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Background. Adequate medication adherence is critical for achieving sustained viral response (SVR) of hepatitis C virus (HCV)
among people who inject drugs (PWID). However, it is less known which patterns of direct-acting antiviral (DAA) treatment adher-
ence are associated with SVR in this population or what factors are associated with each pattern.

Methods. 'The randomized 3-arm PREVAIL study used electronic blister packs to obtain daily time frame adherence data in
opiate agonist therapy program settings. Exact logistic regressions were applied to test the associations between SVR and 6 types of
treatment adherence patterns.

Results.  Of the 113 participants treated with combination DAAs, 109 (96.5%) achieved SVR. SVR was significantly associated with
all pattern parameters except for number of switches between adherent and missed days: total adherent daily doses (exact adjusted odds
ratio [AOR] = 1.12; 95% confidence interval [CI] = 1.04-1.22), percent total doses (1.09; 1.03-1.16), days on treatment (1.16; 1.05-1.32),
maximum consecutive adherent days (1.34; 1.06-2.04), and maximum consecutive nonadherent days (0.85; .74-.95 = 0.003). SVR was
significantly associated with total adherent doses in the first 2 months of treatment, it was not in the last month. While alcohol intoxication

was significantly associated with frequent switches, drug use was not associated with any adherence pattern.

Conclusions.

Consistent maintenance of adequate total dose adherence over the entire course of HCV treatment is important

in achieving SVR among PWID. Additional integrative addiction and medical care may be warranted for treating PWID who expe-

rience alcohol intoxication.
Keywords. HCV; SVR; OAT; adherence pattern; PWID.

Hepatitis C virus (HCV) infection is a significant health
burden worldwide [1-3] but particularly among people
who inject drugs (PWID) [4, 5]. With the advent of highly
effective direct-acting antiviral (DAA) medications [6]
with shorter treatment periods, fewer side effects [7, 8], and
decreased mortality [9-12], HCV cure (sustained viral re-
sponse [SVR]) has increased from the era of the interferon-
based treatments [13, 14]. Such effectiveness has also been
reported in treating HCV among people who inject drugs
(PWID) who account for a majority of the HCV-infected
persons [15, 16]. Opioid agonist therapy (OAT) programs
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therefore provide natural opportunities for treating HCV
and opioid use disorder simultaneously [17, 18] since about
60% of OAT program patients are infected with HCV [19].

Although HCV treatment is highly effective in OAT pro-
gram settings, successful SVR hinges on adequate adherence
to treatment regimens [20, 21]. Thus, intensive care models
such as directly observed therapy have been implemented
to increase adherence to HCV treatments. The PREVAIL
randomized trial was conducted in an urban inner city
OAT program setting to test the effectiveness of 3 intensive
models of care on SVR and adherence [22]. The trial used
electronic blister packs to rigorously measure adherence
and showed that higher adherence is associated with suc-
cessful SVR [23]. However, individual-level overall adher-
ence was computed as a percentage of dispensed doses over
the returned available blister packs regardless of length of
prescribed treatment. This computation implicitly assumes
that adherence rates would be the same for unreturned or
missing blister packs.
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Given the lack of consensus or research on identifying best
parametrizations of adherence, it is critical to determine whether
SVR is associated with adherence parametrized or summarized
in different ways to account for patterns of adherence during
treatment. For instance, Cunningham et al [20] showed that dif-
ferent pattern parameters of nonadherence did not impact SVR,
suggesting a degree of forgiveness to nonadherence with the
DAA regimens. To extend this research, we defined 6 adherence
patterns using blister pack adherence data from the PREVAIL
study and tested associations between each adherence param-
eter and SVR and identified patient characteristics associated
with each parameter.

METHODS

Setting and Design

The present study is a secondary analysis of data collected
from the 3-arm PREVAIL randomized clinical trial conducted
at 3 OAT program sites in the Bronx, New York. This trial was
designed to compare the effectiveness of HCV care models
over a treatment period: standard individual therapy, group
therapy, and directly observed therapy (DOT). The random
allocations of these care models were stratified by OAT clinic
site, human immunodeficiency virus (HIV) coinfection
status, cirrhosis status, and IL28B genotype (TC/TT vs CC)
with a 1:1:1 allocation ratio in each stratum. Eligible parti-
cipants who refused to be randomized were given the op-
portunity to participate in separate trials, which allowed the
participants to choose their preferred care models with con-
sultation to providers. The PREVAIL study used electronic
blister packs that accurately captured and recorded the time
and date upon pop-up of a blister for a medication retrieval.
Opt-out from the use of the blister packs was not allowed.
A detailed description of the PREVAIL study design and set-
tings, including inclusion and exclusion criteria, has been

published [22].

HCV DAA Treatments

Although the PREVAIL study included interferon and
ribavirin-based treatments such as telaprevir/pegylated inter-
feron/ribavirin (TVR/PEG/RBV), sofosbuvir/pegylated in-
terferon/ribavirin (SOF/PEG/RBV), and sofosbuvir/ribavirin
(SOF/RBV), this analysis focused on adherence to combina-
tion DAAs (sofosbuvir/ledipasvir [SOF/LDV] or sofosbuvir/
simeprevir [SOF/SIM]).

Participants

A total of 150 PWID living with HCV were enrolled in the
PREVAIL study. A detailed description of baseline characteris-
tics for study participants has been published [23]. This study
analyzed data obtained from a subset of 113 PREVAIL partici-
pants treated with combination DA As after excluding 2 partici-
pants deceased without determined SVR status.

Daily Time Frame Adherence Determination

Individual level daily time frame (DTF) adherence was deter-
mined based on blister pack pop-up dates. The DTF window
was between 12:00 am and 11:59 pm. The scale of DTF adher-
ence was binary: DTF = 0 for no pop-up or missed dose and
DTF =1 for 1 or more pop-ups or adherent dose for a given
treatment day window. Undetermined DTF adherence on the
missing dates due to lost or unreturned blister pack were treated
as a missed dose (ie, DTF = 0). Lengths of individual-level
planned/prescribed treatment varied: 8 (N = 31), 12 (N = 74),
and 24 (N = 8) weeks. As treatments were dispensed in elec-
tronic blister packs for up to 12 weeks, we computed DTF ad-
herence only for 8 or 12 weeks even if planned treatment was 24
weeks. Figure 1 depicts DTF adherence over treatment weeks
for all 113 participants treated with combination DA As.

Adherence Pattern Variables

Based on the daily DTF adherence, we defined the following ad-
herence pattern variables: total number of adherent days/doses
ranging from 0 to 84, computed as the sum of the DTF adherent
days/doses over the 8- or 12-week treatment period; percent
total doses/days, ranging from 0% to 100%, computed as total
doses divided by prescribed treatment days (56 or 84 days); days
on treatment ranging from 0 to 84, computed as number of days
from first to last adherent day; maximum number of consecu-
tive adherent doses ranging from 0 to 84; maximum number
of consecutive missed doses ranging from 0 to 84; and number
of days switched between adherent and missed doses ranging
from 0 to 83. The total number of adherent doses was further
broken down and computed in each of the following intervals
of prescribed treatment weeks: 1-4 weeks ranging from 0 to 28,
5-8 weeks ranging from 0 to 28, and 9-12 weeks ranging from
0 to 28 doses. Figure 2 illustrates an example of how the pattern
variable values were computed.

Sustained Viral Response

SVR was declared successful if HCV RNA viral load at least 12
weeks after the patient-specific end of treatment was undetect-
able, lower than 43 mm/IU at the earlier stage of the trial, or
lower than 15 mm/IU at the later stage. Otherwise, the SVR was
declared unsuccessful or failed.

Baseline Characteristics

Demographic factors included age, race, sex, employment
status, marital status, housing status, and education level.
Clinical factors included HIV coinfection, cirrhosis status,
HCV subtypes, IL28B genotypes, moderate/severe depression
based on the Beck depression inventory score >20, psychiatric
illness (any experience of a major depressive episode, psychotic
disorder, generalized anxiety disorder, or current manic epi-
sode by medical chart review), and alcohol intoxication for 1
or more days within the past 30 days based on the Addiction
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Figure 1. Daily time frame adherence heat map across all 113 participants treated with combination direct-acting antivirals. The y-axis represents each participant. The
order of the participants was sorted by planned weeks (24, 12, and 8) in a descending manner. Within each planned week, the participants axis is further sorted by total doses,
again in a descending manner. The x-axis represents the treatment days, and the reference lines on the x-axis divide weeks 1-4, 5-8, and 9-12. The green areas represent
days with adherent doses among participants with successful sustained viral response (SVR), whereas the black areas represent days with adherent doses among partici-
pants with failed SVR. The white areas represent days with missed doses or the nonapplicable doses for the 9-12 treatment weeks of the 8 planned weeks.

Severity Index. Medication factors included prior experiences  drug use 6 months prior to baseline and urine toxicology posi-
with HCV medications, planned treatment length, and combi- tive at baseline and during the treatment period (including opi-
nation DAA regimens. Drug use factors included self-reported ~ ates, cocaine, oxycodone, benzodiazepine, or amphetamine).
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Figure 2. Hypothetical adherence pattern over a 4-week treatment period for illustration of adherence pattern parameter computations. Total number of doses within the
treatment period = 16; percent adherent doses = 16 of 28 = 57.1%; days on treatment = 27 (dotted arrow); longest/maximum days of consecutive adherence = 8 (solid arrow);
longest/maximum days of consecutive missed adherence = 5 (dashed arrow); number of “switches” between on and off medication days = 9; total doses weeks 1-4 = 16;
total doses weeks 5-8 = N/A; and total doses weeks 9-12 = N/A. The numbers in the cells represent days from a start day. Adherence days are indicated in green, and
nonadherence days are indicated in blank. Abbreviation: N/A, not applicable.
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Statistical Analyses

Descriptive statistics are presented in terms of mean, standard
deviation (SD), range, frequency, and percentages. To test signif-
icance of associations between adherence pattern variables and
SVR, we applied exact logistic regressions that included study
arm and length of planned treatment in weeks as covariates.
Exact adjusted odds ratios (AORs) along with 95% confidence
intervals (Cls) were used to estimate effect size for each associa-
tion. To identify factors associated with each adherence pattern,
we applied general linear models in a form of multiway analysis
of variance for all pattern parameters, again with study arm and
length of planned treatment included as covariates. We sum-
marized these results in forest plots depicting estimated means
resulting from general linear model fitting, their 95% CIs, and P
values. Last, comparisons of total doses for each 4-week interval
were made using the Wilcoxon rank sum test. Statistical signif-
icance was declared if a 2-sided P value was < .05. All statistical
analyses were conducted with SAS v9.4 (SAS Inc, Cary, NC).

RESULTS

Baseline Characteristics

Table 1 presents the baseline characteristics of the 113 partici-
pants. Mean (SD) age was 51.8 (10.1) years, 59.3% were male,
the majority were Hispanic/Latino/a (54.9%), and 24.8% had
unstable housing. Overall, 11.5% were also living with HIV,
27.4% had cirrhosis, 22.1% had experienced alcohol intoxica-
tion in the prior 30 days, and 71.7% used any drugs during the
treatment period.

Adherence Patterns

Summary descriptive statistics are presented in Table 2. Mean
(SD) total number of adherent doses declined as time passed:
weeks 1-4, 22.5 (5.1); weeks 5-8, 21.4 (6.1); and week 9-12, 19.6
(7.8). Total doses over the first or second 4-week interval were
not significantly different between participants with 8-week and
12- or 24-week planned treatment periods. Despite differences
in planned treatment length, none of percent total dose, max-
imum consecutive dose, or maximum consecutive missed doses
were significantly different. However, total dose, days on treat-
ment, and number of switches were all significantly different as
might have been expected due to the different treatment lengths
between the 8-week and 12- or 24-week plans.

SVR and Adherence Patterns

Four participants failed SVR, yielding a successful SVR rate
of 96.5% (109 of 113, exact 95% CI = 91.2%-99.0%). Table 3
presents the association between SVR and each adherence pat-
tern. Total number of daily doses was significantly associated
with SVR (exact AOR = 1.12, 95% CI = 1.04-1.22, P = .002) as
was percent total dose (exact AOR = 1.09, 95% CI = 1.03-1.16,
P <.001). When the total adherent doses were broken down
by 4-week intervals, both the first 4-week (exact AOR = 1.25,

Table 1. Baseline Characteristics of the 113 Participants Treated With
Combination Direct-Acting Antivirals

Mean (Standard

Baseline Characteristic Deviation), n (%)

Demographic factors

Age, years 51.8 (10.1)
Age >50 years 70 (62.0)
Race/Ethnicity
Black 31 (274)
Hispanic/Latino/a 62 (54.9)
White 11(9.7)
Other 9 (8.0
Male 67 (59.3)
Employed 22 (19.5)
Married/Cohabitation 40 (35.4)
Unstable housing 28 (24.8)
High school or higher 69 (61.1)
Clinical factors
Also living with human immunodeficiency virus 13 (11.5)
Cirrhosis 31 (274)
HCV subtype 1a 94 (83.2)
IL28BTC/TT 89 (78.8)
Depression (Beck depression inventory score >20) 41 (36.3)
Psychiatric illness 53 (46.9)
Alcohol intoxication 30 days prior 25 (22.1)
Medication factors
Length of planned treatment, weeks
8 31 (274)
12 74 (65.5)
24 8(7.1)
HCV treatment-naive 98 (86.7)
Combination direct-acting antiviral regimen
Sofosbuvir/Ledipasvir 102 (90.3)
Sofosbuvir/Simeprevir 11 (9.7)
Any drug use
6 months prior to baseline 72 (63.7)
At baseline 55 (48.8)
During treatment 81 (71.7)

Abbreviation: HCV, hepatitis C virus.

95% CI =1.04-1.59, P=.015) and middle 4-week (exact
AOR = 1.31, 95% CI = 1.09-1.79, P =.001) total doses were
significantly associated with SVR, whereas the last 4-week
total doses were not (exact AOR =1.12, 95% CI =.92-1.45,
P =.293). The adjusted OR values for total doses represent
the effect of a 1-dose increase on the odds of achieving SVR.
This result was consistent when the interval-by-interval total
doses were compared between participants who did and did
not achieve SVR. Specifically, the medians of the first and
the middle 4-week total doses were significantly different be-
tween those who had successful and failed SVR, whereas
those of the last 4-week total doses were not (Figure 3). Days
on treatment was also significantly associated with SVR (exact
AOR = 1.16, 95% CI = 1.05-1.32, P =.002) as was maximum
number of consecutive adherent doses (exact AOR =1.34,
95% CI = 1.06-2.04, P = .004). On the other hand, maximum
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Table 2. Summary Statistics for the Adherence Patterns Among 113 Participants Treated With Combination Direct-Acting Antivirals

Planned Week
All (N =113) 8Week (N =31) 12-24 Week (N = 82)

Adherence Pattern® Mean (SD) Mean (SD) Mean (SD) PValue®
Total dose 58.2 (17.6) 42.7 (11.7) 64.0 (15.9) <.001

Weeks 1-4 22.5(5.1) 22.7 (5.2) 22.5(5.1) .820

Weeks 5-8 214 (6.1) 20.0 (73) 22.0 (5.6) 134

Weeks 9-12 19.6 (7.8)° 19.6 (7.8)
Percent total dose 76.2 (19.4) 76.3 (20.8) 76.2 (18.9) .980
Days on treatment 73.4(14.1) 53.2 (6.8) 81.0 (6.5) <.001
Maximum consecutive adherent dose 21.7 (17.6) 19.6 (15.1) 22.5(18.5) 437
Maximum consecutive missed dose 2 (6.6) 4.3 (6.5) 5.5(12.1) 397
Switches between adherent and missed doses 18.9 (11.5) 14.1 (8.3) 20.8 (12.1) .001

Abbreviation: SD, standard deviation.

All adherence pattern measures were computed over the 8- or 12-week planned treatment period except that the totals were also further broken down by the three 4-week intervals.

°Pvalues are based on 2-sample t tests.
°N=82.

number of consecutive nonadherent/missed doses was signif-
icantly and inversely associated with SVR (exact AOR = 0.85,
95% CI = .74-.95, P = .003). However, number of days switched
between adherent and missed doses was not associated with
SVR (exact AOR = 1.01, 95% CI = .93-1.13, P = 1.000).

Factors Associated With Adherence Patterns

Forest plots comparing alladherence patterns between categories
of participant characteristics are presented in Supplementary
Figures 1-6. Compared with White participants, Black par-
ticipants (adjusted estimates 18.4 + 7.8 (standard error) vs
30.7+11.8, P=.048) and Hispanic/Latino/a participants
(19.2 6.1 vs 30.7 £ 11.8, P =.049) had significantly shorter
maximum consecutive adherent doses (Supplementary Figure
4). Alcohol intoxication in the prior 30 days was associated
with significantly higher frequency of the switches between
adherent and missed doses (23.4 + 5.0 vs 17.7 + 3.2, P = .024;
Supplementary Figure 6). Notably, drug use at any time point,
that is, 6 months prior, at baseline, or during treatment, was not

associated with any adherence pattern (Supplementary Figures
1-6).

DISCUSSION

Our most prominent finding was that higher adherence to com-
bination DAA medications was associated with SVR even after
adjustment for length of planned treatment and study arms that
had different levels of intensity for HCV treatment. Specifically,
greater total doses, greater percent total dose, more days on
treatment, greater maximum consecutive doses, and smaller
maximum consecutive missed doses were significantly associ-
ated with achieving SVR, whereas switches between adherent
and missed doses were not associated with SVR. The maximum
consecutive adherent dose had the greatest association with
SVR in terms of ORs per unit changes, whereas the percent
total dose had the strongest significant association in terms of P
values. Given that former studies showed that adherence, albeit
somewhat differently defined, was also significantly associated
with SVR [20, 23], all of our findings collectively support that

Table 3. Association Between Sustained Viral Response and Adherence Patterns Adjusted for Planned Treatment Weeks and Study Arms Among 113

Participants Treated With Combination Direct-Acting Antivirals

Adherence Pattern Exact Adjusted Odds Ratio for Sustained Viral Response 95% Confidence Interval PValue
Total dose 112 1.04-1.22 .002
Weeks 1-4 1.25 1.04-1.59 .015
Weeks 5-8 1.31 1.09-1.79 .001
Weeks 9-12° 1.12 .92-1.45 293
Percent total dose 1.09 1.03-1.16 <.001
Days on treatment 1.16 1.05-1.32 .002
Maximum consecutive adherent dose 1.34 1.06-2.04 .004
Maximum consecutive missed dose 0.85 .74-.95 .003
Switches between adherent and missed doses 1.01 91-1.13 1.000

®N = 82. The statistical results are obtained for applications of multivariable exact logistic regression models.
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Figure 3. Median total adherent doses between participants who had successful
and failed SVR over the three 4-week intervals. *Pvalues are based on Wilcoxon
rank sum tests: P=.015 for weeks 1-4; P=.011 for weeks 5-8; and P=.337 for
weeks 9-12. Abbreviation: SVR, sustained viral response.

increased adherence in any pattern is critically important for
achieving SVR among PWID treated with combination DAAs.

It is worth noting that timing of higher adherence would be
critical based on our finding that both the first and the middle
4-week total adherent doses were significantly associated with
SVR, whereas the last 4-week counterpart was not. This finding
suggests that high adherence at the early stage of treatments
can serve as an early indicator for SVR and thus should be en-
couraged. Additionally, the first 4-week total dose was highly
correlated with overall total doses; specifically, correlations
with overall total doses were 0.91 and 0.82 among participants
prescribed for 8 weeks and for 12 or 24 weeks, respectively.
However, lack of significance in the last 4-week period could be
atype Il error due to the reduced sample size during that period,
given that effect sizes in terms of OR (Table 3) or median differ-
ences (Figure 3) during the last 4-week period were comparable
with those during the 2 prior 4-week intervals. Furthermore,
the mean total doses declined over the prescription week inter-
vals (Table 2), which was also observed in the SIMPLIFY study
[24], whereas the variation represented in the standard devia-
tion increased over the intervals. This finding implies that par-
ticipants tend to maintain higher adherence at the early stage
of treatment, with smaller variation across the participants.
However, the wider spread of the adherence in the later stage
of the treatment period may differentiate between participants
who continually maintained higher adherence and those who
had declining adherence. Subsequently, the later lower adher-
ence due to the declining adherence might also be associated
with failed SVR. Collectively, consistently maintaining higher
adherence over the entire treatment period would be critical for
achieving SVR.

Our mean overall percent total dose was 76.2% with a me-
dian of 82.1%; this is lower than in other studies that assessed
overall adherence to DAA regimens. Prior estimates of median

overall adherence ranged from 94% to 96% based on electronic
blister packs [24], wireless pill boxes or video-assisted DOT
[25], ingestible sensors [26], or prescription records [27]. The
discrepancies from our estimate may be due to a difference in
settings, study population, or ways of calculating overall adher-
ence. Regardless, despite a suboptimal adherence level, our high
SVR rate (96.5%) is comparable to SVR rates of 87%-99% re-
ported in the above studies with higher adherence rates. This
finding supports the pharmacokinetically forgiving properties
of DAAs and thus raises the question of whether shortened
treatment length would result in comparably high SVR rates.

Black and Hispanic/Latino/a participants compared with
White participants had significantly lower maximum consec-
utive adherent doses, which is consistent with other studies
and demonstrates racial disparities in adherence [28, 29].
Participants with experiences of alcohol intoxication at base-
line had significantly higher frequencies of switches between
missed and adherence doses. The statistical significance of these
findings may be a spurious result from multiple testing over
multiple patterns. Despite this plausibility, alcohol intoxica-
tion might have interfered with consistently taking daily doses
potentially due to impaired cognitive function associated with
drinking. Patients who experience alcohol intoxication need to
be carefully monitored to promote consistent adherence in ad-
dition to being provided with integrated addiction and med-
ical care [30, 31]. Nonetheless, the finding that drug use at any
time was not associated with any adherence patterns shows that
treating HCV among PWID in the OAT setting is not only fea-
sible but also successful without diminished adherence [31-33].

Although we found that all adherence patterns, except the
switches, were associated with SVR, the optimal adherence pat-
terns or their composites that would be most sensitive to SVR
remain to be determined given that low adherence in any pat-
tern could be associated not only with failed SVR but also pos-
sibly with development of medication resistance [34, 35]. In
addition, determination of threshold levels of each adherence
parameter associated with greater SVR, as attempted by Norton
et al [36], would provide clinically important information.
However, such information, albeit valuable, may not be useful
in real practice where real-time monitoring of medication in-
take is often not possible. In this context, while electronic blister
packs provide accurate adherence levels, their practical limita-
tion and cost preclude general use. Use of a smartphone-based
monitoring system [37-39] or self-report instruments such as
visual analogue scales [40, 41] during treatment periods may be
more useful for real-time monitoring.

The following limitations of this study should be considered.
First, length of treatment days was truncated at 84 days or 12
weeks even though treatment may have been as long as 24
weeks. Second, lengths of actual treatments may not necessarily
be the same as was planned. Third, the parent trial was con-
ducted in inner city urban OAT program settings. Therefore,
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generalizability of findings to other settings such as rural or
community-based clinics may be limited, and extendibility of
our findings to HCV-infected patients who do not inject or use
drugs is unknown. Fourth, lost or unreturned blister pack were
treated as a missed dose, although a conservative estimated per-
centage of unreturned blister packs over all treatment weeks
was less than 4% from all PREVAIL participants. As it is pos-
sible that participants still took doses but simply did not return
blister packs, all pattern parameters might have been underesti-
mated except for the consecutive missed dose, which might have
been overestimated. Last, even if a blister was popped up, it was
unknown whether the medication was retrieved and swallowed.

In conclusion, when treating HCV among PWID, consistently
maintaining adequate adherence is important for achieving SVR.
Although reducing the number of consecutive missed dose would
also be effective, a certain level of minimum adherent doses would
be required. To this end, identification of threshold levels of adher-
ence patterns for SVR is warranted. More intensive care may also be
warranted for promoting consistent adherence among patients who
experience alcohol intoxication.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corresponding author.
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