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Abstract

Health economic questions demand accurate modelkhdospread of diseases.
There already exist various approaches. Health caomts mostly use
Markovian models which are not suitable when anatyzlynamic effects like
herd-immunity or serotype shifting. Wanting to ursland these effects
dynamic models like differential equations or ageased models have to be
used. Correctly modeling the transmittance of pgding automatically considers
herd-immunity. Serotype shifting on the other hand far more complex effect.

Usually a disease is not caused by a certain taactdere vaccination
prevents from getting infected with it. A more tieat view considers many
different serotypes which all interact with eachest VVaccination only prevents
from carrying certain serotypes but does not immeinagainst all of them.
Wanting to establish a model representing differseriotypes and especially
simulating occurring serotype shifting, we showesal'ways how to extend an
ordinary differential equation model. First we aizal the trivial case where they
are not interacting with each other. Afterwardsrwe a scenario where people
can carry strains of both serotype groups and thermost sophisticated way
where serotypes affect each other in non-trivial ysva

Most of the time it is unknown how serotypes iatérwith each other
therefore data of studies and expertise must bd tsadentify the model
parameters. Model structure has to be chosen pretdépendent therefore there
IS not one correct method.
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1. We have to note that in this model vaccinati®n i
1 Motivation equal to a total immunization against the illne3se
) ) ) of the consequences of this structure is the simple
Epidemiological models are used to evaluate thgossibility to eradicate the pathogen when the ahou

spread of diseases and are recently also use@#tthh of vaccinated people is above a certain threshold.
technology assessment and health economics. Most

researchers in this area use Markovian models. They
concentrate on economic costs and social impacts
illnesses whereas the epidemiologic model in th
background is not regarded in detail. Most of iheet
people get infected with certain probabilities ineo
time-step. The impact of the already infected
population or dynamic effects like herd-immunity,
serotype shifting and changing population structure
are not considered.

Dynamic models using transmission probabilities
between people describe the spread of bacteria much
better. A good description of the epidemiological
background is essential to improve the models t&sul Fig. 1. Structure of the base SEIV-model

Most illnesses are not caused by a specific baeteri

strain but by many different serotypes. In Austhia This basic model is well-known and can be used to
effectiveness of PCV 7 is evaluated. In this caser o model the spread of one specific pathogen. Thoigh,
90 serotypes exist. Studies about carrier rategesitig does not describe infections of bacteria which loan
that they influence each other in a way that aqguers split into several competitive serotypes. In thextne
usually only carries one serotype [1]. We want t&ection we will extend this basic structure to é@ab
create an accurate model of the spread of thee®actly this ability.

bacteria, despite not knowing exactly how

pneumococci strains influence each other. Therdafore3 Representation of serotypes

is necessary to establish ways to represent differe i i
bacteria strains in our model and find the begingt When modeling two or more serotypes the ratio
solution for our actual problem. between them can remain constant. Otherwise, when

certain strains get stronger and some others get
S weaker, we talk about serotype shifting. Wheneler t
2 Objective model has the ability that a carrier of one seretgan
In the beginning we take a look at the usual mod@et infected with another strain and afterwardedos
assumptions in epidemiology. Each individual of thdis or her previous strain we talk about the pakisib
population is in one state. Their original statas be of serotype replacement.
susceptible, where they can get contaminated by t
considered illness, infected, whereas these persons
immediately infect others, or ill. Infected individls Using the basic model as described above we now
do not need to get ill. When ill people get healihgy investigate the behavior of the model when peoate ¢
immediately get susceptible again. For some illegssget either infected with a serotype of bacteriaugra
these requirements can change, especially regardiog by a serotype of bacteria group 2 whereas all
possible resistances after an infection. As theee aparameters for getting exposed, ill and healthyaiem
over 90 serotypes in the case of pneumococci aide same, only the starting ratio between the two
there is no knowledge about cross-immunity thissdoegroups is different. People carrying bacteria of
not apply for them. serotype group 1 cannot get exposed to pathogens of
the other group and vice versa. With exactly theesa
A SEl-model based on differential equations igarameters as in the previous model and an overall
implemented in Matlab®. Basic epidemiologic modelstmount of exposed and ill people as above the model
like these are thoroughly analyzed and used faéeaches the same steady state. The ratio between th
various problems [2]. Afterwards the possibility oftwo serotype groups remains the same over the whole
vaccination is added. These basic models usual$jmulation period.
address the effect of herd-immunity, which meamas th
even non-vaccinated people profit from vaccinatioaccination is supposed to immunize against one of
programs [3], but lack the ability to simulate di#nt the two serotype groups. People carrying bactefria o
serotypes. the other one can still get infected. Running tloeleh
We assume that both, susceptible and infected peopinder these assumptions leads to the behavioriseen
can be immunized. Il people can get vaccinatedraftFig. 2. No matter how the carrier rates were chasen
their recovery. The model structure can be sedfign the beginning, apart from the trivial case of seftihe

Ié.el No serotype-change



amount of people in one group to zero, the serotype is a possibility one or even both persons get

against which the vaccine works becomes extinct. Th infected with the strain of the other. In this
other group takes its place, gets stronger andlyfina case the concerned person changes its
replaces the previously bigger one completely. serotype immediately.

Compared to the model without the possibility of
serotype shifting (cyan in Fig. 2) the effectivened
vaccination is evaporating. In fact this is the yonl
possible behavior of the model. Analyzing the
equations analytically, setting the equations t® 2e
calculate possible equilibriums, the only soluti@me
where either serotype group 1 or serotype group 2
vanishes. Such behavior is not observed in realdworlf a carrier of serotype group 2 has contact with
scenarios. The error lies within the assumptiort thanother person the same rules apply except one:
infected people cannot get a pathogen from therothe

group. In the next task we will address exactl)s thi . If the other person is vaccinated it can get

The other person carries a strain from
serotype group 2 and is vaccinated. Only the
first person can get infected with a strain
from serotype group 2 in which case he or
she changes the strain immediately.

problem. infected.
0.16
Gl P We now test the model behavior when parameters for
P infection and recovery or starting parameters chang
ga2r o— At first infection probabilities for the two serqy
il .\ // i CE—— groups remain identical. The ratio between the two
£ A b serotype groups is only dependent of the starting
= ‘A’ e re— values and remains the same for the whole simulatio
Z i) AN —-—-=serotype2 The steady state of the model is only dependeth@n
: . ot infection probability in proportion to the recovery
ooy A 1 probability whereas the overall number of infected
ooz} \\ people remains the same.
\_\.
hos  mm s a0 2@ 2 Changing the ratio of infection probabilities leads
year the results seen in Fig. 3. As soon as they are not
Fig. 2 Serotype-shifting without the possibility to  identical the weaker serotype group gets extinct an
change group completely replaced by the other group.

Variation of infection probabilities

3.2 Spontaneous serotype-change

After discussing the flaws of the last model we nov
assume that serotypes interact in a way that carrie
from serotype group 1 can be infected with seratype
from serotype group 2 but still, as one personaray
carry one serotype at the same time, if a persc
changes its serotype, this happens immediate
without delay. The vaccine immunizes agains
serotypes of group 1.

Proportion of serotype group 1

If a carrier of serotype group 1 has contact witt
another person an event of the following list oscur

e The other person is susceptible and can gt
infected with the usual probability.

+ The other person already carries bacteriaFig. 3: Dependence of the steady state when varying
from serotype group 1. Nothing happens. infection probabilities.
Swapping serotypes within one group has no
influence on the spread of the illness at allhese results fit reality in very few situationsh&n
because all serotypes in one group are treateifferent strains co-exist but influence each ottrer
as equals. model structure therefore has to be improved.

 The other person is vaccinated. Nothing
happens. 3.3 Carriers of strains from both groups

« The other person carries a strain fromAfter analyzing the model for cases where a person
serotype group 2 and is not vaccinated. Therean carry only one strain at the same time we atrand



this assumption. For now people without vaccinatiom a way where a person usually carries only one
can get infected anytime, even with strains of botkerotype and the efficacy of a vaccination program
groups. The different serotype groups exist corepfet shall be evaluated. In this case the bacteria easplit
independent next to each other. up into two groups, one containing the strains ragjai
which the vaccine works and the second one
Analyzing the models dependence on different stgrti containing all other strains.
values we find out that after a certain amouniroéta
state of equilibrium is reached. This timeframéNhen the replacing time is not very long compared t
depends on the starting values though the steatly stthe average infectious time the model equationgnwh
itself is not correlated to them. Without vaccioatno using ODEs in the simple case of a static
serotype gets extinct, if the basic reproductiomber homogeneous population, can look like in equation 1
for a single serotype is greater than one. After th

transient oscillation phase group sizes remain at ¢ o b+ Bt To) + by (T + ha+ ) e
constant ratio (Fig. 4).Vaccination changes thisora - N Tt
and when enough people get immunized, the threshc , = 4,.s 02ty g, herlil
number is defined by the basic reproduction numbe g L+ Iy +Ths P T ol
. 2 = b S —————+dp hp—-——F——a:
one serotype group can vanish. T N = N P
T, = bio- 11 Ip T
12 = A\i.—fz' ()
by = 7{}2’1 \IZ b —dy- Ty,
- SII-ModeI?mth carrlefs of both slerotypes N = St+L+l+1a+h, (1)
Ay If a person who carries a strain of serotype grbup
S—— meets a person carrying a serotype from group 2 the
4000 Cartier of Serotype group 1 1 following events can occur:
% Carrier of serotype group 2
] Carrier of strains of both groups
“; 3000 1 . . .
% k * Nobody gets infected with the others strain.
£
2 20001 1 * The carrier of serotype one infects the carrier
i ' of serotype two and withid days serotype
1000 1 one replaces serotype two. In the meantime
the person is infectious with both serotypes.
0 20 40 &0 a0 100 120 e The carrier of serotype two infects the carrier
Fig. 4: Behavior of the model if carriers of botrafms of serotype one and withid days serotype
are possible two replaces serotype one. In the meantime

the person is infectious with both serotypes.
Remembering previously used model assumptions we
realize that the following points could distort the
results when simulating the spread of certain biagte
for example pneumococci:

Both persons get infected with the strain of
the other person and withih days the new
strain replaces the previous one.

Depending on the problem it can be necessary to
» One serotype cannot replace other serotypesextend this structure to represent different irdeng
groups or population dynamics like changing age-
structure and of course vaccination.
» Carriers can carry both serotypes but they do
not influence each other. The impact of this structure on the model behavior,

) especially compared to previous approaches, will no
* People carry two serotypes for a long time. pe discussed.

e Serotype replacement happens immediately.

The next model extension will address this problenVithout vaccination both strains can co-exist eifen
We propose a structure to describe two serotyﬁ@e'r infection probabilities differ (Fig. 5). Hothe

groups which are able to interact and replace ea@ﬂpdel responds to c_hanging inf_ection parameters is
other. discussed later. Varying the starting values shitvat

the equilibrium is independent on them as longaik b

serotype groups are not zero at start in which tase
3.4 Carriers with serotypes of both groups and model can be reduced to an ordinary SIS-model. Only
delayed serotype replacement the parameters for infection, recovery and replasgm

This approach is most useful when many differerfi€lay determine the steady state. For many illeesse
serotypes cause a disease, they interact withathen this behavior fits  very —well. Especially for



pneumococci this is the best basic structure tordes When modeling competitive serotypes this behawdor i

their epidemiology. essential because in nature the spread of an isbizdb!
strain is usually only dependent on its infection
Sl-Model with delayed serotype-replacement probab|I|ty espeC|aIIy if there was already enoUg‘re
7000 T - T . T for the ecosystem to build up accordingly.
Dependence on the infection probabilities with serotype replacement
6000 B %
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Carrier of serotype group 2
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time (months) Fig. 6: Overall carrier rate when varying infection

Fig. 5: Behavior of the model approach with delayed probabilities

serotype replacement

4 Vaccination and serotype shifting

An interesting thing to analyze is how much strangeniqr having developed systems for representing

one serotype group can be before it completelyyrioys serotypes we have to discuss the impact of
dominates the other one. It is obvious that a $pEOt \5ccination programs on the model structure.
group will get extinct with a basic reproduction

number lower than 1. To investigate other non-ativi

scenarios several different simulations are rure & 4.1 Adding vaccination to the Sll-structure

them is shown in Fig. 6 using the parameters of

tabular 1. The strength of a serotype is repredéoye v oy assume that we could divide all concerned
its_infection probability, though the parameters fop,, teria strains into two groups whereas vaccinatio
replacement have an influence too. immunizes against the first one. When adding

_ , ) _vaccination to the model we realize that people who
Tab. 1: Parameter values for the simulation shawn | get infected with a strain of serotype group 2 arel

Fig. 6 vaccinated need to be treated special because their
serotypes cannot be replaced by strains from gegoty
Parameter Value group 1.
Population N 10 000
Recovery probability 1
Infection probability b1 0.71-1.7 >
Infection probability b2 0.71-1.7
Overall carrier rate 30%
Proportion of serotype 1 70%
Simulated timeperiod 10 years

As expected both serotype groups are equal whém the
infection probabilites bl and b2 are equal.
Investigating the other cases shows that raising on
probability strengthens the concerned group in @& no 4
linear way. However, the possibility of one seratyp
group being stronger is not equal to exterminatirey
other group. Fig. 7: Meta-structure of the SlI-model with
vaccination and delayed serotype-replacement
The overall carrier rate is also only dependentten
infection and recovery probabilities. Also the ambu The meta-structure of the model regarding this
of people carrying both strains is only dependemt oproblem is visualized in Fig. 7. Serotype groupS2)(
the replacement and recovery probabilities. is split up (S2a and S2b). People who are not
vaccinated (S) are put into the first group where
serotype replacement is possible (S2a). The otrers



put into the second category of serotype group &erotype groups is essential. Not regarding seeotyp
where no replacement can occur (S2b). shifting leads to overestimating the epidemiolobica
impact of vaccination. Cost-effectiveness analyses
showed that models with too simple structures, twvhic
do not regard dynamical effects well enough,
overestimate the cost-effectiveness of vaccination
Without modeling several serotypes the decisioprograms.

whether vaccination prevents from infection is give

in a probabilistic way. When an infectious contac§ Conclusion

happens there is a certain chance that the vaccine. ) ) )
immunizes against exactly this serotype. Often ihat EPidemiological models can be used for various
the only possible way adding vaccination to a mpdePUrposes. Tradlt!onally the spread. of an _ illness is
but as soon as more information on pathogens and tﬁmulated rggardmg several knqwn mfl_uenual fasto
vaccine is available, models that are only simoati ike population structure or herd-immunity.

one bacteria group become very limited. They often o

cannot represent the impact of vaccination on thH@ecently similar models are also used for cost-
spread of the bacteria accurately enough. Regardifffectiveness  analyses  especially  regarding
scenarios where one person can only carry onenstrayaccination programs. Lacking information on the
like in the case of pneumococci, it is thereforénterf_erence of different bacteria strains it islyon
absolutely necessary to consider serotype replaseme0ssible to model the pathogen as one homogeneous
When people are immunized against one or a group @foup. However, as soon as more information on
serotypes the environment of the pathogens chang&§rotypes and the effect of the vaccine on certain
Strains that previously restricted others from dtifey ~ Strains becomes available, additional dynamic esfec
certain people are now not as present in the ptipala an be considered. Therefore f|.rst it has to bedéelp_
anymore. The number of possible hosts for othe¥hich model structure describes the competition
strains therefore increases, so they can spreaer betPetween the serotypes best. Second if there isgénou
This effect is nonlinear. More hosts and more spad#ta and/or expertise to identify the model paranset
for these serotypes could theoretically lead t@nd finally which impact this new model structueesh
exponential growth. In real environments resourced vaccination.

are limited and therefore this will not happen, but )

certainly has an impact on effectiveness evaluatafn 1"€ proposed structures show how different seratype
vaccines and are not observed immediately after €@ be represented for certain epidemiological
introduction. This effect is known as serotype-imgf assumptions.  However, there are stil many

and is often not addressed when using too simpRossibilities for the behavior of competitive sgps
models. where new model structures have to be developed.

4.2 Influence of vaccination on serotype
distribution
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