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Cost-effectiveness of Hepatitis B Virus Infection Screening
and Treatment or Vaccination in 6 High-risk Populations
in the United States

Harinder S. Chahal,'?” Marion G. Peters,'* Aaron M. Harris," Devon McCabe,"* Paul Volberding,'* and James G. Kahn"®

'Consortium to Assess Prevention Economics, “Department of Clinical Pharmacy, and *Department of Medicine, University of California, San Francisco, San Francisco, California; *Division of Viral
Hepatitis, Centers for Disease Control and Prevention, Atlanta, Georgia; *Institute for Health Policy Studies, University of California, San Francisco, San Francisco, California

Background. 'Two million individuals with chronic hepatitis B (CHB) in the United States are at risk for premature death due to
liver cancer and cirrhosis. CHB can be prevented by vaccination and controlled with treatment.

Methods. We created a lifetime Markov model to estimate the cost-effectiveness of strategies to prevent or treat CHB in 6 high-
risk populations: foreign-born Asian/Pacific Islanders (API), Africa-born blacks (AbB), incarcerated, refugees, persons who inject
drugs (PWID), and men who have sex with men (MSM). We studied 3 strategies: (a) screen for HBV infection and treat infected
(“treatment only”), (b) screen for HBV susceptibility and vaccinate susceptible (“vaccination only”), and (c) screen for both and
follow-up appropriately (“inclusive”). Outcomes were expressed in incremental cost-effectiveness ratios (ICERs), clinical outcomes,
and new infections.

Results.  Vaccination-only and treatment-only strategies had ICERs of $6000-$21 000 per quality-adjusted life-year (QALY)
gained, respectively. The inclusive strategy added minimal cost with substantial clinical benefit, with the following costs per QALY
gained vs no intervention: incarcerated $3203, PWID $8514, MSM $10954, AbB $17089, refugees $17 432, and API $18009. Clinical
complications dropped in the short/intermediate (1%-25%) and long (0.4%-16%) term. Findings were sensitive to age, discount
rate, health state utility in immune or susceptible stages, progression rate to cirrhosis or inactive disease, and tenofovir cost. The

probability of an inclusive program costing <$50 000 per QALY gained varied between 61% and 97% by population.

Conclusions.
among all 6 high-risk, high-prevalence populations.
Keywords.

An inclusive strategy to screen and treat or vaccinate is cost-effective in reducing the burden of hepatitis B virus

hepatitis B; cost-effectiveness; treatment; screening; high-risk.

More than 2 billion people have been infected with hepatitis B
virus (HBV), and about 350 million have chronic hepatitis B
(CHB) [1]. Most persons with acute HBV infection are asymp-
tomatic, though <1% of acute infections in adults result in ful-
minant hepatitis, with mortality of 70%-80% [1]. The outcomes
of acute HBV infection are age-dependent: <5% of adults, 25%—
30% of young children, and 90% of neonates develop CHB [1].
CHB causes progressive liver damage; about 25% die prema-
turely from cirrhosis or hepatocellular carcinoma (HCC) [2].
HBV is referred to as a “silent killer” because infected persons
can live 20-40 years before developing liver complications.

In 2013, CHB was a leading cause of mortality, with 686 000
deaths [3]. In the United States, as many as 2 million may be
chronically infected with HBV, primarily foreign-born persons
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from high-prevalence countries and those at high behavioral
risk (cohabitating with an HBV carrier or engaging in injection
drug use or unprotected sex with multiple or infected part-
ners) [4, 5]. CHB prevalence is 5%-10% in foreign-born Asian/
Pacific Islander (API) and Africa-born black (AbB) popula-
tions, 1%-4% among incarcerated persons, 3.5%-20% among
people who inject drugs (PWID), 1%-3% in men who have sex
with men (MSM), and 6% in refugees [6-10]. Most people with
CHB are unaware of their infection with HBV [4]. The Centers
for Disease Control and Prevention (CDC) has identified core
measures to reduce HBV burden in the United States, including
improving testing, vaccination, and treatment [11].

The highly effective 3-dose hepatitis B vaccine is underuti-
lized. Vaccination coverage is only 25% among adults >19 years
[12]. Although national guidelines recommend patient
screening and linkage to care and treatment of persons with
CHB reduces the risk of ongoing liver damage, cirrhosis, and
HCC, failure to screen results in many individuals remaining
untreated [13]. HBV prevention programs in various popula-
tions have had varying levels of success [6, 14-18].

Previous US-based economic analyses have found screen-
ing programs for vaccination or treatment to be cost-effective.
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Vaccinating inmates costs $415 per averted infection [19].
Delivering vaccination to PWID at syringe exchange sites averts
infections with cost savings [20]. In a high-prevalence popula-
tion, HBV screening and treatment cost $29 230 per quality-ad-
justed-life-year [21]. However, no past analyses have looked
broadly and consistently across populations and intervention
options.

In this study, we conducted a health and economic analysis
of 3 screening and follow-up strategies (screen and vaccinate;
screen and treat; screen and vaccinate or treat, as appropriate)
in 6 mutually exclusive high-risk, high-prevalence populations
in the United States. We estimated cost, quality-adjusted life-
years (QALYs), cost-effectiveness, and clinical impact.

METHODS

Overview
We constructed a decision-analytic Markov disease state
model depicting the natural history of acute and chronic HBV

infection and changes due to treatment or vaccination. Model
assumptions and inputs are summarized below and detailed in
the Supplementary Data. All input variables with >30% effect
on the ICER for any population in 1-way sensitivity analysis
were labeled “key” and are shown in Table 1; all other inputs are
listed in Supplementary Tables 1-26.

The model starts with a 30-year-old cohort (age range, 20-60
years), depicts progression of HBV from initial exposure and
infection to acute and chronic infection, through immune
phases, and to advanced liver disease. We examined no inter-
vention and 3 intervention strategies: (1) screen for HBV infec-
tion only and treat those with active CHB (“treatment only”),
(2) screen for HBV susceptibility only and vaccinate suscepti-
ble persons (“vaccination only”), and (3) screen for both HBV
infection and/or immunity and treat or vaccinate appropriately
(“inclusive”). We portrayed societal costs of intervention and
CHB medical management. Costs and QALYs are discounted
at 3% per year [22]. We conducted sensitivity analyses. We

Table 1.
Analysis (Full Listing of Inputs in the Supplementary Data)

Key Input Variables; Includes All Inputs With >30% Effect on the Incremental Cost-effectiveness Ratio for Any Population in 1-Way Sensitivity

Variables Base Case (Range) References
General inputs
Age of cohort, y 30 (20-60) Selected
Discount rate for costs and QALYs, % 0.03 (0.01-0.05) [22]
Cost inputs
Monthly cost of tenofovir 300 mg daily, US$ 798 (499-998) [38]
Annual cost of managing HBeAg-, active CHB, noncirrhotic, US$ 1293 (647-3880) [50]
Annual cost of managing HBeAg+, active CHB, noncirrhotic, US$ 1293 (647-3880) [50]
Total cost per person of running the people who inject drugs screening program 97 (73-291) [18, 51]
at syringe service programs, US$
Intervention inputs
Discontinuation rate of treatment-naive in year 2 with tenofovir, % 0.035 (0.0175-0.0525) [30]
Incarcerated persons accepting treatment with universal screening, % 0.75 (0.5-1) Assumption
Proportion of incarcerated accepting vaccination and getting first dose, % 0.7 (0.4-1) [52, 53]
Proportion of incarcerated getting second vaccination dose, % 0.65 (0.49-0.81) Assumption
Proportion of people who inject drugs getting second vaccination dose, % 0.53 (0.4-0.67) [51]
People who inject drugs linked to care after screening at syringe service programs, % 0.086 (0.06-0.4) [54]
People who inject drugs referred to care after screening at syringe service programs, % 0.75 (0.56-0.95) Assumption
Natural history inputs
Probability of going from HBeAg-, active CHB, noncirrhotic to HBeAg-, active CHB, cirrhotic, % 0.046 (0.005-0.15) [55, 56]
Probability of going from HBeAg-, active CHB, noncirrhotic to HBeAg-, inactive CHB, noncirrhotic, % 0.016 (0-0.11) [56]
Probability of going from HBeAg-, active CHB, cirrhotic to HBeAg-, inactive CHB, cirrhotic, % 0.016 (0-0.11) [56]
Probability of going from acute hepatitis, adult, asymptomatic to HBeAg+, active CHB, no cirrhosis, % 0.05 (0.01-0.1) [55, 57, 58]
Probability of going from acute hepatitis, adult, symptomatic to HBeAg+, active CHB, no cirrhosis, % 0.05 (0.01-0.1) [55, 57, 58]
AHB to CHB transition probability for people who inject drugs, % 0.1 (0.05-0.15) [27]
Prevalence/incidence inputs
Annual incidence for developing acute hepatitis B in incarcerated persons, % 0.0231 (0.0082-0.038) [52]
Prevalence of active CHB in incarcerated persons, % 0.014 (0.003-0.031) [8]
Susceptibility to HBV in incarcerated persons, % 0.53 (0.4-0.66) [52, 53]
Prevalence of active CHB in people who inject drugs (general population), % 0.118 (0.035-0.2) [10]
Proportion of susceptible people who inject drugs, % 0.44 (0.33-0.55) [51]
Utility inputs
Utility in immune state 0.99 (0.98-1) [55]
Utility in susceptible state 0.99 (0.98-1) [55]

Abbreviations: AHB, acute hepatitis B; CHB, chronic hepatitis B; HBeAg, hepatitis B e antigen (+ or -); HBV, hepatitis B virus; QALY, quality-adjusted life-year.
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used TreeAge Pro 2016 (Williamstown, MA) and Excel 2016
(Redmond, WA).

Natural History of Hepatitis B

To establish a baseline of cost and clinical outcomes of hepati-
tis B without treatment or vaccination, we modeled a no inter-
vention (no screening, vaccination, or treatment) group. The
model portrays progression through immune-tolerant, inac-
tive, immune-active, cirrhosis, and mortality (Supplementary
Figures 1-5, Supplementary Table 1). Immune-tolerant is char-
acterized by high HBV DNA, e-antigen-positive (HBeAg+),
and no discernible liver damage (normal alanine amino-
transferase [ALT]) [23]. Immune active has high DNA levels,
HBeAg-positive or -negative, with elevated ALT [23]. Immune-
inactive has low or undetectable DNA levels and is HBeAg-,
with normal ALT [23]. These distinct phases are a reasonable
representation of a natural history that includes some indeter-
minate, heterogeneous states. Annual probabilities for initial
infection and progression to acute and chronic phases were
collected from the literature, including quantitative synthesis,
as needed (Supplementary Table 2) [24, 25]. We assumed that
CHB progression probabilities from immune-active HBeAg+

and HBeAg- are equivalent as the literature does not clearly dis-
tinguish their transition probabilities. We used +/- 25% of base
case to portray uncertainty for inputs lacking formal confidence
intervals.

As Sub-Saharan Africa-born black individuals have higher
incidence of HCC at a younger age than the general CHB pop-
ulation, we increased annual incidence of HCC by 1.5 (uncer-
tainty range, 1-2.5) [26]. PWID may have higher risk of CHB
after initial exposure than general population; thus, we simu-
lated this risk for PWID at 10% (range, 5%-15%), compared
with 5% for other populations [27].

We incorporate the prevalence of active CHB (Supplementary
Table 3) and susceptibility to infection (Supplementary Table 4)
for each population.

Intervention

Strategies for Screening and Care

The goal of screening is to clarify disease status and to refer
appropriately to treatment or vaccination [15]. Interventions are
described above and are represented in Figure 1. We model pop-
ulation-specific screening programs (details in Supplementary
Tables 5-8).

CHB+, Active Infection

No Intervention CHB-, Susceptible

Prior Immunity

Markov: Healthy Life

CHB+, Active Infection

Accept Screening

CHB-, Susceptible
Test and Treat: Offer

Screening Prior Immunity

Don’t Accept Screening

& Repeat “No
CHB+, Active Infection

High Risk Population Accept Screening

CHB-, Susceptible

Test and Vaccinate: Offer
Screening

Prior Immunity

[Don’t Accept Screening

@ Repeat “No

CHB+, Active Infection

Accept Screening

CHB-, Susceptible

Test and Treat or Vaccinate:
Offer Screening

Prior Immunity

[Don’t Accept Screening
@ Repeat “No

Decline Treatment

Accept Vaccination

[Decline Vaccination

Accept Treatment

Decline Treatment

Accept Vaccination

Decline Vaccination

Markov: Baseline Risk of Hepatic Complications

m Markov: Baseline Risk HBV Acquisition and Hepatic Complications

Accept Treatment

Markov: Lower Risk of Hepatic Complications

Markov: Baseline Risk of Hepatic Complications

Markov: Baseline Risk HBV Acquisition and Hepatic Complications

Markov: Healthy Life

Subtree and Markov

Markov: Bascline Risk of Hepatic Complications

Complete All 3 Vaccine
Doses

‘Markov: Protected from HBV, Healthy Life

Complete 1 or 2
Vaccination Doses

Markov: Lower Risk HBV Acquisition and Hepatic Complications

Markov: Baseline Risk HBV Acquisition and Hepatic Complications

Markov: Healthy Life

ion” Subtree and Markov

Markov: Lower Risk of Hepatic Complications

Markov: Baseline Risk of Hepatic Complications

Complete All 3 Vaccine
Doses

Markov: Protected from HBV; Healthy Life

Complete 1 Or 2
Vaccination Doscs

Markov: Lower Risk HBV Acquisition and Hepatic Complications

Markov: Baseline Risk HBV Acquisition and Hepatic Complications

Markov: Healthy Life

Subtree and Markov

Figure 1. Simplified depiction of the hepatitis B virus screening model. A high-risk population enters the model and receives either no intervention, screening for infection
and appropriate treatment, screening for susceptibility and appropriate vaccination, or screening for both infection and susceptibility with appropriate treatment or vaccina-
tion. Patients then progress through the model based on patient status and administration of treatment or vaccination. Abbreviations: CHB, chronic hepatitis B; CHB+, patient

has chronic hepatitis B; CHB-, patient does not have hepatitis B; HBV, hepatitis B virus.
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Course of Hepatitis B With Treatment

The goal of treatment is to transition from immune-active to
immune-inactive, which has lower clinical progression rates.
Therapeutic success is defined as achieving undetectable
serum HBV DNA, normal ALT, and conversion from HBeAg+
to HBeAg-, which post-treatment has a higher transition to
the inactive state [23, 28]. The ideal outcome of hepatitis B
surface antigen (HBsAg) clearance (functional cure) is rare
with therapy [28].

Entecavir and tenofovir are current mainstays of ther-
apy owing to high resistance barriers. Efficacy data (annual
transition from immune-active to -inactive and loss of
HBsAg) in both treatment-naive and lamivudine-expe-
rienced patients were collected from clinical trials, post-
market studies, and other literature; per the data, higher
first-year response to therapy was modeled (Supplementary
Tables 9 and 10) [25, 29-32]. Treatment duration was mod-
eled per guidelines in which noncirrhotic HBeAg+ patients
continue treatment for 1 year after seroconversion (anti-
HBe), whereas all others continue treatment until surface
antigen loss (functional cure) [23].

Antiviral resistance leads to treatment failure, as seen in clin-
ical trials and postmarket studies [23]. We portrayed annual
risk of resistance, based on treatment-naive or -experienced
status (Supplementary Table 11), increasing annually for first
5 years and then stable [25, 32]. Resistance was not observed
for tenofovir. Details of retreatment, HBV DNA suppression,
and reductions in risk of advanced liver disease can be found in
Supplementary Tables 12-14.

Treatment outcomes for PWID may be compromised by
variable adherence and failure to be retained in care [33-35].
We estimated treatment discontinuation in PWID to be dou-
ble that of the general CHB population. Patients who termi-
nated treatment before disease control experienced a natural
history of hepatitis B (Supplementary Table 9); if patients were
retreated after discontinuation, they experienced treatment-re-
lated outcomes (Supplementary Table 12).

HBYV Infection With Vaccination

The model simulates population-specific annual incidence of
acute HBV infection among susceptible persons in each of 6
high-risk population groups, determined from published liter-
ature (Supplementary Tables 15) [36]. Given limited data, we
used API rates for AbB and refugee populations.

Patients who achieve immunity through vaccination have no
risk of HBV infection. We assumed full lifelong immunity from
3 vaccine doses and lower immunity for incomplete vaccination
(Supplementary Table 16) [13]. Patients who did not complete
the vaccination series experienced the natural history of hepa-
titis B according to dose-based efficacy, listed in Supplementary
Table 16.

Model Inputs

Health-Related Quality of Life

We assigned health state utility for HBV states and treatment
adverse events based on published empirical studies and eco-
nomic evaluations (Supplementary Tables 17 and 18) [25].

Costs of CHB Management and Interventions

The costs of managing CHB were obtained from published
studies (Supplementary Table 19) [24, 37]. For noncirrhotic
immune-active disease, this is $1293 per year. We assumed
that the costs of managing patients in the inactive phase and in
HBsAg clearance (ie, functional cure) were half and one-quar-
ter of costs of those in active disease, respectively. We modeled
initial diagnostic tests (Supplementary Table 20) and ongoing
monitoring test costs (Supplementary Table 21). For noncir-
rhotic/cirrhotic states (both immune-active/inactive) and func-
tional cure states, we used uncertainty intervals of 50%-300%
to represent wide variation in the literature.

Cost of Screening/Linkage to Care

The model estimates total cost for specified screening/linkage
to care programs from published studies (Supplementary Table
22). This includes recruitment, personnel, and supplies to con-
duct screening. For unavailable program-specific costs, we used
costs from similar programs [18].

Cost of Treatment/Vaccine

Base case costs for antiviral treatments (Supplementary Table 23)
and vaccine (Supplementary Table 24) were set at 80% of whole-
sale acquisition cost from Red Book Online, because most payers
receive discounts from the listed cost [38, 39]. Treatment-related
adverse event costs were calculated from published costs of simi-
lar complications (Supplementary Table 25) [29-31].

Model Outputs

For each strategy and population, we estimate (a) net cost,
incorporating intervention and medical costs; (b) quality-ad-
justed life years; (c) across strategies, incremental net cost per
QALY gained (ICER); and (d) percentage of averted clinical
outcomes (acute and fulminant hepatitis, acute liver death, new
CHB) in the short and intermediate term (<6 months after HBV
exposure) and long term (>6 months, including cirrhosis, liver
failure, HCC, death).

We present below for tenofovir treatment. Entecavir, al-
ternative screening and linkage programs, and breakdown
of screening, treatment, and health care costs are in the
Supplementary Data.

Model Validation

We validated natural history and treatment models by compar-
ing clinical outcomes with published benchmarks (details in the
Supplementary Data). The infection component was compared
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with incidence of active CHB (Supplementary Figure 6;
Supplementary Table 26). The natural history model was val-
idated for transition from immune-tolerant to immune-active
and 3 clinical outcomes (cirrhosis, liver failure, HCC) using
targets from a large longitudinal study (Supplementary Tables
27 and 28, Supplementary Figures 7 and 8) [40]. For treat-
ment, outcomes were compared with observational and clin-
ical trial data on cirrhosis, liver failure, HCC, and mortality
(Supplementary Table 29, Supplementary Figure 9) [23].

Sensitivity Analyses

We conducted scenario analyses to estimate the efficacy of a
hypothetical inclusive program that operates with high adher-
ence: 90% have been screened for HBV infection and/or immu-
nity; 100% have been referred to treatment or vaccination as
appropriate; 90% have been linked to care; 80% have completed
the hepatitis B vaccine series; and 90% of CHB patients initiate
treatment.

Uncertainty in the model was tested using 1-way and multiway
(probabilistic) sensitivity analyses on all input variables. In the
main text, we present 1-way analyses for inputs that had a >30%
effect on the ICER (additional analyses in the Supplementary
Data). For probabilistic analyses, we conducted 10000 simula-
tions in which all variables were simultaneously varied, yeilding
acceptability curves (details in the Supplementary Data).

Institutional Review Board

A review by the institutional review board was not required
because cost-effectiveness analysis using publicly available data
is not human subjects research.

RESULTS

Cost, QALYs, Cost-effectiveness
Table 2 shows the results of all strategies (vaccination only,
treatment only, and inclusive) specific to the population. All

Table 2. Base Case Results for Screening and Linkage to Care Strategies, by Population

Strategy, by Population® Cost, USD® Incremental Cost, USD® QALYs Incremental QALYs® ICER, USD/QALY?
Asian and Pacific Islanders
No intervention 3902 - 23.780 - -
Vaccination only 4001 99 23.787 0.007 13397
Treatment only 5360 1369 23.853 0.066 Extended dominated
Inclusive 5361 1 23.861 0.007 18378
Africa-born black population
No intervention 4928 - 23.551 - -
Vaccination only 5024 96 23.559 0.009 11086
Inclusive 6676 1652 23.653 0.094 17 645
Treatment only 6739 63 23.646 -0.007 Dominated
Incarcerated persons
Vaccination only 999 - 24.415 - -
No intervention 1105 106 24.365 —-0.050 Dominated
Inclusive 1321 322 24.432 0.017 18922
Treatment only 1446 125 24.382 —0.050 Dominated
Refugee population
No intervention 3183 - 23.934 - -
Vaccination only 3278 95 23.944 0.010 9453
Inclusive 4716 1438 24.021 0.078 18465
Treatment only 4746 29 24.011 -0.010 Dominated
People who inject drugs
No intervention 6924 - 23.070 - -
Vaccination only 6974 50 23.078 0.008 6438
Inclusive 6999 24 23.079 0.001 25551
Treatment only 7016 18 23.071 -0.008 Dominated
Men who have sex with men
No intervention 1354 - 24.325 - -
Vaccination only 1361 8 24.336 0.011 695
Inclusive 1626 264 24.349 0.014 19052
Treatment only 1637 " 24.338 -0.01 Dominated

Abbreviations: ICER, incremental cost-effectiveness ratio; QALYs, quality-adjusted life-years; USD, US dollar.

“Strategies are listed in order of total cost per patient for a given population.

“Total health care costs are per person.

°Incremental health care costs and QALYs are per strategy compared with the preceeding intervention.

9YIncremental ratios are the difference between costs divided by the QALYs of an intervention compared with the preceeding intervention.
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3 interventions had ICERs below $26 000/QALY gained com-
pared with less intensive alternatives (additional results in
Supplementary Tables 30-36).

The screen and vaccinate strategy had ICERs of <$14 000/
QALY gained, or were dominant (less expensive and more ef-
fective), compared with no intervention. The costs per QALY
gained were API $13 397, AbB $11 086, refugee $9453, PWID
$6438, and MSM $695. In the incarcerated, vaccination dom-
inates no intervention by being less costly (-$106) and more
effective (0.05 QALYs).

Screen and treat (with tenofovir-based regimens) added cost
and QALYs compared with screen and vaccinate, with ICERs
of $17 000-$26 000 per QALY gained. For example, in APJ,
screen/treat compared with screen/vaccinate increases cost by
$1359 and QALYs by 0.066, but was extended dominated by the
inclusive strategy.

The inclusive strategy yielded both health gains and savings
compared with screen and treat only in most populations. Only
API did not yield savings, with an incremental cost of $1 (QALY
gain, 0.007). In AbB, which has a higher HCC baseline risk, the
inclusive strategy had lower cost than treatment by $63 and
higher QALYs by 0.007.

As expanding from a narrower strategy to inclusive saves
money or has a highly favorable ICER, we compared it directly
to no intervention. The costs per QALY gained by group were
API $18009, AbB $17 089, incarcerated $3203, refugee $17 432,
PWID $8514, and MSM $10954.

Clinical Outcomes

An inclusive program lowered all clinical outcomes by amounts
that varied by risk group. Compared with no intervention, inclu-
sive reduced new acute HBV cases for PWID (1%), MSM (8%),
AbP (14%), refugee (13%), API (14%), and incarcerated (25%)
(Figure 2A). These percentages reflect the proportion suscep-
tible (low in PWID), vaccine completion (very low in PWID),
and HBV incidence rates. This approach similarly reduced the
intermediate clinical outcomes of acute HBV infections, ful-
minant hepatitis B, and liver failure (Figure 2A). Long-term
clinical outcomes due to HBV (cirrhosis, liver failure, HCC,
death) were reduced in the inclusive strategy compared with no
intervention (Figure 2B). Incarcerated persons had the highest
reduction in all clinical outcomes, whereas PWID experienced
the smallest.

Sensitivity Analyses

Scenario Analysis

The broad increase in adherence to screening and intervention
led to an increase in both costs and QALYs, with more favor-
able ICERs (Supplementary Tables 37 and 38). Short- and inter-
mediate-term adverse clinical events decreased by 44%-48%
(Supplementary Figure 10) and long-term clinical complica-
tions by 11%-30% (Supplementary Figure 11).

One-Way Analyses

One-way sensitivity analyses for the inclusive strategy com-
pared with no intervention indicated that the input uncertain-
ties with the highest impact on ICER for most populations were
age, discount rate, tenofovir cost, health state utility in immune
or susceptible states, and rate of progression of disease from
HBeAg- to cirrhosis or inactive (Figure 3). For example, in API
populations, compared with the 30-year-old base case with
ICER of $18 009/QALY, a 20-year old cohort results in a lower
(more cost-effective) ICER of $16 418/QALY gained, whereas
an older 60-year-old cohort has a higher (less cost-effective)
ICER of $32067/QALY gained.

Another input substantially affecting results for most popula-
tions was annual transition from noncirrhotic, immune-active
HBeAg- to other phases. In API, faster transition from noncir-
rhotic to cirrhotic HBeAg- state decreased the ICER to $13 455/
QALY gained; slower transition increased the ICER to $26 483.
Similar patterns were seen in other populations. Annual transi-
tions from HBeAg+ had a much smaller effect on ICERs. More
detailed tornado diagrams are available in the Supplementary
Data (Supplementary Figures 12-17; for results not shown, data
available from authors).

The cost-effectiveness results for the incarcerated popula-
tion had a high sensitivity to prevalence and incidence inputs
(Figure 3); although ICERs for other populations were also
sensitive, the uncertainty was less pronounced (Supplementary
Table 39). Across all uncertainty ranges for all populations, the
ICER of the inclusive strategy compared with no intervention
remained <$50000/QALY or highly cost-effective.

Probabilistic Analyses

Multivariable analyses, where we compared all strategies, found that
the inclusive strategy was cost-effective in 61%-97% of simulations
at a willingness-to-pay (WTP) threshold of $50 000/QALY and was
preferred in most simulations for all populations (Figure 4).

DISCUSSION

Our cost-effectiveness analysis found that inclusive HBV screen
and vaccinate or treat strategies cost $3000 to $18 000 dollars
per QALY gained, compared with no intervention. Although
isolated screen for immunity and vaccinate or screen for infec-
tion and treat strategies are also cost-effective ($6000 to $21 000
per QALY gained), the broadening to an inclusive approach was
incrementally very cost-effective or even cost-saving. These
findings were qualitatively consistent across the modeled popu-
lations and a range of input values.

The cost-effectiveness of primary and secondary prevention
of HBV reflects the severity of the disease and the effectiveness
of available vaccination and treatment strategies. The highly
cost-effective strategy of using both population-based vaccina-
tion and treatment is a result of efficiencies in combining the
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Figure 2. Percent reduction in short/intermediate-term and long-term clinical outcomes with screen and treat or vaccinate strategy compared with no intervention for all
study populations. Percentages for reduction in cases were calculated per 1 million patients vaccinated or treated using 1 million Monte Carlo simulations. The figures show,
for every 1 million patients for each study population, the percentage of short/intermediate-term (A) and long-term (B) clinical outcomes that could be reduced by employing

a program that either treats or vaccinates patients compared with no intervention.

approaches. Although the screening for vaccination and treat-
ment is slightly different, doing both within the same program
adds relatively little cost.

To our knowledge, this is the first cost-effectiveness analysis
to compare inclusive screen and treat or vaccinate with the iso-
lated screen and vaccinate or screen and treat among multiple
high-risk populations. Our findings are consistent with previ-
ous studies showing cost-effectiveness and savings for screening
programs in individual high-prevalence populations [19, 20, 24,
41]. However, Hutton et al. assumed very little benefit from vac-
cination in the Asian and Pacific Islander population (except

ring vaccination), such that the “inclusive” strategy appeared
very cost-ineffective compared with screen and treat [36].

Of the populations we modeled, incarcerated persons had the
lowest ICER and the highest reduction in HBV-associated out-
comes. This is explained in large part by our portrayal of no prison
release during intervention, allowing continuous linkage to care
and adherence. In reality, those who leave correctional facilities
may face difficulties gaining access to affordable care, and thus
have lower intervention completion. However, when we varied
these adherence assumptions in multivariable analysis, the strategy
to screen and treat or vaccinate was still preferred 97% of the time.
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Variables, by Population for Screen- Treat or Vaccinate vs No Intervention
(A) Asian and Pacific Islanders
Age of cohort (Years)
Probability of going from HBeAg-, Active CHB, Non-Cirrhotic to HBeAg-, Active CHB, Cirrhotic (%)
Discount rate for costs and QALY (%)
Monthly cost of Tenofovir 300mg daily (USS)
Probability of going from HBeAg-, Active CHB, Non-Cirrhotic to HBeAg-, Inactive CHB, Non-Cirrhotic (%)
Utility in Immune state
Utility in Susceptible state
Probability of going from HBeAg -, Active CHB, Cirrhotic to HBeAg-, Inactive CHB, Cirrhotic (%)
(B) Africa Born Black Population
Age of cohort (Years)
Probability of going from HBeAg-, Active CHB, Non-Cirrhotic to HBeAg-, Active CHB, Cirrhotic (%)
Monthly cost of Tenofovir 300 mg daily (USS)
Discount rate for costs and QALY's (%)
Probability of going from HBeAg-, Active CHB, Non-Cirrhotic to HBeAg-—, Inactive CHB, Non-Cirrhotic (%)
Utility in Immune state
Utility in Susceptible state
(C) Incarce rated Persons
Prevalence of active CHB in incarcerated Persons (%)
Annual incidence for developing acute hepatitis B in incarcerated persons (%)
Age of cohort (Years)
Utility in Immune state
Discount rate for costs and QALY (%)
Probability of going from Asymptomatic Acute Hepatitis to HBeAg+, Active CHB, No Cirrhosis (%)
Utility in Susceptible state
Monthly cost of Tenofovir 300 mg daily (US$)
Proportion of incarcerated accepting vaccination and getting st dose (%)
Incarcerated persons accepting treatment with universal screening (%)
Probability of going from HBeAg-, Active CHB, Non-Cirrhotic to HBeAg -, Active CHB, Cirrhotic (%)
Susceptibility to HBV in incarcerated Persons (%)
Probability of going from Symptomatic Acute Hepatitis to HBeAg+, Active CHB, No Cirrhosis (%)
Discontinuation rate of treatment naive in year 2 with Tenofovir (%)
Probability of going from HBeAg -, Active CHB, Non-Cirrhotic to HBeAg -, Inactive CHB, Non-Cirrhotic (%)
Proportion of incarcerated getting 2nd dose (%)
Annual cost of managing HBeAg+, Active CHB, Non-Cirrhotic (US$)
Annual cost of managing HBeAg-, Active CHB, Non-Cirrhotic (US$)
(D) Refugees
Age of cohort (Years)
Probability of going from HBeAg-, Active CHB, Non-Cirrhotic to HBeAg-, Active CHB, Cirrhotic (%)
Discount rate for costs and QALY (%)
Utili
Utility in Susceptible state
Monthly cost of Tenofovir 300 mg daily (US$)
Probability of going from HBeAg-, Active CHB, Non-Cirrhotic to HBeAg -, Inactive CHB, Non-Cirrhotic (%)
(E) People Who Inject Drugs

Total cost per person of running the PWID screening program at syringe services programs (US$)

y in Immune state

Age of cohort (Years)
PWID linked to care afier screening at syringe services programs (%)
Discount rate for costs and QALY (%)
Acute Hepatitis B to CHB wransition probability for PWIDs (%)
Proportion of susceptible PWIDs (%)
PWID referred to care afier screening ar syringe services programs (%)
Proportion of PWID getting 2nd dose (%)
Prevalence of active CHB in PWIDs (%)
(F) Men Who Have Sex with Men
Age of cohort (Years)
Discount rate for costs and QALY (%)
Monthly cost of Tenofovir 300mg daily (US$)
Probability of going from HBeAg-, Active CHB, Non-Cirrhotic to HBeAg-, Active CHB, Cirrhotic (%)
Probability of going from Acute Hepatitis, Adult, Asymptomatic to HBeAg+, Active CHB, No Cirthosis (%)
Probability of going from HBeAg-, Active CHB, Non-Cirrhotic to HBeAg-, Inactive CHB, Non-Cirrhotic (%)

Base-Case Range Lower ICER Value (US$/QALY) Upper ICER Value (US$/QALY)
Base-Case ICER (US$/QALY): 18009
30 (20 to 60) 16418 I 2067
0.046 (015 to 0.005) 13455 [ | 26483
0.03 (0.01 10 0.03) 12331 | 24894
798 (499 to 998) 10820 [N 22812
0016 0100.11) 16007 | | — 27936
0.99 (1t00.98) 14431 e 23946
0.99 09810 1) 14468 [ [ 23846
0016 0100.11) 17008 | 1 29417
Base-Case ICER (US$/QALY): 17089
30 (20 to 60) 15649 I 00532
0.005 0.15 to 0.003) 12909 I 24673
798 (499 to 998) 10176 [ NN 21713
0.03 (0.01 t0 0.05) 11904 [ [a=—=—re] 23379
0.016 (0t00.11) 15210 | V] 26447
0.99 (1100.98) 13945 | | 22062
0.99 0.98t0 1) 13978 [ ] 21981
Base-Case ICER (US$/QALY): 3023
0.014 (0.003 t0 0.031) (563) ] 6848
0.0231 (0.038 (0 0.0082) 1716 L Enn
30 (20 to 60) 2572 L E
0.99 (0.98 to 1) 2065 | | — 7131
0.03 (0.01 to 0.03) 1122 = [ ] 5866
0.05 (0.1 10 0.01) 1277 | Sam— i | 5935
0.99 098 t0 1) 2099 R 6751
798 (499 1o 998) 1208 == 4537
0.7 (1t00.4) 2962 [ =] 5632
0.75 05t01) 1828 [~ i 4364
0.046 (0.15 to 0.005) 2186 = 4581
0.53 (0.66 to 0.4) 2286 =N 4531
0.05 (0.1 10 0.01) 2279 | | 4138
0.035 (0.0175 to 0.0525) 2551 = 4108
0.016 0100.11) 2905 == 4304
0.65 (0.81 0 0.49) 3046 = 4256
1293 (3880 to 647) 2374 [ ] 3410
1293 (3880 to 647) 2429 [ ] 3396
Base-Case ICER (US$/QALY): 17432
30 (20 to 60) 15848 I ;296
0.046 (0.15 t0 0.005) 13047 | [ 25508
0.03 (0.01 t0 0.05) 11868 | 24184
0.99 (1100.98) 13291 [ == 25392
0.99 (0.98 t0 1) 13331 I . 25177
798 (499 10 998) 10437 I B 22111
0016 0100.11) 15518 | |[p===""v] 26811
Base-Case ICER (US$/QALY): 8514
97 (75 10 291) 6598 I . 24007
30 (20 0 20) 7269 20986
0.086 (0.06 10 0.4) 634 12864
0.03 (0.01 t0 0.05) 3634 15268
0.1 (0.15 10 0.05) 5198 15265
0.4 (0.55 10 0.33) 6312 11979
0.75 (0.95 10 0.56) 6401 11920
053 (0.67 10 0.4) 6839 10630
0.118 (0.035 10 0.2) 7003 10029
Base-Case ICER (US$/QALY): 10954
30 2010 60) 9533 s —— 22924
0.03 (0.01 10 0.05) eorn N @ 16480
798 (499 10 998) 6535 [N 13908
0.046 (0.15 t0 0.005) 8474 I 14895
0.05 (0.110.0.01) 8470 I 13727
0.016 0100.11) 9996 [ [ 14992

Figure 3.  Sensitivity analysis for the inclusive strategy compared with no intervention for each population. The figure shows variables with >30% effect on the incremental
cost-effectiveness ratio (ICER) for each population. Red bars indicate the lower ICER for the value listed first in the range; blue bars indicate an increase for the second value
in the range. Cost-effectiveness of the inclusive strategy compared with no intervention was sensitive to multiple inputs. For example, a high annual transition from noncir-
rhotic to cirrhotic states decreased the ICERs across populations. The decrease is because, as the transition to cirrhosis (worse health state) increases, the clinical value of
treating to prevent progression also increases. Conversely, a higher annual transition to inactive CHB (better health state) from immune active disease decreases treatment
value, as patients would naturally move into less damaging CHB phases. However, even at the extreme upper and lower limits of uncertainty ranges, the ICERs remained very
cost-effective for all populations at a cost of less $50000 per QALY gained. Abbreviations: AHB, acute hepatitis B; CHB, chronic hepatitis B; HBeAg, hepatitis B e antigen (+
or -); ICER, incremental cost-effectiveness ratio; PWID, people who inject drugs; QALY, quality-adjusted life-year.

In multivariable analyses, all populations except AbP experi-
enced the inclusive strategy to be cost-effective at least 75% of
the time, whereas in AbP it was 58%. The decrease in favorabil-
ity of the inclusive strategy in AbP is largely explained by higher
risk of developing HCC from any state, including in inactive
and functional cure states [26]. This higher risk of HCC may
negate some benefits of therapy (ie, QALYs), even with succes-
full treatment, relative to CHB patients in other populations.

Our model also showed a relatively large decrease in HBV-
associated clinical outcomes among refugees. Although declin-
ing, the United States has, in recent years, received about 70 000
refugees annually, often from intermediate- to high-HBV prev-
alence countries (about 20000 from African nations and 17 000
from East Asia) [42]. Further, refugees may arrive from coun-
tries that have underdeveloped health care, with low likelihood
of vaccination, CHB diagnosis, or treatment, leading to more
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Figure 4. Probabilistic sensitivity analyses of all intervention strategies for each population. The x-axis lists willingness-to-pay threshold in $/quality-adjusted life-year
(QALY), whereas the y-axis shows the percentage of simulations in which a given strategy is cost-effective. For example, for the Asian and Pacific Islander population, at
$50000/QALY, the inclusive program to treat or screen was cost-effective 74% of the time, and screen and treat was cost-effective 25% of the time. Abbreviation: QALY,

quality-adjusted life-year.

opportunity for intervention [43]. If left untreated, Africa-born
black refugees have higher risk of developing HCC than other
CHB populations, and thus greater potential reduction in risk
[26]. As such, it appears appropriate to treat and vaccinate refu-
gees through targeted approaches.

We found that PWID would benefit from an inclusive inter-
vention as well, albeit with the smallest anticipated reduction
in HBV-associated outcomes. This is because in the popula-
tions we examined, PWID have the least social stability, higher
chance of concurrent mental health issues, and lower health
literacy [35]. These factors lead to lower linkage to care, vac-
cination completion, and treatment adherence. Despite these

challenges, research shows syringe service programs (SSPs) to
be an effective venue to screen and deliver care [44, 45]. In our
model, an inclusive program implemented at SSPs increased
QALYs compared with vaccination-only and dominated treat-
ment-only programs. Multivariable analysis found that despite
the uncertainty associated with screening and linking PWID to
care, treating/vaccinating through an SSP is cost-effective up to
95% of the time at $50 000/QALY.

Our model has several limitations. First, we did not por-
tray co-infections with HIV, hepatitis C, or other diseases
(nonalcoholic steatohepatitis [NASH], alcoholic liver disease,
etc.), which may alter the hepatitis B disease course. Second,
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we modeled new infections in adults based on current estimates
of incidence; we did not portray dynamic interactions between
populations, nor pediatric infections, and thus did not capture
potential prevention benefits of treatment. However, a recent
National Academy of Sciences (NAS) report concluded that
there is limited evidence to suggest that treatment as preven-
tion is a viable strategy for controlling hepatitis B in adults [13,
46]. Third, our model does not distinguish between hepatitis
B genotypes or take into account sex differences, which may
affect disease course. Fourth, screening and linkage data were
unavailable for some populations, requiring adaptation of data
from other populations. Fifth, we did not analyze the budget
impact of the proposed screening and linkage to care programs.
Finally, we were unable to examine 2 new interventions for
HBV because they were approved too recently. A 2-dose HBV
vaccine is now available, which could increase adherence [47].
Tenofovir alafenamide may have lower side effects with efficacy
similar to the modeled therapy (tenofovir disoproxil fumarate)
[48]. Further, a new generic version of modeled tenofovir was
not commercially available at the time of this analysis. All of
these could lead to more attractive ICERs for all 3 strategies
examined in this study.

Our analysis lays the groundwork for estimating the impact
of scaled-up programming. We found that to achieve a 45%
reduction in HBV-associated burden, 90% of persons with CHB
would have to be linked to care and 80% of susceptible persons
would have to complete the vaccination. Such a program may
be feasible for some populations and in some localities, such as
in prisons or in an integrated health care system [49]. It will be
more challenging among PWID. Although our model showed
a relatively large decrease in HBV-associated clinical outcomes
among many risk groups, HBV scale-up strategies are needed to
achieve the NAS-articulated target of 50% reduction in mortal-
ity and morbidity by the year 2030 [46].

CONCLUSIONS

This analysis showed that an inclusive screen and treat or vac-
cination strategy was cost-effective in reducing the burden of
hepatitis B virus among high-risk, high-prevalence populations.

Supplementary Data

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