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Background. The effectiveness of interferon-free direct-acting antivirals (DAA) in treating chronic hepatitis C virus (HCV) is
limited by low screening and treatment rates, particularly among people who inject drugs (PWIDs).

Methods. To evaluate the levels of screening and treatment with interferon-free DAAs that are required to control HCV inci-
dence and HCV-associated morbidity and mortality, we developed a transmission model, stratified by age and by injection drug use,
and calibrated it to epidemiological data in the United States from 1992 to 2014. We quantified the impact of administration of DAAs
at current and at enhanced screening and treatment rates, focusing on outcomes of HCV incidence, prevalence, compensated and
decompensated cirrhosis, hepatocellular carcinoma, liver transplants, and mortality from 2015 to 2040.

Results. Increasing annual treatment of patients 4-fold—from the approximately 100 000 treated historically to 400 000—is predicted
to prevent 526 084 (95% confidence interval, 466 615-593 347) cases of cirrhosis and 256 315 (201 589-316 114) HCV-associated deaths.
By simultaneously increasing treatment capacity and increasing the number of HCV infections diagnosed, total HCV prevalence
could fall to as low as 305 599 (222 955-422 110) infections by 2040. Complete elimination of HCV transmission in the United States
through treatment with DAAs would require nearly universal screening of PWIDs, with an annual treatment rate of at least 30%.

Conclusions.

Interferon-free DAAs are projected to achieve marked reductions in HCV-associated morbidity and mortality.

Aggressive expansion in HCV screening and treatment, particularly among PWIDs, would be required to eliminate HCV in the

United States.
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It is estimated that more than 5 million people in the United
States are chronically infected with hepatitis C virus (HCV),
the most common blood-borne infection in the United States
and the current leading cause of cirrhosis nationwide [1].
More than half of those with chronic HCV are unaware of
their status [2], including up to two-thirds of people who inject
drugs (PWIDs), the population with the highest HCV incidence
[3]. Historically, HCV patients were treated with 24-48 weeks of
interferon-based regimens, the adverse effects of which limited
their use [4]. Consequently, fewer than 12% of diagnosed pa-
tients and fewer than 5% of diagnosed PWIDs underwent ther-
apy [5, 6]. Since 2013, interferon-free direct-acting antivirals
(DAAs) have been approved that feature sustained virologic re-
sponse (SVR) rates greater than 90%, minimal adverse effects,
reduced pill burden, and ease of oral administration. These in-
terferon-free DA As have opened a new frontier in HCV treat-
ment, raising the possibility of using treatment not only to
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prevent HCV-associated deaths but also to interrupt the trans-
mission chain among PWIDs and potentially eliminate HCV
altogether [4, 7].

Birth-cohort screening of those born 1945 through 1965—a
demographic with an HCV prevalence 3 times greater than the
overall adult population—was recommended in 2012 by the
Centers for Disease Control and Prevention [8, 9]. It has been
predicted that this birth-cohort screening would prevent
120 000-130 000 HCV-associated deaths compared with inter-
feron-based treatments in the absence of birth-cohort screening
[10, 11]. However, these predictions were based on estimates of
chronic HCV cases from the National Health and Nutrition Ex-
amination Survey (NHANES), which underrepresents high-
prevalence populations and may underestimate the actual
HCV prevalence by as many as 2 to 4 million cases [1, 8]. Fur-
thermore, current PWID treatment rates are insufficient to sub-
stantially reduce HCV prevalence [12], and low screening rates
among the estimated 775 000 PWIDs pose a barrier to treating
this high-risk group [13, 14]. To quantify the long-term benefit
of interferon-free DAAs on HCV prevalence, morbidity, and
mortality, we developed a dynamic transmission analysis that
captures the impact of treatment on both chronic disease and
transmission dynamics, distinguishes screening and treatment
as separate but related public health objectives, and accounts
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for underreporting in NHANES estimates of national HCV
prevalence.

METHODS

To determine the levels of screening and treatment that are re-
quired to avert both new infections as well as liver disease
among existing cases, we built on recent analyses [10, 11, 15] to
develop a model that specifically incorporates both acute trans-
mission and chronic disease. We fit model parameters to historical
data on HCV incidence, age-stratified prevalence, HCV transmis-
sion, and chronic disease progression among both PWIDs and the
noninjecting population. We projected the impact through 2040
of current and enhanced treatment with DAAs on total HCV
prevalence, morbidity, and mortality. We then assessed the im-
provements in HCV outcomes that could be achieved by addition-
al screening, beyond existing risk-based and birth-cohort levels.
Finally, we quantified the screening and treatment rates among
PWIDs that would be necessary to control transmission.

Model Overview

To quantify the impact of screening and treatment with inter-
feron-free DAAs on HCV infection and HCV-associated liver
disease, we developed an age-structured compartmental model
that incorporated injection drug use, HCV transmission, and
chronic liver disease progression. We fit our model to 22 years
of historical data from 1992 to 2014, which spans the period fol-
lowing the introduction of blood donor screening for HCV in
1992 [16] through the 2013 approval of interferon-free DAAs
[4]. We then projected the epidemiological trajectory of HCV
from 2015 to 2040 under a range of screening and DAA treat-
ment scenarios.

Demographics

We initialized the model with the US population age distribu-
tion in 1992 (Supplementary Materials). Specifically, we differ-
entiated 15 five-year classes spanning ages 11-85 years and fit
birth, aging, and age-specific death rates to values from the
American Community Survey. We further stratified the model
into 3 injection drug use groups (Figure 1A): active PWIDs,
PWIDs in temporary cessation and at risk for relapse, and the
noninjecting population, including both those who have never
injected drugs and former PWIDs who achieve permanent ces-
sation. We calibrated age-specific rates at which individuals be-
came active PWIDs (Supplementary Table 3).

Epidemiology

For every age and injection drug use group, we modeled trans-
mission, the progression and treatment of chronic HCV, as well
as HCV-associated liver disease (Figure 1B). Individuals who
were susceptible (S) could become acutely infected (I), leading
to either chronic infection (F,) or spontaneous clearance (R).
Chronic HCV then progressed through 5 stages of liver fibrosis
(Fo-F,), and may be diagnosed (D). For computational conve-
nience, we assumed that patients progress sequentially through

fibrosis at stage-specific rates [17] before developing advanced
liver disease. Diagnosed chronic HCV may be successfully treat-
ed (R) with a time-dependent and Metavir-specific SVR. Rates
of screening and treatment were distinct for PWIDs and for the
noninjecting population.

Infections that spontaneously cleared or were successfully
treated (R) were subject to reinfection (J). Individuals with
chronic HCV and liver cirrhosis (F4 and D,) were at risk of de-
veloping decompensated cirrhosis (DC). Patients with cirrhosis,
compensated (F, and D) or decompensated (DC), were at risk
of developing hepatocellular carcinoma (HCC). Individuals
with DC or HCC could receive liver transplants (L). Individuals
with compensated cirrhosis who achieved SVR (sF,) were no
longer infectious but were subject to decompensated cirrhosis
with SVR (sDC) and hepatocellular carcinoma with SVR
(sHCC) at a reduced risk. The mortality of those with DC,
HCC, sDC, sHCC, or L was elevated across all years. From
2014 onward, patients with DC received the same treatment
as diagnosed precirrhotic patients, reflecting the expansion of
treatment options available to these patients made possible by
DAAs [4,18].

Parameters

Initializing our model to the year 1992 (Supplementary Table 1),
we set age-specific HCV prevalence among the noninjecting
population to data collected as part of NHANES from 1988
to 1994 [19] and corrected for underreporting as estimated
from a metaanalysis [1]. For the PWID population, age-specific
HCV prevalence was estimated from data gathered in Baltimore,
Chicago, Los Angeles, and New York [20]. Based on empirical
surveys, we specified that 75% (95% confidence interval [CI],
71%-79%) of HCV antibody-positive individuals had chronic
infections [21]. The remaining 25% of those testing positive
had cleared infection. All HCV cases were specified as undiag-
nosed in 1992, when diagnostics were implemented.

Transmission

We incorporated a higher transmission rate among active PWIDs
that reflects the high risk of infection arising from the sharing of
drug paraphernalia and a lower transmission rate among the en-
tire population that reflects other routes such as accidental expo-
sure by healthcare workers or sexual transmission. Active PWIDs
with HCV thus transmit to other active PWIDs at a high trans-
mission rate and to non-PWIDs at the low transmission rate,
while non-PWIDs with HCV transmit to both active PWIDs
and non-PWIDs at a low transmission rate. We assumed that
the transmission rate of infected individuals is independent of
HCYV infection progression, liver complication, genotype, or diag-
nosis. Transmissibility among cases is correlated with viral load as
determined by RNA levels [22]. However, no correlation has been
found between viral load and degree of liver cirrhosis or HCV
genotype [23, 24]. Likewise, patient studies suggest comparable
viral loads between acutely infected and chronically infected
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Figure 1. Compartment diagram of injection drug use, hepatitis C virus (HCV) infection transmission dynamics, and liver disease progression. A, Individuals in the non-
injecting population became people who inject drugs (PWIDs) at age-specific rates. Active PWIDs ceased injecting over time, with a fraction relapsing and the remainder
returning to the noninjecting population. B, The compartmental model includes susceptible (S), acutely infected (1), recovered (R), acutely reinfected (J), undiagnosed chronic
HCV Metavir stages 0—4 (Fg_4), diagnosed chronic HCV Metavir stages 0—4 (Dg_4), cirrhosis with sustained virologic response (SVR; sD,), decompensated cirrhosis (DC), de-
compensated cirrhosis with SVR (sDC), hepatocellular carcinoma (HCC), hepatocellular carcinoma with SVR (sHCC), and post-liver transplant (L). HCC, sHCC, DC, sDC, and L

experience increased mortality (dashed arrows).

individuals [24, 25]. Cohort studies have also found that the HCV
transmission rate among young adult PWIDs remains unchanged
following diagnosis [3, 26, 27]. Given the conflicting results of
studies comparing the relative risk of reinfection to primary infec-
tion [28], we also assumed that the risk of primary infection and
reinfection are the same.

A longitudinal PWID study has demonstrated that the viral
load of reinfected individuals is approximately 10°> lower than
during primary infection [29]. Combined with the finding
that viral loads below 10* copies/mL result in 11-fold lower
transmissibility compared with loads above 10° copies/mL
[22], we quantified the transmission rate from reinfected indi-
viduals as 1/11 of that from individuals with primary infection.

Calibration

We used Bayesian Markov chain Monte Carlo simulation to cal-
ibrate our model to extensive epidemiological data over the pe-
riod 1992-2014 (Supplementary Methods, Supplementary
Table 4). The calibration produced a sample of 1000 parameter
sets from their joint posterior distribution (Supplementary
Table 3). We then used this ensemble to project uncertainty

into the future and to evaluate policy scenarios. Calibrated
model outputs were validated by comparison to additional
data that were not used for the calibration (Supplementary
Table 5).

Screening and Treatment

We assumed that diagnosed HCV cases were treated with inter-
feron from 1992 to 1998; with interferon in combination with
ribavirin from 1998 to 2002; with pegylated interferon in com-
bination with ribavirin from 2002 to 2012; with pegylated inter-
feron, ribavirin, and boceprevir or telaprevir from 2012 to 2013;
and with interferon-free DAAs from 2014 onward [4]. For each
treatment regimen, we estimated the probability of SVR by
computing a weighted average of genotype-specific SVR with
HCV genotype prevalence, distinguishing between the early
stages of fibrosis (Fo—F,) and the later stages of fibrosis and cir-
rhosis (F3-F,) (Supplementary Table 2). For projections from
2014 onward, we assumed a DAA treatment SVR, weighted
across genotypes, of 95% [4, 30-32]. We projected the impact
of the following 4 policy options from 2015 to 2040: screen-
ing of the noninjecting population; DAA treatment of the
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noninjecting population; screening of PWIDs, both active and
temporarily ceased; and DAA treatment of PWIDs, both active
and temporarily ceased. To model screening of the noninjecting
population, we included both birth-cohort and routine screen-
ing. For birth-cohort screening, we specified a 1-time screening
of those born in the years 1945-1965 and assumed that 82% of
HCYV infections in this cohort would be diagnosed, as estimated
in previous analyses [10]. For routine screening, we specified a
baseline probability of 6.2% (4.6%-8.0%) that an undiagnosed
individual is successfully diagnosed annually [2]. In addition to
this baseline rate, we also considered universal screening, ap-
proximated by a screening rate of 99%, in order to give the
upper bound of the maximum health benefits achievable
through enhanced screening.

To model treatment of the noninjecting population, we as-
sumed that prior to the availability of DAAs, individuals diag-
nosed with HCV received treatment at an annual rate of 2.5%
(2.4%-2.5%) [5]. Following the availability of DAAs, we as-
sumed that provider willingness and patient demand for treat-
ment will be high, such that the primary constraints to treating
patients will be provider capacity and reimbursement limits.
Following historical trends, we specified a baseline treatment
of 100000 patients annually [2], which we scaled up to
400 000 diagnosed patients per year.

To model screening of PWIDs, we first specified a baseline
screening rate of 4.1% (3.6%-4.6%) annually [3]. We then con-
sidered increasing annual screening to 10%, 20%, and 99%. We
assumed that active and temporarily ceased PWIDs would not
be reached under birth-cohort screening. To model treatment of
PWIDs, we first specified a baseline rate of 0.58% (0.42%-—
0.82%) annually [6]. We then investigated the effects of expand-
ing PWID treatment to 5%, 10%, 20%, and 30% annually.

Policy Scenarios

We first evaluated the impact of the policies considered on total
HCV prevalence, incidence, and HCV-associated morbidity
and mortality of current and enhanced treatment of the nonin-
jecting population. We varied the risk-based screening of the
noninjecting population, while maintaining screening and
treatment of PWIDs constant. Likewise, we then evaluated the
impact of expanded screening and treatment of PWIDs on the
HCV prevalence and incidence specifically among PWIDs. We
varied the treatment of the noninjecting population, holding
risk-based screening of the noninjecting population unchanged.

RESULTS

Our model predicts that at current treatment rates, total HCV
prevalence in the United States would fall by more than 80%
by 2040. If annual treatment increased to 200 000, 300 000, or
400 000 patients, an 80% reduction in HCV prevalence is predict-
ed to be achieved by 2031, 2028, or 2025, respectively (Figure 2A
and 2B). Substantial improvements will also be achieved in HCV-
associated morbidity and mortality through enhanced treatment
of the noninjecting population (Figure 2C-G). Compared with an
annual treatment of 100 000 patients, treatment of 200 000 pa-
tients is predicted to result in 289206 (95% CI, 261 092-
322 939) fewer cases of cirrhosis and 143 055 (111 361-176 166)
fewer deaths through 2040. Treating 400 000 patients annually is
predicted to avert 526 084 (466 615-593 347) cases of cirrhosis
and 256 315 (201 589-316 114) deaths through 2040 (Table 1).
Without expansion of HCV screening, at least 462 736
(340 546-620 562) cases would remain untreated through 2040
among undiagnosed individuals and PWIDs. Universal screen-
ing among the noninjecting population could further reduce
prevalence to 305 599 (222 955-422 110) cases (Table 2). New
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Figure 2. Hepatitis C virus (HCV)-associated health outcomes over time, predicted with annual treatment of the noninjecting population at a national treatment rate of
100 000 (solid), 200 000 (long-dashed), 300 000 (short-dashed), or 400 000 (dotted) patients annually. Health outcomes depicted are (A) total HCV prevalence, (B) annual number
of patients treated, (C) new cases of compensated cirrhosis, (0) annual mortality, (£) new cases of decompensated cirrhosis (DC), (F) new cases of hepatocellular carcinoma
(HCC), (G) annual liver transplants, and (H) new HCV infections. All scenarios assume treatment exclusively with direct-acting antivirals, 1-time birth-cohort screening, and no
change to the risk-based screening rate or to people who inject drugs screening or treatment rates.
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Table 1. Hepatitis C Virus Infections, Morbidity, and Mortality Under Current and Enhanced Treatment Rates

Health Improvement Under Increased Treatment (95% Confidence Interval)

Outcome Summed 200 000 Patients Treated 300 000 Patients Treated 400 000 Patients Treated
Over 2015-2040 No Change (95% CI) Annually Annually Annually

New infections 897 327 (680 510-1 279 320) 41114 (25233-72 673) 61035 (37372-108014) 72419 (44117-127 673)
Cases of cirrhosis 1279469 (1135338-1443,319) 289206 (261 092-322939) 437948 (391 603-491 021) 526 084 (466 615-593 347)
Cases of decompensated cirrhosis 642 205 (521 922-781 651) 165539 (131 827-204560) 240296 (191 380-297878) 282 064 (221 870-351 205)
Cases of hepatocellular carcinoma 454 965 (355 781-552 351) 72373 (41 707-100 710) 108 151 (65 859-148 246) 128536 (79 309-175 569)
Liver transplants 84319 (22 647-236 478) 15010 (3578-48 315) 22 386 (5342-72 226) 26 545 (6336-85461)
Deaths 876 033 (741 794-1 016 798) 143055 (111361-176 166) 215626 (168 395-264 983) 256 315 (201 589-316 114)

All scenarios assume treatment from 2015 to 2040 exclusively with direct-acting antivirals, birth-cohort screening among the noninjecting population, no change to routine (nonbirth-cohort)
screening, and no change to people who inject drugs screening or treatment. Health improvements under increased treatment are calculated by subtracting the cumulative hepatitis C virus
infections, morbidity, and mortality under each increased treatment scenario from the corresponding outcomes under the “No change” scenario.

Abbreviation: Cl, confidence interval.

infections occur principally among PWIDs and therefore  effectively eliminating HCV from the noninjecting population.
will not be appreciably reduced without increasing targeted Further opportunities exist to greatly reduce prevalence and
screening and treatment of this vulnerable population (Fig- new infections among PWIDs through targeted screening and

ure 2H). Specifically, reduction of HCV prevalence to below  treatment.
300 000 cases and reduction of incidence by more than 10% While birth-cohort screening and treatment with DAAs will
requires programs specifically targeted toward identifying  markedly reduce HCV prevalence in the United States, a number
HCV-positive PWIDs and improving their access to medica- of individuals will remain unidentified and unlinked to care
tion (Table 2). under current policies. Targeted interventions will be necessary
Without increasing PWID screening beyond the current  to reach these individuals. Screening at emergency room visits
4.1% baseline rate, by 2040 total HCV prevalence among  has been shown effective in identifying undiagnosed individuals
PWIDs will be reduced by, at most, 53% and incidence will and linking them to care, both among baby boomers as well as
be reduced by, at most, 15%, even under an aggressive 30% among PWIDs [33, 34]. Access to medical care in a nonjudgmen-
annual treatment rate of diagnosed infections among PWIDs tal setting and provider-initiated screening have been shown to be
(Figure 3A and 3E). A reduction of prevalence among PWIDs effective in increasing HCV screening among PWIDs [35]. The
of at least 90% would require a 20% screening rate combined potential to eliminate HCV can be improved through combina-

with 30% treatment (Figure 3C) or universal screening com- tion interventions that incorporate enhanced screening and treat-
bined with 20% treatment (Figure 3D). A reduction of inci- ment with needle and syringe exchange programs to reduce
dence of new infections by 90% would require universal transmission and with opiate substitution therapy to reduce the
screening and at least 20% treatment (Figure 3H). reservoir of drug users actively transmitting [12].

Our results complement recent model-based predictions of
DISCUSSION . . o
HCV burden [10, 11] by incorporating both chronic disease
We found that HCV prevalence, HCV-associated liver disease, ~ and ongoing HCV transmission, distinguishing screening and
and HCV-associated mortality in the United States can be treatment as separate but related public health objectives, and
substantially reduced through widespread treatment with DAAs.  accounting for underreporting of HCV prevalence in NHANES.
Total HCV prevalence is likely to fall by more than 80% within ~ As with any model, we made a number of simplifying assump-
10-20 years through treatment alone. Up to 150 000 addi- tions. First, we did not explicitly account for genotype-specific

tional cases could be identified by increasing HCV screening, effects, such as the correlation between liver disease and viral

Table 2. Total Hepatitis C Virus Prevalence Achievable in the United States in 2040 at Current Risk-based Screening and Universal Screening of the
Noninjecting Population

Patients Treated Annually

Hepatitis C Virus Screening 100 000 200000 300000 400 000
Current risk-based screening 561 337 (382 034-829 631) 474911 (350 562-636 057) 466 457 (343 090-625 937) 462 736 (340 546-620 562)
Universal screening 519028 (305 732-786 036) 310399 (225471-427 119) 307 259 (223 906-423 740) 305599 (222 955-422 110)

All scenarios assume treatment after 2015 exclusively with direct-acting antivirals, birth-cohort screening among the noninjecting population, and no change to people who inject drugs
screening or treatment. Values in parentheses indicate 95% confidence intervals.
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Impact of current (solid), 5% (long-dashed), 10% (short-dashed), 20% (dash-dotted), and 30% (dotted) people who inject drugs (PWIDs) treatment rates on total

hepatitis C virus (HCV) prevalence among PWIDs (A-D) and annual incidence among PWIDs of new HCV cases (£—H) at current, 10%, 20%, and universal PWID screening rates.
All scenarios assume treatment exclusively with direct-acting antivirals, 1-time birth-cohort screening among the noninjecting population, and no change to routine risk-based
screening or treatment of the noninjecting population. Results were insensitive to increased treatment of the noninjecting population.

load observed for HCV genotype 3, which could heighten trans-
mission from those with more severe fibrosis [36]. Instead, we
represented genotypes implicitly, using population-average pa-
rameter sources and calculating effective SVR rates as weighted
averages of genotype prevalence. Given that genotype 3 com-
prises only 8%-12% of HCV cases in the United States [30],
such genotype stratification would be unlikely to affect our re-
sults. Also, we modeled HCV transmission with homogeneous
mixing. As injection drug behavior and the corresponding
transmission risk vary across individuals, a strategy that could
successfully target treatment toward high-risk individuals
would more efficiently reduce incidence than a strategy that tar-
gets all individuals with equal probability [37].

To improve the runtime of our analyses, it was necessary to
model birth-cohort screening as occurring at one point in time
—the year 2015—rather than rolled out over a period of several
years. This simplification does not affect our results because most
transmission occurs among PWIDs who are not affected by
birth-cohort screening and, since we assumed a fixed number
of patients treated annually, a partial delay in the roll-out of
birth-cohort screening would have minimal impact on the total
number of patients actually treated over that period in our model.

We assumed treatment rates to be independent of stage of
liver fibrosis. In practice, the prioritization of treatment toward
patients with more severe fibrosis might improve overall liver
disease outcomes but also might bring about a slightly higher
acute HCV incidence than our projections indicate, as such a
policy would result in more healthy carriers who are capable
of transmitting HCV. Although severity-specific treatment
would be important to consider when evaluating the cost effec-
tiveness of treatment [38], such considerations would be unlike-
ly to appreciably impact our overall conclusions of screening
and treatment coverage.

We assumed that individuals with acute infection transmit at
the same rate as those with chronic infection, based on studies
indicating comparable HCV viral load between the acute and
chronic infection [24, 25]. Primate studies have indicated that
acute infections may be more transmissible than chronic infec-
tions, but it is unclear whether these findings can be generalized
to humans [15, 39]. Given the transience of acute HCV infec-
tion, this assumption should not significantly affect our results.

DAAs hold tremendous promise in terms of improving
health outcomes and reducing transmission. It is likely that
treatment acceptance will increase following the availability of
interferon-free DAAs, for which delivery is tolerable with min-
imal adverse effects. However, the improvement of health out-
comes expected from greater acceptance might be tempered by
the high costs of treatment and by limited insurance cover-
age and willingness to treat PWIDs [4]. Our analysis provides a
forecast for the potential impact of DAAs in reducing HCV-
associated liver disease, demonstrating that achievable expansion
of HCV treatment at current screening rates can substantially
reduce morbidity and mortality.

Supplementary Data

Supplementary materials are available at http://cid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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