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Background & Aims: We evaluated the effect of direct-acting
antiviral (DAA)-induced sustained virologic response (SVR) on
all-cause, liver- and drug-related mortality in a population-based
cohort in British Columbia, Canada.
Methods: We used data from the British Columbia Hepatitis
Testers Cohort, which includes people tested for HCV since 1990,
linked with data on medical visits, hospitalizations, prescription
drugs and mortality. We followed people who received DAAs and
people who did not receive any HCV treatment to death or
December 31, 2019. We used inverse probability of treatment
weighting to balance the baseline profile of treated and un-
treated individuals and performed multivariable proportional
hazard modelling to assess the effect of DAAs on mortality.
Results: Our cohort comprised 10,851 people treated with DAAs
(SVR 10,426 [96%], no-SVR: 425) and 10,851 matched untreated
individuals. Median follow-up time was 2.2 years (IQR 1.3–3.6;
maximum 6.2). The all-cause mortality rate was 19.5/1,000
person-years (PY) among the SVR group (deaths = 552), 86.5/
1,000 PY among the no-SVR group (deaths = 96), and 99.2/1,000
PY among the untreated group (deaths = 2,133). In the multi-
variable model, SVR was associated with significant reduction in
all-cause (adjusted hazard ratio [aHR] 0.19; 95% CI 0.17–0.21),
liver- (adjusted subdistribution HR [asHR] 0.22, 95% CI 0.18–0.27)
and drug-related mortality (asHR 0.26, 95% CI 0.21–0.32)
compared to no-treatment. Older age and cirrhosis were asso-
ciated with higher risk of liver-related mortality while younger
age, injection drug use (IDU), problematic alcohol use and HIV/
HBV co-infections were associated with a higher risk of drug-
related mortality.
Conclusions: DAA treatment is associated with a substantial
reduction in all-cause, liver- and drug-related mortality. The
association of IDU and related syndemic factors with a higher
risk of drug-related mortality calls for an integrated social

support, addiction, and HCV care approach among people who
inject drugs.
Lay summary: We assessed the effect of treatment of hepatitis C
virus infection with direct-acting antiviral drugs on deaths from
all causes, liver disease and drug use. We found that treatment
with direct-acting antiviral drugs is associated with substantial
lowering in risk of death from all causes, liver disease and drug
use among people with hepatitis C virus infection.
© 2021 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction
HCV infection is a major global health concern with about 71
million people living with the virus world-wide.1 In North
America, about two-thirds of chronic HCV infections are among
people born between 1945–1965 who, having acquired the virus
decades ago, are now increasingly being diagnosed with serious
liver-related illnesses including decompensated cirrhosis and
hepatocellular carcinoma (HCC). 2–4 In contrast, most (>80%) new
HCV infections occur in people who inject drugs (PWID), many of
whom also live with concurrent problematic alcohol use, mental
illnesses, or HIV coinfection.2,5,6 PWID with HCV infections are
more likely to die from drug-related causes than liver-related
causes.7,8 We have recently reported that liver-related deaths
among people with HCV infections have started to decline while
drug-related deaths are increasing.9 In recent years, the increase
in drug-related deaths is related to the opioid overdose epidemic
that is gripping North America, and many parts of Europe and
Australia.10–12

Highly effective (~95% cured) and well-tolerated interferon-
free direct-acting antiviral (DAA) agents represent a major
breakthrough in the management of HCV.13 DAAs are expected to
reduce the high rate of end-stage liver disease and mortality.
Data on the early effects of DAAs on all-cause mortality and HCC
have started to emerge, with evidence of a significant reduction
in these outcomes.14–19 Available data are mainly derived from
US veterans, who are 95% male and their risk profile may be
different. Thus, these findings may not be generalizable to the
general population. 15–17 In addition, the effect of DAAs on cause-
specific mortality is not well known and not quantified. It
is expected, as shown in recent studies from France and the US,
that DAAs will prevent liver-related deaths. However, as
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highlighted above, a large number of deaths among young
people with HCV are occurring due to drug overdoses. Engage-
ment with HCV care and treatment may reduce drug-related
harms among PWID living with HCV. However, the impact of
HCV treatment on drug-related mortality is not known.

In this paper, we present data from a large population-based
cohort in Canada to evaluate the effect of treatment with DAAs
on all- cause, liver-and drug-related mortality risk.

Patients and methods
The cohort
The British Columbia (BC) Hepatitis Testers Cohort (BC-HTC) in-
cludes all individuals (~1.7 million) tested for HCV or HIV at the
BC Centre for Disease Control Public Health Laboratory (BCCDC-
PHL), or any individual reported to public health as a confirmed
case of HCV, HBV, HIV/AIDS, since 1990. These data are inte-
grated with data on medical visits, hospitalizations, prescription
drugs, cancers and deaths (Table S1). More than 95% of HCV
serology and all HCV RNA testing in BC are performed at the
BCCDC-PHL. All dispensed prescriptions in BC including HCV
treatments are recorded in a central system called PharmaNet
and all deaths in BC are registered in the death registry. Details of
the cohort creation and epidemiological characteristics have
been reported previously.2,20

Study population, design and exposure
In this analysis, we included individuals who had a chronic HCV
infection, defined as being tested positive for HCV RNA before
treatment initiation or on their last available RNA measurement
for untreated individuals. Individuals who filled at least 1 pre-
scription of DAAs were considered to have received HCV treat-
ment with DAAs. Physicians providing care made treatment
decisions based on Canadian and American Association for the
Study of Liver Disease (AASLD) Guidelines and drug coverage by
PharmaCare. Untreated individuals never received any HCV
treatment. People treated with only interferon-based treatments
were excluded. The primary exposure of interest was treatment
with DAAs compared to no-treatment. Treated individuals were
further classified as people who achieved sustained virologic
response (SVR) and people who did not. We defined SVR as
undetectable serum HCV RNA at >−10 weeks post treatment, with
most people receiving SVR assessment >−12 weeks after
treatment.21

Outcome assessment
The main outcomes of interest were all-cause mortality, liver-
related deaths and drug-related deaths. Assessments of deaths
and cause of death were based on the BC Vital Statistics Registry,
including data up to December 31, 2019 (Table S2).

Assessment of potential risk factors
We assessed potential risk factors for mortality including age,
birth cohort, sex, HCV genotype, previous treatment, cirrhosis,
coinfection with HIV, HBV, diabetes, heart failure, hypertension,
chronic kidney disease, problematic alcohol use, injection drug
use (IDU), major mental illness and material and social depri-
vation. We assessed multiple comorbidities through a composite
comorbidity index, the Elixhauser index. 22 HIV and HBV di-
agnoses were based on laboratory confirmation or being re-
ported as a confirmed case in the public health reportable
disease database. IDU, mental illness, problematic alcohol use,

diabetes, and cirrhosis were assessed using validated algorithms
based on diagnostic codes and/or prescription drug records in
administrative health datasets (Table S2).23

Statistical analysis
To avoid immortal time bias and ensure comparability between
treated and untreated individuals, we used incidence density
sampling to select the untreated group.24 Specifically, we
matched each treated individual with an untreated individual
based on their first positive RNA test date. Person-time at risk
started at the last treatment dispensation date (index date) for
treated and matched untreated pairs and ended at death or end
of follow-up (December 31, 2019), whichever occurred earlier.
An inverse probability of treatment weighting (IPTW) approach
was used to make the baseline profiles of treated and untreated
groups comparable (confounding by indication).25 Weights
were calculated using a propensity score computed through a
logistic regression model for HCV treatment receipt which
included age, sex, year of HCV diagnosis, cirrhosis, diabetes,
HIV, HBV, material derivation, IDU, and problematic alcohol use.
The adequacy of weighting was assessed using standardized
mean differences (Table S3), with a value <0.1 considered evi-
dence of a balanced distribution.25 We computed the mortality
rate among people who achieved SVR, people who did not and
untreated individuals and constructed survival curves
comparing survival probability among the 3 groups. For liver-
and drug-related mortality we computed cumulative incidence
curves while accounting for competing mortality risk using the
Fine & Grey approach.26

We used a Cox proportional hazards model to assess the effect
of SVR compared to no-SVR on all-cause mortality. To assess the
effect of SVR on liver- and drug-related mortality, we performed
subdistribution proportional hazards modelling using the
competing risk regression approach while accounting for other
important covariates of interest.26

For evaluation of treatment impact on mortality in compari-
son to no-treatment, we performed proportional hazards
modelling on the IPTW-weighted cohort, adjusting for important
covariates to further account for any residual confounding.25,27

Where proportionality assumptions were violated, we inter-
preted hazards ratios as an average effect over time and 95% CIs
were computed through 10,000 bootstrap resamples.28 The
sensitivity analysis was restricted to people who had at least 1
year of post-treatment follow-up. Analyses were performed us-
ing SAS 9.4 and R.

Data Linkage to establish the BC-HTC was performed under
the BCCDC’s public health mandate. This study was reviewed and
approved by the Behavioral Research Ethics Board at the Uni-
versity of British Columbia (H14-01649).

Results
Study cohort
During the study period, 74,095 people were diagnosed with
HCV, of whom 40,419 were RNA positive. Overall, 20,712
received treatment and 12,311 were treated with DAAs. Of those
who received DAA treatment, 10,851 were eligible for analysis
after excluding 1,460 individuals with missing SVR, or inade-
quate follow-up. Of these 10,426 (96%) achieved SVR and 425 did
not. This group was matched with 10,851 untreated individuals
based on diagnosis date (Fig. S1).
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Table 1. Participant of profile: individuals treated with DAAs by SVR status, untreated individuals and all.

Covariates

SVR No-SVR All treated

p valuea
Untreated All

p valuebn (%) n (%) n (%) n (%) n (%)

N 10,426 (96) 425 (4) 10,851 (50) 10,851 (50) 21,702
Previous treatment
No 8,547 (82) 329 (77.4) 8,876 (81.8) 0.0168 10,851 (100) 19,727 (90.9) <0.0001
Yes 1,879 (18) 96 (22.6) 1,975 (18.2) 1,975 (9.1)

Birth year
<1945 373 (3.6) 17 (4) 390 (3.6) <0.0001 632 (5.8) 1,022 (4.7) <0.0001
1945-1964 7,291 (69.9) 256 (60.2) 7,547 (69.6) 5,578 (51.4) 13,125 (60.5)
1965-1974 1,723 (16.5) 84 (19.8) 1,807 (16.7) 2,558 (23.6) 4,365 (20.1)
>−1975 1,039 (10) 68 (16) 1,107 (10.2) 2,083 (19.2) 3,190 (14.7)

Age
<−29 178 (1.7) 15 (3.5) 193 (1.7) 0.0007 476 (4.4) 669 (3.1) <0.0001
30-39 609 (5.8) 38 (8.9) 647 (6) 1,213 (11.2) 1,830 (8.6)
40-59 5,110 (49) 211 (49.6) 5,321 (49) 5,662 (52.2) 10,983 (50.6)
>−60 4,529 (43.4) 161 (37.9) 4,690 (43.2) 3,500 (32.3) 8,190 (37.7)
Median[IQR] 58[51-63] 56[47-62] 58[51-63] 54[45-62] 56[48-63]

Sex
Female 3,673 (35.2) 120 (28.2) 3,793 (34.9) 0.003 3,579 (33) 7,372 (34) 0.0022
Male 6,753 (64.8) 305 (71.8) 7,058 (65) 7,272 (67) 14,330 (66)

Genotype
1 6,933 (66.5) 250 (58.8) 7,183 (66.2) <0.0001 4,608 (42.5) 11,791 (54.3) <0.0001
2 1,078 (10.3) 33 (7.8) 1,111 (10.2) 873 (8) 1,984 (9.1)
3 2,031 (19.5) 132 (31.1) 2,163 (19.9) 1,937 (17.9) 4,400 (18.9)
Other/unknown 384 (3.7) 10 (2.4) 394 (3.6) 3,433 (31.6) 3,827 (17.6)

Material deprivation
Q1 (most privileged) 1,630 (15.6) 69 (16.2) 1,699 (15.6) 0.3468 1,496 (13.8) 3,195 (14.7) <0.0001
Q2 1,745 (16.7) 63 (14.8) 1,808 (16.7) 1,439 (13.3) 3,247 (14.9)
Q3 2,025 (19.4) 75 (17.6) 2,100 (19.4) 1,817 (16.7) 3,917 (18.1)
Q4 2,318 (22.2) 88 (20.7) 2,406 (22.2) 2,359 (21.7) 4,765 (22)
Q5 (most deprived) 2,583 (24.8) 123 (28.9) 2,706 (24.9) 3,392 (31.3) 6,098 (28.1)
Unknown 125 (1.2) 7 (1.6) 132 (1.3) 348 (3.2) 480 (2.2)

Social deprivation
Q1 (most privileged) 1,082 (10.4) 39 (9.2) 1,121 (10.4) 0.0557 1,050 (9.7) 2,171 (10) <0.0001
Q2 1,281 (12.3) 43 (10.1) 1,324 (12.2) 1,110 (10.2) 2,434 (11.2)
Q3 1,740 (16.7) 65 (15.3) 1,805 (16.6) 1,430 (13.2) 3,235 (14.9)
Q4 2,348 (22.5) 83 (19.5) 2,431 (22.4) 2,193 (20.2) 4,624 (21.3)
Q5 (most deprived) 3,850 (36.9) 188 (44.2) 4,038 (37.2) 4,720 (43.5) 8,758 (40.3)
Unknown 125 (1.2) 7 (1.6) 132 (1.3) 348 (3.2) 480 (2.2)

Chronic kidney disease
No 9,967 (95.6) 406 (95.5) 10,373 (95.6) 0.9465 10,409 (95.9) 20,782 (95.8) 0.2252
Yes 459 (4.4) 19 (4.5) 478 (4.4) 442 (4.1) 920 (4.2)

Congestive heart failure
No 10,096 (96.8) 407 (95.8) 10,503 (96.8) 0.2197 10,416 (96) 20,919 (96.4) 0.0015
Yes 330 (3.2) 18 (4.2) 348 (3.2) 435 (4) 783 (3.6)

Coronary heart disease
No 9,918 (95.1) 411 (96.7) 10,329 (95.2) 0.1361 10,421 (96) 20,750 (95.6) 0.0023
Yes 508 (4.9) 14 (3.3) 522 (4.8) 430 (4) 952 (4.4)

Hypertension
No 7,454 (71.5) 321 (75.5) 7,775 (71.7) 0.0704 8,686 (80) 16,461 (75.8) <0.0001
Yes 2,972 (28.5) 104 (24.5) 3,076 (28.4) 2,165 (20) 5,241 (24.2)

Cirrhosis
No 9,538 (91.5) 366 (86.1) 9,904 (91.3) 0.0001 10,272 (94.7) 20,176 (92.9) <0.0001
Yes 888 (8.5) 59 (13.9) 947 (8.7) 579 (5.3) 1,526 (7.1)

Decompensated cirrhosis
No 10,021 (96.1) 396 (93.2) 10,417 (96) 0.0024 10,460 (96.4) 20,877 (96.2) 0.1269
Yes 405 (3.9) 29 (6.8) 434 (4) 391 (3.6) 825 (3.8)

HBV
No 9,778 (93.8) 405 (95.3) 10,183 (93.8) 0.2045 10,294 (94.9) 20,477 (94.3) 0.0011
Yes 648 (6.2) 20 (4.7) 668 (6.2) 557 (5.1) 1,225 (5.7)

HIV
No 9,593 (92) 376 (88.5) 9,969 (91.9) 0.0089 10,341 (95.3) 20,310 (93.5) <0.0001
Yes 833 (8) 49 (11.5) 882 (8.2) 510 (4.7) 1,392 (6.5)

TB
No 10,379 (99.5) 424 (99.8) 10,803 (99.6) 0.5117 10,772 (99.3) 21,575 (99.4) 0.0058
Yes 47 (0.5) 1 (0.2) 48 (0.4) 79 (0.7) 127 (0.6)

Diabetes
No 8,890 (85.3) 357 (84) 9,247 (85.2) 0.4705 9,682 (89.2) 18,929 (87.2) <0.0001

(continued on next page)
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Participant profile
Compared to the SVR group, the no-SVR group were slightly
younger (median age 56 vs. 58 years) and included a higher
proportion who had: previously been treated (22.5% vs. 18.0%),
cirrhosis (13.8% vs. 8.5%), a history of IDU (48.4% vs. 32.9%),
problematic alcohol use (35.2% vs. 27.9%) and a higher frequency
of comorbidities included in the Elixhauser index (72.8% vs.
59.5%) (Table 1).

Mortality rate by SVR
Overall, 96 deaths occurred during 924.7 PY of follow-up among
people who did not achieve SVR, resulting in a mortality rate of
103.8/1,000 PY (95% CI 85.0–126.8). The mortality rate was
substantially lower in the SVR group, in which 552 deaths
occurred during 27,752.7 PY of follow-up, yielding a mortality
rate of 19.9/1,000 PY (95% CI 18.3–21.6; Table 2). The mortality
rate among people with cirrhosis was higher in both the no-SVR
group and the SVR group (211.6/1,000 PY vs. 45.9/1,000 PY)
compared to people with no cirrhosis (82.0/1,000 PY vs. 16.7/
1,000 PY). Similar trends in mortality rates for liver- and drug-
related mortality were observed, with significantly lower rates
among people with SVR compared to no-SVR. However, in peo-
ple without cirrhosis, drug-related mortality was slightly higher
than liver-related mortality among people who achieved SVR,
while much lower in people who did not achieve SVR. In people
with cirrhosis, liver-related mortality was higher. Drug-related
mortality rates were substantiality higher among people with a
history of IDU compared to people with no IDU both in SVR (11.7/
1,000PY vs. 1.5/1,000PY) and no-SVR (30.7/1,000PY vs. 7.4/
1,000PY) groups.

Effect of SVR on mortality risk and impact of cirrhosis
In the multivariable model, the all-cause mortality risk was
significantly lower among people with SVR compared to people
with no-SVR (adjusted hazard ratio [aHR] 0.19; 95% CI 0.15–0.24).
Results did not differ by cirrhosis status (Table 3). SVR was
associated with an 87% reduction in liver-related mortality
(adjusted subdistribution hazard ratio [asHR] 0.13; 95% CI
0.09–0.17), with a slightly lower reduction in those with cirrhosis
compared to those without cirrhosis. SVR was also associated

with a reduction in drug-related mortality (asHR 0.36; 95% CI
0.21–0.62).

Effect of SVR/treatment on mortality risk compared to no-
treatment
The IPTW analysis included 10,851 treated individuals and
10,851 untreated individuals. Untreated individuals were
younger (median age: 54 years vs. 58 years), were more mate-
rially deprived (5th quintile: 31.3% vs. 24.9%), had higher rates of
IDU (44.4% vs. 33.5%) and problematic alcohol use (33.2% vs.
28.2%), but lower rates of cirrhosis (5.3% vs. 8.7%), HIV coinfection
(8.2% vs. 4.7%), diabetes (10.8% vs.14.8%) and other comorbidities.
IPTW reduced the differences in characteristics between treated
and untreated individuals as shown by standardized mean dif-
ferences (Table S3). Median (IQR) duration of follow-up for
people with SVR was 2.5 years (1.5–3.9; maximum 6.2), for the
no-SVR group 1.8 years (1.0–3.2; maximum 5.6) and for the
untreated group 1.9 years (1.1–3.3; maximum 5.9).

Mortality rates
Untreated individuals had higher all-cause (99.2/1,000PY vs.
19.5/1,000PY), liver- (25.0/1,000PY vs. 5.7/1,000PY) and drug-
related (23.0/1,000PY vs. 5.0/1,000PY) mortality rates compared
to people who achieved SVR. Among people without cirrhosis,
drug-related mortality rates were higher compared to liver-
related mortality among those with SVR (5.1/1,000PY vs. 3.4/
1,000PY) and those untreated (22.0 vs. 15.2). However, among
people with no-SVR and those with cirrhosis, liver-related mor-
tality was higher than drug-related mortality (Table 2).

Kaplan Meier survival curves for all-cause mortality showed
significantly higher survival and cumulative incidence curves for
liver-related mortality showed lower mortality among people
with SVR compared to people with no-SVR and people who had
not yet received treatment (Fig 1A). As expected, there was a
steeper decline in survival among people with cirrhosis, and the
decline was steeper among people with no-SVR and no-
treatment (Fig 1B). Similarly, there was steeper increase in cu-
mulative incidence of liver-related mortality for the no-SVR and
no-treatment group in people with cirrhosis (Fig. 1C,D). There
was an increase in drug-related mortality among all groups over

Table 1. (continued)

Covariates

SVR No-SVR All treated

p valuea
Untreated All

p valuebn (%) n (%) n (%) n (%) n (%)

Yes 1,536 (14.7) 68 (16) 1,604 (14.8) 1,169 (10.8) 2,773 (12.8)
Injection drug use
No 6,994 (67.1) 219 (51.5) 7,213 (66.5) <0.0001 6,028 (55.6) 13,241 (61) <0.0001
Yes 3,432 (32.9) 206 (48.5) 3,638 (33.5) 4,823 (44.4) 8,461 (39)

Problematic alcohol use
No 7,517 (72.1) 275 (64.7) 7,792 (71.8) 0.0009 7,246 (66.8) 15,038 (69.3) <0.0001
Yes 2,909 (27.9) 150 (35.3) 3,059 (28.2) 3,605 (33.2) 6,664 (30.7)

Mental illness
No 6,934 (66.5) 248 (58.4) 7,182 (66.2) 0.0005 6,902 (63.6) 14,084 (64.9) <0.0001
Yes 3,492 (33.5) 177 (41.6) 3,669 (33.8) 3,949 (36.4) 7,618 (35.1)

Statins
No 9,096 (87.2) 383 (90.1) 9,479 (87.3) 0.0805 9,795 (90.3) 19,274 (88.8) <0.0001
Yes 1,330 (12.8) 42 (9.9) 1,372 (12.7) 1,056 (9.7) 2,428 (11.2)

Elixhauser index
No 4,221 (40.5) 115 (27.1) 4,360 (40) <0.0001 4,381 (40.4) 8,717 (40.2) 0.5332
Yes 6,205 (59.5) 310 (72.9) 6,515 (60.1) 6,470 (59.6) 12,985 (59.8)

DAA, direct-acting antiviral; SVR, sustained virologic response; TB, tuberculosis.
aChi-square test for comparison between SVR and no-SVR group.
bChi-square test for comparison between treated and untreated groups.
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time, but the increase was steeper among the no-SVR and no-
treatment groups (Fig. 1E). Similarly, drug-related mortality
was higher among PWID and the increase was steeper (Fig. 1F).

Effect of SVR on mortality risk compared to no-treatment
Compared to untreated individuals in multivariable hazards
model, SVR was associated with significant reductions in all-
cause (aHR 0.19; 95% CI 0.17–0.21), liver-related (asHR 0.22;
95% CI 0.18–0.27) and drug-related mortality risk (asHR 0.26;
95% CI 0.21–0.32). Compared to no-treatment, no-SVR was
associated with significantly higher liver-related mortality risk
(asHR 1.53; 95% CI 1.08–2.17), while the relationship with all-
cause and drug-related mortality was not significant. The effect

of SVR was similar in people with and without cirrhosis (Table 3
and Table S3).

Other factors associated with increased all-cause mortality
risk were cirrhosis at treatment initiation (aHR 2.18; 95% CI
1.99–2.65), older age (40-59 years aHR 1.42; 95% CI 1.08–1.93;
>−60 years aHR 2.21; 95% CI 1.68–3.03 compared to <−29 years),
being male (aHR 1.35; 95% CI 1.23–1.48), HIV coinfection (aHR
1.58; 95% CI 1.35–1.85), and problematic alcohol use (aHR 1.34;
95% CI 1.22–1.48). There were some notable differences in factors
associated with liver-related and drug-related mortality.
Cirrhosis was associated with a higher risk of liver-related mor-
tality (asHR 6.79; 95% CI 5.71–8.07) while IDU was associated
with a significantly higher risk of drug-related mortality (asHR

Table 2. Mortality rate among treated individuals by SVR status and those among IPTW matched treatment and untreated individuals by SVR status.

SVR No-SVR Untreated

n/PY MR (95%CI) n/PY MR (95%CI) n/PY MR (95%CI)

SVR vs. no-SVR

All-cause mortality 552/27752.7 19.9 (18.3–21.6) 96/924.7 103.8 (85–126.8)
Liver-related mortality 163/27752.7 5.9 (5–6.8) 54/924.7 58.4 (44.7–76.2)
Drug-related mortality 125/27752.7 4.5 (3.8–5.4) 16/924.7 17.3 (10.6–28.2)

Without cirrhosis
All-cause mortality 412/24704 16.7 (15.1–18.4) 63/768.7 82 (64–104.9)
Liver-related mortality 84/24704 3.4 (2.7–4.2) 27/768.7 35.1 (24.1–51.2)
Drug-related mortality 114/24704 4.6 (3.8–5.5) 15/768.7 19.5 (11.8–32.4)

With cirrhosis
All-cause mortality 140/3048.7 45.9 (38.9–54.2) 33/156 211.6 (150.4–297.6)
Liver-related mortality 79/3048.7 25.9 (20.8–32.3) 27/156 173.1 (118.7–252.5)
Drug-related mortality 11/3048.7 3.6 (2–6.5) 1/156 6.4 (0.9–45.5)

Treated vs. untreated IPTWa

All-cause mortality 552/27752.7 19.5 (17.9–21.3) 96/924.7 86.5 (69.6–107.7) 2133/23625.1 99.2 (95.2–103.3)
Liver-related mortality 163/27752.7 5.7 (4.8–6.6) 54/924.7 45.7 (33.8–61.7) 505/23625.1 25.0 (23.1–27.1)
Drug-related mortality 125/27752.7 5.0 (4.2–5.9) 16/924.7 15.7 (9.4–26.2) 583/23625.1 23.0 (21.1–25.0)

Without cirrhosis
All-cause mortality 412/24704 16.7 (15.1–17.3) 63/768.7 77.6 (60.9–98.8) 1799/22768.3 84.6 (80.8–88.5)
Liver-related mortality 84/24704 3.4 (2.8–4.2) 27/768.7 35.6 (24.9–51.0) 319/22768.3 15.2 (13.7–16.9)
Drug-related mortality 114/24704 5.1 (4.2–6.0) 15/768.7 16.7 (9.9–28.2) 541/22768.3 22.0 (20.2–24.1)

With cirrhosis
All-cause mortality 140/3048.7 48.1 (40.2–57.6) 33/156 172.6 (104.3–285.5) 334/856.8 387.7 (353.0–425.8)
Liver-related mortality 79/3048.7 27.8 (22.0–35.2) 27/156 142.2 (81.7–247.5) 186/856.8 218.4 (192.8–247.5)
Drug-related mortality 11/3048.7 4.1 (2.2–7.6) 1/156 5.5 (0.3–91.9) 42/856.8 41.8 (31.4–55.6)

IPTW, inverse probability of treatment weighting; MR, mortality rate; PY, person-years; SVR, sustained virologic response.
aRates are based on IPTW cohort while deaths and person time is based unweighted sample.

Table 3. Multivariable models for effect of SVR on all-cause, liver- and drug-related mortality by treatment and cirrhosis status.a

All Without cirrhosis With cirrhosis

Adjusted (s)HR (95%CI) Adjusted (s)HR (95%CI) Adjusted (s)HR (95%CI)

Treated individuals: SVR vs. no-SVR

All-cause mortality 0.19 (0.15–0.24) 0.19 (0.14–0.25) 0.19 (0.13–0.29)
Liver-related mortality 0.13 (0.09–0.17) 0.08 (0.05–0.13) 0.16 (0.10–0.25)
Drug-related mortality 0.36 (0.20–0.62) 0.34 (0.19–0.60) NE

Treated (SVR and no-SVR) vs. untreated IPTW-weighted

SVR
All-cause mortality 0.19 (0.17–0.21) 0.19 (0.16–0.21) 0.17 (0.13–0.21)
Liver-related mortality 0.22 (0.18–0.27) 0.21 (0.16–0.28) 0.22 (0.16–0.30)
Drug-related mortality 0.26 (0.21–0.32) 0.26 (0.21–0.32) 0.29 (0.14–0.57)

No-SVR
All-cause mortality 0.86 (0.68–1.07) 0.92 (0.69–1.18) 0.63 (0.39–0.92)
Liver-related mortality 1.53 (1.08–2.17) 2.22 (1.48–3.32) 0.92 (0.53–1.60)
Drug-related mortality 0.75 (0.44–1.27) 0.76 (0.44–1.30) 0.91 (0.04–20.17)

Adjusted (s)HR, adjusted hazard ratio computed for all-cause mortality and subdistribution hazard ratio computed for liver- and drug-related mortality through Fine & Grey
competing risk models; IPTW, inverse probability of treatment weighting; NE, not estimated due to small sample size; SVR, sustained virologic response.
aAdjusted for: age, sex, genotype, previous treatment, cirrhosis status (except for stratified models), material deprivation, HBV, HIV, diabetes, problematic alcohol use, injection
drug use, mental illness, statin, chronic kidney disease, hypertension, health failure, and Exlihauser comorbidity index.
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3.35; 95% CI 2.68–4.19). In addition, older age was associated
with higher liver-related mortality while younger age was
associated with higher drug-related mortality (Table 4).

In the analysis restricted to people with at least 1 year of
follow-up post-treatment, the effect of SVR compared to no-
treatment was smaller for all-cause (aHR 0.37; 95% CI
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Fig. 1. The survival curves by treatment status. All-cause mortality (A) overall and (B) for those with cirrhosis; cumulative incidence of liver-related mortality
(C) overall and (D) for those with cirrhosis; and drug-related mortality (E) overall and (F) for people who inject drugs. SVR, sustained virologic response.
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0.31–0.41), liver-related (asHR 0.47; 95% CI 0.37–0.60), and drug-
related (asHR 0.45; 95% CI 0.35–0.58) mortality.

Discussion
In this large general population Canadian cohort, we assessed the
effect of DAA-induced SVR on mortality risk. This is the first
study to evaluate the effectiveness of DAAs on liver- and drug-
related mortality from a population-based cohort with more
than 5 years of follow-up. We found that SVR from DAAs
compared to no-treatment is associated with an 81% reduction in
all-cause mortality, a 78% reduction in liver-related, and a 74%
reduction in drug-related mortality risk. Within the treated
group, SVR compared to no-SVR was associated with slightly
higher reduction in all-cause (81%), and liver-related mortality
(87%), but a lower reduction in drug-related (64%) mortality risk.
The reduction in mortality risk was lower among people with
cirrhosis. Cirrhosis and older age (>−40 years) was associated with
higher liver-related mortality risk while IDU, younger age,
problematic alcohol use, and HIV/HBV co-infections were asso-
ciated with higher drug-related mortality risk. These findings
indicate that DAAs will have a major impact on reducing mor-
tality risk among people living with HCV; however, people with

substance use disorder and HCV will need further integrated
support services to reduce drug-related harms to maintain the
benefits achieved through curative DAAs.

Few studies have assessed the effect of DAAs compared to no-
treatment and SVR compared to no-SVR on all-cause and liver-
related mortality.17,18,29–31 Design and comparison groups differ
across studies. Our findings on the impact of SVR from DAAs on
all-cause and liver-related mortality are consistent with some
studies, while a relatively lower reduction was reported in other
studies. Our study had the longest follow-up time among studies
published so far and is a population-based cohort, while most
other studies were based on specific populations or cohorts. In a
study among US veterans, treatment (DAA and interferon)
compared to no-treatment was associated with a 75% reduction
in mortality while SVR (DAA and interferon) vs. no-SVR was
associated with 90% reduction in mortality.30 In an earlier study
among US veterans, SVR compared to no-treatment was associ-
ated with a 68% reduction in all-cause mortality (aHR 0.32; 95%
CI 0.29–0.36), while SVR compared to no-SVR was associated
with a lower reduction than in our study (aHR 0.44; 95% CI
0.32–0.59).29 In Scotland, SVR compared to no-SVR was associ-
ated with a 87% reduction in liver-related death (aHR 0.13; 95% CI

Table 4. Factors associated with all-cause, liver- and drug-related mortality among people treated with DAAs compared to untreated individuals,
weighted by inverse probability of treatment.

Covariate

All-cause mortality Liver-related mortality Drug-related mortality

aHR (95%CI) asHR (95%CI) asHR (95%CI)

Treatment n = 21,702 n = 21,702 n = 21,702
Not treated Ref. Ref. Ref.
Treated without SVR 0.86 (0.68–1.07) 1.53 (1.08–2.17) 0.75 (0.44–1.27)
Treated with SVR 0.19 (0.17–0.21) 0.22 (0.18–0.27) 0.26 (0.0.21–0.32)

Previous treatment 0.93 (0.77–1.11) 0.95 (0.69–1.30) 0.60 (0.36–1.00)
Age (years)a

<−29 Ref. 1.76 (1.15–2.70)
30-39 0.77 (0.55–1.09) Ref. Ref.
40-59 1.42 (1.08–1.93) 14.63 (4.66–45.91) 1.34 (1.03–1.76)
>−60 2.21 (1.68–3.03) 26.19 (8.31–82.59) 0.46 (0.32–0.65)

Sex, male 1.35 (1.23–1.48) 1.34 (1.13–1.58) 1.75 (1.47–2.09)
Genotype
GT1 Ref. Ref. Ref.
GT2 0.92 (0.79–1.06) 0.89 (0.68–1.16) 0.87 (0.63–1.21)
GT3 1.02 (0.91–1.14) 1.21 (1.00–1.47) 0.98 (0.81–1.19)
Unknown/others 0.96 (0.86–1.06) 0.87 (0.71–1.06) 0.78 (0.64–0.96)

Material deprivation
Q1 (most privileged) Ref. Ref. Ref.
Q2 0.99 (0.86–1.16) 1.31 (0.99–1.75) 0.84 (0.63–1.12)
Q3 0.94 (0.81–1.09) 1.23 (0.93–1.62) 0.72 (0.54–0.95)
Q4 0.99 (0.86–1.13) 1.26 (0.96–1.65) 0.87 (0.67–1.11)
Q5 (most deprived) 1.01 (0.88–1.15) 1.43 (1.11–1.86) 0.96 (0.77–1.20)
Unknown 0.68 (0.47–0.95) 0.47 (0.21–1.04) 1.18 (0.71–1.95)

Cirrhosis 2.18 (1.99–2.65) 6.79 (5.71–8.07) 1.19 (0.89–1.60)
HBV 1.18 (1.00–1.38) 0.67 (0.48–0.95) 1.27 (0.99–1.62)
HIV 1.58 (1.35–1.85) 1.04 (0.74–1.44) 1.62 (1.31–2.00)
Diabetes 1.12 (1.00–1.26) 1.13 (0.94–1.37) 0.96 (0.73–1.26)
Injection drug use 1.12 (1.01–1.24) 0.76 (0.63–0.92) 3.35 (2.68–4.19)
Problematic alcohol use 1.34 (1.22–1.48) 1.28 (1.08–1.53) 1.32 (1.11–1.57)
Mental illness 1.05 (0.96–1.15) 0.76 (0.64–0.91) 1.15 (0.97–1.36)
Statins 1.06 (0.93–1.21) 1.04 (0.84–1.29) 0.81 (0.58–1.13)
Elixhauser comorbidity index 1.95 (1.73–2.20) 1.74 (1.41–2.15) 1.03 (0.82–1.29)
Chronic kidney disease 1.38 (1.18–1.63) 0.82 (0.62–1.09) 1.31 (0.94–1.84)
Heart failure 1.87 (1.60–2.18) 0.99 (0.76–1.30) 1.22 (0.82–1.81)
Hypertension 1.34 (1.20–1.48) 1.13 (0.95–1.34) 1.19 (0.95–1.49)

Model: Weighted using stabilized IPTW. aHR, adjusted hazard ratio; asHR, adjusted subdistribution hazard ratio based on Fine & Grey competing risk model; IPTW, inverse
probability of treatment weighting; SVR, sustained virologic response.
aReference for liver-related mortality <40 years.
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0.05–0.34), and a 70% reduction in all-cause mortality (aHR 0.30;
95% CI 0.12–0.76) among those with cirrhosis.32

However, DAA treatment compared to no-treatment in a
French cohort was associated with a lower reduction in all-cause
(aHR 0.48; 95% CI 0.33–0.70) and liver-related (aHR 0.39; 95% CI
0.21–0.71) mortality.18 Similar findings of lower all-cause mor-
tality reduction have been reported from Medicare beneficiaries
from the US (without cirrhosis aHR 0.51; 95% CI 0.46–0.57).31

None of these studies assessed the impact of treatment and
SVR on drug-related mortality, which is a critical issue among
people with HCV in Canada, the US and many other coun-
tries.10–12 Overall, our findings indicate a significant impact of
DAAs on mortality.

SVR compared to no-treatment was associated with reduced
drug-related mortality. The impact of HCV treatment on drug-
related mortality has not been evaluated before. IDU was the
strongest factor associated with drug-related mortality, in addi-
tion to younger age, problematic alcohol use, HIV and HBV co-
infection. This highlights the presence of a syndemic of
substance use and bloodborne infections associated with high
drug-related mortality.33 It is postulated that engagement in HCV
care and treatment is expected to provide more stability to
people who use substances and could have resulted in reduced
drug-related mortality. Previous studies have shown a reduction
or stability in drug and alcohol use behaviour following HCV
treatment.34 Some of the impact of HCV treatment could be
related to HCV care that is accompanied by social support,
mental health support and care targeted at substance use dis-
orders. In BC, many care providers who provide HCV treatment
to PWID incorporate a more comprehensive model including
social support and addiction care.35,36 On the other hand,
engagement in HCV care and treatment could also be related to
overall life stability and readiness for treatment, which may be
contributing to decreased drug-related mortality.37 Further
studies are needed to understand the role of specific behavioural,
pharmacological and care related factors associated with reduce
drug-related mortality.

Our results indicate that cirrhosis at treatment initiation,
older age and problematic alcohol use are significantly associ-
ated with a higher risk of liver-related mortality. Treatment of
HCV before the development of cirrhosis will be necessary to
substantially reduce the future risk of liver-related mortality.
Canada and many developed countries have recently removed
fibrosis-based restrictions on treatment coverage, however,
treatment uptake needs to be scaled up quickly to realize the full
benefits of DAAs in reducing mortality.38

The assessment of risk factors such as cirrhosis, problematic
alcohol consumption and diabetes was based on diagnostic
codes, as in other similar studies, which could lead to misclas-
sification of these conditions. 15,16 To make these definitions
more specific and reduce misclassification, we required at least 1
hospitalization or 2 medical visits and/or prescription drugs
specific to the condition such as anti-diabetic medications to
define these conditions.

In conclusion, in this large population-based cohort of HCV
treated and untreated individuals, we showed that SVR from
DAAs is associated with substantial reduction in the risk of all-
cause and liver- and drug-related mortality. The reduction of
liver-related mortality risk post-treatment was lower among
people with cirrhosis, indicating an urgent need for early treat-
ment and scaling-up of treatment programmes to fully realize

the benefits of DAAs. IDU, problematic alcohol use, and coin-
fection with HIV or HBV were associated with a higher risk of
drug-related mortality, highlighting the need for service inte-
gration to improve the overall well-being and survival of people
with substance use disorder.
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