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ABSTRACT

Background: This study aimed to evaluate the cost-effectiveness of the 13-valent pneumococcal
conjugate vaccine (PCV-13) compared to a no vaccination strategy in Chinese infants.
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Methods: A Markov process model was developed to examine the outcomes of PCV-13 against a no
vaccination strategy using data and assumptions adapted for relevance to China. Outcomes over a lifetime
horizon are presented. One-way and probabilistic sensitivity analyses were performed to determine the
uncertainty.

Results: Compared to no vaccination, a PCV-13 vaccination program would provide a gain of 0.009
additional quality-adjusted life years (QALYs) per subject. From the health care and societal perspectives,
the incremental costs per QALY were $20,709 and 18,483, respectively. When herd effect was included,
the cost effectiveness of the PCV-13 vaccination strategy was notably improved. The lower price of PCV-13
will improve the cost-effectiveness.

Conclusions: The PCV-13 vaccination is likely to be cost-effective at the current Chinese prices and ceiling
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threshold ($8,382).

Introduction

Streptococcus pneumoniae (S. pneumonia) infection is a major
cause of morbidity and mortality in infants and young children,'
and it can lead to invasive pneumococcal diseases (IPD), menin-
gitis and bacteremia, as well as non-invasive pneumococcal
diseases, such as pneumonia and acute otitis media (AOM). The
World Health Organization (WHO) reported that approxi-
mately 476,000 (333,000-529,000) annual deaths worldwide
were attributable to pneumococcal infections.” In China, nearly
30,000 deaths per year were associated with pneumococcal dis-
ease.” The high economic burden, in terms of the cost of manag-
ing infections caused by S. pneumonia, is a worldwide concern.*

New pneumococcal conjugate vaccines (PCV), such as the
13-valent PCV (PCV-13, Prevnar 13, Pfizer, Pearl River, New
York, USA), have been developed to protect infants and young
children from pneumococcal diseases.” PCV-13 covers sero-
types 1, 3,4, 5, 6A, 6B, 7F, 9V, 14,18C, 19A, 19F and 23F, which
cause most invasive pneumococcal diseases globally in Chil-
dren.® Several large-scale clinical trials have demonstrated the
clinically effective and safety profile of PCV-13 in infants and
children,”® demonstrating that vaccination programs could
notably decrease the incidences of IPD, pneumonia, and otitis
media. Furthermore, the direct effect can also extend the benefit
to unvaccinated populations by decreasing the nasopharyngeal

carriage of S. pneumonia in vaccinated children. One recent
systematic review has shown that childhood PCV-13 programs
could substantially protect across the whole population within
a decade through “herd immunity”.’

In 2014, we reported the findings of our investigation of the
cost-effectiveness of PCV-7 vaccinations versus no vaccinations
in China, which showed that a universal vaccination program
using PCV-7 is not cost-effective due to the high cost of PCV-7."
At present, PCV-13 has been licensed for use in Chinese infants
and young children. Since then, the situation has changed, in
terms of the price and higher serotype coverage of PCV-13. Here,
we report an updated economic analysis of a universal vaccination
program with PCV-13 from a Chinese heath care and societal
perspective based on the Consolidated health economic evalua-
tion reporting standards (CHEERS)."" Because PCV-7 was with-
drawn by the producer and PCV-10 vaccines are not available in
Chinese market, they will not be included in the current analysis.

Methods
Model structure

An age-stratified static multiple-cohort model was developed to
compare lifetime (that is, until death at a maximum of 100 years
of age) costs and outcomes associated with a PCV-13
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vaccination program for Chinese infants. The children might
incur the following four initial pneumococcal-associated dis-
eases: meningitis, bacteremia, community acquired pneumonia
(CAP) and acute otitis media (AOM), which could result in
long-term complications, including deafness, disability, or
death from S. pneumoniae infection (Fig. 1). The model was
reviewed and validated by Chinese experts, including epidemi-
ologists, health economists, pediatricians, and policy decision
makers. The Markov cycle lengths in the time horizons
0-10 years and 11-100 years were set to 1 month and 1 year,
respectively. Natural mortality could occur at any point. The
life expectancy tables for China from the life tables of the
World Health Organization (WHO) member states (2011)
were used in the analysis. When indirect effects (herd immu-
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vaccination is considered to be at risk of developing IPD. The
model was developed using R statistical software (version 3.3.1;
R Development Core Team, Vienna, Austria).

A yearly discount rate of 5% for the costs and health benefits
was applied, based on recommendations from the Chinese
guidelines for pharmacoeconomic evaluations. The costs are
shown in US dollars (US $ 1 = 6.8 Chinese Yuan), with 2016 as
the reference year. The incremental cost-effectiveness ratio
(ICER), presented as the cost per additional QALY gained, was
used as the main endpoint. When the ICER was lower than the
per capita gross domestic product (GDP) of China per QALY
($8,382), cost-effectiveness was considered.'> Per capita GDP
of Shanghai City per QALY ($16,725) would be used in sensi-
tivity analysis for examining the cost-effectiveness in Chinese

nity) are included in the model, the population without developed regions.
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Figure 1. The structure of the model used to assess the health and economic impact of PCV-13 vaccination and possible subsequent events for each child compared to
‘no vaccination’. The following health states are included: meningitis, bacteremia, pneumonia, AOM and no infection.
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In this analysis, two competitive policy strategies of vaccination

strategies were compared.

e Strategy 1 (universal vaccinations): the Chinese birth cohort
will be vaccinated with free PCV-13 vaccines, fully sup-
ported by the Chinese government. In this strategy, 4 doses
(3+1 schedule) at the ages of 2, 3, 4 and 11 months were
considered.”” The vaccine coverage rate was 83.27%, which
was assumed to be equivalent to hepatitis B vaccination pro-
gram because they have a similar vaccination schedule.'*

e Strategy 2 (no vaccinations): the Chinese birth cohort will
not be vaccinated.

Epidemiology of pneumococcal disease in China

The model inputs for the epidemiology data (Table 1 and
appendix Table 1) were obtained from Chinese studies to the
greatest possible extent. When local data were unavailable, we
justified data from other regions by weighting the geographical
and population similarity. Due to the lack of Chinese-specific
nationwide epidemiological data, the pre-vaccination rates of
all cases of IPD, CAP and AOM, as well as their case-fatality
rates, were derived from surveillance data from Chinese Taiwan
and Hong Kong,"” which was assumed to be similar in whole
Chinese population. The S. pneumonia isolation rates of CAP
and AOM in China were 8% and 39.2%, respectively, which
were estimated based on studies reporting data from a Chinese
population.>'® The age-specific episodes of all-cause hospital-
ized CAP were estimated based on Chinese local studies.'®"”

Table 1. Key inputs of the model.

The prevalence of disability and deafness caused by pneumo-
coccal meningitis were 7.0% and 13.0%, respectively.'® Because
AOM frequently occurs at younger ages,” the risk of AOM
was considered in children younger than 5 years old. Due to
the lack of reliable data, no risks of long-term sequelae or
deaths caused by AOM were assumed in the present study.

Vaccine efficacy

A surveillance study of Chinese children estimated an 84.2% PCV-
13 serotype coverage rate for S. pneumonia and a 91% serotype cov-
erage rate for IPD.*>** There was no Chinese-specific serotype cov-
erage rate for AOM, thus, the PCV13 serotype coverage rate for
AOM was estimated based on the observed PCV-7 serotype cover-
age rate for AOM, as well as the proportion (i.e., between PCV-7
and PCV-13) of the serotype coverage rates for S. pneumonia
because AOM and S. pneumonia are mucosal diseases'”; this
estimate could be expressed by the following formula: Serotype
coverage(AOM)pcy.13 =  Serotype coverage(AOM)pcyv; X
(Serotype coverage[S. pneumonialpcy.13/Serotype coverage[S. pneu-
monialpcy.7). The efficacies of PCV-13 for IPD, pneumonia and
AOM caused by covered S. pneumonia were 97.4, 90.0 and 69.9%,
respectively.”** We assumed that the vaccine efficacy would expo-
nentially increase from zero to full efficacy in the first year of vacci-
nation and wane exponentially from full efficacy to zero between 3
and 10 years of age.'>*’

Herd protection against IPD following PCV-13 vaccination
of sequential birth cohorts was considered for the entire

Parameters Expected value Ranges Source
Clinical data
S. pneumoniae isolation rate for pneumonia 8.0% 2.0%—26.8% 2
S. pneumoniae isolation rate for AOM 39.2% 29.2%—49.0% z
Serotype coverage rates of PCV-13 —
IPD 91.0% 68.3%—100.0% 2022
CAP 84.2% 79.6%—86.9% 2022
AOM 71.5% 67.6%—73.8% Estimated
Efficacy of PCV-13 —
IPD 97.4% 73.1%—100.0% 2324
CAP 39.2% 67.5%—100.0% 2324
AOM 69.9% 29.8%—87.1% 23,24
Herd effects of PCV-13 for IPD 38.3% 0.0%—38.3% 1823
Cost data ($)
Bacteremia per event in children 3,256 1,367—5,719 10
Meningitis per event in children 4,250 1,907—9,572 10
Pneumonia per hospitalized event 632 443—833 10
Pneumonia per outpatient event 30 29—32 10
AOM per simple event 14 11—21 10
AOM per complex event 23 23—24 10
Tympanostomy caused by AOM 309 232—386 10
Bacteremia per event in adult 2,782 2,087—3,478 10
Meningitis per event in adult 3,897 2,923—4,871 10
PCV-13 per course 235 176—471 Local charge
Daily average employment costs 23 7—35 Local charge
Disutility weights”
Bacteremia 0.0079 0.0060—0.0099 2830
Meningitis 0.0232 0.0174—0.029 2830
Pneumonia 0.0079 0.0060—0.0099 2830
AOM 0.0050 0.0036—0.0063 2830
Tympanostomy caused by AOM 0.1800 0.1350—0.2250 2630
Long-term disability 0.4000 0.3000—0.5000 2830
Long-term deafness 0.2000 0.1500—0.2500 230

CAP: community-acquired pneumonia; AOM: acute otitis media; IPD: invasive pneumococcal disease.
*The disutility weight is the lost utility due to disease. The utility value can be calculated by the formula: 1—disutility weight.



population. Herd protection of PCV-13 against pneumonia and
AOM was conservatively assumed to be zero due to the absence
of conclusive data regarding the ability of indirect effects of
PCV-13 on pneumonia and AOM.*> Because the serotype
replacement could impair the indirect protection, a fixed net
indirect effect of —38.25% on IPD was applied in the current
analysis, according to previously published reports.'® The
effect of herd protection was checked in scenario analyses.

Costs and utilities

The cost of pneumococcal disease was estimated from a Chinese
heath care and societal perspective. All cost parameters are shown in
Table 1. The direct medical costs of treating acute episodes in chil-
dren, including episodes of meningitis, bacteremia, CAP and AOM,
were derived from our previously published economic analysis of
PCV-7 in China. In these instances, the treatment costs were
assumed to be incurred within 1 cycle. The costs of the long-lasting
sequelae of meningitis (neurological sequelae and hearing loss) were
considered over the remaining lifetime, which was also obtained
from our previous report.'®*® The cost of the PCV-13 vaccination
per Chinese infant included four doses of PCV-13 vaccines and
administration costs. The indirect cost was multiplied by the daily
per capita GDP salary in China and the loss of productivity associ-
ated with pneumococcal disease, which was estimated by a Chinese
clinician panel.

Heath utility values ranging from 1 (perfect health) to 0
(death) were used to estimate QALYs. The disutility weight
causing by acute events and long-term sequelaes (neurologic
disability and deafness) were obtained from the literature
(Table 1). In the current analysis, the long-term sequelaes were
assumed to be applied for one month and the remaining life-
times of the patients, respectively.

Sensitivity analysis

Probabilistic sensitivity analyses were performed using a 1000
second-order Monte Carlo simulation, which was used to

Table 2. Projected base-case health outcomes and costs.
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generate cost-effectiveness acceptability curves. Probabilistic
distribution was defined according to the modeled parameters:
beta distribution was used for the incidences, risks, probabili-
ties, proportions and utilities, and the gamma distribution was
used for costs. Based on the results of the probabilistic sensitiv-
ity analyses, one-way sensitivity analyses were conducted to
test the uncertainties of the model variables in a base case anal-
ysis setting. The plausible ranges for each variable were deter-
mined based on the published sources; when reported data
were not available, a range of £25% of the base-case value was
used for the reported values, such as 95% confidence interval
(CI), or expert opinion.

Results
Base-case analysis

Under the setting of no herd protection and herd protection,
vaccination with PCV-13 averted 0.045% and 0.083% IPD and
0.001% and 0.002% deaths associated with S. pneumonia, and
improved 0.009 and 0.010 QALYs compared with no vaccina-
tions (Table 2), respectively. From the heath care perspective,
the additional costs of PCV-13 vaccinations versus no vaccina-
tions were $189 and 188 without or with herd protection,
respectively, which resulted in ICERs of $20,709 and 18,483/
QALY, respectively. From a societal perspective, the additional
costs of PCV-13 vaccinations versus a no vaccination strategy
were $169 and 166, without or with herd protection, respec-
tively, which resulted in ICERs of $18,483 and 16,106 /QALY,
respectively.

Sensitivity analyses

The tornado diagram shows the results of one-way sensitivity
analyses with herd protection from a societal perspective
(Fig. 2), which showed that the ICER of PCV13 vaccinations
versus a no vaccination strategy ranged from $6,177 to 35,120
(Fig. 2). The parameters related to CAP (e.g., the annual

No Vaccination PCV-13 Vaccination Differences

Health outcomes

No herd protection

Probability of IPD 0.248% 0.203% —0.045%

Mortality associated with S. pneumonia 0.003% 0.002% —0.001%

Discount QALY 19.669 19.678 0.009

Expected LY 73.844 73.854 0.009
Herd protection

Probability of IPD 11.765% 11.682% —0.083%

Mortality associated with S. pneumonia 0.318% 0.316% —0.002%

Discount QALY 1,173.497 1,173.508 0.010

Expected LY 2,957.405 2,957.419 0.013
Economic outcomes

No herd protection

Discount cost ($) from the perspective of heath care 138 327 189

ICER ($/QALY) from the perspective of heath care — 20,709 —

Discount cost ($) from the perspective of society 478 646 169

ICER ($/QALY) from the perspective of society — 18,483 —
Herd protection

Discount cost ($) from the perspective of heath care 4,485 4,673 188

ICER ($/QALY) from the perspective of heath care — 18,189 —

Discount cost ($) from the perspective of society 10,127 10,293 166

ICER ($/QALY) from the perspective of society — 16,106 —
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incidence of CAP, case-fatality of hospitalized CAP and .
pneumoniae isolation rate for pneumonia) and cost of PCV-13
were identified as the key drivers of the model outputs. Other
parameters, such as the utility estimates and vaccine coverage
rate, only have median and small impacts.

Based on the probabilistic sensitivity analyses, cost-effective-
ness acceptability curves (Fig. 3) showed that the cost-effective-
ness probabilities of the PCV13 vaccination were lower than
30% at the threshold of per capita GDP in China ($8,382). At
the threshold of per capita GDP in Shanghai ($16,725), the
cost-effective probabilities of PCV13 vaccination with or with-
out herd protection were 31% and 50% or 15% and 29% from
the perspectives of health care and society, respectively.

Discussion

To the best of our knowledge, the current economic study is the
first analysis performed using the Chinese-specific price of
PCV-13. The results found that at the current PCV-13 pricing
and ceiling threshold, a routine vaccination program for Chi-
nese infants would not be cost-effective throughout the country
compared to a no vaccination strategy. However, in some weal-
thy regions in China, such as Shanghai City, introducing uni-
versal vaccination with PCV-13 might be a cost-effective
option when considering herd protection or a societal perspec-
tive. Local decision makers should weigh the economic findings
and affordability before implementing PCV-13.

One recent systematic review has reported that an infant
PCV vaccination program was a cost-effective strategy in most
low- and middle-income countries (LMICs), including 22 eco-
nomic evaluations conducted in LMICs.>" The PCV-13 price
per dose in LMICs varied from $3.50 in GAVI-eligible coun-
tries to $30 in GAVlI-ineligible countries, except for Thailand
(~$63) and China (~$58). Our analysis was consistent with
the Thai cost-utility analysis, which showed that PCV

Threshold=$8,382/0ALY

Cost of PCV-13 per 4 doses

vaccinations with PCV-10 and PCV13 are not cost-effective
even when indirect vaccine effects were considered.’® The find-
ings from the one-way sensitivity analysis indicates that the
economic outcome of PCV-13 vaccination was also most sensi-
tive to the cost of PCV-13 when the price of PCV-13 per dose
discounted 50% (~$29 per dose). One recent Chinese survey
has shown that the median willingness-to-pay price for pneu-
mococcal conjugate vaccine was $29, and 92% of respondents
were not willing to pay the market price for the vaccine.”> One
recent report published by Maurer KA and colleagues has
reported that adding PCV-7, PCV-10, and PCV-13 through the
Chinese Expanded Program on Immunization are cost-effective
from a societal perspective.”* In that analysis, the vaccination
cost of PCV-7, PCV-10, and PCV-13 per infant was only $148,
which is the price of one dose of the vaccines. However, the
pneumococcal vaccination schedule consisted of 4 doses per
infant to yield the high immunogenicity.®* When the additional
cost of one dose of PCV was considered in the Maurer KA and
colleagues’ analysis, the ICERs of vaccination program with
PCV-7, PCV-10, and PCV-13 against no vaccinations were
higher than the threshold of 3 x GDP of China, which indi-
cates that the PCV vaccination program was not cost-effective
in a Chinese context. Using the assumed cost of PCV-13 per
course ($570), Mo X and colleagues have also found that PCV
vaccinations for Chinese infants were not cost-effective, and
they suggest that the price of the vaccine must be discounted
and that financial support should be provided to poor
families.”

By reducing the carriage of S. pneumoniae and transmission
to contacts, there also has been a concordant decline in the inci-
dence of IPD among the non-vaccinated population.’® As other
published economic have reported,'>*" the herd effects of vac-
cinations have a substantial impact on the economic outcomes
of PCV-13. When the herd effect was included, our model out-
puts found that the ICERs of a PCV-13 vaccination program
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Figure 2. A tornado diagram for PCV13 with herd protection versus no vaccinations from a societal perspective. AOM, acute otitis media; Sp, Streptococcus pneumonia;

PCV-13, 13-valent pneumococcal conjugate vaccine.
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Perspective of society

Threshold =8 16,725 QALY
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Figure 3. Cost-effectiveness acceptability curves for PCV-13 and no vaccination in the perspectives of health care and society.

over a no vaccination strategy become more favorable (decreas-
ing nearly 30%) in a base-case analysis, and the probabilities of
cost-effectiveness increased over 50% in PSA compared to the
scenario without the herd effect. Although the herd effect PCV
data are increasing,36 there is still no confirmed evidence of the
impact of herd immunity of universal PCVs vaccination in East
Asia, where the environmental risk factors, family structures,
mixing patterns, and culture are vastly different compared with
Western regions. Therefore, it is still uncertain whether to simi-
lar herd effects expand to the whole population, as described in
published Western reports. However, note that the economic
benefits of PCV-13 achieved through herd effects could be
weakened in the regions where pneumococcal polysaccharide
vaccines are introduced in adults, such as Shanghai.”” Thus, the
impact of herd effects should be carefully explored.

The current analysis still suffers from several limitations,
and it should be viewed from that perspective. First, due to the
lack of national level epidemiological data associated with S.
pneumonia diseases, the analysis incorporated data derived
from Chinese Taiwan and Hong Kong surveillance data, which
are subject to bias because the variations of these data in the
sensitivity analyses, particularly the parameters related to CAP,
had a moderate impact on the model outcomes. Thus, such
findings should be carefully interpreted. Fortunately, two recent
questionnaire surveys indicated that the disease burden in Chi-
nese mainland children was likely to be higher than other
regions,’®”” which indicated that PCV vaccinations might have
more financial value. Second, a transmission dynamic model
can capture the herd effect and serotype replacement,*’ which
is generally used in cost-effectiveness analyses. However, due to
the absence of detailed local epidemiological data, which is
more easily understood for local decision makers, a static Mar-
kov model was used in this study, and it might not accurately

simulate the impact of indirect effects of vaccination and sero-
type replacement. Third, to simplify the model, the current
analysis does not consider all diseases associated with S. preu-
monia and vaccine-related adverse events, such as septic arthri-
tis, and also consider the pneumococcal disease in the disabled
population. However, because the excluded diseases or events
are rare and the excluded population are paucity, the outcomes
were too low to be projected by the model. Fourth, antibiotic-
resistant S. pneumoniae is becoming a global problem, and the
PCV vaccination program could decrease its antibiotic resis-
tance.*’ However, the present analysis did not take it into
account the health benefits of a vaccination program. This con-
servative approach might underestimate the economic out-
comes of a PCV-13 strategy. Fifth, due to not having a Chinese
license, the current study did not evaluate other competitive
vaccines, such as the 10-valent pneumococcal nontypeable
Haemophilus influenzae protein D conjugate vaccine, which
has the additional ability of protecting NTHi-related AOM
compared with PCV-13. Sixth, due to lack of reliable estimates,
the current analysis did not consider the long-term impact of
sequelae associated with AOM as previous study done,'® which
might underestimate the benefits of PCV-13 strategy. Finally,
utility scores related to pneumococcal disease were extracted
from literature published abroad due to the absence of local
data. Fortunately, utility scores have no considerable impact on
the model output. Despite these weaknesses, our analysis pro-
vides insight regarding the introduction of PCV-13 for local
decision makers.

In summary, the findings of this analysis indicate that the
introduction of PCV-13 in a Chinese vaccination program is
not cost-effective compared to a no vaccination strategy, even
when herd immunity was considered. The results of the sensi-
tivity analyses suggest that the model outcome is sensitive to
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the price of PCV-13. Thus, deployment of the PCV-13 vaccine
would be of value in some wealthy Chinese regions. To better
inform health decision making and policy, active monitoring of
the epidemiological data associated with pneumococcal disease
is necessary in China.
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