Transnational University Limburg is a unique collaboration of two universities in two
countries: the University of Hasselt and Maastricht University.

KNOWLEDGE IN ACTION

www.uhasselt.be

Universiteit Hasselt

Campus Hassel:

Martelarenlaan 42 | 3500 Hasselt
Campus Diepenbeek:

Agoralaan Gebouw D | 3590 Diepenbeek

% Maastricht University

KNOWLEDGE IN ACTION

Faculty of Sciences
School for Information Technology

Master of Statistics and Data Science

Master's thesis

A Stochastic Compartmental Model to Describe the Co-Circulation of Influenza and
COVID-19 and Investigating the Potential Effects of Vaccination Strategies

Nadine Barth
Thesis presented in fulfillment of the requirements for the degree of Master of Statistics and Data Science,

specialization Quantitative Epidemiology

SUPERVISOR :
Prof. dr. Andrea TORNERI




% Maastricht University

KNOWLEDGE IN ACTION

Faculty of Sciences
School for Information Technology

Master of Statistics and Data Science

Master's thesis

A Stochastic Compartmental Model to Describe the Co-Circulation of Influenza and
COVID-19 and Investigating the Potential Effects of Vaccination Strategies

Nadine Barth
Thesis presented in fulfillment of the requirements for the degree of Master of Statistics and Data Science,

specialization Quantitative Epidemiology

SUPERVISOR :
Prof. dr. Andrea TORNERI






Abstract

COVID-19 and influenza are two respiratory infectious diseases that cause a significant burden on the
health care system. Their co-circulation is a realistic scenario for the foreseeable future and while their
co-dynamics are not yet clear, a better understanding on possible interactions is important to be able
to characterize their spread. Immunization plays a key role in the spread of any virus and in the specific
case of COVID-19 and Influenza, cross-reactive immunity has been documented. Comprehending the
role of different aspects of immunity in the spread of the diseases is crucial. Mathematical modeling
provides a useful framework to identify the drivers of transmission, to investigate the impact of immune
responses and to predict possible pressures on the health care system.

A compartmental model is developed that allows for the simulation of the transmission of COVID-19
and influenza simultaneously. Immunization and cross-reactive immunity by infection and by vaccination
is incorporated. To take into account the heterogeneity in transmission, the model is formulated as a
stochastic chain binomial model. It is fitted to incidence data from Belgium and the Netherlands
using a likelihood free Monte Carlo Markov Chain approach. The next generation approach is applied
to theoretically derive the basic reproduction numbers. Simulation based studies are performed for
different scenarios in which the effect of (cross-)immunity as well as a less aggressive variant of COVID-
19 are investigated.

This work highlights the importance of modeling the interaction between both diseases by showing
that the number of infections (in total and at peak) and the probability of a major outbreak is decreased
for influenza. It also shows that the magnitude of the decrease is dependent on the transmission rate
of COVID-19. The simulations demonstrate that a heterologous immune response does have an impact
on the spread of the disease with lower transmission rate when only naturally-induced. The importance
of vaccination is illustrated as it is shown to effectively decrease disease burden on public health. The
work suggests that cross-immunity reactions should be taken into account when designing effective
vaccination strategies.

1 Introduction

COVID-19, a disease caused by the the severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2),
has led to a global pandemic ([8]) with extraordinary health, social, and economic repercussions ([23],
[17]). Although the end of the global pandemic has been declared May 5, 2023, ([25]) the virus keeps
circulating and the possible emergence of new variants in the future in combination with the imperfect
vaccine protection and waning immunity increase the likelihood that COVID-19 will remain a concern.
Influenza at the same time remains a persistent seasonal threat, causing numerous infections and deaths
annually. The co-circulation of two pathogens with similar symptoms presents a public health challenge
due to difficulties in disease surveillance and potential testing and treatment delays. Understanding the
spread and dynamics of the diseases is an important step in developing effective strategies to manage
their impact. Mathematical models present a suitable framework to examine, analyze and predict the
behavior of infectious diseases and a lot of effort has been put into developing such models for COVID-19
as well as influenza. The creation of co-circulation models is crucial since the simultaneous presence of
both pathogens possibly impacts their transmission dynamics.

Vaccines play a vital role in reducing transmission, severity of disease and consequently overall health-
care burden and are therefore a primary prevention measure to limit the spread of an infectious disease,
in some cases even leading to the elimination of the pathogen. The inclusion of vaccination in mathemat-
ical models allows for the evaluation of its impact on the co-dynamics. Additionally, understanding this
homologous immunity! is essential for predicting long-term trends and potential future outbreaks. Several
studies suggest a positive heterologous immunity? effect between the two pathogens. ([35], [19], [11], [16]).

"Homologous immunity refers to the protection against the same virus (e.g., immunity to COVID-19 after infection or
vaccination against SARS-CoV-2)

2Heterologous immunity refers to the cross-protection between different viruses (e.g., partial immunity to influenza in
individuals previously infected with or vaccinated against COVID-19, and vice versa)



Incorporating homologous as well as heterologous immunity in a model helps to create a more accurate
representation of disease spread.

While co-circulation models have been developed that account for the protective effect of recovery
from the same disease or vaccination targeting the same pathogen, they do not incorporate heterologous
immunity effects. However, these effects could lead to very different transmission dynamics, especially
when caused by vaccination. This thesis aims to explore the impact of homologous as well as heterologous
immunity on the spread of COVID-19 and influenza and their combined load on the health care system
accounting for the interaction between both pathogens. The results potentially form a basis for designing
effective vaccination strategies for both diseases combined.

To simulate the co-circulation of COVID-19 and influenza in a closed population, a chain binomial
compartmental model is developed that keeps track of the numbers of susceptible, infected, recovered
and deceased individuals in function of calendar time and describes the flow between these states. To
account for heterogeneity in transmission, the transfer from one compartment to another is dependent
on a stochastic process. The model includes a pre-infectious state and accounts for symptomatic as well
as asymptomatic infection. This model is fitted to incidence data from Belgium (for COVID-19) and
the Netherlands (for influenza) using a likelihood-free Monte Carlo Markov Chain approach to inform the
transmission parameters. The fitting procedure is described in Section ??. The basic reproduction number
is derived theoretically using the next generation approach and is described in Section 2.3.

The model is used in a simulation based study. First, the impact of co-circulation compared to the
circulation of both diseases separately is quantified, without taking into account any form of immunity.
Then, the effect of homologous immunity through vaccination is simulated. The effect of heterologous
immunity (by varying the protective effect on susceptibility) is investigated in a scenario where no vacci-
nation is considered and in a scenario where the population is vaccinated. Finally, a less aggressive variant
of COVID-19 is considered in combination with no vaccination to investigate the heterologous immunity
effect.

By simulating different scenarios with regard to the different types of immunity, this thesis has the
potential to guide policymakers in making informed decisions. Through this work, the aim is to contribute
to a better understanding of the complex interplay between COVID-19 and influenza and to provide a
flexible framework for future research.

This thesis is organized as follows. Section 2 provides a detailed description of the model, its compart-
ments and parametrization. Also, details on the fitting procedure and the derivation of the reproduction
number are provided in this section. The setup and scenarios of the simulation study as well as the results
are presented in Section 3. Section 4.2 provides an interpretation of the results as well as limitations of
the proposed approach, ideas for future research and ethical considerations. A conclusion is formulated in
Section 5.

2 Methodology

2.1 Co-circulation Model

Mathematical models are widely used in epidemiology to model the spread and dynamics of infectious
diseases. A very common type of equation-based model is the SIR compartmental model in which the
population is divided into three compartments or states related to different stages of the disease: susceptible
(S), infected (I), and recovered (R). The compartments represent the number of individuals corresponding
to each stage at a specific point in time. A common adaptation of the SIR model is the SEIRD model which
contains two additional compartments: a pre-infectious compartment exposed (E) in which an individual
is infected but latent, and a dead (D) compartment for disease-related deaths. The movement between
two compartments is defined by a mathematical expression depending on a specific rate.



The use of this type of model implies certain simplifying assumptions. First of all, the population is
assumed to be constant which means that the total number of individuals remains constant over time. This
insinuates that there are no births, deaths (other than those directly caused by the disease in question), or
migration in or out of the population. The model is intended for relatively short-term simulations, which
makes this assumption reasonable. Secondly, the population is assumed to be homogeneous. This implies
that no differences between individuals are considered in terms of disease related parameters. Specifically,
mixing within the population is assumed homogeneous which means that a (successful) contact between
any two individuals in the population occurs at random with equal probability.

2.1.1 Epidemiological Dynamics

An adapted version of the SEIRD compartmental model is developed to investigate the co-circulation of
COVID-19 and Influenza. In this model, individuals are fully susceptible to infection with both pathogens
when in compartment S. At the beginning of the simulation, all individuals are assumed to be fully
susceptible. After (successful) contact with an infectious individual, the susceptible individual moves to an
exposed state E at transmission rate 8. In this compartment, the individual is infected with the disease but
is not able to transmit the disease to others. After a latent period y~!, the individual becomes infectious.
The infection can be asymptomatic (I,, with probability 9,) or symptomatic (I, with probability 1 —4,).
Note that in reality, an individual can be infectious before showing clinical signs of infection (sub-clinical
infectious, [13]). The choice of working with the latent period rather than the incubation period (which
is considered the time between infection and showing symptoms) is made because of the importance to
make the distinction between infectious and not infectious for the transmission dynamics. The distinction
between pre-symptomatic and symptomatic is not less relevant. The infectious period has a duration 6"
after which asymptomatic individuals recover and move to compartment R while symptomatic individuals
either die with probability p and move to compartment D or recover with probability 1 — pu and move to
compartment R. Individuals that recover from one of the diseases are now susceptible to the other disease
and follow the same disease flow.

Figure 1 is a schematic representation of the model and shows the disease dynamics with all possible
transmissions among the different compartments. A full list of compartments along with their description
can be found in Table 1.

Symbol Description

S individuals fully susceptible to COVID-19 and influenza

i susceptible individuals vaccinated against COVID-19 but not influenza

Vs susceptible individuals vaccinated against influenza but not COVID-19

Vio susceptible individuals vaccinated against COVID-19 and influenza

Ey individuals that have been exposed to COVID-19 but are not yet infectious

E, individuals that have been exposed to influenza but are not yet infectious

Ef individuals that recovered from influenza and have been exposed to COVID-19 but are not
yet infectious

Ej individuals that recovered from COVID-19 and have been exposed to influenza but are not
yet infectious

I, individuals that are infected with COVID-19 and can infect other susceptible individuals

Iis individuals that are infected with influenza and can infect other susceptible individuals

If; individuals that recovered from influenza and are infected with COVID-19 and can infect

other susceptible individuals
I;; individuals that recovered from COVID-19 and are infected with influenza and can infect
other susceptible individuals



Ry individuals that have recovered from COVID-19 and that have not yet been infected with
(but are susceptible to) influenza

Ry individuals that have recovered from influenza and that have not yet been infected with (but
are susceptible to) COVID-19

Ris individuals that have recovered from COVID-19 and influenza

D; individuals that died as a result of COVID-19 infection

Dy individuals that died as a result of influenza infection

51 rate at which an infectious individual transfers COVID-19 to a susceptible individual

B rate at which an infectious individual transfers influenza to a susceptible individual

" rate at which an exposed individual becomes infectious with COVID-19 (= inverse of the
length of the latent period)

Y2 rate at which an exposed individual becomes infectious with influenza (= inverse of the
length of the latent period)

Ya probability of asymptomatic COVID-19 infection

Y24 probability of asymptomatic influenza infection

Iy factor by which the probability of asymptomatic COVID-19 infection is changed when an
individual has already been infected with influenza

Ly factor by which the probability of asymptomatic influenza infection is changed when an
individual has already been infected with COVID-19

01 rate at which an individual recovers from COVID-19 (inverse of the length of the infectious
period)

02 rate at which an individual recovers from influenza (inverse of the length of the infectious
period)

1 probability of death due to COVID-19 infection

142 probability of death due to influenza infection

Table 1: List of all compartments and transmission rates of the model in Figure 1 along with their
explanation.

2.1.2 Immunity

Immunity is the body’s ability to resist or defend against infection by pathogens such as viruses and
bacteria. It can be acquired through previous infection (natural) or vaccination (vaccine-induced), which
help the immune system recognize and combat specific pathogens more effectively in the future. Immunity
is defined here to be either homologous, providing protection against the same pathogen, or heterologous,
offering partial protection against different but related pathogens.

In the model, susceptible individuals undergo vaccination at a rate w and transition to compartment
V. Individuals can receive vaccination against either one (compartments V; for COVID-19 and Vs for
influenza) or both diseases (compartment Vj2). Subsequently, individuals in compartment V' follow the
same disease flow as those in compartment S but with adapted transition parameters. It is important to
note that vaccines offer only partial protection against the targeted disease.

Immunity is incorporated into the model to influence both, disease transmission and the probability
of symptom development. Disease transmission is affected by the infectiousness of infectious individuals
and the susceptibility of susceptible individuals. Immunity reduces infectiousness by a factor Y (for
homologous immunity) or i (for heterologous immunity) and reduces susceptibility by a factor As (for
homologous immunity) or A, (for heterologous immunity). Additionally, the probability of developing
symptoms is decreased by a factor I'; (for homologous immunity) or I (for heterologous immunity).

The model excludes the possibility of simultaneous infection with both diseases. Literature reports



Figure 1: A schematic overview of the compartmental model. The index 1 refers to COVID-19 and 2 refers
to influenza. Rectangles of the same color represent the same type of class. Individuals in green classes are
(partly) susceptible to both diseases. An orange color indicates that individuals are infected but cannot yet
transfer the disease, this only happens in the red compartments. Individuals in blue-green compartments
recovered from one disease and are susceptible to the other disease and in the blue compartment, they
recovered from both diseases. Individuals in the gray compartment are dead. The color of the border
indicates the disease associated with the compartment: black for COVID-19 and gray for influenza. A
747 symbol denotes individuals who have previously been infected with the other pathogen and have
acquired heterologous immunity. Dashed lines indicate flows influenced by immunity.

that the incidence of co-infection with COVID-19 and influenza is low ([27], [18]) making this a reasonable
assumption. The effects of immunity are assumed to be constant. This implies that re-infection with the
same pathogen is not possible.

2.1.3 Model Formulation

As biological systems are inherently stochastic, the incorporation of randomness and noise into the model
is necessary to address uncertainties associated with parameter estimation and unmodeled factors. In a
stochastic compartmental model, transitions between compartments are probabilistic, capturing the inher-
ent randomness in disease transmission and population dynamics. This modeling approach accommodates
individual-level variability.

The co-circulation model proposed is a chain binomial model, more specifically the Reed-Frost model
and is a stochastic alternative to the deterministic SEIRD model formulation using ordinary differential
equations (the system of ODE’s can be found in Table ?? in the Appendix). This model assumes that
infection spreads in discrete units of time governed by the binomial probability distribution. Let I(¢) be
the number of infectious individuals and N the total population size, then I(¢)/N denotes the proportion
of infectious individuals in the population and assuming homologous mixing, the probability of a contact
being with an infectious individual. The transmission rate represents the number of new infections caused
by a single infectious individual per unit of time and is is denoted by £, t is a certain point in time and A



the length between two time points at which the model states are evaluated. The probability of disease
transmission during a successful contact between a susceptible and an infectious individual within time
interval |t + A] is denoted by p. Assuming that all individuals are equally susceptible and infectious and
that the number of new infections depends on the number of infectious individuals in the population, p
is dependent on time and can be expressed as: p(t) = 1 — exp(—ABI(t)/N). The infectious individuals
are sub-divided into compartments I, for asymptomatic infection and I for symptomatic infection with
respective transmission rates 8, and 5. Additionally, a differentiation is made between infected individuals
that have already been infected with the other disease (denoted by a plus indicating that heterologous
immunity has been acquired) with heterologous effect on infectiousness being Ai. Then, the expression of
the probability of disease transmission becomes:

p(t) = 1 - exp (—A{ﬁa [I‘;é) A {\(f)] T8, [Isj(j) PR )} }) 1)

Let the number of susceptible individuals at time point ¢ be denoted by S(t), then the number of
new infections (denoted by E*) at time point ¢t + A is expected to be S(t) - p(t) and follows a binomial
distribution (Equation 2).

E*(t+ A) ~ Bin (S(t),p(t)) (2)

The expression 2 represents the flow from the compartment S(t) to compartment E(t) between time
point ¢ and time point ¢ + A or the in-flow of compartment F(t). The number of individuals leaving
compartment E or the number of individuals entering compartment I(¢) (ignoring for the time being the
distinction between symptomatic and asymptomatic infections) within the same time interval is denoted
by

I"(t + A) ~ Bin (E(t),1 — exp(—A%)) (3)
The number of individuals in compartment E at time point ¢t + A is computed as follows:

E(t+A) = E(t) + E*(t+ A) — I*(t + A) (4)

The transition between other compartments is derived similarly. The full specification of the model
for both diseases (Figure 1) is shown in Tables 2 and 3.

Ef(t+A)~Bin(S(t),1—exp{-A/N[Bra(I1a(t) + AL (1) + Brs(Tis(t) + A IH ()]
I7,(t+A) ~ Bin(E1(t), 1 —expFAY1914])

I{,(t+A) ~ Bin(E (1), 1 —expFAY1 (1-414)])

Ri;(t+A)~Bin(I14(t), 1 —exp[-Ad])

Ri5(t+A)~ Bin(l15(t), 1 —expAd1 (1—p1)]) )

Dy (4+8)~ Bin(L(), 1~ cap-Adypr]) Dy (4 ) ~ Bin(I5, (1), 1-expl-Ad515m)
E{*(t+A) ~ Bin(Ry(t), 1—exp-A/N - A}i[ﬂla(fla(t) + ALy, () + Brs(Iis(t) + AL (1))
I (t+A) ~ Bin(E; (t), 1—exp[—A’ylfAy1aF1i])A

I (44 ) ~ Bin(E{ (1), 1-epl-Ayy (1-41a010))

E3(t+A) ~Bin(S(t), 1 —exp{—A/N[Boa(Iza(t) + A2iliy (t) + Bos (T2s(t) + A2 I3 (£))]})
I3,(t+A) ~ Bin(E»(t), 1 - expAvY2924])

I3,(t+A) ~ Bin(Ex(t), 1 —expAy2(1—424)])

R33 (t+A) ~ Bin(I2q(t), 1 —expAda])

R33(t+A) ~ Bin(Is(t), 1 —expASa (11— p2)))

D3 (t+A)~ Bin(Ias(t),1— €.Z‘p[—A52,U2A])

D+*(t—|—A NBZ’N,(I;;( ) 1—633p[—A52(52iM2])




ES*(t+A) ~ Bin(Ri(t), 1—exp-A/N - Ao [Baa(Toa () + Aail, (1)) + Bas (Lo () + Aail55 (£))])
I+*(t—|—A Bm(E;(t) 1—exp A'ygfyzafgz])
L (t+A)~ Bin(Ef (t), 1—expAye (1— ’)/gargl)])

Rinor (t+8) ~ Bin(I{,(t), 1 —exp[-A8161:(1—pu)])
Tosy (EHA)~ Bin(Ly(t),1 —eiﬂp[_A525A2i(1 —p2)])
Totas (t+A) ~ Bin(If,(t), 1 —expFAdi 1)

T2a (1) ~ Bin(I3, (1), 1 —exp-Adadai])

Table 2: Distributions describing the flow between the different compartments in the chain-binomial model.

S(t+A) = (t) E(t+A)—E;(t+A)

El(t+A) Er(t)+ B (t+A) = I, (t+A) = [T, (t+A) Ea(t+A) = Ex(t)+E3(t+A) =13, (t+A) =I5, (t+A)

Lia(t+A) = L, (O)+ 7, (t+A)— Ry ,(t+A) Lo (t+A) = Lo () + I3, (t+A)—R3,, (t+A)

11 (t+A) = Ils(t)+118(t+A) T+ A)=Di(t+A) Is(t+A) = Igs(t)+I;s(t+A)—R;S(HA)—D;(HA)
Ri(t+A) = ( Y+ Ri(t+A)—ES*(t+A) Ry(t+A) = ( YRy (t+A)—Ef* (t+A)

E+(t+A) Ef )+ EF* (t+A) = I (t+A)— I (t+A)  Ef (t+A) = Ef () +ES*(t+A) = L (t+A) = I (t+A)
IH(t+A) = I (1) + I+*(t+A) 12104 (EHA) I3, (t+4) = Iza(t) +13, (t+A) = Rig.00, (t+A)

Iﬂ(HA = L)+ (t+A) Toi1sg (EHA) I3,(t+A) = I () + 13 (t+A) = Rigp (t+A)

Ria(t+A) = Rl (£)+ Riz.004 (t+A)+ Rio, 2s+(t+A)+R’1ﬂ2;1s+(t+A)+Riz 154 (THA

Di(t+A) = Dy (t )+D1(t+A)+D+(t+A) Dy(t+A) = Dy(t) + Do(t+A) + D3 (t+A)

Table 3: Set of equations determining the total number of individuals in each compartment at time step
t+ A.

2.2 Fitting the Model

Accurate estimation of model parameters is essential for the model to reflect real-world dynamics. There-
fore, the proposed model is fitted to incidence data from COVID-19 and influenza to ensure that estimated
parameters are grounded in observed reality. Fitted models allow for the exploration of various scenarios,
helping to predict the potential outcomes of different public health measures such as vaccination strate-
gies. A Monte Carlo Markov Chain approach is particularly well-suited for fitting infectious disease models
to data because it provides a robust and flexible framework for handling complex models and allows to
estimate a large number of parameters simultaneously. However, MCMC estimation comes at a high com-
putational cost and achieving convergence can be challenging. Additionally, well-suited data from different
sources has to be available. Because handling these aspects would go beyond the scope of this project,
transmission rates have been estimated during the model fitting procedure for both diseases separately
and all other parameters values are selected from estimates reported in literature. The chosen values with
respective references are listed in Table Bl in the Appendix. Although the model allows for immunity to
affect the infectiousness and susceptibility of an individual as well as the probability to develop symptoms,
only the effect on susceptibility is considered in order to simplify the model and be able to find suitable
estimates in the literature.

For the fitting procedure, the co-circulation model is adapted such that it corresponds to the an SEIRD
model with one disease only (see Figure 2). All model parameters apart from [ are assigned values from
Table B1. The mathematical expressions defining the model are shown in Table B2 in the Appendix. Due
to the stochastic nature of the model, 100 simulations are run for each disease to generate data. The
number of weekly symptomatic infections is computed and compared to publicly available incidence data.
For COVID-19, a subset (weeks 9 to 12 of 2020) of the data from Sciensano with daily new confirmed
cases in Belgium is used ([29]). For influenza, the data comes from Infectieradar ([28]), an online platform



where participants can self-report symptoms. A subset of data for the Netherlands 3 has been selected
to correspond to the increasing part of a single wave (weeks 34 to 40 of 2022). The weekly incidence is
computed to eliminate the effect of reporting differences depending on the day of the week.

Figure 2: Susceptible (5) individuals get infected with transmission rate 5 and enter an exposed (E) state.
They become infectious with rate v and either develop symptoms (I5) with probability 1 — 7, or remain
asymptomatic (I,) with probability 7,. Individuals leave the infectious state with rate §; asymptomatic
individuals recover (R) and symptomatic individuals either die (D) with probability p or recover with
probability 1 — p.

An MCMC approach with a Metropolis-Hastings algorithm is used to estimate the value of the trans-
mission rates of COVID-19 and influenza. A sequence of samples is generated and each new sample is
accepted or rejected resulting in a sample from a (truncated) normal distribution whose mean is considered
as an estimate of the parameter to be estimated. Classical MCMC methods require the computation of
a likelihood function. The computation of the likelihood function (Equation 5) is however problematic in
this case because there no information about the number of exposed individuals is available in the data.
Therefore, an adaptation of a likelihood-free MCMC approach is used that does not require the compu-
tation of a likelihood function but uses the mean squared error (MSE) as evaluation criterion instead. A
graphical representation of the algorithm used is shown in Figure 3.

T
Z [ln (f) +c-ln(p)+ (E—c)-ln(l —p)|, withp=1—exp(—Av(1 —7,)) (5)
t=1

A starting value f3j is chosen within an interval [0.5; 2] based on an educated guess. Their value however
does not impact the final estimate as shown in the results. 100 simulations of the SEIR model in Figure
2 with equations from Table B2 are performed with this value of § and the mean squared error (MSE)
is computed for each simulation according to the formula in 2.2 with [¥(¢) the new symptomatic cases at
time point ¢ from the simulated data and C(t) the incidence at time point ¢ from the available data set
and T the total number of weeks considered.

T 2
MSE = % 3 (C(t) - 1;@)) (6)

t=1

The MSE of the different simulations is expected to be very different and therefore, the mean of the
100 MSE’s is used as an evaluation criterion. The lower the MSE, the better the approximation of the
simulated data to the real incidence data. In the next steps, a proposal value 8* is drawn from a normal
distribution with mean the previous value of 8 (in the first iteration, this is fy) and standard deviation
o. The evaluation criterion mean(MSE*) is computed as explained. The acceptance or rejection of the
proposal value 8* is based on this evaluation criterion: when mean(MSEx) is lower than mean(MSE), it

3Belgium not available



Figure 3: Flow chart of the MCMC algorithm. Gray nodes are related to the values of the parameter 3,
green nodes show the steps related to the simulation of the stochastic SEIR model, rose nodes are related
to the evaluation criterion and the acceptance or rejection of the proposed value of 5 and yellow nodes
are related to the number of iterations. A simulation of the stochastic SEIR model is s and an iteration
of the MCMC algorithm is .

means that the sample arising from simulations with 5* are considered to approximate the real incidence
better than the sample arising from simulations with 5. In that case, the proposal value g* it is accepted.
However, also when this is not the case, the proposal value is still accepted with probability the ratio of
the two MSE’s. Therefore, a value u is drawn randomly in the interval [0; 1] is from a uniform distribution
and compared to the ratio. When the value u is smaller than the probability of acceptance pge., then the
proposal value §* is accepted, otherwise, it is rejected (Equation 7).

" MSE B

The last step in an iteration ¢ is the update of the parameters: 8; = 8* if the proposal value has been

. ( MSE*)
Pace = min | 1

accepted and in that case, MSE = MSE*. In case that the proposal value has been rejected, 5 and
M SE remain unchanged (8; = ;- and M SE = MSE*). In total, 100,000 iterations of this algorithm are
performed. To make sure that initial fluctuations are not represented in the final sample of the parameter,
a burn-in of 50,000 iterations is applied and to make sure that the initial value of the parameter Sy does
not influence the final sample, five different chains of the algorithm are executed with diverging starting
values. The final estimate of the transmission rate is obtained by computing the mean of the final samples
for all chains. The convergence of the chains is assessed graphically through trace-plots and (smoothed)
histograms of the final sample. Also the acceptance probability is assessed.

The tuning of the MCMC parameters has been done through a trial-and-error approach. The standard
deviation of the proposal distribution has been chosen as to be sufficiently small to have not too many
rejections and sufficiently large to have an acceptable diffusion.



2.2.1 COVID-19

The subset of the data used to fit the model represents the beginning of the pandemic in Belgium. A total
population of 11.7 Million individuals (corresponding approximately to the population size of Belgium)
and 350 infectious individuals (200 exposed, 104 symptomatic and 46 asymptomatic, corresponding to
the ratio of symptomatic/asymptomatic cases used for the model) for the simulations.* Tt is assumed
that there are no recovered individuals and that no individuals have died from infection. The standard
deviation for the normal distribution of the proposal value has been tuned to be 0.40.

Figure 4 provides as a graphical tool for assessing the convergence of the different chains. Figure 4a
shows the trace plots of the final samples of 5. Although at times the values of 3 seem to explore higher
values, it converges back to similar values. This is probably due to the random and stochastic nature of
the method used. Figure 4b shows histograms of the final sample of 5. The somewhat awkward shape
can be explained by the use of a truncated proposal distribution (see Section 4.2 for further discussion).
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Figure 4: Graphs for the assessment of convergence of the MCMC chains and the quality of the final
sample for COVID-19.

Table 4 shows the initial values (fp) for the chains with the respective estimated value of § and
acceptance rate. The estimated transmission rate 51 for COVID-19 is the mean of the values of the chains
shown in Table 4, namely 1.14. This corresponds to a value of Ry of 10.05 which is high compared to
estimated values in the literature ([34]). This estimate is based on the part of the epidemic where an
effect of interventions was not visible and hence, the model does not capture these effects which results in
a high estimate of the basic reproduction number. Figure 5 shows the incidence of the real data and the
simulated curves from the model with the estimated value of 5.

4Different numbers of initial infections have been explored and the number chosen corresponds to the one that produces
data that best approximates the real data.

10



chain (g B acceptance rate

1 0.5  1.147040 0.66106
2 0.8 1.139709 0.64938
3 1.0 1.143503 0.65117
4 1.5 1.147411 0.65759
5) 2.0 1.140717 0.65119
final estimate 1.133323 0.654078

Table 4: Results of the different chains of the MCMC estimation of g for COVID-19 along with the final

estimate.

Data
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Figure 5: Incidence (symptomatic infections) of COVID-19 based on estimated transmission rate compared
to the incidence according to the data.

2.2.2 Influenza

The subset of the data is chosen such that the beginning (increasing part) of a wave is represented. A
total population of 17 million individuals is used (approximately corresponding to the population size of
the Netherlands) with 1,100 infectious cases (500 exposed, 301 symptomatic and 199 asymptomatic®). It
is assumed that there are no recovered individuals and that no individuals have died from infection. The
parameters are fixed to be equal to those used in the co-circulation model. The standard deviation for the
normal distribution of the proposal value is 0.18.

Figure 6 shows the trace plots for the different chains with a (smoothed) histogram of the final sample.
The trace pots show that the chains seem to have reached convergence. Table 5 shows the initial values
of for the chains with the respective estimated value of 8 and acceptance rate. The estimated rate of
transmission for influenza is 0.3. This corresponds to a value of Ry of 1.21. which is in line with estimates
from scientific literature ([4]). Figure 7 shows a graph of the real data and the simulated curves from the
model with estimated value of .

SDifferent numbers of initial infections have been explored and the number chosen corresponds to the one that produces
data that best approximates the real data.
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Figure 6: Graphs for the assessment of convergence of the MCMC chains and the quality if the final sample
for influenza.

chain [y 3 acceptance rate
1 0.5  0.29957 0.58132
2 0.8 0.30129 0.58460
3 1.0  0.30018 0.58247
4 1.5 0.30042 0.58702
5 2.0 0.29950 0.57873
final estimate  0.300 0.5828

Table 5: Results of the different chains of the MCMC estimation of g for COVID-19 along with the final
estimate.
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Figure 7: Incidence (symptomatic infections) of influenza based on estimated transmission rate compared
to the incidence according to the data.
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2.3 Theoretical Derivation of the Basic Reproduction Number

Given the high estimate of the transmission rate of COVID-19 obtained during the fitting procedure, the
basic reproduction number Ry is theoretically derived to be able to set the transmission rate for the use in
the simulation study. The basic reproduction number is one of the most important parameters to describe
the spread of an infectious disease an indicates how contagious a disease is. More specifically, it indicates
the average number of secondary infections caused by a single infectious individual in a fully susceptible
population. This means that for an Ry larger than 1, an outbreak is possible. The larger Ry, the faster
the disease spreads. An Ry smaller than 1 does not result in an outbreak and eventually gets extinct. To
compute the reproduction number for compartmental models, a method called next generation approach
has been developed ([10]).

The system of ODE’s (Table B3 in the Appendix) is divided into disease classes (E, I, and I,) and
non-disease classes (S, R and D). The next generation matrix G is a matrix that contains elements g;;
that represent the expected number of cases in disease-class i caused by a single infected individual in
disease-class j. To build this matrix, the computation of two vectors is needed: the vector f contains the
different ways that new infections can occur and vector v contains the different ways that infections can
be transferred from one class to another.

%([aﬁa + IS/BS) _7E
f= 0 and v = VYo B — 01, (8)
0 V(1 —a)E — 01

The next generation matrix G is the product of two components: F = 8%?_0) and V! with V =
J

% and z( corresponding to the disease-free equilibrium state (at which £ =1, = Iy = R =D = 0,
J

hence S = N and S/N =1).

;1 /Ba a Bs El 7ﬁa 7185

) 0 Ba Bs 5 01 0 e+ 5 55 5
G=FVv'=|0 0 0 e = | = 0 0 0 9)

0 0 0)\Fe o =L 0 0 0

Ry is the leading Eigenvalue of G.

RO _ 6@7{1 + Bg(l — 7a) (10)

Details of the computations can be found in the Appendix.

3 Simulation Study

The co-circulation model is used to perform a simulation study for different scenarios. First, the scenarios
are described in Section 3.1. Next, the general settings of the simulations are listed in Section 3.2. Section
3.3 contains a list of summary measures used to describe the results. Finally, the results of the study are

shown in Section 3.4.

3.1 Scenarios

The goal of the first scenario is to explore the dynamics of COVID-19 and Influenza without the effects
of immunity. First, the spread of the diseases is simulated when they are circulating separately (inde-
pendence). This is done by introducing one disease at day 0 and setting the introduction time of the
other disease to be higher than the number of days in a simulation. Next, the simultaneous circulation
of both diseases is simulated by introducing both pathogens at day 0. The population is assumed to be
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fully susceptible and is not vaccinated (w; = wy = 0). Heterologous immunity is not considered in this
scenario by setting the parameters 5\11’ = 5\21- = Ali = Agi = 1. Without heterologous immunity, the only
interaction between both diseases is through the assumption that co-infection is not possible. Therefore,
this scenario mainly shows the impact of that assumption. The scenario with co-circulation is considered
to be the baseline scenario.

Vaccination is an important intervention when it comes to controlling an epidemic. When (a portion
of) the population is vaccinated, the dynamics of the diseases are expected to change. Scenario 2 studies
these changes. An individual can either be not vaccinated at all, vaccinated against COVID-19 but not
influenza, against influenza but not COVID-19 or against both diseases. The vaccine efficacy is assumed
to be 86.3% for COVID-19 ([14]) and 34.9% for influenza ([26]) in line with results from the literature
(see Section 2.2). The vaccination rate is chosen such that a certain coverage is attained after 1 month.
To simulate a realistic scenario, two different values are selected, corresponding to 85% (corresponding
to the vaccination rate of the general population in Belgium, [3]) of the population being vaccinated
against COVID-19 and 22.6% (corresponding to the vaccination rate of the general population in the
Netherlands, [15]) of the population being vaccinated against Influenza after one month. This results in
a high vaccination rate for COVID-19 and a low vaccination rate for influenza. Heterologous immunity is
not considered in this scenario by setting the parameters S\M = 5\% = Ali = Agi =1.

The basic reproduction number of the current COVID-19 strain is lower than that of the original strain
(that is considered in this thesis). Therefore, scenario 3 explores the co-dynamics of both diseases when
they have the same basic reproduction number. This results in a transmission rate of 51 = 0.137. The
population is assumed to be fully susceptible and is not vaccinated (w; = we = 0). Heterologous immunity
is not considered in this scenario by setting the parameters 5\11‘ = 5\% = Ali = AQi = 1. Since a large
number of simulations turn out to show still active infections after 500 days, the simulations are performed
for 1000 days.

In the co-circulation model, the effect of heterologous immunity becomes important as it is expected to
impact the disease dynamics. Heterologous immunity is assumed to reduce an individual’s susceptibility
by (1 — \) - 100%. Scenario’s 4, 5 and 6 explore the effect of heterologous immunity. The magnitude of
the heterologous effect is varied in each scenario while keeping all other parameters constant. The vaccine
with the lowest protective effect against infection considered in this thesis is that of influenza (~ 36%) and
Assuming that any homologous effect is more powerful than a heterologous effect, four values for the latter
one are chosen to vary between 0 and 30% (corresponding to parameter values of A = {1,0.9,0.8,0.7}). The
heterologous effects are assumed to be equal for both diseases. In scenario 4, the effect of heterologous
immunity is explored without taking into account vaccination (w; = wy = 0). Scenario 5 is similar to
scenario 4, but the less aggressive strain of COVID-19 is considered (7 = 0.137). Since for a considerable
amount of simulations, there are still new infections after 500 days, therefore, the duration of a simulation
is prolonged to 1000 days. Vaccination has the potential to greatly impact the course of an epidemic.
With vaccination, the heterologous immune effect is expected to play a bigger role since more individuals
have acquired immunity than in the case where it could only be acquired naturally. Scenario 6 aims at
investigating the effect of heterologous immunity in a vaccinated population (as described in scenario 2).
The original COVID-19 strain is considered (8; = 0.375).

3.2 Simulation Settings

The simulation study is performed with a stochastic model. This implies that each simulation is subject
to this stochasticity and yields different results. A large number of simulations is performed and summary
statistics of the quantities of interest are computed. The number of simulations should be sufficiently large
to present clear and stable results. To determine the number of simulations needed to achieve a stable
outcome, the mean attack rate, peak prevalence and peak moment is shown for an increasing number
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of simulations (Figure 8). It appears that all three quantities are relatively stable at 1000 simulations.
Therefore, it seems reasonable to run 1000 simulations for each scenario.
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Figure 8: Mean quantities for an increasing number of simulations.

A simulation runs in time steps of one day. The duration of one simulation should not be shorter than
the duration of any outbreaks since the quantities of interest can be misleading in that case (think of attack
rate that cannot be computed correctly as long as the virus is still active and causing new infections).
Therefore, 1000 simulations with 500 days each have been examined. The day of the last new infection is
recorded for COVID-19 and Influenza. Figure 9 shows the distribution of the days of the last infections.

The latest day of the last infection for any of the diseases in all simulations is day 488. Therefore, it seems
reasonable simulate an epidemic for 500 days.
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B covip-19
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Figure 9: Histogram of the days of the last infection for all simulations. The vertical line indicates the

maximum.

A single index case is introduced in a population of size 10,000 at day 0 for each of the diseases. The
parameter values for each simulation correspond to the values in Table B1 unless stated otherwise. For
the transmission rate of COVID-19, value of that is more in line with scientific literature has been chosen
rather than the estimate from the fitting procedure, namely g = 0.375 which corresponds to Ry = 3.3.

3.3 Representation of Results

To evaluate an epidemic, different metrics are at our disposal. This simulation study focuses the following
quantities computed for each simulated epidemic:
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e Attack Rate: The attack rate or final size is defined as the proportion of the population that got
infected throughout the entire running time. Both symptomatic as well as asymptomatic infections
are considered. The attack rate is reported for COVID-19 and influenza separately. This metric
helps to understand the scale of an outbreak and the extent of the population that is affected. It
informs the authorities about the scale of interventions needed, such as the distribution of vaccines,
medications, or other healthcare resources. It also provides valuable insights into the transmissibility
of a disease. The attack rate is also used to evaluate the effectiveness of vaccination programs.

e Extinction Probability: The extinction probability indicates how likely an infectious disease is
to die out in a population without causing a (major) outbreak. In a deterministic model, the ba-
sic reproduction number Ry is a well known threshold to determine whether a pathogen will cause
an outbreak or whether it will get extinct. In a stochastic model, the probability of extinction is
closely related to the basic reproduction number and can be approximated by Ry To (with Iy the
initial number of index cases) for models with one infectious group (]2]) which is not the case for the
co-circulation model proposed. Therefore, an approach based on the distribution of attack rates is
applied. The distribution of attack rates is typically bimodal and allows for a clear cutoff between
"very small” (outbreaks) and ”larger” (no outbreaks) values. This cutoff is determined graphically
(through a histogram). Practically, the extinction probability is the proportion of simulations that
result in very small attack rates. When no cutoff can be determined, the extinction probability is not
computed. The extinction probability is computed for COVID-19 and influenza separately. Exam-
ining the extinction probability can help in assessing the effectiveness of public health interventions.

e Cases (Prevalence) at Peak: The cases at peak is the largest number of simultaneously infected
(symptomatic as well as asymptomatic) individuals (prevalence). It is analysed for both diseases
separately as well as both diseases combined (daily sum of the prevalences). The prevalence at peak
helps to understand how quickly a disease spreads and is a key metric that informs a wide range of
strategic decisions aimed at minimizing the impact of an outbreak. It is crucial to determine the
potential burden on the health care system (hospital capacity, ICU beds, medical staff availability,
...) and to plan allocation of resources. It is also an important metric that drives policy makers to
implement interventions.

e Day of the Peak: The day of the peak indicates when the maximum number of cases will occur
and is expressed in days since the start of the simulation. It is analyzed for each disease separately
as well as for both diseases combined. The timing of the peak is important for the preparedness
of the healthcare system and for the timing of public health interventions. By understanding when
the peak is likely to occur, interventions can be timed to flatten the curve and reduce the peak
prevalence, thereby mitigating the spread of the disease.

e Duration of an Outbreak: The duration of an outbreak is defined as the number of days between
the first infection and the last recovery. It is important to note that only non-extinct simulations are
considered. For scenarios in which the probability of extinction cannot be computed, this quantity
is ignored. The duration of an outbreak gives an idea about the intensity of an epidemic. Very long
outbreaks with a relatively low attack rate are often less problematic than very short outbreaks with
a large final size. However, the duration of an outbreak can have an important psychological impact
on the population.

Apart from the duration of an outbreak, all quantities are computed for the totality of simulations,
not only for those that are considered to be outbreaks. Quantities are represented relative to the entire
population size and is therefore expressed in percent (or as a value in the interval [0;1]). Since the model
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is of stochastic nature, each simulation yields different results and therefore, the full distribution of the
different metrics is shown as well as the mean and the 95% quantile range.

3.4 Results
3.4.1 Scenario 1: Co-circulation versus Independence

The results of the baseline scenario (co-circulation) are reported first and then compared to the scenario
without interaction.

The extinction probability is more than three times lower for COVID-19 (20.8%) than for influenza
(66.7%). COVID-19 affects a larger proportion of the population on average (75.7%) than influenza
(14.4%). This is no surprise given the higher basic reproduction number for COVID-19. Even though
major influenza outbreaks on average affect less people in total, they are much longer (375 days, 95%
quantile interval [261;488]) than major COVID-19 outbreaks (190 days 95% quantile interval [164;230]).
The peak for both diseases combined occurs on average at day 74 with a prevalence of 22.6% at peak. The
mean prevalence at peak is 22.3% for COVID-19 (on day 60) and 0.8% for influenza (on day 72).
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Figure 10: (Scenario 1) Distribution of relative attack rates of COVID-19 and influenza for the scenarios
with independence and with co-circulation. The black dots represent the mean attack rates. The asterisk
represents the probability of extinction.

Figure 10 shows that the interaction between both diseases through the impossibility of co-infection
causes less major outbreaks for influenza (probability of extinction increases with 3.3%) and the mean
attack rate decreases with 2.2% compared to independence. The duration of major influenza outbreaks is
increased on average by 47 days on average with co-circulation (see Figure 12). Figure 11 shows that the
moment of the influenza peak is delayed by 9 days on average for influenza when both diseases interact
while the prevalence at peak remains unaffected. Co-circulation appears to have no impact on the dynamics
of COVID-19. Qualitatively similar observations are made when considering outbreaks only (see Figures
C1, C2 and C3 in the Appendix). Tables C1 and C2 in the Appendix provide 95% quantile ranges as well
as all summary statistics for major outbreaks only.
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Figure 12: (Scenario 1) Mean duration of influenza and COVID-19 major outbreaks with 95% quantile
ranges for the scenarios with independence and with co-circulation.
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Figure 11: (Scenario 1) Distributions related to the peak for COVID-19 and influenza for the scenarios
with independence and with co-circulation. The black dots represent the means of the distributions.

3.4.2 Scenario 2: Effect of Vaccination

The scenario with vaccination is compared to the baseline scenario.

Vaccination effectively decreases the attack rates of both diseases to very low levels (0.4% for COVID-
19 and 2.4% for influenza), as shows Figure 13. The extinction probability can no longer be computed
according to the definition given in Section 3.3 since the distributions is no longer bimodal. It appears that
all simulations get extinct or at least no large outbreaks occur. The maximum attack rate for COVID-19
is 2.7% in the case of vaccination. For influenza, the maximum attack rate is higher (23.2%) but no clear
cut-off value can be determined for major outbreaks versus extinction.
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Figure 13: (Scenario 2) Distribution of relative attack rates of COVID-19 and influenza for the scenarios
with and without vaccination. The black dots represent the mean attack rates. The asterisk represents
the probability of extinction.

Figure 14 shows that also the mean prevalences at peak are decreased by vaccination. Both diseases
combined on average only affect at most 0.2% of the population while this is 0.1% for COVID-19 and
influenza. The moment of the peak occurs 21 days earlier for both diseases combined (day 52) and about
a month earlier for COVID-19 (day 50) as well as influenza (day 40). Tables C3 and C4 in the Appendix
provide 95% quantile ranges.
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Figure 14: (Scenario 3A) Distributions related to the peak for COVID-19 and influenza for the scenarios
with and without vaccination. The black dots represent the means of the distribution.

3.4.3 Scenario 3: Less Aggressive COVID-19

The scenario with a less aggressive strain of COVID-19 is compared to the baseline scenario. When a less
aggressive variant of COVID-19 is considered, less people are affected by COVID-19 (as can be expected).
The mean attack rate is drastically decreased to 12.7% (see Figure 15) and the mean prevalence at peak is
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decreased to 0.7% (see Figure 16a) with a peak that occurs on average 51 days later. The mean duration of
a major outbreak increases significantly for COVID-19 to 659 days. 95% of all major COVID-19 outbreaks
are longer than 486 days. For Influenza, an opposite trend is observed: the mean attack rate is slightly
increased to 15.8% and the mean prevalence at peak is increased to 0.9% for a peak that occurs on average
13 days earlier. The mean duration of a major outbreak decreases slightly to 328 days which means that
COVID-19 outbreaks are on average much longer than for influenza, also shown in Figure 17. When
considering major outbreaks only, the observations are quantitatively similar (see Figures C4, C5 and
C6 in the Appendix). Also for the extinction probabilities, the trend is opposite for the two diseases: it
increases to 67.2% for COVID-19 but decreases slightly to 64.9% for Influenza.
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Figure 15: (Scenario 3) Distribution of relative attack rates of COVID-19 and influenza for the scenarios
with the original and a less aggressive COVID-19 strain. The black dots represent the mean attack rates.
The asterisk represents the probability of extinction.

Figure 16 shows that the moment of the peak occurs on average nearly 2 months (59 days) later for

both diseases combined. On average, only 1.5% of the population is affected by either COVID-19 or
influenza at the peak. Tables C5 and C6 in the Appendix provide 95% quantile ranges.
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Figure 17: (Scenario 3) Mean duration of influenza and COVID-19 major outbreaks with 95% quantile
ranges for the scenarios with independence and with co-circulation.

3.5 Scenario 4: Co-Circulation Accounting for Heterologous Immunity

The baseline scenario corresponds to the scenario without immunity (0%) and is compared to the scenarios
with protective effects of 10, 20 and 30%. Individuals who have recovered from COVID-19 are less
susceptible to infection with influenza and vice versa. A decreasing attack rate is observed in Figure
19 for influenza with increasing heterologous effect (14.4, 11.6, 5.5 and 2.5 % for heterologous effect of
{0, 10, 20, 30}, respectively). However, this effect is not visible when only outbreaks are taken into account
(see Figure C7 in the Appendix). The extinction probabilities and the mean duration of major outbreaks
(Figure 18) do not appear to be affected by heterologous immunity. However, the upper bound of the 95%
quantile range of major outbreak duration decreases with increasing heterologous effect.

Figure 20 shows that as heterologous immunity increases, the peak occurs earlier on average (with
small irregularities) and the prevalence at peak is lower for influenza. The prevalence at peak as well as
the day of the peak are not affected by heterologous immunity.
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Figure 18: (Scenario 4) Mean duration of influenza and COVID-19 outbreaks with 95% percentile range
for 4 different levels of heterologous immunity effect (0, 10, 20 and 30%).
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Figure 19: (Scenario 4) Distribution of relative attack rates of COVID-19 and influenza for the scenarios
with no (0%), low (10%), moderate (20%) and high (30%) heterologous effect on the susceptibility to
infection. The black dots represent the mean attack rates. The asterisk represents the probability of
extinction.
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Figure 20: (Scenario 4) Distributions related to the peak for COVID-19 and influenza for the scenarios
with no (0%), low (10%), moderate (20%) and high (30%) heterologous effect on the susceptibility to
infection. The black dots represent the means of the distributions.

3.6 Scenario 5: Co-Circulation Accounting for Heterologous Immunity with a less
Aggressive Variant of COVID-19

The heterologous effect causes the number of COVID-19 infections to decrease both, overall and at peak.
The mean attack rates are 11.7% for low, 9.9% for moderate and 9.8% for high heterologous immunity
compared to 12.7% for no immunity. The prevalences at peak are 0.6% for low and 0.5% for moderate
and high heterologous immunity compared to 0.7% for no immunity. These trends are also observed when
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only major outbreaks are taken into account (see Figures C10 and C11 in the Appendix). Figure 23 shows
that major COVID-19 outbreaks become slightly longer on average with increasing heterologous effect
(668 days for low, 679 days for moderate and 683 days for high heterologous immunity compared to 659
days for no immunity). An effect on the dynamics of influenza or both diseases combined is not observed.
The moment of the peak does not appear to be affected either.

Although the trend is not monotonic, the extinction probability shows an increasing trend for COVID-
19 and a decreasing trend for influenza with increasing heterologous immunity (see Figure 21).
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Figure 21: (Scenario 5) Distribution of relative attack rates of COVID-19 (less aggressive variant) and
influenza for the scenarios with no (0%), low (10%), moderate (20%) and high (30%) heterologous effect
on the susceptibility to infection. The black dots represent the mean attack rates. The asterisk represents
the probability of extinction

CoVvID-19 Influenza Sum COVID-19 Influenza Sum

Disease Disease

0.051 COVID-19 COVID-19
Influenza Influenza
Sum 750~ Sum

0.04-

=4
9
@

500~

=4
9
IS}

Relative Cases at Peak
Relative Cases at Peak

0015 {J0.015 | 514 | 001

250-
0.01- 0009 J001 oot 001
00071 0.008 0005 | 0.00: 1114 4 1094 | 997 | 103
Ahiad VPN
0.00- 0-
30 0

0 0 20 20 0 0 20 80 0 0 20 30 0 0 2 0 2
Immunity (%) Immunity (%,

(a) Cases at Peak (b) Day of the Peak

30 30

1829\ /127.6 \ (1219 \ [125.
5 ¢ 619 L 593 ¢ 63€
i 0 0 20
)

Figure 22: (Scenario 2B) Distributions related to the peak for COVID-19 (less aggressive variant) and
influenza for the scenarios with no (0%), low (10%), moderate (20%) and high (30%) heterologous effect
on the susceptibility to infection. The black dots represent the means of the distributions
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Figure 23: (Scenario 5) Mean duration of influenza and COVID-19 outbreaks with 95% percentile range
for 4 different levels of heterologous immunity (for the scenarios with no (0%), low (10%), moderate (20%)
and high (30%) heterologous effect on the susceptibility to infection.

3.7 Scenario 6: Heterologous Immunity Effect with Vaccination

Figure 24 shows a clear decline in influenza infections both, overall and at peak. The mean attack
rates are 1.6% for low, 0.9% for moderate and 0.5% for high heterologous immunity compared to 2.4%
for no immunity and the prevalences at peak are 0.11% for low, 0.07% for moderate and 0.05% for high
heterologous immunity compared to 0.14% for no immunity. The influenza peak occurs several days earlier
with increasing heterologous effect (day 39 for low, day 31 for moderate and day 23 for high heterologous
immunity compared to day 41 for no immunity). The trends regarding the peak of the epidemic (prevalence
as well as moment) are also observed for both diseases combined. No effects are observed for COVID-19,
but an effect of unobservable magnitude cannot be ruled out.
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Figure 24: (Scenario 6) Distribution of relative attack rates of COVID-19 and influenza for the scenarios
with no (0%), low (10%), moderate (20%) and high (30%) heterologous effect on the susceptibility to
infection in combination with vaccination and considering the original COVID-19 strain. The black dots
represent the mean attack rates.
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Figure 25: (Scenario 6) Distributions for both diseases combined and for the two diseases separately,
for the scenarios with no (0%), low (10%), moderate (20%) and high (30%) heterologous effect on the
susceptibility to infection in combination with vaccination and considering the original COVID-19 strain.
The black dots represent the mean attack rates.

4 Discussion

4.1 Interpretation of Results

Scenario 1 shows the effect impact of co-circulation on the dynamics of both diseases. If co-infection is
ruled out, the exposed and infected individuals are not susceptible to the other disease during the latent
and infectious periods, meaning that the number of susceptibles is lower. The high transmission rate of
COVID-19 results in a significant number of people becoming infected with the disease, and the relatively
long latenct and infectious periods means that a large number of people can temporarily not be infected
with influenza. The combination of a low number of simultaneous influenza infections and the reduced
number of susceptible people means that the extinction probability increases. The same reasoning explains
the decline in mean attack rate. This decrease is not driven by the increase in extinction probability as it
can be observed even when only major outbreaks are taken into account. In principle, the same applies
to COVID-19, however, no effect is visible. This is likely due to the lower number of influenza infections
compared to COVID-19 infections and associated smaller decline in those susceptible. In addition, the
latent and infectious periods for influenza are much shorter, meaning that the number of individuals
(temporarily) not susceptible to COVID-19 is relatively small which explains that no impact on COVID-
19 is observed.

Scenario 2 shows that vaccination is indeed a very effective way to reduce the number of infections
(both, overall and at peak) to the point where major outbreaks no longer occur. The vaccine efficacy and
vaccination rate are higher for COVID-19 than for influenza, which explains the stronger impact on the
dynamics of COVID-19.

Scenario 3 shows that a less aggressive COVID-19 strain causes fewer COVID-19 infections. Since
there is an interaction between the two diseases, a change in COVID-19 also leads to changes in the spread
and dynamics of influenza. Counter intuitively, more people are affected by influenza when COVID-19 is
less aggressive, both overall and at peak. Since no form of immunity is taken into account in this scenario,
this increase is likely due to the assumption that co-infection is not possible. If fewer people are affected
by COVID-19, fewer people are temporarily excluded from influenza infection. In this scenario, the two
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diseases have the same basic reproduction and their extinction probabilities are similar. The increase
in extinction probability is expected for COVID-19 because this quantity is closely related to the basic
reproduction number. An influenza outbreak is slightly shorter compared to the baseline scenario but
has a higher peak, while a COVID-19 outbreak lasts much longer but is also much ”flatter” compared to
the baseline scenario. Because COVID-19 circulates in the population for a long time, the assumption
that immunity lasts forever and that re-infection is not possible becomes unrealistic. If re-infection is
considered, it can be expected that COVID-19 will not die out, will circulate constantly and thus become
a much greater persistent threat.

The effect of a heterologous immune reaction was also investigated. This effect becomes important once
an individual has acquired homologous immunity either through infection or vaccination. If vaccination
is not considered (scenarios 4 and 5), heterologous immunity only becomes relevant once individuals have
recovered. For the original COVID-19 strain (scenario 4), effects are only observed for influenza. Since the
number of COVID-19 recoveries is relatively large compared to the number of influenza recoveries (and
therefore the number of individuals with reduced susceptibility to COVID-19), which limits the impact
of the protective effect, the heterologous effect is expected to be larger for influenza. The peak of both
diseases together is largely driven by COVID-19, which explains why no effect is observed for both diseases
together, although an effect is observed for influenza. However, when a less aggressive COVID-19 strain is
considered (scenario 5), effects of heterologous immunity are observed for COVID-19 but not no longer for
influenza. In this scenario, the number of individuals affected by COVID-19 is, on average, significantly
smaller than with the original strain and is, on average, even lower than the number of individuals affected
by influenza, causing the heterologous effect to become visible for COVID-19. When a portion of the
population is vaccinated against a disease, that portion is less susceptible to the disease in question due
to the homologous immune response and the vaccinated population is also slightly less susceptible to the
other disease. As more individuals are vaccinated against COVID-19, the effect of this type of immunity
is expected to be more visible for influenza. Also, the heterologous immunity effect is stronger relative to
the homologous effect for influenza than it is for COVID-19. For COVID-19, the homologous immunity
effect is very strong, reducing the attack rates to very low levels. The heterologous effect is expected to
lower it even more, but the possible effect is of course less strong.

4.2 Limitations and Future Research

This thesis uses a mathematical modeling approach to study the co-dynamics of COVID-19 and influenza
and investigate the effects of homologous and heterologous immunity on these dynamics. A model is
always a simplification of reality tat requires a number of assumptions. While these assumptions simplify
the model and the mathematics involved, they have important implications.

The model assumes a constant population. In reality, populations undergo constant change due to
births, deaths and migration. Ignoring these factors can lead to oversimplification that may not capture
the full dynamics of disease spread. It also introduces limitations in terms of realism and long-term
accuracy. However, by keeping the population constant, the model focuses exclusively on the transmission
dynamics of the diseases (in this case, COVID-19 and influenza), making it easier to isolate the effects of
interest. Given the relatively short time frame of a simulation, only minimal changes in the population
are expected with negligible impact on the results, making this assumption acceptable.

The population is assumed to be homologous, meaning that each individual in the population is
considered equal in terms of disease parameters. In fact, age affects the susceptibility to COVID-19 and
the probability of developing symptoms ([9]). Due to differences in contact patterns, different transmission
rates are assumed among different age groups ([21]). In the future, the model should be adapted to account
for different age groups. Another possible extension is the inclusion of risk factors.

The model assumes that if an individual is infected with one disease, they cannot be infected with the
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other disease. Although it is possible to become infected with both diseases simultaneously, the prevalence
of co-infection with COVID-19 and influenza reported in the literature is low ([31], [20]), so this assumption
is not expected have a significant effect on the results.

Although this model includes immunity, it is in many ways a simplification of reality. First of all, no
distinction is made between natural and vaccine-induced immunity and both are assumed to be constant.
This also implies that an individual cannot be re-infected with the same disease. Studies show that for both
diseases, the immunity wanes after a certain period of time, making re-infection possible. For influenza,
the prevalence of re-infection was low and the time between two consecutive infections was relatively high
in most cases, suggesting that the assumption made is acceptable given the duration of a simulation ([33],
[27]). However, For COVID-19, the literature suggests that re-infection is possible in a shorter period of
time ([5], [22]) and neglecting this could lead to a lower number of COVID-19 infections, which in turn
has an impact on influenza infections depending on the situation, as show the results of this thesis. When
considering re-infections, care should be taken to describe different disease courses in such cases, if the
data indicate this. No distinction is made between infection-induced and vaccine-induced heterologous
immunity. Furthermore, it is assumed that the heterologous effects are the same for both diseases and
that immunity only affects the susceptibility of an individual. Once data on these mechanisms is available,
the assumptions in the model can be relaxed without further adjustments.

In the model, vaccination of the susceptible population occurs at rate w. The number of individuals
vaccinated at a certain time is a stochastic process that depends on the number of susceptible individuals.
On average, this means: the more susceptible individuals, the more vaccinations. That is not how it works
in a real population. In general, the number of people who can be vaccinated in a given period (e.g. per
day) can be expected to be relatively constant or perhaps increases over time (as capacity increases). The
rate is also expected to decline towards the end, as most individuals who want to get vaccinated have
already done so. In addition, the rate is calibrated so that the vaccination coverage in Belgium is reached
after about a month. Thereafter, the fully susceptible population continues to be vaccinated at the same
rate and eventually the entire susceptible population is vaccinated. The model assumes full the effect
of the vaccine after a single dose and immediately after vaccination. In fact, not every individual in a
population is equally likely to get vaccinated. This is not taken into account in this model and should be
considered as an aspect of a more heterogeneous population. In the future, adjustments to the vaccination
parameters should be made so that the population is only vaccinated up to a certain coverage and that
the vaccination is not dependent on the number of susceptible individuals.

Estimation of the transmission rate was carries out using an adapted likelihood-free MCMC method,
since the computation of the likelihood is problematic in this case. In the future, suitable methods for
approximate Bayesian computation (ABC) should be explored. The Metropolis-Hastings algorithm used
has the advantage of being easily implemented but its performance is sensitive to the choice of the proposal
distribution. The tuning of the standard deviation of the proposal distribution was performed through
a trial-and-error approach, there is no guarantee that it is close to optimal. Other methods should be
explored such as gradient-based approaches or Halimtonian Monte Carlo methods, which avoid the random
walk that negatively affects the efficiency of the algorithm. Furthermore, the proposal distribution is
truncated (restricted to strictly positive values). Currently, this is not taken into account when computing
the acceptance probability. Methods that avoid the use of a truncated proposal distribution should be
explored (such as parameter transformation). Alternatively, the use of a truncated proposal distribution
should be properly accounted for.

Selecting a set of model parameters from the literature is not trivial. Both diseases are constantly
evolving and so are their characteristics. Furthermore, a wide range of methods and data have been used
to determine parameter values, consequently leading to a wide range of possible values. It is a big challenge
to choose the values that best suit this particular model. The impact of parameter choices on the results
should be examined in a sensitivity analysis in the future.
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Analysis of the results is based on all infections, symptomatic and asymptomatic. However, not all
infections pose a problem for public health. While asymptomatic cases play an important role in the
spread of a disease, they do not directly affect the healthcare system. Symptomatic individuals however
can place a burden on general practitioners and pharmaceutical supplies, but also on economy, for example
through absenteeism from work. Some symptomatic individuals may require intensive medical care through
hospitalization. This is not directly included in the model and should be accounted for in a possible
extension, including different effects of immunity on the likelihood of being hospitalized. The same holds
for disease-related deaths. They are incorporated in the model but the probability of death is not yet
influenced by any form of immunity.

All co-circulation scenarios in this work introduce both pathogens simultaneously. The impact of
different introduction times should be studied as influenza is considered a seasonal threat while COVID-19
can be considered a persistent threat. In addition to a different approach to modeling vaccination, other
policies related to vaccination should also be considered. A flexible running time can be considered in
which a simulation automatically stops as soon as there are no more infectious individuals present. This
avoids unnecessary long running times and stopping simulations while epidemics are still ongoing.

4.3 Ethical Considerations

The work presented involves simulation studies in which no human individuals were directly affected. The
data used is publicly available and not personally identifiable, ensuring privacy and confidentiality. Some
ethical considerations related to mathematical modeling of infectious diseases are discussed.

Ultimately, the model is intended to serve as guidance and support for decision makers. It is crucial to
ensure that the model is accurate and transparent, as misleading results can lead to inappropriate policy
decisions, potentially harming public health. Therefore the structure of the model as well as assumptions,
limitations, and uncertainties associated with the results are clearly communicated.

Decisions should not solely be based on the results of this model, but other aspects such as real-world
feasibility and societal impact should also be included in the decision making process. In particular,
the impact of interventions on different population groups should be considered. Although no specific
interventions are proposed based on the results of the simulation study, potential interventions focus
on immunization of individuals and, more specifically, vaccination. Interventions should always aim to
maximize benefits and minimize harm to the population, protecting public health while aiming to respect
individual autonomy. While vaccines generally support the principles of beneficence and non-maleficence,
vaccine hesitancy and equitable access to vaccines are important factors to keep in mind.

A model should be as realistic as possible to ensure its applicability and relevance. The model param-
eters were selected in accordance with scientific literature and real world data were used to fit the model.
The simulated scenarios realistic.

The stakeholders of the presented co-circulation model include researchers in infectious disease mod-
eling and public health officials, as well as healthcare providers, vaccine manufacturers and the general
public.

5 Conclusion

Since COVID-19 and influenza are expected to co-exist for the foreseeable future, understanding the spread
and co-dynamics of both diseases is critical. A key component in the interaction between COVID-19 and
influenza is the presence of a heterologous immune response. Here, a stochastic compartmental model is
proposed that allows modeling the co-circulation of both diseases and offers the possibility of incorporat-
ing vaccine-induced homologous immunity and vaccine-induced as well as infection-induced heterologous
immunity in a very flexible way. Once better information on transmission parameters or vaccination be-
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comes available, the model can be easily adapted and also extended to include compartments such as
patient isolation, hospitalization or severity of infection if needed. The proposed model allows for con-
ducting a wide variety of simulation studies that help contribute to understanding the complex dynamics
of COVID-19 and influenza and shed light on the role of heterologous immunity. It also allows testing
different vaccination strategies to help policymakers make informed decisions. Further research on this
type of immunity is needed to provide high-quality estimates for model parameters.

This work shows that when preparing for future epidemics, it is not sufficient to model the spread and
dynamics of both diseases separately to estimate their combined impact. It is important to account for
their interaction to make more accurate predictions. It is shown that the interaction between COVID-
19 and influenza results in the the total number of influenza infections, as well as the peak prevalence
and the probability of major outbreaks, being lower than if both diseases were assumed to circulate
independently. However, taking this interaction into account, influenza outbreaks last longer on average.
This is important information for organizing health care, as a longer but smaller epidemic requires different
preparation. The simulation study also shows that these impacts depend on the transmission potential of
COVID-19, demonstrating the importance of keeping model parameters as current as possible at all times.
It also shows that the transmission rate of COVID-19 has a major impact on the duration of an outbreak,
which in turn impacts how healthcare services operate.

Although little is known about the extent of a heterologous immune effect between COVID-19 and
influenza, this study shows that it impacts the number of infections of the disease at a lower transmission
rate. It also shows that when the population is vaccinated (assuming a significantly higher vaccination rate
and higher protection for COVID-19), the heterologous effect leads to a decrease in influenza infections
and the total number of infections (for both diseases combined). The results motivate further research on
how the effects of heterologous immunity can be exploited to develop optimal vaccination strategies, and
the proposed model provides a solid framework for this.
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Appendix A - Detailed Model

Deterministic SEIRD Model

The system of ODE’s corresponding to a deterministic version of the presented model are shown in the
table.
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(t)v2Y2a — 124 (t)02
)= Ez(t)%(l Y2a) — 125 (t)d2 ) )
)=1I24(t )52+125( )02(1—pig) = Ro(8)[Bra(T1a () + A1 I, () +Brs (115 (t) 4+ Aral35 (1))
) t

%I;(t) E;(t)72'72ar2z ()6252, .
15 (1) =E3 (t)y2(1- szz) L, () 6202

L Ryo(t) = I, (1)0000i + 15 (£)8s02i (1 — p12) + I3 ()81 (1 — pa ) + I3, (£) 61014

Table Al: Set of ODE’s describing the deterministic version of the simplified Model shown in Figure 1

Detailed Model Schemes and Equations

The first model shows the flow of fully susceptible individuals.

9

S1;52
E2

Figure Al: Model 1: disease course for fully susceptible individuals

E;S1S2(t4 A)~ Bin (S(t), 1—exp [% ~p1])

33



E;S1R2 (t+A)~Bin(stls2(t)7 1—exp [%-/A\wm])

= Bra- |15 52 (8) + Xua (15 72 (8) + 15 V2 (0) + 15V R (0) + Aup- (I S2(0) + T2 (0) + 11V2 () + 1V 2 (1))
+B1s- IiS‘SISQ(t)+5\1i,(IISSlR2(t)+Ilsslv2(t)+li951VR2(t)) +5\11~(IY3152(15)+I¥1R2(t)+11V81V2(t)+11V51VR2(t))

Ii‘flsz(H»A) NBin(Eiglsz (t),1—exp[—A-71 -’yla])

If85152(t+A NBin(ESlS2 (t), l—exp[—A-'yl-(l—’yla)])

IES1R2(t 4 A)~ Bin ( ESTR2(1),1— emp[ A~71~‘y1a~f1i])

(
IFSYR2 (¢ A) ~Bm(E (1), 1- exp[ Aﬁr(lf%afu)])
(1

RiS192(t+ A) ~ Bin(IP192(t), 1—exp [—A-61])

R;S5192(t+ A) ~ Bin (17152 (t), l1—exp[—A-61-(1—p1)])

DPLS2(t4 A) ~ Bin (19152 1—exp [ A-61-p1])

DPIB2(t4 Ay~ Bin (IP1E2 1 —eaxp [—A-61- 1))

E35152(t+ A)~ Bin (:3'(15)7 L—exp [% 'p2])

E3R1S2(44 A) ~Bin(R‘fls2(t), 1—exp [% A 'Pz] )

p2 = Baq- Iés‘alSQ(t) 4 5\2i~(1§1152(t) + 12‘{1152(75) _'_IXIRISQ(t)) 4 5\11~(I§;V2(t) 4 IﬁlV2(t) +I;{11V2(t) +1X1R1V2(t))
+,825- I;SISQ(t) + 5\22,,([%152(0 + 12\/‘;152(15) +12VSRIS2(t)) +5\21-(I§;V2(t) + I£1V2(t) +12V81V2(t) +12VSR1V2(t))

I35152(t+ A) ~ Bin(E5152(t), 1 —exp [~ A-v2-424])

I35192(t+ A) ~ Bin(ESY52(t), 1—exp [ A-y2- (1—F24)])

LFES2(44 A)~ Bin( EFYS2(1),1— eacp[ A~724(1—’y2a~f‘2i)]>

R35192(t+ A) ~ Bin(I5192(t), 1—exp [~ A-52])

I3R1S2 (14 ) NBm(E 182(¢),1— emp[ A~72~‘y2a~f‘2i])
(13
(

R3S1S2(t4A) ~ Bin (I5152(t ) 1—exp[—A-S2-(1—p2)])

DF192(t+A)~Bin(I5152,1—exp[—A-62-p2])

DES2(t4 Ay~ Bin(IE152 1 —eaxp [—A-52-p2))

R$152(t4A) ~ Bin (15172, 1—eap [ A-51])

RYL2(t+A) ~Bin (I 2 1—exp[—A-61))

RS1LY2(t+A) ~ Bin(I51VE2 1—exp[—A-61])

R¥a12V2(t+A) ~Bin(I¥alVRZ, 1—exp [7A-61])

S1(t+A) = S1(t) — EP1S2(t+A) — EF152(t4+A)

ES1S2(14A) = BFIS2(1) + BYSIS2(14A) - 1515214 A) - [15152(14A)

(
ESISQ(t+A) — EiS‘ISQ(t) + E;SlSQ(tJFA) _ I*SlSQ(thA) _ 1535152(t+A)

5152 t+A 5152 ) 1*5152 t+A

R*SISQ(t—FA)

ISlS2 t+A

(t (t+A) -
— ISlSz(t) + 1*5152(t+A) *SlSQ(t+A) _ DTSlS2(t+A)
(t (t+A) -

(t+A) =
(t+A4) =

ISlSZ(t—f—A) [SIS'2 )+I*SISQ t+A R*SlS2(t+A) D;SISQ(t-i-A)
(t+4A) =

ISISQ t+A ISISQ( )+I*5152(t+A) RESlS2(t+A)
RiS‘lS2(t+A) — RSISQ(t) R*SISQ(t+A) + R*SlSZ(t+A) _ E;RlSQ(t+A)
R§1S2(t+A) SlS2(t) +R*5152(t+A) + R*5152(t+A) _ ETSlRE(t-i-A)
ERlSQ(t—‘rA) — Eé{lSQ(t) + E;RIS2(t+A) _ 135152(t+A) _ I;SRlS2(t+A)
ESIR2(t+A) — E‘flRQ(t) + Eik51R2(t+A) _ I*S1R2(t+A) _ IfflRQ(t-i-A)
IRIS2(14-A) = IRIS2(8) + [3R52 (14 A) — RiSIS2(14-A)
Iﬁ152(t+A) — IQRSISQ(t) I*RISQ(t+A) _ RIQSsls (t+A) _ D;RlSQ(t+A)
Ifisz(t-l—A) — IiS‘isZ(t) + I*SlRQ(t-i—A) R’1‘52152(t+A) _ DTSIR2(t+A)
IT 2+ A) = I3 72 () + 17 2 (t4A) — RIS (t+4)
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REF2(4A) = REFF () + RIS (H+A) + BRI 2(t+A) + Ri5; ¥ (t4A) + RZS2 (t+4)
DflSQ(t—I—A) — DISISQ(t) +Df5152(t+A) +Di‘51R2(t+A)
DngZ(t_,’_A) — D§IS2(t) +D’2“5152(t+A) +D§R152(t+A)

Table A2: Model 1: stochastic model specification

The next model shows the flow of individuals vaccinated against COVID-19 but not influenza.

Figure A2: Model 2: disease course for individuals vaccinated against COVID-19 but not influenza

Vi (t+A) ~Bin(S(t), 1—exp [-A-wi])

ErVIS2(1 4 A) NBin(V1 (t),1—exp [%f\um])

B{VUR (14 A) ~ Bin (RY52(0), 1 eap [ 58 -Aurpi )

p1 :/Bla' Ii9u132(t)+5\1i'(IiSalR2(t)+Iiga1V2(t)+IigalVR2(t)) +5\11,(1K1132(t)+11VEIR2(t)_i_IYalVQ(t)_i_IYalVRQ(t))
+B1s- 1.13’5152(t)+5\1i,(1.15'51R2(t)+I.15'51V2(t)+1i951VR2(t)) +5\11,(11V5152(t)+Il\/;1R2(t)+Il‘élv2(t)+IK91VR2(t))

11*;/152(t+A)NBm(E}”S?(t), 1—exp [—Ammafll])

;Y182 (44 8) ~ Bin( BY 192(), 1 - eap [~ Ay (1=41a-T11)])

If(lez(t—i-A)~Bin(EY1R2(t), 1—exp [—A~71~’71a~f‘11])

If¥1R2(t+A)NBin(EY1R2(t), 1—exp [—A-'yy(l—’ym-fu)])

R;Y192(t+ A)~ Bin(IV,}52(t), 1—exp [~ A-61])

RIV1S2(t4 A) ~ Bin (1152 (t), 1—exp [ A-61-(1—pu1)])
DYIS2(14+ Ay~ Bin (1152, 1—exp [~ A6, -p1])
DYIE2(t4 A)~ Bin (I} B2, 1—exp [-A-61-p1])

E§V152(t+A) ~Bin(V1 (t),1—exp [% ~f\2rp2])

EZVEISZ(1 4 A) NBin(RY152(t)7 1—exp [% Ag; 'pZ] )

p2 = Baq- IégalS?(t) 4 5\21"(151152@) + IQ\fZISQ(t) +I¥1R152(t)) 4 5\11.(1‘5‘11\/2(15) 4 IﬁlVZ(t) +1X11V2(t) +I¥R1V2(t))
+B2s- 1593152(1%)+5\2i-(1§;152(t)+12‘2152(t)+I2VSRlSZ(t)) +5\21~(1581V2(t)+I§1V2(t)+I¥51V2(t)+I2VSR1V2(t))
153/152(t+A)NBin(EXISQ(t), 1—exp [—A-'yg-'”ma-f‘gi]>
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153132(t+A)~Bin<E¥152(t), 1—exp [7A472~(17'72a41;2i)])

IV RIS2(1 4 A) NBin(E;’Rw?(t), 1—exp [—A.w Haa -f%])

LY RS2 (14 A) NBin(EXRlsQ(t), l—exp [fA-'yz . (17'Ayga-f2¢)])

R;XlS2(t+A) ~Bin([¥1152 (t),1—exp [7A-62])

R3VIS2(t+ A)~ Bin(IY152(t), 1—exp [~ A-02- (1—p2)])

D;/SISQ(t—l—A)NBin(IQV;ISQ, l—exp [—A-ég-,uﬂ)

DYFIS2(t4 Ay~ Bin (I 192 1—exp [—A-52-pi2))

RIL2(t+A)~ Bin(IP1F2 1 —exp[—A-61-(1—p1)])

RYLS2, (t+A)~Bin (I} 2 1—exp [-A-61-(1—p1)])

RPLV2(t4+A) NBin(Ilssl‘/RQ, 1—exp[—A-61-(1—p1)])

R‘I/S12V2(t+A) NBin(Ilvsl‘/RQ, l—exp[—A-01 ~(1—u1)])

Vi(t+A) = Vi(t) + Vi (t+A) — BY1S52(t+A) — BEYY52(t4+A)

EYlSZ(t—l-A) — EYlSQ(t) + EIVISQ t+A) _ ITXISQ t+A) _ Iiks\/lsQ(t+A)

( (
BY 19264 A) = BY'S2(0) + B3V'S2(1+.8) — I3V 152(14.A) — I3V 1526+ A)

le1s2(t+A) — 11\2152 t) +Ii~<;/15’2 t+A) — RﬂL/lSQ t+A

1¥8152(t+A) — I¥9152 t) +155V152 t+A) — R;;/lSQ t+A D;Vlsz(t+A)

( (t+A) (t+A)

IV (14 A) = IVV52 () + [TV PS2 (04 A) — REV152(6+A) — DYVIS2(t+A)
( (t+A) (t+A) -

) )

I;/aISQ(t-i-A) — 12\/;4152(15) +I§[¥152(t+A _ R;XlSQ(t—FA

RY'S2(t+A) = Y2 (1) + RS2 (t4A) + RiV152(1+4) — B3VEIS2 (14 A)

RY'S2(1+A) = R () + REY1S2(14A) + REMF2 (14A) — BYVI2(144)

E¥R132(t+A) — E¥R132(t) + EgVRIS2(t+A) _ I;XRlSQ(t-i-A) _ I;S‘/R132(t+A)

IXLRISQ(t+A) — IXLRISQ(t) + I;;/RlSQ(tJFA) _ Rx{é/als2(t+A)

EYlRQ(t—i-A) — EYlRQ(t) + ETV1R2(t+A) _ IT(YIRQ(IH-A) _ IfleQ(t—i-A)

IQVSR152(L‘+A) — I2VsR152(t) + ISSVRISQ(IH—A) _ Rf¥5152(t+ﬁ) _ D;VR152(L‘+A)

IR+ A) = 172 () + [TV (04 A) — RES? (14 A) — DYV (14-A)

2+ A) = 12 () + 17 V2 (04 A) — R{GS2(1+4)

RY3 2 (t4+4) = RYFS2(1) + RSS2 (t4A) + RIG™2(14A) + RiY 52 (t+A) + Ry (144)

DYISQ(IH-A) — DYISQ(t) +D1‘V152(t+A) + DTVIRQ(t—FA)

D¥152(t+A) — D¥152(t) +D§V152(t+A) + D;VRlSZ(t_,’_A)

Table A3: Model 2: stochastic model specification

The next model shows the flow of individuals vaccinated against influenza but not COVID-19.
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Model 3: disease course for individuals vaccinated against influenza but not COVID-19.

Vi (t+A) ~ Bin(S(t),

1—eap[—A-ws))

ETSIVQ(H-A) NBin(Vz(t), 1 —exp [;NA -A1i~p1])

EfSWVE2(4 4 Ay~ an(RSlVQ(t) 1— e:vp[

v

= Bra- [TE152(0) + Ai- (IE1F2(0) + IEIV2(0) + TEIVIR(0) + Ay (I92(0) + TEA2(0) + T2 () + TV R2 (1)
+ﬂls' 1.15'5152(t) + j\li'(Iigisz(t) + IiS'SIVQ(t) +IiS'SlVR2(t)) +5\1['(IY5152(1§) + Il‘/‘;lRQ(t) +I¥51V2(t) -‘rIYSlVRQ(t))

If(flVQ(t—l-A) ~Bin(Ef1V2(t), l—exp [—A-*yl ’%a’f‘u])

ISV () ~ Bin( BFTV2(0), 1-eap [~ Ay (1-41a-T11)] )

LS1VE2 (44 A) ~ Bin ( BFYVR2(6), 1 - eap [~Ay1 510 T2 )

IfflVR2(t+A) NBin(EISN/RQ(t), 1—exp [fA-fyl . (17'?1,1-1;11)])

RT51V2(t+A) NBi’I’L(IiS'alVQ(t)v 1

—exp[—A-61])

RySWV2(t 4+ A)~Bin(IP1V2(1),1

—exp[—A-01 -(lf,ul)])

DYYV2(t4+A)~ Bin(IF1V2)1

—exp[—A-61-p1])

DPIVE2(t4 A)~ Bin(IP1VE2 1 —exp [—A-61- 1))

E3S1V2(t4 A) NBin(VQ(t), 1—exp [% .]\zz.pzD

EgRlvz(tJrA)NBm<Rf1V2(t), 1—exp [%-[\21'?2])

D2 :52(1. Iés'alSZ(t)_’_ (IR1S2 t)-’-IVlSQ(t)-‘rI%/aRlSQ(t)) +5\11~(I§‘11V2(t)+I§11V2(t)+I¥11V2(t)+IXIR1V2(t))
+Bos- I§5152(t)+ (IR152 t)+IV1S2(t)+I2VsR152(t)) +5\21~(I§;V2(t)+12F21V2(t)+I2V51V2(t)+I2VsR1V2(t))

1551V2(t+A)~an(E51V2(t ), 1— ewp[ A"Y2"$/2a'f2[j|)

151244 AV~ Bin(E 1V2 t),1—exp |—A-7y2- 1—’yza~f‘21

2s

L3V2 (14 A) ~ Bin (B5YV2(1), 1 —exp [~ Ay2-d20-Tar ] )

I§51V2(t+A)~an( RIV2(¢),1— exp[ A~'yg-(1—‘y2a~f’21)])

R3SWV2(t+ A)~ Bin(I51V2(t), 1—exp [—A-52))

R3SWV2(t+A)~Bin(I51V2(t),1

—exp[—A-82-(1—p2)])

DSIV2(t4 A)~ Bin(IS1V2,1—cap [~ A-83-1a])

DilVQ(t—FA)NBin(I;;lVQ, 1—exp [_A.52,u2])

R$1S2(t4A) ~ Bin(IE1S2, 1—eap [~ A-52])
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R}/zlasz(t—i-A) NBin(IXLRISQ, 1—exp [—A~52])
Rls21;/2(t+A) NBin(Ié'leQ, 1—exp [—A-ég])
RYLV2(t+A)~ Bin (I3 F1V2 1—exp[—A-52])

Va(t+A)=Va(t) + Vi (t+A) — BYIV2(t4+A) — ESTV2(t4+A)
Eiglvz(t—i-A):ElSlVQ(t) + E{51V2(t+A) _ Ii‘tflvz(t—l-A) _ IfSSIVZ(t—FA)

E§1V2(t+A):E251V2(t) +E;S1V2(t+A) _ 1551V2(t+A) _ I;SSWZ(H—A)
V2 A) =I5V () + 1151 V2(+4) — RiZV2(+4)
IV ) =[5V (0) +

)+ ISWV2( 4 A) — RESIV2 (14 A) — DESIV2 (14 A)
ISIV2(4 4 A)=TSIV2(t) + IZSIV2(14 A) — RSWV2(14A) — D3SIV2 (14 A)
ISIV2(t4+ A)=TSIV2 () + [51V2(t+A) — RESIV2(t4A)
RSIV2(t4A)=RS1V2(1) + RISIV2(t4A) + RISIV2 (14 A) — E3RIV2(t4+A)
RSWV2(t4A)=R§WV2(t) + RESIV2(t4A) + RESIV2(1+A) — EFSIVE2 (14 A)

BV (14 8)= BFIV2(1) + B5RIV2(14+A) — IRV (14 A) - 3V (1+)
EISIVR2(t+A):Ei91VR2(t) + ETSIVRQ(tJFA) _ IY&SIVRQ(tJFA) _ IfsSlVR2(t+A)
I£1V2(t+A)=I§11V2(t) + Ié‘flvz(t—l-A) _ R*51V2(t+A)
I2R;1V2(t+A):IQFE1V2(t) + I;51V2(t+A) R’{stlvz(t—l—A) _ D;RlVQ(t—i-A)
IiS‘SIVR2(t+A):Ii951VR2(t) + If51VR2(t+A) RT§21V2(t+A) _ DISlVRZ(t-f—A)
If,}VRQ(t-i-A):IIS;VRQ t) + I*SlVRQ(t—i-A) R*SlVQ(t-i-A)

( la2
REV2(+8) = RE V(1) +

RiZVA(+4) + RIEV2(t+4) + B3 V2 (4A) + RiZIV2(144)
DflVQ(t-i—A):DflVZ(t) + D*51V2(t—|—A) + D*SlVR2(t+A)
DFWV2(t+A)=D§1V2(t) +

D;SlVZ(t_i_A) + D;R1V2(t+A)

Table A4: Model 3: stochastic model specification

The next model shows the flow of individuals vaccinated against both, COVID-19 and influenza.

E¥1;V2

9

V1;V2
By

Figure A3: Model 4: disease course for individuals vaccinated against both, COVID-19 and influenza

Vi2(t+A)~Bin(Vi(t), 1 —exp [—A-w2])
Vit (t+A) ~ Bin(Va(t), 1 —exp [—A-w1])

ErVIV2(t4A) NBin(Vlz(t), 1—exp [_TA Ay 'P1])
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E;VIVE2(14 A)~ Bin (R¥1V2(t)7 1—exp [%AAHAPID

= Bra- |15 52 (8) + Xua (15 72 (8) + 15 V2 (0) + 15V R (0) + Aup- (I S2(0) + T2 (0) + 11V2 () + 1V 2 (1))
+B1s- IiS‘SISQ(t)+5\1i,(IISSlR2(t)+Ilsslv2(t)+li951VR2(t)) +5\11~(IY3152(15)+I¥1R2(t)+11V81V2(t)+11V51VR2(t))

Iflylvz(t+A)~Bin<EY1V2, 1—exp [fA"ylA‘ylaAfH])

LYWV 0)~ Bin(BY V2, 1—eap [~ A (1-F1a-T11)] )

IfylVRz(tJrA)NBin(EYlVRz, 1—exp [fA-'yl-'Ayla-fH])

I:VIVE2(t4 A)~ Bin (EYWR?, 1—exp [—Am.u—%a.fu)])

RiYWV2(t+A)~Bin(IV,1V2(1),1

—exp[—A-61])

RYTV2(148)~

Bin(IV1V2(t),1

—exp [—A-(Sy(l—ul)])

DYIV2(t+A)~Bin(I71V2,1—exp [—A-61-p1])

DY;VRQ(t+A) ~ Bin (I¥S1VR2’

1—exp[—A-61-p1])

E3VIV2(t+ A)~ Bin (Vlz(t), 1—exp [%A Aoy -pz] )

EgVRlvz(t—&—A) ~ Bin (R}/l‘n(t)7 1—exp [% ~A2[~p2])

p2 = BZa' ISISQ(t + )\2 (IRlSQ(t) + 12‘/(;152(15) +I¥aR152(t)) +5\11'(I§;V2(t) + 12121‘/2(15) +I¥a1V2(t) +1X1R1V2(t))
+,323 IéS‘lSz(t)Jr)\Q (IRlSQ(t)+I¥152(t)+I¥SR132(t)) +5\21-(12581V2(t)+I£1V2(t)+I¥S1V2(t)+I¥SR1V2(t))

LYWV2(t+A)~ Bin (E¥1V27 1—exp [_A.w.ryza.f‘ﬂ])

I;X1V2(t+A)~Bin(E¥1V2, 1—exp [—Av'yg-(l—ﬁxzavf‘y)])

I;VRV2(t4 A)~ Bin (E;’Rl"?, 1—exp [—A"Y2"A>/2a‘f‘21:|)

I3YPV2 (14 M)~ Bin(EY V21— eap [~ Ay (1-42a-Ta1)] )

RyYWV2(t+ A)~ Bin(131V2(t), 1—exp [—A-52])

R;XIVQ(H-A) ~Bz’n([2V51V2(t), l—exp [—A-§2~(1—u2)])

DYIV2(t+A)~Bin(1Y1V2, 1—exp [—A-62-p2])

DYRWV2(t4 Ay~ Bin(IY.FV2 1—eap[—A-62-p2])

Rls21552(t+A)~Bin(Iﬁlsz, l—exp [7A-62-(17,u2)])

RYLS2(t+A) ~ Bin (1Y 7152 1 —exp [—A-62-(1—p2)])

12s
RIV2(t+A)~Bin(I5V2, 1—exp[—A-62-(1—p2)])

RYLV2(t+A)~Bin(1YF1V2 1—exp [—A-62-(1—p2)])

Viz(t+A)=Via(t) + Vig (t4+A) + ViZ (t+A) — EY V2 (t+A) — EY V2 (1+A)
EYWV2(t+A)=EY V2 (t) + EfVIVE(t+A) = YV (t+A) - YTV (t+A)
E¥1V2(t+A):E;/1V2(t) + E*VIVQ(t—i-A) _ I*V1V2(t+A) _ I;;/lVQ(t_’_A)
IK}VQ(?H“A) IVlVQ(t) + I*Vlvz(t+A) R*V1V2(t+A)

IY;VQ(thA) V1V2(t) + I*V1V2(t+A) *VIVQ(t+A) _ DIVIVZ(I%FA)
I;/SIVQ(t—I—A) V1V2(t) + I*V1V2(t+A) R*VIVQ(t—l-A) D;VIVQ(t—I—A)
I¥11V2(t+A) IV1V2( ) I*“l/lVQ(t-‘rA) R;VlVQ(t—i-A)
RYlvz(t+A)=RY1V2(t) + R*V1V2(t+A) + R*V1V2(t+A) E*VRlVQ(t-i-A)
R¥1V2(t+A):R¥1V2( )+R*V1V2(t+A) + R*VIVQ( A) Ef(t+A)
E¥R1V2(t+A):E¥R1V2 (t) + E';VRlVQ(t#»A) I*VRIVQ(lH»A) _ I;S‘/R1V2(t+A)
EYIVR2(t+A):EY1VR2( ) E*VlVRQ(t+A) _ If;/'lVR2(t+A) _ ]fsVlVRQ(t-‘rA)
I%Rlvz(t—l—A):I%flRlvz(t) I*VR1V2(t+A) R;XIVZ(IH-A)
I%gRlVQ(t-i-A):I%gRlVZ(t) + I*VRlVZ(t—i-A) _ RT;/SlVQ(t—FA) _ D;VRIVQ(t—‘,-A)
IﬁlVRQ(t#»A):IquVRQ(t) + I*VlVRQ(t+A) R’{;’sz(tJrA) _ DIVIVR2(t+A)
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IK}VR2(t+A):IKI1VR2 t) + IleVRZ(t+A) _ RT321V2(t+A)

(
RYZV2(t4+A)=RY2(0) + RiYG2(044) + RIGV2 (144) + RiL2(144) + RV (144)

DYIVQ(t—i-A):DYlVQ(t DTV1V2(t+A) + DfVlVRQ(H-A)

)+
D¥1V2(t+A):D¥1V2(t) + D;Vl‘/z(t—s—A) + D;‘”VZ(t—i-A)

Table A5: Model 4: stochastic model specification
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Appendix B - Model Parameters

Parameter Settings

Parameter Description Value Reference

B1a transmission rate between susceptible individuals and in- 0.55 X (315 [18]
fected asymptomatic individuals for COVID-19

B1s transmission rate between susceptible individuals and in- 0.375 see Section 77
fected symptomatic individuals for COVID-19

B2a transmission rate between susceptible individuals and in- 0.51 X B9 [32]
fected asymptomatic individuals for influenza

Bos transmission rate between susceptible individuals and in- 0.300 see Section 77
fected symptomatic individuals for influenza

vt latent period for COVID-19 2 [1]

vyt latent period for influenza 1.6 [7]

Ma probability of asymptomatic infection for COVID-19 0.308 [24]

Y2a probability of asymptomatic infection for influenza 0.331 6]

o7t length of infectious period for COVID-19 10.2 1]

o5t length of infectious period for influenza 4.8 6]

1 mortality probability (due to symptomatic infection) for 0.015 [12]
COVID-19

142 mortality probability (due to symptomatic infection) for 0.004 [30]
influenza

w1 rate of vaccination for COVID-19 (based on the vaccination 0.05 (3]
coverage in Belgium)

wa rate of vaccination for influenza (based on the vaccination 0.01 [15]
coverage in the Netherlands)

Immunity effects

M Effect of heterologous immunity on the infectiousness with 1 fixed
COVID-19

s Effect of homologous immunity on the infectiousness with 1 fixed
COVID-19

Noi Effect of heterologous immunity on the infectiousness with 1 fixed
influenza

Aot Effect of homologous immunity on the infectiousness with 1 fixed
influenza

Aq; Effect of heterologous immunity on the susceptibility to
COVID-19

Air Effect of homologous immunity on the susceptibility to (1-0.863) [14]
COVID-19

Ao Effect of heterologous immunity on the susceptibility to
influenza

Aoy Effect of homologous immunity on the susceptibility to in- (1-0.349) [26]
fluenza

Iy effect of heterologous immunity on the probability of de- 1 assumed

veloping symptoms for COVID-19
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Y} effect of homologous immunity (vaccine) on the probability 1 assumed
of developing symptoms for COVID-19

Iy effect of heterologous immunity on the probability of de- 1 assumed
veloping symptoms for influenza

Dor effect of homologous immunity (vaccine) on the probability 1 assumed
of developing symptoms for influenza

Table B1: A list of all model parameters along with their respective values, descriptions, and sources.
If a parameter value is derived from scientific literature, it indicates that the value is chosen based on
previous research. Transmission rates are estimated in this thesis, and the reference directs the reader to
the corresponding section. ”Fixed” indicates that parameter values are determined in the experiments,
depending on the scenario, and ” Assumed” means the value is chosen by the author of this thesis.

Fitting Procedure

EX(t+A) ~ {S(t),1 — exp[~A/N(Bulo(t) + B:sLs(1)]}  S(t+A) =S(t) - E*(t + A)
I5(t+ A) ~ {E(t),1 — exp(—Av7a)} E(t+A)=E(t)+ E*(t+A) = I:(t+ A) — I*(t + A)
I I (

)
I(t+A) ~{E(t),1—exp(—Ay(1 —Fa))} at+A)=1()+ I;(t+A) - Ri(t+ A)
Ri(t+A) ~ {I,(t),1 — exp(—Ad)} L(t+A)=I,(t) + I} (t+A) — RE(t+ A) — D*(t + A)
Ri(t+ A) ~ {Is(t),1 —exp(—As(1 — p)} R(t+A)=R({t)+ R:(t+A)+ R:(t+ A)
D*(t+ A) ~ {Is(t),1 — exp(—Adu)} D(t+ A)=D(t)+ D*(t+ A)

Table B2: Set of equations describing the stochastic version of the SEIR Model from figure 2

Derivation of R, with the Next Generation Approach

Table B3 shows the set of ODE’s corresponding to the SEIR-model in Figure 2.

4S(t) = F2(La(t)Ba + Ls(t)Bs)

% E(t) = a(t)Ba+ Is(t)Bs) — vE(1)
L1.(t) = v E(t) — 614(t)

%Is(t) = (1 —)E(t) — 0I(t)
LR(t) = OI,(t) +6(1 — p)I5(t)
£D(t) = ul(t)

Table B3: ODE’s correpsonding to the SEIR model in Figure 2

This system has three disease-classes (E, I, and I;) and three non-disease classes (S, R and D).
The vector f contains the different ways that new infections can occur and vector v contains the
different ways that infections can be transferred from one class to another.

%(Iaﬁa + IS/BS) _7E
f= 0 and v = VYo E — 61,
0 Y —7a)E =61
The next generation matrix G is the product of two components: F = agf_o) and V! with V =
J
% and z( corresponding to the disease-free equilibrium state (at which £ =1, = Iy = R =D = 0,

hence § = N and S/N =1).
The two components of G are:
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8(Ia6a+lsﬁs) a(Iuﬁa“FIsﬁs) 8(1aﬁa+lsﬁs)

oF o1, o,

F = 20 90 90

OF ol, ol

20 00 90

OF al, o,

and

I(—E) 9(—E) I(—E)

oF
V — 8('7’Y(LE—5Ia)

ol
B(V’YaE—éla)

ol
8(’Y’YaE—6Ia)

o oI al,
Oy(1—7)E—0I)  0(v(1-va)E—61.)  8(y(1—ya ) E—S1I,)

oF

To find V1, the adjugate matrix adj(V') is needed. It corresponds to the transpose of the cofactor

matrix C of F"

ol

0l

YYa
Y(1 = 7a)

=6 0l | 7 0 Va =0
0 =4 Y1 =7) =6 |y(1—-7) O
) 0 O —y 0 —ry 0
adj(V)=CT = | - -
0 =6 |v1—=7) -9 Y(1=7) 0
0 0 = 0 -y 0
—6 0 YVa 0 YYa —0
T
52 Y6 V(1= a)d 52 0 0
=10 0 = YYVad v6 0
0 0 Y0 Y1 —=7)0 0 ~6
V7 l= aClljéY) with |V| = —v6%:
-1
) 2 00
Vs *(_1?&) 2 01
6"/a 0 _T
The next generation matrix is:
=1 a’fa s)s —Pa —Ms
0 g BN (S0 0y (it g
G=FvV'=|0 0 0 -2 oo | = 0 0 0
0 0 0)\Fed o =L 0 0 0

Ry is the leading Eigenvalue of G. To find this Eigenvalue, solve the following equality:

’G—)\I‘ZO
a /a ﬁslia —Ma —Ms
b o)y =
= 0 - 0|=0
0 0 -
BaYa ﬁs(l_'Ya) 2
—Al-A=0
ﬁ’( 5 T s
ala sl_ a
o A= Ry = Padat Bs(1 =)

4]
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Appendix C - Additional Results

Scenario 1 - Co-circulation versus Independence

Attack Rate - All Simulations

COVID-19 Influenza
mean median 95% QR mean median 95% QR
Independence 0.7543 0.9635 [0.0001;0.9688] 0.1664 0.0004 [0.0001;0.4861]
Co-circulation 0.7570 0.9631 [0.0001;0.9685] 0.1440 0.0004 [0.0001;0.4720]
Attack Rate - Outbreaks Only
COVID-19 Influenza
mean median 95% QR mean median 95% QR
Independence 0.9642 0.9644 [0.9590;0.9690] 0.4544 0.4548 [0.4042;0.4934]
Co-circulation 0.9641 0.9641 [0.9589;0.9690] 0.4311 0.4323 [0.3671;0.4843]

Table C1: (Scenario 1) Mean, median and 95% quantile range (QR) of attack rates including all simulations
(upper panel) and including only major outbreaks (lower panel) for the scenarios of independence and co-

circulation
COoVvID-19 Influenza
1.0-
0.964 0.964
—_—— ———
Disease
09- COVID-19
Influenza
0.8-
© 0.7-
o 0.667
o *
£ 0.6-
z0
o
=
=
© (5-
£ 05
0.4-
0.3-
0.217 0.214
* *
0.2-
Indepe;ﬁdence Co-circulation \ndepef'\dence Co-circulation
Figure C1: (Scenario 1) Distribution of attack rates for major outbreaks only
Cases at Peak - All Simulations
COVID-19 Influenza Both
mean median 95% QR mean median 95% QR mean median 95% QR
Independence 0.2222 0.2813 [0.0001;0.2954] 0.0100 0.0002 [0.0001;0.0333] - - -
Co-circulation 0.2226 0.2807 [0.0001;0.2947] 0.0077 0.0002 [0.0001;0.0295] 0.225 0.2819 [0.0001;0.2950]
Cases at Peak - Major Outbreaks Only
COVID-19 Influenza Both
mean median 95% QR mean median 95% QR mean median 95% QR
Independence 0.2838 0.2835 [0.2707;0.2966] 0.0269 0.0269 [0.0190;0.0359] - - -
Co-circulation 0.2831 0.2831 [0.2708;0.2950] 0.0227 0.0227 [0.0143;0.0315] 0.2582 0.2830 [0.0238;0.2952]
Day of the Peak - All Simulations
COVID-19 Influenza Both
mean median 95% QR mean median 95% QR mean median 95% QR
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Independence 59.8 72.0 [1.0;90.0] 63.2 9.0 [1.0;212.1] - -
Co-circulation 60.1 72.0 [1.5;90.0] 72.2 9 [1;259] 73.6 74.0 [2.5;167.0]

Day of the Peak - Outbreaks Only

COVID-19 Influenza Both
mean median 95% QR mean median 95% QR mean median 95% QR
Independence 75.2 75.0 [64.0;91.0] 160.5 155.5 [109.0;234.9] - - -
Co-circulation  75.2 74.0 [64.6;91] 198.5 198.0 [121;284] 83.3 75 (65;171.2]

Table C2: (Scenario 1) Mean, median and 95% quantile range (QR) of the prevalence at peak and the day

of the peak including all simulations (upper panels) and including only major outbreaks (lower panels) for
the scenarios of independence and co-circulation

COVID-19 Influenza Both
0.3-
Disease
COvID-19
Influenza 0.258
Both

o
)

Relative Cases at Peak

o

| S ¢

Independence  Co-circulation Independence  Co-circulation Independence  Co-circulation

Figure C2: (Scenario 1) Distribution of cases at peak for major outbreaks only

COVID-19 Influenza Both
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COVID-19
Influenza
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@
S
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Day of the Peak

N
s}
3

Independence  Co-circulation Independence  Co-circulation Independence  Co-circulation

Figure C3: (Scenario 1) Distribution of the day of the peak for major outbreaks only

Scenario 2 - Effect of Vaccination

Attack Rate - All Simulations

COVID-19 Influenza
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mean median 95% QR mean median 95% QR

No Vaccination 0.7570 0.9631 [0.0.0001;0.9685] 0.1440 0.0004 [0.0001;0.4720]
Vaccination 0.0041 0.0027 [0.0001;0.0147] 0.237 0.0001 [0.0001;0.1411]

(Scenario 2) Mean, median and 95% quantile range (QR) of attack rates including all simulations for the
scenarios with and without vaccination

Cases at Peak - All Simulations

COVID-19 Influenza Both
mean median 95% QR mean median 95% QR mean median 95% QR
No Vaccination 0.2226 0.2807 [0.0001;0.2947] 0.0077 0.0002 [0.0001;0.0295] 0.2255 0.2819 [0.0001;0.2950]
Vaccination 0.0010 0.0007 [0.0001;0.0033] 0.0014 0.0002 [0.0001;0.0075] 0.0021 0.0014 [0.0001;0.0077]

Day of the Peak - All Simulations

COVID-19 Influenza Both
mean median 95% QR mean median 95% QR mean median 95% QR
No Vaccination 60.1 72.0 [1.5;90.0] 72.2 9.0 [1.0;259.0] 73.6 74.0 [2.5;167.0]
Vaccination 30.2 31.5 [1.5;72.0] 40.5 7.0 [1.0;179.0] 52.3 40.0 [2.0:168.0]

Table C4: (Scenario 2) Mean, median and 95% quantile range (QR) of the prevalence at peak and the day
of the peak including all simulations for the scenarios with and without vaccination.

Scenario 3: Less Aggressive COVID-19

Attack Rate - All Simulations

COVID-19 Influenza
mean median 95% QR mean median 95% QR
Original 0.7570 0.9631 [0.0001;0.9685] 0.1440 0.0004 [0.0001;0.4720]
Less Aggressive 0.1266 0.0004 [0.0001;0.4285] 0.1581 0.0003 [0.0001;0.4848]

Attack Rate - Outbreaks Only

COVID-19 Influenza
mean median 95% QR mean median 95% QR
Original 0.9641 0.9641 [0.9589;0.9690] 0.4311 0.4323 [0.3671;0.4843]
Less Aggressive 0.3853 0.3829 [0.3205;0.4426] 0.4502 0.4528 [0.3920;0.4926]

Table C5: (Scenario 1) Mean, median and 95% quantile range (QR) of attack rates including all simulations
(upper panel) and including only major outbreaks (lower panel) for the scenarios with the original and a
less aggressive COVID-19 strain.
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Figure C4: (Scenario 3) Distribution of attack rates for major outbreaks only for the scenarios with the
original and a less aggressive COVID-19 strain.

Cases at Peak - All Simulations

COVID-19 Influenza Both
mean median 95% QR mean median 95% QR mean median 95% QR
Original 0.2226 0.2807 [0.0001;0.2947] 0.0077 0.0002 [0.0001;0.0295] 0.225 0.2819 [0.0001;0.2950]
Less Aggressive 0.0072 0.0002 [0.0001;0.0276] 0.0094 0.0002 [0.0001;0.0324] 0.0150 0.0192 [0.0001;0.0362]

Cases at Peak - Major Outbreaks Only

COVID-19 Influenza Both
mean median 95% QR mean median 95% QR mean median 95% QR
Original 0.2831 0.2831 [0.2708;0.2950] 0.0227 0.0227 [0.0143;0.0315] 0.2582 0.2830 [0.0238;0.2952]
Less Aggressive 0.0214 0.0214 [0.0123;0.0307] 0.0266 0.0268 [0.0173;0.0348] 0.0153 0.0196 [0.0001;0.0361]

Day of the Peak - All Simulations

COVID-19 Influenza Both
mean median 95% QR mean median 95% QR mean median 95% QR
Original 60.1 72.0 [1.5;90.0] 72.2 9 [1;259) 73.6 74.0 [2.5;167.0]
Less Aggressive 111.1 13 [1.5;425] 59.5 8 [1;216] 132.9 132 [1.5;407]

Day of the Peak - Outbreaks Only

COVID-19 Influenza Both
mean median 95% QR mean median 95% QR mean median 95% QR
Original 75.2 74.0 [64.6;91] 198.5 198.0 [121;284] 83.3 75 [65;171.2]
Less Aggressive 313.1 294.8 [205.2;530.5] 157.8 149 [108.8;242.5] 136.5 135 [1.5;408.1]

Table C6: (Scenario 3) Mean, median and 95% quantile range (QR) of the prevalence at peak and the day
of the peak including all simulations (upper panels) and including only major outbreaks (lower panels) for
the scenarios with the original and a less aggressive COVID-19 strain.
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Figure C5: (Scenario 3) Distribution of cases at peak for major outbreaks only for the scenarios with the
original and a less aggressive COVID-19 strain.
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Figure C6: (Scenario 3) Distribution of the day of the peak for major outbreaks only for the scenarios
with the original and a less aggressive COVID-19 strain.

Scenario 4: Co-Circulation Accounting for Heterologous Immunity

Attack Rate - All Simulations

COVID-19 Influenza
A mean median 95% QR mean median 95% QR
1 0.7570 0.9631 [0.0001;0.9685] 0.1440 0.0004 [0.0001;0.4720]
0.9 0.7432 0.9626 [0.0001;0.9684] 0.1155 0.0005 [0.0001;0.4693]
0.8 0.7848 0.9631 [0.0001;0.9689] 0.0550 0.0004 [0.0001;0.4655]
0.7 0.7383 0.9627 [0.0001;0.9687] 0.0517 0.0004 [0.0001;0.4674]

Attack Rate - Outbreaks Only

0.7 0.9636 0.9639

COVID-19 Influenza
A mean median 95% QR mean median 95% QR
1 0.9641 0.9641 [0.9590;0.9689] 0.4311 0.4323 [0.3671;0.4843]
0.9 0.9637 0.9638 [0.9578;0.9687] 0.3307 0.3080 [0.1972;0.4851]
0.8 0.9638 0.9639 [0.9578;0.9692] 0.2786 0.1941 [0.1067;0.4857]
[

0.9567;0.9691] 0.4179 0.4477 [0.1106;0.4923]
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Table C7: (Scenario 4) Mean, median and 95% quantile range (QR) of attack rates including all simulations
(upper panel) and including only major outbreaks (lower panel) for the scenarios with no (0%), low (10%),
moderate (20%) and high (30%) heterologous effect on the susceptibility to infection.
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Figure CT7: (Scenario 4) Distribution of attack rates for major outbreaks only for the scenarios with no
(0%), low (10%), moderate (20%) and high (30%) heterologous effect on the susceptibility to infection.

Cases at Peak - All Simulations

COVID-19 Influenza Both
A mean median 95% QR mean median 95% QR mean median 95% QR
1 0.2226 0.2807 [0.0001;0.2947] 0.0077 0.0002 [0.0001;0.0295] 0.2255 0.2819 [0.0001;0.2950]
0.9 0.2182 0.2805 [0.0001;0.2940] 0.0054 0.0002 [0.0001;0.0299] 0.2213 0.2813 [0.0001;0.2944]
0.8 0.2304 0.2808 [0.0001;0.2947] 0.0031 0.0002 [0.0001;0.0274] 0.2329 0.2814 [0.0002;0.2953]
] [

0.7 0.2169 0.2803 [0.0001;0.2945] 0.0034 0.0002 [0.0001;0.0289 0.2198 0.2809 0.0001;0.2952]

Cases at Peak - Outbreaks Only

COVID-19 Influenza Both
A mean median 95% QR mean median 95% QR mean median 95% QR
1 0.2831 0.2831 [0.2708;0.2950] 0.0227 0.0227 [0.0143;0.0315] 0.2582 0.2830 [0.0238;0.2952]
0.9 0.2827 0.2825 [0.2709;0.2946] 0.0151 0.0125 [0.0057;0.0327] 0.2576 0.2827 [0.0239;0.2948]
0.8 0.2827 0.2825 [0.2700;0.1954] 0.0263 0.0263 [0.0181;0.0330] 0.2625 0.2824 [0.0251;0.2956]
0.7 0.2828 0.2828 [0.2694;0.2956] 0.0261 0.0264 [0.0164;0.0330] 0.2556 0.2825 [0.0228;0.2956]

Day of the Peak - All Simulations

COVID-19 Influenza Both
A mean median 95% QR mean median 95% QR mean median 95% QR
1 60.1 72.0 [1.5;90.0] 72.2 9.0 [1.0;259.2] 73.6 74.0 [2.5;167.0]
0.9 59.4 72.0 [1.5;91.0] 84.3 12.0 [1.0;335.2] 72.8 74.0 [2.0;165.0]
0.8 62.4 73.0 [1.0;92.0] 53.4 9.7 [1.0;308.1] 73.9 74.0 [2.0;165.0]
0.7 58.9 72.0 [1.5;91.0] 41.0 10.0 [1.0;190.0] 73.7 74.0 [2.5;174.1]

Day of the Peak - Outbreaks Only

COVID-19 Influenza Both
A mean median 95% QR mean median 95% QR mean median 95% QR
1 75.2 74.0 [64.6;91.0] 198.5 198.0 [121.0;284.0] 83.3 75.0 [65.0;171.2]
0.9 75.6 75.0 [65.0;91.7] 219.9 216.5 [69.9;378.6] 83.6 76.0 [65.0;170.6]
0.8 75.6 74.0 [64.0;93.0] 160.2 155.0 [114.6;224.6] 82.3 75.0 [65.0;172.6]
0.7 75.6 74.0 [64.0;92.9] 159.3 158.0 [108.1;224.7] 84.6 75.0 [64.0;180.0]
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Table C8: (Scenario 4) Mean, median and 95% quantile range (QR) of the prevalence at peak and the day
of the peak including all simulations (upper panels) and including only major outbreaks (lower panels)

for the scenarios with no (0%), low (10%), moderate (20%) and high (30%) heterologous effect on the
susceptibility to infection.
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Figure C8: (Scenario 4) Distribution of cases at peak for major outbreaks only for the scenarios with no
(0%), low (10%), moderate (20%) and high (30%) heterologous effect on the susceptibility to infection.
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Figure C9: (Scenario 4) Distribution of the day of the peak for major outbreaks only for the scenarios with
no (0%), low (10%), moderate (20%) and high (30%) heterologous effect on the susceptibility to infection.

Scenario 5: Co-Circulation Accounting for Heterologous Immunity with a less Aggres-
sive Variant of COVID-19

Attack Rate - All Simulations

COVID-19 Influenza
A mean median 95% QR mean median 95% QR
1 0.1266 0.0004 [0.0001;0.4285] 0.1581 0.0003 [0.0001;0.4848]
0.9 0.1172 0.0003 [0.0001;0.4223] 0.1639 0.0004 [0.0001;0.4858]
0.8 0.0987 0.0002 [0.0001;0.4200] 0.1588 0.0002 [0.0001;0.4928]
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Table C9: (Scenario 5) Mean, median and 95% quantile range (QR) of attack rates including all simulations
(upper panel) and including only major outbreaks (lower panel) for the scenarios with no (0%), low (10%),
moderate (20%) and high (30%) heterologous effect on the susceptibility to infection considering a less

0.7 0.0979 0.0003 [0.0001;0.4213] 0.1700 0.0004 [0.0001;0.4885]
Attack Rate - Outbreaks Only
COVID-19 Influenza
A mean median 95% QR mean median 95% QR
1 0.3853 0.3892 [0.3205;0.4426] 0.4502 0.4528 [0.3920;0.4926]
0.9 0.3635 0.3694 [0.2549;0.4378] 0.4499 0.4519 [0.3883;0.5001]
0.8 0.3430 0.3643 [0.1962;0.4329] 0.4510 0.3917 [0.5016;0.4512]
0.7 0.3167 0.3632 [0.1044;0.4304] 0.4485 0.4524 [0.3805;0.5032]

aggressive COVID-19 strain.

Figure C10: (Scenario 5) Distribution of attack rates for major outbreaks only for the scenarios with no
(0%), low (10%), moderate (20%) and high (30%) heterologous effect on the susceptibility to infection
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Cases at Peak - All Simulations

COVID-19 Influenza Both
A mean median 95% QR mean median 95% QR mean median 95% QR
1 0.0072 0.0002 [0.0001;0.0276] 0.0094 0.0002 [0.0001;0.0324] 0.0150 0.0192 [0.0001;0.0362]
0.9 0.0065 0.0002 [0.0001;0.0276] 0.0098 0.0002 [0.0001;0.0327] 0.0151 0.0191 [0.0001;0.0371]
0.8 0.0055 0.0002 [0.0001;0.0275] 0.0095 0.0002 [0.0001;0.0326] 0.0144 0.0184 [0.0001;0.0352]
0.7 0.0055 0.0002 [0.0001;0.0270] 0.0101 0.0002 [0.0001;0.0329] 0.0150 0.0200 [0.0001;0.0351]
Cases at Peak - Outbreaks Only
COVID-19 Influenza Both
A mean median 95% QR mean median 95% QR mean median 95% QR
1 0.0214 0.0214 [0.0123;0.0307] 0.0266 0.0268 [0.0173;0.0348] 0.0258 0.0258 [0.0141;0.0381]
0.9 0.0199 0.0197 [0.0098;0.0301] 0.0266 0.0265 [0.0182;0.0353] 0.0262 0.0261 [0.0150;0.0402]
0.8 0.0188 0.0194 [0.0066;0.0314] 0.0267 0.0267 [0.0183;0.0347] 0.0261 0.0261 [0.0158;0.0376]
0.7 0.0173 0.0188 [0.0047;0.0297] 0.0264 0.0263 [0.0175;0.0360] 0.0260 0.0262 [0.0158;0.0361]
Day of the Peak - All Simulations
COVID-19 Influenza Both
A mean median 95% QR mean median 95% QR mean median 95% QR
1 111.1 13 [1.5;425] 59.5 8 [1;216.1] 132.9 132 [1.5;407]
0.9 109.4 12.2 [1;435.1] 61.9 10 [1;205] 127.6 132 [2;395.1]

o1



0.8 99.7 11 [1;468.5] 59.3 9 [1;205] 121.9 126.5 [1.5;405.1]
0.7  103.7 12.5 [1;462] 63.6 9 [1;208] 125.6 131.2 [2;383.1]

Day of the Peak - Outbreaks Only

COVID-19 Influenza Both
A mean median 95% QR mean median 95% QR mean median 95% QR
1 313.1 294.8 [205.2;530.5] 157.8 149 [108.8;242.5] 220.9 189 [111;448]
0.9 312.9 292 [190;203.8] 157.5 153 [112;226.9] 213.2 181 [116;421.3]
0.8 317 302.5 [178.2;566] 156.3 150 [109.4;228] 213.1 177 [113;461.4]
0.7 306.2 290 [173.4;553.3] 157.9 153 [108;223.1] 210.7 178 [110;430]

Table C10: (Scenario 5) Mean, median and 95% quantile range (QR) of the prevalence at peak and the day
of the peak including all simulations (upper panels) and including only major outbreaks (lower panels)
for the scenarios with no (0%), low (10%), moderate (20%) and high (30%) heterologous effect on the
susceptibility to infection considering a less aggressive COVID-19 strain.
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Figure C11: (Scenario 5) Distribution of cases at peak for major outbreaks only for the scenarios with

no (0%), low (10%), moderate (20%) and high (30%) heterologous effect on the susceptibility to infection
considering a less aggressive COVID-19 strain.
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Figure C12: (Scenario 4) Distribution of the day of the peak for major outbreaks only for the scenarios

with no (0%), low (10%), moderate (20%) and high (30%) heterologous effect on the susceptibility to
infection.

5.1 Scenario 6: Heterologous Immunity Effect with Vaccination
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Attack Rate - All Simulations

COVID-19 Influenza
A mean median 95% QR mean median 95% QR
1 0.0041 0.0027 [0.0001;0.0147] 0.0237 0.0003 [0.0001;0.1411]
0.9 0.0035 0.0022 [0.0001;0.0139] 0.0160 0.0004 [0.0001;0.0892]
0.8 0.0035 0.0023 [0.0001;0.0126] 0.0086 0.0003 [0.0001;0.0606]
0.7 0.0033 0.0020 [0.0001;0.0126] 0.0046 0.0003 [0.0001;0.0388]

Table C11: (Scenario 5) Mean, median and 95% quantile range (QR) of attack rates including all simu-
lations (upper panel) and including only major outbreaks (lower panel) for the scenarios with no (0%),
low (10%), moderate (20%) and high (30%) heterologous effect on the susceptibility to infection with
vaccination.

Cases at Peak - All Simulations

COVID-19 Influenza Both
A mean median 95% QR mean median 95% QR mean median 95% QR
1 0.0010 0.0007 [0.0001;0.0033] 0.0014 0.0002 [0.0001;0.0075] 0.0021 0.0014 [0.0001;0.0029]
0.9 0.0009 0.0007 [0.0001;0.0029] 0.0011 0.0002 [0.0001;0.0051] 0.0017 0.0013 [0.0001;0.0052]
0.8 0.0009 0.0007 [0.0001;0.0028] 0.0007 0.0002 [0.0001;0.0035] 0.0014 0.0011 [0.0001;0.0042]
0.7 0.0008 0.0006 [0.0001;0.0027] 0.0005 0.0002 [0.0001;0.0027] 0.0012 0.0010 [0.0001;0.0033]
Day of the Peak - All Simulations
COVID-19 Influenza Both
A mean median 95% QR mean median 95% QR mean median 95% QR
1 30.2 31.5 [1.5;72] 40.5 7 [1;179) 52.3 40 [2;168]
0.9 28 28.5 [1.5;66] 38.6 10 [1;170] 48.8 39 [2;166]
0.8 29 29.5 [1.5;69.5] 31.2 8.5 [1;170] 42.4 36 [2;149]
0.7 28 28 [1.5;68.5] 23 7 [1;121] 36.6 33 [2;113]

Table C12: (Scenario 5) Mean, median and 95% quantile range (QR) of the prevalence at peak and the day
of the peak including all simulations (upper panels) and including only major outbreaks (lower panels)
for the scenarios with no (0%), low (10%), moderate (20%) and high (30%) heterologous effect on the
susceptibility to infection with vaccination.

Appendix D - Software Code

The code is available at GitHub: nadine-barth/Co-circulation-Model-COVID-19-and-Influenza
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