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Abstract COVID-19 was declared a pandemic by the World Health Organization in
March 2020 and, since then, research on mathematical modeling became imperative
and very influential to understand the epidemiological dynamics of disease spreading
and control under different scenarios. In this chapter, two different approaches to
model the spread of COVID-19 are presented. The model frameworks are described
and results are presented in connection with the current epidemiological situation
of vaccination roll-out. This chapter is structured as follows. Section 2 presents
the stochastic SHARUCD modeling framework developed withing a modeling task
force created to support public health managers during the COVID-19 crisis. As an
extension of the basic SHAR (Susceptible-Hospitalized-Asymptomatic-Recovered)
model, the SHARUCDmodels were parameterized and validated with empirical data
for the Basque Country, Spain, and have been used (up until now) tomonitor COVID-
19 spreading and control over the course of the pandemic. Section 3 introduces the
kinetic theory of active particles (KTAP) model for the spread of a disease. With
an exploratory analysis, we present a possible way to deal with heterogeneity and
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multiscale features. Section 4 concludes this work, with a discussion on both models
and further research perspectives description.

1 Introduction

More than eighteen months have passed since a severe respiratory syndrome
(COVID-19) caused by a new coronavirus (SARS-CoV-2) was identified in China
[58], and spread rapidly around the globe. COVID-19 was declared a pandemic by
the World Health Organization (WHO) in March, 2020 [59, 24]. As of the beginning
of August, 2021, around 200 million cases were confirmed with more than 4 million
deaths, a global case fatality ratio of approximately 2% [57, 60].

COVID-19 symptoms can range from asymptomatic/mild to severe illness, and
disease severity and death occurring according to a hierarchy of risks [9], with
age and pre-existing health conditions enhancing disease severity. With an unprece-
dented global health burden arising, the collective behavior of societies has been
significantly affected by the extreme measures implemented to control disease trans-
mission. Leading to serious social economic problems, the COVID-19 pandemic
is considered by the World Bank Global Economic Prospects to have caused the
deepest global recession since the second World War (WW II) [61].

Vaccines against COVID-19 have been developed in record time and are now
globally distributed. With different efficacies, COVID-19 vaccines are remarkably
effective against severe disease. However, the so-called sterilizing immunity, occur-
ring when vaccinated individuals cannot transmit the virus, is still being evaluated.
Four vaccines are now licensed for emergency use in Europe: two mRNA-type vac-
cines, Pfizer-BioNTech and Moderna, with about 95% vaccine efficacy after second
dose, and two viral vector vaccines, the ones by Oxford-AstraZeneca and Johnson
& Johnson’s Janssen, with about 70% vaccine efficacy upon full immunization, i.e.,
with two doses in the first case and one dose in the latter [14, 25, 28, 41, 45, 55]. Note
that the above-mentioned vaccine efficacies are under constant evaluation, especially
now that new SARS-CoV-2 variants have been identified.

In Spain, the new coronavirus infection was first notified on January 1st, 2020,
and by March 13, cases had been confirmed in all 50 provinces of the country.
A nationwide State of Alarm was declared on March 15, 2020 with a national
lockdown becoming effective on March 16, 2020. All residents were mandated to
remain in their normal residences except to purchase food and medicines, work or
attend emergencies. Lockdown restrictions also mandated the temporary closure
of non-essential shops and businesses, including bars, restaurants, cafes, cinemas,
commercial and retail businesses. In the Basque Country, an autonomous community
in northern Spain with 2.2 million inhabitants, the first cases of COVID-19 were
notified on March 4, 2020. Ruled by the same Spanish decrees, lockdown measures
were implemented accordingly and in time.

Research on mathematical modeling became imperative and very influential to
understand the epidemiological dynamics of COVID-19 spreading and control over
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the course of the pandemic under different scenarios. An enormous quantity of
epidemiological modeling peer reviewed articles and preprints studying COVID-19
dynamics have appeared since the pandemic started. Aiming to predict the spread
of the disease in a population, modeling task forces were created around the globe.
Using, most of the time, simple models such as the SIR (Susceptible-Infected-
Recovered) or SEIR (Susceptible-Exposed-Infected-Recovered) in mechanistic or
probabilistic frameworks, researchers were requested to provide projections about
specific disease-related variables such as hospitalizations, intensive care units ad-
missions (ICUs) and deaths.

Already in March 2020, a multidisciplinary task force (the Basque Modeling
Task Force, BMTF) was created to assist the Basque health managers and Govern-
ment during the COVID-19 responses. Within the BMTF, a stochastic SHARUCD
modeling framework was developed [1, 2, 5, 10, 47]. As an extension of the simple
SIR model, this flexible framework considers populations of susceptible individuals
(S), severe cases prone to hospitalization (H), mild, sub-clinical or asymptomatic
(A), recovered (R), and patients admitted to intensive care units (U). The recorded
cumulative positive cases, which includes all new positive cases for each class of H,
A, U, R, are counted within the C classes, including the deceased (D) cases.

Able to describe the COVID-19 epidemic in terms of disease spreading, the
SHARUCD model gives accurate projections (see Fig. 1) on hospitalizations, ICU
admissions, and deceased cases from March 2020 to December 2020, when vacci-
nation roll-out started. The modeling framework was used to monitor the COVID-19
epidemiological dynamics in the Basque Country while the lockdownmeasures were
relaxed and tightened over time, evaluating also the impact of non-pharmaceutical
interventions and social distancing.

It is worth stressing that in order to build useful models a close collaboration with
field epidemiologists, laboratory researchers in virology, immunology, and biology,
as well as with public health stakeholders is needed [3, 8, 11, 12]. Moreover, a
constant good data input is essential for model parameterization and validation
[6, 7, 34, 43].

Modeling refinements were validated by epidemiological data continuously col-
lected and provided by the BasqueHealth Department and the BasqueHealth Service
(Osakidetza). Results on the evolution of the epidemic in the Basque Country are
regularly updated and publicly available on the “SHARUCD Dashboard” [53].

The SHARUCDmodeling framework and its refinements will be presented in the
first part of this chapter. Basic concepts on vaccination towards herd immunity and
the impact of vaccination roll-out, considering heterogeneity on vaccine efficacy for
hospitalization and overall infection, will also be discussed.

Population heterogeneity is also an important feature to be considered when
evaluating the effects of control measures applied to different segments of society.
For example, pre-existing comorbidities and age are considered important factors
affecting disease severity during the COVID-19 pandemic [9, 32] and, for that, the
use of an age-structured population modeling approach would be appropriate to
quantify the role of different age groups on disease spreading and to evaluate the
impact of intervention measures for each population stratum (e.g., [4, 26, 27]).
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Fig. 1 From March 4 to December 31, 2020, on the left hand side we plot the ensemble of
stochastic realizations of the SHARUCD-model for cumulative cases. In a) cumulative hospitalized
cases �� „C” , in c) cumulative ICU admissions �* „C” and in e) cumulative deceases cases � „C” .
The mean of the stochastic realizations is plotted in light blue. Empirical data is plotted as black
dots for hospitalizations and ICU admissions, and red dots for deceased cases. On the right hand
side we plot the model results for the daily incidences. In b) daily hospitalized cases, in d) daily ICU
admissions and in f) daily deceased cases. Empirical data are plotted as a black line for all three
cases while the mean of 200 stochastic realizations is plotted in light blue. The 95% confidence
intervals are obtained empirically from the stochastic realizations and are plotted as light purple
shadow.




