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Preamble

In Germany, the Standing Committee on Vaccination (STIKO) at the Robert Koch Institute (RKI)
develops and endorses recommendations for vaccinations in accordance with § 20 of the Prevention
and Control of Infectious Diseases Act (in German: Infektionsschutzgesetz, 1fSG). One of the primary
tasks of STIKO is to develop an immunization schedule for infants, children, and adults. The
committee is responsible for defining which vaccinations the general population or specific
subpopulations (risk groups) should receive, when they should receive them, and at what intervals.
In accordance with the aims of the IfSG, those vaccinations that have significant impact on public

health are of particular relevance [1].

The STIKO is an independent panel of experts whose work is coordinated by and receives scientific
support from its executive secretariat at RKI. The STIKO was installed in 1972 and was legally
embedded in the IfSG in 2001. Since the Act on Competition Reinforcement in Statutory Health
Insurance entered into force in 2007, vaccinations recommended by STIKO are the basis for the
Vaccination Directive issued by the Federal Joint Committee (G-BA). Statutory health insurances in

Germany are required to offer the vaccinations listed in this directive as a standard benefit [2].

Based on its rules of procedure, the STIKO defines its methodology according to the current state
of the art. In developing its vaccination recommendations, STIKO follows the systematic methods of
evidence-based medicine (EbM) [3]. In 2011, an updated methodology was established and
summarized in a standard operating procedure (SOP) document that is updated as needed’. When
developing a vaccination recommendation, the STIKO conducts an epidemiological-medical risk-
benefit analysis. This analysis considers both, the individual benefits to a vaccinated person and the
benefit of vaccination at population level which might include for example herd protection effects.
Adverse effects of a vaccination strategy can also arise at population level (e.g. replacement
phenomena, age shift of the disease burden). These effects have to be taken into account when
developing a vaccination recommendation. The SOP also mentions the consideration of results from
epidemiological-mathematical models (EM) and/or health economic evaluations (HE) for decision
making. EMs and HEs aim to project the future epidemiological and economic impact of a (new)
vaccination recommendation or strategy in a population. Most vaccination committees in Europe
routinely apply EMs and HEs — besides other key criteria — as an important evidence basis for their
vaccination recommendations [4].

This methods paper describes how mathematical models for predicting the epidemiological and
health economic effects of vaccination should be performed to be presented to STIKO. This methods
paper shall be routinely reviewed and updated as necessary. The target audience of this methods
paper is the professional community.

! Standard operating procedure (SOP) of the German Standing Committee on Vaccinations (STIKO)
http://www.rki.de/EN/Content/infections/Vaccination/methodology/SOP.pdf? blob=publicationFile
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This methods paper was developed within a research project funded by the Federal Ministry of

Health (BMG) (www.rki.de/steering). It aims to make a further contribution to the standardization of

the STIKO workflow, the quality of vaccination recommendations in Germany, and the transparency
of the decision making processes. This methods paper will describe the EM approach of predicting
epidemiological effects and HEs. The manner in which analyses of certain vaccinations should be
designed depends, among other things, on the respective research question and the scientific

evidence available. For that reason, its presentation is project-specific.

EMs and HEs commissioned by STIKO or the RKI are primarily intended to support the STIKO in
developing the most efficient vaccination strategy. However, the results of EMs and HEs are only one
aspect upon which the STIKO bases its decisions.
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Abbreviations

BMG The Federal Ministry of Health (in German: Bundesministerium fiir Gesundheit)

e.g. For example

DSA Deterministic sensitivity analysis

EbM Evidence-based medicine

EM Epidemiological-mathematical model

EntgFZG Continued Remuneration Act (covering sick and holiday pay, in German: Gesetz
Uber die Zahlung des Arbeitsentgelts an Feiertagen und im Krankheitsfall)

G-BA The Federal Joint Committee (in German: Gemeinsamer Bundesausschuss)

HE Health economic evaluation

SHI Statutory health insurance

ICER Incremental cost-effectiveness ratio

IfSG Prevention and Control of Infectious Diseases Act (in German: Infektions
schutzgesetz)

IQWiG Institute for Quality and Efficiency in Health Care (German: Institut fir Qualitat und
Wirtschaftlichkeit im Gesundheitswesen)

ITT Intention to treat

NNV Number needed to vaccinate

PP Per protocol

PSA Probabilistic sensitivity analysis

QALY Quality-adjusted life year

RKI Robert Koch Institute

SGB V The German Social Code, Book Five (in German: Sozialgesetzbuch Flinftes Buch)

SI-RL Vaccination Directive (in German: Schutzimpfungsrichtlinie)

SOP Standard operating procedure

STIKO Standing Vaccination Committee (in German: Standige Impfkommission)

WHO World Health Organization

WSG Competition Reinforcement Act (in German: Wettbewerbsstarkungsgesetz)
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1 Methods of epidemiological-mathematical modelling and health economic
evaluations

1.1 Introduction

In Germany there are currently two methods papers that describe the technical framework for
conducting health economic evaluations (HEs): the ‘General Methods’ of the Institute for Quality and
Efficiency in Health Care (IQWiG), and the ‘Hannover Consensus’ [5, 6]. These papers primarily target
the evaluation of pharmaceuticals, and less primary preventive measures such as vaccinations
against infectious diseases [7] (p. 255)°. However, the approaches and methods are at least partially

different for conducting epidemiological-mathematical models (EMs) and HEs of vaccinations [8-10].

The Robert Koch Institute (RKI) cooperated with national and international experts to identify the
particularities that should be taken into account when conducting EMs and HEs for vaccinations.
Section 1 of this methods paper is based on chapter 4 of the IQWiG ‘General Methods’, the
‘Hannover Consensus’, on comprehensive literature research as well as consensuses developed with
these experts [5, 6]. Here, aspects are addressed that are in particular relevant for EMs and HEs of
vaccinations. Aspects that are not explicitly or only briefly addressed here are usually explained in
more detail in the publications named above; this does, however, not constitute an endorsement of

the approaches in those methods papers [5, 6, 11].

When conducting an EM or HE, the target population, e.g. the population of a country, is first
patterned according to its demographic attributes in order to apply the target diseases addressed by
the specific research question and extrapolate their distribution in this target population for a certain
period of time [10]. In a next step, the relevant vaccination is implemented in the model and applied
to the same population, depending on design and vaccination strategy. Then the impact of the
particular vaccination strategy on the disease distribution is analysed. The initial aim is to calculate
and compare the aspects relevant to public health: the number of (prevented) medical-
epidemiological outcomes, for example illnesses, hospitalizations, and/or deaths with and without
implemented vaccination, as well as the adverse effects caused by the vaccination at population
level. In an HE, the corresponding direct and indirect costs of treating the target disease and the
costs of the vaccination are added to these public health aspects in order to calculate health
economic figures, such as the incremental cost-effectiveness ratio (ICER). Because of the large
qguantity of data needed, such models only generate valid findings if sufficiently valid input data are
available or if the model can be calibrated based on extensive data on disease burden. The
availability of data should be determined before conducting any modelling project. Any limitations
occurring (due to data availability) should be clearly documented, assessed, and critically discussed
during the modelling, in particular if data from other countries have been used.

2 According to SGB V, section 139a, paragraph 3, number 2, the IQWiG can be commissioned with assessments of quality
and efficiency of other services provided by statutory health insurance.
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In principle, models that STIKO potentially considers for its decision making, as described in
section 1, can be performed by external institutions. Due to the generally high level of complexity,
the high level of coordination required, and the frequent risk of intransparency, STIKO prefers
commissioning its own models with close monitoring and frequent updates. The STIKO or the
relevant STIKO workgroup will work with STIKO’s executive secretariat and RKI’s Immunization Unit
to define all project-specific modelling requirements, and involve other experts or project partners as

needed.

Section 1.2 focuses primarily on EM and its particularities regarding vaccinations. Section 1.3
addresses the special health economic requirements that should be taken into account in an HE on
vaccinations. Remarks on the following sections have also been made in other places and illustrated
using examples [11].

1.2 Epidemiological modelling

1.2.1 Selecting a model type

Numerous studies on the various types of models and the selection of a model can be found in
the literature [8, 12-28]. There are various types of models: (i) cohort models, (ii) population models,
and (iii) individual-based models. Category (i) models are static, for example decision trees or Markov
models. They are not able to represent the transmission of pathogens between individuals or
segments of populations. Category (ii) and (iii) models, on the other hand, can depict these
transmissions and thus reproduce the spread of infectious diseases. They are called dynamic models.
Category (i) and (ii) models are often deterministic in nature, whereas category (iii) models are
stochastic [11].

In general, dynamic models should be used if vaccinations or vaccination strategies can lead to
indirect effects (e.g. herd protection) in the population. The use of static models is legitimate for the
evaluation of vaccinations and vaccination strategies that do not lead to indirect effects (e.g. tetanus
vaccinations). The World Health Organization (WHO) flow chart is of assistance here [29], see
illustration 1. In certain circumstances a static model can also be used to evaluate
vaccinations/vaccination strategies that can lead to indirect effects. For example, one condition could
be that a static model represents a conservative approach in which indirect positive effects, e.g. herd
protection, are not taken into account. But that is appropriate only if it does not lead to any negative
indirect effects, e.g. serotype replacement or age shifting of the incidence with a corresponding rise
in the probability of complications, being neglected [20, 22, 29-31]. When using a dynamic model, in
particular a model with a long time horizon, it should be considered beforehand whether realistic
demographic projections for Germany [32] (e.g. demographic change, migration, or contact patterns
in the population) should be utilized, or whether a stable population should be assumed in the
model. In this situation, uncertainty analyses that are particularly comprehensive are needed [11,
33].
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Figure 1 WHO flow chart for selecting models [29]

1.2.2 Documentation of a model

Transparent, detailed, and reproducible documentation of a model is essential in both, model

code (regardless of software®) and written report.

3 For example ‘R’, a free programming language for statistical calculations (https://www.r-project.org/)
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1.2.3 Time horizon of dynamic models

The time horizon of static models usually corresponds to the duration of the age segment at
highest risk of acquiring the disease analysed, or the lifetime of the cohort(s) observed in the model.
The time horizon of a dynamic model is somewhat more complex, and has an enormous impact of
the validity and results of the model [13, 18, 23]. This time horizon can usually be subdivided into

three consecutive phases:

(i) Run-in phase (also called burn-in phase): Dynamic models require a run-in phase

in order to reproduce the epidemiological situations in the pre-vaccination
periode. This is important for the realistic implementation of respective
vaccination. The length of this phase can influence the results of the model.

(ii) Evaluation phase: This phase starts with the implementation of the vaccination in

the target population. The length of the evaluation phase should be set so that
both positive and negative effects of the vaccination can be depicted and taken
into account.

(iii) Steady-state: After a certain period of time in the evaluation phase, an
epidemiological plateau, called the steady-state, is reached. This is where the
epidemiological variations terminate. The time horizon of a model should extend

to this steady-state so that valid and dependable results can be generated.

The time horizon of the evaluation should be described and justified. In addition to the ICERs
calculated from the steady-state phase, ICERs varying points of time before the steady-state should

be calculated and presented [11, 22].

1.2.4 Comparators

Depending on the research question, there are various ways to conduct comparisons, e.g. no-
vaccination vs. vaccination, a screening program vs. vaccination, or an existing vaccination strategy
vS. a new vaccination strategy for the same disease (e.g. changing the age at vaccination, vaccinating
boys and girls, vaccinating girls only). All health care-relevant preventive or curative comparators in
the therapeutic indication of the respective vaccination should be included in the model. If they are
not included, the reasons for this should be given.

1.2.5 Endpoints

Modelling should take all endpoints relevant to the respective indication into account (e.g.
disease case, complications, hospitalization and/or death), as well as the measure of benefit in the
form of quality-adjusted life years (QALYs) [34].

1.2.6 Natural disease progression

The structure of a model correlates directly to and should be developed based on the natural
progression of the disease for which a vaccine is administered [20, 35]. Examples of structures for

compartment models (cf. category (ii) in section 1.2.1) include ‘susceptible-infectious-susceptible’
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(SIS), ‘susceptible-infectious-recovered’ (SIR), ‘susceptible-infectious-recovered-susceptible’ (SIRS),
and ‘susceptible-exposed-infectious-recovered-susceptible’ (SEIRS). In general the model structure
should be developed based on the characteristics of the respective disease, the vaccine/vaccination,
and the research question. In dynamic models, the pathogen-specific naturally acquired immunity
(after infection) and the waning of this immunity over time are particularly important. If there are
any uncertainties regarding the natural disease progression and thus the model structure, the

structure should be varied in uncertainty analyses [36, 37].

1.2.7 Measures of vaccine-induced protection

There are various approaches for defining vaccine-induced protection and thus vaccine efficacy
within models [24, 28, 38-40]. A vaccine can protect from infection, symptomatic illness,
complications and/or infectiousness. The vaccine-induced protection should be modelled according
to the respective disease and the vaccine available. In some cases a hierarchy of various endpoints
should also be incorporated in the model. One type of hierarchy is a sequential hierarchy. In a
sequential hierarchy, vaccine-induced protection is applied only to the primary endpoint, and all
others are disregarded in modelling the vaccine-induced protection. Vaccine-induced protection can
also be applied to all relevant endpoints, depending on the vaccine and the study findings. The
structure of a model and the approach to modelling the vaccine-induced protection should be
designed in accordance with medical evidence. Whether a vaccine reduces infectiousness or
susceptibility to infection in a model is a key difference that has an enormous impact on the model
results. Uncertainties and their impact on the findings of vaccine-induced protection models should

be considered in uncertainty analyses.

In clinical trials there are two approaches of analysis to usually measure vaccine efficacy (VE).
These include the per protocol (PP) and intention to treat (ITT) variants [41]. PP normally generates
results that favour vaccination/intervention, whereas ITT procedures normally produce rather
conservative results. Whenever ITT efficacy data are available for a new vaccine, these should be
used in a model’s base case. PP data can be used in uncertainty analyses. PP data can also be used in
the base case if the difference between ITT and PP can be fully explained by the differing proportions
of persons susceptible in the study populations.

To some extent in clinical market authorization studies of vaccines, efficacy is not measured based
on clinical endpoints, but instead using surrogate parameters such as immunogenicity. But the link
between immunogenicity and actual vaccine-induced protection is not always clear. Only validated
surrogates (e.g. proof of correlation of the effects on the surrogate to the effect on the patient-
relevant endpoint) should be considered as endpoints, and uncertainty analyses should be

conducted.

Models should also describe and distinguish between vaccine-induced protection through degree
of protection or take. The degree of protection is the vaccine-induced protection in individuals who

are completely vaccinated (e.g. 100% of the individuals completely vaccinated have 50% protection).
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Take is the percentage of completely vaccinated individuals with full protection (e.g. 50% of the
completely vaccinated individuals have 100% protection) [42]. The respective vaccine will determine
which approach should be used in the model. If there is no evidence for this, uncertainty analyses
should be conducted. Adverse effects of vaccinations at the individual level (adverse drug reactions)
and population level (e.g. replacement effects) should also be taken into account in model and, if

applicable, in uncertainty analyses.

1.2.8 Duration of vaccine-induced protection

The duration of vaccine-induced protection has a major impact on model results; waning of this
protection is crucial [20, 35]. Often there are no reliable data on vaccine-related waning at the time
of market authorization because the duration of most clinical trials is too short to adequately reflect
the duration of vaccine-induced protection and its waning. That means that assumptions must be
made in models. If necessary, it is possible to assume lifelong protection or waning. Waning (e.g.
exponential or stepwise) can start immediately after vaccination or after a period of stability
(vaccine-induced protection remains constant at first). If there are uncertainties about this,

comprehensive uncertainty analyses should be conducted.

1.2.9 Indirect effects of vaccination

Beyond the positive indirect effect of vaccine-induced herd protection, there are also negative
indirect effects (such as age shifting of incidence accompanied by a rising probability of complications
or serotype replacement) caused by vaccination or a vaccination strategy. If relevant, these should
be regarded in models [13, 14, 18, 20, 23]. In addition, consequences such as intrapopulation effects,
for instance the impact of the vaccination of children on the disease burden of the elderly (e.g.
varicella zoster virus or pneumococci) or antibiotic resistance, should be reflected in models if
relevant. Potential consequences of vaccination, such as eradication of the pathogen or behavioural
changes (e.g. risk behaviour, screening) can also play an important role and should be analysed in

models if relevant.

1.2.10 Vaccination target group

Beyond the question of who should be vaccinated (e.g. the entire population or certain risk
groups), the question of contact patterns in the target group is of particular importance and should
be depicted adequately in dynamic models [14, 16, 20, 24, 39, 43]. There are various data collection
methods for contact patterns, such as questionnaires (e.g. POLYMOD [44]) or synthetic contact
patterns based on demographic data [45, 46]. In Germany, methods based on questionnaires should
be used whenever possible.

1.2.11 Model calibration and validation

Model calibration is an instrument that is already used during model development [47]. For the
valid modelling of future effects, a model should be able to reproduce disease progression and

spread retrospectively (if applicable without intervention/vaccination, see section1.2.3 ‘run-in
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phase’). Often, however, the input data available for the model parameters are insufficient, with the
result that past incidence progression is nearly impossible to reproduce. Model calibration, also
called estimation of model parameters, is the procedure of mathematical model adjustment in which
model parameters are set in a manner that model results fit well to observations in reality [13, 16,
22, 24, 36, 48-52]. There are different calibration methods, for example manual, random (e.g. Monte
Carlo), and optimizing (e.g.: Nelder-Mead [53]) methods. The calibration process should always be
conducted in a transparent and well-structured way; for that reason random or optimizing methods
should preferably be applied [48, 51, 54, 55]. Careful attention should also be paid to whether the

model parameters estimated by calibration are plausible.

Besides calibration and transparency, validation is the instrument that can increase the credibility
of the generated model results [48, 54]. There are several different types of validation [54]. In plain
visual validation, the operation mode of the model including its assumptions is examined for quality
and plausibility by experienced experts. The verification process examines whether the model
(mathematically) processes and calculates the data cor