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Abstract

Background—The pandemic potential of the influenza A (H5N1) virus is among the greatest
public health concerns of the 21st century.

Objective—To determine the effectiveness and cost-effectiveness of alternative pandemic
mitigation and response strategies.

Design—Compartmental epidemic model in conjunction with a Markov model of disease
progression.

Data Sources—Literature and expert opinion.

Corresponding author: Nayer Khazeni, MD, MS, Division of Pulmonary and Critical Care Medicine, Stanford University Medical
Center, 300 Pasteur Drive, H3143, Stanford University, Stanford CA 94305, USA. Telephone: +1.650.723.6381 Fax:
+1.650.725.5481, nayer@stanford.edu..

Publisher's Disclaimer: This is the prepublication, author-produced version of a manuscript accepted for publication in Annals of
Internal Medicine. This version does not include post-acceptance editing and formatting. The American College of Physicians, the
publisher of Annals of Internal Medicine, is not responsible for the content or presentation of the author-produced accepted version of
the manuscript or any version that a third party derives from it. Readers who wish to access the definitive published version of this
manuscript and any ancillary material related to this manuscript (e.g., correspondence, corrections, editorials, linked articles) should
go to www.annals.org or to the print issue in which the article appears. Those who cite this manuscript should cite the published
version, as it is the official version of record.

Author Contributions

Nayer Khazeni:

I conceptualized the model and wrote the manuscript, including the final version. | made substantial contributions to data collection
and data analysis. | had full access to all of the data in the study and | take responsibility for the integrity of the data and the accuracy
of the data analysis. This manuscript represents valid work and neither this manuscript nor one with substantially similar content under
our authorship has been published or is being considered for publications elsewhere. | have no conflicts of interest.

David W Hutton:

I constructed the model and wrote sections of the appendix pertaining to the model equations. | made substantial contributions to data
collection and data analysis. | have seen and approved the final version. | have no conflicts of interest.

Alan M Garber:

| participated in reviewing and conceptualizing the model, in advising on issues related to cost-effectiveness analysis, and making
substantial contributions to revisions of the manuscript. | have seen and approved the final version. | have no conflicts of interest.
Douglas K Owens:

| participated in reviewing and conceptualizing the model, in advising on issues related to cost-effectiveness analysis, and making
substantial contributions to revisions of the manuscript. | have seen and approved the final version. | have no conflicts of interest.


http://www.annals.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khazeni et al. Page 2

Target Population—Residents of a U.S. metropolitan city.
Time Horizon—L.ifetime.
Perspective—Societal.

Interventions—One mitigation strategy used non-pharmaceutical interventions, vaccination, and
antiviral pharmacotherapy in quantities similar to those available currently in the U.S. stockpile.
The second and third strategies used expanded supplies of either antivirals (expanded antiviral
prophylaxis strategy) or adjuvanted vaccine (expanded vaccination strategy) in addition to non-
pharmaceutical interventions.

Outcome Measures—Infections and deaths averted, costs, quality-adjusted life-years
(QALYS), and incremental cost-effectiveness.

Results of Base Case Analysis—The stockpiled strategy averted 44% of infections and
deaths, gaining 258,342 QALY at $8,907 per QALY gained relative to no intervention. Expanded
antiviral prophylaxis delayed the pandemic, averting 48% of infections and deaths, and gaining
282,329 QALYs, with a less favorable cost-effectiveness ratio than adjuvanted vaccination.
Adjuvanted vaccination was the most effective strategy and was cost-effective, averting 68% of
infections and deaths, and gaining 404,030 QALY at $10,844 per QALY gained relative to
stockpiled strategy.

Results of Sensitivity Analysis—Over a wide range of assumptions, the incremental cost-
effectiveness ratio of the expanded adjuvanted vaccination strategy was less than $50,000 per
QALY gained.

Limitations—Large groups and frequent contacts may spread the virus more rapidly. The model
is not designed to target interventions to specific groups.

Conclusions—Expanded adjuvanted vaccination is an effective and cost-effective mitigation
strategy for an influenza A (H5N1) pandemic. Expanded antiviral prophylaxis can be beneficial in
delaying the pandemic while additional strategies are implemented.

The 2009 (H1N1) Pandemic has highlighted the urgent need for effective mitigation
strategies for an influenza pandemic. Despite the appropriate current focus on the (HLN1)
Pandemic, the pandemic potential of the influenza A (H5N1) virus remains one of the most
important international public health concerns of the 21st century (2). In contrast to
Pandemic (HIN1), which has had a low case-fatality to date (1), A (H5N1) is not yet easily
transmissible, but is highly lethal. Additionally, A (H5N1) has raised concern by following
three patterns historically reminiscent of pandemic viruses: 1) increasing numbers of human
infections in Southeast Asia; 2) spread to Europe, Africa, and the Middle East; and 3)
accelerated development of distinct genetic groups known as c/ades and subclades (3). Of
the viruses responsible for the three 20th century influenza pandemics, A (H5N1)
genetically most closely resembles the A (HLN1) virus which caused the 1918 pandemic (4,
5). This pandemic was one of the most devastating, killing 50-100 million people, with a
propensity for pregnant women and young, healthy adults (6).

A virus must meet three conditions to have pandemic potential: high virulence, antigenic
uniqueness, and sustained human-to-human transmissibility (8). Existing A (H5N1) meets
all of these except one: the ability to spread sustainably among humans (55, 56). It could
develop this ability by genetic reassortment via an interspecies link (such as swine, whose
trachea contain receptors for both human and avian influenza viruses) or a spontaneous
mutation. Owing to its lack of an error-checking mechanism, it is particularly susceptible to
such a mutation during replication. The 2009 (H1N1) Pandemic has convincingly
demonstrated the extraordinary rapidity of the global spread of a new influenza virus (57),
and the World Health Organization (WHO) and World Bank predict an A (H5N1) pandemic
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could cause hundreds of millions of deaths, with a lasting and crippling impact on global
economies (58).

Public health strategies for mitigating an influenza pandemic consist of non-pharmaceutical
interventions, such as social distancing, use of masks and respirators, hand hygiene, and
cough etiquette, or pharmaceutical interventions such as vaccines and antivirals (59).
Previous models have targeted antiviral distribution to close contacts of infected individuals
(12, 22, 60, 61), a strategy criticized as having limited usefulness in the 2009 (H1N1)
Pandemic (62); researchers have not examined broader distribution strategies for large urban
populations with high contact rates between random individuals. Vaccination against A
(H5N1) has had limited success in eliciting adequate human antibody response, and
designing a vaccine effective against a frequently changing virus has been challenging (63).
Few studies have analyzed cost-effectiveness of pandemic mitigation strategies.

Recent studies (36, 64, 65) have overcome limitations of A (H5N1) vaccines by
administering them with adjuvants, substances that make them more immunogenic at lower
doses. We developed a model of an influenza A (H5N1) pandemic to examine the
effectiveness and cost-effectiveness of a pharmaceutical intervention strategy with
vaccination and extended-duration antiviral prophylaxis; an expanded antiviral prophylaxis
strategy; and an expanded adjuvanted vaccination strategy.

We developed a compartmental epidemic model in conjunction with a Markov model of
disease progression to elucidate the spread of A (H5NL1) in a susceptible population (Figure
1). We evaluated three mitigation strategies, described further below. Each strategy included
non-pharmacologic interventions such as hand washing and social distancing. The first
strategy, which we call the stockpiled strategy, was designed to be similar to the U.S.
Department of Health and Human Services (HHS) pandemic plan with the use of currently
stockpiled vaccine and antivirals. We also evaluated two additional strategies that made use
of expanded antiviral drugs (expanded antiviral prophylaxis strategy) or expanded
adjuvanted vaccination (expanded adjuvanted vaccination). We modeled the dynamics of
disease transmission and progression of the first pandemic wave daily over a period of one
year. Following the recommendations of the Panel on Cost-Effectiveness in Health and
Medicine (54), we adopted a societal perspective for costs and benefits, discounted at 3%
annually. We analyzed outcomes for the remaining lifetime of the individuals. We expressed
these outcomes in infections and deaths, costs, quality-adjusted life years (QALYSs) and
incremental cost-effectiveness ratios. We developed the simulation model and performed
analyses with Microsoft Excel (66).

Study Population and Disease Parameters

For the purposes of our analysis (see Figure 1), the population was divided into susceptible,
infected, and individuals who had recovered or died from influenza.

Susceptible population—We followed a hypothetical cohort of persons living in a large
U.S. city with a sex distribution (53% women), age 0 to 100 years, and average remaining
life expectancy similar to the population of New York City (7). We assumed that 1,000
individuals were infected at the start of the pandemic and varied this number from 100 to
10,000 in sensitivity analysis. Lacking prior exposure to A (H5N1) (8), all individuals
entered the model susceptible to infection. In sensitivity analysis, we examined scenarios in
which 10% of individuals entered immune to the virus.
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Infected population—The size of the infected population depends on the ease of
influenza transmission. We measure transmissibility by the reproductive number, Rg, the
average number of secondary infections caused by a single infectious individual in a
susceptible population. The reproductive number of a pandemic strain of A (H5N1) virus
depends on the unknown transmissibility of a novel human subtype. We assumed an Rg of
1.8, based on the 1918 Spanish Flu Pandemic, corresponding to a Centers for Disease
Control and Prevention (CDC) severity category 5 pandemic (60). In sensitivity analysis, we
varied Rq from 1.4 (less severe than the 1957 and 1968 pandemics) to 2.2 (more severe than
the 1918 pandemic).

Recovered population—Antigenic drift occurs throughout the course of a pandemic;
estimations of re-infection with drifted influenza A viruses range from 2-25% (27-30). Most
re-infected individuals are either asymptomatic or mildly symptomatic with a shorter
duration of illness and less viral shedding, so we assumed that 5% of the recovered
population was once again susceptible to infection at an average of 5 months following
recovery (Appendix).

Death from influenza—The mortality rate associated with a pandemic strain of A
(H5N1) virus is uncertain; a mutated virus capable of efficient human-to-human
transmission may develop other mutations affecting its virulence. We modeled a severe
(consistent with CDC severity category 5) pandemic, with a 20-40% population illness rate
and a 2.5% clinical case-fatality proportion (59). In sensitivity analysis, we modeled a more
severe 60% clinical case-fatality proportion (current human case-fatality of A (H5N1) (8))
and less severe (CDC severity category 2, based on the 1957 and 1968 pandemics) 0.5%
clinical case-fatality proportion (59). We modeled age-specific mortality, with a “J-shaped”
mortality curve, with greater mortality rates in newborns and individuals over 65 years,
consistent with the 1957 and 1968 pandemics and seasonal influenza epidemics (67-69). In
sensitivity analysis, we examined a “W-shaped” mortality curve, with additional increases in
mortality in young adults, as occurred in the 1918 Pandemic (67, 69). Based on population
behavior in prior pandemics (31), we assumed that healthy individuals would begin
voluntary reactive social distancing as mortality rates in the city increased (Appendix).

Interventions

Non-pharmaceutical interventions—Because they rely on state and local jurisdiction,
HHS non-pharmaceutical interventions are not standardized (59). The main non-
pharmaceutical interventions that could be undertaken include social distancing such as
school closure and workplace reduction of contacts (e.g., telecommuting). In addition, a
recent randomized trial suggested that hand washing, use of alcohol hand gels, and use of
personal protective equipment such as masks could reduce transmission to household
contacts by as much as 66% if they are implemented within 36 hours of an index case
becoming ill (10). Our model is not designed to evaluate the impact of social distancing
strategies directly. Instead, we used the results of a complex network model developed by
Davey et al. (70) at Sandia National Laboratories to estimate the reduction in contacts that
would occur if non-pharmaceutical interventions were enacted. Based on this work, we
assumed that implementation of non-pharmaceutical interventions would reduce contacts by
25%. We evaluated reduction in contacts from 10% to 70% in sensitivity analyses.

Vaccination—Two approaches to A (H5N1) vaccination are under consideration. Vaccine
can be given without an adjuvant in two doses (unadjuvanted), or vaccine can be combined
with an adjuvant in each dose that heightens the immune response to the vaccine antigen.
The potential advantages of the adjuvanted vaccine are increased effectiveness and the
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ability to reduce the amount of antigen in each dose, which would allow more individuals to
be vaccinated (36, 64, 65).

Based on the 1976 influenza vaccination campaign in New York City (71), we assumed that
all individuals in the city could be vaccinated in 10 days. Based on studies of two-dose A
(H5N1) vaccination (35), we assumed that the second dose would be administered 21 days
later and that individuals were protected after that dose. The effectiveness of any vaccine
against a novel human influenza subtype is unknown and unlikely to be complete; we
assumed that non-adjuvanted vaccine would not be well-matched to the mutated virus and
would be 30% effective. Based on studies showing that adjuvanted vaccines help overcome
humans’ poor immunogenic response to novel viruses, elicit antibody responses in much
higher percentages than non-adjuvanted vaccines, and can protect against different A
(H5N1) clades (36, 64, 65), we assumed that the adjuvanted two-dose vaccination sequence
would be 50% effective. We assumed an effectiveness of 40% for individuals who received
only one of two adjuvanted doses (72).

Based on adjuvanted and unadjuvanted A (H5N1) vaccination data (35, 36), we assumed
that 45% of vaccinated individuals would experience mild to moderate adverse reactions
such as pain, redness, swelling, induration, ecchymosis, low-grade fevers, arthralgias,
fatigues, headaches, myalgias, shivering, or sweating for up to seven days. Based on
seasonal influenza, A (H5N1), and 1976 vaccination data (37, 40), we assumed that 0.001%
of the population experienced severe adverse reactions such as angioedema, anaphylaxis, or
Guillain-Barré Syndrome.

Antiviral Treatment and Prophylaxis—We evaluated the use of antiviral drugs for
both treatment and prophylaxis, and made the following additional assumptions: antiviral
distribution would begin on target city pandemic day 10 and be completed by day 19; full
antiviral effectiveness would occur on the first day of dosing (plasma levels peaking one
hour after administration (73)), and based on a meta-analysis of extended-duration
neuraminidase inhibitor prophylaxis against influenza A(32), we assumed 74% effectiveness
for zanamivir, and 37% effectiveness for oseltamivir in light of developing resistance
(74-76).

Based on neuraminidase inhibitor data (33), we assumed that 10% of the population
receiving oseltamivir or zanamivir experienced mild to moderate adverse reactions, such as
nausea, vomiting, diarrhea, bronchitis, fatigue, dermatitis, worsening diabetes, rash,
seizures, hepatitis, and abdominal pain, for the duration of the 40-day treatment. Based on a
meta-analysis of extended-duration neuraminidase inhibitor prophylaxis against influenza
(32), we assumed 0.001% of the population experienced severe adverse reactions including
systemic allergic reactions, arrhythmias, and psychosis.

Mitigation Strategies

Stockpiled strategy—The stockpiled strategy was designed to assess the impact of U.S.
non-pharmaceutical intervention approaches along with the use of the antiviral drugs and
vaccines currently stockpiled in the U.S. (Table 1). HHS is stockpiling 3.6 billion g of A
(H5N1) vaccine antigen and 2.6 million two-dose courses of vaccine adjuvant (44), a
quantity of adjuvant sufficient for 1% of the U.S. population. Given studies showing
efficacy of two-dose adjuvanted A (H5N1) vaccines with 3.8ug of antigen (36, 64, 65), and
based on the U.S. adjuvant stockpile, we assumed that two-dose 3.8.g adjuvanted vaccine
was administered to 1% of individuals in the target city, and that the remaining
unadjuvanted antigen was used to vaccinate another 7% of the population with a two-dose
90pg (minimal effective non-adjuvanted dose (35)) vaccine.
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HHS and individual states are stockpiling 2.7 billion doses of heuraminidase inhibitors for
treatment and prophylaxis (44). Based on published HHS distribution plans (77), we
assumed that 28% of the city's population would receive five-day treatment courses of
neuraminidase inhibitors, and that 5% would receive neuraminidase inhibitor prophylaxis
daily for 40 days.

Expanded Adjuvanted Vaccination Strategy—In the expanded adjuvanted
vaccination strategy, we assumed that sufficient adjuvanted vaccine had been stockpiled to
vaccinate 40% of the population with the adjuvanted vaccine. We examined the range of
vaccination coverage required to end the pandemic (defined as an effective Ry < 1) in
sensitivity analysis. We assumed that non-adjuvanted vaccine was not administered. The
non-pharmaceutical intervention component and use of antiviral drugs were the same as in
the stockpiled strategy.

Expanded Antiviral Prophylaxis Strategy—In the expanded antiviral prophylaxis
strategy, we assumed sufficient antiviral drugs had been stockpiled to provide 40% of
individuals 40 days of antiviral prophylaxis. We evaluated a 50/50 stockpile of oseltamivir
and zanamivir, as zanamivir has remained effective against influenza subtypes which have
developed oseltamivir resistance (75), and might be less likely to develop in-vivo resistance
(78). The non-pharmaceutical intervention component and use of vaccination were the same
as in the stockpiled strategy.

Costs and Utilities

RESULTS

Our analysis included the costs of interventions, based upon wholesale pricing available to
the U.S. government, and average hospitalization costs. Costs and sources are described in
the Appendix. All costs were expressed in 2009 U.S. dollars using the GDP deflator. We
made adjustments for quality of life (Table 2 and Appendix).

Base-Case Analysis

With no intervention, the first pandemic wave (defined as greater than 1% of the population
infected) would last 50 days and wane as a result of voluntary social distancing. A second
wave, lasting 32 days, would occur as a result of decreases in voluntary social distancing
and re-infection as the virus undergoes drift changes. Of the city's 8.3 million individuals, an
estimated 2.74 million would become symptomatically infected and 67,822 would die
(Figure 2 and Table 3).

Health Outcomes—The alternative strategies have varying effects on the course of the
influenza epidemic (Figure 2 and Table 3). The stockpiled strategy results in a 19% clinical
attack rate and prevents 1.19 million infections and 29,761 deaths relative to no intervention.

The expanded antiviral prophylaxis strategy is more effective than the stockpiled strategy,
decreasing the clinical attack rate to 17%, and averting 1.31 million infections and
preventing 32,745 deaths relative to no intervention. This strategy's main effect is to delay
the pandemic during the 40 days it is implemented. Following prophylaxis, individuals who
have not had sufficient contact with the virus to develop protective antibodies are once again
fully susceptible, with consequent infections and deaths.

Expanded adjuvanted vaccination is the most effective strategy, with an 11% clinical attack
rate. It averts 1.85 million infections and 45,941 deaths relative to no intervention, and
remains the most effective strategy across a range of influenza infectivity (R 1.4 to 2.2) and
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case-fatality proportions (from 0.5% to 60%) (Figure 3). Administering the first dose of the
vaccination sequence prior to the pandemic is more effective than administering both doses
at the onset of the pandemic, with a 6.9% decrease in infections (61,708 fewer) and deaths
(1,584 fewer) relative to post-pandemic administration. If both vaccine doses could be
administered before the onset of the pandemic, infections would fall by 7.6% (68,036 fewer)
and 1,747 deaths would be averted relative to post-pandemic administration.

Greater vaccine effectiveness and broader population coverage are the principal reasons why
adjuvanted vaccination strategy is more effective that the stockpiled strategy. We identified
vaccine effectiveness and adjuvant doses required to avert the pandemic (defined as Rg<1)
within the target population (Figure 4). The pandemic would be averted with a vaccine of
70% effectiveness if 70% of the population were vaccinated, which would require about 5.7
million 2-dose courses of vaccine adjuvant. For less than 70% effective vaccines, a greater
proportion of the population would require vaccination. Every 10% increase in vaccine
effectiveness requires approximately 10% less population coverage to avert the pandemic.

Cost-Effectiveness—The stockpiled strategy increases costs by $2.30 billion and adds
258,342 QALYs, for a cost of $8,907 per QALY gained relative to no intervention (Table 3
and Figure5). The antiviral prophylaxis strategy is more effective than stockpiled strategy,
adding 23,987 QALYs relative to stockpiled strategy, but increases costs by $635 million,
and has a less favorable cost per QALY than expanded adjuvanted vaccination.

Expanded adjuvanted vaccination adds 145,688 QALY at $1.58 billion, for a cost of
$10,844 per QALY gained relative to stockpiled strategy. The effectiveness of this strategy
is a crucial determinant of cost-effectiveness. At approximately 10% effectiveness,
expanded antiviral prophylaxis becomes more cost-effective than expanded adjuvanted
vaccination, relative to stockpiled strategy. At 80% effectiveness, the cost-effectiveness ratio
of adjuvanted vaccination decreases to $9,704 per QALY gained relative to stockpiled
strategy. Appendix Figure A3 depicts changes in cost-effectiveness with variations in
efficacy of adjuvanted vaccination as compared with non-adjuvanted vaccine effectiveness.

For short-term budgetary considerations, federal costs for expanded adjuvanted vaccination
for a city of 8.3 million individuals would be $231 million to purchase additional adjuvant
and ongoing stockpiling costs, city costs would be $102 million to administer the vaccines,
city and individual costs would be $56 million in vaccine recipient time and $10 million
treating short-term severe side effects, relative to stockpiled strategy. Savings to the city and
individuals would be $139 million in pandemic treatment costs relative to stockpiled
strategy (Table 3).

Allocating 5-day treatment courses of neuraminidase inhibitors to 28% of the population is
adequate to cover symptomatic patients seeking treatment under all scenarios; additional
neuraminidase inhibitors allocated to 40-day prophylaxis do not reduce quantities of
neuraminidase inhibitors required for treatments.

Although variations in Ry and case-fatality change the number of infections and deaths
(Figure 3), they do not change the strategies that would be selected by cost-effectiveness
criterion (Appendix Table Al).

Sensitivity to Pre-Existing Immunity—In the base case, we assumed that all
individuals were susceptible to the virus. If 10% of the population had pre-existing
immunity to A (H5N1), 49% fewer infections and deaths would occur under stockpiled
strategy, and 76% fewer infections and deaths would occur under the expanded adjuvanted
vaccination strategy, relative to no immunity as compared with no intervention. There is no
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change in the strategies that would be selected by cost-effectiveness criterion (Appendix
Table Al).

Sensitivity to Antigen Dose—We performed additional analyses based on a study
showing decreased effectiveness with a 1.9j.g (as compared with 3.8 p.g) antigen dose (79).
At this dose, with lower vaccine efficacy (Appendix), twice as many individuals could be
vaccinated. Vaccination would avert 1.2 million infections and 29,435 deaths with a
symptomatic attack rate of 4% in the population at a cost of $11,080 per QALY relative to
the stockpiled strategy. However, this intervention would be limited by the need for twice as
many doses of adjuvant.

Sensitivity to Severe Vaccine Side Effects—In the base case, we assumed that the
probability of severe side effects from an adjuvanted vaccine was the same as that from a
non-adjuvanted vaccine. In this case, about 6,000 lives are saved for each death from severe
adverse effects. If an adjuvanted vaccine were to increase the incidence of severe side
effects 150-fold, 33 lives would be saved for each death from severe adverse effects, and the
incremental cost-effectiveness ratio (ICER) of expanded adjuvanted vaccination compared
to expanded non-adjuvanted vaccination would be $49,570 per QALY. If the adjuvanted
vaccine caused severe side effects 650 times more frequently than a non-adjuvanted vaccine,
8 lives would be saved for each death from severe adverse events. In this case, a non-
adjuvanted vaccine would provide higher QALY's and a lower ICER than the adjuvanted
vaccine.

Studies of adjuvanted A (H5N1) vaccination in humans examining adverse events (36,
79-91) have reported no severe adverse events from vaccination in 6,095 participants. Based
on these data, the highest incidence rate of serious adverse events where zero cases would
still fall within the 95% confidence interval would be 49 per 100,000 individuals (49 times
more frequently than a non-adjuvanted vaccine).

Sensitivity to Non-pharmaceutical Interventions—In the base case, we assumed a
25% reduction in contacts due to non-pharmaceutical interventions. If contacts were only
reduced by 10%, 44% of infections and deaths would be averted compared to no
intervention, with little change in the ICER. If contacts fell by 70%, 99% of infections and
deaths would be averted with expanded adjuvanted vaccination versus no intervention.
However, vaccination would then provide less additional benefit, at a costs of $101,682 per
QALY (Appendix Table Al).

Sensitivity to Age-Specific Mortality—In the base case analysis, we had examined
increased deaths in newborns and individuals 65 years of age and older (J-shaped mortality).
We also performed sensitivity analyses to determine the effect of W-shaped mortality
(increased deaths in adults 20-50 years, newborns, and individuals older than 65 years), such
as that seen in the 1918 pandemic (Appendix Figure A1) (69). With W-shaped mortality,
the increase in deaths among young adults means that significantly more QALYSs are lost per
death (22.1 vs. 8.2). Averting these deaths and QALY losses makes our strategies more cost-
effective, with expanded adjuvanted vaccination costing $8,674 per QALY gained relative
to stockpiled strategy.

Monte Carlo Probabilistic Sensitivity Analysis—In 89% of Monte Carlo
probabilistic sensitivity analysis simulations (Appendix Figure A2), expanded adjuvanted
vaccination has an estimated incremental cost less than $50,000 per QALY saved, and in
95% of simulations, an estimated incremental cost less than $100,000 per QALY saved.
Expanded adjuvanted vaccination costs more than $7,000 per QALY gained in 95% of the
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simulations. In 5% of simulations, another strategy dominates expanded adjuvanted
vaccination.

DISCUSSION

We examined the costs and benefits of antiviral and vaccination strategies for an influenza A
(H5N1) pandemic in a metropolitan city and defined ranges of vaccine effectiveness and
population coverage necessary to avert the pandemic. An expanded adjuvanted vaccination
strategy layered onto existing pharmaceutical and non-pharmaceutical HHS pandemic
mitigation strategies is the most effective strategy and is cost-effective. A strategy of
increasing the number of individuals receiving extended-duration antiviral prophylaxis
delays the pandemic.

Higher vaccine effectiveness and greater population coverage are the two most important
factors in the adjuvanted vaccination strategy's relative effectiveness and cost-effectiveness.
Our assumption about effectiveness is supported by studies suggesting that adjuvanted
vaccination increases human A (H5N1) antibody responses and provides cross-protection
across multiple clades and subclades (36, 65, 72). We found that vaccinating 60% of the
population with an 80% effective vaccine (similar to a well-matched seasonal influenza
vaccine in adults) averts the pandemic. The 50% effective vaccine we modeled would
require 90% population coverage, a level that could be attained by supplementing the
current national HHS vaccine antigen supply with 530 million doses of adjuvant. This
relationship allows policymakers to define target population adjuvant and antigen stockpile
goals as vaccine technology progresses and more effective vaccines are developed.

Pre-pandemic administration of the primer vaccine is feasible, as studies have shown
effective antibody responses in individuals receiving booster vaccination as late as eight
years following the primer (72, 92). However, our analysis shows that pre-pandemic primer
administration would provide a modest increase in effectiveness. Pre-pandemic vaccination
may also not be widely accepted in light of historical pre-pandemic vaccination efforts (93).

An expanded antiviral prophylaxis strategy will delay the pandemic while prophylaxis is
implemented, but the health benefits relative to the stockpiled strategy are modest, and it is
less cost-effective than the expanded adjuvanted vaccine strategy. This antiviral strategy
could be considered as a bridge to development and administration of a well-matched
pandemic vaccine, particularly if novel vaccine production strategies (such as cell-based and
DNA-based vaccines as described in HHS goals (44)) (86, 94, 95) reduce the time required
for vaccine development.

Our analysis has several limitations. Our deterministic modeling approach is a general
population model of influenza transmission that assumes homogenous mixing; all
individuals have the same frequency of contacts; there may be increased spread associated
with large groups or frequent contacts, resulting in a more rapid initial spread of the
epidemic, followed by slowing as it spreads to lower contact rates (96). We assume that a
fixed fraction of individuals seek inpatient care; this number may vary as healthcare
resources become more limited. Recent studies have shown that simple classical
compartmental models are likely to be sufficient for these types of policy decisions (97), so
these concerns are unlikely to affect our conclusions.

We did not model children or individuals older than 65 separately with regards to spread of
infection. Patterns of influenza transmission among children and the elderly may not be the
same as for the general population, but have been different in different pandemics: Children
may have transmitted virus more efficiently than adults in the 1918 and 1957 pandemics, but
had similar attack rates to adults in the 1968 pandemic (98). Additionally, adjuvanted A
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(H5N1) vaccines have not yet been studied extensively in children and the elderly (99), and
zanamivir prophylaxis is not approved in children under five years (34). Our expanded
stockpiling strategies only address the stockpiling of additional adjuvant and antivirals at
this time. A decision to target interventions to particular age groups will need to be made as
data regarding disproportionately affected groups becomes available after the outbreak of a
pandemic. In light of the possibility of more efficient transmission by children, or increased
mortality in young children and the elderly, we encourage ongoing efforts to establish the
safety and efficacy of A (H5N1) vaccination in children and elderly, and the safety of
zanamivir prophylaxis in children under five.

An assumption of continued neuraminidase inhibitor effectiveness may not apply to a
(mutated) pandemic strain. Neuraminidase inhibitors have demonstrated effectiveness across
a wide range of viral mutations including the 1918 A (H1N1) (100) and the current
pandemic novel A (HLN1) (101), but some A (H5N1) strains are resistant to oseltamivir
(102, 103). Resistance may be less likely to occur with zanamivir; our model's 50/50
oseltamivir and zanamivir stockpile can be adjusted to include higher proportions of
zanamivir without changing effectiveness or cost-effectiveness.

We accounted for lost productivity with reduced QALY in our analysis, but we did not
include all costs to uninfected individuals in the setting of a pandemic; these may be greater
than costs to sick individuals (104). We also did not include several potential net savings of
adjuvanted vaccination, such as limiting displacement of hospitalized patients and
disruptions to trading and payments systems from decreased investment. Some analyses
suggest that such costs could exceed the direct medical costs that we included in our analysis
(104). However, including these costs and savings would only make the pandemic
mitigation strategies we examined more cost-effective, or even cost-saving.

Adjuvanted vaccination is a feasible, effective, and cost-effective pandemic mitigation
strategy with advantages over non-adjuvanted vaccination, including the potential to protect
across different A (H5N1) clades and subclades, a crucial consideration in vaccinating
against a mutated pandemic influenza strain. An extended-duration antiviral prophylactic
strategy can serve to delay the pandemic as vaccination strategies are implemented.
Expanded stockpiles of vaccine adjuvant and neuraminidase inhibitors could be used in
pandemics caused by influenza strains other than A (H5N1), as well as in seasonal influenza
epidemics. Indeed, current mitigation plans for pandemic novel influenza A (H1IN1) include
adjuvanted vaccination (105), and the use of neuraminidase inhibitors (101). Our finding
that the expanded adjuvanted vaccination strategy's advantage was due to increased
effectiveness and population coverage is encouraging, as it demonstrates that ongoing HHS
efforts to increase stockpiles of adjuvant can substantially reduce the morbidity and
mortality of a severe influenza pandemic. The recently approved U.S. Omnibus
Appropriations Bill devotes $700 million in additional funding to pandemic preparedness
(106); a significant percentage of these funds should be dedicated to expanding the current
HHS adjuvant stockpile.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Basic states of the compartmental model

The infection rate is dynamically related to the number of susceptible, infected, recovered,
and dead individuals in the population. All individuals entered the model susceptible to
infection. Infected individuals first entered an asymptomatic incubation period and could
then progress either to symptomatic or asymptomatic infection. Those with symptomatic
infection either isolated or continued to circulate and infect others. Infected individuals
either recovered or died. The majority of those who recovered developed complete
immunity to the virus; a small minority was susceptible to recurrent infection from a drifted
viral strain.
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Figure 2. Pandemic waves and cumulative mortality for a city of 8.3 million individuals under
different strategies

Expanded adjuvanted vaccination results in the shortest duration pandemic wave with the
smallest area under the curve. Expanded antiviral prophylaxis extends time to the first
pandemic wave and modestly reduces mortality as compared with stockpiled strategy.
Additional waves occur in all strategies as a result of decreases in voluntary social
distancing as well as a low re-infection rate as the virus undergoes drift changes
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Figure 3. Health outcomesfor a city of 8.3 million individualswith varying pandemic severity
Daily deaths are shown for varying values of Ry and case-fatality proportions. As the case-
fatality proportion rises, deaths increase and subsequent waves become more apparent.
However, because of reactive social distancing in response to mortality, the peaks in the
waves are not proportional to the increase in case fatality. As mortality increases, the
population reacts by reducing social interactions, which reduces the spread of infection.
Because reactive social distancing occurs in response to mortality rather than infections, the
effects of reactive social distancing are more apparent with high case-fatality proportions.
Waves in the pandemic occur because social distancing is in response to average mortality
over the past 30 days. As reactive social distancing decreases mortality, the population
begins to return to higher, more normal levels of social interaction, causing another upswing
in mortality (further described in Appendix).
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Figure 4. Combinations of vaccine effectiveness and population cover age/adjuvant doses
required to avert the pandemic for a city of 8.3 million individuals

Avreas to the right of the curves represent combinations of vaccine effectiveness and
population coverage/adjuvant doses under which the pandemic is averted under different

Ros.

Ann Intern Med. Author manuscript; available in PMC 2012 August 27.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Khazeni et al.

Page 21

QALYS (Millions)

168.35 -

168.30 -

168.25

168.20 -

168.15 -

168.10 -

168.05 -

168.00 -

167.95 -

167.90 -

167.85

$10,844 per QALY | —_—

Stockpiled Strategy

$8,907 per QALY

No Intervention

[l Expanded Antiviral Prophylaxis

Expanded Adjuvanted Vaccination

T T T T T T T T

1,497.0 1,497.5 1,498.0 1,498.5 1,499.0 1,499.5 1,500.0 1,500.5 1,501.0

Costs (Billions USD)

1,501.5

Figure 5. Cost-effectiveness of strategiesfor a city of 8.3 million individuals

Expanded adjuvanted vaccination dominates expanded antiviral prophylaxis strategy
through extended dominance and is cost-effective as compared with stockpiled strategy.
(QALY = Quality-Adjusted Life-Year)
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Strategies and Population Coverage*

Table 1

Page 22

Strategy

Vaccine Component

Antiviral Component

Non-phar maceutical | ntervention Component

+

Stockpiled strategy

Expanded antiviral prophylaxis

Expanded adjuvanted vaccination

90p.g non-adjuvanted

vaccine” to 7%
3.8ug adjuvanted
vaccine to 1%

90pLg non-adjuvanted
vaccine to 7%
3.8u.g adjuvanted
vaccine to 1%

3.8ug adjuvanted
vaccine to 40%

§

5-day treatment” to

28%

*Kk
40-day prophylaxis to
5%
5-day treatment to 28%

40-day prophylaxis to
40%

5-day treatment to 28%
40-day prophylaxis to
5%

25% reduction in contacts

25% reduction in contacts

25% reduction in contacts

*

Strategies are layered on stockpiled strategy. Components of strategies which differ from stockpiled strategy are denoted in Jtalics.

flncludes personal protective equipment, cough etiquette, hand-washing, alcohol hand gels, school and workplace closures

’tAII two-dose sequences of vaccine consist of a primer and booster dose received three weeks apart as described in stockpiled strategy.

§Ose|tamivir (75mg orally) or zanamivir (10mg inhaled) twice daily as described in stockpiled strategy.

Hok

Oseltamivir (75mg orally) or zanamivir (10mg inhaled) once daily as described in stockpiled strategy.
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Table 2
Variables and Sources
Variable Base Case (Range) Source
Susceptible Population Parameters
Population 8,300,000 New York Vital Statistics (7)
Age (range, years) 0-100 New York Vital Statistics (7)
Percent female 53 New York Vital Statistics (7)

Pre-existing population immunity
Infected Population Parameters
Ro
Non-pharmaceutical interventions reduction in contacts
Number of infected individuals at start of pandemic

Probability of symptomatic infection

Reduced infectiousness by incubating
Reduced infectiousness by asymptomatic
Probability of isolating given symptomatic infection

Mean incubation time (days)

Mean duration of infectiousness (days)
Mean duration of symptomatic illness (days)

Proportion of symptomatic patients requiring inpatient
care

Mean duration of non-ICU inpatient stay (days)

Proportion of inpatients admitted to Influenza Care
Center

Proportion of inpatients admitted to hospital

Proportion of hospital patients requiring ICU care
Mean duration of ICU stay (days)
Recovered Population Parameters

Susceptibility to re-infection following recovery

Timing of waning immunity (months)

Mortality

Case-fatality proportion

Mortality threshold for reactive social distancing

Reactive social distancing memory period
Intervention Effectiveness

Zanamivir prophylaxis

Oseltamivir prophylaxis

Non-adjuvanted one-dose vaccine

0% (0-10%)

1.8 (1.4-2.2)
25% (10-70%)
1,000 (100-10,000)
67% (50-90%)

50% (10-62.5%)
25% (10-50%)
509 (37.5-62.5%)
2(1-9)

4 (3-10)
10 (7.5-12.5)
10% (7.5-12.5%)

5 (3.75-6.25)
90% (0-95%)

10% (5-100%)

10% (7.5-12.5%)
10 (7.5-12.5)

5% (2-25%)

5 (2-8)

2.50 (0.5%-60%)

10 per 10,000 (5-50 per 10,000)
30 days (1-40)

74% (63%-82%)
37% (32-41%)
20% (10-80%)

Assumed, WHO (8)

Assumed, CDC Severity Index 5 (9)
Assumed, Cowling et al. (10)
Assumed
Ferguson et al. (11), Longini et al. (12), Katz et
al. (13), Dinh et al (14)., Vong et al. (15),
Buxton Bridges et al. (16), Aparnthanarak et al
(17)., Liem et al (18)., Wang et al.(19)
Hayden et a (20)., Wein et al. (21)
Hayden et al (20)., Wein et al. (21)
Longini et al.(22)

CDC seasonal influenza data (23), WHO
influenza A (H5N1) data (8)

Hayden et al. (20), Leekha et al. (24)
CDC (23)
CDC (25), HHS (9)

CDC (25), HHS (9)

Assumed, NYC Department of Mental Health
and Hygiene (26)

Assumed, NYC Department of Mental Health
and Hygiene (26)

CDC (25), HHS (9)
CDC (25), HHS (9)

Smith et al. (27) Monto et al. (28) Sonoguchi et
al (29). Davies et al.(30)

Smith et al. (27) Monto et al. (28) Sonoguchi et
al (29). Davies et al. (30)

Seasonal flu clinical case-fatality (23), CDC
Severity Index 5 Case Fatality (9), Current
influenza A (H5N1) Case Fatality (8)

Bootsma and Ferguson (31)

Bootsma and Ferguson (31)

Khazeni et al. (32)
Khazeni et al. (32)

Assumed
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Variable Base Case (Range) Source
Non-adjuvanted two-dose vaccine 30% (10-80%) Assumed
Adjuvanted one-dose vaccine 40% (10-80%) Assumed
Adjuvanted two-dose vaccine 50% (10-80%) Assumed

Intervention side effects
Neuraminidase Inhibitor
Mild-moderate side effects
Severe side effects
Risk of death from severe side effects
Vaccination
Mild-moderate side-effects
Severe side effects for non-adjuvanted vaccine
Severe side effects for adjuvanted vaccine
Risk of death from severe side effects

Risk of long-term care from severe side effects

*
Intervention side effectsreduction in quality of life
Neuraminidase Inhibitor

Mild-moderate side effects
Severe side effects
Duration of mild-moderate side effects (days)

Duration of hospitalization for severe side effects
(days)

Vaccination

Mild-moderate side-effects

Severe side effects

Duration of mild-moderate side effects (days)

Duration of hospitalization for severe side effects
(days)

Influenza-related quality of life
Uninfected/Asymptomatic

Symptomatic Influenza

Post-influenza disabled state for patients requiring ICU

care
Costs
Vaccine
Antigen per pg ($)
Adjuvant ($)

ng adjuvant per vaccine
Stockpiling (annual, $)

Administration

10% (5-20%)
0.001% (0-0.01%)
5% (1-10%)

45% (5-75%)
0.001% (0-0.01%)
0.001% (0-0.01%)

5% (1-10%)

5% (1-10%)

0.05 (0-0.1)

0.5 (0-1)

40 (10-100)

14 (7-28)

0.05 (0-0.1)

0.5 (0-1)
2(1-7)

14 (7-28)

0.96 (0.92-1.00)

0.8 (0.7-0.9)
0.9 (0.85-0.95)

0.45 (0.33-0.55)
7.00 (5.25-8.75)

3.8 (1.9-90)
1.00 (0.01-2.00)

Tamiflu and Relenza Package Inserts (33, 34)
Assumed, Khazeni et al. (32)

Assumed

Treanor et al. (35), Leroux-Roels et al. (36)
Neustadt and Fineberg (37)
Neustadt and Fineberg (37)

Chio et al. (38)
Kissel et al. (39)

Assumed, Tamiflu and Relenza Package Inserts
(33, 34)

Assumed, Tamiflu and Relenza Package Inserts
(33, 34)

Assumed, Tamiflu and Relenza Package Inserts
(33, 34)

Assumed

Assumed, Treanor et al. (35), Leroux-Roels et
al. (36), CDC(40)

Assumed, Neustadt and Fineberg (37)

Treanor et al. (35), Leroux-Roels et al. (36),
CDC(40)

Chio et al. (38)

New York Census (7), Beaver Dam Health
Outcomes (41)

Turner et al. (42)

Assumed

HHS (43)

BARDA (personal communication — Michael
Perdue)

HHS (44)
Assumed, Sangrujee et al. (45)
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Variable Base Case (Range) Source
Antigen 8.73 (6.54-10.91) Calculated: 10 minutes of nurse wages (46)
Adjuvant 8.73 (6.54-10.91) Calculated: 10 additional minutes of nurse
wages for mixing (46)
Patient Time 10.55 (5.28-21.10) U.S. Bureau of Labor Statistics (47)

Antiviral (per 40-day prophylactic course, $)

Oseltamivir

Zanamivir
Proportion oseltamivir vs. zanamivir
Stockpiling (annual, $)
Dispensing
Rotation of stockpile (years)
Antigen
Adjuvant

Antivirals
Daily health care costs ($)
Patient with severe side effects (treated in ICU)
General medical hospitalized patient
ICU hospitalized patient
Long-term treatment facility costs

Influenza Care Center patient

Normal health care expenditures
Other variables

Discount Rate (annual %)

165.78 (48.00-331.56)

91.08 (48.00-182.16)
50% (0-100%)
0.23 (0.01-1.00)
10.49 (7.86-13.11)

2 (1-10)
3 (1-10)
5 (1-10)
3,739.05 (2,804.29 — 4,673.82)
1,830.46 (1429.37-1870.54)
3,739.05 (2,804.29 — 4,673.82)

313.05 (234.79-391.31)
100.00 (75.00-1659.00)

19.56 (14.67-24.45)

3 (0-5%)

Veterans Affairs (personal communication —
Mark Hlodniy)

HHS (48)
Assumed
Sangrujee et al.(45)
Bravata et al. (49)

HHS (44)

BARDA (personal communication — Michael
Perdue)

Tamiflu and Relenza expirations (33, 34)

Desta et al. (50)
Talbird et al. (51)
Desta et al. (50)
Metlife Survey (52)

Santa Clara County Public Health Department
(personal communication — Sara Codly)

Statistical Abstract of the United States(53)

Weinstein et al.(54)

*
Quality of life variables represent a person's preference for a given state of health and are scaled form 0 to 1, with 1 equivalent to perfect health.
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