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Abstract

Background: Globally, Haemophilus influenzae type b (Hib) vaccine has substantially reduced the burden of Hib
invasive disease. However, China remains the only country not to include Hib vaccine into its national
immunization program (NIP), although it accounts for 11% of global Hib deaths. We aimed to assess the cost-
effectiveness of including Hib vaccine in China's NIP at the national and provincial levels.

Methods: Using a decision-tree Markov state transition model, we estimated the cost-effectiveness of Hib vaccine
in the NIP compared to the status quo of Hib vaccine in the private market for the 2017 birth cohort. Treatment
costs and vaccine program costs were calculated from Chinese Center for Disease Control and Prevention (CDC)
and national insurance databases. Epidemiological data and other model parameters were obtained from published
literature. Cases and deaths averted, quality-adjusted life years (QALYs) gained, and incremental cost-effectiveness
ratios (ICER) were predicted by province. Deterministic and probabilistic sensitivity analyses were performed to
explore model uncertainty.

Results: Including Hib vaccine in the NIP was projected to prevent approximately 2700 deaths (93% reduction) and
235,700 cases of Hib disease (92% reduction) for the 2017 birth cohort at the national level. Hib vaccine was cost-
effective nationally (USS 8001 per QALY gained) compared to the GDP per capita and cost-effective in 15 of 31
provinces. One-way and scenario sensitivity analyses indicated results were robust when varying model parameters,
and in probabilistic sensitivity analysis, Hib vaccine had a 64% probability of being cost-effective nationally.
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Conclusion: Introducing Hib vaccine in China’s NIP is cost-effective nationally and in many provinces. Less
socioeconomically developed provinces with high Hib disease burden and low access to Hib vaccine in the current
private market, such as those in the west region, would benefit the most from adding Hib vaccine to the NIP. In
the absence of a national policy decision on Hib vaccine, this analysis provides evidence for provincial governments
to include Hib vaccine into local immunization programs to substantially reduce disease burden and treatment

COsts.
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Background

Haemophilus influenzae type b (Hib) is a common cause
of pneumonia, meningitis, and other serious infections
in children [1, 2]. China was estimated to be among the
ten countries with the greatest number of Hib cases and
deaths in children aged 1-59 months in 2000 [3]. Wahl
et al. estimated that China still had approximately 3400
total Hib deaths in 2015 [4].

Vaccination is one of the most effective means of pre-
venting Hib disease in a variety of settings around the
world [5-7], and it remains an effective tool to reduce
antibiotic resistance among some bacterial pathogens in-
cluding Hib [8]. In September 2013, the World Health
Organization (WHO) universally recommended the in-
clusion of Hib vaccines in all infant immunization pro-
grams worldwide, regardless of the availability of local or
national surveillance data [2]. Hib vaccines have been in-
troduced in 193 of 194 WHO member countries and re-
gions [9]. China is the only WHO member that has not
included Hib vaccine in its NIP. Rather, Hib vaccine is
only available to children through the private market in
China, where it first became available in 1996 [10].
While the global burden of Hib disease has decreased
significantly in recent years with expanded access to Hib
vaccine [11], China has a relatively large remaining bur-
den of Hib disease [3, 4].

Policy decisions on introducing Hib vaccine into
China’s NIP have been driven by uncertainties around
the burden of Hib disease without national surveillance
and the high price of Hib vaccines [10]. A new law
enacted in 2019 empowering provincial public health of-
ficers to make their own policies regarding new vaccine
introductions presents the opportunity for provinces to
introduce Hib vaccine before it is nationally introduced
into the NIP [12]. High-quality studies on the economic
impact of Hib vaccination in China are limited, and sub-
national analyses are not available. National and provin-
cial data on the economic impact of Hib vaccination in
China are needed to inform policy decisions about
expanding the use of Hib vaccines. To address this evi-
dence gap, we evaluated the national and provincial
cost-effectiveness of introducing Hib vaccine into
China’s NIP compared to the status quo in the private
market.

Methods

Model overview

A decision-tree Markov state transition model was de-
veloped to estimate the impact of Hib vaccine on disease
burden, quality-adjusted life years (QALYs), and costs
for the 2017 birth cohort in each province in China (Fig.
1). The model compared Hib vaccine introduction into
the NIP and the status quo where Hib vaccine is only
available in the private market. The model tracked Hib
pneumonia, meningitis, and non-pneumonia non-
meningitis (NPNM) disease events over the cohort's first
five years of life and estimated the QALYs gained over
the life of the cohort. Children surviving past the neo-
natal period entered the model under both comparators
(i.e., Hib vaccine in the NIP or status quo), and were as-
sumed to be healthy but at risk of Hib infection depend-
ing on vaccination status (Fig. 1 and Additional file 1:
Table S1).

The analysis was conducted from the societal perspec-
tive using a lifetime time horizon for the cohort. All
costs and effects were discounted at 3% as recom-
mended by the WHO [13], and all costs were converted
to 2017 US dollars (1 US$ = 6.8 RMB), adjusting for in-
flation when necessary [14]. The model was developed
using TreeAge Pro 2020 (TreeAge Software, Inc., Wil-
liamstown, MA). Results were estimated nationally and
for the 31 provinces in mainland China and three geo-
graphically contiguous and socioeconomically distinct
regions: east, central, and west according to National
Bureau of Statistics of China. Parameter point estimates,
plausibility ranges, and distributions are presented in
Table 1.

Epidemiological data

The province-specific probabilities of Hib severe and
non-severe pneumonia, meningitis, and NPNM cases
and deaths between ages 1 and 59 months were esti-
mated from modeled provincial Hib incidence and mor-
tality in 2017 [33] assuming no vaccination in the
private market and following the Hib disease age distri-
bution from published literature (Additional file 2: Table
S2) [34]. We assumed all severe pneumonia, meningitis,
and NPNM cases were hospitalized due to the severity
of these syndromes, and all deaths occurred in hospitals.
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Fig. 1 Markov decision tree for a single birth cohort comparing Hib vaccine in the national immunization program (NIP) vs. status quo (Hib
vaccine in the private market). A Markov decision tree. B Hib Immune Markov diagram. C Hib susceptible Markov diagram

Access to care is high in most provinces, and most
deaths of children under-five in China occur in health-
care facilities rather than in the community [1]. Children
developing Hib meningitis in the model were at risk of
long-term sequelae (i.e., cognitive disability, hearing loss,
epilepsy, and hemiplegia) following probabilities from a
global meta-analysis study [35].

Disease burden costs

Provincial and regional costs of Hib disease were esti-
mated using syndrome-specific data from published lit-
erature and health insurance data from the China
Healthcare Insurance Research Association (CHIRA)

comprising data from hospitals in all 31 provinces in
mainland China between 2013 and 2017 [18]. The cost
per inpatient and outpatient case of pneumonia, menin-
gitis, and NPNM included direct medical, direct non-
medical, and indirect costs. The cost of sequelae only in-
cluded direct medical costs.

The average direct medical cost per case for each syn-
drome was estimated using the CHIRA individual-level
medical cost data by ICD-10 code. Direct non-medical
costs for inpatient pneumonia and meningitis, including
the cost of transportation, accommodation, out-of-
pocket medication, and other fees, were estimated from
China CDC surveys conducted in 2015 in Gansu
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province [36] and 2014 in Shandong, Hebei, and Hubei
provinces [37]. Estimates from these surveys were ad-
justed for each province using the ratio of the provincial
total consumption expenditure obtained from the China
Statistics Yearbook [22]. Because non-medical cost esti-
mates for NPNM were not available, the cost was esti-
mated using the average days hospitalized and the daily
non-medical cost for inpatient pneumonia. Indirect costs
associated with caregiver and visitor productivity loss
and future lifetime productivity loss due to premature
death and disability were estimated using the human
capital approach. The methods used to estimate direct
medical, non-medical costs, and indirect costs for each
province are described in Additional file 3: Table S3 and
S4.

Vaccine efficacy and coverage rates

Because a uniform Hib vaccine schedule does not exist
in China, the base case modeled a 3+1 dosing schedule
assuming infants received primary doses by 6 months of
age and a booster dose at the age of 18—24 months fol-
lowing the current schedule used in the private market
and recommendations from the China CDC and vaccine
manufacturers in China [38]. For the status quo sce-
nario, provincial coverage rates for each dose of Hib vac-
cine in the private market were estimated by multiplying
the total doses administered in each province from the
China CDC by the distribution of children receiving 1, 2,
3, and 4 doses obtained from a 2019 facility-based survey
of more than 6000 children in 10 provinces in China
(Additional file 4: Table S2) [3, 39]. For coverage in the
NIP, regional four-dose diphtheria-tetanus-pertussis vac-
cine (DTP) coverage was used as a proxy for Hib vaccine
coverage because of the similar schedule in China. Dose-
specific vaccine efficacies were estimated from a meta-
analysis study of controlled clinical trials globally [20].
Due to the relatively low coverage of Hib vaccine cur-
rently in China and the wide dispersion of immunized
children, herd immunity was not included in the base
case, but was included in the sensitivity analysis.

Vaccination costs

In China, several Hib vaccine products of varying prices
are available in the private market. To estimate the cost
of the vaccine in the private market, an average price per
dose of US$ 11.6 (range US$ 9.1-14.9) was used based
on centralized procurement data for seven Hib vaccine
products in 2017 obtained from the China CDC [40].
For the base case analysis, the same vaccine price and
schedule were used for both strategies to provide con-
servative results in the absence of guidance on vaccine
introduction strategy from the Chinese government. The
societal cost of the Hib vaccine program, including the
governmental cost of routine immunization and the
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household cost of vaccine-seeking, was estimated using
regional vaccine program data from a 2016 survey con-
ducted by the China CDC in 15 provinces [30]. Govern-
mental costs included the cost of vaccines, wastage,
personnel, cold chain, surveillance, communication ac-
tivities, training, and supervision at the national and pro-
vincial levels and the cost of serious adverse reaction.
The vaccine-seeking costs included the cost of transpor-
tation and caregiver productivity loss. See Additional file
4 for the methods used to estimate the societal costs of
the vaccine program for each strategy.

Cost-effectiveness analysis

Incremental cost-effectiveness ratios (ICERs), defined as
the incremental costs (i.e., Hib vaccine costs and disease
costs) per Hib case averted, death averted and QALY
gained, were used to compare the status quo and NIP
strategies. QALY utilities were derived from published
literature [27-29] and ranged from O to 1 where O repre-
sented death and 1 represented perfect health (Table 1).
The Chinese government has no policy for assessing
cost-effectiveness thresholds of vaccines, so the cost-
effectiveness of Hib vaccine in the NIP was evaluated
using two thresholds: (1) 2017 national and provincial
GDP per capita thresholds as recommended by the
Commission on Macroeconomics and Health [41]; and
(2) thresholds estimated by Woods et al. for China (2017
US$ 1130 and US$ 4469), which account for the oppor-
tunity cost of the health expenditure and may be more
appropriate to inform on resource allocation decisions
[42]. The 2017 national GDP per capita was US$ 8774,
and provincial GDPs are described in Additional file 1:
Table S1 [22].

Sensitivity analysis

Several sensitivity analyses were performed to test the
robustness of model results and assess sources of model
uncertainty. Deterministic sensitivity analyses (DSA)
were conducted at the national level for all model pa-
rameters using the plausibility ranges specified in Table
1. For parameters with an unknown uncertainty range,
the plausibility range was assumed to be 25% of the base
value. Probabilistic sensitivity analysis (PSA) using
Monte Carlo simulation (N=1000 iterations) was also
done to assess the effects of changing multiple parame-
ters simultaneously. Model uncertainty from the DSA
and PSA were summarized using a tornado diagram and
cost-effectiveness acceptability curves at the national
level.

Scenario sensitivity analyses were performed to adjust
the vaccine price per dose and vaccine schedules in the
NIP and to include herd immunity. To estimate the in-
fluence of the NIP vaccine price on cost-effectiveness,
we reduced the price of a Hib vaccine dose by 10-75%
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at national level. Although a 3+1 schedule is currently
used in the private market, no decision has been made
on the schedule for the NIP. To ensure the Chinese gov-
ernment has sufficient data to evaluate Hib vaccine
introduction, we estimated the impact of a 3-dose NIP
schedule on the cost-effectiveness.

The combined direct and herd immunity effects at dif-
ferent vaccine coverage levels were estimated using re-
gression estimates previously published by Wahl et al.
[4]. When Hib vaccine coverage is < 10% or > 98%, the
combined effect equals the direct effects. Because the as-
sumed weighted vaccine coverage of all doses in the NIP
strategy for all regions was more than 98%, herd immun-
ity would not likely have any effect on the NIP strategy.
However, with variable weighted vaccine coverage in the
private market, herd immunity could increase the effect-
iveness of the status quo strategy in some provinces. See
Additional file 4 for the regression model used as well as
provincial and regional weighted vaccine coverage esti-
mates [4].

Results

Impact of Hib vaccine

Access and coverage of Hib vaccine in the private mar-
ket varied substantially by the province in China. Na-
tional coverage was only 33%, ranging from over 50% in
higher socioeconomically developed provinces like
Shanghai and Tianjin to less than 5% in less socioeco-
nomically developed provinces in the west region, like
Tibet, Xinjiang, and Gansu.

The health effects and costs of introducing Hib vac-
cine into the NIP for the 2017 birth cohort are presented
in Table 2. The model predicted that Hib vaccine in the
NIP was projected to avert approximately 235,700 Hib
cases and 2700 Hib deaths, a 93% reduction, over the
first 5 years of life for the cohort. Most cases and deaths
averted were pneumonia, with outpatient and inpatient
pneumonia accounting for 80% and 17% of cases
averted, respectively ( Additional file 5: Table S1).
Guangdong and Hebei, the most populous provinces in
China, had the greatest number of cases averted (ie., >
10,000 cases). Most averted deaths were in Xinjiang and
Yunnan provinces due to low Hib vaccine coverage and
relatively high case fatality. The NIP strategy resulted in
85,388 QALYs gained over the cohort’s lifetime with
most QALYs gained in provinces in the west and poorer
provinces like Xinjiang and Yunnan.

Introducing Hib vaccine into the NIP was estimated to
cost US$ 1.4 billion (US$ 1.1 billion to the Chinese gov-
ernment) in vaccine procurement, programmatic costs,
and indirect costs (Table 2 and Additional file 5: Table
S2). However, investment in vaccination would be par-
tially offset by savings of US$ 377 million from averted
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treatment costs and increased lifetime productivity
nationally.

Cost-effectiveness analysis

The national ICERs per case averted, per death averted,
and per QALY gained were US$ 2899, US $252,686, and
US$ 8001, respectively. ICERs per QALY gained were
less than the national GDP per capita (US$ 8774) in
2017, indicating Hib vaccine in the NIP was highly cost-
effective.

At the provincial level, adding Hib vaccine to the NIP
was cost-effective in 15 and 11 of the 31 provinces when
compared to the provincial GDP per capita and Woods
et al. threshold (US$ 4,469), respectively (Fig. 2), and it
was cost-saving in Qinghai, Tibet, and Xinjiang prov-
inces—all in the west region. The provinces where Hib
vaccination was not cost-effective had lower disease bur-
den and higher vaccine coverage in the private market
compared to the other provinces. Conversely, the three
provinces where Hib vaccine was cost-saving had high
Hib incidence, high CFRs, and lower vaccine coverage in
the private market compared to other provinces (Add-
itional file 6: Table S2).

Sensitivity analysis

In deterministic sensitivity analyses, Hib vaccination
remained cost-effective when varying the model parame-
ters (Fig. 3). The most important parameters were the
price per dose in the NIP and disease burden parameters
for Hib pneumonia and meningitis, including incidence
and CFR. In the PSA, Hib vaccine in the NIP had a 64%
probability of being cost-effective nationally compared
to the national GDP per capita, and the probability in-
creased to more than 80% when reducing the price of
Hib vaccine by at least 10% (Fig. 4).

Including herd immunity in the model decreased the
cost-effectiveness nationally and in most provinces. Herd
immunity did not have any effect on the NIP strategy
because of the high direct vaccine coverage in all prov-
inces. However, accounting for herd immunity increased
the vaccine effective coverage for the status quo strategy
where the average provincial coverage in the private
market was 33%. More socioeconomically developed
areas (e.g., Shanghai and Beijing) had higher vaccine
coverage in the private market and greater herd immun-
ity effects that decreased cost-effectiveness. Although
the national ICER per QALY gained increased from US$
8001 to US$ 14,903 when accounting for herd immunity,
Hib vaccine in the NIP remained cost-effective in 9
provinces. It did not become cost-effective until the NIP
vaccine price decreased by 50% or more. Nationally,
adding Hib vaccine to the NIP became cost-saving when
the price per dose was less than US$ 2.02. A 3-dose
schedule also increased cost-effectiveness overall (US$
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Hib Vaccine Cost-Effectiveness (US$/QALY Gained)

[ Not Cost-Effective

[ Cost-Effective (Province GDP per Capita threshold)
I Cost-Effective (Woods et al. threshold)

B Cost-Saving

eilongjiang

Fig. 2 Cost-effectiveness of Hib vaccine introduction in the national immunization program by province. The map indicates provinces where Hib
vaccine in the national immunization program is cost-effective compared to the status quo when the ICER (US$/QALY gained) is less than the
provincial GDP per capita and the Woods et al. threshold for China (US$ 4469). For Gansu province, the GDP per capita (US$ 4313) is less than

the Woods et al. threshold, and including Hib vaccine in the national immunization program is cost-effective at both thresholds

4071 per QALY gained nationally) with Hib vaccine in
the NIP becoming cost-effective in 20 of 31 provinces
(Additional file 7: Table S1).

Discussion

Currently, China is the only country not including Hib
vaccine in its NIP, and continues to have the largest
population of children without access to Hib vaccine
despite availability in the private market. This is the first
study at the provincial level to estimate the cost-
effectiveness of introducing Hib vaccine into the NIP
compared to the status quo in the private market. For a
single birth cohort in 2017, the introduction of Hib vac-
cine into the NIP could save approximately 2700 lives
and avert over 235,600 cases of Hib invasive disease.
Averting premature death and long-term disability from
Hib sequelae resulted in savings of $ 384 million in
averted treatment costs and increased lifetime productiv-
ity from averted premature death. With an ICER per
QALY gained of US$ 8001, Hib vaccine in the NIP was

cost-effective nationally compared to the 2017 GDP per
capita. Adding Hib vaccine to China’s NIP is not only
cost-effective but would also expand access to the vac-
cine for children throughout China. Although this is the
first study to compare national vaccination with the sta-
tus quo in the private market, our findings at the na-
tional level are consistent with other studies comparing
national vaccination to no vaccination [43, 44].

At the provincial level, Hib vaccine in the NIP was
cost-effective in 15 of 31 provinces with provinces in the
west region getting the largest benefit. Expanded Hib
vaccination was most cost-effective in provinces with
low coverage in the private market and/or higher Hib
disease burden. While other programs and interventions
aimed at improving maternal and child health had been
implemented throughout China in the last decade [45,
46], none of these prevented Hib disease, and in less so-
cioeconomically developed provinces, mostly in the west
region, Hib disease burden remained high while access
to vaccines in the private market was limited. In
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Fig. 3 Tornado diagram of one-way sensitivity analyses for the most influential model parameters on ICER (USS/QALY gained)

Qinghai, Tibet, and Xinjiang, all provinces with low Hib
vaccine coverage in the private market and high mortal-
ity, introducing Hib vaccine into these provinces was not
only cost-effective but also cost-saving. Introducing Hib
vaccine into China’s NIP could not only effectively re-
duce the disease burden especially in the west region,
but it would also promote health equity by improving
vaccine access in less socioeconomically developed and
higher disease burden provinces.

For the base case analysis, we used a conservative ap-
proach to estimate model parameters, but the sensitivity
analyses demonstrated the robustness of the study re-
sults. Vaccine price, incidence, and CFR were among the
main drivers of cost-effectiveness. In the absence of reli-
able vaccine price data in China, which was not Gavi eli-
gible, we assumed the NIP vaccine price was the same as
the private market. The Chinese government is likely to
negotiate a reduced price for Hib vaccines when pur-
chasing a very large volume per year if Hib vaccine is
added to the NIP. Nationally, Hib vaccine, which was
already cost-effective in the base case analysis, would be-
come cost-saving if the vaccine price could drop from
US$ 11.62 to US$ 2.02. Regionally, Hib vaccination be-
came cost-effective in all three regions at US$ 5.82.

This study had some limitations. First, reliable data on
access to care for each province and deaths occurring
outside health facilities were unavailable. Nationally, ac-
cess to care was high in China, and we assumed all Hib
cases sought care at a health facility and all deaths oc-
curred in hospitals. Reductions in care-seeking would re-
duce cost savings and increase ICER estimates.

Conversely, deaths occurring outside health facilities
could result in an underestimate of ICER values. Second,
the model did not account for the dispersion of children
vaccinated in the private market in the community. We
assumed coverage was equally distributed throughout
the province, but in reality, there are likely pockets of
unvaccinated children and pockets with higher vaccine
coverage where indirect effects could be present.

Third, the analysis relied on treatment cost data from
CHIRA that has some limitations. While CHIRA cost
data were nationally representative, it might overesti-
mate the cost of Hib-related disease because data came
from mostly urban areas and might not represent the
rural populations. This urban bias might result in an
underestimate of the ICERs in provinces with large rural
populations and overestimate the cost-effectiveness. Des-
pite this limitation, the sensitivity analysis showed that
the vaccine price and disease burden parameters were
the largest drivers of the ICER estimates, and varying in
the cost of treatment was not likely to change the cost-
effectiveness in individual provinces. Similarly, the cases
included in the CHIRA database included both
laboratory-confirmed and suspected cases that could
bias the treatment cost estimates. However, in China,
high antibiotic use makes it difficult to laboratory-
confirm Hib cases, and most laboratories do not detect
the majority of Hib disease. Due to the low confirmation
rates in China, the treatment of confirmed and non-
confirmed cases of suspected bacterial origin was similar,
and non-confirmed cost data were not likely to signifi-
cantly affect the overall treatment cost estimates.
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Fig. 4 Cost-effectiveness acceptability curves of the national Hib vaccine program for the base case and different vaccine price and herd
immunity scenarios. Vertical lines represent the national GDP per capita (US$ 8774), upper bound threshold (USS$ 4469) by Woods et al. (2016),
and lower bound threshold (US$ 1130) by Woods et al. (2016). The probability that adding Hib vaccine into the National Immunization Program
is cost-effective for the base case and when reducing the price of Hib vaccine and accounting for the herd immunity from the probabilistic
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Fourth, incidence and treatment costs of Hib seque-
lae were not available by province, so national esti-
mates obtained from published literature were used in
the model. The deterministic sensitivity analysis
showed that the impact of Hib sequelae parameters
was minimal compared to other parameters, but this
could be an underestimate because the treatment cost
estimates used did not account for lifelong costs to
treat the sequelae.

Conclusions

Despite these limitations, Hib vaccine was cost-
effective at the national level, in several provinces in
China, and even cost-saving in three west provinces.
This study provides evidence to support the introduc-
tion of Hib vaccine into China’s NIP. Although Hib
vaccine was available in the private market, the ma-
jority of children, especially those in poorer and

higher burden areas, still lacked access because of the
high price of Hib vaccines. The provincial analyses
supported subnational introduction of Hib vaccine if
no decision was made nationally, and priority should
be given in provinces of Tibet, Xinjiang, and Qinghai
due to their severe disease burden and substantial
benefits gained from including Hib vaccine in their
local immunization programs. Introduction of Hib
vaccine in the NIP or in high burden provinces
should be a key strategy to meet the Sustainable De-
velopment Goal child survival targets by 2030 and ac-
celerate the elimination of Hib diseases globally.
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