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Abstract
Background Previous systematic reviews concluded that pneumococcal vaccination in the elderly was cost effective. How-
ever, recently published economic evaluations state that it may not be cost effective when children are vaccinated with 
higher-valent pneumococcal conjugate vaccines. The literature suggests that the outcomes of vaccination in the elderly are 
strongly influenced by the vaccine effectiveness (VE) against the vaccine-type pneumococcal diseases (PD) and the impact 
of childhood vaccination on the vaccine-type PD incidence in the elderly, but the extent remains unclear.
Methods We conducted a systematic literature search of cost-effectiveness studies on vaccination in the elderly in the 
PubMed database starting from 2006. We included studies that consider the presence of a childhood vaccination with 
pneumococcal conjugate vaccine (PCV) 10 and PCV13. We focus on methods and assumptions used in modeling VE and 
epidemiology of PD over time.
Results Twenty-eight economic evaluations underwent full-text review and data extraction. Thirteen were selected for qual-
ity assessment. The studies with a higher quality score provide evidence that vaccinating the elderly with PCV13 is not cost 
effective, when an ongoing rapid decline in the incidence of PCV13-type PD is modeled. A moderate persistence of PCV13 
serotypes, in particular due to PCV10 childhood vaccination, makes vaccination of the elderly with PCV13 more attractive. 
There is no agreement that combining PCV13 with polysaccharide vaccine PPSV23 is cost effective. PPSV23 is attractive 
when it is effective against non-invasive PD.
Conclusion Methodological approaches and assumptions in modeling VE and the indirect effects of childhood vaccina-
tion have a major impact on outcomes of decision-analytic models and cost-effectiveness estimates. Considering recently 
observed trends in the epidemiology of pneumococcal serotypes, there is currently inconclusive evidence regarding the cost 
effectiveness of pneumococcal vaccination of the elderly due to lack of studies that model key serotypes such as serotype 3 
separately from other groups of serotypes.
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1 Introduction

Vaccination of susceptible groups is the most effective meas-
ure to fight diseases caused by Streptococcus pneumoniae (S. 
pneumoniae) on a population level. Pneumococcal conjugate 
vaccination of infants and young children has been estab-
lished in many developed countries and indisputably has 
proven to be an effective preventive measure [1]. Following 
the 7-valent pneumococcal conjugate vaccine (PCV7), the 
introduction of higher valent conjugate vaccines (PCV10 
and PCV13) has further reduced the burden of the pneumo-
coccal diseases (PD) [1, 2]. The vaccination of the elderly 
in the presence of routine childhood vaccination with the 
higher valent pneumococcal conjugate vaccines (PCVs) 
still poses questions on general cost effectiveness, optimal 
age of vaccine administration, and which vaccine should be 
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Key Points for Decision Makers 

Understanding of the methods and assumptions to model 
the vaccine effects and predict epidemiology of pneumo-
coccal diseases can help to rationally interpret obtained 
conclusions about the cost effectiveness of pneumococ-
cal vaccination in the elderly.

It is important to look at the modeling of the key fac-
tors that majorly drive the outcomes of the vaccination; 
these include the applied vaccine effectiveness, the 
assumptions about the waning of vaccine protection, the 
prior-vaccination incidence of invasive and non-invasive 
pneumococcal diseases in the targeted population, and 
the indirect impact of the childhood pneumococcal 
vaccination with higher valent pneumococcal conjugate 
vaccines on the epidemiology of the diseases.

Due to the country-specific differences in the major eco-
nomic factors (e.g., vaccination strategy, vaccine price, 
cost per disease case and discount rates) and epidemio-
logical patterns, any comparisons between the outcomes 
of the different economic evaluations should be made 
with caution.

Trial in Adults) [7]. CAPiTA has become a milestone in the 
current debates and triggered reassessments of cost effec-
tiveness of PCV13 versus PPSV23 in view of its findings. 
Recently, Porchia et al. [6] conducted a review of 31 eco-
nomic evaluations including the studies that informed the 
parameters based on the CAPiTA findings [7]. The authors 
concluded that both PPSV23 and PCV13 programs in the 
elderly were cost-effective and should be seen as a priority 
by decision makers [6]. Although the authors conducted a 
substantial review of the economic parameters, they did not 
address the uncertainty around vaccine effectiveness (VE) 
and epidemiological changes in pneumococcal diseases 
originated from the childhood vaccination with PCV13 and/
or PCV10. By doing so, in our opinion, the authors limited 
their summarization of the current evidence for decision 
makers. In addition, since their publication a number of eco-
nomic evaluations have been published that concluded that 
under the influence of the herd effect induced by childhood 
vaccination with a higher valent conjugate vaccine, vaccina-
tion of the elderly was unlikely to be cost effective [8–10].

In contrast to Porchia et al. [6], we investigated the cost 
effectiveness of vaccination strategies for the elderly in 
the presence of childhood pneumococcal vaccination with 
PCV10 and PCV13. We focus on the methods, assumptions, 
and data used to model the vaccine effects in order to ensure 
that input VE was consistent with the current knowledge 
and that potential epidemiological effects stemming from the 
childhood vaccination were not neglected or oversimplified.

2  Methods

2.1  Constituents of Vaccination Effects

The direct outcomes of a pneumococcal vaccination cam-
paign in the elderly are determined by VE in preventing 
PD caused by the serotypes contained in the pneumococcal 
vaccine (and cross-protective serotypes [11]) as well as the 
disease incidence in the targeted population.

2.1.1  Vaccine Effectiveness Among the Elderly

The pneumococcal vaccine protection is expected to decline 
over time. PPSV23 protection has been shown to wane dur-
ing and also after the first 5 years [12–15]. PCV13 is thought 
to provide longer protection than PPSV23 because it triggers 
a stronger immune response [16]. The CAPiTA results [7] 
show that PCV13 protection is stable over 4–5 years but its 
waning is still uncertain [11, 17]. Therefore, overall VE over 
the period of its protection can be composed of the initial VE 
at the time of administration and a waning pattern (see elec-
tronic supplementary material [ESM] file S1). We used the 
initial VE at administration and the waning of the vaccine 

used. Conclusions of previously published systematic litera-
ture reviews [3–6] suggest that the polysaccharide vaccine 
PPSV23 and the conjugate vaccine PCV13 can be consid-
ered cost effective for vaccinating the elderly against pneu-
mococcal diseases. Ogilvie et al. [3] reviewed 11 economic 
evaluations of vaccination of the elderly with PPSV23 and 
concluded that the vaccination could be cost effective com-
pared with no program for individuals older than 65 years. 
These findings were supported by Nishikawa et al. [5] in a 
recently published review. Dirmesropian et al. [4] reviewed 
ten economic evaluations of usage of PCV13 in adults and 
the elderly and concluded that the conjugate vaccine was 
also cost effective [4]. However, the authors stated that the 
drawn estimates of the cost effectiveness should be inter-
preted with caution in respect to key factors that influenced 
the cost effectiveness, which were uncertain at that time. 
These included the effectiveness of PCV13 against invasive 
pneumococcal diseases (IPD) and non-bacteremic pneumo-
coccal pneumonia (NBPP) in the elderly, the effectiveness 
of PPSV23 and the indirect effects of higher-valent PCV 
childhood immunization programs on the epidemiology of 
PD in the elderly [4].

Since the publication of the review by Dirmesropian et al. 
[4], new clinical evidence on PCV13 effectiveness against 
IPD and NBPP in the elderly has been generated in the CAP-
iTA trial (Community-Acquired Pneumonia Immunization 
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protection reported in the studies to plot the decline of VE 
over time and to calculate the area under the resulting curve. 
This area under the curve represents the expected vaccine 
protection over time (EVPOT); that is, integration of the 
years of protection adjusted for VE at a given point in time 
(see ESM file S1: section 1.1). We applied a cut-off point of 
20 years since vaccination when a longer period of waning 
was assumed. The expected vaccine protection over time is 
measured in efficacy-adjusted protection years (EAPY) and 
enables a comparative analysis of the assumptions about VE 
and duration of protection across the studies.

2.1.2  Incidence of Disease Due to S. pneumoniae Among 
the Elderly

Currently, over 90 different strains (serotypes) of S. pneu-
moniae have been identified, with certain strains having a 
higher potential to cause the disease and a higher preva-
lence in the susceptible groups [18]. The currently avail-
able pneumococcal vaccines contain a limited number of the 
serotypes; that is, PCV13 covers 13 antigens and PPSV23 
includes the PCV13 serotypes, except for serotype 6A, and 
11 additional antigens. Therefore, in the case of S. pneumo-
niae, VE could be interpreted as the proportionate reduc-
tion in occurrence of the disease caused only by the strains 
contained in this vaccine and included as such in the cost-
effectiveness analyses.

In addition, in the countries where children are rou-
tinely vaccinated with PCV, childhood vaccination has 
indirect effects on pneumococcal infection caused by the 
vaccine strains among the elderly. The observed indirect 
effects include the herd effect (i.e., the indirect reduction 
in vaccine-type disease incidence as an effect of the child-
hood vaccination) and replacement disease (i.e., an indirect 
increase in non-vaccine-type PD incidence) [1]. The type of 
PCV vaccine (PCV7, PCV10, or PCV13) implemented in 
the infant vaccination programs plays a crucial role in the 
evolution of vaccine-type PD incidence among the elderly. 
Furthermore, the sequence of PCV infant vaccination pro-
grams (for instance PCV7 replaced by PCV13 or PCV7 fol-
lowed by PCV13 and then PCV10) can also have an impact 
on the cost effectiveness of pneumococcal vaccination of 
the elderly.

Therefore, the vaccine-type PD incidence in the target 
population over time is determined by vaccine-serotype dis-
ease incidence before the implementation of the PCV child-
hood vaccination and the indirect effects on the epidemiol-
ogy of S. pneumonia in this population. The key factors that 
determine the performance of the elderly pneumococcal vac-
cination, are illustrated in Fig. 1 and are described in greater 
detail in the ESM (file S1: section 1). Due to the complex 
dynamics seen in the strains of S. pneumonia, an accurate 
projection of vaccine-type PD incidences is challenging and 

subject to major assumptions. Therefore, we reviewed the 
assumptions and methodological choices applied in the mod-
eling of vaccine-type IPD and NBPP incidences.

2.2  Review Strategy

We conducted an extensive search in the PubMed database 
to find studies for full-text review. The identified studies 
were subject to the full-text review with data extraction and 
selection for the following assessment of quality of eco-
nomic evaluation. The search syntax, inclusion criteria for 
the full-text review and data extraction are described in the 
ESM (file S1: section 2). In accordance with the goal of this 
review, we defined inclusion criteria for the assessment of 
quality of the selected studies as follows:

1. VE parameters are obtained (i) for PCV13—from or 
based on the CAPiTA trial [7]; (ii) for PPSV23—from 
a meta-analysis, a randomized clinical trial (RCT) or 
an observational study. These criteria are in accordance 
with the guidelines of the World Health Organization 
(WHO) for economic evaluations of vaccination pro-
grams [19].

2. Childhood pneumococcal conjugate vaccination with the 
higher-valent vaccines is included in baseline scenarios. 
Post-PCV data are used to project the burden of pneu-
mococcal diseases in the targeted population.

Quality of economic evaluations of the studies that met 
both selection criteria was assessed using the “Evidence and 
Value: Impact on DEcisionMaking” (EVIDEM) instrument: 
“assessment of quality of economic evaluations” [20]. In 
compliance with the EVIDEM instrument, we developed a 
form consisting of two parts: (i) completeness and consist-
ency of reporting of economic evaluation, and (ii) relevance 
and validity of economic evaluation. The instrument allowed 
a sequential and structured assessment of economic evalu-
ations across 11 dimensions and provided a way of trans-
parent reporting ensuring full traceability of the reviewers’ 
work. We placed a particular focus on completeness, consist-
ency and relevance of the assumptions and methods applied 
in modeling VE and the indirect effects of the childhood 
PCV vaccination. Two evaluators (MT, SMS) selected the 
studies and independently completed the developed form 
and assigned a score (between one for low and four for 
high relevance/validity) for each study with a summarizing 
rationale for the given score. The decisions were compared, 
and any disagreement was resolved under arbitration by the 
third reviewer (AK). The studies excluded from the assess-
ment of quality are summarized in the ESM, including the 
reason for their exclusion.

The assessed economic evaluations were further sum-
marized in a comparative analysis of the assumptions and 
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the methods applied to model the VE among the elderly, 
the incidence of invasive and non-invasive diseases due to 
S. pneumoniae, and the indirect effects of the vaccination 
programs with higher valent conjugate vaccines in children 
on the PD incidence in the elderly population. Thereafter, 
the cost effectiveness of the elderly vaccination programs 
was described using the findings of the studies that were 
evaluated with an EVIDEM score of three or higher for rel-
evance and validity of economic evaluation. To facilitate the 
comparison of incremental cost-effectiveness ratio (ICER) 
estimates between the studies, the reported ratios were firstly 
time-adjusted to the year 2017 by applying the country-spe-
cific consumer price indices from the organisation for eco-
nomic co-operation and development (OECD) [21]. After-
wards, the 2017 country-specific values were standardized 
to 2017 US dollars using the purchasing power parity (PPP) 
index [22] and exchange rates for 2017 from the OECD [23].

3  Results

3.1  Literature Search and Selection

The search was conducted on 18 October 2017 and updated 
twice on 2 March 2018 and 28 May 2018 to identify recently 
published studies. Overall, it resulted in 28 studies selected 
for the full-text review (see Fig. 2). Of these, 13 economic 
evaluations were selected for the assessment of quality 
[8–10, 24–33], and the remaining 15 studies [34–46] were 
excluded from further analysis and are summarized in the 
ESM (file S2).

The extracted data from the selected studies are summa-
rized in three tables. Table 1 gives the extracted data on 
base-case VE parameters and calculated EVPOT; Table 2 
gives an overview of the applied methods and the quality 

assessment scores of the economic evaluations; and Table 3 
describes the main characteristics of the health economic 
evaluations, the reported ICERs, and the conclusions given 
in the evaluations. The sources for VE cited in the reviewed 
studies as well as the extracted incidence rates with their 
sources are summarized in the ESM (files S3 and S4, respec-
tively). The results of the quality assessment of economic 
evaluation with EVIDEM are given in the ESM (file S5).  

3.2  Assumptions and Methods Used to Model 
the Vaccine Effects Over Time

3.2.1  Initial Vaccine Effectiveness

Although we included only the evaluations that had obtained 
the initial PCV13 VE from the CAPiTA trial [7], the 
reported values varied between the studies (see Table 1). 
For instance, in the age group 65–74 years, the average ini-
tial PCV13 VE against IPD ranged from 75 to 84.5%. The 
main reasons for this variation are methodological differ-
ences in the application of vaccine-age-interaction effects 
and in the estimates of effect of age on the initial VE. Eight 
[8–10, 25, 27, 30, 31, 33] of 12 studies (which evaluated 
PCV13) applied age-interaction effects of the initial VE. Of 
them, five studies [8–10, 25, 30] derived estimates of the 
vaccine-age-interaction effect from a post-hoc analysis of 
the CAPiTA data [50, 51] (see Table 2). Another study [33] 
assumed that the age-vaccine-interaction effect for PCV13 is 
50% lower than the effect for PPSV23. Two studies [27, 31] 
applied age-group-specific variations of the initial PCV13 
VE. Heo et al. [31] adjusted VE assumptions by Smith et al. 
[40]. Rodriguez Gonzalez-Moro et al. [27] did not describe 
the methods for the calculation of age-group-specific VE 
parameters.

Fig. 1  Constituents of the vaccination effects over time: a graphical 
representation. The outcomes of the elderly pneumococcal vaccina-
tion depend on the initial vaccine effectiveness against vaccine-type 
PD and its protection over time (illustrated in b) and the PD incidence 

caused by vaccine-type serotypes over time, which is also influenced 
by the indirect effects of a childhood vaccination with PCV (illus-
trated in a). Asterisk: vaccination rate 100% and vaccine effectiveness 
according to b. PD pneumococcal diseases



1097Cost Effectiveness of Elderly Pneumococcal Vaccination

We found a great variation in the applied values of the ini-
tial PPSV23 VE with two major sources of the variation of 
the VE values: the application of the vaccine-age-interaction 
effects and sources of the initial VE (see Tables 1, 2). In the 
age group 65–74 years, the average PPSV23 VE against IPD 
ranged from 55 to 82% (see Table 1). In eight studies [8, 9, 
26–28, 30, 31, 33], PPSV23 VE against NBPP was assumed 
to be 0% based on the findings of several reviews and 
observational studies [53, 54, 59, 60] (see Table 2 for VE 
sources). Three studies applied VE of 39% [24], 30.8% [10], 
and 19.6% [32] based on other empirical studies [48, 57]. 
Four studies [27, 30, 31, 33] applied vaccine-age-interac-
tion effects for PPSV23. Only Kuchenbecker et al. [33] and 
Dirmesropian et al. [30] reported single-age-specific initial 
VE for PPSV23. Dirmesropian et al. [30] applied a logistic 
function that was calibrated for ≥ 75 year-olds based on data 
from the study by Andrews et al. [15]. Kuchenbecker et al. 
[33] calculated the initial PPSV23 VE using a linear interpo-
lation of VE estimates for 50-, 65- and 80-year-olds reported 
by Smith et al. [61]. In order to facilitate comparison of the 

initial VE assumptions between the studies, we defined four 
age groups and reported the extracted VE values in Table 1 
according to these groups. For the studies that apply func-
tions to calculate VE, Table 1 gives the unweighted average.

3.2.2  Vaccine Protection Over Time

Figure 3 gives an overview of the protection waning patterns 
among the reviewed evaluations. Applied waning patterns 
varied in their structure and, hence, showed different shapes 
of the curves. It resulted in differences of the calculated 
expected vaccine protection over time. The most common 
waning pattern included a period of stable VE followed by 
a step-wise linear decline of VE to 0% [8, 9, 25, 29, 30, 32, 
33]. Three studies [27, 28, 31] applied age-group-specific 
waning patterns and one study [33] used single-age-specific 
patterns. We calculated EVPOT for the generic age groups 
to enable comparison between the studies. Figure 4 shows 
the resulting values. In this section we focus on the resulting 
EVPOT for immunocompetent people aged 65–74 years. For 

Fig. 2  Literature search, study 
inclusion, and selection for the 
assessment of quality of eco-
nomic evaluation. PPV pneumo-
coccal polysaccharide vaccine, 
VE vaccine effectiveness

Records identified through PubMED database search:  n=494 

Records excluded: n= 23 
• systematic review: n=4 
• no economic evaluation: n=1 
• budget impact analyses: n=4 
• PPV vaccine is not explicitly stated: n=4 
• vaccination with other vaccines: n=2 
• targeted population is not relevant: n=4 
• evaluation of no vaccination strategy: n=1 
• other language of the main text: n=2
• no full text published: n=1     

Records excluded from assessment of quality of economic 
evaluation: n=15
• No childhood vaccination program: n=2 
• PCV13 VE is not based on CAPITA: n=4 
• Indirect effects of childhood vaccination are not 
applied: n=5 
• Both VE and indirect effects do not meet the selection 
criteria: n=4                                          

Records screened:  n=51

Records selected for the full text review and data extraction: n=28 

Records selected for assessment of quality of economic evaluation and 
reporting results: n=13 
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PPSV23, the calculated EVPOT against IPD ranges from 1.5 
to 5.6 EAPY depending on both initial VE parameter and 
the waning of protection. The commonly applied period of 
constant protection was 1–5 years. In five studies [8, 9, 26, 
30, 32], VE declined to 0% within 5–6 years of vaccination, 
while in the other four studies [27, 28, 31, 33] there was a 
(small) protective effect at least until the ninth year after 
vaccination. EVPOT for PCV13 is commonly larger than for 
PPSV23 and ranges from 3.8 to 12.6 EAPY due to a longer 
duration of stable protection and the slower decline of the 
VE afterwards. Nine [8, 9, 25–27, 30, 32, 33] of the 12 stud-
ies that model PCV13 protection apply a 4- to 5-year period 
of stable vaccine protection. Other assumptions include 
9 years of stable protection [29] and a shorter period with 
waning starting in the second year after the initial vaccine 
administration [28, 31]. Blommaert et al. [26] is the only 
study that applied in the base-case scenario an equal dura-
tion of protection for PCV13 and PPSV23. Furthermore, the 
study was unique in assuming an instant drop to 0% VE after 
a stable period of protection for 5 years.

In the Australian studies, Dirmesropian et al. [30] and 
Chen et al. [8, 9] applied 5 years of waning after the stable 
protection. In the studies by Rodriguez Gonzalez-Moro 
et al. [27], Heo et al. [31], Thorrington et al. [32], and 
Willem et al. [10], the waning to 0% was modeled over 
10 years with different waning rates. Mangen et al. [25] 
and Kuchenbecker et al. [33] applied a 15-year period of 
waning to 0%. Van Hoek and Miller [29] and Stoecker 
et al. [28] assumed remaining PCV13 VE even after year 
20, with Stoecker et al. [28] assuming very low waning 
rates compared with all other studies. Due to the assump-
tions of a longer period of waning, the resulting EVPOT 
for the studies by Mangen et  al. [25], Kuchenbecker 
et al.[33], van Hoek and Miller [29], and Stoecker et al. 
[28] lies above 8.5 EAPY. In contrast, the assumption of 
no waning period by Blommaert et al. [26] resulted in 
EVPOT of 3.7 EAPY.

In contrast to the common linear decline of protection 
over time, Willem et al. [10] applied parametric functions of 
waning after the period of constant protection; these include 
logistic waning of PCV13 protection and an exponential 
decay for PPSV23. The calculation of EVPOT with the 
reported parameterization of these functions led to values 
similar to other studies: PCV13 against IPD of 7.2 EAPY 
and PPSV23 against IPD of 2.3 EAPY. The duration of vac-
cine protection against non-invasive PD was modeled analo-
gously with the lower initial VE. The EVPOT values range 
from 2.1 to 7.6 EAPY.

3.2.3  Modeling Incidence Over Time (Indirect Herd 
and Replacement Effects)

To model the PD incidence over time, pneumococcal sero-
types were typically summarized into groups according to 
the considered pneumococcal vaccines. Only the study by 
Thorrington et al. [32] included individual serotypes that 
are covered in PCV13 and not in PCV10 into the projection, 
with an assumption about the stable incidence for serotypes 
3 and 6A and an indirect reduction in the incidence due to 
serotype 19A caused by the replacement of PCV10 with 
PCV13 in the childhood vaccination.

3.2.3.1 Indirect Effects of Childhood Vaccination with PCV13 
on IPD Incidence Among the Elderly Out of the 13 included 
studies, 11 [8–10, 25–31, 33] evaluated pneumococcal vac-
cination of the elderly in the presence of a PCV13 program 
in children, which had replaced the PCV7 program.

We found different methods to project the epidemiologi-
cal development of the serotype groups in the presence of 
routine childhood vaccination with PCV13. The Australian 
studies by Dirmesropian et al. [30] and Chen et al. [8, 9] 
started with an epidemiological steady state based on the 
national surveillance data and kept the future serotype-spe-
cific PD burden constant. Chen et al. [8] also looked into 
the potential changes in the PCV13-serotype epidemiology.

Other method to project indirect effects of PCV13 infant 
vaccination was to simulate an ongoing gradual decline of 
infections due to six additional (contained in PCV13 but not 
in PCV7) serotypes until elimination or near-elimination is 
reached, and include an increase of infections due to the non-
PCV13 strains. In the Belgian studies, Blommaert et al. [26] 
and Willem et al. [10] applied an annual indirect reduction 
in PD incidence preventable by vaccination with PCV13 and 
did not report post-vaccination stabilization of the serotype 
distribution. Blommaert et al. [26] modeled the herd effect 
of the childhood PCV13 vaccination as an exponential decay 
with a 24% annual decrease in circulation of the PCV13-
type serotypes and the vaccine-induced replacement effect 
was applied as a compensation of the reduction in incidence 
originating from the herd effect by 50% in the base case. 
The values were based on the observed PCV7-serotype cir-
culation in Belgian children. Willem et al. [10] applied the 
indirect reduction of PD incidence in adults as an annual 
16% decline of PCV13 serotypes in PCV13-serotype IPD 
incidence. Of this decline, 76.3% was compensated with 
occurrence of non-PCV13 serotypes in IPD incidence as 
the vaccine-induced serotype replacement. Stoecker et al. 
[28] and van Hoek and Miller [29] projected a decline of 
the six PCV13-minus-PCV7 serotypes, similar to the indi-
rect reduction of PCV7 serotypes in IPD incidence in the 
elderly observed in the national epidemiological data, with a 
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The study by Mangen et al. [25] was the only analysis 
that evaluated pneumococcal vaccination of the elderly in 
a scenario with PCV10 infant vaccination present, which 
had replaced PCV7 vaccination program. The study applied 
equilibrium of PCV13 serotypes assuming no indirect effects 
of PCV10 vaccination. In addition, no projections of sero-
types 3, 6A, and 19A were made.

In an additional scenario, Willem et al. [10] analyzed the 
impact of replacing PCV13 with PCV10 infant vaccination 
on the cost effectiveness of pneumococcal vaccination in 
the elderly. For this scenario, a relapse of PCV13 serotype 
incidence within 7 or 15 years was assumed and modeled by 
applying a logistic curve.

3.2.3.3 Indirect Effects of  PCV Childhood Vaccination 
on Non‑bacteremic Pneumococcal Pneumonia (NBPP) Inci‑
dence Among the Elderly Nine studies [8–10, 25, 26, 28–
30, 32] assumed the same serotype-specific dynamics in 
NBPP incidence as for IPD. Jiang et al. [24] did not describe 
the effects of infant vaccination on NBPP in the elderly. We 
also identified three studies [27, 31, 33] that used all-cause 
and all-serotype approaches (described in ESM file S1: sec-
tion  1.2.2) to project indirect effects on NBPP incidence 
among the elderly. The all-cause approach assumes a perfect 
correlation between percentage changes in all-cause non-
bacteremic pneumonia (NBP) and serotype-specific NBPP 
(i.e., a 2% reduction in all-cause NBP results in a 2% reduc-
tion of PCV13-NBPP). Both approaches are not valid and 
misrepresent possible real evolution of the serotype-specific 
PD incidences as described in the ESM in detail (file S1: 
section 1.2.2).

3.2.4  Selection of Studies for Reporting the Cost 
Effectiveness

The selected studies were evaluated on 11 dimensions of 
economic evaluation for consistency in reporting and rel-
evance to decision making, and the scores were classified 
as low (≤ 2), middle (3), and high (4) (see Table 2). A short 
summary and the complete assessment of the quality of the 
economic evaluation can be found in the ESM (file S5). For 
the studies by Jiang et al. [24], Rodriguez Gonzalez-Moro 
et al. [27], Heo et al. [31], and Kuchenbecker et al. [33] 
we found weaknesses in the reporting and in the applied 
methods of modeling the VE and the indirect effects and 
hence considered them of low validity for decision making. 
These studies were excluded from the reporting of the cost-
effectiveness estimates in this review.

In the Korean study by Heo et al. [31], the main limita-
tions were seen using the all-serotype approach in the mod-
eling of the indirect effects of the childhood vaccination, 
which may have led to the contrastingly low ICER estimates. 
Weaknesses were also found for other dimensions of the 

post-vaccination stabilization during the modeled time hori-
zon comparable to the remaining PCV7 PD disease burden.

Jiang et al. [24] estimated the PD incidence from the Ger-
man surveillance data and modeled the indirect effects of a 
PCV13 program in children on the IPD incidence among 
adults to follow the PCV7 effects observed in the USA. The 
authors applied stabilization of serotypes in 2012, 7 years 
after the introduction of the PCV7 vaccination and only 
2 years after the replacement of PCV7 with PCV13. The 
evaluated vaccination of the elderly started in 2011; there-
fore, the cost effectiveness was evaluated under the assump-
tions that IPD incidence had stabilized after 1 year since the 
start of the program in the elderly. Therefore, the projection 
applied by Jiang et al. [24] can be considered to resemble 
the steady-state scenarios in the Australian studies [8, 30].

Thorrington et al. [32] analyzed a scenario in which 
PCV13 replaced PCV10 in the infant vaccination. It was 
assumed that the low PCV7 PD incidence remained stable. 
The indirect effects of higher valent PCV immunization of 
infants were projected based on the (historical) observed 
herd and replacement effects of PCV7 childhood vaccina-
tion. Under the PCV10 childhood vaccination, the incidence 
of IPD caused by the three additional serotypes included 
in PCV10 among the elderly was projected to decline 
over 5 years while the incidence of PCV13-minus-PCV10 
serotypes remained stable. PCV13 infant vaccination was 
assumed to have the same effects on PCV10 serotypes. 
Additionally, the impact of PCV13 on vaccine serotypes 3, 
19A, and 6A was analyzed based on the post-PCV13 sero-
type epidemiology observed in other countries. Based on 
this data, the authors projected a 40% decrease in the 19A 
serotype and no impact of PCV13 on serotypes 3 and 6A. 
The IPD incidences caused by PPSV23-minus-PCV13 and 
non-vaccine serotypes were projected to increase with the 
same rate as the observed serotype replacement induced by 
PCV7 but over a longer period in case of a replacement of 
PCV10 by PCV13.

Three studies [27, 31, 33] applied an all-serotype 
approach (described in ESM file S1: section 1.2.2) to project 
the indirect effects in IPD among the elderly. This approach 
assumes a perfect correlation between all-serotype PD inci-
dence and serotype-specific PD incidence (i.e., a 2% reduc-
tion in IPD of pneumococcal origin results in a 2% reduction 
of IPD caused by PCV13 serotypes).

3.2.3.2 Indirect Effects of Childhood Vaccination with PCV10 
on IPD Incidence Among the Elderly One study [25] assessed 
the cost effectiveness of PCV13 vaccination in the elderly 
in the presence of PCV10 infant vaccination, which had 
replaced the PCV7 program. Two studies [10, 32] analyzed 
the possible impact of changing one higher-valent PCV with 
another; that is, replacement of PCV10 with PCV13 [32] 
and replacement of PCV13 with PCV10 [10].
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economic evaluation such as calculation of the indirect costs, 
time horizon, discounting, and sensitivity analysis (SA). In 
the Spanish study by Rodriguez Gonzalez-Moro et al. [27], 
vaccination with PCV13 of adults with chronic obstruc-
tive pulmonary disease (COPD) aged 50 years was evalu-
ated, however, the φ with the population of the CAPiTA 
trial [7], which was used for definition of PCV13 VE. The 
authors applied a reduction in all-cause NBP incidence when 
modeling the herd effect of PCV13 childhood vaccination 
in NBPP. The all-cause approach was also used in mod-
eling PCV13 VE against NBPP. The same methodologi-
cal choices in modeling the vaccine effects in NBPP were 
seen in a recent German study by Kuchenbecker et al. [33]. 
The authors applied PCV13 VE of 3.9% against all-cause 
NBP and, in addition, used a longer duration of PCV13 and 
PPSV23 protection demonstrating high values of EVPOT. 
The herd effect for all-cause NBP was calculated based on 
the data from the study by Pletz et al. [64], who reported 

serotype distributions in NBPP. Kuchenbecker et al. [33] 
used the data on the serotype distributions for the calculation 
of the herd effect for both IPD and NBPP incidence, how-
ever, the authors did not report the methods for translation of 
the serotype distribution into the incidence of PD. We also 
excluded the German study by Jiang et al. [24] because of 
their assumption about the rapid stabilization of the vaccine-
type serotypes in the PD incidence among the elderly in 
2012 and absence of the indirect effects on NBPP incidence 
among the elderly.

3.2.5  Funding Source

Nine [8–10, 26, 28–32] of the 13 included studies reported 
industry-independent funding sources and the other four [24, 
25, 27, 33] were funded by the industry. Three [24, 27, 33] 
of the industry-funded evaluations and one [31] of the stud-
ies with industry-independent funding were considered of 
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the selected studies by the first author, vaccine and age group (when 
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low validity for the decision-making because of the flaws 
in modeling the indirect effects of the childhood vaccina-
tion. These studies are likely to underestimate the indirect 
PD reduction due to the PCV13 program in children. The 
assumptions about the duration of the vaccine protection 
seem to vary among the studies irrespectively of the funding 
source (see Fig. 4).

3.3  Cost Effectiveness of the Elderly Pneumococcal 
Vaccination in the Presence of a Routine 
Childhood Pneumococcal Conjugate 
Vaccination

In order to facilitate a comparative analysis of the findings 
on cost effectiveness of the adult vaccination, we included 
nine studies [8–10, 25, 26, 28–30, 32] that were considered 
relevant for decision making. We summarize the results by 
grouping the studies according to the vaccine used for the 
childhood vaccination and its effects on the PD incidence 
among the elderly. The results are summarized accordingly 
in Table 3. All reported prices and ICERs in this section 

are converted to 2017 US dollars (see ESM file S6 for the 
original and converted values of ICERs).

3.3.1  Childhood Vaccination with PCV13

3.3.1.1 Ongoing Indirect Effects Five [8, 10, 26, 28, 29] 
studies projected a future decline of PCV13 preventable PD 
incidence among the adult population due to the herd effect 
of the childhood vaccination with PCV13.

Adult vaccination with PPSV23 compared with no vac-
cination In the presence of ongoing effects of the childhood 
vaccination with PCV13, only the study by Blommaert et al. 
[26] reported the cost effectiveness of vaccinating the elderly 
with PPSV23 compared with no vaccination program. The 
authors investigated vaccinating different age groups of the 
Belgian adult population and stated that the vaccination with 
PPSV23 (75% coverage) might be considered cost effective 
with US$88,415/QALY for adults aged 65–74 years and 
with US$65,468/QALY for those 75–90 years old. The 
authors further state that the vaccine is cost effective (with 
willingness to pay [WTP] of US$46,062/QALY) for the 65- 
to 74-year-olds if there is no reduction in PPSV23-serotype 
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IPD incidence in the population and the stable vaccine pro-
tection lasts longer than 5 years. Of note, the authors applied 
a conservatively low PPSV23 effectiveness against IPD of 
55% taken as the lower value of the given confidence inter-
val reported in the review by Moberley et al. [47].

Adult vaccination with PCV13 compared with no vaccina-
tion The studies by Blommaert et al. [26] and Chen et al. [8] 
evaluated vaccinating adults with PCV13 compared with no 
vaccination. Both studies showed that PCV13 was unlikely 
to be cost effective in the presence of the ongoing herd 
effects of the routine PCV13 childhood vaccination. Most 
of the ICER estimates reported in these studies lie above 
US$100,000/QALY. The results reported by Blommaert 
et al. [26] suggest that vaccinating the elderly ≥ 75 years can 
be potentially cost effective with an ICER of US$88,842/
QALY compared with no vaccination. However, the authors 
point out that price reductions are required to keep it pos-
sibly cost effective when PCV13-preventable PD incidence 
decreases (24% annually) due to the herd effect. Vaccinat-
ing adults aged 50–64 years (ICER of US$287,917/QALY) 
or 65–74 years (ICER of US$131,104/QALY) was unlikely 
to be cost effective (with WTP of US$46,062/QALY) at 
the current prices (PCV13: US$100) unless no herd effect 
was present and the duration of stable PCV13 protection 
exceeded 6 years. In the base-case scenario, Blommaert 
et al. [26] assumed a constant protection for 5 years, which 
ceased to exist afterwards, and varied the duration of PCV13 
protection in relation to the vaccine price in the sensitivity 
analysis. The results show the distributions of the vaccine 
prices, which allow keeping the ICER equal to US$46,062/
QALY (original €35,000/QALY) with the given duration 
of protection with and without waning. The results suggest 
that with a longer duration of protection the vaccine price 
can be increased.

Chen et al. [8] analyzed the implication of the decline 
of PCV13 serotype circulation in the adult population in 
greater detail. The authors investigated a scenario of the 
indirect reduction in the six additional PCV13 serotypes as 
it has been observed for the PCV7 serotypes and compared 
the cost-effectiveness outcomes in this scenario with the 
estimates obtained under the assumption of potential sta-
bilization seen in the national data. The authors show that 
compared with the conditions of the stabilization of the indi-
rect effects of the childhood vaccination, ongoing decline of 
the additional six serotypes covered by PCV13 substantially 
worsens the cost effectiveness of vaccination for the elderly 
with PCV13 (US$50,359/QALY vs US$121,288/QALY). 
The authors emphasize that changes in the serotype distribu-
tion caused by the PCV13 childhood programs are critical 
to the cost effectiveness of PCV13 programs in the elderly.

Adult vaccination with PCV13 compared with vaccina-
tion with PPSV23 Stoecker et al. [28] and Willem et al. [10] 
compared PPSV23 with PCV13 for vaccinating the elderly. 

The estimated ICER for vaccinating 65-year-olds reported 
by Stoecker et al. [28] is slightly above US$50,000/QALY. 
However, Willem et al. [10] showed contrasting ICERs that 
lie well above US$100,000/QALY.

It is important to note that Stoecker et al. [28] showed that 
vaccinating at 65 years old was only cost effective (ICER of 
US$50,891/QALY) in a short period after the introduction of 
the PCV13 childhood vaccination. The authors analyzed the 
replacement of PPSV23 with PCV13 for the elderly vaccina-
tion in the US and evaluated cost effectiveness of this strat-
egy for the cohort of the year 2013 with PCV13 introduced 
for the childhood program in 2010. The authors used a sin-
gle-cohort model and looked at three scenarios of vaccinat-
ing the population of 2013 at 50, 60, and 65 years old. They 
showed that the ICER values rose substantially after 2013, 
reaching over US$400,000/QALY in 2015, and the PCV13 
strategy was dominated. This increase of ICERs after 2015 
suggests that a mid- or a long-term vaccination program 
with PCV13 is unlikely to be cost effective (> US$100,000/
QALY). In addition, the authors applied a step-wise waning 
of PCV13 protection at a rate of 10% every 5 years, resulting 
in the highest EVPOT in this review.

Willem et al. [10] estimated an ICER for vaccinating 
65-year-olds of US$221,970/QALY that can be consid-
ered unlikely to be cost effective (relative to a WTP of 
US$64,773/QALY). The authors performed extensive anal-
yses of different vaccination strategies considering uncer-
tainty surrounding VE, the duration of the protection, vac-
cine uptake, and initial PD incidence in adults. The authors 
applied age-specific PCV13 VE obtained from CAPiTA [7], 
but set it to zero for ≥ 85-year-olds. Comparably to several 
other studies [8, 9, 26, 30], PPSV23 VE was 56% against 
IPD but, in contrast, PPSV23 was also assumed to be effec-
tive against NBPP with VE of 30.8%. The authors examined 
different scenarios of VE against NBPP (i.e., when both vac-
cines are either effective or not effective against NBPP and 
when only PPSV23 is ineffective). The cost effectiveness 
of PCV13 was estimated compared with several strategies 
involving PPSV23: the current program with a low uptake 
(0.79–3.01%) and a program with an increased PPSV23 
uptake (15–25%). The cost effectiveness was analyzed 
contrasting ICER with different thresholds of WTP (up to 
US$453,411/QALY). The authors pointed out that PCV13 
could become cost effective for people < 75 years of age if a 
combination of favorable changes around PCV13 occurred, 
including a substantial (75%) reduction of the vaccine price, 
an increased duration of protection, and a lower herd effect 
caused by PCV13 childhood vaccination (i.e., increased dis-
ease burden caused by PCV13 serotypes). For the people 
aged ≥ 75 years, PCV13 remained unlikely to be cost effec-
tive in comparison with PPSV23 (ICER of US$438,072/
QALY). The higher uptake of PPSV23 would be considera-
bly more efficient relative to the current vaccination situation 



1120 M. Treskova et al.

with ICERs of US$107,282, US$74,116, and US$67,554 
per QALY for the age groups 50–64 years, 65–74 years, and 
75–84 years, respectively.

Adult vaccination with a combination of PCV13 and 
PPSV23 (sequential vaccination) The cost effectiveness of 
adding PCV13 to PPSV23 in vaccinations for the elderly 
was analyzed in four selected studies [10, 26, 28, 29]. All of 
them showed that this strategy was efficacious in reducing 
the number of cases of IPD and NBPP and related deaths. 
Blommaert et al. [26], van Hoek and Miller [29] and Wil-
lem et al. [10] showed that it was above US$100,000/QALY 
and was not cost effective. Stoecker et al. [28] showed that 
the sequential vaccination could possibly be cost effective 
(with WTP of US$50,000–US$100,000/QALY) in a short 
period (around 6 years) after the introduction of the PCV13 
childhood vaccination.

Stoecker et al. [28] showed an ICER of US$68,078/QALY 
for the addition of PCV13 to PPSV23 at age 65 years and 
higher ICERs for vaccinating at age 50 and 60 years with 
estimates of US$365,482/QALY and US$261,307/QALY, 
respectively. Similar to the strategy of replacing PPSV23 
with PCV13, the ICER for adding PCV13 to PPSV23 was 
demonstrated to reach over US$250,000/QALY by 2018 for 
the modeled cohort ≥ 65-year-olds and to be cheaper than 
the replacement strategy after the first year of the modeling 
horizon. The dramatic increase in ICER of both strategies 
over time was driven by the herd effect in the single cohort.

The Belgian studies by Blommaert et al. [26] and Willem 
et al. [10] showed that the addition of PCV13 to a vaccina-
tion scheme with PPSV23 was generally effective but not 
cost effective at any age. Blommaert et al. [26] stated that 
this strategy might be cost effective for 65- to 74-year-olds 
at a WTP of US$46,062/QALY, when the stable PCV13 
protection lasted 15 years. Willem et al. [10] concluded that 
the addition of PCV13 would bring less gain than a high 
uptake of PPSV23 and would become an expensive strategy 
with a high ICER. The ICER estimates are US$218,776, 
US$171,765, and US$201,380 per QALY for the age groups 
50–64, 65–74, and 75–84 years, respectively.

Van Hoek and Miller [29] evaluated the cost effective-
ness of adding one PCV13 dose to the vaccination with 
PPSV23 for the elderly aged ≥ 65 years for one cohort of 
65-year-olds in England. The authors simulated the disease 
burden in the cohort from 2016 until death comparing the 
outcomes of the addition of PCV13 to the current vaccina-
tion policy with an uptake of 69% in comparison with the 
current program without PCV13. They assumed the long-
est constant duration of PCV13 VE (9 years) among the 
selected studies, which resulted in a relatively long EVPOT 
for PCV13, and PPSV23 VE was not reported. The esti-
mated cost-effectiveness ratio for adding PCV13 to PPSV23 
was US$375,622/QALY. The authors pointed out that the 

PCV13 price should be below zero for ICER to be below the 
threshold of US$29,144/QALY (original £20,000/QALY).

3.3.1.2 PCV13 Serotypes Reached a  New Post‑vaccination 
Equilibrium in  PD Incidence The Australian studies [8, 9, 
30] explored the expected protective impact of PCV13 on 
PD incidence in the elderly ≥ 65 years and its cost effective-
ness when the six additional serotypes included in PCV13 
reached stabilization. The new post-vaccination equilibrium 
was assumed based on the Australian national surveillance 
data, which showed that after a rapid indirect reduction, the 
PCV13-type PD incidence among the elderly had stabilized 
[8, 30]. In these studies, the PCV13-serotype incidence was 
kept constant.

Adult vaccination with PPSV23 compared with no vac-
cination The cost-effectiveness of vaccinating the elderly 
with PPSV23 compared with no program was reported only 
by Dirmesropian et al. [30], who concluded that the strat-
egy (60% uptake) was not cost effective with an ICER of 
US$210,800/QALY (vs WTP of US$42,557/QALY). The 
researchers applied age-specific PPSV23 VE and assumed 
that the initial constant protection of PPSV23 lasted for 
2 years and thereafter linearly declined to zero over 3 years.

Adult vaccination with PCV13 compared with no 
vaccination The cost effectiveness of vaccinating the 
elderly with PCV13 was reported to be in the range of 
US$50,000–US$100,000/QALY and the program could be 
considered to be potentially cost effective compared with no 
vaccination. The studies used similar methods in calculation 
of age effects on VE, waning of the vaccine immunity, and 
most of the input parameters in the economic evaluation 
(price, discount rate).

Dirmesropian et  al. [30] estimated an ICER of 
US$62,417/QALY, which is similar to the estimate obtained 
by Chen et al. [8] for the scenarios with the post-vaccination 
PCV13-serotype equilibrium (ICER of US$50,359/QALY). 
Nevertheless, Dirmesropian et al. [30] concluded that the 
strategy was not cost effective relative to the WTP level of 
US$42,557/QALY. The authors stated that vaccination with 
PCV13 could be cost effective when either the vaccine price 
was below US$33 (A$46) or the duration of PCV13 protec-
tion exceeds 15 years.

In another study, Chen et al. [9] demonstrated the impor-
tance of modeling the actual age of the vaccine recipients 
rather than assuming a certain cohort to be vaccinated all at 
once at a recommended age. The first approach was shown 
to provide more accurate estimates of the cost effectiveness 
and the optimal age of vaccine administration (US$59,252/
QALY [recommended age scenario] vs US$46,294/QALY 
[actual age scenario]).

Adult vaccination with PCV13 compared with vaccina-
tion with PPSV23 Dirmesropian et al. [30] also concluded 
that PCV13 was cost effective versus PPSV23 with an 
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ICER of US$25,038/QALY (vs WTP of $42,557/QALY). 
The authors pointed out that PCV13 was favored due to the 
longer duration of protection and higher VE against IPD 
and NBPP. The assumption that PPSV23 has no efficacy 
against non-invasive PD was tested in the sensitivity analy-
ses, which resulted in larger benefits of PPSV23 and a sub-
stantial reduction in differences between ICERs.

3.3.2  Childhood Vaccination: PCV10 is Replaced 
with PCV13

Thorrington et al. [32] specified a hypothetical scenario of 
switching from PCV10 to PCV13 in the infant vaccination 
program and evaluated adult vaccination with PCV13 and/
or PPSV23 in the Netherlands. The authors examined dif-
ferent scenarios of vaccinating 50% of adults over 60 years 
of age in combination with infant vaccination with PCV13 
in comparison to the current vaccination scheme of no adult 
vaccination and PCV10 infant immunization. The authors 
projected the evolution of serotype epidemiology of IPD in 
Dutch adults with a routine infant vaccination with PCV10 
and with PCV13, respectively. Thorrington et  al. [32] 
showed that the strategies of vaccinating the elderly with 
PPSV23 with or without re-vaccination were cost effective 
relative to WTP of US$25,560/QALY, with vaccinating 
at age 70 being the most cost-effective scenario (ICER of 
US$7925/QALY). Vaccinating the elderly with PCV13 was 
shown to be more expensive, generating a higher ICER. The 
authors pointed out that switching to PCV13 for the infant 
vaccination was a rather inexpensive strategy having a ben-
eficial health impact for the elderly as well.

3.3.3  Childhood Vaccination with PCV10

The earliest study was conducted by Mangen et al. [25] in 
2015 for the Netherlands, where PCV7 had been replaced 
with PCV10 in the childhood pneumococcal vaccination 
program in 2011. The authors evaluated age- and risk-group-
specific strategies of vaccinating adults aged 65–74 years 
with PCV13 in comparison with no vaccination from a 
societal perspective. Vaccination coverage varied with the 
health-risk group (63.9% for low-risk groups; 81.5% for 
medium- and high-risk groups). The resulting ICER was 
US$12,003/QALY for vaccinating those aged 65–74 years 
with a single dose of PCV13. Relative to the WTP level of 
US$105,900/QALY, the authors inferred that vaccination 
strategies with PCV13 were cost effective and vaccinating 
65- to 74-year-old high-risk individuals was cost saving in 
the Netherlands.

3.3.4  Childhood Vaccination: PCV13 is Replaced 
with PCV10

Willem et al. [10] also investigated the potential impact of 
replacing PCV13 with PCV10 in the infant vaccination on 
serotype distribution. Motivation for this analysis was that 
PCV10 had been introduced in two regions of the country, 
which potentially could induce reoccurrence of three PCV13 
serotypes not included in PCV10 in the elderly population. 
The authors analyzed a ‘quick’ (within 7 years) and a ‘slow’ 
(within 15 years) scenario of the potential return of PCV13 
serotype incidence to the level of 2015 (current state). When 
PCV13 is replaced with PCV10 in the childhood vaccina-
tion, the relapse of PCV13-minus-PCV10 serotype incidence 
can make adult vaccination with PCV13 more beneficial.

4  Discussion

In this study, we analyzed the methods applied to model 
vaccine effectiveness over time as well as the indirect effects 
of PCV infant vaccination. In addition, we summarized the 
evidence of the cost effectiveness of the elderly pneumococ-
cal vaccination in the presence of the childhood vaccination 
with the higher-valent PCVs. We applied very strict inclu-
sion criteria on the assumptions and methodological choices 
made in the modeling of the vaccine effects. Overall, out of 
the 28 full-text economic evaluations that were reviewed, 
we selected 13 for the quality assessment with EVIDEM 
and included nine evaluations of the higher quality group to 
present the cost-effectiveness estimates.

4.1  Initial Vaccine Effectiveness

Despite our strict selection criteria regarding the input 
parameters for VE, we found substantial heterogeneity in 
the values used in the selected studies. In the case of PCV13, 
in order to restrain variation in the applied VE parameters 
we only selected studies that referred to the CAPiTA trial 
[7] to inform VE parameters. For PPSV23, we observed a 
greater variation originating from the chosen sources and 
applied age and health effects. Studies referencing Shapiro 
et al. [58] and Moberley et al. [47, 53] were seen to apply a 
higher PPSV23 effectiveness against IPD. In contrast to the 
majority of these studies, Blommaert et al. [26] applied the 
lowest value (55%) of the confidence interval provided by 
Moberley et al. [47]. This value was considerably lower but 
similar to VE of 56–58% used in the models referencing the 
review by Andrews et al. [15]. A few studies also included 
PPSV23 effectiveness against NBPP either in their baseline 
or sensitivity analyses informing the VE parameter with the 
data from cohort studies conducted in Spain [48, 57, 65, 
66]. We found between- and (in some cases) within-study 
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differences in the magnitude of applied age effects on the 
VE.

So far, the study of van Werkhoven et al. [50, 51] is the 
only analysis that explored vaccine-age-interaction effects 
of PCV13 among the elderly. The authors report statistically 
significant interaction effects for pneumococcal pneumonia 
(including invasive and non-invasive diseases). However, the 
applied statistical model showed a relatively poor fit for the 
age group ≥ 85 years, in which very few disease episodes 
occurred [25, 51]. Excluding this age group from the analy-
sis, the vaccine-age-interaction was not statistically signifi-
cant [25, 51]. Several observational studies [12, 15, 66–68] 
indicate vaccine-age interaction effects for PPSV23 but these 
have not been further investigated, although Djennad et al. 
[67] reported that differences in PPSV23 VE against vac-
cine-type IPD were significant between different age groups. 
Based on the current evidence about the vaccine-age-interac-
tion effects for PCV13 and PPSV23, both age-dependent and 
age-independent approaches to VE can be justified and both 
scenarios should be evaluated in cost-effectiveness analyses. 
Of note, when estimating single-age or age-group-specific 
VE for PPSV23 based on existing observational studies, it 
should be considered that most observational studies stratify 
age groups according to the age at occurrence of the diseases 
and not according to the age at vaccination.

4.2  Duration of Vaccine Protection and Waning 
Patterns

The absence of robust empirical evidence about the duration 
of vaccine protection led to a great variation of methodologi-
cal approaches to address this uncertainty. The majority of 
the studies shared the concept of composing the duration of 
vaccine protection from a period of stable immunity equal 
to VE at administration, followed by a period of waning pro-
tection. The CAPiTA trial [7] showed no waning of PCV13 
effectiveness over the study period of 4–5 years and most 
of the studies in this review applied 4–5 years of constant 
protection and made assumptions regarding the subsequent 
waning pattern. For PPSV23, a 2- to 5-year period of sta-
ble protection was frequently used. Overall, the majority 
of the studies reflected in the assumptions the implication 
that PCV13 induced a more profound immune response 
than PPSV23 [7] and applied a longer-lasting protection 
of PCV13. A broadly used approach to modeling the wan-
ing pattern was a linear or a step-wise linear decline to 0% 
effectiveness over some period of time, with the annual wan-
ing rates varying across the studies. A more conservative 
approach, which might ease a comparative analysis of the 
vaccines, was to set the same duration of the protection for 
both vaccines, which was done in one study in this review 
[26]. However, the conjugate vaccine is expected to protect 
for longer due to the stronger vaccine-induced response [16].

In addition, upon the comparison of the reported VE val-
ues and constructed waning patterns, we calculated expected 
vaccine protection over time (EVPOT) to facilitate com-
parison of the combination of these constituents of vaccine 
protection between and within the studies. EVPOT was esti-
mated by computing the area under the curve of VE over 
time and represents a measure of years of vaccine protection 
adjusted for the initial VE value, that is, it is composed of 
multiplicative effects of the initial VE and the applied years 
of waning protection. Although EVPOT allows for the com-
parison of modeled vaccine effects between the studies using 
a single value, this approach has certain limitations. Firstly, 
upon combining two constituents of the vaccine effects into 
a single value, the information about the effects and magni-
tude of each of them becomes hidden; therefore, we reported 
both constituents of EVPOT separately for each reviewed 
study. Secondly, when a relatively long waning period is 
applied, EVPOT can lead to a biased representation of the 
vaccine effects, which are actually simulated in the mod-
eling. In particular, the waning patterns with a very long 
tail to the right may result in high EVPOT but substantial 
vaccine benefits resulting from the assumed long protection 
may not actualize in the projection, for instance, due to high 
mortality rates or due to the herd effect of infant vaccina-
tion. To avoid this limitation, we chose a cut-off point of 
20 years since vaccination to calculate EVPOT. An alterna-
tive method of comparison of applied vaccine effects is the 
calculation of the half-time duration; that is, estimation of 
the time since vaccination at which VE is reduced to 50% of 
its initial value [69]. This measure, however, may introduce 
a bias towards the waning patterns that start with a slow 
waning of the initial VE followed by a rapid waning phase 
as compared with waning with constant rates. This, how-
ever, reflects the fact that the present effects have more value 
than the future effects for instance, due to mortality, quality 
of life decreasing with age, discounting of health outcomes 
and costs, and the herd effects. This preference for a slow 
followed by a rapid waning phase may provide a different 
conclusion about the outcomes of the vaccination over time 
as compared with the calculation of the area under the curve; 
that is, a vaccine may have longer half-time duration but a 
lower area under the curve. Furthermore, it does not include 
the impact of the initial VE and the combined effect of initial 
VE and the waning function.

4.3  Indirect Effects of Infant Vaccination

We observed different methodological approaches for pre-
dicting the serotype evolution. The first was to start from 
equilibrium of the childhood PCV-type serotypes in the 
elderly IPD incidence and assume no further herd effects, 
which was done in the Australian studies [8, 9, 30] and 
one Dutch study [25]. This approach is reasonable when 
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the national epidemiological data sufficiently indicates that 
new post-PCV equilibrium has been reached or if there are 
no net indirect changes in the preventable PD incidence. It is 
important to note that Australia implemented a 3 + 0 sched-
ule of the PCV13 program in children that is unique among 
high-income countries. The reported possible consequences 
of the schedule without a booster dose include increased 
PCV13 breakthrough cases and decreased herd effects in 
PCV13-serotype-induced IPD incidence in the older popula-
tion [17]. The unique epidemiological settings of Australia 
make it difficult to transfer the cost-effectiveness projections 
reported in the Australian studies to other countries.

The second method was to increase the herd effect of 
PCV13 serotypes step-wise and assume that the maximum 
reduction of the IPD incidence was reached between years 
5 and 7 of the time horizon [27, 31]. A slight variation of 
this approach was found in two Belgian studies [10, 26], 
which applied an average annual decline of the PCV13-type 
incidence without the successive steady state. Finally, four 
studies predicted forward the distribution of the six addi-
tional serotypes contained in PCV13 (PCV13-minus-PCV7). 
The methodological choice was either to assume that the six 
serotypes followed a similar decline as the PCV7 serotypes 
followed by stabilization [24, 28, 29] or to predict a decline 
in the incidence using a regression equation estimated on 
the data for the previous years and assume stabilization after 
some years [33].

Another important indirect effect of the PCV childhood 
vaccination is the vaccine-induced serotype replacement that 
might counteract the beneficial impact of the herd effect in 
the unvaccinated population. Not all studies that modeled 
the herd effect included the serotype replacement. We found 
five studies [10, 24, 26, 28, 32] that reported the serotype 
replacement. The methodological approaches were either to 
apply an increase in non-vaccine-type PD incidence modeled 
as a fixed proportion of the reduction in the IPD incidence 
due to the herd effect or to project the effects of childhood 
vaccination with PCV7. It is important to note that if the 
pneumococcal vaccine under evaluation contains serotypes 
that are not included in the conjugated vaccine used for the 
childhood vaccination, the replacement effects potentially 
caused by these additional serotypes should be examined 
and incorporated into the model.

Extrapolation of the historical effects caused by PCV7 
vaccination onto the six additional serotypes in PCV13 
should be done with caution as pointed out by Chen et al. 
[8]. This statement was based on the findings that the circu-
lation of the six additional serotypes declined in a shorter 
period than PCV7 serotypes in Australia, which may lead to 
a considerable shift in the steady-state predictions. However, 
post-PCV13-vaccination studies showed the persistence of 
serotype 3 in the population; that is, PCV-13 infant immu-
nization has no or very limited indirect effect on the IPD 

incidence caused by serotype 3 [70]. Recently published 
epidemiological data also indicates that serotype 19A, after 
a substantial decrease due to the herd effect, may stabilize 
at a low level [71, 72]. Therefore, the common approach 
to group the serotypes by vaccine (e.g., PCV7 serotypes, 
PCV13 serotypes, PCV13-minus-PCV7 serotypes) may 
be misleading and can result in poor predictions, underes-
timating the remaining burden of pneumococcal diseases 
caused by PCV13 serotypes. The application of the serotype-
specific epidemiology of invasive and non-invasive PD in 
the model allows a more realistic estimation of the vaccina-
tion effects. Any-serotype and all-cause approaches lead to 
a false presentation of the indirect effects on the selected 
groups of serotypes, particularly PCV13-type (see ESM file 
S1: section 1.2.2), favoring the outcomes of the elderly vac-
cination and improving its cost effectiveness. It is important 
to note that assumptions and input data used to inform a 
decision-analytic model become outdated with time and the 
results of an economic evaluation have to be updated when 
new information regarding country-specific S. pneumoniae 
epidemiology becomes available.

In addition, the studies by Stoecker et al. [28] and Chen 
et al. [9] demonstrated that model type (single cohort vs 
multi-cohort) substantially affected the results when time-
varying serotype epidemiology is to be modeled. The 
authors point out that single-cohort models do not produce 
valid ICERs over a series of years because they do not cap-
ture variation of the serotype distribution, which in turn are 
differently affected by VE. The resulting ICERs over a set of 
calendar years in the papers by Chen et al. [9] and Stoecker 
et al. [28] show substantial variation between the cohorts 
that are vaccinated in different calendar years. Single-cohort 
models provide valid results only when epidemiological 
equilibrium has been reached before the start of the model 
period. Otherwise, when the dynamic indirect effects are 
present, application of a multi-cohort model is required to 
capture the ongoing changes in the PD incidence.

Furthermore, in this review we did not identify dynamic 
transmission models and application of PCV13 VE against 
the bacterial nasopharyngeal carriage. Currently, there is lit-
tle empirical evidence on the protective effects of vaccine-
induced reduction of the bacterial carriage in the elderly. 
Van Deursen et al. [73] reported that PCV13 induced a small 
and short-lived decline in the vaccine-type nasopharyngeal 
carriage in people aged ≥ 65 years. This may lead to addi-
tional herd effects with the elderly vaccination, which can 
be particularly beneficial in the communities with higher 
concentration of the elderly [74].

Overall, these considerations should be seen as relevant 
for the decision-making process and the studies that aim to 
support the decision outcomes should describe their meth-
odological choices and assumptions and provide a transpar-
ent reporting of the disease incidence rates for all relevant 
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serotype groups over the modeling time horizon or until a 
new post-vaccination equilibrium is reached.

4.4  Cost Effectiveness

The current evidence about the cost effectiveness of pneu-
mococcal vaccination of the elderly in the presence of a 
higher valent PCV infant vaccination program is incon-
clusive. Reviewing the studies with a higher relevance and 
validity score, we found predominant evidence that vacci-
nating the elderly with PCV13 is not cost effective when 
an ongoing decline in the incidence of PCV13-type PD is 
modeled either until extinction of PCV13 serotypes or until 
a very low PCV13 PD incidence level is reached. However, 
the current epidemiologic evidence suggest that PCV13 IPD 
incidence initially substantially declines but then persists on 
a moderate level in the presence of PCV13 infant vaccina-
tion [67, 70–72, 75]. In the Australian studies [8, 9, 30], 
similar stabilization of PCV13 serotypes was applied and 
ICERs of PCV13 versus no vaccination were in the range 
of US$50,000–US$100,000/QALY. However, at the time of 
the evaluations, the unique 3 + 0 PCV13 infant vaccination 
schedule was applied. Jayasinghe et al. [17] found fast wan-
ing of PCV13 effectiveness under this schedule, which may 
have resulted in a higher persistent PCV13 PD incidence 
compared with the settings of more commonly used vaccina-
tion schedules (2 + 1 or 3 + 1). Thorrington et al. [32], who 
also modeled the moderate persistent incidence, reported 
ICERs of US$50,000–US$100,000/QALY for PCV13 versus 
no vaccination but the effects of the replacement of PCV10 
with PCV13 in the infant vaccination was based on many 
assumptions. In contrast to Dirmesropian et al. [30], Thor-
rington et al. [32] found that PPSV23 showed better value 
for money than PCV13 in the vaccination of the elderly. A 
key difference between the studies was the application of a 
moderate PPSV23 VE against NBPP in the study by Thor-
rington et al. [32] as compared with the assumption of no 
protective effects by Dirmesropian et al [30].

The findings by Blommaert et al. [26], Thorrington et al. 
[32], and Willem et al. [10] indicate that PPSV23 is likely 
to be a cost-effective vaccination strategy in all reviewed 
epidemiologic scenarios if it is at least moderately effec-
tive against NBPP and the expected duration of protection 
lasts at least 3–4 years. The outcomes of the vaccination 
with PPSV23 were less affected by the indirect effects of 
the childhood vaccination due to the wide serotype cover-
age of the vaccine, but the childhood vaccination still played 
a crucial role for the vaccination benefits. In the absence 
of a protective effect against NBPP, evidence for the cost 
effectiveness of PPSV23 is not conclusive. Childhood vac-
cination with PCV10 makes the elderly vaccination with 
PCV13 more attractive due to the three additional serotypes 
preventable by PCV13.

Currently, there is a lack of studies that model the impor-
tant PCV13 serotypes such as serotype 3 separately from other 
groups of serotypes when evaluating pneumococcal vaccination 
of the elderly in the presence of a PCV13 infant vaccination. 
Besides the accurate presentation of epidemiologic effects, 
there are still issues regarding the effectiveness of both vaccines 
(PCV13 and PPSV23) against serotype 3 [15, 17, 67, 76, 77], 
which may also require the separation of serotype 3 from other 
groups in the presence of PCV10 infant vaccination to inves-
tigate scenarios with the reduced vaccine effectiveness [78].

5  Conclusion

To summarize, in this review we found major differences in 
the methods and assumptions applied in the modeling of VE 
and the indirect effects of the childhood vaccination with the 
higher valent vaccines (PCV10 and PCV13). Results of the 
cost-effectiveness analyses are largely determined by the pre-
dictions of PD incidence and the estimates of pneumococ-
cal VE over time on which they are based. Insight into the 
modeling of these processes can help to rationally interpret 
obtained cost-effectiveness estimates and to understand the 
variation of conclusions among the studies. It is also impor-
tant to take into consideration all dimensions of economic 
evaluation that may drive the ICER estimates; these include 
characteristics of vaccination strategy (age range, dose and 
uptake), vaccine price, cost per PD case, utility estimates, 
modeling time horizon, and discount rates. Taken together, 
country-specific S. pneumoniae epidemiology, vaccination 
strategy, and country-specific economic inputs require the 
development of a decision-analytic model specific for this 
country. Any comparisons between outcomes of models 
from different countries should be made with caution due 
to the large number of parameters that determine the results.

Overall, a major pneumococcal vaccination campaign for 
the elderly is largely resource-consuming and with all the 
other social and public health challenges at hand the oppor-
tunity cost of such a vaccination campaign may be high. For 
this reason, the need for well-designed modeling studies that 
produce representative and non-biased cost-effectiveness 
estimates cannot be overemphasized.
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