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ABSTRACT

Introduction: Since 2009, a pneumococcal
conjugate vaccine (PCV) covering 13 serotypes
(PCV13) has been included by Germany’s Stand-
ing Committee on Vaccinations for infants,
resulting in major reductions in pneumococcal
disease (PD). Higher-valent vaccines may further
reduce PD burden. This cost-effectiveness anal-
ysis compared 20-valent PCV (PCV20) under a
3+1 schedule with 15-valent PCV (PCV15) and
PCV13, both under 2+1 schedule, in Germany'’s
pediatric population.

Methods: A Markov model with annual cycles
over a 10-year time horizon was adapted to
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simulate the clinical and economic impact of
pediatric vaccination with PCV20 versus lower-
valent PCVs in Germany. The model used PCV13
clinical effectiveness and impact studies as well
as PCV7 efficacy studies for vaccine direct and
indirect effect estimates. Epidemiologic, utility,
and medical cost inputs were obtained from
published sources. Benefits and costs were dis-
counted at 3% from a German societal perspec-
tive. Outcomes included PD cases, deaths, costs,
quality-adjusted life years (QALYs), and incre-
mental cost-effectiveness ratios (ICERs).
Results: In the base case, PCV20 provided
greater health benefits than PCV13, averting
more cases of invasive pneumococcal disease
(IPD; 15,301), hospitalized and non-hospitalized
pneumonia (460,197 and 472,365, respectively),
otitis media (531,634), and 59,265 deaths over
10 years. This resulted in 904,854 additional
QALYs and a total cost saving of €2,393,263,611,
making PCV20 a dominant strategy compared
with PCV13. Compared to PCV15, PCV20 was
estimated to avert an additional 11,334 IPD,
704,948 pneumonia, and 441,643 otitis media
cases, as well as 41,596 deaths. PCV20 was asso-
ciated with a higher QALY gain and lower cost
(i.e., dominance) compared with PCV15. The
robustness of the results was confirmed through
scenario analyses as well as deterministic and
probabilistic sensitivity analyses.
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Conclusion: PCV20 3+1 dominated both
PCV13 2+1 and PCV15 2+1 over 10 years.
Replacing lower-valent PCVs with PCV20 would
result in greater clinical and economic benefits,
given PCV20’s broader serotype coverage.

PLAIN LANGUAGE SUMMARY

Pneumococcal diseases (e.g., ear infections,
pneumonia, bloodstream infections) are among
the leading causes of illness and death in chil-
dren worldwide. The pneumococcal conjugate
vaccine protects against pneumococcal diseases
and has significantly reduced the number of
newly diagnosed cases. Higher-valent vaccines
(which provide coverage for a greater number of
disease-causing serotypes) have recently received
European Commission approval for use in adults
and children. This study examined costs and
health benefits associated with the 20-valent
pneumococcal conjugate vaccine (PCV20)
under a 3+1 (i.e., three primary doses and one
booster dose) schedule in Germany’s childhood
vaccination program compared with 13-valent
pneumococcal conjugate vaccine (PCV13) and
the 15-valent pneumococcal conjugate vaccine
(PCV15), both under a 2+1 (two primary doses,
one booster) schedule. PCV20 was estimated
to result in greater health benefits from avoid-
ing more cases in pneumococcal diseases and
lower costs compared with both PCV13 and
PCV15. PCV20, therefore, is considered the best
option among the three vaccines for children
in Germany.

Keywords: Pneumococcal  disease;  Cost-
effectiveness; Pneumococcal conjugate vaccine;
Pediatric, invasive pneumococcal disease,
pneumonia, otitis media

Why carry out this study?

Streptococcus pneumoniae is the leading cause of
bacterial pneumonia and global mortality in
children.

Pneumococcal conjugate vaccines (PCVs)
elicit robust and durable immune responses
in both pediatric and adult populations.

This study examined the cost-effectiveness of
PCV20 under a 3+1 schedule in Germany'’s
pediatric population compared with PCV13
and a secondary comparator (PCV15), both
under a 2+1 schedule.

What was learned from the study?

PCV20 was estimated to prevent more
pneumococcal disease cases and deaths
versus PCV13 and PCV1S5, as well as provid-
ing greater quality-adjusted life years and
cost savings (i.e., dominant strategy) over 10
years.

Implementation of PCV20 under a 3+1
schedule into the German pediatric immuni-
zation program would result in greater clini-
cal and economic benefits versus PCV13 and
PCV15, both under a 2+1 schedule.

INTRODUCTION

Streptococcus pneumoniae is the leading cause
of bacterial pneumonia and global mortality
in children [2-5]. In 2016, S. pneumoniae has
been estimated to account for approximately
197 million cases of pneumonia and 1.1 mil-
lion deaths [6]. This encapsulated bacterium is
the major cause of pneumococcal diseases rang-
ing from otitis media (OM) and pneumonia to
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life-threatening invasive pneumococcal diseases
(IPDs), including sepsis and meningitis.

Pneumococcal conjugate vaccines (PCV) elicit
robust and durable immune responses in both
pediatric and adult populations [4]. They have
noticeably reduced IPD incidence across all age
groups due to indirect effects (i.e., herd effects
or the effect on the unvaccinated population) [7,
8]. The 7-valent PCV (PCV7) was first approved
in Europe in 2001 [9], and was recommended
for high-risk children in July 2001 by Germany’s
Standing Committee on Vaccinations [Standige
Impfkommission (STIKO)] with a schedule of
three priming doses in infancy plus one booster
(3+1) [10]. The recommendation was extended
to the entire infant population (< 2 years of age)
in July of 2006 [11].

The 13-valent PCV (PCV13) and 10-valent
PCV (PCV10) replaced PCV7 and were intro-
duced in 2009, and administered based on phy-
sician’s choice [12]. In 2015, STIKO changed its
recommendations for full-term infants from a
3+1 schedule with the priming series admin-
istered at 2, 3, and 4 months and a booster at
11-14 months, to a 2+1 vaccination schedule
with a priming series administered at 2 months
and 4 months plus a booster at 11 months [3,
13]. The 3+1 schedule remains in place for pre-
term infants [14].

Next-generation PCVs with increased serotype
coverage [15-valent PCV (PCV15) and 20-valent
PCV (PCV20)] were approved for adults aged 18
years and older by the European Commission
in October 2021 and February 2022, respec-
tively [15, 16]. Since September 2023, PCV20 is
recommended in Germany for all individuals
aged 60 years and older and for all individuals
aged 18—359 years with underlying diseases. A
cost-effectiveness analysis (CEA) in the German
adult population concluded that a single dose
of PCV20 for adults aged > 60 years and adults
aged 18—59 years with moderate- and high-risk
conditions would prevent pneumococcal dis-
ease cases, save lives, and would be cost-saving
compared to the pneumococcal polysaccharide
vaccine (PPSV23) alone, PCV13 followed by
PPSV23, or PCV15 followed by PPSV23 [17].

Prior to the licensure of PCV15 in October of
2022, PCV13 was considered as the standard of

care. With the inclusion of PCV15 in the STIKO
recommendation for infants in Germany, the
current clinical practice includes a market basket
of PCV13 and PCV15. PCV20 covers all PCV15
serotypes (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A,
19F, 22F, 23F, and 33F) and five additional sero-
types (8, 10A, 11A, 12F and 15B). On January
25, 2024, the Committee for Medicinal Products
for Human Use adopted a positive opinion for
the higher-valent option of PCV20 for the use in
children [18] PCV20 was approved by the Euro-
pean Commission in a 3+1 schedule on March
12, 2024 [16]. The purpose of this CEA was to
examine the health benefits and costs of imple-
menting a PCV20 vaccination program under a
3+1 schedule in Germany’s pediatric population
compared with PCV13 and PCV15, both admin-
istered in a 2+1 schedule.

METHODS

Conceptual Framework and Model Structure

The CEA was structured in Microsoft Excel®
(Redmond, WA, US) using a decision-analytic
Markov (state-transition) cohort model. The
Markov model estimated pneumococcal dis-
ease-related events in both unvaccinated and
vaccinated individuals (Fig. 1). The model cap-
tured an individual’s possible transition to sev-
eral clinical events, including IPD (developing
into either meningitis or sepsis/bacteremia), all-
cause pneumonia (non-hospitalized or hospital-
ized), all-cause OM, no pneumococcal disease
state, and death. Death captured both general
mortality and case fatality, which could occur
in any disease state and non-disease state. The
transition occurred on an annual cycle and was
age- and vaccination-specific. The non-mutually
exclusive nature of pneumococcal disease was
reflected through each 12-month interval during
which persons could transition to one or more
disease states or remain in a non-disease state.
In the case of more than one pneumococcal dis-
ease, costs and quality-adjusted life year (QALY)
decrements associated with all events were con-
sidered. At the beginning of each annual cycle,
a new cohort of children (i.e., incoming birth
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Fig. 1 Model structure. IPD invasive pneumococcal disease, 720 months, OM otitis media, SoC standard of care, yrs years

cohort) entered the model and was eligible for
vaccination.

The full health benefit of vaccination was
applied to the entire German population, of
which the vaccinated cohort experienced the
direct effects of vaccination immediately, while
the rest of the unvaccinated population gradu-
ally received indirect effects over the model time
horizon.

Target Population and Subgroups

The target population was composed of infants
aged < 2 years (i.e., ,a vaccination cohort), while
the model assumed that the groups aged 2-4
years, 5-17 years, and 18-49 years were not vac-
cinated with the higher-valent PCVs. In clinical
practice, a proportion of the group > 60 years
is vaccinated under the adult immunization
program [19, 20]; hence, within this pediatric
model, that proportion of adults was excluded
from receiving indirect effects, while the remain-
der of the population > 60 years remained
unvaccinated and benefitted from indirect
effects of pediatric vaccination.

Intervention and Comparator Strategies

STIKO currently recommends PCV10, PCV13,
and PCV1S5 for infants and children in Germany

[21]. However, PCV13 was shown to avoid more
cases than PCV10 [22] and accounts for the
majority of vaccination rate, at more than 90%,
in children, remaining the most used PCV in
the past decade in Germany [13, 23]. Therefore,
PCV10, although included in the STIKO recom-
mendation, was not considered among compar-
ators in this analysis. The analysis evaluated the
clinical and economic outcomes of PCV20 in a
3+1 schedule as a potential vaccination strategy
compared with PCV13 (i.e., standard of care)
and PCV15, both in a 2+1 schedule.

Perspective, Time Horizon, Cycle Length,
and Discount Rate

The base-case analysis was conducted from a
German societal perspective using a 3% annual
discount rate for both costs and benefits, accord-
ing to the recommendations of the Institute for
Quality and Efficiency in Health Care and STIKO
[24, 25]. The model used an annual cycle length
over a 10-year time horizon to capture relevant
costs and outcomes. The 10-year time horizon
sufficiently captures the health benefits of the
PCV vaccination program, based on the obser-
vation of the accrual and stabilization of indi-
rect effects over a 5- to 10-year period follow-
ing the introduction of PCV7 and PCV13 [26,
27]. The life years and QALY loss is accumulated
over the time loss between death occurrence
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and life expectancy (with the QALYs being age-
dependent and discounted from the year the
death occurs). Lifetime long-term costs related
to a clinical event, such as sequalae following
meningitis, were incorporated in the model as a
one-time discounted cost in the cycle in which
the event happens.

This study was based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors; as such, ethical approval
was not required.

Inputs

Population and Epidemiology Data

Population data were obtained from the Gezr-
man Federal Statistical Office to determine the
size of the stratified population age groups [28]
(Table S1; Supplementary Material) and the
incoming birth cohort each year [29] (Table S2;
Supplementary Material).

Age-specific disease incidence rates per
100,000 individuals were informed by German-
specific published literature [30-33], adjusted
for relevant age groups using population size
from the German Federal Statistical Office [28]
(Table 1).

Mortality in the analysis was considered as a
combination of general mortality [34] and case
fatality, which were applied to meningitis, sep-
sis/bacteremia, and all-cause hospitalized and
non-hospitalized pneumonia (Table 1), while no
mortality was assumed for OM [22, 31].

The model considered sequela following men-
ingitis (i.e., deafness and non-deafness) in the
base case as sequela following meningitis are
quite common among patients with IPD [22].
The data for the proportion of patients devel-
oping complications with IPD were sourced
from published literature [22] (Table S3; Supple-
mentary Material).

IPD serotype-specific distribution by each
PCV stratified by age groups was obtained from
[35, 36] (Table 2). The serotype coverage for
PCV7 serotypes (4, 6B, 9V, 14, 18C, 19F, 23F)
was incorporated as one input, while the cov-
erage for each additional serotype included in

higher valent vaccines was input separately for
each age group. The analysis did not consider
cross-reactive serotypes. Non-invasive serotype
distributions (i.e., for pneumonia and OM)
were assumed to be the same as IPD serotype
distribution.

Vaccine Effectiveness and Efficacy

The direct effect of PCVs against IPD for a com-
plete vaccine schedule was assumed to be equiv-
alent to the adjusted PCV13 effectiveness against
PCV13-type IPD, of which 78.2% [95% confi-
dence interval (CI) 56.0, 89.0] was applied for
vaccines in a 2+1 schedule while 89.7% (95% CI
82.0, 94.0) was used for PCV20 in 3+1 schedule
(Table 3) [37]. To estimate the direct effects of
the higher-valent PCVs against all-cause pneu-
monia (non-hospitalized and hospitalized) and
OM, the model adopted an approach commonly
used in CEAs [38-42], in which the effectiveness
of higher-valent PCVs against non-invasive dis-
ease was assumed to be the same as the reported
trial-based efficacy data of PCV7, which was
then adjusted based on study design, period,
and country-specific factors. These results dem-
onstrated an efficacy of 25.5% (95% CI 4.4, 34.0)
[43], 6.0% (95% CI - 1.5, 11.0) [44], and 7.8%
(95% CI 5.2, 10.5) [45] against radiographically
confirmed non-invasive hospitalized pneumo-
nia, non-hospitalized pneumonia, and OM,
respectively (Table 3).

In addition, a < 12-month effect modifier was
used to account for potential reduced effective-
ness in the first year of life during which chil-
dren have only received the priming series of
the full vaccination schedule [i.e., at two-thirds
(~ 67%) of the full effect for vaccination with
a 2+1 schedule for PCV13 and PCV15, and at
75.6% for PCV20 3+1 based on the Advisory
Committee on Immunization Practices’ assump-
tion [46]]. Vaccine coverage was set at 89.9% for
the priming series and at 76.8% for the booster
dose [47].

Evidence has shown that direct effects of
PCVs remain stable for a few years after the final
dose. For example, the efficacy of PCV13 was
steady for up to 4 years in infants after vacci-
nation was completed [37] and for more than
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Table 2 Current serotype distribution by age [35, 36]

Non-

Serotypes additional to PCV7
PCV10

1(%)

PCV7

Age

vaccine
covered

PCV20

8 (%)

PCV15

19A (%) 22F (%)

PCV13
3 (%)
4.0

SCl‘OtyPCS
(%)

11A (%) 12F (%) 15B (%)

10A (%)

33F (%)

6A (%)

5(%) 7F(%)

52
38

5.9

12.8

5.0
5.1

15.8 0.0
5.1

3.0
0.0

3.0

2.0

1.0 2.0

0.0

0.0

0.0
0.0

0.0

5.9
5.1

< 23 months

10.3

0.0

7.7
10.8

10.3

5.1

0.0

0.0

24-59 months

30

2.7

5.4
83

5.1

8.1

2.7
1.6
2.4

3.8

10.8

0.0

10.8 0.0 13.5

0.0

0.0

5.4 0.0

5-17 years

31

1.3

2.4
2.7
3.8

20.9

5.6 0.8

7.3

3.7
4.0

0.0

12.0

0.8

0.3

10.4 0.5

18—49 years

33
39

1.5
1.8

164

1.2
1.5

0.2
0.4

20.8

0.3
0.3

0.0

0.0

0.0
0.1

50-64 years

3.5

7.8

7.9

33

23.1

3.7

2 65 years

PCV pncumococcal conjugate vaccine, PCV7 7-valent pneumococcal conjugate vaccine, PCV10 10-valent pneumococcal conjugate vaccine, PCV13 13-valent pneu-

mococcal conjugate vaccine, PCV1IS 15-valent pncumococcal conjugate vaccine, PCV20 20-valent pneumococcal conjugate vaccine

5 years in people aged > 65 years after a sin-
gle dose [48]. Therefore, in the base case, a full
direct effect for the first 5 years after the booster
dose was assumed for all vaccines, followed by
an annual waning of 10% from year 6 through
year 10.

The analysis considered indirect effects in
unvaccinated individuals since they are an
important benefit from pediatric PCV national
immunization programs. The indirect effect
against serotypes covered represents the maxi-
mum protection the unvaccinated population
could receive from a vaccine regimen. This was
modeled as a percent reduction in the expected
age-specific disease incidence. Indirect effect
was not realized immediately and was only
applied to newly covered serotypes in PCV15
and PCV20, as the indirect effect for PCV13
serotypes was assumed to have already reached
a steady state. These benefits accrued gradually
until a new steady state was reached for addi-
tional serotypes. Indirect effect for PCV1S5 and
PCV20 was assumed to have no added effects
on PCV13 steady-state serotypes. The model
assumed that incidence trends for all newly
covered serotypes would decrease consistently
across ages. For IPD and non-hospitalized and
hospitalized pneumonia, indirect effect was
assumed for all age groups, while for OM, indi-
rect effect was assumed only for the < 5 years
age group. To estimate indirect effects, the
model incorporated the reduction in incidence
of the newly covered serotypes and the accrual
of the indirect effects of higher-valent PCVs
(see Supplementary Material, Appendix A).

Resource Use and Costs

Vaccine costs for PCV13, PCV20, and PCV15
were derived from retail pharmacy price per
dose [49], and the administration cost were
from [22], inflated to 2022 Euros (€). Addi-
tional vaccine cost and administration cost,
which accounted for an additional visit, were
applied to the extra dose under 3+1 schedule
for PCV20. Medical costs per episode related
to each disease state sourced from [22] were
included for all relevant age groups in the
model [22]. Lifetime medical costs per episode
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Table 3 Vaccine effectiveness, cost, and utility parameters

Indirect effect: ramp-  Year 1 (%) Year 2 (%) Year 3 (%) Year 4 (%) Year S (%) Year 6+ (%)
up® [7, 69]
pPCv13® 100.0 100.0 100.0 100.0 100.0
PCV15and PCV20 0.0 37.5 67.7 82.7 100.0
Indirect effect ~Maximum reduction Vaccinated adult population
IPD [7, Hospitalized pneu- Non-hospitalized Oritis excluded from indirect benefits °
69] (%) monia[73,74]°(%) pneumonia[73,74]° media
(%) [75)¢

<5 83.0 30.5 22.5 20.0% -
5-17 years 83.0 30.5 22.5 20.0% -
18-49 years 88.0 15.0 0.0 - -
50-64 years 77.0 15.0 0.0 - 7.3%

> 65 years 73.0 15.0 0.0 - 23.3%
Direct effects
2+1 schedule 78.2% [37] 25.5% [43] 6% [44] 7.8% [45]
3+1 schedule 89.7% [37]
Vaccine costs PCV13 PCV15 PCV20
Vaccine price per dose [49)] €59.64 €59.80 €65.44
Administration cost €7.73
Medical cost (per Meningitis Sepsis/bacteremia Hospitalized Non-hospitalized  Otitis media
episode) [22] pneumonia pneumonia

< S years €7,358.08 €7,086.10 €4,125.32 €68.83 €149.54
5-17 years €7,358.08 €7,086.10 €4,125.32 €58.84 €137.33
18-49 years €9,998.02 €9,998.02 €6,378.93 €55.51 -
50-64 years €9,998.02 €9,998.02 €6,378.93 €57.73 -

2 65 years €9,998.02 €9,998.02 €6,378.93 €62.72 -
Non-medical cost (per episode)’ [22, 76, 77]
12-59 months €528.18 €528.18 €528.18 €226.36 €226.36
5-17 years €303.04 €303.04 €303.04 €129.87 €129.87
18-34 years €2,048.67 €2,052.67 €2,016.67 €665.22 -
35-49 years €2,231.48 €2,235.48 €2,199.48 €726.16
50-64 years €2,018.67 €2,022.67 €1,986.67 €655.22 -

> 65 years €98.00 €102.00 €66.00 €15.00 -
Lifetime medical costs per episode of sequela Deafness Non-deafness

All age groups

€99,913.61 [22]

€55,507.56 [22]
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Table 3 continued

Baseline utilities® 0-24 25-34 35-44 45-54 55-64 65-74 >75
(51]
Male 0.94 0.93 0.92 0.89 0.87 0.86 0.84
Female 0.94 0.92 0.88 0.86 0.86 0.85 0.77
QALY decrements Meningitis Sepsis/bacte-  Hospitalized Non-hospitalized ~ Otitis media
remia pneumonia pneumonia
0-17 years [53-55] 0.023 0.008 0.006 0.004 0.005"
> 18 years [52, 57, 78] 0.130 0.130 0.130 0.045 -
Lifetime utility decrements for patients with long term sequelae [79, 80] Deafness Non-deafness
0.730 0.680

IPD invasive pneumococcal disease, PCV pneumococcal conjugate vaccine, QALY quality-adjusted life year

*Estimates were informed by IPD surveillance data from [7], comparing PCV13 minus PCV7 serotypes (excluding serotype
3) in PCV7 period (2010) to post-PCV13 (2011-2017). Year 6 of the PCV13 infant program was chosen as the steady-state
year per [69]

®100% indicates that the maximum incidence reductions have been achieved and a steady state was established

“For children, data from [73] were adjusted for IPD serotype distribution as reported in [81] at the time of PCV13 introduc-
tion in 2009. For adults, data from [74] were adjusted for IPD serotype distribution as reported in [7] at the time of PCV13
introduction in 2009

Data from Lau et al,, 2015 were adjusted for IPD serotype distribution as reported in [7] at the time of PCV13 introduc-
tion in 2009

“The vaccinated rate was 23.3% for > 60 group. The proportion of 60-64 years in the 50-64 group was 31.44%; hence, a rate
of 7.33% was applied for 50-64 group (23.3% x 31.44%) and 23.3% was applied for > 65 years

fFor children, the workforce of women was taken into account assuming that the mothers are the primary caregivers. Women
with children under 6 months are not in the work force. Hence the wage is €0.00. For adults, co-payment costs were consid-
ered

$Assuming same utilities for children and 18-24 years group. Weighted utility was calculated using sex distribution from
[29]. No data were available for the sex distribution for people > 89 years old, hence, the ratio for the 85-89 age group was
used for older groups

11Assumption

of sequela were assumed to be the same across
all age groups for deafness and non-deafness
[22]. Societal costs considered productivity
loss per episode of meningitis, sepsis/bactere-
mia, inpatient and outpatient pneumonia and
OM, as well copayment for adult patients. All
costs were in Euros (€) and obtained from Ger-
man published sources and the literature, then
inflated to 2022 prices using the healthcare
component of the consumer price index [50]
where relevant. The summary of cost inputs is
listed in Table 3.

Utility

The model used baseline utility for the general
population [51] minus disutilities related to
disease states and acute events to assess qual-
ity of life related to each vaccination strategy
(Table 3) [42, 52-57].
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Assessment of Uncertainty

Uncertainty around the analyses was evaluated
using deterministic sensitivity analyses (DSA),
probabilistic sensitivity analyses (PSA), and
scenario analyses. DSA assessed uncertainty
around the following variables: disease inci-
dence, breakdown of IPD cases, case fatality
rate (CFR), serotype distribution by age, vac-
cine effectiveness and utilities.

In the PSA, all parameters subject to any
degree of uncertainty were assessed The incre-
mental results for costs, QALYs, and incremental
cost-effectiveness ratios (ICER) were recorded for

each simulation of a total of 1000 simulations
to examine the stability of the model findings.
Several scenarios were conducted, the descrip-
tion and results of which are reported in Table 6.
In addition to the scenario assessments, thresh-
old analyses were conducted to assess the price
per dose of PCV20 under a 3+1 schedule. These
analyses aim to determine the price range at
which PCV20 stays a cost-saving strategy com-
pared to PCV13 2+1 and PCV15 2+1, assuming
consistent input parameters for other variables
(including the prices of PCV13 and PCV15).

Table 4 Cost-effectiveness results and incremental difference of PCV20 versus PCV13 and PCV20 versus PCV15

QOutcome PCV132+1 PCV152+1 PCV203+1 PCV20vs.PCV13 PCV20vs. PCV15
Total pneumococcal 22,306,443 21,984,871 20,826,946 — 1,479,497 - 1,157,925
cases
Cases of IPD 77,013 73,046 61,712 - 15,301 - 11,334
Cases of hospitalized 7,512,228 7,387,967 7,052,031 - 460,197 - 335,937
pneumonia
Cases of non-hospital- 9,498,563 9,395,209 9,026,198 — 472,365 -369,012
ized pneumonia
Cases of otitis media 5,218,640 5,128,648 4,687,006 —531,634 — 441,643
Number of deaths due 1,112,503 1,094,834 1,053,238 -59,265 - 41,596
to disease
Total costs €49,750,634,550 €48,985,371,445 €47,357,370,939 —€2,393,263,611 —€1,628,000,506

Cost of vaccination €1,100,550,473
(doses and adminis-

tration)

Medical costs

Costs of lifetime €48,755,844 €46,219,830
sequelae

Indirect cost of disease €5,858,348,835 €5,784,373,848

Total LYs 2,024,138,619 2,024,300,902

Total QALYs 1,741,648,852 1,741,907,472

ICER per QALY - -

€1,103,164,936  €1,625,912,755 €525,362,283

€42,742,979,399 €42,051,612,831 €40,194,950,206

€36,295,226

€5,500,212,751

€522,747,819

— €2,548,029,193
- €12,460,617

- €1,856,662,625
—€9,924,603

—€358,136,083 —€284,161,097

2,024,701,633 563,014 400,731
1,742,553,707 904,354 646,235
Dominant Dominant

ICER incremental cost-effectiveness ratio, IPD invasive pneumococcal disease, LY life years, OM otitis media, PCV pneu-

mococcal conjugate vaccine, QALY quality-adjusted life years, SoC standard of care
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RESULTS

Base-case Results

Over the 10-year time horizon, compared to
both PCV13 2+1 and PCV15 2+1, PCV20 3+1
provided substantially greater health benefits
and broader protection (Table 4). Compared to
PCV13, PCV20 is estimated to result in greater
health benefits due to a greater number of cases
averted and total QALYs gained (Table 4). Com-
pared with PCV13, PCV20 averted an additional
15,301 cases of IPD; 460,197 and 472,365 cases
of hospitalized and non-hospitalized pneumo-
nia, respectively; 531,634 cases of OM; and
59,265 deaths due to disease across all ages. Con-
sequently, PCV20 was estimated with a higher
QALY gain of 904,854. In comparison with
PCV15, the number of additional cases averted
by PCV20 were 11,334, 335,937, 369,012, and
441,643 in IPD, hospitalized pneumonia, non-
hospitalized pneumonia, and OM, respectively.
Additionally, an estimation of a reduction of
41,596 deaths due to disease was estimated for
PCV20 versus PCV15, and PCV20 was associated
with an incremental QALY of 646,235.

PCV20 was associated with higher direct vac-
cine costs, at €525,362,283 and €522,747,819
more than that of PCV13 and PCV1S, respec-
tively. This is the result of the higher price per
dose considered for PCV20 and the additional
dose included in PCV20 under the 3+1 schedule.
However, it resulted in significant cost savings
from lower direct costs of disease and lifetime
costs of sequela compared to both compara-
tors (Table 4) due to broader serotype coverage
compared to PCV13 and PCV15. PCV20 was the
dominant strategy in both comparisons, with
a total cost saving of €2,393,263,611 versus
PCV13 and of €1,628,000,506 versus PCV15.

The breakdown results by age groups were
mostly consistent with the overall results where
more cases were avoided related to PCV20 in all
included age groups for IPD, hospitalized pneu-
monia, and OM than to PCV13, especially in the
oldest group of 65+ year olds. Similarly, PCV20
is estimated to prevent more cases of non-hos-
pitalized pneumonia than PCV13 in children

less than 5 years old. The higher valent vaccines
showed an increasing number of prevented non-
invasive pneumonia. One could observe a shift
from severe cases (i.e., hospitalized cases) in the
lower valent vaccine strategies to less severe
cases (i.e., non-hospitalized pneumonia) in the
higher valent vaccine strategies. Furthermore,
better health outcomes from PCV20 were shown
by a reduction in deaths due to disease in all
age groups, with the greatest reduction observed
in those 65 years old and above (50,064 deaths
averted) (Table S4; Supplementary Material).
Similar results broken down by age groups were
also observed when comparing PCV20 with
PCV15 (Figs. 1, 2, 3, 4, 5; Table S4; Supplemen-
tary Material).

Sensitivity Analyses

The results from DSA, where one parameter was
varied in one direction while all other inputs
were held constant, are reported in Fig. 6 for
costs and Fig. 7 for QALYs. When compared
to PCV13, the key drivers for costs included
maximum indirect effect against hospitalized
pneumonia (PCV20), serotype distribution by
age, incidence of hospitalized pneumonia and
medical costs of per episode of hospitalized
pneumonia.

The DSA of PCV20 versus PCV13 also illus-
trated that the top five most impactful parame-
ters on QALYs were maximum indirect effects on
hospitalized pneumonia (PCV20) and serotype
distribution by age, baseline utilities, followed
by hospitalized pneumonia incidence and CFR
for hospitalized pneumonia. When comparing
PCV20 and PCV15, the results were largely simi-
lar (Figs. 8 and 9).

Probabilistic results from the PSA based on
1,000 iterations aligned with the base case
results, confirming robust findings with PCV20
being dominant in all simulations. Compared
with PCV13, PCV20 was the dominant strategy
in all iterations, while PCV20 dominated PCV15
in 98.40% of the total 1000 iterations (Table 5).
The cost-effectiveness plane plots are reported
in Figs. 10 and 11.
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Fig.2 Estimated number of IPD cases stratified by age
groups. IPD invasive pneumococcal disease, PCV13

13-valent pneumococcal conjugate vaccine, PCVIS

Scenario Analyses

Scenario analysis results are summarized in
Table 6. In the three scenarios where differ-
ent discount rates were applied for costs and
benefits, the qualitative conclusion of PCV20
being the dominant strategy compared to both

PCV152+1 MPCV203+1

49,374
46,955

41,620

18,734
17,674

14,192

50 - 64 YEARS 65+ YEARS
15-valent pneumococcal conjugate vaccine, PCV20
20-valent pneumococcal conjugate vaccine

comparators remained robust. When reducing
indirect effects (i.e., maximum reduction in
disease incidence) by half, PCV20 was still esti-
mated to have better health benefits and lower
costs compared to both PCV13 and PCV15.
Similarly, extending time to realize indirect
effects (i.e., accrual data in the first 2 years
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Fig.3 Estimated number of hospitalized pneumonia cases stratified by age groups. PCV13 13-valent pneumococcal conju-

gate vaccine, PCV15 15-valent pneumococcal conjugate vaccine, PCV20 20-valent pneumococcal conjugate vaccine

at 0%) and increased vaccination uptake in
adults 65+ years old aligned with the base case
results of PCV20 being the dominant strategy
versus both comparators. Using a payer per-
spective led to a decrease by 15% and 17% in
ICER in the comparison between PCV20 versus
PCV13 and PCV20 versus PCV15, respectively.
However, the qualitative conclusion remained
the same. Other scenarios testing a different

waning assumption (i.e., reducing duration of
full protection to 3 years) and serotype replace-
ment were in line with the base case with
minimal change in ICER. Overall, the results
and conclusion were relatively robust. When
assuming a high vaccine uptake in infant
(90%), ICERs increased slightly, at less than
1%, for both PCV20 versus PCV13 and PCV20
versus PCV1S5. Considering disutility related to
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Fig.4 Estimated number of non-hospitalized pneumonia cases stratified by age groups. PC¥V13 13-valent pneumococcal
conjugate vaccine, PCV15 15-valent pneumococcal conjugate vaccine, PCV20 20-valent pneumococcal conjugate vaccine

adverse events related to the administration of analyses, threshold prices per dose for PCV20
all vaccines (e.g., local reaction and systematic 341 were €170 versus PCV13 2+1 and €135
reaction or fever) resulted in the same conclu- versus PCV1S5 2+1. Given that all price ranges
sion of PCV20 3+1 being the dominant strat- exceed double the current list price per dose of

egy among the three PCVs. In the threshold PCV20 for cost-saving analyses, it is reasonable
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ESTIMATED OTITIS MEDIA CASES IN CHILDREN BY AGE GROUPS
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Fig.5 Estimated number of otitis media cases stratified by age groups. PCV13 13-valent pneumococcal conjugate vaccine,
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DSA Costs Results
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Maximum indirect effect: Hospitalized pneumonia: PCV-20
Serotype distribution by age

Incidence: Hospitalized pneumonia

Medical cost: Hospitalized pneumonia

Indirect effect accrual: PCV-20

Cost per dose: PCV-20

Vaccine Coverage & Catch-up: PCV-20

Non-medical cost: Hospitalized pneumonia

Maximum indirect effect: IPD: PCV-20

Indirect effect accrual <5 years: PCV-20

Fig. 6 DSA results in costs: PCV20 versus PCV13. DSA deterministic sensitivity analysis, PCV13 13-valent pneumococcal
conjugate vaccine, PCV20 20-valent pneumococcal conjugate vaccine

to conclude that changes in the price per dose
are unlikely to impact the study’s conclusions.

This article is based on previously conducted
studies or collected published data and does
not contain any new studies with human par-
ticipants or animals performed by any of the
authors.

DISCUSSION

The introduction of next-generation PCVs
with increased serotype coverage in Europe has
provided options to be considered in national
childhood immunization programs. This study
examined the cost and health outcomes related
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DSA QALY Results
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Fig.7 DSA results in QALYs: PCV20 versus PCV13. DSA, deterministic sensitivity analysis; PCV13 13-valent pneumo-
coccal conjugate vaccine, PCV20 20-valent pneumococcal conjugate vaccine, QALY quality-adjusted life years

DSA Costs Results
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Fig. 8 DSA results in costs: PCV20 versus PCV15. DSA deterministic sensitivity analysis; PCV1S 15-valent pneumococcal
conjugate vaccine, PCV20 20-valent pneumococcal conjugate vaccine

to PCV20 under a 3+1 schedule compared with
PCV13 and PCV15, both under a 2+1 schedule,
in the pediatric population in Germany.

The base-case results demonstrated PCV20 as
the dominant strategy over both lower-valent
alternative vaccines. PCV20 was estimated to
have greater health benefits than both PCV13
and PCV15 by averting more cases of pneu-
mococcal diseases, including IPD, pneumonia,
and OM, over a 10-year time horizon. This
resulted in higher QALY gained and lower total

costs related to PCV20, implying dominance of
PCV20 compared with PCV13 and PCV15. Sev-
eral scenarios assessed additional uncertainty,
such as effects of different discount rates for
costs and outcomes, several assumptions on vac-
cine effects (i.e., reduction in indirect effects and
extension in accrual time of indirect effects), and
waning duration. In addition, serotype replace-
ment assumptions were examined to test how
sensitive the results were to reduction in vac-
cine-type serotype coverage over time. Finally,
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DSA QALY Results
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Fig. 9 DSA results in QALYs: PCV20 versus PCV15. DSA deterministic sensitivity analysis, PCV15 15-valent pneumococ-
cal conjugate vaccine, PCV20 20-valent pneumococcal conjugate vaccine, QALY quality-adjusted life years

Table 5 PSA results

PCV20vs.PCV13

PCV20vs. PCV15

QALY Costs QALY Costs
Base values 904,854 —€2,393,263,611.36 646,235 - €1,628,000,506.17
Mean values 933,044 —€2,517,712,051.73 627,739 —€1,618,779,090.22
SD values 253,634 €828,848,311.25 244,826 €842,934,915.67
2.5 percentile values 1,519,557 —€1,114,095,339.11 1,158,046 —€117,464,996.99
97.5 percentile values 548,941 — €4,373,904,479.43 229,669 —€3,410,047,589.50
More costly/more effective 0.00% 1.60%
More costly/less effective 0.00% 0.00%
Less costly/less effective 0.00% 0.00%
Less costly/more effective 100.00% 98.40%

PCV pneumococcal conjugate vaccine, QALY quality-adjusted life year, SD standard deviation, SoC standard of care

payer perspective and an assumption of higher
vaccine uptake in infant were explored. The
results were robust across all sensitivity analyses
including PSA and DSA.

Our findings are consistent with published
studies comparing PCV20 to PCV13 and PCV15
in other settings. In Canada [58] and Greece
[59], PCV20 was estimated to be cost-saving
compared with PCV1S in a 2+1 schedule. In the
United Kingdom, PCV20 2+1 was estimated to

be cost-saving compared to PCV13 1+1 and cost-
effective compared with PCV20 1+1 [60]. Moreo-
ver, a public health impact analysis in the Neth-
erlands estimated that PCV20 could avert 45,127
pneumococcal cases compared to PCV10 over 5
years [61]. Our findings are also consistent with
a historic economic evaluation in Germany
comparing higher-valent versus lower-valent
PCVs, in which PCV13 dominated both PCV10
and PCV7 [56]. The PCV13 infant immunization
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Probabilistic sensitivity analysis
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Fig. 10 PSA cost-effectiveness plane versus baseline of PCV13. PCV13 13-valent pneumococcal conjugate vaccine, PCV20
20-valent pneumococcal conjugate vaccine, PS4 probabilistic sensitivity analysis
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Fig. 11 PSA cost-effectiveness plane versus baseline PCV15. PCV15 15-valent pneumococcal conjugate vaccine, PCV20
20-valent pneumococcal conjugate vaccine, PSA probabilistic sensitivity analysis

program in Germany was expected to have a
substantial public health impact because of its
broader serotype coverage compared with both
PCV7 and PCV10, similar to our findings for
PCV20 compared with both PCV13 and PCV15.
Differences in disease incidence have been

noted; for example, Strutton et al. 2012 [56]
used an IPD incidence among those aged < 2
years of 43.35 per 100,000 individuals, whereas
our analysis uses 15.8 per 100,000. The lower
incidence values in our economic evaluation
reflect the historic impact of PCV13 on disease
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Table 6 Scenario analyses

#

Description Incremental costs

Incremental

QALYs

Incremental costs Incremental QALYs

la

1b

1c

2a

2b

2¢

4a

4b

PCV20 vs. PCV13
—€2,393,263,611.36

— €2,848,245,995.56

Base case

Discount rate: no discount
rate (0%) for both costs and

benefits

Discount rate: 0% discount —€2,393,263,611.36
in effects and 3% discount

in costs

Discount rate: 1.5% discount  — €2,393,263,611.36
in effects and 3% discount

in costs

- €963,573,932.75

Indirect effect: reduce indi-

rect effects by half

Indirect effect: extending —€2,009,850,006.75
time to realize indirect
effect (i.e., accrual data in

the first 2 years at 0%)
—€1,794,313,578.56

Indirect effect: increased
vaccination rate among

adults 65+ years old to 50%

assumption
p

Waning: reducing duration — €2,394,554,186.87
of full protection to 3 years

(waning by year 8)
ST replacement (ST distribu-

tion reduces by 5% annually

- €1,869,690,557.98

compared to baseline up
to year 5—steady state) for
PCV20and PCV15

ST replacement (ST distribu-  — €1,346,232,733.84
tion reduces by 10% annu-

ally compared to baseline

up to year 5—steady state)

for PCV20 and PCV15

904,854
1,442,186

1,442,186

1,128,398

437,813

783,204

667,090

905,049

741,193

577,569

PCV15
- €1,628,000,506.17
—€1,943,755,486.67

646,235
1,037,762

- €1,628,000,506.17 1,037,762

—€1,628,000,506.17 808,398

—€582,626,514.74 312,870

—€1,346,292,762.25 559,090

—-€1,215,807,895.27 482,623

—€1,628,963,569.45 646,382

—€1,242,719,695.87 529,409

—€857,543,262.30 412,616
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Table 6 continued

#  Description Incremental costs Incremental  Incremental costs Incremental QALYs
QALYs
4c ST replacement (% reduction  —€2,243,987,841.94 880,662 —€1,511,105,908.94 628,648
in ST distribution annually
from RWE) for PCV20 and
PCV15
5  Payer perspective —€2,035,127,528.02 904,854 —€1,343,839,409.40 646,235
6 Vaccination rates in infants: —€2,402,252,440.51 905,071 —€1,634,550,212.64 646,417
increase to 90% (assump-
tion)
7 AEsrelated to vaccination: —€2,393,263,611.36 904,052 - €1,628,000,506.17 645,432

considering disutility
related to the administra-

tion of all vaccines

AEs adverse events, JCER incremental cost-effectiveness
adjusted life year, RWE real-world evidence, ST serotypes

incidence; however, substantial disease associ-
ated with PCV20-unique serotypes remains in
Germany.

Our analyses have several limitations. Firstly,
a Markov cohort model was considered appro-
priate for the decision problem based on previ-
ous cost-effectiveness assessments of PCVs [62].
Static models are commonly used for economic
evaluations of PCVs in Germany [56, 63] and
globally [42, 64-68]. While dynamic models are
known to capture indirect effects, the decision-
analytic Markov cohort model in this study
utilizes the simplistic static Markov framework
and incorporates components such as indirect
effects. This notable improvement in the mod-
eling approach helps quantify the far-reaching
effects of vaccination at the population level
while maintaining the clarity and transparency
of the model.

The methodological framework adopted in
this study was based on the examination of
overall vaccine-type serotypes rather than indi-
vidual serotypes, owing to the limited data suit-
able for modeling clinical outcomes at the indi-
vidual serotype level, in particular non-invasive
disease. While the analysis encompassed diverse
distributions in serotype coverage pertaining to
additional serotypes facilitated by higher-valent

ratio, PCV pneumococcal conjugate vaccine, QALY quality-

PCVs in contrast to PCV7, the capacity to scru-
tinize outcomes specific to distinct serotypes
within this paradigm remained constrained.
Future modeling endeavors could attempt to
explore the nuanced dynamics inherent to
pneumococcal serotypes, especially for IPD for
which data are more readily available.

German data were prioritized to param-
eterize the model. When German data were
not available, data were sourced from other
high-income European countries with similar
health care systems. Direct effects were esti-
mated from different sources using PCV13 and
PCV7 studies, given no studies have measured
the effectiveness of PCV15 or PCV20 against
pneumococcal disease outcomes. Differential
herd effects were not modeled based on a PCV
schedule but have been observed in coun-
tries that have implemented PCV13 in infant
national immunization programs (i.e., increase
in disease reduction under a 3+1 vs. 2+1) [26,
69]. There are potential confounding factors,
such as the rate of reduction and time to sta-
bilization of IPD incidence across age groups
and countries may be associated with multi-
ple factors, including vaccine uptake, imple-
mentation of a catch-up program, duration of
PCV use, availability of an adult pneumococcal
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vaccination program, serotypes in circulation,
and general epidemiologic variability. To assess
the uncertainty around the indirect effect esti-
mations for IPD and non-invasive disease,
extensive sensitivity analyses were conducted,
such as PSA, DSA, and several scenarios.

The base-case analysis did not include sero-
type replacement. It is difficult to predict how
the characteristics or composition of non-vac-
cine serotypes will change following higher-
valent PCV introduction. Model simulations
suggest that replacement may be less for high-
valency PCVs [70, 71]. To address uncertainty,
we tested the impact of increasing non-vaccine
serotypes over time, which all led to similar
directional results as the base-case (i.e., PCV20
remained dominant).

We did not consider adverse events origi-
nating from vaccination by PCV20, PCV15,
or PCV13 in our base-case analysis. Although
adverse events after pneumococcal vaccina-
tion resulting in healthcare seeking are rare
and event rates are similar for the different
pneumococcal vaccines, PCV20, licensed
in a 3+1 schedule, is likely to result in more
adverse events than PCV15 and PCV13, both
under a 2+1 schedule. We tested this scenario
and found that, although PCV20 3+1 was esti-
mated with slightly higher disutility related to
the extra dose, the strategy still provides higher
total QALY gain compared to lower-valent
alternatives and remained dominant.

Despite a numerically higher immuno-
logical response reported against serotype 3
for PCV15, we did not model higher vaccine
effectiveness against this serotype for PCV15,
as data on clinical effectiveness of PCV15
against serotype 3 are unknown. In contrast, a
meta-analysis of observational studies supports
direct PCV13 protection against serotype 3 IPD
in children. Without any real-world effective-
ness data for PCV15, there is no way to assess
the actual impact of PCV15 on serotype 3. For
that reason, PCV15 and PCV20 are assumed
to provide comparable protection to PCV13
against serotype 3 disease.

Recently, STIKO recommended PCV20
for adults aged 60 years and older and for
adult patients with underlying diseases [19].

Vaccination rates among adults may increase in
the future as PCV20 is only administered once in
adults. However, given the recent recommenda-
tion and implementation (since January 2024),
we were not able to draw conclusions regarding
the full impact of adult PCV20 vaccination on
epidemiology at this time. To account for the
direct impact of adult vaccination, we assumed a
proportion of adults received a PCV and therefore
received no additional benefit of indirect effects
from the pediatric program. We also tested the
impact of less pronounced herd effects associated
with higher-valent PCVs. Changes to the assump-
tions resulted in fewer cases avoided and smaller
life expectancy gains under a PCV20 pediatric
program. However, PCV20 under a 3+1 program
remained the dominant strategy avoiding more
cases, increasing life expectancy while costing less
than PCV13 or PCV15 under a 2+1 program.
Indirect cost estimates were not based on a
rigorous German database cost assessment. We
applied estimates based on published assump-
tions. To avoid assumptions on the indirect
costs, we carried out a scenario from the payer
perspective, not accounting for any indirect
costs. This is a very conservative approach given
that parents stay at home or have another car-
egiver for their child. Even under conservative
assumptions, PCV20 vaccination strategy was
clearly dominating PCV15 and PCV13 strategies
resulting in fewer cases and fewer costs.

CONCLUSION

The results of this CEA estimated that the imple-
mentation of PCV20 under a 3+1 schedule into
the German immunization recommendation
would be less costly and more effective than
PCV13 and PCV15, both under a 2+1 sched-
ule. PCV20 has the potential to substantially
decrease the clinical and economic burden of
pneumococcal diseases in Germany by provid-
ing substantially broader protection compared
with lower-valent vaccines.
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