Switzerland)) is a conventional medi-
cation bottle equipped with an electronic chip cap 
that records the date and time of each bottle 
opening/closing (Figure 2)24 Dosing data are 
recorded in real-time but must be transferred 
from the cap and stored on a secure and central-
ized server to be accessed. Encrypted data can be 
exported from the manufacturer’s server for  
visualization and analysis at the clinical site. 
Compatible smartphones or tablets can also be 

Figure 1.  Schematic of electronic diary showing patient access, log drug dosing, and symptoms are logged 
manually (left), versus trial manager access (right), monitor, and visualize patient data. E-diary measures 
medication adherence, adverse effects, and provides schedule reminders.
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provided to patients to download the stored data 
from the caps to the pre-installed software.24

MEMS Caps were used to monitor DAA adher-
ence in the NIH SYNERGY trial: a three-arm 
phase 2a clinical trial that investigated whether a 
third potent DAA added to ledipasvir/sofosbuvir 
(LDV/SOF) could reduce treatment duration 
from 12 to 6 weeks.25 The impact of participants’ 
adherence to HCV treatment outcomes and risk 
factors associated with suboptimal adherence 
were also investigated. Sixty HCV mono-infected 
treatment-naïve, genotype 1 participants (Table 
2) were enrolled into one of three arms (n = 20 
participants per arm): (1) LDV/SOF (90 mg/400 
mg) once daily for 12 weeks, (2) LDV/SOF plus 
an investigational protease inhibitor (GS-9451) 
80 mg once daily for 6 weeks, and (3) LDV/SOF 
once daily plus an investigational non-nucleoside 
reverse transcriptase inhibitor (GS-9669) 500 mg 
twice daily for 6 weeks.

Adherence was measured using MEMS caps, pill 
counts, and patient self-report. In participants 
treated with LDV/SOF alone, adherence by 
MEMS, pill count, and self-report were 96.7%, 
98.2%, and 99.3%, respectively.25 LDV/SOF +  
GS-9451 adherence was 97.3%, 98.2%, and 99.3% 
by MEMS, pill count, and self-report, respectively. 
LDV/SOF + GS-9669 adherence was 95.0%, 

98.9%, and 99.5% by MEMS, pill count, and self-
report, respectively.25 MEMS adherence in all 
arms was lower than those of self-report. Adherence 
by MEMS was similar to pill count for the one and 
two pill(s) per day treatment arms, but significantly 
lower for three pills per day. Overall, (58/60) 
96.6% of the patients in the study achieved SVR. 
Of those who did not achieve SVR, one was incar-
cerated and the other missed one dose according 
to MEMS and no doses by self-report.

The most common self-reported reasons for miss-
ing doses included ‘feeling as if the treatment was 
working’ (38%), ‘forgetting’ (35%), and ‘being 
away from home’ (32%).25 MEMS adherence 
decreased over time from 98.1% (weeks 0–4) to 
95% (weeks 8–12) in the 12-week treatment arm. 
Use of marijuana, cocaine, or heroin in the 6 
months before therapy or alcohol use (three 
drinks daily or five drinks within 2–4 h at any 
time) within the prior 30 days was associated with 
lower adherence in the 12-week, but not in the 
6-week treatment arms. Self-report tended to 
overestimate adherence by ~2–4% compared with 
MEMS caps (and pill counts for the three pills 
per day regimen), but overall adherence to HCV 
treatment was high in this study, showing that 
even individuals with perceived risk factors for 
non-adherence have very high adherence to HCV 
treatment.

Figure 2.  Schematic of the Medication Event Monitoring System (Electronic MEMS Caps) consisting of 
medication bottle equipped with an electronic chip cap (left), and the reader (center) for patients to download 
stored data that are exported to the software for visualization and analysis of adherence patterns by the 
provider (right).
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Electronic blister packs
Electronic blister packs26 are single unit-of-use 
packaging systems equipped with radio frequency 
identification (RFID) sensor tag grids that record 
the date and time of capsule or tablet pill dosing 
(Figure 3).26–28 Standard blister packs are made of 
two essential components: (1) the cavity contain-
ing the pill and (2) the backing that helps to seal 
the pill in the package.29 Each pill may be pushed 
out by pressing into the back of the cardboard. 
Smart blister packs developed by Med-ic  
ECM® (Ottawa, Ontario, Canada) or Schreiner 
MediPharm (Germany) in partnership with 
AARDEX (Belgium, Switzerland, and the United 
States) incorporated sensors into standard blister 
packs to help trace, record, and improve adherence 
capturing. Dosing information is automatically 
stored in the medication package and transmitted 
to secure cloud when packaging is either scanned to 
a smartphone compatible app by participants, or 
to a reader by study personnel when blister packs 
are returned at follow-up visits.28,30

The RISE-II study was a single-arm prospective 
study that evaluated real-world adherence and 
SVR rates to LDV/SOF or sofosbuvir/simeprevir 
(SOF/SIM) in PWID receiving OAT for 8–24 
weeks across three study sites.31 DAA adherence 
was calculated multiple ways: daily dosing within 
6 and 24 h of the assigned dosing time and weekly 
dosing (number of doses taken/1-week period) 
with electronic blister packs. In addition, monthly 
self-report with a visual analog scale (VAS) rang-
ing from 0 to 100% was provided and urine toxi-
cology was obtained via chart review.

This study enrolled 61 participants (Table 2) who 
were mostly HCV genotype 1 (97%). 25% 

(N = 15) of participants were treated with SIM/
SOF and 75% (N = 46) received LDV/SOF.31 
DAA treatment durations were 8 (13%, N = 5), 12 
(82%, N = 50) and 24 (10%, N = 6) weeks. 
Compensation of US$10 was provided weekly. 
Mean adherence was 63.4%, 73.4%, 90.2%, and 
98.4% for daily dosing within 6 and 24 h of sched-
uled time by blister pack, weekly by blister pack, 
and monthly by VAS, respectively.31 A decrease in 
doses taken within 24 h was observed as weeks of 
treatment increased. Daily time-frame adherence 
by blister pack for weeks 1–4 was 74.8%, versus 
74.1% for weeks 5–8 and 71.3% for weeks 9–12. 
SVR12 was achieved in 98.4% (60/61) of partici-
pants. The one participant that did not achieve 
SVR12 was LTFU after achieving SVR4.

Adherence to fixed dose of sofosbuvir/velpatasvir 
(SOF 400 mg/VEL 100 mg) and risks factors for 
imperfect adherence in PWID were investigated 
in the SIMPLIFY study in Australia.5,32 One 
hundred and three PWID with recent drug use 
(within 6 months) and chronic HCV infection 
took 12 weeks of SOF/VEL in a weekly blister 
pack. Self-reported adherence (by questionnaire) 
and pills remaining in the blister pack were also 
assessed every 4 weeks. Compensation of $30 
Australian was given to each participant for 
returning the blister packs to download adher-
ence data and for treatment follow-up.

Overall median adherence was 94% and 98% 
daily and weekly, respectively, compared with 
self-reported adherence which was 99%. Ninety-
seven percent (n = 100) completed treatment at 
12 weeks with SVR of 94% (97 of 103 (95% CI: 
88–98%)).5,32 Among 81 reports of non-adher-
ence during therapy, reasons for non-adherence 

Figure 3.  Schreiner MediPharm (left) versus Med-ic ECM (right). Schematic of the electronic blister pack 
system showing tablets pushed out from blister pack (equipped with radio frequency identification tag that 
records medication type, extraction time, specific cavity) and exportation of data via smartphone/reader for 
provider adherence analysis and follow-up.
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were: ‘Forgot’ (67%), inaccessibility at dose time 
(17%), and lost pills (9%).5 Overall, 34% (n = 35) 
of participants were <90% adherent to SOF/
VEL.5,32 The odds of non-adherence were ~two- 
to three-fold higher among those injecting stimu-
lants (cocaine and/or amphetamines) during 
treatment.5 SVR was the same among those with 
⩾90% adherence (94%, 66/70) versus those with 
less than 90% (94%, 31/33). Ninety-seven of the 
100 participants who completed treatment 
achieved SVR, and 82% (9/11) of the highly non-
adherent participants completed treatment and 
achieved SVR.32

A separate study, PREVAIL, examined adher-
ence, treatment completion, and SVR12 using 
either Med-ic blister packs or directly observed 
therapy (DOT) in a three-arm randomized con-
trolled trial.33 This included two intervention 
groups (DOT and group treatment (GT)) and 
one control group (self-administered individual 
treatment (SIT)). DOT was performed during 
methadone visits in opioid treatment programs 
(OTP), whereas GT group participated in weekly 
HCV examination and educational sessions 
where some received peginterferon injections and 
weekly blister pack medications. All SIT partici-
pants received weekly blister pack medications 
and self-administered them.

A total of 158 participants were included in an 
adherence sub-study in which 53, 52, and 53 par-
ticipants were randomly allocated to DOT, GT, 
and SIT, respectively. Fifty-one, 48, and 51 par-
ticipants initiated and completed treatment in 
DOT, GT, and SIT groups, respectively. In total, 
98% (147/150) of all participants received metha-
done DOT four to six times weekly.33 Most par-
ticipants (77% (115/150) received DAA 
treatments, including LDV/SOF (n = 104, 69%), 
SIM/SOF (n = 11, 7%), and the others received 
SOF/RBV (n = 17, 11%), telaprevir (TVR)/
pegylated interferon/ribavirin (n = 15, 10%), and 
SOF/pegylated interferon/ribavirin (n = 3, 2%).33 
Overall treatment completion was 97% (95% CI: 
92–99%; with no difference between groups: 
p = 0.53).33 Overall adherence was 78% (95% CI: 
75–81%) across all groups. Adherence was higher 
in the DOT group (86%) than in the SIT group 
(75%, p = 0.001). The GT arm was 80% adher-
ent and did not significantly differ from the SIT 
group. Overall SVR was 94% (95% CI: 89–97%). 
No significant difference (p = 0.152) was found 

between group SVR rates: 98% (95% CI: 90–
100%) for DOT; 94% (95% CI: 83–99%) for 
GT, and 90% (95% CI: 79–97%) for SIT. SVR 
in SIT was numerically, but not statistically, 
lower than DOT and GT.33 Limiting data only to 
DAA treatments, overall SVR was 95% (95% CI: 
89–98%; p = 0.056). Group SVR for DAAs alone 
were 100% (95% CI: 90–100%) for DOT, 95% 
(95% CI: 83–99%) for GT and 90% (95% CI: 
76–97%) for SIT.33 Among those taking only 
DAAs, overall adherence, consecutive days of 
doses taken or missed, and adherence in the first 
4 and 8 weeks of treatment (but not weeks 8–12) 
were associated with SVR.34

Electronic pill boxes
Electronic pill boxes, such as the Wisepill® 
RT2000 (Cape Town, South Africa),35 are reus-
able compartmented pill boxes that wirelessly 
monitor opening of the outer pill box portion 
(Figure 4).35 These are equipped with a SIM card 
connected to a cellular network and are battery 
powered.36 As users open the box to take medica-
tion, a cellular signal is sent to the web-based 
server, and the appropriate healthcare staff can 
access and transfer the recorded data via a cen-
tralized server in real-time. These devices have 
been used in multiple clinical studies across dif-
ferent therapeutic areas, including HCV.37–39

Coffin et al. conducted a randomized (2:1) trial of 
modified DOT (mDOT) versus Wisepill only 
based LDV/SOF (90 mg/400 mg) monitoring in 
persons with HCV and injection drug use.39 
mDOT participants received in-person doses at 
the clinic on weekdays and weekend doses in a 
Wisepill® dispenser. Participants randomized to 
the Wisepill-only arm had seven tablets loaded in 
their Wisepill device at weekly study visits for self-
administration. Thirty-one participants were ran-
domized to either the mDOT intervention 
(n = 20) or unobserved arm (n = 11). Participants 
in both arms attended weekly visits for reviews of 
medication adherence by pill count, concomitant 
medications, and AE review, and UDS. 
Compensation of up to US$340 was provided.

Retention rates were 96.6% and 96.3% in the 
Wisepill-only and mDOT arms for weekly visits, 
respectively (p = 0.89).39 mDOT dosing partici-
pants attended 89.4% of daily dosing visits. In this 
study, 91.6% of daily visits were completed and 
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all remaining participants completed treatment 
(96.8%). Mean adherence was 39.2% in the 
Wisepill-only arm versus 49.9% for weekend doses 
in the mDOT arm (p = 0.66). Only 36.4% and 
60% of participants in the Wisepill-only and the 
mDOT arms, respectively, demonstrated >50% 
adherence with Wisepill (p = 0.27).39 However, 
many participants never opened their Wisepill dis-
pensers and in 53% of visits, the dispensers were 
not returned (p = 0.72). Therefore, replacement 
Wisepill dispensers were provided. Adherence by 
pill count was 99.5% in visits involving return of 
Wisepill dispensers or alternative pill containers. 
SVR12 was reached for 28/31 (90.3%) partici-
pants.39 Among those who failed to achieve SVR, 
1 terminated early, another relapsed, and the 
other was reinfected. Given the high rate of SVR, 
it is likely that participants were still taking HCV 
therapy, but not consistently engaging in use of 
the Wisepill container in this study.

Video-based platforms
vDOT platforms like emocha® Mobile Health 
(Baltimore, MD),40 allow providers to asynchro-
nously and remotely visualize and monitor  
medication adherence (Figure 5).40 Patients 
video-record their medication ingestion using the 
Emocha application on a smartphone. Other 
information, such as AEs, can also be entered. 
Once transmitted into the designated secure 
cloud, the authorized staff receive the encrypted 
video and data.40,41

The INtensive monitoring of hCv antiviraL 
adherence in persons Using Drugs (INCLUD) 
study investigated adherence to LDV/SOF, SVR, 
and risk factors associated with low adherence in 
PWUD and alcohol.42 Sixty participants were 
randomized to take LDV/SOF by either WOT, 
Wisepill® or vDOT with a smartphone app 
(miDOT using emocha® Mobile Health, 
Baltimore, MD). Participants were stratified by 
injection drug use (IDU) and cirrhosis status. 
Self-reported drug use and urine toxicology 
screen were performed every 2 weeks during the 
12-week LDV/SOF treatment period. 
Compensation of US$20 per visit with an addi-
tional US$5/video for adherence monitoring 
engagement and US$5/week for pill box exchange 
were given to vDOT and WOT participants, 
respectively.

Overall and between-visit adherence were calcu-
lated by WOT and vDOT. Total median (range) 
adherence was 96% (1–101%) for the overall 
population, 89% (49–100%) for WOT, and 98% 
(30–101%) for vDOT. Median (range) between-
visit adherence was 93% (7–100%) with WOT, 
and 100% (0–107%) with vDOT.42 During the 
treatment period, drug use occurred at 94% of 
the 343 person-visits based on self-report or 
UDS. SVR rates were 86.7% (52/60) and 94.5% 
(52/55) by the intent-to-treat (ITT) and as-
treated populations, respectively.42 Of the 31 par-
ticipants in the WOT study arm, 26 achieved 
SVR. Out of 29 participants in vDOT, 26 

Figure 4.  Schematic of a pill box – Wisepill RT2000 for medication adherence monitoring. As patients open the 
box, a cellular signal is sent to the web-based server, and research staff access and transfer the recorded data 
via a centralized server.
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achieved SVR. Overall, high adherence and cure 
rates were achieved with LDV/SOF using both 
technologies. Findings from this study indicate 
LDV/SOF is forgiving since cure was achieved 
even with imperfect adherence ranging as low  
as 30%.

Artificial intelligence platforms
AIPs, such as AiCure®, are novel technology-
based adherence monitoring approaches that use 
facial recognition systems to monitor dosing in 
real-time (Figure 6).43 AIP is designed for syn-
chronous audio-visual confirmation of medica-
tion ingestion by tracing patients’ identity, type of 
medication, and ingestion behaviors from a 
smartphone or camera tablet.37 AIP can also be 
used to remind patients when and how to take 
medications by sending timely notifications to 
patients for improper medication administration, 
late or missed doses. Encrypted dosing data are 
stored on participants’ tablets/smartphones and 
sent wirelessly into web-based dashboards.44

AIP has been explored as a means of monitoring 
adherence to HCV therapy in two small pilot 
studies that both utilized the AiCure platform 
(New York, NY). The first was an open-label, 
non-randomized study of 17 PWID during self-
administration of LDV/SOF for 8 (n = 2) or 12 
weeks (n = 15).45 All participants completed 

treatment and mean cumulative adherence by 
visual AIP was 91.3%. Fifteen of 17 participants 
(88.2%) achieved SVR12.45 The two participants 
who failed to achieve cure despite high adherence 
rates of 98% and 100%, had stage 3 fibrosis and 
cirrhosis, respectively. The former received only 8 
weeks of LDV/SOF. Study compensation was not 
described.

In a separate study, 124 members of a health plan 
initiating HCV treatment were asked to utilize 
smartphone-based AIP for DAA dosing.46 Forty 
participants (32%) responded and agreed to use 
AIP and were given US$5 per daily DAA dose 
and US$60 monthly bonuses for adherence 
>85%. Individuals were treated with one of three 
DAA regimens: LDV/SOF (n = 26), SOF/VEL 
(n = 18), or GLE/PIB (n = 49).46 AIP participants 
had adherence >95% and 98% of DAA doses 
were taken within 5 h of the AIP reminder time. 
To compare DAA adherence with versus without 
AIP, the proportion of days covered (PDC) based 
on commercial pharmacy claims was compared 
among those who used AIP versus a control group 
of non-AIP participants. PDC data were available 
for 56 non-participants and 35 of the 40 AIP 
participants. PDC among participants using  
AIP was significantly higher (96.2%) than non-
participants (87.6%, p = 0.02).47 There was no 
difference in PDC between regimens. SVR results 
were not reported in this study.

Figure 5.  Emocha—schematic of video directly observed (vDOT) technology illustrating patient-facing side 
allowing to record, review, and send medication ingestion, side effects, therapy progress, and adherence (left). 
The provider-facing side is accessible by research personnel for adherence review, analysis and follow-up 
from electronic devices (right).
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Ingestible biosensor systems
Ingestible biosensor systems are a unique way to 
measure adherence as they measure actual drug 
ingestion. Proteus Discover™ (Proteus Digital 
Health, Inc.; Redwood City, CA)48–50 is an exam-
ple of an ingestible biosensor system in which 
medications are co-encapsulated with micro digital 
ingestible sensors made of active layers, integrated 
circuit, and insulating skirt disk (Figure 7).48–50 
Once ingested, gastric fluid powers a battery  
followed by the activation of the sensor.51 The  
signal and all related activities are detected by  
the adhesive wearable sensor patch. EtectRx™ 
(Gainesville, FL) uses a different ingestible sensor 
system, the ID-Cap™ system. The differences here 
are (1) the ID-Tag™ is made of magnesium/silver 
chloride pairs and is embedded in a gelatin cap-
sule52 and (2) a wearable neck reader reads the 
radio frequency signal instead of a patch.53 Both 
Proteus and EtectRx™ technologies are Food and 
Drug Administration (FDA)-approved. Adherence 
data are recorded, stored, and displayed on desig-
nated mobile application or a web portal.54 
Patients can manually enter dosing if ingestion is 
not captured and can also enter the reason for a 
manual ingestion.

Proteus Discover™ was used to determine DAA 
efficacy and adherence in persons with HCV and 

at risk for non-adherence. This prospective, single- 
arm, open-label, multicenter study was conducted 
across 18 clinics in the United States among adults 
initiating oral DAA for chronic HCV treatment.49 
Patients were treated and monitored wirelessly 
with the sensor co-encapsulated fixed dose of each 
regimen. The main efficacy outcomes evaluated 
were SVR12 and medication adherence. A total of 
288 participants were enrolled and received DAA 
treatment for 8 or 12 weeks. Participants received 
either SOF/VEL (19%, n = 56), LDV/SOF 
(26%, n = 74), or GLE/PIB (55%, n = 158). 
Overall, 81.9% (236/288) of the enrolled partici-
pants completed the treatment phase. The 
remainder (n = 52) were LTFU (n = 35) or with-
drew from the study (eight participants for 
ingestible sensor system-related reasons, five for 
AEs, three for non-AEs, and one ineligible after 
enrollment).

In all, 218 out of the 236 participants (92.4%) 
who completed treatment had adherence and 
SVR data at least 10 weeks after treatment com-
pletion available. Of the remaining 18 who did 
not complete post-treatment follow-up, one did 
not have HCV RNA measured but the other 17 
participants had HCV RNA measures at a median 
of 5.6 weeks post completion of DAA treatment. 
Adherence rates in the latter were 88.7% and 

Figure 6.  Schematic of the artificial intelligence platform (AIP) that uses audio-visual recognition systems to monitor dosing 
compliance (left) and store encrypted data to the web-based dashboards for provider review in real-time (right).
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94.4% in 16 and 1 participants, respectively. 
Overall mean adherence was 95% (90.5%, 
97.6%). Median (interquartile range (IQR)) 
adherence per DAA regimen were 96.1% for 
LDV/SOF, 95.2% for VEL/SOF, and 94.6% for 
GLE/PIB.49 Overall, 99.1% achieved SVR, rec-
ognizing that this value is based on those with 
complete data and does not count non-completers 
as failures.

This study included a survey of participants’ and 
providers’ satisfaction with the technology, more 
than 80% of the 230 participants who completed 
the survey responded with ‘strongly agree’ or 
‘somewhat agree’ to perceived usefulness and 
‘ease of use’ of the system. Also, 66.7% (12/18) of 
providers returned their four-question survey on 
the usefulness of the ingestible sensor system in 
their treatment decision. Seven percent (20/288) 
of the enrolled participants experienced nonseri-
ous skin AEs (rash, dermatitis, and erythema) 
related to Proteus patch. Nonserious AEs (diar-
rhea, nausea, anxiety, and fatigue) deemed pos-
sibly related to the ingestible sensor were reported 
in 1% (3/288) of enrolled participants.

A separate study evaluated adherence to LDV/
SOF treatment among patients with HCV infec-
tion also using the Proteus platform.55 In this 
prospective, observational, open-label, 24-week 
single-arm pilot study conducted at two study 
sites, participants who were able to use a smart-
phone/tablet and had adequate data connectivity 
at home were eligible to participate. A total of 31 
patients were screened, of which 28 were enrolled 
(Table 2). Eighty-nine percent of participants 
achieved adherence of least 95%, and the overall 
mean adherence was 97%. Risk factors associated 
with lower mean adherence included education 
level (91% for high school vs 96% for less than 
high school), psychiatric comorbidity (90% for 
psychiatric comorbidity vs 96% for those without 
a psychiatric comorbidity), and a combination of 
race, level of education, and psychiatric comor-
bidity (88% for African Americans with high 
school education or less, and psychiatric comor-
bidity vs 96% for others).55

The ingestible sensor system allowed for same-
day intervention from providers in 39% of par-
ticipants. Ninety-three percent of participants 

Figure 7.  Proteus Discover—overview of ingestible sensor system (top) depicting sensor-co-encapsulated pill, 
a wearable patch, and mobile device app from which stored medication adherence, physical, physiological/
behavioral data are sent to provider web portal from the secure server once pill is ingested (bottom).
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Table 2.  Demographic characteristics of participants.

Technologies/
studies

Participants 
(n)

Mean/
median 
age (years)

Male 
sex 
(%)

Majority of 
race (%)

Risks factors at baseline

Electronic medication diary

  Dore et al.23 301 18 or older 76.4 White (80.1) Positive urine drug screening (97.6%), 
cirrhotic (20.6%), amphetamines, barbiturates, 
benzodiazepines, buprenorphine, cannabinoids, 
cocaine, methadone, other opioids, phencyclidine, 
and propoxyphene

Medication events monitoring system

 � Petersen 
et al.25

  60 72 Black (88) High-school degree or less (63%), psychiatric 
comorbidity (57%), intravenous drug use 6 months 
prior (52%), alcohol (10%), marijuana (17%), 
cocaine (8%), and/or heroin (5%)

Electronic blister packs

  Litwin et al.31   61 53 62 Latino (66) Medicaid insured (93%), HIV-negative (85%), 
cirrhotic (1/3), psychiatric comorbidities (74%), 
medical comorbidities (85%), injection drug use/ 
methadone (95%), tobacco use (77%), alcohol use 
(15%), any drug use (58.6%), opiates/prescription 
drugs (41%), benzodiazepines (34%), and cocaine 
(31%)

 � Cunningham 
et al.5, 
Grebely 
et al.32

103 48 72 Receiving opioid agonist therapy (59%), injection 
drug use (74%), heroin (55%), amphetamines 
(30%), and other opioids (21%)

 � Akiyama 
et al.33

150 51 65 Non-Caucasian 
(92)

Treatment-naïve (89%), drug use (65%), opioids 
(47%), cocaine (47%), drug injection (75%)

Electronic pill boxes

  Coffin et al.39   31 42 80.7 White (74.2) Injection drug use (45.2%)
Heroin (77.4%), prescription opioids (29%), cocaine/
crack (22.6%), methamphetamine injection (67.7%), 
mean injection partners 6.2, syringes sharing 
45.2%, ‘cooker’ sharing 35.5%

Electronic pill boxes or video-based directly observed therapy

 � Brooks 
et al.42

  60 51 78 White (72) Drug and alcohol use, HIV co-infection 
(78%), substance use: marijuana (60%), 
methamphetamine (37%), opioids (22%), cocaine 
(17%), alcohol use (56% person visits) and 19% 
were heavily using alcohol ranging from 0 to 17 
drinks daily per self-report

Artificial intelligence platforms

  Litwin et al.45   17 51 70.6 Latino (76.5) Polysubstance use (70.6%) (heroin, cocaine, crack 
cocaine, benzodiazepines and/or prescription 
opioids)

(Continued)
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Technologies/
studies

Participants 
(n)

Mean/
median 
age (years)

Male 
sex 
(%)

Majority of 
race (%)

Risks factors at baseline

  Leo et al.46   35 53 63 N/A N/A

Ingestible biosensor systems

 � Sulkowski 
et al.49

288 53 67.4 African-
American (42)
Caucasian (39)

Medicaid insurance (64.9%)
Psychiatric disorders (61.1%), cirrhosis (10.8%), 
HIV co-infection (18.8%), drug/substance-use 
disorder (29.2%), alcohol use disorders (3.7%)

 � Bonacini 
et al.55

  28 59 61 Caucasian (39)
African-
American (36)

Treatment-naïve (93%), psychiatric comorbidities 
(46%), history of drug abuse (32%)

N/A, not  available.

Table 2.  (Continued)

achieved SVR12. The other two participants 
relapsed (one with 90% adherence and the other 
with 95% adherence suggesting viral resistance). 
Twenty-six participants responded to the patient 
satisfaction survey and 21–25 were mostly satis-
fied with the use of the system device. Ninety-
two percent completely or somewhat agreed that 
system was easy to use; 96% had no issues wear-
ing the patch and sharing data with study person-
nel, and 85% understood the importance of 
taking medications as scheduled. Four partici-
pants reported AEs (rashes and itching) related 
to patch usage, ranging from mild to severe, but 
they all resolved.

Discussion
Several adherence monitoring tools have been 
studied in persons with HCV, many of which are 
novel, technology-based approaches to monitor 
and improve medication adherence, better under-
stand adherence patterns, and allow for real-time 
interventions if needed. Many of these tools were 
also evaluated in patient populations historically 
considered to have adherence challenges. As 
expected, DAA adherence assessed using pill 
counts and self-report (>98% and >99%, respec-
tively) was higher in these studies than that 
observed using technology-based monitoring 
tools. Adherence ranges among studies with tech-
nology-based tools (Tables 3 and 4) were as  
follows: vDOT (98%), MEMS® caps and ingest-
ible sensors (95–97%), e-diaries (95–96.5%), 
AIP (91–96%), blister pack weekly adherence 

(73–98%), blister pack daily adherence (73–
94%), and electronic pill boxes (39–89%). Daily 
adherence measured by blister packs in RISE-II 
and SIMPLIFY were lower compared with 
weekly adherence (doses taken more than 24 h 
apart), suggesting that participants may take all 
the prescribed doses in a week, but may take more 
than one pill in a single 24-h period. Use of drugs 
was associated with lower overall adherence 
across several studies, but adherence was still 
high.33 Also in INCLUD, between-visit dosing 
was lower with WOT compared with vDOT.42 
These patterns of DAA adherence suggest that 
patients may take doses but perhaps not as sched-
uled. Considering homelessness, substance use, 
and other risk factors, it is possible that pocket 
dosing could explain the discrepancies, especially 
if participants found dispensers too bulky to carry 
when moving between places or planning to be 
outside of the home at the next scheduled dosing. 
These electronic technologies were developed to 
improve upon some issues observed with the 
standard monitoring methods, such as pill counts, 
pharmacy refills, and self-report, all of which tend 
to overestimate adherence and cannot measure 
medication ingestion.56 While the technologies 
may provide a more accurate estimate of HCV 
medication adherence and even improve adher-
ence, they do have some limitations, reviewed 
below, and outlined in Table 5, they require par-
ticipant engagement with the technology, and 
increased costs. Costs of the technology may vary 
and are dependent on factors, such as study sam-
ple size/number of patients, monitoring duration, 
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whether technology is needed for participants to 
upload data directly versus only research or clinic 
personnel, and number of study personnel or 
clinical providers who require access to the data.

E-diaries present the advantage of limiting recall 
bias, incomplete entries, and loss of data com-
pared with paper diaries.57 These also help resolve 
handwriting issues and manipulation of data since 
date and time data entered by users are stamped 
electronically. Both adherence and SVR meas-
ured by CRF health in this review paper were 
higher than 90%. However, medication ingestion 
is not verifiable by the provider. The devices 
could also be limited to those who are comforta-
ble with use of technology, have an electronic 
device and power to charge the device daily in 
addition to having access to reliable Internet for 
the reported data to be viewable by the provider.

MEMS, blister packs and pill box technologies 
seem more adapted and convenient to users even 
for those who are not technologically savvy, as 
data are recorded at each opening event of the 
cap, box, or pop of the blister. However, like 
e-diaries, these three technologies do not confirm 
medication ingestion. In addition, they cannot 
remind users of the time the medication was pre-
viously taken,26 nor can they provide reminders to 
take the next dose. Adherence and SVR meas-
ured by MEMS were each higher than 95%. Of 
these three technologies, the lowest SVR was 
recorded with Wisepill (39–89%). Although 
adherence measured by Wisepill consistently 
appeared lower compared with those measured 
by all other technologies, high SVR was still 
achieved across all adherence assessments with 
DAA regimens including among PWID.

vDOT resulted in the highest adherence (98%) of 
all other monitoring tools in this review and was 
associated with lower odds of missing doses 
between visits. It might be more adapted and 
accurate compared with some tools in that drug 
ingestions are video-recorded and uploaded 
encrypted to secure server for visualization by 
study personnel. Participants may also feel more 
comfortable video-recording in settings of their 
convenience versus direct observation by the per-
sonnel at a clinic. However, limitations of this tool 
can include operational or technical challenges 
such as difficulty recording while ingesting medi-
cations, missed recordings due to uncharged elec-
tronic devices, low network range or Internet 
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when in remote areas therefore preventing 
uploading of the recordings. Also, the use of this 
technology might be limited in developing coun-
tries due to low or expensive technological infra-
structures. Privacy and data breach concerns 
could limit participants willingness of using 
vDOT app. Cost of the technology could also be 
a limitation. As alternatives, live video DOT, such 
as TimeStamp, FaceTime, Skype, or Tango could 
be used, but an advantage of emocha is that it is 
Health Insurance Portability and Accountability 
Act (HIPAA)-compliant and stores the dosing 
data in a centralized database, allowing staff to 
view at their convenience.

Mean cumulative adherence in the AIP studies 
were 91.3%45 and 96.2%,47 respectively. These 
are relatively higher than the adherence measured 
by blister packs in the 51 participants in the DOT 
arm of the PREVAIL study (86%)33 and that of 
the SIT arm (75%).33 Small sample size related to 
AIP, lack of randomization, and monetary incen-
tives may have impacted results and limited gen-
eralizability of study findings. There may also be 
feasibility and technological challenges with AIP. 
Some patients may not engage with AIP due to 
frustrations with the requirements to show their 
faces, pills in hand, then on tongue, and the 
empty bottom of the tongue. In the reviews of 
AiCure Google Play Mobile application soft-
ware,58 users complained about the app crashing, 
resulting in delayed or missed reporting of dosing 
events due to rebooting the phone. Others dis-
liked the alarm that cannot be silenced when 
medications cannot be taken. Despite these cri-
tiques, in a study of ischemic stroke patients, 83% 
of those randomized to use AIP to monitor anti-
coagulant dosing rated AIP as ‘extremely good’ as 
a medication management tool and means to 
improve provider/patient relationship.44 Uptake 
of AIP-based technology to monitor DAA adher-
ence will likely depend on its ease of use and reli-
able access to technology.

The two studies using ingestible biosensor sys-
tems suggested that this platform may be used to 
support adherence and optimize cure rates in dif-
ficult to treat HCV populations and those with 
pre-existing conditions. A study suggests ingesti-
ble sensor systems might be cost-effective in com-
parison with in-person DOT approaches. Proteus 
Digital Health was found to be time and cost-
effective compared with in-person 7- or 3-day 
DOT among persons receiving tuberculosis 

treatment as the cost of Proteus was 1/3 of the 
7-day DOT, and approximately 2/3 the cost of 
3-day DOT considering the public health facili-
ty’s cost-to-treat.59 This technology might pre-
sent some desirability limitations that could come 
with swallowing a sensor along with the medica-
tion. For example, crushing pills encapsulated 
with sensor is not possible, and the size of some 
medication tablets may prohibit the ability to use 
this technology. In addition, the potential chal-
lenges arise for having to wear a patch often, 
which can easily come off after showering or due 
to perspiration, without replacement, leading to 
loss of data available for therapy management 
unless the participant has the option to manually 
enter the doses. Rashes and itching AEs related to 
patch wearing could also limit the choice of this 
technology over others. The logistics of coordi-
nating over-encapsulation of tablets across multi-
ple sites may also be challenging for large-scale 
uptake.

The evaluation of the technologies used to moni-
tor HCV adherence in this article focused on 
providing general descriptions of each technol-
ogy along with key findings from HCV treatment 
studies that reported adherence measures along-
side SVR results. It would be helpful to have par-
ticipants’ feedback on the technologies to 
compare advantages and limitations for real-
world applications. Future studies should com-
pare technologies side-by-side based on cost 
(application costs and provider/researcher costs), 
functionality, usability, quality, satisfaction, and 
AEs according to users’ feedback, as well as 
adherence and SVR for a more comprehensive 
comparison. Such data were not readily available 
or reported, limiting this review. Overall, some 
adherence monitoring technologies provide more 
objective evidence  
of medication ingestion (such as AIP, vDOT, 
ingestible sensors) in comparison with other 
approaches. Though adherence results were vari-
able across studies, high SVR rates were observed 
across many of these studies (Table 3), support-
ing the forgiveness of DAA therapies to missed 
doses. However, it is important to highlight that 
forgiveness rates might not be the same across all 
DAA regimens due to differences in pharmacoki-
netic properties of the drugs (e.g. longer or 
shorter half-lives). The choice of a monitoring 
tool should consider multiple factors. While high 
SVR rates do not indicate a need for widespread 
implementation of technology-based tools to 
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monitor DAA adherence in routine clinical prac-
tice, these tools may prove very useful in a variety 
of research and clinical care scenarios.
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