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Abstract

Background: China has experienced several severe outbreaks of influenza over the past century: 1918, 1957, 1968,
and 2009. Influenza itself can be deadly; however, the increase in mortality during an influenza outbreak is also
attributable to secondary bacterial infections, specifically pneumococcal disease. Given the history of pandemic
outbreaks and the associated morbidity and mortality, we investigated the cost-effectiveness of a PCV7 vaccination
program in China from the context of typical and pandemic influenza seasons.

Methods: A decision-analytic model was employed to evaluate the impact of a 7-valent pneumococcal vaccine
(PCV7) infant vaccination program on the incidence, mortality, and cost associated with pneumococcal disease
during a typical influenza season (15 % flu incidence) and influenza pandemic (30 % flu incidence) in China. The
model incorporated Chinese data where available and included both direct and indirect (herd) effects on the
unvaccinated population, assuming a point in time following the initial introduction of the vaccine where the
impact of the indirect effects has reached a steady state, approximately seven years following the implementation
of the vaccine program. Pneumococcal disease incidence, mortality, and costs were evaluated over a one year time
horizon. Healthcare costs were calculated using a payer perspective and included vaccination program costs and
direct medical expenditures from pneumococcal disease.

Results: The model predicted that routine PCV7 vaccination of infants in China would prevent 5,053,453 cases of
pneumococcal disease and 76,714 deaths in a single year during a normal influenza season.The estimated
incremental-cost-effectiveness ratios were ¥12,281 (US$1,900) per life-year saved and ¥13,737 (US$2,125) per
quality-adjusted-life-year gained. During an influenza pandemic, the model estimated that routine vaccination with
PCV7 would prevent 8,469,506 cases of pneumococcal disease and 707,526 deaths, and would be cost-saving.

Conclusions: Routine vaccination with PCV7 in China would be a cost-effective strategy at limiting the negative

impact of influenza during a typical influenza season. During an influenza pandemic, the benefit of PCV7 in
preventing excess pneumococcal morbidity and mortality renders a PCV7 vaccination program cost-saving.
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Background
Over the past century, China has experienced severe out-
breaks of influenza in 1918, 1957, 1968, and 2009. Influenza
itself can be deadly; however the increase in mortality dur-
ing an influenza outbreak is also attributable to secondary
bacterial infections, specifically pneumococcal disease. Dur-
ing the 1918 influenza pandemic, investigators at the time
concluded that the majority of deaths related to the influ-
enza outbreak were ultimately caused by complications
stemming from a secondary bacterial pneumonia infection
[1] and subsequent research has provided support for this
initial finding [2]. The 1918 pandemic, however, occurred
in an era prior to the use of antibiotics so the proportion of
influenza related deaths that were attributed to secondary
bacterial infection during that pandemic may overstate the
expected impact of pneumococcal infection related deaths
during a modern influenza pandemic outbreak. Evidence
regarding more recent pandemic outbreaks of influenza,
however, suggest that mortality due to secondary bacterial
infection remains a primary cause of death for individuals
initially suffering from influenza, even during an era where
antibiotics are in widespread use. An examination of the
1957 and 1968 pandemics in the U.S. found results similar
to the study of the 1918 pandemic [2]. Additionally, a study
investigating the 2009 HIN1 influenza outbreak found, by
examining autopsy reports, that evidence of bacterial pneu-
monia was detected in approximately 55 % of influenza re-
lated mortality cases [3]. The influenza vaccine remains the
primary method of protection against influenza among in-
dividuals and a possible pandemic outbreak amongst the
population. However, given the associated morbidity and
mortality attributed to secondary pneumococcal infections,
it is important to investigate possible alternative measures
that can be taken in order to help mitigate some of the
negative health consequences associated with influenza.
The 7-valent pneumococcal conjugate vaccine (PCV7)
was approved for use in the U.S. in 2000 and has been
recommended by the U.S. Centers for Disease Control
and Prevention (CDC) to be included in the routine
vaccination schedule for all infants in the U.S. [4]. In
the years subsequent to its inclusion into the routine
vaccination schedule of the U.S., there has been a sub-
stantial impact on the incidence of pneumococcal re-
lated diseases, largely attributed to the indirect effect of
herd protection on the unvaccinated child and adult
populations [5, 6]. A recent report by the CDC has
suggested that the majority of the reductions in invasive
pneumococcal disease (IPD) following the widespread
use of the PCV7 vaccine in the U.S. were due to the
indirect effect on the unvaccinated population by redu-
cing the nasopharyngeal carriage of Streptococcus pneu-
monia among immunized children [7]. As a result of the
effectiveness of the PCV7 vaccine since its introduction in
2000, the World Health Organization has recommended

Page 2 of 11

the inclusion of PCV7 in childhood vaccination programs
worldwide [8].

In this study, we examined the public health and eco-
nomic impact of including PCV7 into the routine
immunization program in China in the context of both a
typical influenza season and a severe influenza pan-
demic. Although there are higher valency pneumococcal
vaccines available on the market in the U.S. and else-
where, the 7-valent pneumococcal conjugate vaccine is
currently the only pneumococcal vaccine approved for
use in China. As a result, we focused our study on the
potential inclusion of PCV7 into the Chinese national
immunization program. The PCV7 vaccine contains
seven serotypes: 4, 6B, 9V, 14, 18C, 19F, and 23F, which
accounts for approximately 76 % of the serotypes associ-
ated with pneumococcal disease among children less
than five years of age in China [9]. Given the effective-
ness of the PCV7 vaccine in reducing incidence of
pneumococcal disease in both the vaccinated and unvac-
cinated populations due to herd protection, and the link
between influenza and mortality due to secondary
pneumococcal infection, it is plausible that routine vac-
cination of infants with PCV7, either with or without
the use of the influenza vaccine, may help reduce the
morbidity and mortality associated with influenza during
both a typical influenza season and a potential severe in-
fluenza pandemic.

Methods

We adapted a previously developed decision-analytic model
of pneumococcal disease incidence and outcomes [10] to
assess the impact of incorporating the 7-valent pneumococ-
cal vaccine (PCV7) into the childhood vaccination schedule
during both a typical influenza season and an influenza
pandemic in China relative to the disease burden that
would exist in the absence of a pneumococcal vaccination
program. The model only included cases of pneumococcal
disease and pneumococcal related deaths. Morbidity and
mortality from influenza without pneumococcal co-
infection were not considered. In order to simulate a single
season, outcomes were assessed as a cross-sectional analysis
over a one-year period which was assumed to have oc-
curred after the vaccine indirect (herd) effects have reached
a steady state, approximately seven years following the ini-
tial introduction of the vaccine. Incremental costs, life-
years, and quality-adjusted life-years estimated by the
model reflect the lifetime consequences of events that
occur during this one-year period. All future costs and
health outcomes were discounted using a 3 % annual dis-
count rate. All cost-effectiveness results were calculated
from a payer perspective and only include direct medical
costs associated with treatment for pneumococcal related
disease as well as the cost of the vaccine and the direct cost
associated with administering the vaccine. All costs were
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reported using 2011 Chinese Yuan. In order to facilitate
comparisons with previously published cost-effectiveness
studies on the PCV7 vaccine, cost-effectiveness results were
also reported in U.S. dollars using exchange rates as of July
2011 (1 USD = ¥6.465) [11].

Model structure

The clinical starting point of the model is the choice of
vaccination strategy where the model compares the
case of no vaccines being administered to a case with a
vaccination coverage rate of 85 % among all children
less than two years of age in China over a one-year
period. Individuals within the model could be vacci-
nated or unvaccinated, depending on the vaccination
strategy and age group. All individuals are considered
at risk of developing influenza, may or may not receive
treatment for this illness, and may subsequently de-
velop a secondary pneumococcal related disease. The

Table 1 Input parameters
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pneumococcal disease states incorporated into the
model include invasive disease cases of meningitis and
bacteremia caused by Streptococcus pneumoniae, all-
cause inpatient pneumonia, and acute otitis media. In-
cidence rates for pneumococcal disease states differ
depending on a variety of factors: the probability of in-
dividuals within the model entering into one of the
pneumococcal related disease states during the one-
year period is determined by the initial choice of vac-
cination strategy, if the individual has developed influ-
enza and whether they received treatment for that
influenza, and the age group to which the individual
belongs. Clinical outcomes within the model are as-
sumed to be mutually exclusive. Additionally, in order
to capture the full benefits of the vaccine, both the dir-
ect benefits among the vaccinated and the indirect
benefits accruing to the unvaccinated population as a

result of herd protection are included in the model.

Parameter Age group (Years)
0-<2 2-4 5-17 18 - 49 50 - 64 65+
Annual Incidence Rates per 100,000
Pneumococcal meningitis 25 0.6 14.6 52 34 6.9
Pneumococcal bacteremia 4.8 4.7 488 16.7 9.2 36.0
All-cause inpatient pneumonia 4239 3830 664 164 443 3700
All-cause otitis media (per person) 0.22 0.23
Percent of Meningitis that results in deafness 13 % 13% 6 % 13% 13 % 13 %
Percent of Meningitis that results in disability 7% 7 % 5% 7% 7% 7 %
Case-fatality rates
Pneumococcal meningitis 083 083 088 472 636 .768
Pneumococcal bacteremia 115 036 024 130 177 288
All-cause inpatient pneumonia 048 004 008 045 057 100
Direct Efficacy of Vaccine
Pneumococcal meningitis 735 % 67.1 %
Pneumococcal bacteremia 735 % 67.1 %
All-cause inpatient pneumonia 16.9 % 229 %
All-cause otitis media 64 % 58 %
Indirect (herd) Effect of Vaccine
Pneumococcal meningitis 46.8 % 40.3 % 17.5 % 383 % 174 % 336 %
Pneumococcal bacteremia 46.8 % 40.3 % 17.5 % 383 % 174 % 336 %
All-cause inpatient pneumonia 30.0 % 9.0 % 9.0 % 12.0 % 9.0 % 8.0 %
All-cause otitis media 20.1 % 19.0 %
Cost (¥) per Case of Pneumococcal Disease
Pneumococcal meningitis 24347 14805 24660 21825 21331 34495
Pneumococcal bacteremia 24347 14805 24660 21825 21331 34495
All-cause inpatient pneumonia 4416 2466 2867 8237 10517 14493
All-cause otitis media 148 136

All values measured in 2011 Chinese Yuan
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Model parameters and input data

The primary input parameters used in the model estima-
tion, broken down by age group, are presented in Table 1
and are briefly described in the following sections.

Population and coverage rates

A total population of 1.34 billion was assumed for the
model based on data from the Ministry of Health PRC
2009 Chinese Health Statistical Annual Report for 2010
[12]. This population was stratified into six age groups
(<2,2to4,5to 17, 18 to 49, 50 to 64, and 65 years of age
and older), approximately 1.1 % of which were assumed to
be children less than two years of age [12]. PCV7 is not
currently included in the national immunization schedule
in China and therefore the steady state level of vaccination
coverage that would exist, if included, is unknown. As a
result, we assumed an 85 % coverage rate that is roughly
consistent with observed levels of coverage in the U.S.
[13]. Each child under the age of two is assumed to have
received four doses of the vaccine in the current period
and children aged two to four years were assumed to have
been vaccinated at some point prior to the start of the
model. Consistent with previous literature, the model also
assumes that there is no protection beyond the fifth year
after vaccination [14, 15]. As a result, all children and
adults five years of age and older were considered unvac-
cinated within the model.

Disease incidence and case fatality rates

Baseline, age-specific disease incidence rates, case fa-
tality rates, and the probabilities of developing long-
term complications from pneumococcal meningitis
were primarily derived from published sources. In
many cases, these data were presented in age groups
that did not specifically match the age groups used in
this study. We combined these age groups using a
weighted average based on estimated population size.
Incidence and case fatality rates for pneumococcal
meningitis among children less than five years of age
were derived from a published meta-analysis [16, 17].
This estimate was adjusted to account for the probabil-
ity that the cause of the meningitis was something
other than pneumococcal infection, and to improve
the estimation of disease impact by age by using data
from a meta-analysis of international incidence rates
and estimates of the proportion of invasive pneumo-
coccal disease cases by age for children under five
years of age in Taiwan [17-19]. Incidence and case fa-
tality rates for IPD among individuals older than five
years of age were derived from estimates of incidence
from a cost-effectiveness study of lower-middle income
countries [17, 20]. The probability of developing long-
term complications from meningitis infection that re-
sult in deafness or disability were taken from a series
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of published papers [10, 14, 15, 17]. Age specific inci-
dence and case fatality rates for inpatient pneumonia and
otitis media were derived from existing data [16, 17, 20-23]
with adjustments made to the age groups used in this study
as described previously.

Influenza

The cumulative influenza incidence rate over a one-year
period was based on calculations from the number of speci-
mens tested from patients with influenza like symptoms
and the number of specimens found to test positive for in-
fluenza type A or B estimated from World Health Organi-
zation’s influenza virological surveillance data for China
[24]. Weekly data were examined over a three year period
from week forty-nine of 2010 through week forty-eight of
2013 (the last available data at the time of the calculations).
These data provided an estimated one-year cumulative inci-
dence rate of 15 %. This methodology is similar to a previ-
ously published estimate for the annual influenza incidence
rate in the U.S. of 13 % using the Centers for Disease Con-
trol and Prevention’s weekly influenza surveillance data
[10]. Consistent with existing literature, it was assumed that
persons with influenza had a 7.7 % increased risk of devel-
oping pneumococcal disease relative to those without influ-
enza [10, 25], and that individuals treated for influenza
using antiviral medication were at 26.3 % lower risk of de-
veloping pneumococcal disease [10, 26, 27]. The proportion
of those with influenza who were considered to be treated
for influenza within the model was estimated to be 28.44 %
based on calculations using published sources on influenza
treatment in China [28, 29]. It was also assumed, consistent
with previous literature, that during a severe pandemic the
one-year cumulative influenza incidence rate would rise to
30 % and that there would be an increased risk of pneumo-
coccal disease, ranging from 1.4 times to 149 times greater
for bacteremic and inpatient pneumonia depending on the
age group, and an increased risk of mortality stemming
from pneumococcal disease relative to a typical influenza
season [10].

Vaccine efficacy and indirect effects

The vaccine efficacy and indirect effectiveness based on
the herd effects estimates used in the model for all age
groups are provided in Table 1. These estimates are
based on a previously published study [10]. In that study,
it was assumed that vaccination of children less than
two years of age would result in a direct reduction in the
probability of the child developing IPD based on the
published efficacy of the vaccine [10, 30]. It was also as-
sumed, consistent with published literature, that among
previously vaccinated children between the ages of two
and four years old that the direct benefits of the vaccine
begin to wane to a level 91 % of their initial efficacy and
that there is no direct protection remaining for children
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over the age of five years old [10, 14]. The estimated in-
direct (herd) effects were based on previously published
data in the U.S. that measured the herd effects as a percent
reduction in pneumococcal disease incidence [10, 23].
These estimates were derived by assuming that all reduc-
tions in incidence of pneumococcal infection not attribut-
able to direct vaccine efficacy were therefore the impact of
the indirect effectiveness of the vaccine.

Cost data

All cost data incorporated into the model are Chinese spe-
cific and were based on published sources and measured in
2011 Chinese Yuan. Cost estimates for the direct, per case
medical costs associated with pneumococcal infection by
age group are shown in Table 1. These costs were based on
a recent study that examined the cost-effectiveness of
PCV7 in Shanghai [23]. In that study, the direct medical
costs related to pneumococcal diseases were derived from
an examination of de-identified case records from the
Shanghai Board of Health Central Information Data Base
and were based on confirmed inpatient cases of pneumo-
coccal disease from hospitals in Shanghai during 2011. The
total costs per case by disease type (meningitis, bacteremia,
and all-cause pneumonia) and age group used in the model
include hospitalization fees, physician consultation fees,
diagnostic tests, operation fees, nursing fees, and medica-
tion expenses. The vaccine administration costs include the
cost per dose of the vaccine, assumed to be ¥860 per dose
based on published vaccine prices in Shanghai [31], and a
direct administration cost assumed to be ¥10 per dose [23].

Utility weights

Utility values used to calculate quality-adjusted-life-years
(QALYs) for various disease states were taken from pub-
lished sources and were incorporated into the model as a
one-time reduction in the QALY for each disease occur-
rence. The value of the one-time reductions used in the
model were 0.023 for meningitis, 0.0079 for bacteremia,
0.006 for hospitalized pneumonia, 0.004 for non-
hospitalized pneumonia, and 0.005 for otitis media [32].
Utility values for deafness (0.73) and disability (0.68) result-
ing from meningococcal complications were also derived
from published sources [33, 34] and were applied to the
remaining years of life expectancy for each case.

Analyses

The model provides estimates for each vaccination strat-
egy over a one-year period. Estimates were generated for
the number of pneumococcal disease cases, number of
deaths related to pneumococcal disease, number of esti-
mated life years saved, the quality-adjusted-life-years
(QALYs) gained, costs associated with pneumococcal
disease, and costs associated with the vaccination pro-
gram. Incremental cost-effectiveness ratios (ICERs) were
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estimated as the cost-per—life-year saved and cost-per-
QALY gained for both a typical influenza season and a
pandemic influenza season. Life years saved as a result
of deaths avoided were calculated based on the average
life expectancy remaining for each age group and were
derived using life tables for China provided by World
Health Organization estimates [35]. All costs and out-
comes were discounted at a rate of 3 % per year.

Results

The estimated number of pneumococcal disease cases,
pneumococcal related deaths, life years, and quality-
adjusted-life-years by age group predicted by the model
for both the non-vaccination strategy and the strategy
using PCV7 are reported in Table 2. During a normal,
non-pandemic influenza season the model predicted that
114,342 cases of IPD, 1,481,050 cases of in-patient pneu-
monia and 76,714 deaths could be prevented as a result
of routine vaccination with PCV7 among children in
China. The majority of the cases prevented and the
deaths averted were among the unvaccinated population
due to the herd effect of the vaccine. Additionally, the
model predicted that routine vaccination with PCV7
would result in 2,497,176 life years saved and 2,232,520
QALYs gained over the remaining years of life for the in-
dividuals within the model based on outcomes occurring
during a single season.

The estimated cost results are shown in Table 3. The
cost savings from fewer cases of pneumococcal disease
were estimated to be 12.5 billion Yuan (US $1.9 billion),
and the cost of the vaccination program was 43.2 billion
Yuan (US $6.7 billion) resulting in a total direct medical
cost increase of 30.7 billion Yuan (US $4.7 billion) from
the implementation of the vaccination program. The es-
timated cost-per-life-year saved was ¥12,281 (US $1,900)
and the cost-per-QALY gained was ¥13,737 (US $2,125).

During a severe pandemic season, the model predicted
that routine vaccination with PCV7 would result in
2,951,119 fewer cases of IPD, 2,152,519 fewer cases of
in-patient pneumonia, and 707,526 deaths would be
avoided. Approximately 46.3 % of the IPD cases pre-
vented and 42.5 % of the deaths averted were among the
18 to 49 year old age group. The total number of life
years saved and QALYs gained during a severe pandemic
season were estimated to be 34.4 million and 30.5 mil-
lion respectively. The direct medical cost savings were
projected to be 84.2 billion Yuan (US $13.02 billion) as a
result of fewer pneumococcal disease cases and 41.0 bil-
lion Yuan (US $6.34 billion) when the direct costs of the
vaccination program were included. As a result, during a
severe influenza pandemic, routine child vaccination
with PCV7 is predicted to be more effective and less
costly overall relative to the case of no vaccinations
(dominant).
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Sensitivity analyses

A series of univariate sensitivity analyses were performed
in order to test the robustness of the results to several
key data input parameters. These analyses were per-
formed on the level of vaccine coverage (+/- 10 %), the
vaccine price (+/— 10 %), reduction of the indirect (herd)
effects by 50 %, differences in base-line disease incidence
rates (+/— 10 %), and differences in base-line case fatality
rates (+/— 10 %) for both the typical influenza season
and a severe influenza pandemic season. The results re-
garding the estimates for the number of deaths averted,
life years saved, total direct medical costs, and cost-per-
life-years saved from these analyses along with base case
results are provided in Table 4.

Model results during a standard influenza season were
most responsive to changes in the indirect (herd) effects
of the vaccine on the unvaccinated population. When
these effects were reduced by 50 %, the cost-per-life-year
saved increased from a base case value of ¥12,281
(US$1,899) to ¥24,549 (US$3,797). The results were least
sensitive to changes in case fatality rates with a cost-per-
life year saved range of ¥2,480 (US$384) between the
high and low values tested, followed by alterations in the
vaccine price (¥3,419 (US$529)), changes in disease inci-
dence (¥3,482 ($US539)), and changes in the level of
vaccine coverage (¥4,453 (US$689)). During a severe in-
fluenza pandemic the estimates for the number of deaths
averted and the life-years saved were also found to be
most sensitive to changes in the indirect effects of the
vaccine. In all cases, however, the cost-per-life-year saved
results from including PCV7 into the routine vaccin-
ation strategy were found to remain the dominant strat-
egy in the context of a severe influenza pandemic.

Discussion
Several studies have examined both the clinical and eco-
nomic benefits of the PCV7 vaccine in various countries in
Asia [23, 36-39], however very few have specifically esti-
mated the impact or the cost-effectiveness of including
PCV?7 into the routine vaccination schedule in China utiliz-
ing local economic and epidemiological data [17, 23, 40].
None of these studies, however, examine the use of PCV7
in the context of influenza. For example, in Che et al,, the
authors used a decision-tree model to estimate the impact
of PCV7 in Chinese infants [40]. To our knowledge, there
have been only two other studies that have examined the
use of PCV7 in the context of both a typical influenza sea-
son and a severe pandemic [10, 41]. The existing studies
used a similar theoretical framework with a focus on the
U.S. population. Our study differs in that we focus on the in-
clusion of the PCV7 vaccine in China using, where available,
local epidemiological data and Chinese specific cost data.
According to the World Health Organization’s phar-
macoeconomic evaluation criteria, if the incremental
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cost effectiveness ratio is found to be within three times
the per capita income of that region then the interven-
tion would be considered cost-effective [42]. As of 2011,
gross per capita yearly income of China was estimated to
be ¥35,783 (US$5,535) [43]. In all cases, our results were
found to be either cost-saving (dominant strategy) or
within the recommended cost-effectiveness threshold to
be considered a cost-effective intervention. The previous
studies conducted on the U.S. population found the use
of the pneumococcal conjugate vaccine to be a cost-
saving strategy in the context of both a typical influenza
season and a pandemic outbreak [10]. We also found
PCV7 to be a cost-saving vaccine program during a se-
vere influenza pandemic. However, unlike the U.S. stud-
ies, but consistent with a cost-effectiveness analysis of
PCV7 in Shanghai [23], our results in a typical season
were cost-effective, at ¥13,737 (US $2,125) per QALY
saved. The reason for the slight differences likely has to
do with differences in cost data in China, where vaccin-
ation costs are higher and treatment costs are lower than
in the U.S. Note that changing the vaccination schedule
would impact the costs of the program and may alter
the effectiveness of the vaccines.

The study as implemented is subject to a number of po-
tential limitations which may impact the overall results.
The study was conducted from a third party payer perspec-
tive instead of using a societal perspective. As a result, we
do not include the additional costs associated with
pneumococcal morbidity and mortality such as the value of
lost productivity from premature death, caregiver time
costs, and travel costs. Given the estimated number of
deaths averted and IPD cases prevented by the model, the
inclusion of these costs would likely have substantially
added to the potential cost savings from the use of PCV7.
The study used serotype coverage data from a single study
in China, but serotype coverage can vary substantially
across regions and over time [9]. Were we to assume lower
serotype coverage of 60 %, the projected cases averted and
deaths prevented would be slightly lower. However, the
overall conclusion of cost-effectiveness in a typical season
and cost savings in a pandemic influenza season are still
preserved. The disease cost data utilized in the model were
derived from a recent study on the cost-effectiveness of
PCV7 in Shanghai and are based on data from Shanghai
area hospitals [23]. These data may not accurately reflect
the costs associated with inpatient, pneumococcal disease
in China as a whole since treatment options and price levels
likely vary from region to region. We also assumed, consist-
ent with previous literature [10, 14, 15, 17], that the direct
benefits of vaccination begin to wane two years after the
initial dose and that there is no protection beyond the fifth
year after vaccination. As a result, all individuals within the
model five years of age and older are considered unvaccin-
ated. While consistent with previous literature, it is unlikely
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Table 2 Estimated outcomes of disease and mortality by vaccination strategy
Parameter Age group (Years)
0-<2 2-4 5-17 18 - 49 50 - 64 65+ Total
Non-pandemic year
Pneumococcal meningitis (Thousands)
No Vaccination 0.3 03 430 375 55 73 94.0
Vaccination 0.1 0.1 355 232 4.5 49 68.2
Cases Avoided 03 0.2 7.5 144 1.0 25 258
Pneumococcal bacteremia (Thousands)
No Vaccination 0.6 26 144.1 1189 14.8 383 3193
Vaccination 0.1 0.7 1189 734 12.2 255 2308
Cases Avoided 05 19 252 455 26 129 886
All-cause pneumonia (Thousands)
No Vaccination 568.6 2090.1 1959.5 1166.0 7131 3936.9 10434.2
Vaccination 3409 15313 17834 1026.1 6489 36225 8953.1
Cases Avoided 2276 55838 176.2 139.8 64.2 3144 1481.1
All-cause otitis media (Thousands)
No Vaccination 29726 12476.0 15448.6
Vaccination 22859 9704.6 11990.5
Cases Avoided 686.7 27714 3458.1
Deaths
No Vaccination 27393 8479 22921 85581 46750 410341 601465
Vaccination 16385 6156 20244 66622 42034 373311 524750
Deaths Avoided 11008 2323 2677 18959 4717 37030 76714
Life Years (Millions)
No Vaccination 10763 4194.8 19298.9 311516 37151 903.1 60339.7
Vaccination 1077.2 41950 19299.1 311524 37152 9034 60342.2
Life Years Saved 09 0.2 0.2 08 0.1 03 25
QALYs (Millions)
No Vaccination 9837 3829.8 173689 26696.9 2998.1 7224 52599.8
Vaccination 984.6 38299 17369.1 26697.6 29982 7227 52602.1
QALYs Gained 0.8 0.2 0.2 0.7 0.1 0.3 2.2
Pandemic year
Pneumococcal meningitis (Thousands)
No Vaccination 0.3 0.3 435 380 55 74 95.1
Vaccination 0.1 0.1 359 234 46 49 69.0
Cases Avoided 0.3 0.2 76 14.5 1.0 25 26.1
Pneumococcal bacteremia (Thousands)
No Vaccination 37 383 6967.3 35414 216.6 841.1 116084
Vaccination 0.7 9.8 57482 2186.7 179.0 5589 86834
Cases Avoided 29 285 1219.1 1354.7 376 2822 29250
All-cause pneumonia (Thousands)
No Vaccination 644.8 30969 3669.6 33329 8559 397838 155788
Vaccination 386.7 22708 33711 29473 779.2 3671.2 134263
Cases Avoided 258.1 826.0 2985 3856 768 3076 21525

All-cause otitis media (Thousands)



Caldwell et al. BMC Infectious Diseases (2015) 15:284

Page 8 of 11

Table 2 Estimated outcomes of disease and mortality by vaccination strategy (Continued)

No Vaccination 2986.2 12348.1

Vaccination 23029 9665.5

Cases Avoided 683.3 2682.6
Deaths

No Vaccination 314818 44700

Vaccination 187101 28401

Deaths Avoided 127717 16300
Life Years (Millions)

No Vaccination 1053.2 41920

Vaccination 1063.5 41932

Life Years Saved 103 13
QALYs (Millions)

No Vaccination 962.6 38272

Vaccination 972.0 38284

QALYs Gained 94 1.2

15334.3

119684

33659
779307 1170382 109165 758160 3176532
652085 869387 95870 636163 2469006
127222 300995 13295 121997 707526
192494 311040 37137 900.1 60212.2
192577 31117.2 37140 901.1 60246.7
83 13.2 03 10 344
173243 26656.0 2997.0 720.0 524871
173318 266674 29972 7209 525176
7.5 113 0.2 08 30.5

that the direct effectiveness of the vaccine would diminish
to zero and therefore this assumption likely underestimates
the potential benefits of the widespread use of PCV7 in
China over time.

The analysis required extrapolation of several parame-
ters from local and international epidemiologic data to de-
rive necessary age-specific incidence rates. We note that
the process of incorporating data derived from a variety of
outside sources is subject to bias. As such, we included

Table 3 Estimated cost (Savings) results

No vaccinations ~ Vaccination  Difference
Non-pandemic year
Disease Cost (Millions)
Meningitis 22619 1648.1 613.8)
Bacteremia 7839.5 5685.8 (2153.7)
All-Cause Pneumonia 874435 781716 (9271.9)
All-Cause ofitis media ~ 2136.7 1658.1 (478.5)
Total Disease Costs 99681.6 87163.7 (12517.9)
Vaccination Program 0 431864 431864
Total Costs 99681.6 130350.1 306684
Pandemic year
Disease Cost (Millions)
Meningitis 22876 1666.8 (620.8)
Bacteremia 2833934 2127347 (70658.7)
All-Cause Pneumonia 1151226 102649.1 (12473.5)
All-Cause ofitis media 21213 1655.3 (466.0)
Total Disease Costs 4029249 318706.0 (84218.9)
Vaccination Program 0 431864 431864
Total Costs 4029249 3618924 (41032.5)

All values measured in 2011 Chinese Yuan

variations on these data in the sensitivity analyses that
were performed. In all cases the results remained cost-
effective under WHO thresholds of 2-3 times GDP per
capita [42]. Additionally, the estimates regarding the ex-
pected increases in incidence of pneumococcal disease
during a severe pandemic were derived from previously
published estimates and are based on the 1918 pan-
demic [10]. The authors of that study, as do we, ac-
knowledge that the 1918 pandemic was relatively more
severe than subsequent pandemic outbreaks and that
access to care and antibiotics has changed dramatically
over the past century. As such, we regard the severe
pandemic results estimated here for China as a worst
case scenario and that a modern day influenza pan-
demic would fall somewhere within the spectrum of a
typical influenza season and the severe pandemic in
terms of severity of health care outcomes. In all cases,
however, the estimates derived in this study were found
to be cost-effective under the established World Health
Organization guidelines [42].

Conclusions

The PCV7 vaccine is effective in reducing the incidence
of pneumococcal disease in both the vaccinated and un-
vaccinated populations due to herd protection. Given
the link between influenza and mortality due to sec-
ondary pneumococcal infection, it is likely that routine
vaccination with PCV7 would help reduce the morbid-
ity and mortality associated with influenza during both
a typical influenza season and potential severe influ-
enza pandemic. Our model suggests that routine vaccin-
ation with PCV7 among infants in China would prevent
more than 75,000 deaths from secondary pneumococcal in-
fection during a typical influenza season and prevent more
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Table 4 Base case and sensitivity analysis results

Parameter Value Deaths Averted Life Years Saved (Millions) Cost (Savings) (Billions) Cost Per Life Year Saved

Non-Pandemic

Base Case 76714 2.50 30.67 12281 (US$1899)
Vaccine Coverage

Low 75 % 76209 246 24.75 10072 (US$1558)

High 95 % 77220 2.54 36.85 14525 (US$2247)
Vaccine Price

Low (-10 %) 774 76714 2.50 2640 10572 (US$1635)

High (+10 %) 946 76714 2.50 34.94 13991 (US$2164)
Herd Effect

Reduced by 50 % 41195 147 36.17 24549 (USS$3797)
Disease Incidence

Low (-10 %) 69167 225 31.90 14158 (US$2190)

High (+10 %) 84524 2.75 2940 10676 (US$1651)
Case Fatality Rate

Low (-10 %) 69063 225 3067 13640 (US$2109)

High (+10 %) 84411 2.75 30.67 11160 (US$1726)
Pandemic

Base Case 707526 3443 (41.03) Dominant

Vaccine Coverage

Low 75 % 702582 34.03 (46.88) Dominant

High 95 % 712470 34.82 (34.93) Dominant
Vaccine Price

Low (-10 %) 774 707526 3443 (45.30) Dominant

High (+10 %) 946 707526 3443 (36.76) Dominant
Herd Effect

Reduced by 50 % 384613 19.65 (0.48) Dominant
Disease Incidence

Low (-10 %) 641668 31.23 (33.21) Dominant

High (+10 %) 782365 38.09 (50.06) Dominant
Case Fatality Rate

Low (-10 %) 637577 31.02 (41.03) Dominant

High (+10 %) 779261 3792 (41.03) Dominant

All values measured in 2011 Chinese Yuan
July 2011 exchange rate, US$ = ¥6.465 [11]

than 700,000 deaths and save more than 41 billion Yuan  Abbreviations
(US$6.3 billion) during a severe influenza pandemic, Given CDC: Centers for disease control and prevention; ICER: Incremental

he diff . lati . d £ dical cost-effectiveness ratios; IPD: Invasive pneumococcal disease;
the differences in population size and cost of medic PCV13: 13-Valent pneumococcal conjugate vaccine; PCV7: 7-Valent

treatment, these values are consistent with previously  pneumococcal conjugate vaccine; QALY: Quality adjusted life year;
published estimates regarding the US. during a severe USD: United states dollars; WHO: World health organization.
pandemic (108,500 deaths averted and $7.34 billion in

cost savings) [10]. It is likely, therefore, that the inclusion  Competing interests

of PCV7 vaccine into the routine vaccination schedule of  Dr- Roberts and Ms. Chen were employed by Pfizer at the time of this
China would be a cost-effective intervention in the con- analysis. Dr. Roberts owns stock in Pfizer. Dr. Caldwell and Dr. Wang have
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text of an influenza outbreak. current analyses and have acted as consultants for Pfizer.



Caldwell et al. BMC Infectious Diseases (2015) 15:284

Authors’ contributions

CSR and CIC planned the study and collected data for model estimation. RC
participated in the study design and methodology, performed the model
estimation, and drafted the manuscript. BW participated in the study design
and methodology, participated in estimating model parameters, and helped
to draft the manuscript. ZA provided input to the study design and
reviewed model input data and model parameter estimation. All authors
reviewed and approved the final manuscript.

Acknowledgements
Funding for this research was provided by Pfizer Inc.

Author details

'Department of Economics, University of Michigan, 611 Tappan Street, Ann
Arbor, MI 48109, USA. *Health Economics and Outcomes Research, Pfizer Inc,
500 Arcola Road, Collegeville, PA 19426, USA. *National Immunization
Programme, Chinese Center for Disease Control and Prevention, 27 Nanwei
Road, Xicheng District, Beijing 100050, P.R. China. *Health Fconomics and
Outcomes Research, Pfizer Investment Co. Ltd, 8/F, Citic Square, 1168 Nan
Jing Road (W), Shanghai 200041, P.R. China. °Elysia Group, LLC, Xiamen
Street, Alley 113, No. 17-1, Floor 2, Taipei, Taiwan.

Received: 18 December 2014 Accepted: 13 July 2015
Published online: 24 July 2015

References

1. Muir R, Haswell Wilson G. Observations on influenza and its complications.
Br Med J. 1919;1(3027):3-5.

2. Morens DM, Taubenberger JK, Fauci AS. Predominant role of bacterial
pneumonia as a cause of death in pandemic influenza: implications for
pandemic influenza preparedness. J Infect Dis. 2008;198(7):962—-70.

3. Gill JR, Sheng ZM, Ely S, Guinee DG Jr, Beasley MB, Suh J, et al. Pulmonary
Pathologic Findings of Fatal 2009 Pandemic Influenza A/HIN1 Viral
Infections. Arch Pathol Lab Med. 2010;134:235-43.

4. Advisory Committee on Immunization Practices (ACIP). Preventing
pneumococcal disease among infants and young children:
recommendations of the Advisory Committee on Immunization Practices
(ACIP). MMWR Recomm Rep. 2000;49(RR-9):1-38.

5. Fitzwater SP, Chandran A, Santosham M, Johnson HL. The worldwide
impact of the seven-valent pneumococcal conjugate vaccine. Pediatr Infect
Dis J. 2012,31(5):501-8.

6. Whitney CG, Farley MM, Hadler J, Harrison LH, Bennett NM, Lynfield R,
et al. Decline in invasive pneumococcal disease after the introduction of
protein-polysaccharide conjugate vaccine. New Engl J Med.
2003;348(18):1737-46.

7. Centers for Disease Control and Prevention (CDC). Direct and indirect
effects of routine vaccination of children with 7-valent pneumococcal
conjugate vaccine on incidence of invasive pneumococcal disease-United
States, 1998-2003. MMWR Morb Mortal Wkly Rep. 2005;54(36):893-7.

8. World Health Organization (WHO). Pneumococcal vaccines WHO position
paper - 2012. WKly Epidemiol Rec. 2012,87:129-44.

9. Yao KH, Wang LB, Zhao GM, Zheng YJ, Deng L, Huang JF, et al.
Pneumococcal serotype distribution and antimicrobial resistance in Chinese
children hospitalized for pneumonia. Vaccine. 2011;29(12):2296-301.

10. Rubin JL, McGarry LJ, Klugman KP, Strutton DR, Gilmore KE, Weinstein MC.
Public health and economic impact of vaccination with 7-valent
pneumococcal vaccine (PCV7) in the context of the annual influenza
epidemic and a severe influenza pandemic. BMC Infect Dis. 2010;10:1-11.

11, XE live exchange rates. [http://www.xe.com/], Accessed September 19, 2013.

12. Chinese Health Statistical Annual Report of the Chinese Ministry of Health
PRC; 2009.

13.  Centers for Disease Control and Prevention (CDC). National, State, and Local
Area Vaccination Coverage Among Children Aged 19-35 Months — United
States, 2011. MMWR Morb Mortal WKly Rep. 2012;61(35):689-96.

14. Lieu TA, Ray GT, Black SB, Butler JC, Klein JO, Breiman RF, et al. Projected
cost-effectiveness of pneumococcal conjugate vaccination of healthy
infants and young children. JAMA. 2000;283(11):1460-8.

15. Ray GT, Whitney CG, Fireman BH, Ciuryla V, Black SB. Cost-effectiveness of
pneumococcal conjugate vaccine: evidence from the first 5 years of use in
the United States incorporating herd effects. Pediatr Infect Dis J.
2006;25(6):494-501.

20.

22.

23.

24

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

Page 10 of 11

Chen Y, Deng W, Wang SM, Mo QM, Jia H, Wang Q, et al. Burden of
pneumonia and meningitis caused by Streptococcus pneumoniae in China
among children under 5 years of age: a systematic literature review. PLoS
One. 2011,6(11):1-9.

Hu SL, Shi Q, Chen CI, Caldwell R, Wang B, Du LX, et al. Estimated Public
Health Impact of Nationwide Vaccination of Infants with 7-Valent
Pneumococcal Conjugate Vaccine (PCV7) in China. Int J Infect Dis.
2014;,26C:116-22.

O'Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, McCall N, et al.
Burden of disease caused by Streptococcus pneumoniae in children
younger than 5 years: global estimates. Lancet. 2009;374:893-902.

Chuang SY, Yen CC, Wu JS, Huang CC, Chiang CS, Cheng XW, et al. The
Surveillance and Epidemiological Analysis of Streptococcus Pneumoniae
Infection, Category Four Communicable Disease, in Taiwan. Taiwan
Epidemiology Bulletin. 2009;25(1):1-20.

Nakamura MM, Tasslimi A, Lieu TA, Levine O, Knoll MD, Russell LB, et al.
Cost effectiveness of child pneumococcal conjugate vaccination in
middle-income countries. Int Health. 2011;3:270-81.

Rudan I, Chan KY, Zhang JS, Theodoratou E, Feng XL, Salomon JA, et al.
Causes of deaths in children younger than 5 years in China in 2008. Lancet.
2010;375:1083-9.

Guan X, Silk BJ, Li W, Fleischauer AT, Xing X, Jiang X, et al. Pneumonia
incidence and mortality in Mainland China: systematic review of Chinese
and English literature, 1985-2008. PLoS One. 2010;5(7):1-7.

Hu SL, Shi Q, Song SF, Du L, He JJ, Chen Cl, et al. Estimating the
cost-effectiveness of the 7-valent pneumococcal conjugate vaccine
(PCV7) in Shanghai, China. Value in Health Regional Issues.
2014;3C:197-204.

World Health Organization (WHO). FluNet. [http://www.who.int/influenza/
gisrs_laboratory/flunet/en/] Last accessed December 12, 2013.

Grabowska K, Hogberg L, Penttinen P, Svensson A, Ekdahl K. Occurrence of
invasive pneumococcal disease and number of excess cases due to
influenza. BMC Infect Dis. 2006;6:58.

Stiver G. The treatment of influenza with antiviral drugs. CMAJ.
2003;168(1):49-57.

Jefferson T, Demicheli V, Di Pietrantonj C, Rivetti D. Amantadine and
rimantadine for influenza A in adults. Cochrane Database Syst Rev. 2006;2,
CD001169.

Zhang L, Shi Q, Ma H. A Rapid Survey on Influenza-like lliness Among Urban
Population in Beijing, 2007. Chin J Vacc Immunization. 2007;13(3):263-6.
Lee N, Choi KW, Chan PK, Hui DS, Lui GC, Wong BC, et al. Outcomes of
adults hospitalized with severe influenza. Thorax. 2010;65:510-5.

Black S, Shinefield H, Fireman B, Lewis E, Ray P, Hansen JR, et al. Efficacy,
safety, and immunogenicity of heptavalent pneumococcal conjugate
vaccine in children. Pediatr Infect Dis J. 2000;19(3):187-95.

Shanghai Municipal Commission of Health and Family Planning. Price list of
biological products for vaccination and vaccine immunization schedule,
Shanghai 8™ Edition. [http://www.smhb.gov.cn/wsj/n429/n432/n1487/
n1507/u1ai82230.html], Accessed September 19, 2013.

Melegaro A, Edmunds WJ. Cost-effectiveness analysis of pneumococcal
conjugate vaccination in England and Wales. Vaccine. 2004;22:4203-14.
Oostenbrook R, Moll HA, Essink-Bot ML. The EQ-5D and the Health Utilities
Index for permanent sequelae after meningitis: a head-to-head comparison.
J Clin Epidemiol. 2002;55(8):791-9.

Erickson LJ, De Wals P, McMahon J, Heim S. Complications of
meningococcal disease in college students. Clin Infect Dis. 2001;33(5):737-9.
World Health Organization (WHO). Life expectancy: Life tables by country
China; 2013. Global Health Observatory Data Repository [http://appswho.int/
gho/data/view.main.60340].

Wu DB, Rinaldi F, Huang YC, Chang JA, Chang CJ. Economic evaluation
of universal 7-valent pneumococcal conjugate vaccination in Taiwan:

A cost-effectiveness analysis. J Formos Med Assoc. 2013;112:151-60.
Aljunid S, Abuduxike G, Ahmed Z, Sulong S, Nur AM, Goh A. Impact of
routine PCV7 (Prevenar) vaccination of infants on the clinical and
economic burden of pneumococcal disease in Malaysia. BMC Infect Dis.
2011;11:248.

Lee KK, Rinaldi F, Chan MK, Chan ST, So TM, Hon EK, et al. Economic
evaluation of universal infant vaccination with 7vPCV in Hong Kong. Value
Health. 2009;12(3 Supple):S42-8.

Tyo KR, Rosen MM, Zeng W, Yap M, Pwee KH, Ang LW, et al. Cost-
effectiveness of conjugate pneumococcal vaccination in Singapore:


http://www.xe.com/
http://www.who.int/influenza/gisrs_laboratory/flunet/en/
http://www.who.int/influenza/gisrs_laboratory/flunet/en/
http://www.smhb.gov.cn/wsj/n429/n432/n1487/n1507/u1ai82230.html
http://www.smhb.gov.cn/wsj/n429/n432/n1487/n1507/u1ai82230.html
http://apps.who.int/gho/data/view.main.60340
http://apps.who.int/gho/data/view.main.60340

Caldwell et al. BMC Infectious Diseases (2015) 15:284

40.

42.

43.

comparing estimates for 7-valent, 10-valent, and 13-valent vaccines. Vaccine.

2011,29(38):6686-94.

Che D, Zhou H, He J, Wu B. Modeling the impact of the 7-valent
pneumococcal conjugate vaccine in Chinese infants: an economic analysis
of a compulsory vaccination. BMC Health Serv Res. 2014;14:56.

McGarry LJ, Gilmore KE, Rubin JL, Klugman KP, Strutton DR, Weinstein MC.
Impact of 13-valent pneumococcal conjugate vaccine (PCV13) in a
pandemic similar to the 2009 HINT in the United States. BMC Infect Dis.
2013;13:229.

World Health Organization (WHO): Cost-effectiveness thresholds. [http://
www.who.int/choice/costs/CER_thresholds/en/], Accessed September 21,
2013.

United Nations Statistics Division. World Statistics Pocketbook: China; 2011.
[http://data.un.org/CountryProfile.aspx?crName=CHINA], Accessed March 15,
2014.

Page 11 of 11

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central



http://www.who.int/choice/costs/CER_thresholds/en/
http://www.who.int/choice/costs/CER_thresholds/en/
http://data.un.org/CountryProfile.aspx?crName=CHINA

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Model structure
	Model parameters and input data
	Population and coverage rates
	Disease incidence and case fatality rates
	Influenza
	Vaccine efficacy and indirect effects
	Cost data
	Utility weights
	Analyses


	Results
	Sensitivity analyses

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



