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Abstract: Streptococcus pneumonia is the primary cause of morbidity and mortality in infants and
children globally. Invasive pneumococcal disease (IPD) incidence is affected by various risk factors
such as age and comorbidities. Additionally, this bacterium is a major cause of community-acquired
pneumonia (CAP), leading to higher rates of hospitalization, especially among older adults. Vac-
cination with pneumococcal conjugate vaccines (PCVs) has proven effective, but the demographic
transition in Germany poses a challenge. This study introduces a novel stochastic approach by
integrating a population forecast model into a transmission dynamic model to investigate the future
burden of pneumococcal diseases in three age groups (04, 5-59, and 60 and older). Our simulations,
presented through mean predictions and 75% prediction intervals, indicate that implementing PCV13
(13-valent pneumococcal conjugate vaccine) until the year 2050 results in reduced cases of IPD and
CAP in all age groups compared to scenarios without infant vaccination. However, cases with
non-vaccine serotypes may persist at higher levels compared to scenarios without infant vaccination.
Consequently, there may be a need for improvement in the current national vaccine policy, such as
implementing the use of higher-valent PCVs and strengthening adult vaccination uptake.

Keywords: pneumococcal disease burden; stochastic forecasting; PCV13 pneumococcal vaccination;
stochastics; cohort component method; principal component analysis; autoregressive integrated
moving average models; Monte Carlo simulation; demography; epidemiology
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1. Introduction
1.1. Motivation and Background

Severe bacterial infection caused by Streptococcus pneumonia (pneumococcus) is the
major cause of morbidity and mortality in infants and children worldwide [1]. According
to the Global Burden of Disease Study, pneumococcal pneumonia was responsible for
1.5 million deaths in 2015, where 55.4% of all deaths were caused by lower respiratory
tract infections [2]. Pneumococcal diseases are classified into two main categories: invasive
pneumococcal disease (IPD) and noninvasive pneumococcal disease (NIPD) [3,4]. IPD
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is diagnosed when the bacterium is typically identified in sterile bodily fluids, leading
to severe infections such as meningitis, sepsis, or bacteremic pneumonia [3,5]. In con-
trast, NIPD leads to less severe infections, including acute otitis media, bronchitis, and
non-bacteremic pneumonia [6]. IPD incidence is impacted by various factors, including
vaccination coverage, geographical location, underlying health conditions, smoking, and
age [7]. Young children, infants, immunocompromised individuals, and the elderly bear
the highest disease burden, both in developed and less developed countries [4,7-9]. Specifi-
cally, children under 5 years old and elderly individuals aged 65 and above are particularly
susceptible to developing pneumococcal disease [10]. Thus, these three age groups show
distinct infection patterns and should be considered individually. We will return to this
point in the results section.

The latest annual epidemiological report on pneumococcal diseases for Europe, fo-
cusing on IPD cases, was published by the European Centre for Disease Prevention and
Control in 2020 [11]. That report presents data for the year 2018, during which, among
the 23 European countries included in the report, were 29 reported confirmed cases of
IPD [11]. Notably, Germany was among the European countries that did not report any
surveillance data on IPD cases [11]. This absence of data from Germany presents challenges
when comparing with data from other countries. A study in 2017/2018 reported that
there were approximately 5.94 IPD cases per 100,000 in children under two years old and
10.08 IPD cases per 100,000 in adults aged 60 and older in Germany [12]. However, actual
IPD infections are believed to be around 2 to 3.5 times higher [12,13], where the 30-day
mortality of IPD cases is greater than 30% in adults over the age of 65 years [14].

S. pneumonia is the primary cause of community-acquired pneumonia (CAP) [15].
CAP refers to an acute lung infection that occurs outside the hospital in a patient who has
not had recent hospitalization [16]. In 2012, S. pneumonia was identified as the causative
agent in approximately 30% of all CAP cases (a total of 7400 patients) in Germany [17]. A
population-incidence study conducted in 2021 indicated that the overall burden of CAP in
German adults ranges between 1061 and 1560 cases per 100,000 person-years, and this is
particularly significant for CAP hospitalizations among older adults [18]. Overall, there is a
lack of consistent reporting on the current incidence of CAP in Germany due to differences
in time periods, case definitions, study populations, and study designs [18].

Despite advancements in medical treatment, the morbidity and lethality of pneu-
mococcal infections among elderly patients remain high, with factors such as age, and
comorbidities, playing a more prominent role than the infection itself [19,20]. Vaccination
remains the most effective measure to fundamentally reduce the disease burden; in particu-
lar, vaccination with pneumococcal conjugate vaccines (PCVs) in children has been shown
to be the most effective strategy for disease prevention in the general population [21].
Current PCVs such as PCV10 (10-valent pneumococcal conjugate vaccine) and PCV13
(13-valent pneumococcal conjugate vaccine) bring down disease transmission by targeting
vaccine-type serotypes [22]. While they are effective against a significant number of the
over 90 identified serotypes, the most clinically important ones are covered in terms of
disease burden [23]. In turn, there is a renewed increase in the incidence of IPD caused
by the replacement (non-vaccine) serotypes [24]. Among individuals aged 60 years and
older, demographic effects and limitations of present adult vaccination strategies reinforce
this increased trend in IPD incidence. Childhood immunization with PCVs induce indirect
herd effects, i.e., they reduce the disease incidence not only among vaccinated individuals
but also in the unvaccinated population across all age groups [25]. Due to the indirect herd
effects of childhood immunization with PCV13, PCV13 serotypes cover just over 30% of all
IPD and CAP cases in individuals aged 60 years and older [12,26].

The demographic transition in Germany includes an aging of the population [27] and
for certain regions, a population decline [28]. These demographic changes are leading
to increasing challenges for inpatient care or hospitalizations [29]. In this study, we aim
to investigate the future burden of pneumococcal diseases in Germany by integrating a



Mathematics 2024, 12, 796

3o0f21

population forecast model and transmission dynamic model. This approach considers the
ongoing demographic change in the German population.

The structure of our paper is as follows: Section 1.2 provides an overview of the recent
literature on mathematical modeling and forecasting of pneumococcal diseases, particularly
in Germany. In Section 2.1, we describe our population forecast approach. Section 2.1.1
explains how demographic data were prepared for the population forecast model, detailing
the required data structure. In Section 2.1.2, we explain the calculations and structure of
the population forecast model. Section 2.2 covers an overview of the transmission dynamic
model, utilizing outputs from the population forecast model to estimate the future burden
of pneumococcal diseases in Germany. In the final sections, we discuss the results of our
study (Section 3) and explore the limitations of our model (Section 4), offering insights for
potential improvement of our approach.

1.2. State of the Literature

Various methodologies have been employed to understand and predict the burden
of pneumococcal diseases. However, a critical gap in the existing literature becomes
evident when considering methodological aspects. A literature review by Lechen and
Anderson [30] examined 23 dynamic transmission models and 21 economic models of
PCVs. While the reviewed models indicated a reduction in the disease burden with
PCVs, they were contingent on assumptions on the cost-effectiveness of PCVs, as well
as the epidemiology and infection characteristics of the disease [30]. Much of the data
used to estimate the burden of pneumococcal disease were drawn from various sources,
including prevalence data, incidence data, active surveillance, epidemiological surveys,
and community vaccine trials [30]. Hence, the previous models were tailored to the specific
country or region from which the data originated.

A study in 2013 by Link-Gelles et al. [31] focused on forecasting IPD trends in the
United States after the introduction of PCV13. That study spanned a 10-year period
(2010-2020) and utilized a statistical model to predict IPD cases [31]. Active surveillance
data from PCV7 (7-valent pneumococcal conjugate vaccine) introduction in 2000 were
used to create and validate a Poisson model [31]. The study’s conclusion suggested that
serotype replacement was unlikely to significantly impact the number of cases prevented
by PCV13 [31]. Despite lacking data on PCV13 at the time, the model served as a valuable
benchmark for forecasting IPD trends.

A noteworthy mathematical modeling study carried out in 2019 by Choi, Andrews,
and Miller [32] examined the potential impact of altering the infant PCV13 schedule on IPD
and CAP in England and Wales. They developed an age-structure, dynamic, deterministic
model of pneumococcal diseases, utilizing population data and model fitting based on past
trends in cases, to predict the impact of transitioning from a 2 + 1 schedule (two infant doses
and one at 12 months old) to a 1 + 1 schedule (one infant dose and one at 12 months old) [32].
Consequently, that analysis identified the optimal vaccination strategy, contributing to the
improvement of the overall vaccine program by reducing the number of vaccines to be
purchased. That study, while offering insights into the optimization of vaccine policies in
high-income countries, may not be directly applicable to Germany. Although Germany and
the United Kingdom share certain demographic similarities, such as an aging population,
low birth rates, and urbanization [33-35], notable differences exist. Germany, with its larger
population, distinct migration patterns and regional variations, experiences demographic
shifts that differentiate it from the United Kingdom [33,36]. Moreover, Germany has
experienced lowest-low fertility for four decades, contributing to a unique demographic
structure that remains unmatched in Europe [37-39].

A recent mathematical modeling study conducted in Germany by Horn et al. [40]
concluded that adult vaccination with PCV15 and PCV20 would considerably reduce adult
IPDs. That model was adapted from earlier models [41-43] and served as the foundation
for our transmission dynamic model. The model comprised an epidemiological submodel
and a demographic submodel to capture the age structure and population dynamics in
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Germany [40]. The demographic submodel utilized pre-calculated age distributions from
2006 to 2030 (regardless of gender) provided by the German Federal Statistical Office
(Destatis) [40]. This contrasts with our study, since we used population data from the
Human Mortality Database (HMD) and computed a stochastic population forecast based
on a model recently developed for the case of Germany [27]. We provide an updated and
adjusted population forecast as detailed in Section 2.1. Our population forecast model
encompasses the future and long-term demographic structure in Germany, addressing
uncertainties that are specifically captured in predictions related to demographic shifts.

Previous studies highlight the main uncertainties related to the biology and epidemiol-
ogy of pneumococcal diseases, emphasizing the necessity for methodological improvements
to address the complexities inherent in forecasting. These studies demonstrate the impor-
tance of accurate data for disease forecasting. Our objective is to contribute to the progress
of modeling and forecasting strategies for pneumococcal diseases in Germany by intro-
ducing the integration of a population forecast model with a transmission dynamic model.
This brief literature review highlights a gap in existing approaches, indicating an absence
of an integrated study that combines both models. Our approach distinguishes itself by
integrating the demographic shifts in the population with forecasting of pneumococcal
diseases, diverging from previously studied methods.

2. Materials and Methods
2.1. Population Forecast Approach
2.1.1. Demographic Data (Preparation)

To create a population forecast for our pneumococcal projection, we collected annual
German data on national population estimates, births, international migration, and deaths.
We obtained population data by gender and years of age (0, 1, ..., 109, 110+) from the
HMD. Data before 1990 are available separately for the Federal Republic of Germany [44]
and the German Democratic Republic [45]. We combined these to create age- (0, 1, ...,
94, 95+ years) and gender-specific end-of-year estimates for the whole of Germany. For
the years 1989 to 2020, we downloaded population data from the HMD for Germany [46].
Note that the HMD data refer to 01 January, which corresponds to 31 December of the
previous year. As of the time of writing this paper, the HMD did not include population
data beyond 2020. However, year-end population estimates for 2021 are available from
Destatis” database GENESIS-Online [47]. Since the HMD data primarily originate from
Destatis as well, the data are consistent. The major difference is that the HMD data before
the 2011 census have been census-adjusted by Kliisener et al. [48]. Therefore, in contrast to
the official statistics [38], the HMD data do not exhibit a structural break in 2011 [27].

We obtained annual birth numbers categorized by mothers’ years of age (<12, 13, 14,
..., 54, 55+ years) from the Human Fertility Database for the years 19562017 [49] and from
GENESIS-Online for 2018-2021 [50]. Additionally, we obtained annual birth numbers by
babies” genders spanning from 1950 to 2022 [51]. Following the approach recommended by
Vanella and Deschermeier [37], we computed age-specific fertility rates (ASFRs) using the
estimated average female populations within the corresponding age groups:

B%“ BW

= 2 = = ’ 1
fy,a Py_l,a—l,w + Pyaw Pyaw M

with

By,q: births during year y to mothers aged a years on year-end y;

Py 4 female population aged a years on year-end y;

Py 4 average female population aged a years in year y.

We checked both the time series and age schedules of the ASFRs to ensure consistency.
As a result, we defined the age groups for the ASFRs, spanning from 17 to 46. The bands
of the age range include births to mothers younger than 17 as well as those older than 46,
respectively. Consequently, we have established 30 ASFR time series covering the period
from 1956 to 2021.
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We obtained annual death statistics, categorized by the ages (0, 1, ..., 109, 110+ years)
and genders of the deceased, for the years 1956-1989, separately for West and East Germany,
and for 1990-2020 for unified Germany from the HMD [46,52,53]. For 2021, we obtained
the corresponding data from GENESIS-Online [54]. Using this age-specific death data,
we computed age- and sex-specific survival rates (ASSSRs) according to the approach by
Vanella [55]. The ASSSR for individuals of sex g, age 4, and in year y (s,,q,¢) is defined
as follows: P

. Y48
¥es = p ya.g + Dyag’ @

with

Py 4,¢: population aged a years of sex ¢ on year-end y;

Dy q,¢: number of deaths by persons of sex ¢ during year y who would have been of
age a on year-end .

The specified method for calculating ASSSRs offers an advantage in that it is not
influenced by migration movements that often introduce bias into most mortality statis-
tics [27]. Moreover, the integration of survival rates into population forecast models is more
straightforward, as discussed in Section 2.1.2. After checking the time series and inter-age
group relationships within the ASSSRs for consistency, we defined the sex-specific age
groups for the mortality model. These age groups range from 0 to 94 years, with a separate
category for individuals aged 95 and above, resulting in a total of 192 time series from 1956
to 2021.

All data on international migration were obtained from Destatis. Annual gross migra-
tion flows, categorized by years of age and gender for the years 2000-2021, are accessible
through GENESIS-Online [56]. Data prior to 2000 are not available online; however, the data
for the years 1991-1999 had been provided to one of the authors for a previous study [57].

Consistent with the approach used for mortality data, we defined age groups for the
migration flows spanning from 0 to 94 and a separate category for individuals aged 95 and
above. This resulted in a total of 384 migration flow time series (96 age groups x 2 genders
x 2 directions — inflow or outflow). The migration count to Germany by individuals aged
a of sex g in year y is referred to as Iy 4,¢; the corresponding outflow is called E, 5 ;. These
time series cover the period from 1991 to 2021.

All model simulations, calculations, and data visualizations in this study were per-
formed using RStudio® 2023.03.0 “Cherry Blossom” (RStudio, Boston, MA, USA).

2.1.2. Population Forecast Model

The population forecast is based on a stochastic cohort component model proposed in a
previous study [27]. In this paper, we provide a brief description of the demographic model.
We conduct simulations with 1000 trajectories for each demographic component, including
ASSSRs, ASFRs, and migrations, using principal component-based models outlined in
previous studies [37,55].

The fertility model follows Vanella and Deschermeier [37]. As suggested by the
authors, we performed principal component analysis (PCA) on logistic transformations
of the ASFRs with an upper bound close to the empirical maximum of the ASFR matrix.
However, the data cover the whole period since 1956. In Germany, that period covered a
variety of geographic changes, including the separation of Germany into two countries
until 1990. Moreover, Germany witnessed a demographic transition with strong increases
in fertility in the 1950s and strong declines between the mid-1960s and the early 1970s.
Furthermore, the reproductive behavior in East Germany diverged strongly from West
Germany between the early 1970s and the late 1980s [38]. As suggested by Vanella and
Deschermeier [37], we checked the time series of the first two PCs to determine the optimal
baseline period to include in the model. Since there occurred a structural break in 1980,
we only used the ASFRs for 1980-2021 for the model. Following the mentioned paper, we
applied a logistic transformation with an upper bound close to the historical maximum
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ASFR during that period, which was close to 1/8. Therefore, the input data for which PCA
was performed were as follows:

.f Pay
K.-ln(l/g_%,y), )

with ¢, , being the ASFR of females aged a years at year-end y. The transformation makes
sure that simulations from the model cannot result in unrealistically huge ASFRs (qualita-
tively the model assumes not more than every eighth female in a cohort to give birth to a
child in a specific year) and avoids negative values. The resulting PCs are simulated using
fitted time series models (trend and ARIMA [autoregressive integrated moving average]
models). More details on the fertility model are given by Vanella and Deschermeier [37].

The migration model used here is a national version of a regional migration model re-
cently developed in another study by Vanella et al. [58]. This model generates
1000 trajectories for the year-end population in each age group (0-95+) and both sexes
through Monte Carlo simulations. In these trajectories, the population aged 4, of sex g, and
in year y is computed as shown in Equation (4) [59].

Pypot = { Sy,O,g,t(By,g,t + 10t — Ey,O,g,t)r fora=0 @)
a,9t = .
Y Sy,a,g.t (Py—l,u—l,g,t + Iyagt — Ey,a,g,t)/ fora>0

The determination of newborn sexes is computed by Monte Carlo simulation, specifi-
cally by estimating the male proportion among all live births, following the approach in
another study [27]. It is important to note that both births and deaths in the model rely on
the baseline population that is subject to risk, and the models for these two components
are rate-based rather than count-based. Therefore, the live births, in trajectory ¢ and year y

were calculated as follows: N

- -
By,t == f,y,a,t X Py,a,w,t/ (5)
with |
f1y,a (row) vector of all ASFRs in trajectory ¢;

—
Pyawt: (column) vector of the average female population by years of age in the

reproductive age range in trajectory .
The live birth simulations by sex of the newborn are then

By,j,t = Py,jt X By,t (6)

for males and
Bywt = (1= py,jt) x By (7)

for females. Here, p, ;; denotes the share of males among all live births in year y and
trajectory t.

Finally, we introduced one condition into our forecast model. As described earlier, our
model incorporates migration flows instead of rates. However, Fuchs et al. highlighted a
significant limitation of migration flow forecasting: in models where migration is not linked
to a baseline population, stochastic migration forecasts can sometimes lead to unrealistically
large or small (or even negative) population estimates for specific subgroups in certain
trajectories [60]. To address this issue, we included two conditions within the forecast
algorithm. These conditions, in each step, restrict the subpopulation in all age groups
to fall within the range of 3000 to 800,000 persons. This range roughly aligns with the
historical extreme values for unified Germany. This serves as an indirect adjustment to the
net migration simulations, ensuring that they remain within a realistic range and prevent
the generation of unrealistic population estimates.

The population forecast model utilized the following R packages for all calculations:
boot [61,62], MASS [63], and tseries [64].
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2.2. Transmission Dynamic Model to Estimate the Burden of Pneumococcal Disease

To estimate the burden of pneumococcal disease, we used a transmission dynamic
model as outlined in a previous study [41]. In this paper, we provide a brief description
of the transmission dynamic model. The model addressed four pneumococcal diseases:
invasive pneumococcal disease (IPD), severe community-acquired pneumonia (sCAP),
fatal IPD, and fatal CAP. The model (Figure 1) consisted of 400 age classes (i), ranging from
0 months to 99 years and 9 months. Each age class represented a 3-month interval, and the
model simulated aging every 3 months, essentially dividing each year into quarters. Thus,
accounting for quarterly intervals, the age range from 0 to 100 years multiplied by 4 (for
quarterly years) resulted in 400 age classes.

| A1
c1,
| L]

i i
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Decolonization
GS1
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Figure 1. Mathematical model outline for the transmission of pneumococcal disease (i: 1, ..., 400 age
groups; i, j: age groups; A1 ;—As5;: force of infection in age group i for serotype groups 1-5; 41 ;—qs :
probability of transmission per contact in age group i for serotype groups 1-5; w;: population weight
of age class j; r; = 1/duration of carriage in age class i; cy1—c45: competition parameters).

In the model, five groups of pneumococcal serotypes (GS) were considered to account
for the competition among them during host colonization. These five groups are as follows:

GS1: 4, 6B, 9V, 14, 18C, 19F, 23F (PCV7)

GS2:1,5,6A, 7F, 19A (PCV13, PCV7, Serotype 3)

GS3: Serotype 3

GS4: 2, 8,9N, 10A, 11A, 12F, 15B, 17F, 20, 22F, 33F (PPSV23 [23-valent polysaccharide
pneumococcal vaccine], PCV13)

GS5: Other serotypes

The model also considered the various possible carrier states, including: (a) no carriage;
(b) carriers of one group of serotypes (SC1: Carrier GS1, SC2: Carrier GS2, SC3: Carrier GS3,
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SC4: Carrier G54, SC5: Carrier GS5); and (c) carriers of two different groups of serotypes
(DCyy : Carriers(GS, + GS;,) where u,v e {1,2,3,4,5} and u < v).

The model incorporated differential equations for the force of infection
(Equations (8)—(12)) and non-vaccinated individuals (Equations (13)—(28)). More detailed in-
formation on the parameters and equations used in this study can be found in the report by
Kuhlmann, Treskova, and Graf von der Schulenburg [41]. Simulations were conducted in
quarterly intervals, with the age-class shifts implemented outside the differential equations.
PCV13 (13-valent pneumococcal conjugate vaccine) was included in the model to simulate
infant vaccination, while mortality was not factored in. Transmission risk for each age class
was calculated by weighting carriers of pneumococcal serotypes based on the population
structure in 2006, as determined by the POLYMOD study conducted in Germany [65].

Force of Infection:

M = q1,i°Lj % jwj- (SCyj + DCipj + DCy3j + DCyy j + DCysj + VI_SCy j+
VI_DClzl]' + VI_DC13,]' + VI_DCM,]' + VI_DC15J + VA_SCL]' + VADClZ,j+ (8)
VApcisj+ VA_DCuy, + VA_DCis,)

Agi = G, Xj i jw;
{(8Caj+ DCiaj+ DCasj + DCay j + DCos j + VI_SCy
+VI_DCiaj+ VI_DCy3; + VI_DCay ; + VI_DCas j + VA_SCy ©)

+VApciy; + VApcysj + VA_DCoyj + VA_DC25,j)

)L3,[ = ‘73,1"2]' Kjj-w;: (SC3,]' + DC13,]‘ + DC23,]' + DC34j + DC35,]' + VI_SC3,]'+
VI_DC13,]‘ + VI_DC23//' + VI_DC34/]‘ + VI_DC35,]‘ + VA_SC?,/]‘ + VADCng'—F (10)

VApcasj + VA_DCayj + VA_DC35,]»)

Ay = qai°L % jw;j (SCqj + DCryjj + DCoyj + DCay j + DCys j + VI_SCy j+
VI_DCM,]‘ + VI_DC24,]' + VI_DC34,J' + VI_DC45,]‘ + VA_SC4,]' + VADC14,j+ (11)

VApcau+ VA_DCayj + VA_Dc45,]-)

Asi = q5,i* 2 Kij-w;j- (SC5,]‘ + DCis,j + DCas; + DCs5,j + DCysj + VI_SCs j+
VI_DC15,]' + VI_DC25,]‘ + VI_DC35,]' + VI_DC45,]' + VA_SC5,]' + VADClS,j+ (12)

VApcas + VA_DCs j + VA_DC45,j)

Non-Vaccinated Individuals
Susceptible:

Si = —(M,i+ Agi+ Az + Agi+ As;)-Si +1i-(SCq i + SCp + SC3 + SCy + SCs,)  (13)

Carriers of single group of serotypes:

SC; = —(ca1-Ag,i + c31:A3,i + Ca1-Ag i + 51-A5 4 17)-SCqj 4 A1i-Si + 7 (14)
“(DC1a, + DCy3,i + DCyy4,i + DCys5)

SCh; = —(c12A,i +e32:A3 + cap-Agi + €527 A5 +77)-SCoi + Ag i Si + i (1)
(DCa,i + DCp3 + DCoy i + DCps.;)

SC3; = —(c13-Mi + €23-Agi + Cag-Agji + C53:A5 +11)-SC3i + Az j-Si + 7 (16)
(DC13,i + DCy3,i + DC34, + DC3s5,)

SCh; = —(c1a-Myi + oa-Agi + caa-Azi + C54-As i+ 17)-SCai + Ay j-Si + 14 (17)
(DC14 + DCp4 4+ DC34 + DCys ;)

SCs; = —(c15-Mi + €25-Agi + €35 A3, + Cas5-Ag +17)-SCs + A5 j-Si + 1 (18)

(DCys, + DCps; + DC3s5 + DCys ;)
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Carriers of double groups of serotypes:

DC/lZ,i = —2-1;-DCqp; + c21-A2,-SCq j + €12:A1;-5Cy (19)
DCi3; = —27;-DCi3,i +¢31-A3,-SCy,i + €13-A1,-5C3 (20)
DCly; = —2:7-DCuyi + C41-A4i-SCqi + C14-A1,1-SCy (21)
DCi5; = —27;-DCisi +¢51-A5,-SCy,i + €15:A1,i-5Cs (22)
DChy; = —2:1;-DCp3i + €32-A3,-SCa,i + €23-A2,-5C3, (23)
DCyy; = —2-7-DCoyj + c42-A4,i-SCoi + C24:A2,i-SCy (24)
DChs; = —2:1;-DCps,i + ¢50-A5,-SCa,i + €25-A2,-5Cs; (25)
DCyy; = —2-7;-DCay + c43-A4,i-SC3i + c34:A3,-SCy (26)
DCéS,i = —2.1;-DC3s5; + c53-A5,-SC3 ; + c35-A3;-SCs, (27)
DCls; = —2-1-DCysi + C54-As5,i-SCyi + C45-14,i-SCs (28)

The differential equations utilized LSODE from the deSolve R package, and outcomes
were visualized using the ggplot2 R package [66,67]. The simulations spanned from 2001 to
2050, incorporating 1000 iterations and utilizing inputs from the population forecast model
(Section 2.1.2). As the model involved 1000 iterations for each outcome, we calculated
the mean projection of cases, along with the 75% prediction intervals (PIs), for the four
pneumococcal diseases. To enhance visualizations, readability, and comparability, we
combined IPD and sCAP cases to represent hospitalizations, while fatal IPD and fatal
CAP were aggregated to represent fatal cases of pneumococcal diseases. In addition, for
pneumococcal serotype groups, we combined G54 and GS5 to facilitate comparison with
the other groups (GS1, GS2, and GS3). Additional equations, calculations, and figures are
provided in the Supplementary Materials.

3. Results

Figure 2 illustrates the population trend over time for Germany. Data points from
2001 to 2021 represent observed data, while data points from 2022 to 2050 depict the mean
population projection. The PIs monotonically increase for an increasing distance in the
future. This is a logical phenomenon, since the far future exhibits more uncertainty than the
near future. For Germany, migration is especially volatile and difficult to predict, creating a
large share of future uncertainty [68]. The population forecast emulates this well.

110M

—*— Population data from 2001 to 2021
Population projection from 2022 to 2050
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o
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— w ~— o ~— w ~— w ~— w
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Figure 2. Population data and projection for Germany from 2001 to 2050, with 75% prediction
intervals (Sources: [46]; authors’ computation and illustration).
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Figure 3 illustrates the impact of PCV13 (13-valent pneumococcal conjugate vaccine)
infant vaccination on hospitalizations over time, including 75% PIs. With PCV13 infant
vaccination, the mean projection of hospitalizations consistently remains lower, stabilizing
at approximately 60,000 cases per year. In contrast, without infant vaccination, our model
indicates a gradual increase in hospitalizations. Starting at around 60,000 hospitalizations
per year, the cases increase to 90,000 per year. This trend shows the potential effect of not
implementing PCV13 infant vaccination, resulting in a significant rise in hospitalizations.

with PCV13 infant vaccination without infant vaccination
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Figure 3. Mean hospitalization projection with 75% prediction intervals (2001-2050) for all ages, with
and without infant vaccination (Source: Authors” computation and illustration).

When examining the three age groups (0—4, 5-59, and 60 and older) shown in
Figures 4-6, the presence of PCV13 infant vaccination consistently results in lower mean
hospitalizations across the years compared to the absence of infant vaccination. For ages 0
to 4 years (Figure 4), mean hospitalizations decrease from approximately 9000 to a plateau
of 2500. In contrast, without infant vaccination, mean hospitalizations increase over time,
reaching above 10,000. In the 5 to 59 years age group (Figure 5), mean hospitalizations
decrease gradually from around 16,000 to just above 10,000 with PCV13 infant vaccination.
Without infant vaccination, mean hospitalizations remain stable at around 16,000. For
individuals aged 60 and older (Figure 6), mean hospitalizations increase from just below
40,000 to 50,000 with PCV13 infant vaccination. However, according to our simulations,
without infant vaccination, the numbers would be notably higher, ranging from just below
40,000 to 60,000 hospitalizations.

with PCV13 infant vaccination without infant vaccination
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2011
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Figure 4. Mean hospitalization projection with 75% prediction intervals (2001-2050) for ages 04,
with and without infant vaccination (Source: Authors’ computation and illustration).
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Figure 5. Mean hospitalization projection with 75% prediction intervals (2001-2050) for ages 5-59,
with and without infant vaccination (Source: Authors’ computation and illustration).
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Figure 6. Mean hospitalization projection with 75% prediction intervals (2001-2050) for ages 60 and
older, with and without infant vaccination (Source: Authors’ computation and illustration).
Figure 7 illustrates the impact of PCV13 infant vaccination on fatal cases of IPD
(invasive pneumococcal disease) and CAP (community-acquired pneumonia) over time.
With PCV13 infant vaccination, the mean projection of fatal cases increases gradually from
7000 to approximately 9000 cases per year. In the absence of infant vaccination, there is a
steeper increase, rising from 7000 to approximately 11,000 cases per year. This trend shows
the potential impact of not implementing PCV13 infant vaccination, leading to a higher
increase in fatal cases over time.
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Figure 7. Mean projection of fatal IPD and CAP cases with 75% prediction intervals (2001-2050) for
all ages, with and without infant vaccination (Source: Authors’ computation and illustration).
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According to our simulations, for the three age groups (04, 5-59, and 60 and older),
the presence of PCV13 infant vaccination consistently leads to lower mean fatal cases
across the years compared to the absence of infant vaccination. For individuals aged 0
to 4, mean fatal cases remain consistently low, with a slight decrease in the presence of
infant vaccination, staying below 60 in both scenarios. Similarly, in the 5 to 59 age group
(Figure 8), mean fatal cases are slightly lower with vaccination compared to without vac-
cination (750 cases vs. 1000 cases). For individuals aged 60 and older (Figure 9), mean
fatal cases increase from around 6000 to 8000 with PCV13 infant vaccination. However,
without infant vaccination, mean fatal cases would be notably higher, ranging from approx-
imately 6000 to more than 10,000 cases. This trend emphasizes the potential impact of not
implementing PCV13 infant vaccination, resulting in higher fatal cases of IPD and CAP
over time.
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Figure 8. Mean projection of fatal IPD and CAP cases with 75% prediction intervals (2001-2050) for
ages 5-59, with and without infant vaccination (Source: Authors’ computation and illustration).
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Figure 9. Mean projection of fatal IPD and CAP cases with 75% prediction intervals (2001-
2050) for ages 60 and older, with and without infant vaccination (Source: Authors’ computation
and illustration).

Figure 10 demonstrates the impact of PCV13 infant vaccination on hospitalizations
over time, categorized by pneumococcal serotype groups. For GS1 and GS2, the mean
hospitalizations continuously remain lower, stabilizing at around 300 per year. In contrast,
without infant vaccination, the numbers gradually increase, from 50,000 to
70,000 hospitalizations per year for GS1 and from 12,500 to 25,000 hospitalizations per year
for GS2. For GS3, mean hospitalizations remain similar with or without PCV13 vaccination
(12,500 per year). However, for G54 and GS5, mean hospitalizations are considerably higher
with PCV13 vaccination (from 20,000 to 70,000 per year) compared to without vaccination
(roughly 25,000 hospitalizations per year).
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Figure 10. Mean hospitalizations with 75% prediction intervals (2001-2050) for all age groups, with

and without infant vaccination, by pneumococcal serotype group (Source: Authors’ computation

Correspondingly, when examining the three age groups (04, 5-59, and 60 and older)
in Figures 11-13, the presence of PCV13 infant vaccination consistently results in lower
mean hospitalization rates over the years, specifically for G51 and GS2. For GS3 in all three
age groups, mean hospitalizations remain consistent, regardless of the presence of PCV13
vaccination. However, for G54 and GS5, mean hospitalizations are significantly higher with

GSs2
with PCV13 infant vaccination without infant vaccination

B 25,000

%20,000

© 15,000

SR

2 70
- O — O - O ~— O - O ~— O - O - O - O - O
O O v~ — NN N O O T T O O «— — N N O O I 9
o OO0 0000000 O 00000 0000
LS I S I S B o I A I SV A A I I A O O O O N OO NN

Year

GS4 & GS5
with PCV13 infant vaccination without infant vaccination

B 25,000

% 20,000

© 15,000

6 10,000

s 5000

z 0
R = (e B e R (o B ¢o BN (o SR o B (o Bl (o B v
O O - - NN OO T ST OO0 - NN OO S T
o 0O 0O 000 OO0 oo O 0O 0 0O 00 oo oo
Lol I o I o B o NN o I L B A A S I 2 Lo I o I ot B o I o N ot N S A S I S I )

Year

Figure 11. Mean hospitalizations with 75% prediction intervals (2001-2050) for ages 0—4, with

and without infant vaccination, by pneumococcal serotype group (Source: Authors’ computation
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Figure 12. Mean hospitalizations with 75% prediction intervals (2001-2050) for ages 5-59, with
and without infant vaccination, by pneumococcal serotype group (Source: Authors’ computation

and illustration).
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Figure 13. Mean hospitalizations with 75% prediction intervals (2001-2050) for ages 60 and older,
with and without infant vaccination, by pneumococcal serotype group (Source: Authors’ computation
and illustration).

4. Discussion

In this study, we estimate the future burden of pneumococcal diseases in Germany
up to the year 2050. We focus on IPD (invasive pneumococcal disease) and sCAP (severe
community-acquired pneumonia) cases as hospitalizations, and fatal cases of IPD and
CAP, exploring these outcomes for three age groups (04, 5-59, and 60 and older). Overall,
the presence of PCV13 (13-valent pneumococcal conjugate vaccine) infant vaccination
consistently lowers hospitalizations, as well as fatal cases, compared to scenarios with no
infant vaccination. This aligns with the existing literature, where the administration of
infant vaccination contributes to reduced disease transmission of pneumococcal disease in
the population, particularly in children and in unvaccinated older age groups [69-72].

We introduced a novel approach by integrating a stochastic cohort component pop-
ulation forecast model into our disease transmission dynamic model for the German
population. Our population forecast model utilized national demographic data, including
estimates for births, migration, and deaths, as well as specific parameters for sex and
age. By employing age-specific fertility rates and sex-specific age groups for mortality,
we generated 1000 trajectories for the year-end population in each age group and both
sexes through Monte Carlo simulations. The submodels covered both long-term trends
and autocorrelations in fertility, mortality, and migration by time series analysis and cross-
correlations between age groups and genders in the three demographic components by
principal component analysis. The stochasticity in the future demographic developments
was included by Monte Carlo simulation of ARIMA (autoregressive integrated moving
average) models, which was illustrated via 75% PIs (prediction intervals). Generating
1000 trajectories for each age group annually from 2022 to 2050 allowed us to conduct
1000 iterations of our transmission dynamic model, enabling us to derive age-specific case
numbers for pneumococcal disease. This approach differs from other notable forecasting
models for pneumococcal disease in the literature. Some of these models involve the use of
surveillance data and Poisson model validations in the United States [31], past incidence
of pneumococcal disease and observed trends from surveillance data in Belgium [73],
Poisson regression models fitted to monthly pneumococcal rates in Quebec, Canada [74],
and carriage prevalence and case-fatality data estimates using negative binomial regres-
sion in England and Wales [75]. Employing our combined approach, we suggest a novel,
completely stochastic approach for long-term forecasting of hospitalizations and deaths
associated with pneumococcal disease that accounts for demographic and epidemiological
trends, as well as the effects of vaccinations.

Our study had several limitations. While our transmission dynamic model focused on
five specific serotype groups, representing only a fraction of the more than 90 serotypes
of S. pneumonia [76], it does not cover the complete range of circulating pneumococcal
serotypes present in the population. Identifying prominent serotypes is challenging due to
the lack of routine data on serotype distributions for IPD and CAP. Even with PCV13 infant
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vaccination in place, our simulations showed that case numbers for the pneumococcal
serotype group GS3 remain unchanged compared to scenarios without vaccination. GS3
contains serotype 3, a component of the PCV13. The model calibration demonstrated a
quicker waning of vaccine protection for serotype 3 against pneumococcal carriage and
pneumococcal diseases. Our model indicates limited indirect herd effects for PCV13, a
finding supported by an empirical study on the vaccine’s effectiveness [77]. Additionally,
PCV13 covers 13 serotypes including 19A and 3, which were found to be one of the most
prominent IPD serotypes among adults aged 60 and older in Germany in 2017/2018 (19A
at 7.0%, 9N at 7.0%, 22F at 7.6%, 8 at 9.8%, and 3 at 20.9%) [12]. The prevalence of PCV
(pneumococcal conjugate vaccine) serotypes, particularly 19A and 3, in adult IPDs suggests
a potential need for individual PCV13 immunization among those with chronic illnesses
and elderly individuals [7].

Another limitation of our study is the absence of adult vaccination in any of the
scenarios. Our simulations reveal that for pneumococcal serotype groups G54 and GS5,
case numbers are higher compared to scenarios without PCV13 infant vaccination. G54
includes serotypes covered by both PCV13 and PPSV23 (23-valent pneumococcal polysac-
charide vaccine), while GS5 contains other pneumococcal serotypes not addressed by PCV7
(7-valent pneumococcal conjugate vaccine), PCV13, and PPSV23 vaccinations. The absence
of PPSV23 adult vaccination in our model is a contributing factor to the observed increase in
cases for these serotypes. Future improvements to this study could explore scenarios involv-
ing routine PCV13 infant vaccination, along with PPSV23 adult vaccination. PPSV23 has
been recommended by the German Standing Committee on Vaccination (STIKO, Stiandige
Impfkommission) for individuals aged 60 and above in Germany [78]. However, there
is a low uptake of this vaccine; a claims data-based cohort study by Braeter et al. [79] in
2016 reported that only 10.2% of statutory health insurance (SHI)-insured individuals aged
60-64 years received the vaccine [78].

In addition, our analysis only considered the impact of infant vaccination with PCV13
until 2050, neglecting other available vaccinations such as PCV15 (15-valent pneumococcal
conjugate vaccine), which could influence overall disease dynamics in the population.
Areas for further investigation could also explore the potential impact of infant vaccination
with PCV15, as well as the potential impact of adult vaccination with PCV13, PCV15, and
PCV20 (a 20-valent pneumococcal conjugate vaccine). Both PCV15 and PCV20 are licensed
for use in adults, while PCV15 has also been licensed for use in children [80,81]. PCV15
includes all serotypes of PCV13 plus serotypes 22F and 33F, and PCV20 includes PCV13
serotypes along with serotypes 8, 10A, 114, 12F, 15B, 22F and 33F [82].

The 2023 mathematical modeling study in Germany [40], which considered seven
serotype groups, demonstrated that adult vaccination with PCV15 and PCV20 would prevent
a considerable number of adult IPDs. The study by Horn et al. also concluded that PCV20
would offer the most extensive protection against pneumococcal disease [40]. Additionally,
the study suggested that if the current vaccine policy (PPSV23 vaccination in adults and
PCV15 vaccination in children) is maintained until 2031, there would still be a 20% increase in
IPD cases due to serotypes in individuals aged 60 and older [40]. Concurrently, there would
be a continual reduction in IPD cases among individuals aged 16-59, while the number
of cases in children under 2 years old would remain unchanged [40]. A recent study on
serotype-specific IPD surveillance data from 30 high-income countries, including Germany,
also found that a considerable proportion of IPD is associated with serotypes covered by
PCV15 and PCV20 [22]. Thus, incorporating these vaccines into the national policy could
potentially contribute to a greater reduction in pneumococcal disease.

Based on these considerations regarding pneumococcal vaccinations, there is a need
to not only advocate for the recommendation of higher-valent PCVs, such as PCV13 for
infants and PCV15 and PCV20 for older adults [40], but also to improve vaccination uptake
among older adults to reduce the overall disease burden. A recent scoping study encom-
passing 39 studies across seven high-income countries, including Germany, indicated that
interventions linked with increased pneumococcal vaccination uptake include multifaceted
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educational interventions, comprehensive health checklists, nurse-directed vaccination
directives, hospital-based vaccination protocols, electronic medical records with decision
support tools, and regular health assessments [83]. Furthermore, additional studies, such
as randomized-controlled trials, are needed to directly compare the effectiveness of various
intervention methods [83].

Another limitation is the inability to conduct statistical tests such as a chi-square test
between the vaccination and non-vaccination groups for each year due to the presence
of 1000 projections annually from 2022 to 2050. Pairing each projection between the two
groups for a paired t-test would be impractical and would result in generating p-values
for each pair of projections, making the analysis complex. As an alternative method to
illustrate significance, 75% PIs were presented in the results.

Moreover, we need to stress that the model does not include the circularity of
pneumococcal-associated fatality in the different scenarios with the overall mortality that
is included in the population forecast model, since the non-vaccination scenarios are pri-
marily based on a hypothetical approach that is not actually observed in the historical
population data. However, this limitation appears negligible since the differences in the
cumulative deaths between the two scenarios (about 2000 mean deaths in 2050) are minor
in comparison to the overall prediction of 1.24 million deaths in Germany in 2050.

Our study offers insights into the trends of the pneumococcal disease burden in
Germany up to the year 2050, focusing on the impact of PCV13 infant vaccination, based on
a stochastic population forecast model. The utilization of this population forecast model not
only aids in understanding the demographic developments in Germany but also serves as a
valuable tool for assessing trends in different countries with similar settings and healthcare
resources. Furthermore, this information provides valuable insights into potential areas
of improvement in national vaccine policies and programs, aiming to further reduce the
transmission and burden of pneumococcal disease.

Supplementary Materials: The following supporting information can be downloaded at:
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IPD Invasive pneumococcal disease
NIPD Noninvasive pneumococcal disease
CAP Community-acquired pneumonia
PCVs Pneumococcal conjugate vaccines
PCV7 7-valent pneumococcal conjugate vaccine

PCV10  10-valent pneumococcal conjugate vaccine
PCV13  13-valent pneumococcal conjugate vaccine
PCV15  15-valent pneumococcal conjugate vaccine
PCV20  20-valent pneumococcal conjugate vaccine
PPSV23  23-valent pneumococcal polysaccharide vaccine
HMD Human Mortality Database

ASFRs  Age-specific fertility rates

ASSSRs  Age- and sex-specific survival rates

GS Groups of pneumococcal serotypes

GS1 Pneumococcal serotypes: 4, 6B, 9V, 14, 18C, 19F, 23F (PCV7)

GS2 Pneumococcal serotypes: 1, 5, 6A, 7F, 19A (PCV13, PCV7, Serotype 3)

GS3 Pneumococcal serotypes: 3

G54 Pneumococcal serotypes: 2, 8, 9N, 10A, 114, 12F, 15B, 17F, 20, 22F, 33F (PPSV23, PCV13)
GS5 Pneumococcal serotypes: other

Pls Prediction intervals

ARIMA  Autoregressive integrated moving average
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