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ABSTRACT

Introduction: Invasive meningococcal disease
(IMD) is an uncommon, severe, life-threatening
disease primarily affecting infants, with poten-
tial lifelong sequelae. Neisseria meningitidis (Nm)
serogroup B (MenB) causes most IMD cases in
Germany, many of which can be prevented
with four-component MenB (4CMenB) vacci-
nation. The potential public health and eco-
nomic impact of introducing routine 4CMenB
infant vaccination in Germany was assessed.
Methods: A dynamic transmission-based cost-
effectiveness model adapted for Germany
assessed the impact of infant 4CMenB universal
mass vaccination (UMV) versus no vaccination.
The model included the latest real-world evi-
dence on vaccine effectiveness, the compre-
hensive burden of disease on patients (sequelae)

and their family (quality of life impact), com-
prehensive German IMD costs, and vaccination
uptake assumptions.
Results: The largest public health impact was
predicted in children: a rapid decline, 5 years
after UMV implementation, of 39.9% (34.7%)
for MenB (all IMD) cases aged 0–4 years and
42.4% (36.8%) in infants. Over lifetime (100-
year time horizon), 4CMenB could prevent
3154 MenB (3303 all IMD) cases, 291 MenB (304
all IMD) deaths and 1370 MenB (1435 all IMD)
long-term sequelae. 4CMenB saved 25,878
quality-adjusted life-years (QALYs), at a cost of
€188,762 per QALY gained in the base case
(societal perspective including lost productiv-
ity). Scenarios including potential Nm carriage
protection (enabling herd protection) or soci-
etal preferences for the prevention of severe
diseases led to more cost-effective results, while
a scenario excluding IMD impact beyond the
patient with increased discounting of vaccina-
tion health benefits produced less cost-effective
results.
Conclusions: MenB IMD is a vaccine-pre-
ventable disease. This analysis for Germany can
inform decision-makers on the potential impact
of introducing infant 4CMenB UMV. The pro-
gram is predicted to rapidly produce health
benefits (reduction in child cases, deaths and
sequelae) at a cost per QALY to society of
around €190,000 (base case), decreasing to
around €78,000 when considering societal
preferences and IMD underreporting.
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PLAIN LANGUAGE SUMMARY

Invasive meningococcal disease (IMD) is an
uncommon but severe infection, usually pre-
senting as meningitis and/or sepsis, caused by
the bacteria Neisseria meningitidis. Most cases
occur in infants, young children and adoles-
cents. Patients who survive the disease can
develop lifelong sequelae, such as physical,
neurological and psychological/behavioural
problems that impact their quality of life and
that of their family/caregivers. This disease can
be prevented by vaccination. The use of the
four-component meningococcal serogroup B
vaccine (4CMenB) in countries like Germany
can prevent the most common form of this
disease, IMD caused by serogroup B. This study
assessed the public health and economic impact
of infant vaccination in Germany with
4CMenB. For this, the authors used an eco-
nomic model that measured the lifetime impact
of the disease on patients but also on their
families. The model predicted that after 5 years
of vaccination, the number of cases and deaths
in infants and young children aged 0–4 years
would rapidly decrease by almost 40%. Over a
long-term horizon of 100 years, this number
was predicted to remain stable. Due to the
reduced number of cases, vaccination would
also result in fewer deaths and patients with
sequelae, as well as cost savings for the health-
care system and society due to the reduced loss
of productivity. In conclusion, in Germany,
IMD caused by serogroup B is pre-
ventable through vaccination, and the 4CMenB
vaccine in German infants is predicted to
rapidly reduce the disease burden, save lives and
prevent healthcare costs.

Keywords: 4CMenB; Cost-effectiveness;
Germany; Infant; Meningococcal disease;
Vaccination

Key Summary Points

Why carry out this study?

Invasive meningococcal disease (IMD) is
uncommon, severe and life-threatening.

Most IMD cases in Germany are due to
serogroup B, preventable with the four-
component meningococcal serogroup B
vaccine (4CMenB).

The public health and economic impact of
introducing a universal infant 4CMenB
immunisation program was modelled to
inform decision-making in Germany.

What was learned from the study?

4CMenB could prevent 3154 (3303) cases,
291 (304) deaths and 1370 (1435) sequelae
due to serogroup B IMD (all
serogroups IMD), respectively, over
100 years.

The cost per quality-adjusted life year
gained was around €189,000 from a
societal perspective.

INTRODUCTION

Neisseria meningitidis (Nm) bacteria are present
in the nasopharynx of around 10% of the adult
population and up to 25% of adolescents,
without causing symptoms [1, 2]. However, if
the pathogen penetrates the mucosal barrier in
the absence of type-specific immunity, severe
and life-threatening invasive meningococcal
disease (IMD) may occur. IMD is an uncommon
infectious disease with the highest incidence
typically seen in infants. IMD has an unpre-
dictable incidence, risk of outbreaks and occa-
sional epidemics, with Nm serogroups varying
by region and over time [3]. In 2019, around
256 cases of IMD were reported in Germany,
representing an incidence of 0.3 IMD cases per
100,000 persons. The highest incidence (IMD
cases per 100,000 persons) was seen in infants
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(2.8), 1-year-olds (1.9) and young adults 15–19
and 20–24 years of age (0.5 and 0.6) [4]. Patients
typically presented with meningitis (60% of
cases), septicaemia (75% of cases) or both (35%
of cases) [4]. Patients with IMD may die within
hours after symptoms appear, even if they are
rapidly treated and hospitalised. At discharge
from hospital, up to 51.6% of infant survivors
[5] (and around 30% of survivors overall [6]) will
have one or more sequelae that can be lifelong
and of varying severity, including a range of
physical, neurological and psychological or
behavioural conditions (e.g. physical disability
due to limb amputations, or hearing loss) [7].
Thus, IMD can have a lifelong impact on
patients, affecting their quality of life, educa-
tion and ability to work, as well as an impact on
the quality of life and productivity of their
family, especially if patients with IMD suffer
from severe sequelae with the need for lifelong
caregiving [7].

There are five Nm serogroups that cause the
most IMD in Europe: serogroups A, B, C, W and
Y. Since the introduction of universal mass
vaccination (UMV) to control Nm serogroup C
(MenC) IMD in Europe (e.g. introduced in 2006
in Germany for children from 12 months of age
[8]), Nm serogroup B (MenB) became the pre-
dominant cause of IMD. In 2019, 61% of all
notified IMD cases in Germany were caused by
MenB [4]. The four-component MenB vaccine
(4CMenB), licensed in the European Union in
2013, is the only serogroup B vaccine for
infants. In Europe, 4CMenB infant vaccination
is already included as UMV in the United
Kingdom (UK), Ireland, Portugal, Czech
Republic, Lithuania, Malta, Italy (including San
Marino), Andorra [9] as well as Austria [10] and
recently France [11]. After the first 3 years of
4CMenB UMV introduction in the UK in 2015,
and based on the high vaccination uptake
achieved (i.e. around 93% and 88% of children
receiving two doses by 12 months of age and
three doses by 24 months of age), there was a
75% reduction in observed incidence in the
vaccine-eligible age group [12].

In Germany, the Standing Committee on
Vaccination (Ständige Impfkommission, STIKO)
is the independent National Immunization
Technical Advisory Group (NITAG) that

recommends vaccines for inclusion in the
national vaccination schedule with subsequent
mandatory reimbursement by the statutory
health insurance. Decision-making by STIKO is
usually supported by epidemiologic and eco-
nomic modelling studies. A previous health
economic analysis of childhood 4CMenB UMV
in Germany, by Christensen et al. [13], esti-
mated incremental cost-effectiveness ratios
(ICERs) of over €1.9 million per quality-adjusted
life year (QALY) gained excluding indirect
effects. The STIKO recommended 4CMenB vac-
cination since 2015 for certain risk groups and,
to prevent outbreaks, for post-exposure vacci-
nation of unvaccinated household contacts of a
patient with IMD [14] and decided not to
include 4CMenB infant vaccination in the
national immunization schedule during their
reassessment in 2018 [15] due to further evi-
dence needed (e.g. on vaccine effectiveness,
safety and carriage protection). Since 2018, new
evidence has become available filling in these
and other evidence gaps, such as the burden
and costs of IMD in Germany. A recent study
analysing the clinical and economic burden of
IMD in Germany found that hospitalised IMD
cases had a risk of mortality of 5.5% in the first
year after IMD and 24% of survivors had some
form of sequelae (e.g. chronic renal failure,
epilepsy, blindness and learning disabilities).
While this analysis did not include any long-
term costs or indirect costs, IMD cases were
found to have significantly higher initial hos-
pitalisation costs and rates of hospitalisation
during the follow-up period versus matched
controls [16]. A cost-of-illness model estimated
MenB IMD lifetime costs in Germany and pre-
dicted a significant direct cost per patient of
€54,300, primarily due to sequelae management
costs. Total costs per case were €57,100 or
€171,000, using the friction-cost approach
(FCA) and human capital approach (HCA) for
indirect costs, respectively. Based on a hypo-
thetical cohort of around 340 cases in Germany,
lifetime societal costs were around €20 million
(FCA) to nearly €60 million (HCA) [17].

Based on new evidence available on the
4CMenB vaccine, as well as the humanistic and
economic burden of IMD, the objective of this
analysis was to reassess the potential public
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health impact and cost-effectiveness of intro-
ducing infant 4CMenB UMV in Germany.

METHODS

A dynamic transmission-based cost-effective-
ness model (DyCE) [18] was adapted to the
German setting to compare the impact of
4CMenB infant UMV (at 2, 4 and 12 months of
age) versus no vaccination on the humanistic
and economic burden due to MenB IMD and all
IMD. To exclude the potential impact of the
MenB vaccination recommendation for risk
groups from September 2015 [14, 19] on the
burden of MenB IMD/IMD, the model analysis
was started in 2015, hence, starting in a setting
assuming no vaccination. The model used Nm
serogroup-specific input data wherever avail-
able, otherwise IMD data were applied (Supple-
mental Table S1).

Model Structure

The model (Supplemental Fig. S1) has been
previously published for England and described
in detail (Beck et al. [18]). Briefly, the model
includes a dynamic transmission component,
adapted with German demographic data, IMD
incidence and data on the contacts from the
POLYMOD study for Germany [20], to generate
age-specific IMD cases in the arms with and
without 4CMenB routine vaccination. The
model can calculate direct and indirect effects
of vaccination, such as 4CMenB cross-protec-
tion against other non-MenB IMD (i.e.
serogroups W and Y IMD), and the potential
effects on reducing Nm carriage and therefore
transmission, resulting in herd protection. With
a time horizon of 100 years, the model’s eco-
nomic decision-tree component determines the
health states associated with each IMD case over
their lifetime. The model uses probabilities of
death due to IMD in the acute phase, of sur-
viving without sequelae, or of surviving with
one or more of a range of up to 16 possible
sequelae based on MenB IMD observational
studies [6, 21] (multiple sequelae can occur
independently of each other). The costs and
QALYs associated with each health state are

applied to MenB (all IMD) cases in each arm of
the decision tree, to assess the ICER of 4CMenB
infant UMV versus no vaccination.

Quality of Life, Demographic
and Economic Inputs

QALYs were calculated for non-fatal cases and
premature deaths during the acute phase of
IMD and for sequelae, using the utility weights
listed in Supplemental Table S1 and populations
norms for Germany [22]. The life expectancy at
age of IMD onset taken from German lifeta-
bles [23] was used to calculate the overall QALY
loss per case. Health spillover effects (i.e. QALY
losses beyond the patient for the family/care-
givers and formal long-term caregivers [24, 25]
as well as a bereavement factor [26, 27]) were
included in the QALY losses due to IMD (see
Supplemental Table S1).

A bottom-up age-specific IMD costing
approach for Germany was used and is descri-
bed in Scholz et al. [17]. In summary, costs in
the acute phase included hospitalisation, public
health response (e.g. contact tracing and
chemoprophylaxis) and indirect costs due to
premature mortality and productivity loss in
IMD cases. Following the acute phase, direct
costs for life-long sequelae included inpatient
and outpatient care, rehabilitation, special
education and long-term care (calculated for
year 1 and for subsequent years). Indirect costs
included lost productivity in IMD cases of
working age (15–65 years) and in one parent of
childhood IMD cases [17].

Vaccine Inputs

Clinical trial immunogenicity data are now
confirmed by real-world evidence showing 79%
vaccine effectiveness against MenB IMD in fully
vaccinated people (after two or more doses
according to age), from a recently published
case–control study in Portugal [28]. 4CMenB
uptake by the age of 12 months increased in
Portugal from around 33% in the 2015 birth
cohort to 57% in 2018, and there were sufficient
numbers of MenB IMD cases during the
case–control study, in particular among
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controls, to provide a robust estimate of vaccine
effectiveness reaching statistical significance
[28]. At the time of the study, a 3 ? 1 schedule
was used in infants, with a 2 ? 1 schedule rec-
ommended later in January 2018 by the Por-
tuguese Society of Paediatrics [29]; however,
non-inferiority was demonstrated for immuno-
genicity of the 2 ? 1 versus 3 ? 1 schedule [30]
and therefore the model uses these vaccine
effectiveness values. This model was previously
used in the UK [18], and the impact of 4CMenB
using the Portuguese vaccine effectiveness esti-
mates provided comparable vaccine impact
results to those observed from real-world data
after 3 years of routine 4CMenB infant vacci-
nation [12]. Model vaccine effectiveness against
MenB IMD was assumed to be 0% after the first
dose (conservative assumption) and 79% after
the second and booster doses. Vaccine uptake
for the first, second and booster dose was
assumed to be 92%, 91% and 71%, respectively,
based on applying a 5%-point reduction to
pneumococcal vaccination coverage rates in
Germany [31]. Waning was conservatively
modelled using the estimated mean duration of
protection of 33 months after the second dose
and 38 months after the booster dose [30, 32].

The 4CMenB vaccine has shown potent
serum bactericidal antibody activity against
serogroups C, W and Y, with 68% of Nm
serogroup W (MenW) strains and 87% of Nm
serogroup Y (MenY) strains killed [33]. As there
is no real-world evidence to estimate the vac-
cine effectiveness for cross-protection against
IMD serogroups C, W and Y, these human
serum bactericidal assay killing estimates were
applied in the base case to approximate the
vaccine effectiveness against serogroups W and
Y. The model assumed no 4CMenB cross-pro-
tection against Nm serogroup A (MenA) or
MenC IMD (due to the MenC UMV in place and
very low incidence of serogroup A). Further,
cross-protection against MenW and MenY was
assumed only for individuals that are fully
protected against MenB IMD, resulting in a
conservative overall cross-protection estimate
of 23.8% against Nm serogroups A, C, W, and Y
(MenACWY).

Adverse events associated with 4CMenB
vaccination include solicited local and systemic

reactions that are transient and mild or mod-
erate in nature, as observed in clinical trials [34]
and confirmed by real-world data from the UK
[35] and Germany [36, 37]. The model included
costs related to medically attended fever. The
adverse event rate was based on the frequency
of medically attended fever for 4CMenB plus
routine vaccines versus routine infant vaccina-
tions, i.e. an incremental 0.48% for primary
doses in infants [34]. 4CMenB infant UMV with
vaccination at 2, 4 and 12 months of age could
imply co-administration of 4CMenB with the
measles, mumps, rubella and varicella vaccine
(MMRV) as a catch-up vaccination at 12 months
of age according to the current German
national immunisation calendar [38]. Thus, in
the absence of incremental rates available, the
absolute rate of 1.1% for medically attended
fever (4CMenB plus MMRV) was applied for the
booster dose [34]. Therefore, the rate of at least
one adverse event with a full vaccination series
(2 ? 1 schedule) was estimated to be 1.99%,
assuming that adverse events occur indepen-
dently of each other. Among these adverse
events, 8.8% were calculated to need a hospital
inpatient stay (see Supplemental Table S2)
[34, 39].

The model used a vaccine price of €97.06 per
dose (i.e. average payer price per dose across all
17 German healthcare regions via office supply
[40]), with a corresponding wholesale price of
€77.00 and assumed administration cost of
€7.60 per dose, based on the average cost of
administration for vaccines.

Further details of the model structure and
input parameters are provided in Supplemental
Fig. S1 and Table S1.

Calibration and Epidemiologic Inputs

As in the model by Christensen et al. [13], this
model was calibrated in a two-step process: in
the first step, the dynamic model was calibrated
to the age-specific carriage prevalence reported
by Christensen et al. [2]; and in the second step,
the case–carrier ratio (used to calculate the
number of IMD cases from the carriers in the
decision tree) was calibrated to the age-specific
IMD incidence in Germany. As IMD incidence
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varies unpredictably each year with outbreaks
and periods of endemic disease [41], an average
of incidence data over the period 2007 to 2015
was used, to account for the impact of MenC
UMV starting in 2006, and to exclude a low
MenB vaccination effect since MenB vaccina-
tion recommendation for risk groups was
implemented in 2016. National surveillance
data [42] were used to estimate IMD cases by
yearly age groups (0 to 99? years of age) for
serogroups A, B, C, W, Y, X and ‘‘Other’’.

Analysis

The public health impact was assessed in terms
of reduction in overall IMD and MenB IMD
incidence and numbers of cases and deaths
following the introduction of 4CMenB infant
UMV. The model also estimated the number
needed to vaccinate (NNV) to prevent one case
of MenB IMD (all IMD) (i.e. total number of
vaccinations divided by total number of cases
prevented), and number of adverse events
expected post-vaccination to prevent one case
of MenB IMD (all IMD) (i.e. NNV multiplied by
rate of at least one adverse event with a full
4CMenB vaccination series [2 ? 1 schedule]).

For the cost-effectiveness analysis of
4CMenB infant UMV, the key base case
assumptions with alternatives implemented in
each scenario analysis are presented in Table 1.
Although the STIKO recommends a 3% dis-
count rate for health outcomes in the base case
and 1% in uncertainty analyses, the model used
a 1% base case discount rate to account for the
long-term impact of IMD [43]. In addition to
the QALY losses for premature death and from
sequelae in patients, the base case assumed a
humanistic burden on the family and network
of patients with IMD, with health spillover
effects (i.e. family/network QALY losses) [24], a
bereavement factor [26, 27] and a QALY loss for
formal long-term caregivers [25] of IMD sur-
vivors with severe long-term sequelae. To
account for the long-term negative health
impact experienced by the family and close
network of patients with IMD, as shown in a UK
study, the QALY losses of patients due to acute
disease and survivors with long-term sequelae

were multiplied by a family and network factor
of 48% [24]. The impact of death on the family
was considered by applying a bereavement fac-
tor of 9% [27] to QALYs lost in fatal cases. For
formal long-term caregivers of IMD survivors
with severe sequelae, a utility decrement of 0.11
was assumed. A progressive scenario was devel-
oped, adding to the base case: (a) a quality of life
adjustment factor (QAF) of 3, applied to QALY
loss in cases with long-term sequelae, as previ-
ously recommended by the UK Joint Commit-
tee on Vaccination and Immunisation (JCVI)
[44] and used in Christensen et al. (2014 and
2017 [26, 45]), to account for the societal pref-
erence to prevent uncommon but severe dis-
eases such as IMD; and (b) incidence increased
by 16.7% to account for potential underreport-
ing (based on estimates for Germany [17]). A
formal scenario applying the specifications for
base case analysis according to the standard
operating procedure (SOP) [43] of the STIKO
was developed (STIKO SOP scenario), applying
3% discount rates for both costs and QALYs,
and not considering the humanistic burden
beyond the patient or any of the additional
factors considered in the progressive scenario.
The impact of varying discount rates (between 0
and 5%) on the 4CMenB cost-effectiveness was
assessed in scenario analyses for the base case
and STIKO SOP scenario (Supplemental
Table S3). Recent evidence from Australia sug-
gests 4CMenB is not likely to have an effect on
carriage [46] and therefore no carriage effect was
assumed in the base case. As a further extension
of the base case, a carriage scenario assessed the
potential effectiveness of 4CMenB in prevent-
ing acquisition of Nm carriage of MenB and
MenACWY [47], and thus the impact of herd
protection. Finally, to account for occasional
epidemics and natural fluctuations of IMD
incidence [48], high and low incidence scenar-
ios were conducted with the incidence multi-
plied by 3 and 0.5, respectively. All input
parameters are described in Supplemental
Table S1.

As recommended by the STIKO [43], the base
case analysis adopted the societal perspective,
i.e. including direct costs reimbursed by the
Statutory Health Insurance (SHI), costs of non-
reimbursed patient co-payments and lost
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productivity costs (using the FCA to be applied
for death and the acute phase of disease and the
HCA to be applied for long-term sequelae

including parents staying at home) in patients
and their caregivers. Costs were expressed in
euros (€) for the reference year 2015.

Table 1 Base case assumptions and alternatives used in scenario analysis

Base casea Progressive
scenario

STIKO
SOP
scenarioa

Carriage scenario High
incidence
scenario

Low incidence
scenario

Discounting [43]

Costs 3% 3% 3% 3% 3% 3%

QALYs 1% 1% 3% 1% 1% 1%

Family burden

Bereavement

factor [27]

QALY loss

in fatal

cases

?9%

QALY loss in

fatal cases

?9%

NA QALY loss in fatal

cases ?9%

QALY loss in

fatal cases

?9%

QALY loss in

fatal cases

?9%

Family and

network factor

[24]

QALY loss

of

survivors

?48%

QALY loss of

survivors

?48%

NA QALY loss of

survivors ?48%

QALY loss of

survivors

?48%

QALY loss of

survivors

?48%

Formal long-

term caregiver

disutility [25]

Disutility

0.11

Disutility 0.11 NA Disutility 0.11 Disutility 0.11 Disutility 0.11

4CMenB carriage

effect [47]

NA NA NA 15.6% MenB, 29.6%

MenACWY

carriage reduction

NA NA

QAF for societal

preference [44]

NA QALY loss long-

term sequelae

cases 9 3

NA NA NA NA

IMD potential

underreporting

[17]

NA Incidence

increase

16.7%

NA NA NA NA

Incidence

multiplier

(assumptions)

NA NA NA NA Incidence 9 3 Incidence 9 0.5

4CMenB four-component meningococcal serogroup B vaccine; IMD invasive meningococcal disease; MenACWY
meningococcal serogroups A, C, W, Y; MenB meningococcal serogroup B; NA not applicable; QAF quality of life
adjustment factor; QALY quality-adjusted life year; SOP standard operating procedure; STIKO Standing Committee on
Vaccination (Ständige Impfkommission)
aFurther scenario analyses on discount rates were applied to the base case and STIKO SOP scenario (Supplemental
Table S3)
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Both deterministic and probabilistic sensi-
tivity analyses (DSA and PSA) were carried out
to assess structural and parameter uncertainty.
A univariate DSA was performed on all input
parameters, while a PSA with n = 1000 replica-
tions was performed for the base case scenario
excluding normative variables (i.e. discount
rates, vaccine price and administration costs) as
recommended by STIKO [43] and assuming no
carriage protection and no QAF. As there is no
official cost-effectiveness threshold in Germany
[43], hypothetical thresholds of one, two, and
three times the gross domestic product (GDP)
per capita were applied, as proposed by the
World Health Organization (WHO) [49], with
ICERs below €37,046 and €111,138 representing
a highly cost-effective and a cost-effective
intervention [50]. For the PSA, the likelihood of
replications having an ICER below WHO’s cost-
effectiveness thresholds and the percentage of
runs below the base case ICER were derived. The
parameters with ranges used for the DSA and
distributions for the PSA can be found in Sup-
plemental Table S1.

Compliance with Ethics Guidelines

This analysis uses data from previously con-
ducted studies and does not contain any new
studies with human participants or animals
performed by any of the authors.

RESULTS

Public Health Impact

Following introduction of 4CMenB infant
UMV, the model predicts a rapid decline in IMD
incidence, primarily due to a reduction in MenB
IMD. Figure 1 shows the impact of 4CMenB
UMV on IMD incidence (MenB IMD and all
IMD) in the age group 0–4 years over 100 years.

The largest public health impact was pre-
dicted in the group directly benefitting from
vaccination, i.e. the age group of infants and
children 0–4 years of age at highest risk. Herd
protection was not considered in the base case.
Among infants and young children aged

0–4 years, the model estimated there would be
497 MenB IMD (597 IMD) cases and 47 (56)
deaths over 5 years (7687 MenB IMD [9239
IMD] cases and 722 [868] deaths over 100 years)
without vaccination. A 4CMenB infant UMV
would rapidly prevent around 40% (35%) and
42% (37%) of MenB IMD (all IMD) cases and
deaths in 0–4-year-olds and in infants, respec-
tively, 5 years after implementation of routine
vaccination. The case reduction would remain
at this stable level over 100 years (i.e. preven-
tion of around 40% (35%) and 42% (37%) of
both MenB IMD [all IMD] cases and deaths with
a 100-year time horizon in these age groups).
Based on the clinical and real-world evidence
on duration of protection, vaccine effectiveness
and model assumptions around adverse event
rates, the model calculated the NNV; the model
predicted 12,080 (11,536) infants would need to
be vaccinated to prevent one case of MenB IMD
(all IMD). Regarding adverse events (i.e. medi-
cally attended fever), there would be an esti-
mated 241 (230) adverse events post-
vaccination leading to an estimated 21 (20)
hospital inpatient stays to prevent one case of
MenB IMD (all IMD).

Health Outcomes and Cost-Effectiveness
Results

The 4CMenB infant UMV is predicted to pre-
vent 3154 MenB IMD (3303 IMD) cases, the
development of 1370 (1435) long-term sequelae
cases, 286 (300) cases needing long-term resi-
dential care and 291 (304) deaths, resulting in
10,023 (10,491) life years saved and 24,720
(25,878) QALYs gained over the model’s time
horizon of 100 years. Over half (56%) of QALYs
gained are due to prevention of sequelae and
cases requiring long-term residential care
(Table 2).

With no vaccination, MenB IMD (all IMD)
disease management costs are estimated to be
around €464.8 (€681.1) million over the model
time horizon, with a significant additional lost
productivity cost to society of €1.1 (€1.6) billion
in Germany. The 4CMenB infant UMV is pre-
dicted to reduce disease management costs by
around €75.4 (€79.0) million (savings of €9.5
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[€10.0] million in acute care, €55.4 [€58.0] mil-
lion in sequelae management, €9.6 [€10.0] mil-
lion in special education costs and €0.90 [€0.94]
million in public health outbreak management
costs). When considering the significant impact
of IMD on productivity, the UMV is predicted to
save a total of €222.0 (€232.4) million in direct
and indirect disease management costs
(Table 3). The average annual undiscounted
cost of vaccination was €133.4 million (€47.0
million discounted).

Considering the health benefits, cost savings
and vaccination program costs, introducing a
4CMenB infant UMV in Germany is predicted
to result in a gain in QALYs from prevention of
IMD cases, sequelae and deaths, and increased
costs driven by vaccination program costs,
producing an incremental cost per QALY gained
of €188,762 (including productivity losses) ver-
sus no vaccination (Table 4).

Scenario Analyses

The results of the scenario analyses compared to
the base case are presented in Fig. 2 and Table 5.
The STIKO SOP scenario, which produced a less
cost-effective result (ICER €817,348/QALY) than
the base case (ICER €188,762/QALY), excluded
the QALY impact of IMD beyond the patient

and applied a higher QALY discount rate (i.e.
3% vs. 1% in the base case). In the progressive
scenario, assuming underreporting of IMD
incidence and using the QAF to account for
societal preferences, 4CMenB infant UMV
appeared to be more cost-effective than the base
case with an ICER of €77,941/QALY versus
€188,762/QALY, respectively. Taking into con-
sideration the potential carriage effect of
4CMenB (and subsequent herd protection)
resulted in more IMD cases averted, and there-
fore more QALYs gained, with a more cost-ef-
fective result (ICER €109,090/QALY) than in the
base case (Table 5). Further, assuming a low and
high incidence scenario (varying the incidence
by 50% and 300%) led to ICERs of €386,375/
QALY and €56,935/QALY, respectively. The
impacts of single parameter changes considered
in the scenario analyses are presented in Fig. 2.

Deterministic and Probabilistic Sensitivity
Analyses

Figure 3 shows the ICER results when varying
input parameters in the DSA. Varying the dis-
count rate for health outcomes (from 1% to 5%)
had the largest impact on cost-effectiveness,
followed by the discount rate for costs (using
1% and 5%) and by MenB incidence (varying

Fig. 1 Base case percentage reduction in invasive meningococcal disease (IMD) incidence due to meningococcal
serogroup B (MenB) and all serogroups, relative to no vaccination (age group 0–4 years). UMV universal mass vaccination
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the base case incidence by around plus or minus
25%, see Supplement Table S1).

At the hypothetical WHO cost-effectiveness
threshold values of one, two, and three times
the GDP per capita of 2015, routine 4CMenB

had a low probability of being cost-effective
(Fig. 4). The percentage of PSA runs below the
base case ICER of €188,762 was 52.3%.

Table 2 Breakdown of all IMD cases, sequelae, deaths, QALYs and LYs lost (discounted 1%)

No vaccination 4CMenB Difference*

Total IMD cases* 33,547 30,244 3303

B IMD cases 22,274 19,120 3154

ACWY IMD cases 10,287 10,139 149

Other IMD cases 986 986 0

Total long-term sequelae cases* 14,207 12,773 1435

Long-term physical sequelae 2880 2589 291

Long-term neurological sequelae 6021 5413 608

Long-term psychological/ behavioural sequelae 5306 4770 536

Total long-term care cases 2969 2669 300

Total deaths 3856 3551 304

Total disc. LYs lost* 90,212 79,721 10,491

LYs lost B IMD cases 60,326 50,303 10,023

LYs lost ACWY IMD cases 27,683 27,215 468

LYs lost Other IMD cases 2202 2202 0

Total disc. QALYs lost* 215,573 189,695 25,878

QALYs lost B IMD cases 146,469 121,749 24,720

QALYs lost ACWY IMD cases 62,963 61,804 1159

QALYs lost Other IMD cases 6142 6142 0

Disc. acute care QALYs lost* 5007 4511 497

Acute QALYs lost B IMD cases 3340 2866 474

Acute QALYs lost ACWY IMD cases 1515 1493 22

Acute QALYs lost Other IMD cases 152 152 0

Disc. long-term sequelae QALYs lost* 109,733 98,372 11,360

Sequelae QALYs lost B IMD cases 74,691 63,954 10,737

Sequelae QALYs lost ACWY IMD cases 31,513 30,891 623

Sequelae QALYs lost Other IMD cases 3528 3528 0

*Round off to the whole number may have introduced an error of ?/-1 to addition or subtraction results
4CMenB four-component meningococcal serogroup B vaccine; ACWY/B/Other IMD serogroups A, C, W, Y/serogroup B/
serogroup Other invasive meningococcal disease; disc. discounted; LY life year; QALY quality-adjusted life year

Infect Dis Ther



Table 3 Breakdown of base case costs (€, discounted 3%)

No vaccination 4CMenB Difference*

Acute care cost* 103,034,307 93,046,843 - 9,987,463

B IMD cases 68,111,652 58,573,267 - 9,538,385

ACWY IMD cases 32,070,678 31,621,600 - 449,078

Other IMD cases 2,851,976 2,851,976 0

Long-term sequelae direct medical cost* 529,366,387 471,353,279 - 58,013,108

B IMD cases 359,333,137 303,923,317 - 55,409,820

ACWY IMD cases 153,302,192 150,698,904 - 2,603,288

Other IMD cases 16,731,059 16,731,059 0

Special educational cost* 38,394,072 28,376,446 - 10,017,626

B IMD cases 30,513,964 20,942,433 - 9,571,532

ACWY IMD cases 6,817,818 6,371,724 - 446,094

Other IMD cases 1,062,289 1,062,289 0

Public health management and outbreak cost* 10,291,620 9,349,319 - 942,300

B IMD cases 6,794,113 5,894,091 - 900,022

ACWY IMD cases 3,197,382 3,155,103 - 42,278

Other IMD cases 300,125 300,125 0

Productivity loss cost (working age cases, parents)* 1,613,427,081 1,459,972,962 - 153,454,119

B IMD cases 1,080,043,113 933,485,497 - 146,557,616

ACWY IMD cases 479,847,168 472,950,665 - 6,896,503

Other IMD cases 53,536,800 53,536,800 0

Total disease management cost* 681,086,385 602,125,888 - 78,960,497

B IMD cases 464,752,866 389,333,108 - 75,419,758

ACWY IMD cases 195,388,070 191,847,331 - 3,540,739

Other IMD cases 20,945,449 20,945,449 0

Total cost including productivity loss* 2,294,513,467 2,062,098,850 - 232,414,616

B IMD cases 1,544,795,979 1,322,818,606 - 221,977,374

ACWY IMD cases 675,235,239 664,797,996 - 10,437,242

Other IMD cases 74,482,248 74,482,248 0

Total vaccination, administration and AE cost* 0 5,117,251,165 ? 5,117,251,165

Vaccination cost 0 4,704,017,905 ? 4,704,017,905

Administration cost 0 368,334,392 ? 368,334,392

AE cost 0 44,898,868 ? 44,898,868

Total cost excluding productivity loss*,1 681,086,385 5,719,377,053 ? 5,038,290,667
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DISCUSSION

MenB (IMD) is an uncommon severe disease
with potential life-threatening consequences,
especially in infants. Introducing an infant
4CMenB UMV (2 ? 1 dosing schedule at 2, 4
and 12 months of age) in Germany would result
in a rapid decline in MenB (all IMD) incidence
and deaths in the most vulnerable group of
infants and young children 0–4 years of age,
especially with a rapid increase in vaccine
uptake. The sustainable reduction in incidence
would occur within the first 5 years of

introducing the UMV, with reductions of
around 40% (35%) in MenB (all IMD) cases and
deaths in young children. This represents a
reduction of 3154 MenB (3303 all IMD) cases,
1370 (1435) long-term sequelae cases, 286 (300)
cases requiring long-term residential care and
291 (304) deaths. The program would reduce
the burden of direct and indirect treatment
costs, saving €75.4 (€79.0) million in disease
and outbreak management costs and special
education costs in the base case, with an average
annual undiscounted cost of vaccination of
€133.4 million. The infant UMV would reduce

Table 4 Base case cost-effectiveness results for 4CMenB infant UMV versus no vaccination (discounted at 1% for QALYs
and 3% for costs)

Base case No vaccination 4CMenB infant UMV Incremental value

Total costs incl. productivity loss, € 2,294,513,467 7,179,350,015 4,884,836,548

Total costs excl. productivity loss, € 681,086,385 5,719,377,053 5,038,290,667

Total QALYs lost 215,573 189,695 25,878

Incremental cost/QALY gained incl. productivity loss €188,762

Incremental cost/QALY gained excl. productivity loss €194,691

4CMenB four-component meningococcal serogroup B vaccine; excl. excluding; incl. including; QALY quality-adjusted life
year; UMV universal mass vaccination

Table 3 continued

No vaccination 4CMenB Difference*

B IMD cases1 464,752,866 5,506,584,273 ? 5,041,831,406

ACWY IMD cases1 195,388,070 5,309,098,496 ? 5,113,710,426

Other IMD cases1 20,945,449 5,138,196,613 ? 5,117,251,165

Total cost including productivity loss*,1 2,294,513,467 7,179,350,015 ? 4,884,836,548

B IMD cases1 1,544,795,979 6,440,069,770 ? 4,895,273,791

ACWY IMD cases1 675,235,239 5,782,049,161 ? 5,106,813,922

Other IMD cases1 74,482,248 5,191,733,413 ? 5,117,251,164

Negative differences represent cost savings following vaccination
*Round off to the whole number may have introduced an error of ?/-1 to the addition or subtraction results
1Values represent the sum of disease management cost (total, B/ACWY/Other IMD cases), including/excluding produc-
tivity loss cost (total, B/ACWY/Other IMD cases) plus total vaccination, administration and AE cost
4CMenB four-component meningococcal serogroup B vaccine; ACWY/B/Other IMD serogroups A, C, W, Y/B/Other
invasive meningococcal disease; AE adverse event
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the significant productivity loss associated with
the disease, with indirect cost savings predicted
to be €146.6 (€153.5) million. The model con-
siders the burden of MenB IMD (IMD) to

patients in the acute phase and from long-term
sequelae, the QALY impact on their fam-
ily/caregivers and the economic burden beyond
the healthcare system (education, public

Fig. 2 Impact of single parameters considered in scenario
analyses on the 4CMenB cost-effectiveness using a stepwise
approach. Note: base case and scenarios to the right of the
base case use discount rates of 3% for costs and 1% for
HO. 4CMenB four-component meningococcal
serogroup B vaccine; GDP gross domestic product; HO

health outcomes; ICER incremental cost-effectiveness
ratio; QAF quality of life adjustment factor; QALY
quality-adjusted life year; SOP standard operating proce-
dure; STIKO Standing Committee on Vaccination
(Ständige Impfkommission)

Table 5 Scenario analyses results (discounted), all age groups

Scenario analysis IMD
cases
averted

MenB
cases
averted

Incremental
QALYs

Incremental
costs

ICER

Base casea (disc. 3% costs, 1% QALYs) 3303 3154 25,878 €4,884,836,548 €188,762

Progressive scenario: disc. 1% QALYs, QAF = 3,

underreporting 16.7%

3963 3785 62,077 €4,838,353,615 €77,941

STIKO SOP scenarioa: disc. 3% QALYs, no

bereavement/family or caregivers QALY loss

3303 3154 5976 €4,884,836,548 €817,348

Carriage scenario 6688 4464 43,594 €4,755,696,991 €109,090

High incidence scenario 9907 9462 77,633 €4,420,025,290 €56,935

Low incidence scenario 1652 1577 12,943 €5,001,000,476 €386,375

disc. discounted; ICER incremental cost-effectiveness ratio; IMD invasive meningococcal disease; MenB meningococcal
serogroup B; QAF quality of life adjustment factor; QALY quality-adjusted life year; SOP standard operating procedure;
STIKO Standing Committee on Vaccination (Ständige Impfkommission)
aFor additional discounting scenarios applied to the base case and STIKO SOP scenario, see Supplemental Table S3
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health), with a resulting incremental cost per
QALY gained in Germany of €188,762, from the
societal perspective. This ICER falls within the
magnitude of the rotavirus infant UMV in Ger-
many [51], estimated to be around
€117,000–143,000 [52]. Rotavirus also affects

infants but is less severe than IMD and more
common.

Routine infant 4CMenB was included in the
UK UMV in 2015 in a 2 ? 1 schedule (at 2, 4
and 12 months of age). After the first 3 years of
the program with rapidly increasing vaccine
uptake, real-world evidence showed a

Fig. 3 Tornado diagram showing the 10 DSA results with
the largest impact on the incremental cost-effectiveness
ratio (ICER). 4CMenB four-component meningococcal

serogroup B vaccine; DSA deterministic sensitivity analy-
sis; MenB meningococcal serogroup B; QALY quality-
adjusted life year

Fig. 4 Cost-effectiveness acceptability curve (CEAC) for
hypothetical cost-effectiveness thresholds of €37,046
(1 9 GDP), €74, 092 (2 9 GDP) and €111,138
(3 9 GDP) per QALY gained. 4CMenB four-component

meningococcal serogroup B vaccine; GDP gross domestic
product; ICER incremental cost-effectiveness ratio; QALY
quality-adjusted life year; UMV universal mass vaccination
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significant decline in IMD cases of 75% (95%
confidence interval 64–81%) in the vaccine-eli-
gible group aged 2–24 months olds [12]. Two
regions of Italy that implemented routine
infant 4CMenB using two different schedules
also found significant declines in IMD cases in
the vaccinated population (91% and 80% rela-
tive case reductions), and a higher vaccine
impact (i.e. effect considered in both vaccinated
and unvaccinated children) in the region with a
vaccination strategy starting early at 2 months
of age compared with 7 months of age (65% vs.
31%) [53]. Following other European countries,
in June 2021, France also recommended
4CMenB starting at 2 months of age [11]. An
early start of MenB vaccination (i.e. 2 months of
age) is critical for a sustainable reduction of the
MenB (IMD) induced burden of disease.

Our model is based on a dynamic transmis-
sion model by Huels et al. [54] which provided
an extended version of the early model by
Christensen et al. [55]. The economic results
compare favourably to a previous IMD eco-
nomic analysis conducted for Germany by
Christensen et al. [13], which reported ICERs of
over €500,000 and over €1.9 million per QALY
gained for modelled strategies including and
excluding indirect effects, respectively. In con-
trast to Christensen et al. [13], our model
accounts for serogroups other than MenB that
cause IMD and is thus able to include the
effectiveness of 4CMenB against MenW and
MenY IMD. In addition, our model utilises the
latest data on the burden of disease in more
detail with more accuracy, e.g. including the
impact of IMD on 16 types of sequelae in
patients (compared to three major and two
minor sequelae in the Christensen et al. [13]
model). Our model also includes the broader
impact on QALY loss in family/caregivers
beyond the patient. A recent claims database
analysis found nearly a quarter of IMD cases in
Germany suffered from sequelae [16], placing a
considerable burden on the family/caregivers of
survivors of IMD, as observed and measured in a
large UK study of over 1200 families affected by
IMD [24]. The costs included in our model were
also based on a recent German costing study
[17] providing a more comprehensive and
accurate estimate of the lifetime costs of IMD,

e.g. including costs of long-term institutional
care and costs for all sequelae, which were not
included in the previous German model. In
Christensen et al. [13], the costs for the UMV
were higher because of a 3 ? 1 dose schedule,
compared to the 2 ? 1 dose schedule used here,
based on the updated label [56], and as used in
the UK and Portugal 4CMenB infant programs
[12, 29].

As more evidence on input data becomes
available, models need to use them to fully
capture the value of vaccination. Including the
full value using conservative health economic
frameworks can be challenging, especially for
UMVs for severe and uncommon diseases such
as IMD with an unpredictable epidemiology
[57]. The impact of new health economic
modelling approaches that capture the full
value of IMD vaccination [57] versus the STIKO
modelling framework was illustrated in scenario
analyses. For example, normative adaptations
to the base case analysis according to STIKO’s
framework decreased the ICER from €817,348 to
a base case of €188,762 (reduction of 77%) with
an initial reduction of - 25 percentage points
due to consideration of QALY losses beyond the
patient (i.e. family QALY losses, a bereavement
factor and QALY losses for formal long-term
caregivers), and a further reduction of - 52
percentage points due to applying a lower dis-
count rate of 1% for health outcomes to
account for the long-term health benefits of
vaccination [58, 59]. Discounting in modelling
of vaccinations compared to other healthcare
interventions has also been debated, since the
costs of a vaccination program occur immedi-
ately while their health benefits may only be
visible several years later [60, 61]. By discount-
ing the benefits of vaccination more heavily or
equally compared to costs, vaccinations appear
less beneficial than health interventions with
rapidly evident benefits. Recent evidence from a
French database analysis [62] has suggested that
IMD significantly reduces life expectancy in
survivors of the acute phase. Therefore, the life
years (and QALYs) gained following vaccination
in this analysis, and the subsequent cost-effec-
tiveness of 4CMenB, are likely to be underesti-
mated. Future analyses should consider these
additional benefits of 4CMenB vaccination with
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respect to the impact on the family and close
network and to account for the long-term ben-
efits of vaccination.

The current recommendation in Germany is
for 4CMenB to be used in individuals at
increased risk of IMD, such as household con-
tacts of IMD cases and people with underlying
immunologic deficiencies. In addition to
immune deficiencies, a recent database analysis
of IMD cases in France suggested that chronic
medical conditions as well as low socioeco-
nomic status may be risk factors for IMD hos-
pitalisation [63]. A UMV can reduce the
uncertainty due to unknown risk factors and
protect those who may not be able to afford
vaccination, as well as provide greater health
benefits than targeted risk group vaccination
recommendations, by preventing more disease
in a larger group. The results of this analysis
suggest that a 4CMenB infant UMV will have
important benefits in preventing this severe life-
threatening disease with the highest burden in
infants and adolescents, at a lower cost-effec-
tiveness ratio than previously estimated [13],
and can be used to support decision-making
towards a MenB infant UMV in Germany.

A key strength of this study is the use of a
model that allows the comprehensive burden of
IMD to be considered when evaluating the
UMV, i.e. the model includes the main ser-
ogroups causing IMD for the assessment of
4CMenB cross-protection effectiveness against
multiple serogroups, a decision tree which
includes a large range of potential short- and
long-term sequelae resulting from IMD, and
dynamic transmission for the evaluation of
carriage and herd protection. As IMD is an
uncommon disease, there are still many gaps in
the data available especially for Germany. The
model was, therefore, partly informed by input
data from other countries (e.g. sequelae proba-
bilities and utilities), as is common practice in
economic evaluation. The model also did not
consider the effects of potential strain replace-
ment. To account for potential data uncer-
tainty, numerous DSAs, a PSA and scenario
analyses were conducted. In addition, IMD
remains a disease with an unpredictable inci-
dence and risk of outbreaks, making it difficult
to model accurately. Existing models therefore

need to make assumptions about incidence over
time, and this model uses an average of inci-
dence data over multiple years.

CONCLUSIONS

More evidence is now available on the burden
and costs of IMD in Germany, and recent real-
world evidence from the UK and Italy has
demonstrated the significant benefits of routine
4CMenB vaccination. This updated analysis can
inform decision-makers on the potential public
health and health economic impact of a
4CMenB infant UMV in Germany. Our model
showed that a UMV is predicted to rapidly
reduce IMD cases and deaths in infants and
young children, as well as the long-term burden
of disease in survivors of the acute phase. Con-
sidering the broad-ranging impact to patients
and their families/caregivers, routine 4CMenB is
expected to provide additional health benefits
to society at a cost of around €189,000/QALY
gained and, with a more progressive scenario,
results in an incremental cost of around
€78,000/QALY gained.
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la HAS recommande la vaccination des nourrissons.
2021. https://www.has-sante.fr/jcms/p_3273097/.
Accessed Sept 2021.

12. Ladhani SN, Andrews N, Parikh SR, et al. Vaccina-
tion of infants with meningococcal group B vaccine
(4CMenB) in England. N Engl J Med. 2020;382(4):
309–17. https://doi.org/10.1056/NEJMoa1901229.

13. Christensen H, Irving T, Koch J, et al. Epidemio-
logical impact and cost-effectiveness of universal
vaccination with Bexsero� to reduce meningococ-
cal group B disease in Germany. Vaccine.
2016;34(29):3412–9. https://doi.org/10.1016/j.
vaccine.2016.04.004.

14. Robert Koch Institut (RKI). Aktualisierung der
Meningokokken-Impfempfehlung: Anwendung des
Meningokokken-B-Impfstoffs bei Personen mit
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