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Abstract
Introduction: Randomized trials and observational studies have consistently reported rates of sustained virological response
(SVR), equivalent to hepatitis C virus (HCV) cure, as high as 95% following treatment with direct-acting antiviral (DAA) treat-
ment in individuals with HIV and HCV co-infection. However, large studies assessing whether SVR rates differ according to
demographic and clinical strata are lacking. Additionally, the SVR rates reported in the literature were typically computed in
non-random samples of individuals with available post-DAA HCV-RNA measures. Here, we aimed to estimate the probabil-
ity of SVR after DAA treatment initiation in persons with HIV and HCV co-infection overall and by demographic and clinical
characteristics with and without adjustment for missing HCV-RNA testing.
Methods: We included adults with HIV-HCV co-infection who received DAA treatment between 2014 and 2020 in Hep-
CAUSAL, an international collaboration of cohorts from Europe and North America. We estimated the proportions of DAA
recipients who had documented SVR (defined as an undetectable HCV-RNA at least 12 weeks after the end of DAA treat-
ment) overall and by strata defined by age, sex, presence of cirrhosis, calendar period, mode of HIV acquisition, CD4 cell count
and HCV genotype at DAA treatment. We then compared these rates with those obtained using the parametric g-formula to
impute SVR status for individuals with no SVR assessment.
Results and Discussion: A total of 4527 individuals who initiated DAA treatment (88% males, median [IQR] age 56 [50, 62]
years) were included. Of the total of 642 (14%) individuals had no HCV-RNA test on or after 12 weeks after the end of
treatment. The overall observed and g-formula imputed SVR rates were 93% (95% CI 93, 94) and 94% (95% CI 92, 95),
respectively. SVR estimates were similarly high across all strata. A substantial proportion of individuals who received DAA
treatment were never assessed for SVR post-DAA and strategies for more systematic routine HCV-RNA testing should be
considered.
Conclusions: Our estimates with and without adjustment for missing HCV-RNA testing indicate SVR rates of approximately
95%, like those reported in clinical trials.

Keywords: HIV and HCV co-infection; direct antiviral agents; sustained virological response; causal inference; parametric g-
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1 INTRODUCT ION

Direct-acting antiviral (DAA) treatment has revolution-
ized the treatment of hepatitis C virus (HCV) infection.

The availability of DAAs is especially important for per-
sons with HIV because HCV co-infection, which is com-
mon among injection drug users and men who have sex
with men [1–3], can lead to accelerated progression of
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liver disease, a major cause of death in these groups
[4, 5].

Over 95% of individuals with HIV and HCV co-infection
treated with DAA treatment achieved sustained virological
response (SVR), defined as the absence of HCV viremia,
in both randomized trials [6–13] and observational studies
[14–21]. However, existing studies lack a sufficient sample
size to provide precise subgroup estimates to characterize
differences in SVR rates by age, presence of cirrhosis, HCV
genotype and immunosuppression, which were risk factors
for HCV treatment failure in the pre-DAA era. Also, most of
these studies included patients treated during the first wave
of DAAs available between 2014 and 2016, who were pos-
sibly a selected group with more advanced liver fibrosis or
more likely to engage in treatment. New studies with recent
follow-up are, therefore, needed to examine whether SVR pro-
portions have remained similarly high in recent years after
DAA treatment became widely available to individuals without
HCV-related comorbidities or newly diagnosed with HCV.

Determining SVR, that is the absence of HCV viremia 12
weeks after the end of treatment, requires that an HCV-RNA
testing is performed at 12 weeks after treatment ends. There-
fore, observational analyses are typically restricted to individ-
uals with at least one HCV-RNA test 12 or more weeks after
treatment. This approach, however, may result in biased esti-
mates of SVR rates if tested individuals are not a random sam-
ple of all treated individuals and it also does not allow any dif-
ferentiation between treatment failure and HCV re-infection
in those individuals whose first test occurs months after the
end of treatment and is positive.

Here, we aimed to: (1) estimate the probability of SVR
after DAA treatment initiation between 2014 and 2020, over-
all and by subgroups defined by sex, age, cirrhosis, mode of
HIV acquisition, CD4 cell count and calendar year of DAA ini-
tiation using a large international consortium of cohorts of
individuals with HIV and HCV co-infection and (2) compare
these proportions with those obtained using the parametric
g-formula to impute SVR status for individuals with no SVR
assessment.

2 METHODS

2.1 Study data

The HepCAUSAL Collaboration is a consortium of prospec-
tive cohorts of individuals with HIV and HCV co-infection
from six European countries, the United States and Canada.
All cohorts record routinely collected data in clinical practice
in settings with universal access to care. The data include
demographics, region of birth, vitals, mode of HIV transmis-
sion, laboratory measurements, history of HCV and HIV treat-
ment, diagnosis of AIDS and non-AIDS-defining events, date
of death and hepatitis B co-infection.

Data are submitted in a standardized format (http://www.
hicdep.org/) by each cohort and are harmonized at the
coordinating centre. The analyses presented here are based
on data pooled from the following nine cohorts: Aquitaine
(France), AMACS (Greece), ICONA (Italy), ATHENA (Nether-
lands), CoRIS (Spain), Swiss HIV Cohort Study (Switzerland),
HIV Boston Medical Center cohort (US), Veterans Aging

Cohort Study (VACS) (US) and the Canadian Co-infection
Cohort study (Canada).

Research based on these data was approved by the Institu-
tional Review Board (IRB) of the Harvard TH Chan School of
Public Health; the last review took place on August 2020. All
participating cohorts received approval from their local IRB.

2.2 Eligibility criteria

Individuals were eligible if they initiated their first course of
DAA (a regimen containing sofosbuvir, ledipasvir, daclatasvir,
simeprevir, velpatasvir, glecaprevir, pibrentasvir, grazoprevir,
ombitasvir, paritaprevir or voxilaprevir) with or without rib-
avirin between 2014 and 2020 and met the following criteria:
age≥18 years; alanine transaminase (ALT), aspartate transam-
inase (AST) and platelet count (the laboratory components
of the Fibrosis-4 [FIB-4] score [22]) measured less than 6
months before DAA initiation, CD4 cell count and HIV-RNA
measured less than 12 months before DAA initiation. Because
most patients received sofosbuvir/ledipasvir or other combi-
nations that typically require 12 weeks duration, for patients
with unknown end-of-treatment date, we assumed a treat-
ment duration of 12 weeks.

2.3 Outcome

SVR was defined as a negative HCV-RNA test (viral load
below the level of detection or <25 IU/ml when the lower
limit of detection was unknown) at or after 12 weeks after the
end of treatment. Re-initiation of DAA before 23 weeks after
the end of treatment was considered a failure to achieve SVR.

2.4 Statistical analysis

We calculated the proportions of individuals who achieved
SVR using two methods.

First, we restricted the calculations to individuals with an
HCV-RNA test on or after 12 weeks after the end of treat-
ment. We estimated the proportion of SVR overall and in
subgroups defined by sex (female and male), age (≤50 and
>50 years), FIB-4 at baseline (≤3.25 vs. >3.25), AST to
platelet ratio index (APRI) at baseline (<1.5 vs. ≥1.5), mode
of HIV acquisition (sexual contact, injection drug use and
unknown), CD4 cell count category (<350, 350–500 and
≥500 cells/mm3), HCV genotype (1, 2, 3 or other) and cal-
endar period of DAA initiation (2014–2016 and 2017–2020).
We also reported SVR rates by HCV genotype and cirrhosis
strata.

Second, we repeated the calculations with the imputation of
SVR status between 12 and 23 weeks among 14% of individu-
als who had no HCV-RNA test on or after 12 weeks after the
end of treatment overall and by all subgroups except for HCV
genotype due to the low number of individuals with a non-1
genotype.

To impute SVR status, we used the parametric g-formula
with adjustment for the following variables measured at DAA
initiation: age (<35, 35–50 and >50 years), sex, mode of
HIV acquisition, cohort, calendar period, CD4 cell count cat-
egory (<350, 350–500 and >500 cells/mm3), HIV-RNA (≤50
vs. >50 copies/ml), history of antiretroviral treatment for HIV,
history of AIDS, hepatitis B virus co-infection (presence of
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Table 1. Baseline characteristics of 4527 patients with hepatitis C and HIV co-infection who initiated direct-acting antiviral (DAA)

treatment

Characteristics at DAA initiation

Eligible

patients (%)

Assessed for SVR on or after 12 weeks after

the end of treatment (% of eligible patients)

Sex

Female 531 (12%) 434 (82%)

Male 3996 (88%) 3451 (86%)

Age, years

≤50 1182 (26%) 999 (85%)

>50 3345 (74%) 2886 (86%)

FIB-4 score

≤3.25 3451 (76%) 2969 (86%)

>3.25 1076 (24%) 916 (85%)

APRI

≤1.5 3702 (82%) 3191 (82%)

>1.5 825 (18%) 694 (84%)

Year of DAA initiation

2014–2016 3843 (85%) 3351 (87%)

2017–2020 684 (15%) 534 (78%)

Mode of HIV acquisition

Heterosexual contact 250 (5%) 195 (78%)

Homosexual contact 502 (11%) 410 (82%)

Injection drug use 991 (22%) 801 (81%)

Other/unknown 2784 (62%) 2479 (89%)

Region of birth

High-income country 3912 (86%) 3431 (88%)

Low- or mid-income country 145 (3%) 127 (86%)

Unknown country 470 (10%) 327 (70%)

CD4 cell count, cells/mm3

<350 925 (20%) 788 (85%)

350–500 865 (19%) 731 (85%)

>500 2737 (61%) 2366 (86%)

HIV-RNA, copies/ml

≤50 4036 (89%) 3461 (86%)

>50 491 (11%) 424 (86%)

At least one HCV-RNA test during DAA

treatment

No 566 (12%) 323 (57%)

Yes 3961 (88%) 3562 (90%)

Prior interferon treatment

No 3551 (78%) 3041 (86%)

Yes 976 (22%) 844 (87%)

Prior ART initiation

No 235 (5%) 205 (87%)

Yes 4292 (95%) 3680 (86%)

Body mass index

≤30 kg/m2 4071 (90%) 3504 (86%)

>30 kg/m2 199 (4%) 171 (86%)

Unknown 257 (6%) 210 (82%)

Hepatitis B infection

No 4056 (90%) 3477 (86%)

Yes 113 (2%) 98 (87%)

Unknown 358 (8%) 310 (87%)

(Continued)
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Table 1. (Continued)

Characteristics at DAA initiation

Eligible

patients (%)

Assessed for SVR on or after 12 weeks after

the end of treatment (% of eligible patients)

Hepatitis C genotype

1 (a,b or c) 2767 (61%) 2474 (89%)

2 162 (4%) 142 (88%)

3 273 (6%) 238 (87%)

4 136 (3%) 112 (82%)

Other/unknown 1189 (26%) 919 (77%)

DAA treatment

Ledipasvir-sofosbuvir 2574 (57%) 2272 (88%)

Sofosbuvir 541 (12%) 411 (76%)

Velpatasvir-sofosbuvir 342 (8%) 286 (84%)

Daclatasvir+sofosbuvir 272 (6%) 238 (88%)

Ombitasvir-paritaprevir-ritonavir+
dasabuvir

204 (5%) 169 (83%)

Simeprevir+sofosbuvir 153 (3%) 127 (83%)

Elbasvir-grezoprevir 150 (3%) 134 (89%)

Glecaprevir-pibrentasvir 81 (2%) 68 (84%)

Daclatasvir 75 (2%) 63 (84%)

Boceprevir 44 (<1%) 42 (95%)

Ombitasvir-paritaprevir-ritonavir 37 (<1%) 30 (81%)

Simeprevir 21 (<1%) 19 (90%)

Telaprevir 21 (<1%) 19 (90%)

Dasabuvir 11 (<1%) 7 (64%)

Sofosbuvir-velpatasvir-voxilaprevir 1 (<1%) 0 (0%)

All 4527 (100%) 3885 (86%)

Note: HepCAUSAL 2014–2020.

either hepatitis B surface antigen or detectable hepatitis B
virus DNA), prior HCV treatment with interferon, HCV geno-
type and fibrosis stage categorized as no significant fibro-
sis (FIB-4<1.45), significant fibrosis (FIB-4≥1.45 and FIB-
4≤3.25) and cirrhosis (FIB-4>3.25) [23, 24].

Because individuals who engaged more in HCV care may
be more likely to adhere to DAA and to be assessed for SVR,
we also adjusted for the following prognostic factors that are
markers for engagement in care: log-transformed time-varying
AST, ALT and platelet count values (components of the FIB-4
score), time-varying indicators for AST, ALT and platelet count
testing, and HCV-RNA testing during DAA treatment (yes, no),
as some guidelines recommended testing at 4 weeks after
DAA treatment initiation [25] for most of the study period.

The parametric g-formula estimation procedure has been
described elsewhere [26–28]. Briefly, we followed two steps
(Supplementary Material). First, we fit parametric regression
models to estimate the joint distribution of the outcome
(SVR status), time-varying HCV-RNA testing and time-varying
covariates in the SVR assessment period conditional on the
baseline variables and on the history of the time-varying
covariates in the SVR assessment window. Second, we ran a
Monte Carlo simulation using the above estimates to simulate
the distribution of the SVR rates under an intervention that
imposes at least one HCV-RNA test during the SVR assess-
ment period. We used a non-parametric bootstrap procedure

based on 500 samples to obtain percentile-based 95% con-
fidence intervals. To ascertain the validity of our paramet-
ric assumptions, we checked that the observed means of the
post-baseline covariates were similar to those predicted by
our models (not shown). All analyses were conducted with the
publicly available SAS macro GFORMULA [29].

3 RESULTS AND DISCUSS ION

The study included 4527 eligible individuals, of whom 88%
were males, 85% received DAA treatment between 2014 and
2016, 95% were ART-experienced and 89% had undetectable
HIV-RNA (Table 1 and Table S1). Median [IQR] age, CD4
count and body mass index (BMI) at DAA initiation were 56
[50, 62] years, 570 [387, 789] cells/mm3 and 21 [19, 24],
respectively. Consistent with clinical practice in Europe and
North America during the study time, most patients (57%)
received ledipasvir-sofosbuvir. Among 3339 individuals with
an available HCV genotype, 2767 (83%) had genotype 1.
Compared with individuals who received DAA treatment in
2014–2016, those who received DAA in 2017–2020 were
younger, more likely to have a non-1 HCV genotype, a lower
FIB-4 score and injection drug use as a mode of HIV trans-
mission (Table 2).
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Table 2. Baseline characteristics of 4527 patients with hepatitis C and HIV co-infection who initiated direct-acting antiviral (DAA)

treatment by calendar period of DAA treatment initiation

Year of DAA initiation

Characteristics at DAA initiation

2014–2016

N (%)

2017–2020

N (%)

All patients 3843 (100%) 684 (100%)

Sex

Female 352 (9%) 179 (26%)

Male 3491 (91%) 505 (74%)

Age, years

≤50 901 (23%) 281 (41%)

>50 2942 (77%) 403 (59%)

Mode of HIV acquisition

Heterosexual contact 176 (5%) 74 (11%)

Homosexual contact 390 (10%) 112 (16%)

Injection drug use 678 (18%) 313 (46%)

Other/unknown 2599 (68%) 185 (27%)

CD4 cell count, cells/mm3

<350 800 (21%) 125 (18%)

350–500 756 (20%) 109 (16%)

>500 2287 (60%) 450 (66%)

HIV-RNA, copies/ml

≤50 3421 (89%) 615 (90%)

>50 422 (11%) 69 (10%)

At least one HCV-RNA test during DAA treatment

No 413 (11%) 153 (22%)

Yes 3430 (89%) 541 (78%)

Prior interferon treatment

No 2947 (78%) 603 (88%)

Yes 896 (23%) 80 (12%)

Prior ART initiation

No 173 (4%) 62 (9%)

Yes 3670 (96%) 622 (91%)

Prior AIDS diagnosis

No 3191 (83%) 560 (82%)

Yes 652 (17%) 124 (18%)

Hepatitis C genotype

1(a,b or c) 2476 (64%) 291 (43%)

2 137 (4%) 25 (4%)

3 170 (4%) 103 (15%)

4 86 (2%) 50 (8%)

Other/unknown 974 (25%) 215 (31%)

FIB-4 score

≤3.25 2846 (74%) 605 (88%)

>3.25 997 (26%) 79 (12%)

Note: HepCAUSAL 2014–2020.

Of the 4527 eligible individuals, 55 (1%) died, 30 (<1%)
received a new DAA prescription by 23 weeks after the end
of treatment and 3885 (86%) had at least one HCV-RNA
test at or later than 12 weeks after the end of treatment.
SVR testing occurred at a median time [IQR] of 15 [13, 23]
weeks after the end of treatment. Only 185 individuals (5%)

were tested 1 year after the end of treatment. Of these late
testers, 30 (16%) had a detectable HCV RNA test.

The estimated SVR proportions were 93% (95% confidence
intervals [CI] 93, 94) among individuals who had at least one
HCV-RNA test and 94% (92, 95) after the imputation of a
missing test via the g-formula (Table 3). The SVR propor-
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Table 3. Observed and g-formula estimated sustained virological response (SVR) rates by age, cirrhosis status defined by fibrosis-

4 (FIB-4) and AST to platelet ratio index (APRI), calendar year and CD4 cell count at initiation of direct-acting antiviral (DAA)

treatment

SVR rates (95% CI)

Standarda Estimated

Overall (N = 4527) 93% (93, 94) 94% (92, 95)

Age (years)

≤50 (N = 1182) 93% (92, 95) 94% (91, 96)

>50 (N = 3345) 93% (93, 94) 93% (91, 95)

Sex

Female (N = 531) 93% (92, 94) 94% (84, 96)

Male (N = 3996) 94% (92, 96) 94% (92, 95)

FIB-4

≤3.25 (N = 3451) 94% (93, 95) 94% (92, 95)

>3.25—cirrhosis (N = 1076) 92% (90, 94) 92% (88, 95)

APRI

≤1.5 (N = 3702) 94% (93, 95) 94% (92, 95)

>1.5 (N = 825) 92% (89, 94) 92% (87, 95)

Calendar period

2015–2016 (N = 3843) 93% (92, 94) 93% (91, 95)

2016–2020 (N = 684) 94% (92, 96) 96% (93, 97)

Mode of HIV acquisitionb

Sexual contact (N = 752) 94% (90, 97) 97% (93, 98)

Injection drug use (N = 991) 92% (90, 94) 93% (87, 95)

Other/unknown (N = 442) 92% (89, 95) 94% (87, 97)

CD4 cell count, cell/mm3

≤350 (N = 925) 93% (91, 94) 94% (88, 96)

351–500 (N = 865) 94% (92, 95) 94% (89, 96)

>500 (N = 2737) 94% (93, 95) 94% (92, 96)

Note: G-formula estimates imposing a test within 12 and 23 weeks after the end of treatment. HepCAUSAL 2014–2020.
aObserved sustained virological response (SVR) rates were computed as the proportion of individuals with an undetectable HCV-RNA viral load
≥12 weeks after the end of treatment. 95% confidence intervals are estimated based on a binomial distribution of SVR.
bHomosexual contact and heterosexual contact were grouped together as sexual contact. We excluded the Veterans Ageing Cohort Study
because mode of HIV acquisition was unknown in all participants.

tion estimates across groups defined by age group, sex, FIB-4
strata, APRI strata, calendar period, mode of HIV acquisition
and CD4 cell count were higher than 92% and were similar
under the two methods. SVR rates were also high (95% [65,
96]) among 66 individuals with FIB-4>3.25 and genotype 3,
considered the most challenging HCV genotype to treat.

Overall, our SVR rates are similar in magnitude to those
reported in clinical trials and other observational studies [8,
9, 14–17, 19, 30–32]. In particular, we estimated a 95% SVR
rate in individuals who received treatment in more recent
years (2017–2020), despite a higher prevalence of history
of injection drug use, a factor associated with DAA treat-
ment failure [33]. This is reassuring and supports current
guidelines recommending universal DAA initiation regardless
of substance use.

Because 14% of individuals who received DAA treatment
were never assessed for SVR and 5% were assessed after 1
year after the end of treatment, we also estimated SVR rates
imputing missing data on SVR status. This method relies on
weaker conditions than the analysis restricted to individuals

with an HCV-RNA test [34]. We found that the SVR rates
were very similar to those computed restricting the analy-
sis to individuals who had an HCV-RNA test on or after 12
weeks after the end of treatment. The reasons for the results’
similarity might be due to SVR rates being consistently high in
patients with different baseline characteristics. Alternatively,
we might have missed important common causes between
SVR testing and SVR achievement.

Our study has some limitations. First, the FIB-4 and APRI
are imperfect measurements of the liver fibrosis stage, and
they might fail to correctly distinguish between no fibro-
sis and mild fibrosis. Liver elasticity measurement, a better
method to estimate liver fibrosis, was not collected in one of
the cohorts and was missing on one-fourth of the patients in
the remaining cohorts. Second, only 10% of the patients had
started DAA in recent years and we could not look at sub-
groups analyses by age, sex, CD4 count and cirrhosis. Third,
a small number of individuals (1%) received boceprevir or
telaprevir, DAA treatments with relatively low SVR rates, but
this is unlikely to have impacted our estimates [35]. Fourth,
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it has been previously showed that persons who inject drugs
are under-represented in HIV cohorts [36]. Therefore, our
SVR estimates may not be generalized to all populations with
HIV-HCV co-infection in Europe and North America. Fifth, a
substantial proportion had an unknown mode of HIV acqui-
sition. Finally, the reasons for the virologic failure of DAA
treatment are heterogeneous and include non-adherence and
insufficient drug concentrations due to intestinal malassimila-
tion or impaired cellular uptake [25, 37]. Though we did not
have any information on these potential factors, our results
indicate that SVR rates are high irrespective of host or viral
characteristics.

4 CONCLUS IONS

In this study of individuals with HIV and HCV co-infection
who received DAA treatment between 2014 and 2020 in
Europe, the United States and Canada as part of their routine
clinical care, we estimated that 94% achieved SVR. The SVR
rates were similar across subgroups defined by age, CD4 cell
count, cirrhosis, HCV genotype and HIV transmission group.
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