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Abstract

Background Although pneumococcal conjugate vaccines

(PCVs) have been available for prevention of invasive

pneumococcal disease (IPD) caused by Streptococcus

pneumoniae (S. pneumoniae) for over a decade, their

adoption into national immunization programmes in low-

and middle-income countries (LMICs) is still limited.

Economic evaluations (EEs) play a crucial role in support

of evidence-informed decisions.

Objective This systematic review aims to provide a critical

summary of EEs of PCVs and identify key drivers of EE

findings in LMICs.

Methods We searched Scopus, ISI Web of Science,

PubMed, Embase and Cochrane Central from their inception

to 30 September 2015 and limited the search to LMICs. The

search was undertaken using the search strings

‘pneumococc* AND conjugat* AND (vaccin* OR

immun*)’ AND ‘economic OR cost-effectiveness OR cost-

benefit OR cost-utility OR cost-effectiveness OR cost-ben-

efit OR cost-utility’ in the abstract, title or keyword fields.

To be included, each study had to be a full EE of a PCV and

conducted for an LMIC. Studies were extracted and

reviewed by two authors. The review involved standard

extraction of the study overview or the characteristics of the

study, key drivers or parameters of the EE, assumptions

behind the analyses and major areas of uncertainty.

Results Out of 134 records identified, 22 articles were

included. Seven studies used a Markov model for analysis,

while 15 studies used a decision-tree analytic model.

Eighteen studies performed a cost-utility analysis (CUA),

with disability-adjusted life-years, quality-adjusted life-

years or life-years gained as a measure of health outcome,

while four studies focused only on cost-effectiveness

analysis (CEA). Both CEA and CUA findings were pro-

vided by eight studies. Herd effects and serotype replace-

ment were considered in 10 and 13 studies, respectively.

The current evidence shows that both the 10-valent and

13-valent PCVs are probably cost effective in comparison

with the 7-valent PCV or no vaccination. The most influ-

ential parameters were vaccine efficacy and coverage (in

16 of 22 studies), vaccine price (in 13 of 22 studies), dis-

ease incidence (in 11 of 22 studies), mortality from IPD

and pneumonia (in 8 of 22 studies) and herd effects (in 4 of

22 studies). The findings were found to be supportive of the

products owned by the manufacturers.

Conclusion Our review demonstrated that an infant PCV

programme was a cost-effective intervention in most

LMICs (in 20 of 22 studies included). The results were

sensitive to vaccine efficacy, price, burden of disease and

sponsorship. Decision makers should consider EE findings

and affordability before adoption of PCVs.
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Key Points for Decision Makers

Pneumococcal conjugate vaccine (PCV)

immunization programmes in low- and middle-

income countries (LMICs) are associated with

favourable cost-effective results in almost all

published studies (in 20 of 22 studies).

This systematic review highlights that vaccine

efficacy, vaccine price and disease burden are the

key drivers and play influential roles in the decision

to implement PCV immunization programmes in

LMICs.

In addition to cost-effectiveness results, decision

makers should consider feasibility, affordability and

sustainability of vaccination programmes to ensure

equitable access to the vaccine when deciding

whether to include a PCV in the national

immunization programme.

1 Introduction

Streptococcus pneumoniae (S. pneumoniae) is a Gram-pos-

itive bacterial pathogen causing invasive pneumococcal

diseases (IPDs)—including meningitis, bacteraemia, peri-

tonitis and sepsis—and non-invasive diseases, such as acute

otitis media (AOM), sinusitis and pneumonia [1–3]. Dis-

eases caused by S. pneumoniae are serious and a major

health problem leading to childhood morbidity and mortality

worldwide, particularly in children under the age of

24 months [4]. The treatment of pneumococcal diseases can

be difficult and inadequate to prevent sequelae and mortality

[5]. Moreover, the pneumococcal strains that are resistant to

antibiotics make treatment even more challenging [6].

Pneumococcal conjugate vaccines (PCVs) have become

available and have been proven to be a safe and effective

option for young children [5]. Given the high disease burden,

the implementation of a universal childhood immunization

programme and its impact on health outcomes have received

much attention from policy makers and have become a high

priority in many nations [6, 7]. The first PCVwas the 7-valent

PCV (PCV7), containing capsular polysaccharide antigens of

seven serotypes (4, 6B, 9V, 14, 18C, 19F and 23F), which

showed a substantial decline in vaccine-type (VT) IPD cases

after 4 years following its introduction in the infant immu-

nization schedule [8]. However, an increase in non-vaccine-

type (NVT) IPD cases due to serotype replacement—notably,

7F, 19A and 22F—has also been reported [8]. Currently, the

available newer PCVs containing antibodies to capsular

polysaccharide antigens of S. pneumoniae include 10- and

13-valent PCVs (PCV10/Synflorix�, PCV13/Prevnar�) [9].

PCV10—containing additional antigen serotypes 1, 5 and

7F—has been claimed to confer high protection against dis-

eases caused by non-typable Haemophilus influenzae

(NTHi)—most markedly, AOM—whereas PCV13 offers

seroprotection against six additional serotypes causing IPD

(1, 3, 5, 6A, 7F and 19A) in addition to the seven serotypes

contained in PCV7 [9, 10].

Despite the clinical benefits of PCVs in disease preven-

tion, the introduction of vaccination programmes in low- and

middle-income countries (LMICs) is limited by financial

barriers. To improve access to new and underused vaccines

for children living in the world’s poorest countries, the

Global Alliance for Vaccines and Immunization (GAVI)

was established in 2000 to bring together the public and

private sectors with the shared goal of creating better access

to vaccines for children in the world. Fifty-four countries are

eligible to apply for GAVI support in 2016 [11]. Almost all

(*84 %) of the 31 low-income countries (LICs) that are

GAVI eligible have introduced the vaccine, except for

Somalia, North Korea, Guinea, Comoros and Chad [12].

However, the progress of introducing PCVs into national

immunization programmes in middle-income countries

(MICs) has been comparatively sluggish. As of now, 134

countries have introduced PCVs into their national immu-

nization programmes [12]. The available cost-effectiveness

data for PCVs have been largely documented in high-in-

come countries (HICs) where the vaccine has been adopted

as part of immunization programmes [6]. Our previous

systematic review [9], which reviewed the cost-effectiveness

literature on PCV10 and PCV13 from all around the world,

found that combined uncertainty related to price differences,

burden of disease, vaccine effectiveness, herd immunity and

serotype replacement effects determined the preference base

for either PCV10 or PCV13 [9]. Of the studies that were

included in that review, only eight were conducted in

LMICs, where the burden of disease is usually high, and few

of those countries included PCVs in their immunization

programmes [7]. Thus, the generalizability of the findings

was limited. Moreover, different assumptions could be made

from varying time spans of economic analyses [6]. There

remains a strong need for an updated systematic review of

cost-effectiveness studies of PCV programmes specifically

for LMICs. The current review aims to summarize the key

characteristics and findings of cost-effectiveness evidence to

provide relevant information for decision makers.

2 Methods

This review adhered to the Preferred Reporting Items for

Systematic Reviews and Meta-analyses (PRISMA) state-

ment [13].
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2.1 Search Strategy

This systematic review is an extension of our previous

review of economic evaluations (EEs) of PCVs in child-

hood [9]. Thus, the searching of the databases was limited

to the time interval from 1 January 2014 to 30 September

2015, since the end date of the search for our previous

review was 31 January 2014 (see Fig. 1). The literature

search for the current review was undertaken in a similar

fashion to that in our previous review, using the broad

combined search strings ‘pneumococc* AND conjugat*

AND (vaccin* OR immun*)’ AND ‘economic OR cost-

effectiveness OR cost-benefit OR cost-utility OR cost-

effectiveness OR cost-benefit OR cost-utility’ in the

abstract, title or keyword fields. Five databases—Scopus,

ISI Web of Science (SCI and SSCI), Medline (PubMed),

Embase and Cochrane Central—were searched to retrieve

studies of potential interest. The search was limited to

LMICs using an LMIC filter (see the Appendix in the

Electronic Supplementary Material).

2.2 Selection

All initially identified studies were considered on the basis

of the title and abstract, and were included for further

review if they contained a full EE [14] of a PCV in children

(aged\12 years) in an LMIC. One hundred and thirty-five

countries were classified as LMICs on the basis of the

World Bank classification, with a per capita gross national

income (GNI) less than US$12,736 [15]. Non-English-

language articles, editorials, letters and review articles

were excluded. A flow chart showing the selection process

is illustrated in Fig. 1.

2.3 Data Extraction

The inclusion criteria were checked by two reviewers (SS

and AR), and data were extracted by SS using a stan-

dardized data extraction form and confirmed by either AR,

DBCW or NC. In cases of doubt, there was a consultation

process to base the extraction upon consensus. As the main

Fig. 1 Flow diagram of the

selection process used to

identify studies for inclusion in

this review. CEA cost-

effectiveness analysis, LMIC

low- or middle-income country

*Articles were retrieved from

Wu et al. [9]
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objective of the review was to provide LMIC decision

makers with a comprehensive overview of the key issues to

consider when making a decision about PCV immuniza-

tion, the following data were considered: (1) study over-

view or characteristics of the study; (2) key drivers or

parameters of the EE; (3) assumptions behind the analyses;

and (4) major area of uncertainty.

3 Results

3.1 Study Selection

A total of 134 records were identified through database

searching (n = 126) and other sources (n = 8). One hun-

dred records remained after duplicates were removed. Of

those remaining 100 citations, 59 records were deemed

ineligible on the basis of their title and abstract. Of the 41

papers that qualified for a full-text review, 19 full-text

articles were excluded because they did not meet the eli-

gibility criteria for the review (see Fig. 1). Twenty-two

studies were selected for this systematic review [16–37].

Three each were from China [25, 28, 37] and Peru

[21, 29, 30]; two each were from Columbia [19, 36],

Turkey [20, 24] and the Philippines [26, 32]; one each was

from the Gambia [16], Brazil [18], Kenya [22], Thailand

[23], Malaysia [27], Paraguay [31], Somalia [33], Georgia

[34] and Egypt [35]; and one study was done in 77 MICs

[17].

3.2 General Characteristics of the Included Studies

General characteristics of the EEs and vaccine prices are

shown in Tables 1 and 2 and Table A-1 in the Electronic

Supplementary Material. All 22 studies used economic

models to evaluate the cost effectiveness of PCVs in

LMICs. Eighteen studies performed a cost-utility analysis

(CUA) with disability-adjusted life-years (DALYs) or

quality-adjusted life-years (QALYs) as a measure of health

outcome [16–18, 20–23, 25–28, 30–35, 37], while four

studies focused only on cost-effectiveness analysis (CEA)

[19, 24, 29, 36]. Both CEA and CUA findings were pro-

vided by eight studies [20–22, 25, 27, 34, 35, 37].

Three studies were conducted from the payer perspective,

all of which were sponsored by pharmaceutical companies

[25, 27, 37]. The costs for the perspective included the direct

medical costs, the cost of the vaccine per dose and the direct

cost associated with vaccine administration. In the study

conducted in Malaysia, the authors declared their full inde-

pendence in study execution [25]. Eight studies used a

societal perspective [16–19, 22, 23, 28, 31], whereas the

healthcare perspective was used in seven studies

[18, 20, 21, 24, 32, 33, 36]. Among these, three studies were

sponsored by manufacturers [18, 19, 34], two studies were

sponsored by GlaxoSmithKline (GSK) with the sponsor’s

involvement at all stages [18, 19] and one study funded by

Pfizer declared full independence of the authors in the study

conduct [34]. One study used both societal and healthcare

perspectives [18]. Six studies used a government perspective

[26, 29–31, 34, 35], of which one study was supported by

GSKVaccines with their full involvement from study design

to data analysis [24], and one study adopted the perspectives

of both the government and society [31]. The government

perspective included direct medical costs related to treat-

ment borne by the government, whereas the health sector

perspective included all direct medical costs related to PCV

treatment, both inpatient and outpatient. The cost inputs into

the model for both perspectives were generally similar in

LMIC settings.

In terms of the impacts of herd immunity and serotype

replacement exploration, 10 studies modelled the positive

effects of herd protection [17, 23, 25, 27, 28, 32, 34–37],

and the negative impact of serotype replacement was

considered in 13 studies as their base-case analysis

[16, 17, 21–24, 26, 27, 30, 32, 34, 35, 37]. Of these, seven

studies considered both herd effects and serotype replace-

ment (often collectively termed ‘indirect effects’) in their

evaluations [17, 23, 27, 32, 34, 35, 37].

Different durations of time horizon were assumed. Three

studies projected the outcomes over a year [20, 25, 37], one

study each over 2 and 3 years [29, 33], six studies over

5 years [16, 24, 28, 32, 35, 36], two studies over 10 years

[31, 34] and one over 25 years [18]. Seven studies used a

lifetime horizon [17, 19, 21, 23, 26, 27, 30]. The time span

used was not reported in one study [22]. The issue of the

time horizon is critical, as it should be long enough to fully

capture long-term costs and health outcomes. Since

meningitis is one of the crucial IPDs that is associated with

long-term sequelae—such as hearing loss or mental retar-

dation—a lifetime horizon should be used unless the

studies have provided clear justification for not using such

a time horizon. Most studies used discount rates between 3

and 6 % for costs and benefits, in which rates of 3 % were

applied in most studies.

A cost-effectiveness threshold of 1–3 times the per capita

gross domestic product (1–39 GDP) was clearly stated,

based on the cost per DALY averted (according to the rec-

ommendation from the World Health Organization (WHO)

Choosing Interventions That Are Cost Effective (CHOICE)

project [38]), in nine studies [16–18, 22, 30, 31, 33–35]. Five

studies estimated incremental cost-effectiveness ratios

(ICERs) for costs per QALY or costs per life-year gained

(LYG) [39] and used 1–39 GDP as the threshold. Two

studies used their own country-specific thresholds [23, 32],

while two studies did not use cost-effectiveness thresholds

[20, 29]. It is important to note that the remaining four studies

1214 S. Saokaew et al.
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ü
re
l,
2
0
1
3
(T
u
rk
ey
)
[2
4
]

P
C
V
7
,
P
C
V
1
0
,

P
C
V
1
3

D
ec
is
io
n
-t
re
e
m
o
d
el

Y
es

N
o
n
e

A
t
1
9

G
D
P
:b
al
l
P
C
V
s
ar
e
co
st

ef
fe
ct
iv
e

L
Y
G
s

H
u
,
2
0
1
4
(C
h
in
a)

[2
5
]

P
C
V
7

D
ec
is
io
n
-t
re
e
m
o
d
el

Y
es

P
fi
ze
r

A
t
1
9

G
D
P
:d
P
C
V
7
is
co
st

ef
fe
ct
iv
e

L
Y
G
s,
Q
A
L
Y
s

Z
h
an
g
,
2
0
1
4
(t
h
e

P
h
il
ip
p
in
es
)
[2
6
]

P
C
V
1
0
,
P
C
V
1
3

M
ar
k
o
v
m
o
d
el

Y
es

G
S
K

A
t
3
9

G
D
P
:b
al
l
P
C
V
s
ar
e
co
st

ef
fe
ct
iv
e
(P
C
V
1
0
d
o
m
in
at
es

P
C
V
1
3
)

Q
A
L
Y
s

A
lj
u
n
id
,
2
0
1
4
(M

al
ay
si
a)

[2
7
]

P
C
V
1
0
,
P
C
V
1
3

M
ar
k
o
v
m
o
d
el

Y
es

G
S
K

A
t
3
9

G
D
P
:d
al
l
P
C
V
s
ar
e
co
st

ef
fe
ct
iv
e
(P
C
V
1
0
d
o
m
in
at
es

P
C
V
1
3
)

L
Y
G
s,
Q
A
L
Y
s

C
h
e,

2
0
1
4
(C
h
in
a)

[2
8
]

P
C
V
7

D
ec
is
io
n
-t
re
e
m
o
d
el

Y
es

S
h
an
g
h
ai

Ji
ao
to
n
g
U
n
iv
er
si
ty

S
ch
o
o
l
o
f
M
ed
ic
in
e

A
t
3
9

G
D
P
:d
P
C
V
7
is
n
o
t
co
st

ef
fe
ct
iv
e

Q
A
L
Y
s

M
ez
o
n
es
-H

o
lg
u
ı́n
,
2
0
1
4

(P
er
u
)
[2
9
]

P
C
V
7
,
P
C
V
1
0
,

P
C
V
1
3

D
ec
is
io
n
-t
re
e
m
o
d
el

Y
es

In
st
it
u
to

N
ac
io
n
al

d
e
S
al
u
d
,

L
im

a

P
C
V
1
0
an
d
P
C
V
1
3
ar
e
m
o
re

co
st

ef
fe
ct
iv
e
th
an

P
C
V
7

H
o
sp
it
al
iz
at
io
n
s

av
o
id
ed

Cost Effectiveness of Pneumococcal Vaccination 1215



T
a
b
le

1
co
n
ti
n
u
ed

F
ir
st
au
th
o
r,
y
ea
r
(c
o
u
n
tr
y
)

S
tu
d
y
v
ac
ci
n
e

M
o
d
el

E
ffi
ca
cy

ta
k
en

fr
o
m

W
es
te
rn

co
u
n
tr
y

S
p
o
n
so
r

C
o
st
ef
fe
ct
iv
en
es
s

st
an
d
ar
d
iz
ed

to
1
–
3
9

G
D
P

E
ff
ec
ti
v
en
es
s

m
ea
su
re

M
ez
o
n
es
-H

o
lg
u
ı́n
,
2
0
1
5

(P
er
u
)
[3
0
]

P
C
V
1
0
,
P
C
V
1
3

T
R
IV

A
C

m
o
d
el

(2
0
-

co
h
o
rt
m
o
d
el
)

M
et
a-
an
al
y
si
s

In
st
it
u
to

N
ac
io
n
al

d
e
S
al
u
d
,

L
im

a,
an
d
P
A
H
O

P
ro
V
ac

In
it
ia
ti
v
e

A
t
1
9

G
D
P
:a
al
l
P
C
V
s
ar
e
co
st

ef
fe
ct
iv
e
(P
C
V
1
3
d
o
m
in
at
es

P
C
V
1
0
)

D
A
L
Y
s

K
ie
n
in
g
er
,
2
0
1
5

(P
ar
ag
u
ay
)
[3
1
]

P
C
V
1
0
,
P
C
V
1
3

T
R
IV

A
C

m
o
d
el

(2
0
-

co
h
o
rt
m
o
d
el
)

N
o

N
R

A
t
1
9

G
D
P
:a
al
l
P
C
V
s
ar
e
co
st

ef
fe
ct
iv
e

D
A
L
Y
s

H
aa
si
s,
2
0
1
5
(t
h
e

P
h
il
ip
p
in
es
)
[3
2
]

P
C
V
1
0
,
P
C
V
1
3

M
ar
k
o
v
m
o
d
el

Y
es

R
o
ck
ef
el
le
r,
N
IC
E
,
W
H
O
,

H
IT
A
P
,
an
d
P
h
il
ip
p
in
es

D
ep
ar
tm

en
t
o
f
H
ea
lt
h

A
t
1
9

G
D
P
:c
al
l
P
C
V
s
ar
e
co
st

ef
fe
ct
iv
e

Q
A
L
Y
s

G
ar
g
an
o
,
2
0
1
5
(S
o
m
al
ia
)

[3
3
]

P
C
V
1
0

D
ec
is
io
n
-t
re
e
m
o
d
el

M
et
a-
an
al
y
si
s

N
R

A
t
3
9

G
D
P
:a
P
C
V
1
0
is
co
st

ef
fe
ct
iv
e

D
A
L
Y
s

K
o
m
ak
h
id
ze
,
2
0
1
5

(G
eo
rg
ia
)
[3
4
]

P
C
V
1
0

T
R
IV

A
C

m
o
d
el

Y
es

B
il
l
&

M
el
in
d
a
G
at
es

F
o
u
n
d
at
io
n

A
t
3
9

G
D
P
:a
P
C
V
1
0
is
co
st

ef
fe
ct
iv
e

D
A
L
Y
s

S
ib
ak
,
2
0
1
5
(E
g
y
p
t)
[3
5
]

P
C
V
1
3

T
R
IV

A
C

m
o
d
el

Y
es

B
il
l
&

M
el
in
d
a
G
at
es

F
o
u
n
d
at
io
n

A
t
3
9

G
D
P
:a
P
C
V
1
3
is
co
st

ef
fe
ct
iv
e

D
A
L
Y
s

O
rd
ó
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cited the WHO-CHOICE paper as the cost-effectiveness

threshold (1–39 GDP per capita), but they reported out-

comes as QALYs and LYGs [25, 27, 28, 36] rather than

DALYs.

The main input parameters and the results of EEs of

PCVs in children in LMICs are described in Table A-2 in

the Electronic Supplementary Material. Fifteen studies

provided evaluations of both PCV10 and PCV13

[16, 17, 19–24, 26, 27, 29–32, 36]. Three studies included

only PCV10 [18, 33, 34], of which one study done in

Somalia evaluated PCV10 administered together with H.

influenzae type B vaccine (Hib) versus no vaccination to

aid policy decision makers regarding vaccine adoption

during a humanitarian emergency [33]. Three studies pro-

vided an analysis only of PCV7 [25, 28, 37], while one

study evaluated only the cost effectiveness of PCV13

versus no vaccination [35].

Although it is essential to use a relevant incremental

approach to perform a direct comparison of all potential

PCV candidates, most studies reported the cost effective-

ness of 1–3 vaccines (PCV7, PCV10, PC13) versus no

vaccination rather than evaluating the incremental CEA of

using PCV10 versus PCV13 [16–19, 22–25, 28, 34, 35].

Only eight studies provided head-to-head analyses of

PCV13 versus PCV10 [20, 26, 27, 29–32, 36].

All 22 studies contained analyses of the effectiveness of

infant PCV immunization with no catch-up vaccination in

children. However, this should not have had a substantial

impact on the results, as the burden of the disease is usually

highest among infants under 1 year of age. Although the

four-dose schedule has been recommended on the basis of

clinical trial data [40, 41], only six studies adopted this

regimen in their programmes [18, 20, 24, 25, 27, 37]. The

three-dose schedule, which has become acceptable prac-

tice, was employed in the majority of studies selected, of

which nine studies [16, 19, 21, 23, 26, 28–32] used a 2 ? 1

schedule (two primary doses at 2 and 4 months, with a

booster at 13 months), whereas a 3p regimen (three

Table 2 Vaccine prices and administrative costs of pneumococcal vaccination in children in low-income countries and middle-income countries

(MICs) classified by Global Alliance for Vaccines and Immunization (GAVI) eligibility

First author, year (country) Costing year Vaccine price per dose (US$) Vaccine administration

cost per dose (US$)
PCV7 PCV10 PCV13

GAVI-eligible countries

Kim, 2010 (the Gambia) [16] 2005 3.5 3.50 3.50 NR

Ayieko, 2013 (Kenya) [22] 2010 – 3.50 – NR

Gargano, 2015 (Somalia) [33] 2012 – 7.00 – 3.00

GAVI-ineligible countries

Nakamura, 2011 (77 MICs) [17] 2005 10.00,a 20.00b 10.00,a 20.00b 10.00,a 20.00b 5.00

Sartori, 2012 (Brazil) [18] 2004 – 15.00 – 1.00

Castañeda-Orjuela, 2012 (Colombia) [19] 2009 14.00 14.85 16.34 1.00

Bakır, 2012 (Turkey) [20] 2004 30.00 30.00 30.00 3.26

Gomez, 2013 (Peru) [21] 2009 20.00 14.24 16.34 NR

Kulpeng, 2013 (Thailand) [23] 2010 – 46.45 62.26 NR

Türel, 2013 (Turkey) [24] 2011 30.00 30.00 30.00 3.26

Hu, 2014 (China) [25] 2011 133.00 – – 1.55

Zhang, 2014 (the Philippines) [26] 2012 – 19.00 19.00 NR

Aljunid, 2014 (Malaysia) [27] 2010 – 24.84 24.84 NR

Che, 2014 (China) [28] 2011 127.00 – – 1.86

Mezones-Holguı́n, 2014 (Peru) [29] 2011 20.0 14.85 16.34 0.88

Mezones-Holguı́n, 2015 (Peru) [30] 2012 – 14.24 16.34 1.4

Kieninger, 2015 (Paraguay) [31] 2009 – 14.85 20.00 NR

Haasis, 2015 (the Philippines) [32] 2013 – 14.12 15.84 NR

Komakhidze, 2015 (Georgia) [34] 2013 – 0.70 – 0.60–1.06

Sibak, 2015 (Egypt) [35] 2013 – – 14.24 NR

Ordóñez, 2015 (Colombia) [36] 2014 – 14.12 15.68 1.00

Caldwell, 2015 (China) [37] 2011 133.02 – – 1.55

NR not reported, PCV pneumococcal conjugate vaccine, PCV7 7-valent PCV, PCV10 10-valent PCV, PCV13 13-valent PCV
a Lower MICs
b Upper MICs
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primary doses at 6, 10 and 14 weeks or at 2, 4 and

6 months) was implemented in three studies [17, 34, 35].

According to a study done in Kenya, the three doses of

PCV10/13 were delivered during the infant immunizations

at 4, 6 and 10 weeks, and this schedule was found to be

highly cost effective [22]. No study accounted for the

efficacy reduction of the three-dose schedule, except for the

CUA done in Thailand, in which an overall 8 % reduction

in vaccine efficacy was estimated [23].

All of these analyses were based on static population

models, in which Markov cohort and decision-tree ana-

lytical models were applied in seven studies

[16, 19, 21, 23, 26, 27, 32] and 15 studies

[17, 18, 20, 22, 24, 25, 28–31, 33–37], respectively. Of the

15 studies in which the decision-tree analytical models

were utilized, four studies [30, 31, 34, 35] used integrated

TRIVAC cost-effectiveness models. The TRIVAC model

was developed jointly by the Pan American Health Orga-

nization (PAHO) ProVac Initiative and the London School

of Hygiene & Tropical Medicine as a tool for estimating

the cost effectiveness of Hib, rotavirus and PCV

introduction.

As shown in Table 3, all studies conducted one-way

sensitivity analyses. Threshold analyses were conducted in

only two studies [18, 23]. Probabilistic sensitivity analyses

(PSAs) were carried out in 11 studies

[16, 19–23, 26, 28, 29, 32, 36], seven of which also pro-

vided cost-effectiveness acceptability curves (CEACs)

[16, 19, 23, 28, 29, 32, 36]. Scenario analyses were con-

ducted in 11 studies [16, 18, 19, 21, 26, 29–32, 34, 35].

Vaccination coverage varied between from 80 to 100 % on

the basis of the immunization coverage of the ongoing

programmes, except in one study done in Somalia, in

which a 70 % vaccination uptake rate was assumed for

one-dose vaccination and 50 % for two doses [33].

Estimates of vaccine efficacy against invasive and non-

invasive diseases varied widely between studies (see

Table A-2 in the Electronic Supplementary Material). The

efficacy of vaccines against specific serotypes was estimated

on the basis of adjusted US data on the serotype-specific

efficacy of PCV7 against IPD and suspected pneumococcal

pneumonia [40, 42, 43], using local serotype distribution in

many studies [18, 19, 24, 28]. The effectiveness against

AOM was mainly based on data from either the Finished

Otitis Media Vaccine (Finish OM) study [44] or the meta-

analysis of PCV7 trials [45] for PCV7/13 and the POET trial

[46] for PCV10 [18–21, 23, 24, 26–28, 30, 31]. The data from

a recent meta-analysis by Klugman et al. [47] was applied in

a cost-effectiveness study in 77 MICs to estimate efficacy

against IPD, as well as being used as a proxy for efficacy

against pneumonia [17], while the data from amatched case–

control study reported for PCV7 [48] was employed in three

studies to calculate vaccine efficacy against IPD, and an

equal assumption for serotypes shared between all three

vaccines (PCV7, PCV10 and PCV13) wasmade [20, 21, 26].

Local data were used in cases where they were avail-

able. For countries where the country-specific input data

for cost effectiveness were scarce, data from other

countries in geographical proximity was adopted. For

instance, the EEs in the Gambia [16] and Kenya [22] used

vaccine efficacy data from a clinical trial of 9-valent PCV

(PCV9) in the Gambia [49]. Similarly, data on PCV7

coverage of AOM in Korea were also used in a study

done by Che et al. [28] in China, as the coverage of AOM

in China was not known. Application of region-specific

data was also done in some Latin American countries

where data from the Latin American Network for

Surveillance of Pneumonia & Bacterial Meningitis Agents

(SIREVA II) [50] for S. pneumoniae serotype distribution

were applied for serotype coverage adjustment

[18, 19, 21, 30, 36].

The impact of PCV immunization on IPD and S.

pneumoniae were evaluated in all studies, while 17 studies

investigated the effect of vaccines on AOM

[18–21, 23–28, 30–32, 34–37]. The duration of the pro-

tection conferred by the vaccine remains indefinite and was

usually assumed to be the same as the model projection

period. The impact of vaccine efficacy waning was

explored in eight studies [16, 20, 23, 26, 31, 34, 35, 37].

None of the analyses accounted for possible adverse events

associated with vaccination, as PCVs are generally well

tolerated.

An accurate estimate of the burden of disease is

essential in cost-effectiveness evaluations. Most studies

investigated the burden of disease across different age

categories for IPD, all-cause pneumonia and AOM

[18–21, 23–28, 30–32, 34–37], whereas two studies lim-

ited the burden of disease to pneumococcal pneumonia

[29, 33]. The disease burden of AOM was explored in 17

studies [18–21, 23–28, 30–32, 34–37] (see Table A-3 in

the Electronic Supplementary Material). Only four studies

[20, 21, 26, 27] accounted for severe disability or hos-

pitalizations related to AOM. Complications due to AOM

can be influential for PCV10 cost effectiveness, especially

in high-disease-burden settings. However, AOM is gen-

erally not a severe disease, and most cases do not require

hospitalization. Therefore, this small number may not

have had a significant impact on the analyses. S. pneu-

moniae is responsible for most severe IPD in terms of

mortality, and its incidence seems to vary markedly

because of diagnosis divergence between countries. Most

local settings measure pneumonia incidence in terms of

all-cause pneumonia, and the diagnosis can be confirmed

only in limited cases. Therefore, a number of approaches

were taken in order to estimate the pneumonia disease

burden caused by S. pneumoniae averted by PCVs. One
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study classified pneumonias as ‘primary-endpoint’ and

‘non-primary-endpoint’ pneumonias according to the

WHO recommendation standards [51] and used a ‘vaccine

probe’ approach to assume the net difference between

primary-endpoint and non-primary-endpoint pneumonia

occurrences that reflected the burden avoided by PCV

intervention [16], while an EE conducted in Malaysia

utilized International Classification of Disease (10th

Revision) codes to identify pneumococcal cases [27].

Disease states within the models were considered mutu-

ally exclusive in all but two studies [16, 25].

Although IPD can lead to various sequelae, all analyses

were restricted to neurological sequelae caused by pneu-

mococcal meningitis and/or AOM. Long-term sequelae

caused by meningitis infection and/or AOM were included

in the models in 17 studies [16–18, 21–28, 30–32, 34,

35, 37], of which only three studies considered complica-

tions from both AOM and meningitis [21, 26, 27]. Country-

specific data were applied in only nine studies

[18, 23, 24, 26–28, 32, 34, 36], whereas the majority of

studies used published literature or data derived from other

countries with similar geographical settings, as well as

expert recommendations, to extrapolate the disease inci-

dence (see Table A-3 in the Electronic Supplementary

Material).

3.3 Study Results

3.3.1 Main Findings

Of 22 studies, 14 studies compared vaccination programmes

with no vaccination. Of these, the vaccination programmes

in 11 studies [16–19, 22, 24, 25, 33–35, 37] were considered

cost-effective interventions, while in two studies [23, 28],

they were considered unlikely to be cost-effective. Among

11 studies confirming cost effectiveness, the cost-effective-

ness threshold was based on either 19 GDP [19, 22, 24, 25]

or 3 9 GDP [16–18, 33–35, 37]. When 19GDP or 39GDP

were used as cost-effectiveness thresholds in all studies, the

vaccination programmes were cost effective in seven studies

(39 %) [19, 22, 30–32, 34, 37] and in 11 studies (61 %)

[16, 19, 21, 22, 30–35, 37], respectively. One study was

conducted in 77 MICs [17]. The results showed that PCV13

was cost effective for all countries, and PCV10 was cost

effective for 72 countries, except for Barbados, Belarus,

Montenegro, Serbia and the Seychelles [17] (see Table 1). In

the other two studies that reported lack of cost effectiveness,

a vaccine cost reduction was suggested to achieve cost

effectiveness. For PCVs to be cost effective, the vaccine

price per dose would have to be reduced from US$46.2 to

US$9.8 (for PCV10) or from US$61.9 to US$15.9 (for

Table 3 Sensitivity analyses,

threshold analyses and scenario

analyses performed in economic

evaluations of pneumococcal

vaccination in children in low-

income countries and middle-

income countries (MICs)

First author, year (country) 1-way 2-way PSA Threshold CEAC Scenario

Kim, 2010 (the Gambia) [16] d d d d

Nakamura, 2011 (77 MICs) [17] d

Sartori, 2012 (Brazil) [18] d d d

Castañeda-Orjuela, 2012 (Colombia) [19] d d d d

Bakır, 2012 (Turkey) [20] d d

Gomez, 2013 (Peru) [21] d d d

Ayieko, 2013 (Kenya) [22] d d

Kulpeng, 2013 (Thailand) [23] d d d d

Türel, 2013 (Turkey) [24] d

Hu, 2014 (China) [25] d

Zhang, 2014 (the Philippines) [26] d d d

Aljunid, 2014 (Malaysia) [27] d

Che, 2014 (China) [28] d d d

Mezones-Holguı́n, 2014 (Peru) [29] d d d d

Mezones-Holguı́n, 2015 (Peru) [30] d d

Kieninger, 2015 (Paraguay) [31] d d

Haasis, 2015 (the Philippines) [32] d d d d

Gargano, 2015 (Somalia) [33] d

Komakhidze, 2015 (Georgia) [34] d d

Sibak, 2015 (Egypt) [35] d d

Ordóñez, 2015 (Colombia) [36] d d d

Caldwell, 2015 (China) [37] d

CEAC cost-effectiveness acceptability curve, PSA probabilistic sensitivity analysis
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PCV13) in Thailand [23], and from US$127 to US$47.9 (for

PCV7) in China [28]. It is important to note that the cost-

effectiveness thresholds in Thailand [23] and China [28]

were based on 19 GDP and 39 GDP, respectively.

Head-to-head analyses of PCV13 versus PCV10 were

performed in eight studies [20, 26, 27, 29–32, 36]. In seven

studies, PCV13 was considered cost effective on the basis

of a cost-effectiveness threshold of 1–3 9 GDP, but in one

study by Kieninger et al. [31], PCV13 was not cost

effective in comparison with PCV10. Of seven studies with

cost-effectiveness findings, three studies [20, 26, 27]

showed that PCV10 dominated PCV13 and four studies

showed that PCV13 dominated PCV10 [29, 30, 32, 36].

3.3.2 Influential Parameters Reported

The influential parameters reported for each EE of

pneumococcal vaccination in children in LMICs are

shown in Table 4. The most frequently reported influen-

tial parameters were vaccine efficacy and coverage (in 16

of 22 studies) [16, 17, 19–21, 24, 26, 27, 29–36], vaccine

price (in 13 of 22 studies) [16–19, 21, 22, 26, 28–30,

34–36], disease incidence (in 11 of 22 studies)

[17, 18, 23, 25, 26, 28, 30, 31, 33–35] and mortality from

IPD and pneumonia (in 8 of 22 studies) [16, 18, 19, 22,

30, 33–35]. In addition, the results of four studies

[23, 25, 28, 37] were most sensitive to changes in herd

effects of the vaccine on the unvaccinated population.

The review indicated that the results were sensitive to

changes in vaccine efficacy and coverage. As mentioned

earlier and shown in Table 4, vaccine effectiveness

assumptions for both PCV10 and PCV13 were based on

pivotal efficacy studies of PCV7. In countries without

vaccine efficacy data, the assumptions were based on data

from countries in geographical proximity. The second most

influential parameter reported was vaccine price. It drove

the results of cost-effectiveness analyses, especially in

studies with unfavourable ICERs. For example, one study

in China [28] found that the cost of the vaccine accounted

for 72.2 or 73.6 % of the total cost with or without herd

immunity, respectively. Another study in Thailand [23],

which used the highest vaccine price in the model (see

Table 2 and Table A-4 in the Electronic Supplementary

Material), stated that the vaccine could become cost

effective or even cost saving if the vaccine costs were

reduced by 70–90 % of the current market prices. The

vaccine price used in that study [23] was the highest of

those in all studies in LMICs. Even the studies reporting

cost effectiveness (e.g. the study by Kim et at [16]) found

that the vaccine price per dose was the main driver of cost

effectiveness. Of 10 studies considering herd effects in our

review, the results were sensitive to changes in herd effects

in only four studies [23, 25, 28, 37]. Of these, two studies

[23, 28] still showed unfavourable cost-effectiveness

results even when herd effects were included in the

analyses.

3.4 Sponsorship

Studies with sponsorship from industry have been expected

to have favourable cost-effectiveness findings [52]. In

addition, sponsorship has a significant impact on the vac-

cine effectiveness assumption being made and the main

results being shown [9]. In seven industry-sponsored

studies, the findings were found to be supportive of the

product manufacturer. All four studies [20, 21, 26, 27]

sponsored by GSK showed that PCV10 dominated PCV13

(i.e. PCV10 saved costs and resulted in benefits in com-

parison with PCV13), while the studies sponsored by Pfizer

showed that PCV7 was cost effective in two studies

[25, 37], while PCV13 dominated PCV10 in one study

[36]. Of 16 non-industry-sponsored studies, nine studies

[16–19, 22, 24, 33–35] showed that providing vaccination

was cost effective in comparison with no vaccination.

Two studies [29, 30] showed that PCV13 was more cost

effective than PCV10 and PCV7, while two studies

showed that PCV7 [28], PCV10 and PCV13 [23] were

not cost effective in comparison with no vaccination. In

another two studies, which provided evidence from

head-to-head comparisons between PCV10 and PCV13,

PCV13 dominated PCV10 in one study [32] but not in

the other study [31].

4 Discussion

The availability of pneumococcal vaccines (PCVs) repre-

sents a major advancement in the prevention of IPD caused

by S. pneumoniae, but PCV programme implementation is

still limited in LMICs, possibly because of financial bar-

riers. To the best of our knowledge, no comprehensive

review of PCV cost-effectiveness models has been pub-

lished to evaluate methodological approaches in LMICs.

We included 22 full PCV EEs in our systematic review.

The studies primarily compared PCV7, PCV10 and PCV13

with each other or with no vaccination. Twenty studies

reported that PCV programmes were cost effective or even

cost saving under certain conditions. Of these, all ‘GSK

studies’ reported positive results for PCV10, and all ‘Pfizer

studies’ reported positive results for PCV13. However, the

results were influenced by several parameters used in the

models.

MICs have the same key drivers of cost-effectiveness

results as HICs [9, 53]—i.e. vaccine efficacy, price, burden

of disease and sponsorship. Most studies extrapolated

vaccine efficacy from Western countries (e.g. the USA, UK

1220 S. Saokaew et al.
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and Canada), since no country-specific efficacy data were

available. However, 16 studies applied country-specific

serotype distributions [14, 16–19, 21–26, 28–30, 34, 35].

There is no denying that vaccine price has been shown

to be a major barrier to implementation of PCV immu-

nization programmes, since some LMICs are unlikely to

have sufficient health budgets (unlike HICs) and are not

eligible for financial aid from GAVI (unlike some other

LMICs). In most GAVI-ineligible LMICs, tender prices are

mostly unknown. In our review, the PCV10 price ranged

from US$0.7 to US$30 per dose in all cost-effective

studies. In one study with non-cost-effective results, a

PCV10 price of about US$46 per dose (retrieved from

GSK, Thailand) was used [23]. In addition, for the PCV13

price, most studies used a vaccine price of around

US$3.5–30 per dose for analysis, but one study used a price

of US$62 per dose (retrieved from Pfizer, Thailand) [23]

(see Table A-4 in the Electronic Supplementary Material).

Recently, another review found that the vaccine price (for

human papillomavirus [HPV] vaccine) in Thailand

(US$150 per dose) was also the highest of those in the

included studies, while the HPV vaccine price was below

US$2 per dose in some studies [54]. This is one of many

other factors causing unfavourable cost-effectiveness

results. Furthermore, in the studies supported by GAVI or

by the Bill & Melinda Gates Foundation, the prices of

PCV10 and PCV13 were always lower than US$10 per

dose. Thus, vaccine price negotiations play a crucial role in

determining whether PCVs are a cost-effective intervention

in LMICs.

Considering indirect effects (i.e. herd protection and

serotype replacement), only 7 of 22 studies

[17, 23, 27, 32, 34, 35, 37] incorporated both herd pro-

tection and serotype replacement into their models. The

herd effect from the large-scale PCV7 vaccination pro-

gramme showed that vaccination can decrease IPD cases

by about 15 and 29 % in unvaccinated children aged\5

and[5 years, respectively [55]. Since deaths from pneu-

mococcal disease also occur in the elderly [56], excluding

the herd effect on the elderly is therefore likely to have

resulted in an underestimation of the true benefit gains of

the PCV7, PCV10 or PCV13 vaccines. Conversely, ser-

otype replacement provided an opposite effect to the herd

effect in terms of increased disease from non-vaccine ser-

otypes [57]. However, the beneficial herd effects appear to

outweigh negative serotype replacement [57]. Therefore, in

a study that directly compared PCV7, PCV10 and PCV13

vaccines, inclusion or exclusion of indirect effects for all

vaccines would not have an impact on the results, because

the incremental differences between vaccines would be the

same. But the herd protection effect plays an important role

in ICERs when vaccines are compared with a no-vacci-

nation strategy [58]. For example, in a study comparing six

scenarios, it was found that inclusion of the herd effect but

without serotype replacement showed more favourable

cost-effectiveness results than scenarios considering the

herd effect and serotype replacement, no herd effect and no

serotype replacement, or no herd effect but serotype

replacement. However, in our review, we found only four

studies [23, 25, 28, 37] that were sensitive to changes in

herd effects. In this review, herd immunity had a lesser

effect on cost-effectiveness results than that seen in our

previous review of all countries [9].

Furthermore, model structural uncertainty can poten-

tially lead to substantial changes in cost-effectiveness

results, and this is one of the key factors that should be

considered. Contrary to the static models used in all of the

reviewed studies, transmission dynamic models can

explicitly capture herd immunity effects by allowing

infection risks (sometimes referred to as the ‘force of

infection’) to vary proportionally with the infectious

prevalence and modelling of population immunity [59].

Application of a static model (e.g. a decision-tree model or

Markov model), instead of using a dynamic model, tends to

underestimate cost-effectiveness results. In our review, all

studies applied static models—for example, some studies

used a TRIVAC model [60], which was initially developed

to help facilitate a decision-support process in countries

with limited technical capacity. Because of the ability to

incorporate the epidemiology of diseases and the develop-

ment of herd immunity, dynamic models are generally

preferred in cost-effectiveness analyses of vaccination

strategies [61]. For application of static models, an excep-

tion might occur when the vaccine coverage is nearly

100 % in the whole population and thus herd immunity can

be reasonably excluded. However, in reality, implementa-

tion of 100 % vaccine coverage is unlikely for vaccination

strategies in LMICs. None of the studies included in this

review applied a dynamic model, because it would have

required more data (e.g. the force of infection and the social

contact structure), which were not available in LMICs,

where the disease surveillance system is not well estab-

lished. Also, the results derived from a static model could be

considered conservative estimates in comparison with those

from a dynamic model [62]—namely, if static models

indicated favourable cost effectiveness, the results from

dynamic models would be cost effective.

The findings of this review were limited by our search

strategies, including the inclusion criteria adopted, the

databases searched and the time period of the search. Our

search focused primarily on literature published in English

in peer-reviewed journals. Even in the published literature,

the effect sizes of the economic impact of PCV pro-

grammes may differ according to the methodological

quality of the studies. Publication bias towards peer-re-

viewed papers may also have affected our findings.
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Furthermore, our review included the results of EEs from

various countries with different health care systems, and

data from EE models instead of real-world data were used.

Thus, the results should be interpreted with caution. In

addition, country-specific characteristics in terms of cost-

effectiveness thresholds, budget impact analyses, equity,

and health insurance schemes should be taken into account.

Despite these limitations, however, we believe we have

identified and synthesized the relevant articles in a thor-

ough manner with respect to PCV immunization for deci-

sion makers in LMICs.

5 Conclusion

PCV immunization in LMICs is generally cost effective

from both healthcare and societal perspectives in the cur-

rent situation. The results are sensitive to vaccine efficacy,

price, the burden of disease and sponsorship. Policy makers

in LMICs should consider not only the cost-effectiveness

evidence but also other important factors—including the

feasibility, affordability and sustainability of vaccination

programmes—to ensure equitable access to vaccines when

deciding whether to include PCVs in national immuniza-

tion schedules.
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