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Abstract

The spread of infectious disease and the induced had deaths are of main
interest in populations since the existence of mwod®ocial structures. For
example the Spain flu in the early 20th centuryttoe modern swine flu is
influencing the overall world social systems.

To find the best suited strategy against an illfekmg into account additional
boundaries it is necessary to calculate differeenarios in advance. Thereby
assumptions regarding bounded resources of vacomaeney for a strategy as
well as epidemiological key parameters have takert into account.

In mathematical theory the ordinary differentialuations of Kermack and
McKandrick in 1927 describing the spread of disease one key step in
simulation of the behavior of an epidemic. The stled SIR (Suspected —
Infected — Recovered) model.

Nevertheless these equations are not the only Wwayodeling complex disease
behavior. In this work the main solution strategiesed in modern
pharmacoeconomic output research are discussedseTIsrategies are
Markovian models, ODE models and agent based mmtdchniques.

The three strategies are explained briefly andhvensecond task the differences
and benefits as well as problems of each methotiganeed out. In the outlook a
concept for feedback in modeling and more generaproblem solving in
pharmacoeconomic decision making regarding infastaliseases is presented.
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OUTCOME 1

1 Basic Assumptions

A SIR — model is a simple model description fol W
simulation of spread of an illness. Therefore thre

types of persons are taken into account:

VALUE 2
VALUE 3

S — Susceptible persons: These persons ¢
healthy and can become infected by infecte
persons.

* | — Infected persons: These persons at
infected and can during this phase infec
healthy persons (type S). The infectec
persons get healthy again with a predefine
probability or after a defined time period.
After getting healthy they are immune
against the modeled disease. Fig. 1 General structure of a decision tree as fmed

+ R — Recovered persons: This group includes calculation of the probabilities for one step in a
all persons that have been infected and areMarkovian model. Thereby Choice 1 and Choice 2
already convalesced. In this model structure can for instance represent the decision between
people can not suffer from the same illness vaccination and no prophylaxis.
more often.

OUTCOME 3

As this method is data based and is not modelirg th
real dynamic of the contact behavior of the popaoitat
At the beginning of a SIR — simulation normally thesome problems occur:

main part of a population is assumed to be sudaepti
Only few infected persons are given in the begignin
the dynamic change of the fractions is of interest.

The structure of the Markovian model does
not allow a deeper insight into the dynamic
effects of spreading of the illnesses

SIR — specific parameters are the infection prdtigppi influenced by vaccination and dynamic
which defines the likelihood that a healthy pergets feedback due to the properties of the
infected during the contact with an infected person Markovian structure.

and the recovery probability, which defines the
probability that an infected person (I) gets recede
This is pointed out by a change of its infectioatet
from | to R.

With this kind of model it is not possible to
represent dynamical nonlinear effects like
herd immunity. This can only be done by
fixed parameters which are in general defined
by expert knowledge without any possibility

2 Markovian models of reliability testing or validation.

A Markov process is a random proc&ssvhose * Assumptions for heterogeneous population
future probabilities are determined by its mosergc structures cannot be modeled. Especially the
values. For discrete time steps the calculatios,ef influence on other age groups or serotypes is
is independent of the knowledgeXyf, X,,..., Xo1 very important to be focused on. These
only X, has to be known and therefore: phenomena often lead to different infection
rates and thereby a different number of cases.
PIX o | X, X5, K X T =PEX g [ X Herd immunity is a factor observed in
] ) . . literature on infectious diseases and so cannot
When focusing on discrete time steps the so defined be ignored. There are many different
Markovian process is also called Markovian chain. approaches of integrating this effect [1, 2],
Markovian models are part of the top — down but the problem that the real epi_demic is not
modeling techniques and are in general representing represented by the Markovian ~model
the behavior of one cohort over the time span of structure continues.
interest. As cohort in a Markovian model in general « The lack of studies especially concerning

group of persons with identical behavior is assumed
The model is not taking into account other persons
outside the cohort and their influence into theralle
behavior of a population or different parametertat

in this group of persons. The probabilities of ipett
infected, recovered, etc. are based on statistick a
often decision trees (general structure showngn Ei
are used to get the values for each time step.

serotype shifting is a big problem and
therefore it is questionable if it can be
modeled in an appropriate way to estimate
the effectiveness of vaccines or alternative
strategies using Markovian models.

Otherwise Markovian models are necessary in cases
when no further information on the epidemiology of



an infectious disease is evaluable and enough d: Nufber o suscepte, infcted and recoversd it cver time

1000

regarding cases is given. Although especially i —— e
economic output research the implementation and tl “r — rocovered
possibility to calculate the costs per case and pes o
life year gained quite easily, is an important teatof 7l
this method. ool |

sof |

pepulation

Another important aspect is that this approacHteno l
used by health economists and therefore it is sacgs wl £
to implement equivalent structures for compariso sl
with results from literature. Nevertheless this o
not be the reason for choosing this approach oy on
this approach. In several cases parallel developofen N—
different modeling techniques for one simulatior W m % e moow 6 % % W
question is necessary.

200

100

Fig. 2 Classical solution of the Kermak and
3  ODE models McKendrick ODE — model for a saisonal epidemic.
The blue graph represents the number of recovered
persons, the red one represents the infected and th

Another top — down method in modeling infectious green the health people.

diseases are ordinary differential equations (ODES)
This dynamic method is based on the concept @till the main problem of ODE based concepts in
Kermack and McKendrick and uses the well definechodeling the spread and influence of infectious
ODE theaory. diseases is the parameterization and validatiothef

ODEs use population groups in contrast to cohortsmOdel parameters.

The basic equations for an SIR epidemic are defindd comparison with Markovian methods ODE

as follows: approaches lead to higher flexibility and better
implementation of dynamic non linear effects. Both

d§‘ =-pS them have strong restriction in parameterizatiod an

d&= AS - i do not represent the real epidemiology. Therefore

another concept is necessary.

dF&: H Modeling infectious diseases with ordinary
As can be seen the dynamics of the infectious clag. erential equqtions in_ interdisciplinary groups_
depends on the following ratio: often problematic. That is why the model descriptio
’ is often done using System Dynamics [3].

R, :E The model development is defined in seven steps,
7] starting with a textual description of the problem,
) ] defining of causal loops and the conversion intavfl
the so-called basic reproduction number (also dallgjiagrams. In most cases, if the epidemiological

basic I‘eproduction I’atiO). This ratio is derivedths structure of an infectious disease is known’ muﬁe
expected number of new infections from a singl@asy to define the causal loops.

infection in a population where all subjects are _ _ ) ) )
susceptible. Fig. 2 shows a classical solutiomoiR ~ Afterwards the implementation and first simulation

basic model with only one homogeneous population. the concept has to be done. In this step the
problematic of parameterization of the up to now

To implement different, for example age dependengyalitative approach with quantitative values occur
parameters the model structure has to be implementgytiining alternative scenarios, refinement of the
the same way in parallel more often. This expahds tfeedback loops represented by causal loops and
parameter list and the complexity regarding th@iscussion as well as implementation of the changes

solution methods. Concurrence of different seradypeyre the last steps of the model development process
or strains can be modeled using more compleysing System Dynamics.

assumptions regarding parallel incidence of illesss ) _ ) ) _
and carrying rates. The main benefits of ODE modeling of infectious

N diseases in comparison to Markovian models are the
Each additional feature focused on leads to a @hangigher flexibility, the chance to model the infleenof

in the equation structure and therefore to an dvergjifferent population groups and their influencetba

model change. These changes or refinements aregferall behavior as well as the well known theory

general time consuming and often not communicabl@garding stability analysis [4]. Furthermore eféec

in interdisciplinary groups. like serotype replacement can be modeled, however
the problem of parameterization is not solved



The lack of studies in literature concerning squety Using this advanced structure additional scendities
shifting is a big problem and therefore it isthe effect of closing schools during an epidemither
questionable if it can be modelled in an appropriatreduction of contact rates of interest by using the
way to estimate the cost-effectiveness of vaccineassumption, that a part of the population wears
This problem leads to a significantly differentbreathing protection can be calculated.

approach for modeling of infectious diseases and 18 the infection part a person that stays in cariman

change in the perspective from top — down to bcmominfected person is tainted with an individual

up- probability depending on the own age, the serotype
coming in contact with, the underlying diseasethef
4 Agent based models persor?_ ying

Agent based models are bottom — up models ofa ~ The fourth and last part includes the economic
heterogeneous population of agents and their social €valuations, the connection between the cases of
interactions. The summed results of the micro level illness and the age dependent course of disease and
interactions can be used to calculate the intergsti  thereby the associated costs per case.

macro level behavior. Using this modular structure the over all concept a

Because of building up each single person of isteredepicted in Fig. 3 can be implemented.
using a simplified computer model, the so define’
modeling structure is part of the bottom — up mdtho
In contrast to the other presented strategies ¢hé r
life implementation of the spread of epidemicsris i
center of interest.

Social contact modeling is a key element in sinigat :pidemiology
infectious diseases because a transmission can o b
happen when people meet each other. Therefc
additional knowledge on the demographic structure
the social interaction rates, etc. is important.

Economic
Evaluations

Based on these definition and ideas the followin
modeling structure for simulation of epidemics with
agent based techniques can be defined:

The agent based modeling structure can be set up
four main parts: The population part, the sociat,pa
the infection part and the economic evaluatione Th
agents in this model are single persons with atteit
age, gender and infection state. In the populgtian
the population is calculated, people get older died
and babies are born using real life data for AastriBecause of these additional influence factors taken
For the spread of an epidemic people have to meeto account and because of the possibility of
each other. refinements regarding sex, age, income, and sb@n t
number of parameters increases rapidly. This séems
éﬁf a problem that cannot be handled in the first

Hg. 3 Definition of the underlying modular structu

for agent based modeling of strategies for infergio

diseases. Sensitivity analysis for the main infagen

parameters and for evaluation of the stability thase
performed.

In the social part contact lists of each singlesper
can be defined. These connections are varied ev
time step by resolving some old and defining ne

connections using different algorithms for evalomati arkowtan models tarlg tODES IIS tha’:j the us_el(lj
of social structure behaviour over time. An altgivea  Parameters —are no at _compiex: and especially

approach is modeling the social structure in morgemographm and contact parameters can be idehtifie

depth by defining following separate parts whereFurthermore the clear structure offers cooperaition
social contacts occur: interdisciplinary groups.

oment. The main difference in comparison with

* households, Using single parameter sensitivity analysis, thénma
influence parameters can be identified. A multi

*  schools, parameter sensitivity analysis is used for evatunadf
« working places, the overall system behavior and for stability asily

. As this modeling approach is not based on an
* spare time, and equivalent stability theory like ordinary differéait

« places of special interest (hospitals, foste?quat_ions or Markov chains, mostly Monte Carlo
homes...). techniques are used.



As agent based simulation deals with a high numbé@nmunity and serotype replacement affect each other
of single persons parallelization of computatiorand become indistinct.
processes has to be performed, otherwise simulati

n .
fime runs out of time. i cases where only little knowledge about the

epidemic of an infectious disease is given, Mar&ovi
| models or even a single Decision Tree can be wsed t
5 Results get first results. But it has to be taken into agtan

Current models work with reduced macroscopic dVery case, that with this method no real epidemic
static models and interpretations. Classical methufd behavior can be modeled dynamically.

dynamic modelling via a system of ordinary

differential equations are in this case notcumive, 6 Outlook

as infection probability varies greatly with aged

furthermore many studies take into consideration Burther work in model behavior and flexibility tiest
very long time span, making demographic shifs will be done. Assumptions regarding combination of
the basis population an important influencedifferent modeling techniques, especially ordinary
Furthermore, contact probabilities between pessonlifferential equations and agent based conceps, ar

of different age groups have to be taken intpart of the current work.

consideration and included in the model pararsete . N
With the necessary division of age groups into yeaahel ﬁCtua:] problem solution structure_of questions
of birth added, the resulting least possiblamber ealth technology assessment (HTA) is shown in Fig.
of parameters is growing and growing. Hence th%‘ _In most cases a methoq IS c_hosen before closer
according differential equation models couldt n insight in the data structure |s_ava|IabIe. Ir.' muzses

no evaluation of the best solution method is pentmxt

be parameterized, making control in the cantéx ) .
an interdisciplinary model development impossible".de no feedback regarding data quality and/or data

The aim is the development of dynamic models thatructure is given.
are both calculable and identifiable.

pure BTN
The modeling and simulation concept of agent based| | statisties 7]
systems to calculate scenarios on the spread of

infectious diseases is the most flexible strategy M;’C')‘g;::” — Data from
presented. The main benefits are: studies or (explicite)| | .| Problem
_ _ collected data from | ||| 5"
» the wide range of scenarios that can b ODEs [, HVEB
evaluated,

 that herd immunity and serotype/strain
replacement are generated by the define
contact structure and are no fixed parametel\ /
or complex numbers. and mathematical knowledge base from interpretation

! expert knowledge medical and/or economical experts

* the rﬁadab.'l'.ty of all mh_odell pacrjts also f?]( r;]on Fig. 4 State of the art problem solution in HTA and
m?t belmat'?'?]ns' g IIS eads to higher modeling of questions regarding the spread and
reliability of the model. dynamics of infectious diseases.

PDEs [1)

The main pitfalls of the agent based modeling, o cyrrent work, especially parallelization and

concepts are the longer developm_ent a_md testing, t'rrlzomparison to classical implementation strategies o
as well as an extended computation time. These t

Y4Yent based models are in the focus of interest.
problems have to be handled by using reusable su%

models for social interaction, demographic Chang%arallel
etc. on the one hand and parallelization of thgommuni

computation on the other hand.

concepts for better combination and
cation between problem
definitions/modeling questions, data resources/data
Combination of the presented modeling methods capecialists and modeling experts are tried to be
lead to faster development time giving the samegalized. In Fig. 5 an idealized concept for comple
quality of results. Using different approaches la t problem solving in the field of infectious disease
same simulation run might be useful when someef tistrategy evaluation is shown. The main additional
model parts do not have to be modeled in detaif or points in this flow diagram are the model
reliable data for the macroscopic system is given.  decomposition and the green marked feedback arrows,

. . . which guarantee a better problem solution strafe
Results can be implemented in systems for calawati ¢ 1,1 guestions P oy

new strategies for vaccination programs. Currernrkwo
considers two or more concurrent serotypes as herd



ta stiucture An important advantage of this approach is the
examination of the serotypes contained in the vecci
in the context of rival strains. Only this will makt
possible to detect and classify the effect of sgt

Bronlem rtemaldata Hybrid ' shifts in a dynamic model.
class HVB, clinical decom- Evaluation N . . .
doiit frals, ) position Insigths for The cost-benefit ratios that will be arrived pravidn
efnten : 3 data independent basis for evaluation for the decision-
econhomical external com- S;;l:::g: makers.
point of vie data parison evaluation
mode 7 Goal

demand X i
Developing new standards of evaluation of

therapeutic and preventative measures via model
. . . and simulations in the area of infectious dissa
Fig. 5 Flow d[a}gram with feedback loops and .mOderased on existing interdisciplinary methods in
decomposmon.for th.e °Vefa” problem splvmg health economics is a main goal of the currentkwor
strategy for infectious disease questions. The results will lead to a structural changethe
In comparison with the chart shown in Fig. 4, Fig. working methods for health technology assessmen
starts with the general question of interest aedety (HTA) and allow the use of cost-effective
defines the model demand. The modeling concept féynamical models to supplement expensive and
an infectious disease depends on the general mgdelprotracted empirical studies, thus improving the
question as well as on the point of view and thexgi  ability to predict reliability and precisionof
data structure. This is one of the main differenices medical treatment, interventions and prevengativ
comparison with the state of the art structure: Th@&easures.
given data structures have direct influence on t
modeling method that is chosen for problem solving.

Feedback to data structure

hﬁdvanced modelling and simulation techniques as
well as coupled simulation techniques should bel use
Based on the chosen method feedback on the data $& a decision support system for vaccination gjyate
will be given during implementation and scenarievaluation and as standard method in the planning
calculation. phase of national pandemic plans.

Furthermore a combination of different modelling Ref
approaches from the fields of cellular automata 08 elerences

agent based model theory, discrete event stioola [1] GP. Garnett. Role of herd immunity in
as well as, e.g., System Dynamics or flowei®d  determining the role of vaccines against sexually
on local scales will be employed. An important prt tramsmitted diseaseThe Journal of infectious

the ongoing work is the development of applieabl disease2005 Feb 1;191 Suppl 1:597-106
and reusable part models (social model oantg

basis, contact modelling at workplaces/schawith (2]
cellular automata structures, ...) and théndam
and implementation of applicable interfaces.

AR. McLean and SM. Blower. Imperfect vaccines
and herd immunity to HIV, Proceedings.
Biological sciences / The Royal Socjey993,
253(1336):9-13.

In order to achieve international HTA exper
recognition for these new model approaches and
allow for comparison with “state-of-the-art” mettspd

current standard models will be developed in lra ~ Komplexer ~Systeme, Norderstedt : Books — on
(in this field Markov basic models) with a Demand 2004, ISBN 3833409843

following mathematical treatment and discussion q#4] G. Endel, I. Schiller-Friihwirth, N. Popper, G.
the limits of non-implementable part areas. This w = zauner, F. Breitenecker. Comparison of Different
make it possible to analyze questions such asdse ¢ Static and Dynamic Simulation Techniques for
benefit ratio, which have so far not been ableéo b  the |Influence of Children Pneumococcal
sufficiently examined taking into consideration  vaccination,Value in Health / Wiley Blackwell

different aspects of application, such as herd vol. 12 no. 7 (2009), ISSN: 1098-3015.
immunity, etc.

H. Bossel. Systeme, Dynamik, Simulation:
Modellbildung,  Analyse und  Simulation



