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Abstract

Background—sSince 2006, the US Centers for Disease Control and Prevention has
recommended hepatitis A (HepA) vaccination routinely for children aged 12-23 months to prevent
hepatitis A virus (HAV) infection. However, a substantial proportion of US children are
unvaccinated and susceptible to infection. We present results of economic modeling to assess
whether a one-time catch-up HepA vaccination recommendation would be cost-effective.

Methods—We developed a Markov model of HAV infection that followed a single cohort from
birth through death (birth to age 95 years). The model compared the health and economic
outcomes from catch-up vaccination interventions for children at target ages from two through 17
years vs. outcomes resulting from maintaining the current recommendation of routine vaccination
at age one year with no catch-up intervention.

Results—Over the lifetime of the cohort, catch-up vaccination would reduce the total number of
infections relative to the baseline by 741 while increasing doses of vaccine by 556,989. Catch-up
vaccination would increase net costs by $10.2 million, or $2.38 per person. The incremental cost
of HepA vaccine catch-up intervention at age 10 years, the midpoint of the ages modeled, was
$452,239 per QALY gained. Across age-cohorts, the cost-effectiveness of catch-up vaccination is
most favorable at age 12 years, resulting in an Incremental Cost-Effectiveness Ratio of $189,000
per QALY gained.

Conclusions—Given the low baseline of HAV disease incidence achieved by current
vaccination recommendations, our economic model suggests that a catch-up vaccination
recommendation would be less cost-effective than many other vaccine interventions, and that
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HepA catch-up vaccination would become cost effective at a threshold of $50,000 per QALY only
when incidence of HAV rises about 5.0 cases per 100,000 population.

Keywords
Hepatitis A; Vaccine recommendation; Economic modeling

1. Introduction

Over 100 million global hepatitis A virus (HAV) infections and 15,000 associated deaths are
estimated to occur annually. Most hepatitis A-related morbidity and mortality occurs among
low income, high endemic countries, where =90% of the population may be infected by age
10 years [1]. In high income, low endemic countries, such as the United States, the burden of
HAV infections has decreased and most infections with a known risk factor are due to travel,
although foodborne outbreaks are of increasing concern [2,3]. In the US in 2013, 1781 HAV
cases were reported (0.6 cases per 100,000 population), including 518 hospitalizations and 9
deaths. Among children age 0-9 years, the group covered by routine vaccination, HAV
infection rates were 0.14 cases per 100,000. Rates are slightly higher for older children and
adults; 0.33 cases per 100,000 population among children age 10-19 years, and ranging
from 0.64 to 0.74 cases per 100,000 population for adults age >19 years.[2]

The severity of hepatitis A disease typically increases with age. Children <5 years old often
are asymptomatic, even when actively shedding HAV, thus placing household contacts at
risk of HAV infection [4]. Conversely, infected older children and adults usually present
with clinical symptoms including jaundice, nausea, abdominal pain, and poor appetite [4].
Serious complications of HAV infection are rare, but include liver failure and death,
primarily in older adults. [5,6] Due to significant decreases in hepatitis A cases in the US,
morbidity and mortality has decreased among children and adolescents, however, the
average age of persons hospitalized for HAV has increased from 37.6 years to 45.5 years (P
< 0.0001) during 2002-2011, and persons hospitalized for hepatitis A in recent are more
likely to have liver disease and comorbid conditions [7,6]. Adults infected with HAV lose an
average of 27 days of work [8]. In 2004, there were 5683 reported cases of HAV, with health
care costs attributable to HAV infection totaling $9.3 million [9,2].

Hepatitis A vaccine was approved by the US Food and Drug Administration in 1995, and
was initially recommended (1996-1999) by the Advisory Committee on Immunization
Practices (ACIP) for individuals at high risk or for children at age 2 years in communities
with high rates of disease [10,11]. In 2006, the ACIP recommended routine HepA
vaccination for children aged 12-23 months, for persons who are at increased risk for
infection, and for any person wishing to obtain immunity. Children who are not vaccinated
by age 2 years can be vaccinated at subsequent visits, and catch-up vaccination of
unvaccinated children aged 2—-18 years can be considered [8].

Following vaccine introduction, the number of reported hepatitis A cases decreased by
greater than 95% from about 30,000 cases in 1996 to approximately 1400 cases in 2011 [2].
However, despite demonstrated safety and efficacy of HepA vaccine, 2-dose coverage is low.
In 2014, vaccine coverage for children age 19-35 months for =1 and=2 doses was 85.1%
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and 57.5%, respectively [12]; coverage is lower for adolescents. [13]. Among adults aged
19-49 years in 2013 the total =2 dose coverage was only 12.3% [14].

Given the large population of adolescents and young adults who remain unvaccinated,
decreasing rates of disease-acquired HAV immunity among the US adult population, and an
ongoing threat of HAV outbreaks due to contaminated food [3], we sought to assess the cost-
effectiveness of a one-time, age-cohort-based, catch-up vaccination campaign for US
children aged 2-17 years.

2. Methods

2.1. Economic model

We adapted a previously-developed and described [12] Markov model of HepA vaccination
to assess the cost-effectiveness of catch-up HepA vaccination among unvaccinated and
partially-vaccinated children compared with unvaccinated children. “Catch-up” vaccination
was defined as provision of two doses of HepA vaccination for children with no
documentation of previous vaccination or administration of a second dose for children with
documentation of only a single prior dose. The model compared lifetime clinical and
economic outcomes for a single birth cohort over time, from birth to death or age 95 years.

The basic structure of the economic model is shown in Fig. 1. In the model, a cohort
progressed between eight possible HAV-related states including HAV-susceptible but not
infected, HAV-immune due to immunization or prior infection, post-transplant due to
fulminant liver disease, and death due to either HAV or other causes. Progression between
clinical states was based on the probability of related events, including vaccination, HAV
infection, and health complications due to vaccination or infection [7,15,16]. Other
transitions within the model included loss of vaccine-related immunity [17,18] and death
due to non-HAV related causes.

Model inputs included vaccine costs, rates of HAV infection, probability of disease
complications, and associated healthcare costs, gradual loss of immunity to HAV following
infection, public health costs for an HAV-associated outbreak, costs of productivity loss, and
all-cause probability of death due to non-HAV causes among the lifespan of the age cohort.
These parameters are described in further detail below and in the article Supplement. Costs
presented reflect 2015 US dollars. Each state/event was associated with potential costs for
medical care and potential gains/losses in productivity and Quality-Adjusted Life Years
(QALYsS).

2.2. Background data for model inputs

We used a single average national incidence from 2008 to 2012 in our model, because 2008—
2012 regional incidence was consistently low and homogeneous across US regions
(Supplemental Table S-2). Based on published estimates, for each reported case of HAV
infection we estimated 1.95 unreported symptomatic cases [16]. HAV-related clinical
characteristics, disease progression, and assigned probability parameters are shown in
Supplemental Table S-3. The probability of symptomatic disease of varying severity was
assigned based on historical surveillance data [19-21]. In the model, vaccinated individuals
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were assigned an initial HAV antibody (anti-HAV) geometric mean titer (GMT) level based
on published data [18,22], with associated annual estimates of anti-HAV loss following
immunization modeled using a random-effects linear spline model [22].

Baseline HepA vaccination coverage rates for children age 19-35 months and 13-19 years
were obtained via public use data files from the U.S. Centers for Disease Control and
Prevention’s (CDC) National Immunization Surveys [23,24]. Because no comparable catch-
up program existed to estimate the uptake of catch-up recommendations, we assumed that
50% of those unvaccinated and unaware of prior infection would receive the first dose of
vaccine, and 50% of those who received the first dose would receive the second dose. Based
on proprietary sales data provided by GlaxoSmithKline, we assumed that adults aged 18-64
years would receive adult vaccination at a rate of 0.5% per year [25]. The probability and
costs of adverse events from HepA vaccination, and direct and indirect costs of HepA
vaccination are shown in Supplemental Table S-4.

Healthcare costs associated with icteric infections were calculated using four case studies of
hepatitis A outbreaks in the United States [25-28]. Because reported icteric cases are likely
more severe than unreported cases, we used 33% reduction in medical costs for unreported
relative to reported icteric infections, per prior HAV models [20]. Based on published case
studies, we assumed separate inpatient costs for fulminant liver disease with and without
liver transplant [26,29]. The direct and indirect costs of HAV infection are shown in
Supplemental Table S-5.

Using the Human Capital Method, productivity losses were calculated by combining the
age-specific labor participation rate and age-specific daily earnings with the duration of
work loss attributable to HAV infection, stratified by disease severity, as well as work loss
due to vaccine administration and adverse events [30]. For children aged 0-15 years, we
applied the productivity losses of a parent or caregiver [20]. In the case of death attributable
to HAV infection, we assumed work loss of 250 days per year (an established estimate that
excludes weekends and absenteeism), adjusted for aged-based workforce participation
[31,32]. Public health response costs per case are shown in Supplementary Table S-6. Public
health response costs were classified into three major activities — surveillance, immune
globulin coordination and administration, and public notification. All future costs and
benefits were discounted at a 3% annual rate.

Vaccination costs were calculated based on vaccine cost, vaccine administration costs
(adjusted, when appropriate for ages when multiple immunizations are given), rates of
adverse events, and patient/caregiver workdays lost.

Parameters used in QALY calculations include background utilities, by age group and
baseline relative utility values for HAV infection for symptomatic anicteric, non-fulminant
icteric, and pre- and post-transplant liver failure, with values established by the Global
Burden of Disease study [33]. Supplementary Table S-7 shows these values as compared to
routine HepA vaccination without catch-up [34]. To calculate an infected individual’s health
utility, the relative value of their state was multiplied by their background utility. The QALY
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input values were then converted to annualized values based on the duration of sickness
experienced in a given year.

2.3. Summary measures

Summary measures included incremental cost-effectiveness ratios of baseline and
intervention strategies and net cost per QALY gained. In the cost-effectiveness model, net
costs were estimated as vaccine costs, vaccine administration costs, HAV infection and
adverse event-related medical costs, productivity losses, and public health response costs.
The net difference between the baseline and intervention scenarios was calculated as the sum
of these costs in the intervention scenario minus the baseline scenario.

The model was designed to evaluate the cost-effectiveness among a single birth cohort, and
therefore independent simulations were performed for each age at which catch-up
vaccination was considered. Incremental cost-effectiveness ratios (ICER) represent quotients
and cannot be averaged; therefore a restricted set of incremental outcomes (infections,
discounted costs, QALYS, and life years) from each simulation were summed across age-
groups to obtain the overall ICER across all ages. Population results, incremental
differences, an expanded list of health outcomes, and univariate and probabilistic sensitivity
analyses were performed for the 10 year-old cohort, the midpoint age for catch-up
vaccination. Univariate sensitivity analyses were conducted for the scenario of catch-up
vaccination at age 10 years. Threshold analyses were conducted for disease incidence.

3. Results

Over the lifetime of the cohort, catch-up vaccination at age 10 years would reduce total HAV
infections relative to baseline by 741, with 556,989 additional vaccine doses administered.

In total, for every 752 additional doses administered, one case of HAV infection would be
averted. Table 1 displays the full set of outcomes for the baseline and the intervention
scenario assuming a catch-up target age of 10 years.

Catch-up vaccination increased total discounted QALYS across the 10 year-old cohort by 23,
or 0.000006 QALY per person. Catch-up vaccination increased net costs by $10.2 million
or $2.38 per person. The catch-up vaccination intervention increased vaccine and
administration costs for children, but decreased these costs for adults, as individuals
vaccinated by the catch-up campaign would not require HepA vaccination in adulthood.
Catch-up vaccination decreased costs of treatment due to HAV infections and decreased cost
of public health surveillance given the lower number of total reported cases (Supplemental
Table S-6). The incremental cost of the HepA vaccine catch-up at age 10 years was
$452,239 per QALY gained.

Table 2 presents summary outcome measures for each age cohort, 2-17 years. Across
cohorts, cost of catch-up vaccination produced a range of ICER values from $269,000 per
QALY gained at age 17 years to $725,000 per QALY gained at age 4 years, excluding age
12. Across all cohorts, the costs of catch-up were $147.8 million with an increase in QALY's
of 342, and an ICER of $432,159.
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We found that the cost-effectiveness of catch-up vaccination tracked with the age of the
cohort targeted for vaccination, with catch-up becoming more cost-effective when targeting
children in late adolescence. This effect was due to several factors, (a) the population
coverage of HepA vaccination at the time that this analysis was performed, with coverage
due to routine vaccination decreasing as age increased (b) higher rates of symptomatic
disease among older children infected with HAV as compared with younger children
infected, and (c) vaccination of older children averting the need for higher-cost adult
vaccination. With the exception of age 12 years, the per-person costs of catch-up increases to
$2.55 per person at age 7 years and then decreases to $1.81 per person. The cost-
effectiveness of catch-up vaccination is most favorable at age 12 years, resulting in an ICER
of $189,000 per QALY gained. This is because the model assumes that the administration
costs of HepA vaccination are split with other vaccines routinely administered at age 12
years, thus lowering the cost.

Table 3 shows variables tested in the univariate sensitivity analysis. The results show that the
impact of vaccination on ICER was most sensitive to the discount rate, followed by the rate
of adult vaccination. Catch-up vaccination was also highly sensitive to large variations in
incidence, and was moderately sensitive to the price of vaccination. Catch-up vaccination
was largely insensitive to univariate shifts in the rate of catch-up adoption, QALY values
assigned to HAV disease states, and the long-term effectiveness of the vaccine.

Threshold analyses that increased disease incidence to rates far higher than presently
observed found that the ICER of hepatitis A catch-up vaccination at age 10 years fell below
$100,000 per QALY at an incidence of 3.0-4.0 per 100,000, fell below $50,000 per QALY
at an incidence of approximately 5.0 per 100,000, and was cost-saving at incidence levels
above 9.0 per 100,000 (Supplemental Table S-8).

4. Discussion

Our findings suggest that, given the current US HAV disease incidence, a catch-up
vaccination program would not be cost effective at a threshold of $50,000 per QALY, and
would cross this threshold only if incidence of HAV were greater than 5.0/100,000. The
incremental cost per QALY given current US HAV disease incidence ranged from a low of
$190,000 per QALY gained at age 12 years to a high of $725,000 per QALY gained at age 4
years.

Relative to the cost per QALY projected for hepatitis A catch-up vaccination, studies
assessing the economic impact of catch-up interventions for other vaccinations show lower
cost per QALY. For example, a simulation model of a five-year catch-up program for human
papilloma virus vaccination in the US for females aged 13-18 years cost $97,300 per QALY
[35], and a catch-up meningococcal conjugate vaccine intervention followed by a routine
vaccination program would cost $127,000 per year of life saved [36]. The improved cost-
effectiveness of these catch-up vaccination interventions relative to hepatitis A are driven by
higher baseline disease incidence, higher case-fatality ratio, and increased cost of care for
complications.
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Changing patterns of vaccine acceptance in the US may impact future calculations of the
cost-effectiveness of catch-up HepA vaccination. If rates of parental refusal of childhood
vaccination increase, then rising incidence of vaccine-preventable infections might alter the
cost-effectiveness of a catch-up campaign, reducing cost per QALY gained [37]. The effect
of vaccine refusal on disease resurgence has been noted in recent outbreaks of measles and
pertussis, with individuals with non-medical vaccine exemptions making up a majority of
unvaccinated individuals infected in these outbreaks [38,39].

5. Limitations

The results are limited in several respects. First, the values of certain parameters used in the
model are uncertain; the most important among these are the rates of HepA vaccine catch-up
uptake and adult vaccination. Sensitivity analyses indicate that the ICER of catch-up is
insensitive to uptake, but is sensitive to adult vaccination rate. In the model, catch-up
vaccination is assumed to replace adult vaccinations. Consequently, as the annual rate of
adult vaccination increases, the cost-savings associated with replacing more expensive adult
vaccine with less expensive children’s formulations increases. Our annual rate of adult
vaccination might be underestimated because we were only able to obtain data from
GlaxoSmithKlein, additional vaccine is distributed in the US by other manufacturers.

Second, the model output is based on hepatitis A incidence from 2008 to 2012 and the cost
effectiveness conclusions are strongly tied to factors such as vaccine uptake and disease
transmission patterns which may change over time, altering future cost.

Third, though some entities, including the World Health Organization Strategic Advisory
Group of Experts have advised that national immunization programs may consider inclusion
of single-dose HepA vaccine in immunization schedules, this study utilized the current US
ACIP two-dose recommendation only [40,41].

Finally, the model excluded herd immunity effects of vaccination. However, previous
analyses indicate that herd immunity associated with routine vaccination would result in
even lower incidence and less favorable cost-effectiveness for catch-up [20].

6. Conclusions

In this paper, we presented findings of an economic model designed to evaluate the cost
effectiveness of a one-time catch up campaign for children aged 2-17 years who are
partially or not vaccinated against HAV. This model found that catch-up vaccination is not
cost-effective at the current disease incidence of less than one infection annually per 100,000
population, with a projected cost per QALY gained of $269,000-$725,000, varying with age
at catch-up vaccination. Sensitivity analyses showed that cost-effectiveness of vaccination
was primarily sensitive to disease incidence and the degree to which catch-up vaccination
averted later adult vaccination in the model cohort.

Decreasing hepatitis A incidence in the US and reduced exposure to HAV has resulted in
decreasing anti-HAV seroprevalence among adults, and an increasing proportion of
susceptible adults. This decrease in US adult immunity to HAV may result in greater risk for
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infection among adults relative to prior generations, when most adult Americans would have
reached adulthood with natural acquired immunity [6,8].

The 2006 ACIP hepatitis A vaccine recommendations state that catch-up vaccination of
unvaccinated children aged 2-18 years can be considered. Such considerations are based on
individual clinical decision making. Despite lack of cost-effectiveness of routine hepatitis A
catch-up vaccination, health care providers should be cognizant of the increasing
susceptibility to HAV and increased severity of disease among older adults. As such, since
HepA vaccine provides long-term protection against HAV, providers should consider
offering vaccine to any unvaccinated child.

This study illustrates the important role that economic modeling can have on public health
decision-making, especially in understanding the impact that different epidemiological
parameters may have on the cost effectiveness and societal impact of a given intervention. In
the future, economic modeling could be helpful for assessing the cost-effectiveness of adult
hepatitis A catch-up vaccination, as well as the cost-effectiveness of single-dose hepatitis A
catch-up vaccine at any age.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the online version, at http://
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from HAV-related causes.
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Table 1

Lifetime health, utilization, and economic outcomes associated with routine vaccination and universal

vaccination with ‘Catch-Up’ vaccination opportunities at Age 10.
Parameter Basescenario Intervention scenario  Difference
Number of HAV infections 8976 8235 -741
Number of symptomatic anicteric cases 1934 1863 =71
Number of icteric cases 5107 4509 -598
Number of reported cases 1731 1528 -203
Number of HAV-related outpatient visits 12,405 11,029 -1376
Number of cases with HAV-related hospitalizations 978 868 -110
Number of cases with HAV-related liver transplants 53.91 50.87 -3.04
Number of HAV-related deaths 35.51 33.24 -2.27
Number of life years lost due to HAV-related deaths 989 900 -90
Days of caregiver work loss due to HAV complications 7937 7124 -813
Days of patient work loss due to HAV complications 23,352 19,704 -3648
Days of work loss due to HAV-related death 34,416 29,054 -5363
Total days of work loss due to HAV 65,705 55,882 -9823
Number of doses of HAV vaccinations administered 5,740,643 6,297,626 556,984
Days of work loss due to childhood immunizations 0 0 0
Days of work loss due to adult immunizations 0 0 0
Days of work loss due to all immunizations 0 0 0
Number of HAV vaccination-related mild adverse events 26,946 30,952 4006
Number of HAV vaccination-related severe adverse events 5.28 6.07 0.79
Medical cost of HAV-related outpatient visits $952,866 $803,837 $ -149,029
Medical cost of HAV-related hospitalizations $2,880,525 $2,414,507 $-466,018
Medical cost of HAV-related liver transplants $5,752,379 $5,199,289 $ -553,090
Total medical cost of treating HAV complications $9,585,770 $8,417,633 $-1,139,888
Cost of caregiver work loss due to HAV complications $814,072 $746,465 $-67,608
Cost of patient work loss due to HAV complications $881,768 $727,664 $-154,104
Cost of work loss due to HAV-related death $1,063,562 $886,349 $-177,213
Total cost of work loss due to HAV $2,759,402 $3,350,185 $353,047
Cost of administration of child HAV vaccination $38,096,164 $45,616,035 $7,519,871
Cost of acquisition of child HAV vaccination $130,408,364  $137,089,884 $6,681,520
Cost of adverse events/work loss due to child HAV immunization $2,997,138 $3,350,185 $353,047
Total cost of childhood HAV vaccination $171,501,666  $186,056,104 $14,554,438
Cost of work loss due to adult HAV vaccination $0 $0 $0
Cost of administration of adult HAV vaccination $1,079,684 $540,064 $ -539,620
Cost of acquisition of adult HAV vaccination $4,998,762 $2,500,407 $-2,498,355
Cost of adverse events/work loss from adult HAV immunization $46,323 $23,172 $-23,151
Total cost of adult HAV immunization $6,124,769 $3,063,642 $-3,061,126
Cost of work loss due to all HAV immunizations $0 $0 $0
Cost of administration, acquisition, and adverse events from HAV immunizations $177,626,435  $189,119,747 $11,493,312
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Parameter Basescenario Intervention scenario  Difference
Cost of surveillance of HAV cases $15,790 $13,151 $-2640
Cost of coordination and administration of I1G shots for contacts $329,446 $274,376 $ -55,070
Cost of public notification of HAV cases $3,683 $3,044 $-639
Total HAV-related cost to public health system $348,920 $290,571 $ -58,349
Total HAV-related cost $190,320,527  $200,188,429 $9,867,902
Total HAV-related cost excluding cost of patient work loss of due to HAV $188,375,197  $198,574,415 $10,199,218
Quality-adjusted life years — undiscounted 274,623,573 274,623,658 85
Quality-adjusted life years — discounted 112,269,493 112,269,516 23
Number of life years — undiscounted 318,408,233 318,408,293 60
Number of life years — discounted 124,363,127 124,363,137 10
Incremental cost per quality-adjusted life year (excluding cost of work loss of $452,239
afflicted due to HAV)

Incremental cost per life year $164,208
Incremental cost per discounted life year $969,744
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