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ABSTRACT

OBJECTIVES

To quantify mortality rates for patients successfully
treated for hepatitis C in the era of interferon-free,
online only. To view please visit direct acting antivirals and compare these rates with
the journal online. those of the general population.
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SETTING

British Columbia, Scotland, and England (England
cohort consists of patients with cirrhosis only).

PARTICIPANTS

21790 people who were successfully treated for
hepatitis Cin the era of interferon-free antivirals
(2014-19). Participants were divided into three liver
disease severity groups: people without cirrhosis
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(pre-cirrhosis), those with compensated cirrhosis, and

those with end stage liver disease. Follow-up started
12 weeks after antiviral treatment completion and
ended on date of death or 31 December 2019.

MAIN OUTCOME MEASURES

Crude and age-sex standardised mortality rates, and
standardised mortality ratio comparing the number of
deaths with that of the general population, adjusting

William L Irving,"> Naveed Z Janjua,”'"?> Hamish Innes

WHAT IS ALREADY KNOWN ON THIS TOPIC

Interferon-free antivirals have transformed the treatment of chronic hepatitis C
infection; treatment is successful in more than 95% of patients

Patients who are successfully treated show better health outcomes than
untreated patients (eg, liver disease progression, diseases outside the liver, and
all cause mortality)

Countries are moving towards hepatitis C elimination, but the prognosis after
successful treatment remains questionable

WHAT THIS STUDY ADDS

People who have received successful hepatitis C treatment show high mortality
rates that are considerably greater than the general population (between 3 and
14 times higher depending on liver disease stage)

Excess mortality is largely driven by drug related causes, liver failure, and liver
cancer; recent hospital admissions for alcohol and substance misuse were
predictors of higher mortality rates and standardised mortality ratios

With substantial drug and liver related mortality after successful hepatitis C
treatment, services and interventions to prevent drug and alcohol related harms
are needed
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for age, sex, and year. Poisson regression was used to
identify factors associated with all cause mortality rates.

RESULTS

1572 (7%) participants died during follow-up. The
leading causes of death were drug related mortality
(=383, 24%), liver failure (=286, 18%), and liver
cancer (=250, 16%). Crude all cause mortality rates
(deaths per 1000 person years) were 31.4 (95%
confidence interval 29.3 to 33.7), 22.7 (20.7 to

25.0), and 39.6 (35.4 to 44.3) for cohorts from British
Columbia, Scotland, and England, respectively. All
cause mortality was considerably higher than the rate
for the general population across all disease severity
groups and settings; for example, all cause mortality
was three times higher among people without cirrhosis
in British Columbia (standardised mortality ratio 2.96,
95% confidence interval 2.71 to 3.23; P<0.001) and
more than 10 times higher for patients with end stage
liver disease in British Columbia (13.61, 11.94 to 15.49;
P<0.001). In regression analyses, older age, recent
substance misuse, alcohol misuse, and comorbidities
were associated with higher mortality rates.

CONCLUSION

Mortality rates among people successfully treated

for hepatitis Cin the era of interferon-free, direct
acting antivirals are high compared with the general
population. Drug and liver related causes of death
were the main drivers of excess mortality. These
findings highlight the need for continued support and
follow-up after successful treatment for hepatitis C to
maximise the impact of direct acting antivirals.

Introduction

Interferon-free, direct acting antiviral regimens
have transformed the clinical management and
epidemiology of hepatitis C virus (HCV) infection.
Treatment used to be long, arduous, and ineffective.””
Interferon-free, direct acting antiviral regimens are
short, tolerable, and lead to a virological cure in >95%
of patients.® Therefore, the number of people who
have been successfully treated for HCV has increased
dramatically since these new treatments became
available in 2014.” The rise has been most pronounced
in patients with cirrhosis in whom previous regimens
were least effective or were contraindicated.” > For
example, in Scotland, the number of people with
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cirrhosis who have received successful HCV treatment
increased sixfold between 2014 and 2019 (from
approximately 300 to 1800).” This upward trajectory
will continue for the foreseeable future as countries
strive to eliminate HCV in alignment with the
World Health Organization global strategy for viral
hepatitis.” !

However, it is important to understand the overall
prognosis for people who have been successfully
treated for HCV. Most observational studies have
focused on quantifying the relative benefits of an
HCV cure. These benefits include a lower mortality
risk compared with untreated patients with chronic
HCV infection and those in whom treatment has
failed.’** Yet, the prognosis for people who have
been successfully treated for HCV remains debatable,
particularly in the era of interferon-free, direct acting
antiviral regimens. Several studies suggest that people
with cirrhosis who have been successfully treated for
HCV have low mortality rates, which are comparable
to the general population after adjustment for age, sex,
and calendar year.">'® However, in our view, data from
larger and more representative cohorts that encompass
patients with a broad spectrum of liver disease severity
are needed to form a reliable picture of prognosis for
people who have been successfully treated for HCV.
Therefore, we obtained and analysed data from three
population based cohorts consisting of people who
have been successfully treated for HCV in the era
of interferon-free antivirals (from 2014 onwards).
Our goal was to quantify mortality rates and assess
how these rates compare with those of the general
population.

Methods

Data cohorts

BC hepatitis testers cohort (British Columbia)—This
cohort includes people tested for HCV in British
Columbia since 1990.%° *° Data for people who were
tested are linked routinely to information on outpatient
and emergency department visits (through the Medical
Services Plan and the National Ambulatory Care
Reporting System); hospital admissions (through
the Discharge Abstracts Dataset); cancers (through
the BC Cancer Registry); and prescriptions (through
PharmaNet). Prescription data cover all prescriptions for
HCV antiviral treatment dispensed in British Columbia.
Linked mortality data for this cohort were obtained
through record linkage with the BC Vital Statistics
Agency Death Registry."® 2° The creation of this cohort
and integration of data were performed under the
auspices of the BC Centre for Disease Control’s public
health mandate, which was reviewed and approved by
the Behavioural Research Ethics Board at the University
of British Columbia (H14-01649).

Scottish HCV clinical database (Scotland)—This
database contains clinical follow-up data for patients
receiving HCV treatment in Scotland (in hospital,
prisons, or community settings). Data fields available
include start and end date of HCV treatment, treatment
regimen, response to treatment, and date of diagnosis

RESEARCH

of cirrhosis or hepatocellular carcinoma.? >* Mortality
data for the HCV patient population—specifically date
and cause of death—were obtained by record linkage
to the Scottish mortality register. Approval to link these
registries and perform data analysis was granted by
the Privacy Public Benefit Panel for Health and Social
Care in NHS Scotland (application No 1516-0457).

HCV Research UK (England; HCVRUK)—This cohort
comprises >10000 patients with HCV recruited
between 2012 and 2016 from more than 50 UK liver
centres.”? Participant characteristics included clinical,
epidemiological, virological, and treatment related
factors determined through clinical notes or direct self-
report at study enrolment. The study was approved
by the East Midlands Research Ethics Committee
(application reference 11/EM/0314). Informed
consent was obtained from all participants.

Recently, HCVRUK participants from England with
a cirrhosis diagnosis have been linked to national
health registries held by NHS Digital (application No
NIC-72626). These registries include hospital episodes
statistics data (eg, admitted patient care database,
diagnostic imaging dataset, and outpatient hospital
admissions), mortality registrations, and the National
Cancer Registration and Analysis Service.**>* HCVRUK
participants without cirrhosis have not yet been linked
to these data registries, and so were not included in
this study.

Data sources

Data for the number of deaths in the general population
for England, Scotland, and British Columbia were
provided by the Office for National Statistics, Public
Health Scotland, and the BC Vital Statistics Agency,
respectively. For each setting or country, deaths were
categorised by age group, sex, year of death, and
underlying cause of death. These data were then
merged with mid-year population estimates and cause
specific mortality rates were derived (tables S1-S8).

Successfully treated HCV

The optimal outcome of HCV treatment is a sustained viral
response (SVR), defined as remaining HCV RNA negative
for at least 10-12 weeks after treatment completion.”’
SVR is a robust marker of permanent viral clearance and
is considered equivalent to an HCV cure.”® We therefore
use the terms successfully treated HCV, HCV cure,
and SVR interchangeably hereafter. In Scotland, SVR
status is recorded for each antiviral treatment episode
through the national HCV clinical database. Similarly, in
HCVRUK, SVR status was provided for every treatment
episode by examining patients’ medical records. In
British Columbia, SVR was established electronically
using individual level HCV RNA testing data after
treatment. Specifically, an undetectable serum HCV RNA
test obtained at =10 weeks after treatment completion
was defined as an SVR.

Inclusion and exclusion criteria, and follow-up
All adults successfully treated for HCV between 1
January 2014 and 30 December 2019 from the BC
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Fig 1 | Number of people successfully treated for hepatitis C virus and number of deaths by setting and liver disease severity. ESLD=end stage liver

disease

hepatitis testers cohort (British Columbia), HCVRUK
(England), and Scottish HCV clinical database
(Scotland) were eligible for inclusion in this study.
Patients who could not be linked to national
demographic databases—a prerequisite for record
linkage—were excluded from further analysis. Further
details are provided in appendix A. For each patient,
follow-up started 12 weeks after antiviral treatment
completion and ended on date of death or 31 December

2019. Follow-up was censored at 31 December 2019
to ensure our findings were not influenced by the
covid-19 pandemic.

Liver disease severity and cause specific mortality
data

Because mortality rates are likely to vary by liver
disease severity at SVR, patients were divided into
three distinct disease severity groups: patients without

Table 1 | Baseline characteristics of people successfully treated for hepatitis C infection by setting and liver disease severity

British Columbia (n=11942)

Scotland (n=7691)

England (n=2157)

Pre-cirrhosis Cirrhosis ESLD Pre-cirrhosis  Cirrhosis ESLD Cirrhosis ESLD

Characteristic (n=10083) (n=1013) (n=846) (n=5715) (n=1662) (n=314) (n=1390) (n=767)
Year of SVR (median) 2018 2016 2016 2017 2016 2016 2016 2015
Age (years), mean (SD) 56.1(10.6) 60.3 (7.8) 60.3 (7.7) 44.4 (9.8) 50.6 (8.9) 52.5(9.5) 55.7 (9.4) 57.1(8.5)
Sex

Male 6556 (65) 703 (69) 549 (65) 4095 (72) 1247 (75) 213 (68) 1028 (74) 570 (74)

Female 3527 (35) 310 31) 297 (35) 1620 (28) 415 (25) 101 (32) 362 (26) 197 (26)
Hospital admission for alcohol misuse

No 8664 (86) 797 (79) 520 (61) 4377 (77) 1143 (69) 141 (45) 1098 (79) 410 (53)

Yes (not recent) 892 (9) 99 (10) 111 (13) 837 (15) 234 (14) 46 (15) 121 (9) 104 (14)

Yes (recent) 527 (5) 117 (12) 215 (25) 501 (9) 285 (17) 127 (40) 171 (12) 253 (33)
Hospital admission for substance
misuse

No 7437 (74) 819 (81) 632 (75) 3009 (53) 934 (56) 176 (56) 941 (68) 419 (55)

Yes (not recent) 1418 (14) 115(11) 93(11) 1432 (25) 394 (24) 61(19) 141 (10) 71(9)

Yes (recent) 1228 (12) 79 (8) 121 (14) 1274 (22) 334 (20) 77 (25) 308 (22) 277 (36)
Charlson comorbidity index

0 8667 (86) 825 (81) 457 (54) 5219 (91) 1448 (87) 205 (65) 1017 (80) 387 (51)

1 629 (6) 69 (7) 101 (12) 329 (6) 138 (8) 37 (12) 200 (14) 136 (18)

2 410 (4) 57 (6) 183 (22) 74 (1) 46 (3) 54 (17) 54 (4) 162 (21)

>3 377 (4) 62 (6) 105 (12) 93 (2) 30(2) 18 (6) 29 (2) 82 (11)

Each cell provides the number of participants (corresponding column percentage), unless indicated otherwise. All column percentages have been rounded to the nearest integer. All data relate to
baseline time point (date of successful hepatitis C treatment). ESLD=end stage liver disease; SD=standard deviation; SVR=sustained viral response.
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Adjustment/
disease severity

Crude

Pre-cirrhosist

Cirrhosis

End stage liver disease

All patients

Age-sex standardised*

Pre-cirrhosist

Cirrhosis

End stage liver disease

All patients

cirrhosis (pre-cirrhosis); patients with compensated
cirrhosis who had not had hepatocellular carcinoma
before SVR; and patients with end stage liver disease,
defined as having had any decompensation episode
(ascites, bleeding varices, or hepatic encephalopathy)
or hepatocellular carcinoma before SVR. Liver
disease severity was inferred using a combination of
information extracted from patient medical records or
national data registries (table S9).

Seven causes of death were examined: primary
liver cancer, liver failure, drug related causes, external
causes (referring mainly to accidents, homicides,
and suicides), extrahepatic cancer, diseases of the
circulatory system, and death from any other cause.
The international classification of diseases (ICD) code
present in the underlying cause of death field was used
to categorise deaths into these mortality categories
(table S10).

Study covariates

Hospital admissions occurring before SVR were used
to determine alcohol and substance misuse. Three
severity levels were considered: no previous admission,
non-recent admission (defined as more than three
years before SVR), and recent admission (defined as

less than three years before SVR). Table S11 provides
the ICD codes used to identify these events.

Similarly, hospital admissions in the five years before
SVR were used to determine each patient’s Charlson
comorbidity index.?’ For each patient, a score of 1-6
was assigned for each comorbidity present, with a
higher score (also known as weight) denoting greater
severity (6=most severe; 1=least severe). The individual
scores were added together to give the patient’s overall
Charlson comorbidity index. Each single comorbidity
was defined using the ICD codes previously described
by Quan and colleagues®’; the weightings assigned
to each comorbidity were taken from the 2011 study
by Quan and colleagues.*' Liver disease was removed
from the Charlson comorbidity index algorithm to
prevent overlap with other variables in the analyses.
Other covariates considered were sex, age at SVR, and
year of SVR. No data were missing for these variables.

Statistical analysis

Measures of absolute mortality—Cause specific and all
cause mortality rates were calculated and stratified by
disease stage. We determined crude mortality rates by
dividing the number of deaths by total person years
of follow-up. Mortality rates standardised for age at

Setting/  No of No of Mortality rate Mortality rate
country patients deaths No of deaths per 1000 No of deaths per 1000
person years (95% CI) person years (95% CI)
BC 10083 493 &> 22.89 (20.91 to 25.00)
Scotland 5715 225 * 16.10 (14.13 to 18.35)
BC 1013 100 —— 37.75(30.72 t0 45.92)
Scotland 1662 163 —— 35.25(30.24 t0 41.10)
England 1390 120 -— 23.54(19.69 to 28.15)
BC 846 228 ¢ 118.18(103.33 to 134.55)
Scotland 314 54 L g 63.56 (48.68 t0 82.98)
England 767 189 —_— 69.76 (60.49 to 80.45)
BC 11942 821 -&- 31.43(29.32 t0 33.66)
Scotland 7691 442 & 22.73(20.71 to 24.95)
England 2157 309 —— 39.58(35.41 to 44.25)
BC 10083 493 L g 22.89 (20.91 to 25.00)
Scotland 5715 225 —— 20.14 (15.65 to 24.64)
BC 1013 100 —— 37.75(30.72 t0 45.92)
Scotland 1662 163 —— 37.33(29.16 to 45.49)
England 1390 120 —— 25.73(20.82 to 30.65)
BC 846 228 ¢ 118.18(103.33 to 134.55)
Scotland 314 54 * 64.84 (43.22 to 86.46)
England 767 189 —_— 68.36 (58.03 to 78.70)
BC 11942 821 S g 31.43(29.32 t0 33.66)
Scotland 7691 442 —-o— 28.57 (24.67 to 32.47)
England 2157 309 —o— 38.51(34.14 to0 42.88)
0 20 40 60 80 100 120

Fig 2 | Crude and standardised all cause mortality rates by setting and liver disease severity. *Mortality rates are standardised for age and sex using
patients from British Columbia (BC) as standard population; therefore, crude and standardised mortality rates for British Columbia are equal (see
table S12 for further details). tMortality data for people without cirrhosis (pre-cirrhosis) were not available for the England cohort. 95% C1=95%

confidence interval
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Disease severity

Pre-cirrhosis§

Cirrhosis

End stage liver disease

All patients

cure and sex were also calculated using the British
Columbia cohort as a standard population (table S12).
These standardised mortality rates effectively describe
the crude mortality rate that would be observed in
England or Scotland if their age-sex distribution was
identical to the British Columbia cohort. This method
enabled comparison of mortality rates between
settings after eliminating differences in age and sex.
We opted to use British Columbia as the standard
population rather than Scotland or England because
it was the largest cohort and therefore it had the most
precisely defined age-sex distribution. We avoided
using a generic standard population (eg, the European
2013 standard population), which assumes an equal
gender split that does not reflect the demographic
composition of people with HCV. Age groups used in
direct standardisation were <20, 20-29, 30-39, 40-44,
45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75-79, and
>80 years. All mortality rates indicate the number of
deaths per 1000 person years of follow-up.

Mortality relative to general population—The
standardised mortality ratio was calculated to
compare mortality rates with those of the general
population. This value represents the number of
observed deaths divided by the number of expected
deaths. In this analysis, the number of expected deaths
refers to how many deaths would have occurred if
each cohort had the same age, sex, and calendar year
specific mortality rates as the corresponding general
population. Specifically, by corresponding general
population, we mean the British Columbia general
population for patients successfully treated for HCV
from the BC hepatitis testers cohort, the Scotland
general population for patients successfully treated for
HCV from the Scottish HCV clinical database, and the
England general population for patients successfully
treated for HCV from HCVRUK. Tables S1-S8 show

the mortality rates used to determine the number of
expected deaths in each cohort. Lexis expansion was
performed to account for people progressing through
different age groups and calendar year over time (see
appendix B).

We calculated cause specific standardised mortality
ratios and their associated 95% confidence intervals
using Poisson regression (by fitting a null model with
number of observed deaths as the outcome and number
of expected deaths as an offset). Robust standard
errors were used to account for the clustered data
structure induced by lexis expansion. Excess mortality
was defined as a standardised mortality ratio >1; that
is, where the number of observed deaths exceeded the
number of expected deaths.

Cause specific contributions to excess mortality—We
calculated the contribution of each cause of death
to excess mortality by dividing the number of excess
deaths for that cause by the total number of excess
deaths. For example, if there were 100 excess deaths
from all cause mortality and 20 excess deaths from
liver cancer, then the contribution of liver cancer to the
overall excess would be 20% (20/100).

Factors associated with mortality rate and
standardised mortality ratio—We used Poisson
regression to model the all cause mortality rate and the
all cause standardised mortality ratio. Our goal was
to provide insight into how mortality varies according
to individual level factors. Table S13 indicates how
models were specified. In particular, to model the
standardised mortality ratio, the logarithm of the
number of expected deaths was used as an offset term;
conversely, to model the mortality rate, the offset was
person years of follow-up. Separate models were fitted
for each setting and disease stage group. Independent
variables considered were year of successful treatment,
age, sex, alcohol misuse, substance misuse, and

Setting/  Noof No of Standardised Standardised P
country observed expected mortality ratio mortality ratio valuet
deaths  deaths* (95% CDt (95% CDt
BC 493 166.6 L 4 2.96(2.71t03.23) <0.001
Scotland 225 59.4 - 3.79(3.30t0 4.34)  <0.001
BC 100 25.2 —— 3.96(3.26t04.82) <0.001
Scotland 163 31.3 —— 5.21(4.39t06.17) <0.001
England 120 39.7 —-— 3.02(2.51t03.65) <0.001
BC 228 16.8 —e 13.61 (11.95 to 15.49) <0.001
Scotland 54 6.8 & 7.89(5.83t010.68) <0.001
England 189 219 — 8.63(7.34t010.15) <0.001
BC 821 208.6 L g 3.94(3.68t04.21) <0.001
Scotland 442 97.6 -o- 4.53(4.10t05.00) <0.001
England§ 309 61.6 —— 5.02(4.45t05.66) <0.001
0 1 4 8 12 16

Fig 3 | Standardised mortality ratio for all cause mortality by setting and liver disease severity. *Expected deaths indicates the number of deaths
that would have occurred if people who had been successfully treated for hepatitis C had the same age-sex-year specific mortality rates as the
corresponding general population. tStandardised mortality ratio is the ratio of observed to expected deaths; values »1 indicate excess mortality
(number of observed deaths exceed number of expected deaths). ¥Null hypothesis is that standardised mortality ratio=1 (dashed line). §Mortality
data for patients without cirrhosis (pre-cirrhosis) were not available for England cohort. 95% CI=95% confidence interval; BC=British Columbia
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Charlson comorbidity index. We fitted univariable
models plus a single multivariable model combining
all predictors regardless of statistical significance. Age,
Charlson comorbidity index, and year were modelled
as continuous variables. We used the multivariable
fractional polynomial procedure to identify the best
fitting functional form for these variables (linear or
nonlinear) at a P<0.01 significance level.>?

Sensitivity analyses

We adjusted Scottish standardised mortality ratios
for the Scottish multiple index of deprivation score in
addition to age, sex, and calendar year. We were unable
to perform this adjustment in our British Columbia
or England cohorts because equivalent area based
deprivation data were not available. Additionally,
the inclusion of hepatocellular carcinoma within
our end stage liver disease group could contribute

Scotland (n=166)

Scotland (n=132)

Scotland (n=47)

o End stage liver disease

60

40

20

-20

to heterogeneous mortality rates between settings;
therefore, we also performed a sensitivity analysis
which excluded patients with hepatocellular
carcinoma from the end stage liver disease group.

Patient and public involvement

Patients and the public were not directly involved
in the design, conduct, or reporting of this specific
study because of a combination of funding, time,
and training constraints. Nevertheless, the questions
posed by this study were shaped by conversations
with patients and third sector organisations held over
a number of years.

Results

Patient characteristics

A total of 21 790 people who were successfully treated
for HCV were included in the analysis: 11942 (56.3%)

M Liver cancer

Liver failure
M Drug related
M External causes
M Extrahepatic cancer
m Circulatory disease
= Other

England (n=80)

England (n=167)

Fig 4 | Cause specific contribution (%) to excess mortality by setting and liver disease severity. Excess mortality defined as number of observed
deaths minus number of expected deaths (expected if the age-sex-year specific mortality rates in each cohort were identical to the corresponding
general population). Total number of excess deaths for each setting and disease stage is given in brackets. Mortality data for patients without
cirrhosis (pre-cirrhosis) were not available for England cohort. BC=British Columbia

6

doi: 10.1136/bmj-2022-074001 | BMJ 2023;382:€074001 | thebmj



RESEARCH

were from British Columbia, 7691 (33.6%) were from
Scotland, and 2157 (10.2%) were from England (fig
1). Most people did not have cirrhosis at the time of
successful HCV treatment—that is, 74% in Scotland
and 84% in British Columbia (fig 1). People with
cirrhosis and end stage liver disease were successfully
treated for HCV earlier than those without cirrhosis and
were also much older (figs S1-S2). Of note, people from
Scotland who were successfully treated for HCV were
>10 years younger than those from British Columbia.
For example, the mean age of people without cirrhosis
in Scotland was 44.4 years versus 56.1 years in British
Columbia (table 1). Men outnumbered women across
all cohorts and disease severity groups (65-75%).
The proportion of patients with hospital admission
for alcohol misuse before successful HCV treatment
increased considerably with disease severity. Between
two fifths and one half of participants had a previous
hospital admission for substance misuse (table 1 and
fig S3).

Follow-up and observed mortality
The total duration of follow-up across the cohorts was
53370 person years. At an individual patient level,
the mean follow-up time per patient was 2.2 years
(British Columbia), 2.5 years (Scotland), and 3.9 years
(England). There were 1572 observed deaths in total.
The leading causes of death were drug related mortality
(n=383, 24.4%), liver failure (n=286, 18.2%), liver
cancer (n=250, 15.9%), and extrahepatic cancer
(n=181, 11.5%; table S14).

Mortality rates—The crude mortality rate (deaths
per 1000 person years) was 31.43 (95% confidence
interval 29.32 to 33.66), 22.73 (20.71 to 24.95), and

39.58 (35.41 to 44.25) in British Columbia, Scotland,
and England, respectively (fig 2). Mortality rates
increased considerably with liver disease severity.
For example, in Scotland the crude mortality rate was
16.10 (14.13 to 18.35), 35.25 (30.24 to 41.10), and
63.56 (48.68 to 82.98) in people without cirrhosis,
those with compensated cirrhosis, and those with end
stage liver disease, respectively.

Standardised mortality rates were more comparable
between England, Scotland, and British Columbia
than the equivalent crude rates (fig 2). However, key
differences remained even after standardisation. In
particular, the mortality rate for patients with end
stage liver disease was considerably higher in British
Columbia (118.2 deaths per 1000 person years) than
for Scotland (64.8) and England (68.4). This difference
persisted in a sensitivity analysis excluding patients
with liver cancer at cure (figs S4-S5).

Figures S6-S11 show cause specific mortality. In
people without cirrhosis, the mortality rate for drug
misuse was considerably higher than for other causes
of death (7.0-9.3 deaths per 1000 person years; fig
S6). In patients with compensated cirrhosis, the rate
of drug related mortality was comparable to people
without cirrhosis, but death from liver cancer (5.5-
7.2 deaths per 1000 person years) and liver failure
(4.1-7.5) were more prominent (fig S7). Conversely,
in patients with end stage liver disease, the rate of
liver failure (22.4-45.6) and liver cancer mortality
(20.3-31.1) far exceeded other causes of death (fig
S8).

Mortality relative to general population—Mortality
rates were considerably higher than those for the
general population for all cohorts and disease stage

Table 2 | Factors associated with all cause mortality rate in multivariable analysis by setting and liver disease severity. Values are mortality rate ratios
(95% confidence intervals); P values

British Columbia (n=11942)

Scotland (n=7691)

England (n=2157)

Characteristic Pre-cirrhosis Cirrhosis ESLD Pre-cirrhosis Cirrhosis ESLD Cirrhosis ESLD
Year of SVR 1.05 (0.97 to 0.85 (0.72 to 0.78 (0.70 to 0.99 (0.91 to 0.97 (0.86 to 1.00 (0.80 to 1.02 (0.88 to 0.93 (0.83 to
1.14);0.19 1.01); 0.06 0.88);<0.001 1.07); 0.75 1.10); 0.67 1.24);0.97 1.19);0.79 1.03); 0.15
Age per 10 year increase  1.38 (1.24 to 1.46 (1.12to 1.47 (1.16 to 1.30 (1.14 to 1.25 (1.07 to 1.31(0.97 to 1.43 (1.16 to 1.30 (1.05 to
1.53);<0.001 1.92); 0.006 1.86); 0.002 1.49);<0.001 1.47); 0.006 1.76);0.08 1.78);0.001 1.61);0.02
Sex
Male Reference (1.00) Reference (1.00) Reference (1.00) Reference (1.00) Reference (1.00) Reference (1.00) Reference (1.00) Reference (1.00)
Female 0.76 (0.62 to 0.54 (0.33 to 0.80 (0.59 to 0.76 (0.55 to 0.86 (0.59 to 0.88 (0.48 to 0.88 (0.56 to 1.09 (0.78 to
0.93); 0.007 0.87); 0.01 1.08); 0.14 1.05); 0.09 1.25); 0.44 1.61);0.67 1.39); 0.59 1.53); 0.60

Hospital admission for

alcohol misuse

No

Reference (1.00) Reference (1.00)

Reference (1.00)

Reference (1.00)

Reference (1.00)

Reference (1.00)

Reference (1.00) Reference (1.00)

Yes (not recent) 1.04 (0.75 to 1.49 (0.76 to 1.28 (0.85 to 1.16 (0.80 to 1.19 (0.75 to 0.72 (0.27 to 1.28 (0.69 to 0.72 (0.40 to
1.44);0.83 2.93);0.25 1.93);0.24 1.67); 0.44 1.91); 0.46 1.91);0.51 2.35); 0.43 1.28);0.26

Yes (recent) 1.95 (1.43 to 2.32(1.30to 1.45 (1.01 to 1.73 (1.14 to 1.51 (1.03 to 1.49 (0.83 to 1.61(0.97 to 1.63 (1.16 to
2.66);<0.001 4.12); 0.004 2.07); 0.04 2.60); 0.009 2.21); 0.04 2.69);0.18 2.66); 0.07 2.30); 0.005

Hospital admission for

substance misuse

No

Reference (1.00) Reference (1.00)

Reference (1.00)

Reference (1.00)

Reference (1.00)

Reference (1.00)

Reference (1.00) Reference (1.00)

Yes (not recent) 2.17 (1.67 to 1.09 (0.57 to 1.33 (0.84 to 1.91(1.36t0 1.57 (1.05to 1.45 (0.66 to 2.01(1.12to 1.18 (0.64 to
2.83);<0.001 2.08); 0.80 2.07);0.22 2.68);¢0.001 2.35); 0.03 3.19); 0.36 3.59); 0.02 2.18);0.59

Yes (recent) 2.90 (2.17 to 1.54 (0.70 to 1.74(1.11to 2.87 (2.00to 2.53(1.69to 1.95 (1.00 to 1.72 (1.08to 1.72(1.22to

3.88);¢0.001 3.38);0.28 2.72);0.02 4.12);<0.001 3.78);<0.001 3.80); 0.05 2.74);0.02 2.43); 0.002

Charlson comorbidity 0.99 (0.98 to 1.22 (1.06 to 1.22 (1.14 to 1.24 (1.09to 1.35(1.19to 1.13(0.92to 1.18 (1.06 to 1.02 (0.91 to
index 0.99)*;<0.001 1.39); 0.005 1.31);<0.001 1.40); 0.001 1.52);<0.001 1.40); 0.25 1.32); 0.004 1.15); 0.69

ESLD=end stage liver disease; SVR=sustained viral response.
*First degree fractional polynomial: power=-2 (see figure S16).
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groups (fig 3). In Scotland, the all cause mortality
rate for all patients was 4.5 times greater than the
general population, with 442 observed deaths versus
98 expected (standardised mortality ratio 4.53, 95%
confidence interval 4.10 to 5.00; P<0.001). In British
Columbia, mortality rates were 3.9 times greater, with
821 observed deaths versus 209 expected (3.94, 3.68
to 4.21; P<0.001). In England, the total number of
observed deaths (309) was five times higher than the
number expected (62; 5.02, 4.45 to 5.66; P<0.001);
because this cohort did not include people without
cirrhosis, this estimate cannot be directly compared
with estimates for British Columbia and Scotland.
Standardised mortality ratios increased appreciably
with liver disease severity; for example, from 2.96 in
people without cirrhosis from British Columbia (2.71
to 3.23; P<0.001) to 13.61 for patients with end stage
liver disease in British Columbia (11.94 to 15.49;
P<0.001; fig 3).

Figures S12-S14 outline cause specific standardised
mortality ratios. For patients without cirrhosis, the
leading contributor to excess mortality was drug
related death, accounting for 74% and 44% of all
excess deaths in Scotland and British Columbia,
respectively. Conversely, in patients with cirrhosis,
the two leading drivers were liver cancer and liver
failure; together, these causes accounted for up to
80% of excess deaths (fig 4). Standardised mortality
ratios were attenuated when adjusting for area
based deprivation in Scotland, but still indicated
considerable excess mortality compared with the
general population. For example, the standardised
mortality ratio for all patients in Scotland was 3.35
(95% confidence interval 3.04 to 3.68; P<0.001) when
adjusting for deprivation, age, sex, and year versus
4.53 (4.10 to 5.00; P<0.001) when adjusting for age,
sex, and year alone (fig S15).

Factors associated with mortality rate and
standardised mortality ratio—Across all disease stages
and settings, older age was consistently associated
with higher mortality rates in multivariable regression
(table 2 and table S15). For example, in people without
cirrhosis from Scotland, a 10-year increase in age
was associated with a 30% increase in the mortality
rate for all causes (mortality rate ratio 1.30, 95%
confidence interval 1.14 to 1.49; P<0.001). Hospital
admissions for alcohol and substance misuse before
HCV cure were also associated with higher mortality.
In general, the increase was greatest for patients with
a recent admission versus a non-recent admission.
For example, for people without cirrhosis from
British Columbia, a recent substance misuse hospital
admission was associated with almost a trebling in
the mortality rate versus patients without a previous
admission (mortality rate ratio 2.90, 95% confidence
interval 2.17 to 3.88; P<0.001), whereas a non-recent
admission was associated with a 2.2-fold increase
(2.17, 1.67 to 2.83; P<0.001). Higher Charlson
comorbidity index was also associated with greater
mortality; these associations were nonlinear in some
subgroups (fig S16).
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We modelled the all cause standardised mortality
ratio in addition to the all cause mortality rate
(tables S16-S17). In general, each covariate’s
association with the standardised mortality ratio
mirrored its association with the mortality rate.
However, a notable exception was older age, which
was associated with a lower standardised mortality
ratio, but a higher mortality rate. For example, for
patients with compensated cirrhosis in Scotland, a
10 year increase in age was associated with a 43%
reduction in standardised mortality ratio (0.57, 95%
confidence interval 0.50 to 0.66; P<0.001), but also a
25% increase in mortality rate (rate ratio 1.25, 95%
confidence interval 1.07 to 1.47; P=0.006).

Discussion

Principal findings

We used national data registries to present mortality
rates in more than 20000 people successfully treated
for HCV with an interferon-free antiviral regimen. Our
results indicate that people successfully treated for
HCV show high rates of drug and liver related mortality,
and that overall, mortality rates are considerably
greater than the general population, even for patients
without cirrhosis at the time of successful treatment. In
Scotland, for example, we observed 442 deaths overall,
whereas we would have expected only 98 deaths to
have occurred had our cohort shown the same age-
sex-year specific mortality rates as the general Scottish
population. Standardised mortality ratios remained
high even when adjusting for area based deprivation;
therefore, the high mortality rates observed cannot be
explained by generic health inequalities. Predictors
of a higher mortality rate included recent hospital
admission for alcohol and substance misuse and a
greater comorbidity burden. Older age was associated
with higher mortality, but standardised mortality
ratios were greatest in younger patients.

Policy implications

Our findings bring into focus the importance of
establishing robust care and harm reduction pathways
after successful HCV treatment. As we move towards
HCV elimination, treatment programmes must strike
the right balance between treating HCV and treating
the patient. For example, patients with cirrhosis
who have received successful HCV treatment benefit
from liver cancer surveillance, yet these surveillance
programmes are poorly implemented in the UK and
other countries.’> Additionally, our data suggest
patients need more support to reduce drug and alcohol
misuse after HCV cure. Combining HCV treatment with
wider intervention and wraparound services should
be considered, especially because there is evidence
that successful HCV treatment could be used as an
opportunity to encourage changes in behaviour.'*33°
Potential initiatives range from optimising delivery
of established interventions (eg, referral pathways
to addiction services, prescription of opioid agonist
treatment,>® and drugs for alcohol dependence’”)
to more innovative approaches such as housing
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support interventions.>® Population level action—for
example, prescribed safer supply of drugs and drug
decriminalisation policies recently implemented in
British Columbia—will also be crucial to improve
mortality in people successfully treated for HCV.>® °
Our results also have implications for public health
surveillance of HCV. At present, the current emphasis
(eg, in the UK “1 is on monitoring progress towards
WHO mortality targets,’* which focus narrowly on
deaths from viral hepatitis alone. In contrast, our study
suggests a much wider lens is needed to understand
the population impact of interferon-free treatments,
and respond or adapt to the evolving landscape. New
indicators should be introduced to convey the broader
epidemiological context.

Comparison with other studies

Our findings are consistent with previous data
suggesting liver disease and excess mortality in the
HCV population is a compound problem that can be
mitigated, but not completely solved, with antiviral
therapy.**** In a previous study from the United
States, we estimated that half the excess mortality
among people with chronic HCV can be attributed to
health risk behaviours.*? The substantially increased
risk of liver disease and mortality observed among
people who are infected with HCV but clear the virus
naturally in less than six months is also concordant
with our findings.*> ““ Notably, our current analysis
reports much higher levels of mortality than our
previous population based study from Scotland,
which was composed entirely of patients successfully
treated for HCV using interferon based treatment
regimens (2000-13).)7 In this study, the rate of all
cause mortality was only 7.1 deaths per 1000 person
years, with a standardised mortality ratio of 1.86 (95%
confidence interval 1.49 to 2.32). The main reason
why the standardised mortality ratios in this study
were at least two times higher is because the case mix
of participants successfully treated for HCV has shifted
considerably since interferon-free treatments became
available. In particular, the present study included
considerably more patients with cirrhosis or end stage
liver disease, and with alcohol and substance misuse
problems compared with our earlier Scottish study
(table S18). Interferon-free treatment regimens have
enabled more clinically challenging patients to be
treated for HCV who are more representative of the
general infected population than was possible with
previous regimens. Therefore, while direct acting
antivirals bring new opportunities, they also bring
new challenges, for example, minimising competing
risk events to maximise long term treatment benefit.
Finally, in contrast to our findings, a recent study
by D’Ambrosio and colleagues found no significant
difference between the mortality of the general
population and 480 patients with cirrhosis achieving
SVR with an interferon-free treatment regimen,
adjusting for age, sex, and year.!® Their results
might have been subject to selection bias because
patients were recruited from only a single liver centre.
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Additionally, some previous studies undertaken before
interferon-free treatments were available, which were
also based on patients attending select liver centres,
have reported comparable mortality to the general
population after adjusting for age, sex, and year.'® ¢

Limitations of this study

This study has several limitations which merit
discussion. Our standardised mortality ratios were
adjusted for high level variables only—age, sex, and
calendar year. In our view, standardised mortality ratio
adjustment for age, sex, and year is appropriate for
describing the total burden of residual disease and ill
health after cure. However, we were not able to adjust
our standardised mortality ratios for more detailed
clinical variables, such as alcohol and drug misuse,
smoking, and soforth. Whilewe did perform a sensitivity
analysis incorporating additional adjustment for area
based deprivation, it was only possible to perform this
analysis for people in our Scottish cohort. Additionally,
when interferon-free treatments first became available,
the initial high cost, coupled with the large number of
patients, led to health systems prioritising treatment
in patients with advanced fibrosis.* Therefore, in
British Columbia, only patients with moderate to
severe fibrosis (Metavir score F2-F4) were eligible for
interferon-free treatments up until 2018.%° Similarly,
in Scotland, patients with F4, and then F2-F4, were
initially prioritised.”” In England, interferon-free
treatments were first provided through the early access
programme to patients with end stage liver disease
before being expanded soon after to all patients with
compensated cirrhosis.”® Although broadly similar,
variability in prioritisation criteria between settings
and how these were implemented might have led
to artificial differences between our study settings.
The eligibility restrictions described also imply that
patients with minimal levels of fibrosis (Metavir FO-F2)
will be under represented in cohorts of people without
cirrhosis.

Another limitation is that alcohol and substance
misuse before successful HCV treatment was inferred
by hospital admissions; this approach does not
capture milder levels of alcohol or substance misuse
that do not lead to hospital admission but that might
be relevant for prognosis. Also, the ICD codes used
to infer ongoing alcohol and substance misuse (table
S11) could have led to misclassification for some
participants. In a similar vein, the ICD code recorded
for underlying cause of death was used to infer the
cause of death; however, it is possible that coding
errors could have led to misclassification in some
instances. We were unable to perform random effects
meta-analysis due to the limited number of cohorts
included in this study (n=3). Individual patient data
meta-analysis was also not feasible because to conform
with information governance requirements the three
cohorts were accessed through separate trusted
research environments. Therefore, it was not possible
to analyse the data from one central place, which is a
prerequisite for individual patient data meta-analysis.
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Our study was composed of patients from high
income countries where HCV transmission has been
driven by injecting drug use; our results might not
be generalisable to settings where the epidemiology
differs. In the future, it would be useful to expand
this study to include more diverse populations. The
challenge, however, is that few populations have
the necessary health registries and data linkage
infrastructure in place to replicate our analysis.
Additionally, we did not have recourse to data on
liver blood tests, such as the fibrosis 4 index or the
aspartate platelet ratio index, which are likely to be
important prognostic factors for prognosis after HCV
cure. Finally, our analysis did not directly account
for HCV reinfection after a cure, which has increased
considerably since interferon-free treatment regimens
became available.*’ Previous data suggest reinfection
is less common in patients on opioid agonist
treatment and among those who engage in mental
health counselling.’® These findings further support
the rationale for a holistic approach—that is, antiviral
treatment alongside broader health interventions.

Conclusions

In summary, we have performed a large study of
mortality rates in more than 20000 people who have
been successfully treated for HCV. Our results show
that these people continue to face substantial mortality
rates, driven by liver and drug related causes. These
findings highlight the importance of establishing
robust follow-up pathways after successful HCV
treatment as we move towards HCV elimination.
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