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Abstract

Modeling transmission dynamics and human behavior during the SARS-CoV-2
epidemic in Switzerland

by Martina L Reichmuth

The coronavirus disease (COVID-19) pandemic caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has posed an unprecedented threat to public health,
the economy, and society at large. In response to mitigate the impact of SARS-CoV-2,
Switzerland, in line with many other countries, implemented non-pharmaceutical inter-
ventions (NPIs) such as face masks and bans on gatherings. Later, vaccine and natural
infection induced immunity in the population protect from COVID-19. Nevertheless, the
spread of SARS-CoV-2 enabled evolution and the emergence of variants of concern
(VoCs). The complexity of transmission, human behavior, control measures, and their
interaction led to many unanswered questions about the spread and consequences of
COVID-19 in Switzerland.

Understanding the dynamics of SARS-CoV-2 is critical for mitigating transmission and
ultimately preventing severe cases and deaths. Modeling in infectious diseases can sup-
port collected data such as surveillance data and offer the possibility to study gaps in
observations. The aim of this doctoral thesis was to gain insights into the SARS-CoV-2
epidemic in Switzerland, in particular, the local impact of imported cases, the impact of
control measures on the spread of VoCs, changes in social contact patterns, and associ-
ations with vaccination uptake. To this end, | explored a variety of data such as (genomic)
surveillance and survey data, and different methods including transmission and regres-
sion models.

Overall, the cross-disciplinary approach employed in this thesis provided evidence that
imported cases significantly impacted the local SARS-CoV-2 epidemic during a period of
low incidence (in chapter 2). Implementing border closures following the announcement
of VoCs would have had limited impact on delaying their spread (in chapter 3). Dur-
ing the SARS-CoV-2 pandemic the number of social contacts was substantially reduced
compared to pre-pandemic times (in chapter 4). Sociodemographic factors as well as
individual behaviors and attitudes played an important role in COVID-19 vaccination up-
take (in chapter 5). Finally, modeling provides evidence that can in collaboration with
authorities improve public health.

Keywords SARS-CoV-2; epidemiology; transmission; control measures; behavior; vaccination;
importation; variants of concern; Switzerland.
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Prevention is an action
taken prior to threats to
mitigate the risk of
diseases and promote
well-being.

A disease that occurs (in
unexpected numbers) in a
closed community at a
given time results in an
epidemic. An epidemic
that impacts multiple
countries is referred as a
pandemic.

Epidemiology is derived
from Greek epi 'among’,
demos 'people, district’,

and logos ’study’.

Introduction

1.1 Public health during the SARS-CoV-2 pandemic

The emergence of severe acute respiratory syndrome coronavirus (SARS-CoV-2) in
2019 and its rapid global spread spotlighted the medical, social, and economic impact of
infectious diseases worldwide. Suddenly, countries around the globe faced a new pan-
demic starting in 2020. Coronavirus disease (COVID-19) led to a staggering 1.9, 3.5,
and 1.2 million deaths globally in 2020, 2021, and 2022, respectively (WHO, 2023c).
Infectious diseases, also known as communicable diseases, are responsible for high
morbidity and mortality worldwide. Infectious diseases disproportionately affect lower-
income countries and highlight socioeconomic inequalities. For example, tuberculosis
(TB) caused by Mycobacterium tuberculosis (Mtb) accounts for 1.5 million deaths ev-
ery year and the acquired immunodeficiency syndrome (AIDS) caused by the human
immunodeficiency virus (HIV) accounts for 0.6 million deaths in 2022 (UNAIDS, 2022).
Infectious diseases increase social and economic inequality and cause medical suffer-
ing. Public health interventions focus on preserving and promoting health, preventing
diseases, and offering preemptive, curative, and rehabilitative measures (Public health
kompakt 2021). Such measures often prove insufficient in low- and middle-income coun-
tries where infectious diseases still pose a major public health concern.

Although Switzerland has social and economic resources to mitigate infectious diseases,
the incidence of SARS-CoV-2 rose sharply immediately after its introduction. The lack of
previous exposure was key to the spread of the newly emerged SARS-CoV-2, which is
well adapted to human-to-human transmission via the respiratory tract. The first SARS-
CoV-2 case in Switzerland was reported on the 25th of February 2020 (Federal Council,
2020b). During the first year, SARS-COV-2 caused an excess mortality of over 10%
(Weitkunat et al., 2021). This might be even higher as Riou et al. (2023) highlighted
that from February 2020 to April 2022 only about 72% of COVID-19-related deaths were
confirmed in Switzerland.

Overall, the SARS-CoV-2 pandemic including the Swiss SARS-CoV-2 epidemic was
highly dynamic (fig. 1.1); During the first year, various non-pharmaceutical interventions
(NPIs) were implemented (further detail in section 1.5.1). Nevertheless, two epidemic
waves occurred. In early 2021, the epidemic remarkably changed with the introduction
of vaccines against COVID-19 (further detail in section 1.5.2; Federal Council, 2020a).
In parallel, there was a rise of variants of concern (VoCs) (further detail in section 1.2.4)
(Carabelli et al., 2023; WHO, 2023b). To mitigate the transmission of SARS-CoV-2 and
prevent severe illness and deaths it became increasingly crucial to study the dynamics
of SARS-CoV-2, on a global scale as well as within regional contexts.

The scientific basis for analyses in public health is the field of epidemiology. Epidemiology
is the study of health and disease in a given population (Public health kompakt 2021).
Epidemiological research can be divided into four steps 1) identifying study questions (see
section 1.6 about the objectives of this thesis), Il) study design and data collection (see
section 1.3), Ill) data analysis (see section 1.4 about modeling in infectious diseases),
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FIGURE 1.1: SARS-CoV-2 epidemic in Switzerland: Reported number of SARS-CoV-2 cases
per day by the FOPH (2023a) and colored by frequency of SARS-CoV-2 variants, the cumulative
number of deaths colored in red, the arrow indicates the start of the vaccine roll-out in Switzerland,
and the KOF stringency index colored in blue. The KOF stringency index values range from 0 (no
measures) to 100 (full lockdown) (Pleninger et al., 2021). Abbreviations: FOPH, Federal Office of
Public Health; KOF, 'Konjunktur-Forschungsstelle’, meaning economic research center in English.

and V) finally applying research findings to improve public health (see section 1.5). Par-
ticularly, infectious disease epidemiologists are interested in the spread of diseases and
their determinants such as causes and risk factors.

1.2 SARS-CoV-2 as an emerging infectious pathogen

When SARS-CoV-2 emerged in 2019, little was initially known about its origin and trans-
mission dynamics. In general, pathogens persist in reservoirs and infect hosts through
various modes of transmission, i.e., through direct contact such as body fluids, indirect
contact such as airborne transmission, or vectors such as mosquitoes (Van Seventer and
Hochberg, 2017). Reservoirs are one or more epidemiological connected populations or
environments in which the pathogen can persist and replicate (Haydon et al., 2002).
This can include people, animals, and the environment. Understanding these reservoirs,
modes of transmission, and their impact on the host is crucial for effectively developing
strategies to mitigate the negative impact caused by pathogens such as SARS-CoV-2.
For instance, bats are considered a natural reservoir of SARS-CoV-2 (Liu et al., 2020b).
The spillover of SARS-CoV-2 from animals to humans likely occurred via an intermediate
host at the 'Seafood and Wildlife Market’ in Wuhan (Liu et al., 2020b). Eventually, SARS-
CoV-2 acquired the ability to transmit from human to human. The spillover from animals
to humans is referred to as zoonosis. Zoonosis is a main cause of emerging infectious
diseases (Grubaugh et al., 2018).

Emerging infectious diseases pose public health challenges in the 21st century (Grubaugh
et al., 2018). SARS-CoV-2 clearly demonstrated human’s vulnerability to infectious dis-
eases. The emergence of infectious diseases can be exacerbated by population growth,
increasing frequency and range of travel, changing land use patterns, changing dietary
habits, wars, social, and climatic changes (Cohen, 2000; Grubaugh et al., 2018). For

Emerging infectious
diseases are caused by
new, previously unknown
pathogens, new variants of
known pathogens, and
re-emerging pathogens
with high potential to
spread.

Zoonosis is an infectious
disease that is transmitted
between species (from
animals to humans or
vice-versa).
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The secondary attack rate
is the probability that an
infection occurs among
susceptible people within a
specific group like within a
household.
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FIGURE 1.2: Typical clinical and epidemiological course of infectious diseases adapted from
Keeling and Rohani (2008). The scheme also reflects the course of SARS-CoV-2. Original figure
available at https://homepages.warwick.ac.uk/~masfz/ModelingInfectiousDiseases/Figures/inde
x.html.

instance, Mora et al. (2022) estimated that climate change has worsened more than half
of known infectious diseases in humans.

Moreover, infectious pathogens can spread rapidly in the modern world. Globalization
and high population density favor spread of pathogens. SARS-CoV-2 and especially
VoCs could therefore spread rapidly across continents. This underlines the importance
of global collaboration and data sharing for the development of evidence-based decision-
making.

1.2.1 Clinical course of COVID-19

The clinical course of SARS-CoV-2 infection is heterogeneous. The onset of symptoms
may not start with infection (fig. 1.2). The pre-symptomatic period is called the incubation
period. The incubation period from exposure to SARS-CoV-2 to COVID-19 symptoms
was estimated to be around 4.8 £ 2.6 days (Liu et al., 2020a). The onset of COVID-19
symptoms co-occurs with the most virions (shedding) in humans which is 2 to 5 days
post-infection (Markov et al., 2023). However, not all infections cause symptoms. At the
beginning of the SARS-CoV-2 pandemic, about 20% of infections were asymptomatic
(Buitrago-Garcia et al., 2020). SARS-CoV-2, similar to SARS-CoV and MERS-CoV, can
cause severe acute respiratory syndrome, which is a life-threatening condition (Liu et al.,
2020b). In contrast, infections with other hCoVs often present with upper respiratory
symptoms such as a cold (Liu et al., 2020b). In general, ten to fifteen days after symp-
tom onset, SARS-CoV-2 virions are cleared in the host (Markov et al., 2023). In cases
where virions are not cleared, severe disease or death occurs around the third week
post-infection (Markov et al., 2023; Ward and Johnsen, 2021).

The epidemiological status of SARS-CoV-2 differs from the clinical status. The time
between infection, i.e. exposure, and infectiousness is called latent period. By definition,
an infected individual can not transmit during the latent period (fig. 1.2). Infectiousness is
highly heterogeneous for SARS-CoV-2 (Jones et al., 2021). Overall the secondary attack
rate was around 19%, which increased for VoCs (Madewell et al., 2022). Buitrago-Garcia
et al. (2020) estimated that asymptomatic individuals had a reduced secondary attack
rate of 35% during the first months of the pandemic.
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The course of SARS-CoV-2 infection depends on the host’'s immune system. When in-
fected with SARS-CoV-2, the immune system is activated to clear the virus. SARS-CoV-2
enters human cells by binding to angiotensin-converting enzyme 2 (ACE2) receptor in
humans (Jackson et al., 2022). More specifically, the receptor binding domain (RBD) of
the spike protein docks to the ACE2 receptor. The immune response is activated with
the presented epitope of SARS-CoV-2. In general, the immune response can be cat-
egorized into the cellular and humoral immune responses (Marshall et al., 2018). The
cellular system involves the activation of cytotoxic T cells and cytokines. The humoral
immune response is the activation of B cells and helper T cells. The activated cells se-
crete specific antibodies. The antibodies are specialized in recognizing an antigen. On
first contact with the pathogen, this specialization begins to develop. After that, memory
cells are ready to secrete antibodies to quickly protect against disease, which is known
as adaptive immunity. The adaptive immune system exerts selection pressure on the
pathogen. The selection pressure plays a crucial role in the evolution, i.e. genetic varia-
tion, of pathogens (Carabelli et al., 2023; Markov et al., 2023).

1.2.2 Phylogeny of SARS-CoV-2

SARS-CoV-2 belongs to the family of coronaviridae (Baker et al., 2020). The coron-
aviridae genome consists of a single strand of positive RNA and is approximately 30
kilobases in length for SARS-CoV-2 encoding for viral and structural proteins (Liu et al.,
2020b). The genome includes four major structural proteins, namely the spike glyco-
protein, membrane, envelope, and nucleocapsid protein (Liu et al., 2020b). The coro-
naviridae are divided in coronavirinae which are further divided into genera such as al-
phacoronaviruses and betacoronaviruses (Liu et al., 2020b). These two genera include
the seven coronaviruses that infect humans (human coronaviruses, hCoV), whereby four
infect humans seasonally, namely HCoV-NL63, HCoV-229E, HCoV-OC43, and HCoV-
HKU1 (Liu et al., 2020b). In 2003 and 2005, the SARS-CoV and the Middle East Res-
piratory Syndrome coronavirus (MERS-CoV) emerged, respectively. More recently and
mentioned previously, in 2019, SARS-CoV-2 emerged, sharing a genetic similarity of
80% with SARS-CoV (Liu et al., 2020b).

1.2.3 Genetic variation of SARS-CoV-2

The genetic variation of SARS-CoV-2 depends on within-host and population-level pro-
cesses (Markov et al., 2023). Mutation rates, substitution rates, and recombination can
explain the viral evolutionary variation. The mutation is the change in the viral genome of
the offspring compared to its parent. For SARS-CoV-2, the mutation rate was estimated
to be 1 x 1076 to 2 x 1076 mutations per nucleotide per replication cycle (Amicone et
al., 2022). This mutation rate is similar to other betacoronaviruses and lower than for
other RNA viruses such as HIV (Markov et al., 2023; Sanjuan et al., 2010). In general,
most mutations are deleterious which prevents viral replication. Therefore mutations of-
ten have no further impact. The substitution process, on the other hand, is the fixation
of a viral change over time for an established group such as a SARS-CoV-2 variant
(Belshaw et al., 2011; Markov et al., 2023). A variant is antigenically distinguishable
from other groups of SARS-CoV-2 and shares mutation within its group. Further genetic
variability can be generated through recombination which is the exchange of genetic ma-
terial between (distinguishable) parental genomes. The resulting offspring combines viral
properties from another genome and differs from their parents. Such recombination may
occur during coinfection.

Immunity to a disease is
the opposite of
susceptibility and means
being protected from a
disease.

'Phyle’ in Greek means
‘tribe’ and 'genetikos’,
means relative to birth.

Seven human
coronaviruses (HCoV) are
known.

Mutation refers to a single
change in the genome. If
mutations change the
properties of the virus,
which are
non-synonymous
mutations.
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TABLE 1.1: List of VoCs: Emergence and viral properties of SARS-CoV-2 variants that have been
of concern during the SARS-CoV-2 pandemic and were dominant in Switzerland (FOPH, 2023a;
WHO, 2023b).

Variants || Alpha Delta Omicron

Country first detected United Kingdom  India South Africa and Botswana
Time retrospectively detected in Switzerland || November 2020  January 2021  November 2022

Impact on transmissibility Increased Increased Increased

Impact on immunity - Increased Increased

Impact on severity Increased Increased Decreased

Transmission also contributes to the evolution of SARS-CoV-2. It defines which virus
particles ’virions’, are transmitted to the recipient. The donor-host has a large number
of virions. However, due to a bottleneck during transmission, only a small diversity will
seed in the recipient (Bendall et al., 2023). The virion that establishes itself in the host-
recipient is random. This stochastic process leads to an increase in the frequency of
certain mutations, which is called genetic drift (Markov et al., 2023).

Furthermore, superspreading contributes to the stochasticity in the evolution of SARS-
CoV-2. In superspreading, a host infects above-average number of recipients (fig. 1.4)
(Lloyd-Smith et al., 2005). This variability in transmission is also called overdispersion
and generates heterogeneity in the number of secondary cases. superspreading reduces
the genetic variability of the virus within the population. Gémez-Carballa et al. (2020)
suggested that the early genetic variation of SARS-CoV-2 worldwide can be explained
by superspreading in combination with the founder effect. The founder effect refers to the
phenomenon that only a small number of virions from certain infected individuals, such
as travelers and super-spreaders, introduce genetic variation into the population (Markov
et al., 2023). In contrast, the fixation of genetic variation due to fitness advantages is
non-stochastic and referred to as natural selection.

1.2.4 Characteristics of SARS-CoV-2

A viral fitness advantage allows a variant to dominate. Viral advantages include an in-
crease in intrinsic transmissibility, immune escape, and prolonged infectiousness (Cara-
belli et al., 2023; Markov et al., 2023). Increased intrinsic transmissibility depends on
the capacity of shedding within the host, and transmission in the environment including
the number of contacts (Markov et al., 2023). This defines the potential to spread from
a donor to a susceptible recipient. In a population with a high level of (vaccine-induced
or natural) immunity, immune escape also increases the potential for spread. Immune-
escape mutations are changes in antigens that mean the adaptive immune system no
longer recognizes the virus. This allows variants to maintain high transmissibility in pre-
viously immune populations. The selection pressure for immune escape mutations is
reduced with waning immunity (Markov et al., 2023). Waning immunity is the decline
of immune protection over time. This leads to a population with partial immunity and
increased susceptibility. l.e., variants can maintain high frequency with only an intrinsic
transmissibility advantage (and no immune escape) (Markov et al., 2023). Genetic alter-
ations can also impact the clinical outcome, i.e., the severity of COVID-19. The severity of
the disease is also influenced by the patient’s immunity and genetics. Variants with viral
properties including improved intrinsic transmissibility, immune escape, and more severe
COVID-19 are referred to as VoCs. For example, antigenic evolution in SARS-CoV-2 was
identified in late 2020 for VoCs such as Beta and Gamma variants, and later for Delta
and Omicron variants (table 1.1; WHO, 2023b). These, as well as the Alpha variant, had
increased intrinsic transmissibility to earlier circulating variants.
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1.3 Data collection related to public health

Epidemiology is data-driven. Epidemiological studies use data from observational stud-
ies such as cross-sectional, case-control, and cohort studies, but also from surveillance
systems (Public health kompakt 2021). Data sources can be, for example, government
statistics, routinely collected data such as from hospital information systems, and individ-
ual surveys. For example, Mossong et al. (2008) conducted surveys in several countries
that were nationally representative for quotas on age, gender, and region of residence
to gain insights into patterns of social contact. Data collection - as well as analysis and
interpretation - should be systematic and unbiased. Common types of systematic er-
rors are selection and information bias and confounding (Public health kompakt 2021).
Selection bias occurs when the study population is not representative of the population
of interest. Information bias occurs when participants are misclassified. For example,
a participant misreports a behavior. In analyses, confounding can explain the observed
association between the factor of interest and an outcome. A confounder correlates with
the actual risk factor. Systematic data collection must also guarantee the protection of
participants. Protection includes informed consent, risk minimization, and adherence to
an approved research protocol, which is confirmed with ethical approval (Martani et al.,
2020; Public health kompakt 2021).

1.3.1 Surveillance of pathogens

Surveillance of diseases is the ongoing systematic collection, identification, and subse-
quent analysis and interpretation of their occurrence (WHO, 2023a). Ultimately, surveil-
lance aims to provide insights into the dynamics of diseases. With the start of an out-
break, the most critical task is to identify a causal pathogen (Grubaugh et al., 2018).
In the case of SARS-CoV-2, the first reported cases of severe pneumonia occurred in
Wuhan, China, in December 2019 (Wu et al., 2020). The collection of symptomatic
cases information showed a clustering of cases with symptoms similar to SARS-CoV.
Later, SARS-CoV-2 was identified through sequencing of its genome. Information on
cases and the SARS-CoV-2 genome was collected and reported throughout the pan-
demic. The information collected generally includes date of symptom onset and the
location where cases occurred. Additional information might include demographics as
well as symptoms of cases.

The worldwide collection of SARS-CoV-2 related information led to a large amount of
data. Public health authorities such as the Swiss Federal Office of Public Health (FOPH)
delegated the data collection to health institutions. Further, comprehensive data analysis
and visualization were crucial to ensure the benefit of data collection. With dashboards,
for example, data is accessible to the public. ’Our World in Data’ collected and shared
data on the SARS-CoV-2 pandemic worldwide, such as the number of cases, deaths,
hospitalizations, and vaccinations. Increasing immunity mitigates symptomatic and se-
vere COVID-19 cases worldwide. This has led to reduction of surveillance for SARS-
CoV-2. In Switzerland, for example, daily reporting of SARS-CoV-2 cases has been
reduced to weekly reporting since 2023. The gap in classical surveillance provides an
opportunity for alternative systems, such as wastewater surveillance, for which promising
early warning systems and pathogen surveillance have been proposed (Jahn et al., 2022;
Karthikeyan et al., 2022). Finally, surveillance enables timely and effective interventions
that mitigate the spread and contribute to well-being.

"Our World in Data’
focuses on collecting,
visualizing and analyzing
data on major global
issues such as disease,
poverty, hunger, war and
climate change.


https://ourworldindata.org/

Dashboards are a type of
data visualization to
summarize different data
sets to ultimately make the
information easier to
understand.
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1.3.2 Genomic surveillance

Genomic surveillance helps to better inform the public health response (Alpert et al.,
2021; Brito et al., 2022; Chen et al., 2022b). Global genomic surveillance of SARS-CoV-
2 has been more extensive than for any other pathogen. The aim of genomic surveillance
is to monitor the spread of variants and genetic changes of SARS-CoV-2. Sequencing
technicians extracted and multiplied ribonucleic acid (RNA) from nasal or oropharyngeal
swabs from patients using quantitative Polymerase Chain Reaction (PCR). The next-
generation sequencing (NGS) approach helped to generate fragments of bases (reads)
and ultimately a consensus sequence from positive samples. Consensus sequences of
SARS-CoV-2 have been shared globally and in near real-time. Sequencing providers
aimed to minimize the turnaround between sampling and data sharing. Brito et al. (2022)
suggested sequencing about 0.5% of cases with a turnaround time of less than 21 days
as a benchmark for genomic surveillance of SARS-CoV-2. The uncertainty about vari-
ants, especially after the emergence of the Alpha variant (table 1.1), led to global efforts
to increase coverage in genomic surveillance. In Switzerland, members of the 'Swiss na-
tional SARS-CoV-2 genomic and variants surveillance program’ increased the sequenc-
ing coverage. This program is a collaboration of the FOPH and researchers from various
institutes throughout Switzerland. High sequencing coverage and speed of data sharing
in publicly accessible databases is crucial for a timely public health response to emerging
variants (Chen et al., 2022b).

The Global Initiative on Sharing All Influenza Data (GISAID) enabled the rapid exchange
of viral sequences and related epidemiological data, including geographical information
of those infected (Shu and McCauley, 2017). In addition, a data usage clause ensured
that scientific credit was given to scientists generating genomic data. By June 2023,
GISAID had collected more than 15 million SARS-CoV-2 sequences. ’Nextstrain’, an
open-source project, uses SARS-CoV-2 sequences and phylogenetic methods to visual-
ize and communicate the spread of SARS-CoV-2 (further detail in section 1.4.4; Hadfield
et al., 2018). A Nextstrain spin-off, '‘CoVariants’, provided an overview of the evolution of
SARS-CoV-2 variants and their mutations. 'CoV-Spectrum’ and 'COVID-19 Switzerland’
from the Swiss FOPH were other useful dashboards and data sources for this doctoral
thesis.

1.3.3 Surveillance in Switzerland

In Switzerland, the FOPH collects and reports data on infectious diseases that are of
interest to public health. For instance, medical practitioners are obliged to report 54
notifiable infectious diseases or pathogens to the FOPH, including HIV, TB, and common
sexually transmitted infections (STIs) such as chlamydia, gonorrhea, and syphilis (FOPH,
2023b). Following the emergence of SARS-CoV-2, its monitoring was also initiated. In
2021, for example, 912,339, 350, and 328 new SARS-CoV-2, TB, and HIV cases were
reported in Switzerland, respectively (FOPH, 2023c).

In addition, since 1986 there has been a sentinel surveillance system, the Swiss Sen-
tinel Surveillance Network, 'Sentinella’ (Somaini et al., 1986). Sentinella is a collabo-
rative project of the FOPH and around 200 general practitioners. The main aim is to
monitor the course of diseases in the Swiss population and primary care. For example,
the Sentinella system provides surveillance for symptomatic influenza infection, as only
laboratory-confirmed cases are notifiable.


https://gisaid.org/
https://nextstrain.org/
https://covariants.org/
https://cov-spectrum.org
https://www.covid19.admin.ch/de/
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1.4 Modeling in infectious disease epidemiology

Models for infectious diseases can support experiments, help to understand observa-
tions, predict and forecast trajectories, and offer the possibility to study counterfactual
scenarios, i.e., gaps in experiments and observations. For example, when no observa-
tional data on the potential effects of vaccine-induced immunity was available, Bernoulli’s
model in 1766 was insightful. Bernoulli calculated the gain in life expectancy at birth if
smallpox were eliminated as a cause of death (Dietz and Heesterbeek, 2002). In what
was probably the first compartmental infectious disease model, he grouped the study
population into susceptibles (those who were not yet infected) and immune (those who
were already infected). When data is available, models can also help to calculate asso-
ciations. For example in 1854, Snow found the association and cause of the cholera out-
break in London with case counting and spatial mapping (Public health kompakt 2021).
Snow’s mathematical model proved his hypothesis that cholera was waterborne. This
was a founding moment to combine epidemiology of infectious diseases and mathemat-
ics, including statistics, to understand diseases. Finally, modeling in epidemiology of
infectious diseases helps to understand, predict, and even forecast transmission dynam-
ics to guide and evaluate intervention strategies.

1.4.1 Statistical models in epidemiology

Statistical modeling in epidemiology aims to provide information about factors that in-
fluence diseases. The model selection depends on the study design and data collec-
tion. Regression models, for example, can help to compare groups and predict a phe-
nomenon. The chance of a phenomenon can be expressed as probability. The (frequen-
tist’s) probability refers to the proportion of times that the condition would occur in a large
number of similar repeats (Kirkwood and Sterne, 2003). Similarly, the risk refers to the
chance of individuals in a defined population developing a defined condition. The fre-
quency of this risk over time can be expressed as rates including hazards. Odds refer to
the quotient of the probability of a condition occurring to the probability of it not occurring.
Probabilities of an outcome can further be given as distribution, for example, a discrete
uniform, normal, binomial, Poisson, negative binomial, and gamma distribution.

A central goal in public health is the comparison of groups. The comparison between
different groups can be expressed as ratios. Ratios can be estimated with various re-
gression models. For example, hazard ratios can be estimated using Cox’s proportional
hazards regression model or similarly rate ratios can be estimated using a Poisson re-
gression model (applied in chapter 5). Odds ratios can be estimated using a logistic
regression (applied in chapter 5). In addition, | used multinomial logistic regression mod-
els to quantify the relative viral growth advantage of VoCs (see figure 6 in monthly 'Swiss
national SARS-CoV-2 genomic and variants surveillance program’ report of February
2023).

1.4.2 Compartmental transmission models

Transmission models aim to predict the spread within and between populations. Com-
partments - as introduced by Bernoulli, group the study population. The theory of the
compartmental model was introduced by Kermack and McKendrick in 1927 (Kermack
and McKendrick, 1991a,b,c). In the simplest model, the population is divided into the
compartments of the susceptible (S), infected (1), and recovered (R) individuals. This is
referred to as a SIR model. The simplest SIR model is without vital dynamics, which

In Bayesian statistics, the
probability is a degree of
belief in the phenomenon
and is given as prior and
posterior distribution.

In statistical models factors
that are used to explain the
outcome (= dependent
variable) are called
independent variables.


https://www.hug.ch/sites/interhug/files/structures/laboratoire_de_virologie/documents/Rapport%20hebdomadaire%20variants%20National/national_surveillance_variants_feb_final.pdf
https://www.hug.ch/sites/interhug/files/structures/laboratoire_de_virologie/documents/Rapport%20hebdomadaire%20variants%20National/national_surveillance_variants_feb_final.pdf

The concept of mass
action defines that the
number of new infections
in a given period is
proportional to the product
of the number of
susceptible and infected
individuals.

Deterministic models are
defined by their initial
conditions.
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TABLE 1.2: Basic reproduction number Ry for infectious diseases ranging from 0-18. Measles is
known as the disease with the largest Ry. The Ry values are rounded.

Infectious pathogen || Transmission Ro

HIV Body fluid 4-6 Eaton and Hallett (2014)

Measles virus Aerosol 5-18 Delamater et al. (2019)

MERS-CoV Respiratory droplets 0-1 Kucharski and Althaus (2015)

Mtb Respiratory droplets 0-4 Ma et al. (2018)

SARS-CoV-2 (ancestral strain) || Respiratory droplets and aerosol 2—4 Leung (2021) and Riou and Althaus (2020)
SARS-CoV Respiratory droplets 2-4 WHO (2003)

Seasonal influenza Respiratory droplets 1-2 Biggerstaff et al. (2014)

means that births and deaths in the population are ignored. Individuals can move com-
partments (S — | — R) with defined rates. These transition rates are called 5l for the
rate of transmission - also referred to as 1 = A = force of infection, and  for the rate
of recovery. The rate of transmission (3 is defined as the secondary attack rate or risk
of transmission per contact of the infected with a susceptible individual. The inverse of
recovery rate v corresponds to the average infectious duration (D). D can be set equal
to the generation time, which is the time between infection and transmission (fig. 1.2).
The generation time for the ancestral SARS-CoV-2 strain (Wuhan strain) was estimated
to be 5.2 days (Ganyani et al., 2020), which was shorter for the Delta variant and longer
for Omicron, with 4.7 and 6.8 days, respectively (Hart et al., 2022; Manica et al., 2022).
The movements between compartments over time can be mathematically solved using
the system of ordinary differential equations (ODEs):

dS/d; = - BIS = - \S,
dl/d; = BIS - 1,
dR/d; = .

Compartmental models assume that transmission is proportional to the number of sus-
ceptible and infected individuals (density-dependent) in a given population (N = S+1+R)
and individuals are homogeneous within the population (principle of mass action). In
an SIR model, the latent phase is set to zero. A model with an exposed (E) compart-
ment contains a latent phase (fig. 1.2). This then results in an SEIR model. In addition,
further stratification can be included such as age, gender, and socio-economic groups.
With constant parameters the outcome of an SIR model is deterministic. This means the
model gives the same output for every run.

Reproduction number and implication

The basic reproduction number Ry is the average number of secondary infections arising
from an individual during its entire infectious period in a fully susceptible population (N
= S) (Diekmann et al., 1990; Wallinga and Lipsitch, 2007). Ry is an interplay of human
behavior and biological characteristics of pathogens (Delamater et al., 2019; Wallinga
and Lipsitch, 2007). Mathematically, Ry is the quotient of the infectious contact rate and
the recovery rate,

Ry = BSD,

whereby we can normalize S = N = 1. Epidemic growth occurs in a fully susceptible
population if the basic reproduction number Ry is > 1. If Ry < 1 the disease dies out and
if Ry is =1 it is an endemic state. Thus, the Ry value has impact on epidemic control
such as vaccination strategies. In an SIR model, the interaction between susceptible and
recovered is given as S = 1 — R, when no infection occurs. The recovered compartment
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includes immune individuals. Immunity can be acquired through infection and vaccina-
tion. Given that epidemics are not growing if Ry < 1, the fraction p. that needs to be
immune is set as follows:

1
>1—-—
Pc Ry

This threshold p.. is referred to as the herd immunity threshold (Hethcote, 1989). Prior to
natural immunity R = V/VE, whereby V is the fraction of vaccinated individuals and vac-
cine efficacy (VE) is the fraction of those vaccinated who become immune. Theoretically,

1
% 1-—)/VE
> (1= )/VE.

need to be vaccinated that the entire population is protected from infection (Hethcote,
1989). Based on this concept, vaccinated individuals protect vulnerable and unvacci-
nated individuals. In summary, vaccination can be critical for preventing and controlling
infectious diseases.

For example, Riou and Althaus (2020) estimated a Ry for the ancestral SARS-CoV-
2 strain of around 2.2 (table 1.2). Later, the VE was estimated to be 95% for the
Pfizer/BioNTech vaccine (Polack et al., 2020). Combining these findings would suggest
a herd immunity threshold p. of 54% and at least 57% must be vaccinated to mitigate the
spread of SARS-CoV-2. However, due to waning immunity, viral changes such as higher
intrinsic transmissibility and immune escape, and the fact that vaccines were developed
and tested to protect from COVID-19 and not to prevent transmission, the threshold for
herd immunity must have been much higher.

The effective reproduction number R, explains the transmission dynamics over time as
the number of susceptible individuals changes (.5;) due to immunity in the population and
NPIs.

Re = BStD,

l.e, R. measures the average number of secondary cases of individuals infected with a
pathogen at any given time and population during an epidemic. Estimating R, can help to
assess changes in policy, population immunity, and transmissibility. A common method to
estimate R, is the renewal equation (as a branching process model), which uses the inci-
dence of infection and the generation time distribution (Green et al., 2022; Wallinga and
Lipsitch, 2007). Using the renewal theory with a gamma distributed generation interval,
R, can be estimated as follows:

2

b o2\ L5 ;
Re=(1+4ra)” = (1+r%-)-? derived from Park et al. (2019),

whereby p is the mean generation time with standard deviation ¢ and r is the epidemic
growth rate. For SARS-CoV-2, Gostic et al. (2020) estimated a generation time p of 5.2
days and a standard deviation o of 1.7 days. The gamma distribution of the generation
time is given by the rate as 1/a= 5.2/1.7% and the shape as follows b= 5.2%/1.72. There
are many ways to calculate R., from using fixed to exponentially distributed to gamma
distributed generation intervals (Park et al., 2019). Moreover, various computational tools
help to estimate R, using the renewal equation as a basis, for example EpiNow2(Abbott
et al., 2023; Gostic et al., 2020). Overall, methods should consider different testing and
surveillance schemes (over time).

The epidemic growth rate,
r, is the change from one
time to another. It can be
positive or negative,
depending on whether the
epidemic is increasing or
decreasing over time.


https://epiforecasts.io/EpiNow2/

Assortative contacts are
non-random and are
based on certain
characteristics.
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FIGURE 1.3: Social contact matrix for Belgium adapted from figure 3 reported by Mossong et al.
(2008). White indicates high contact rates between participants with a specific age and a contact
with a specific age, green intermediate contact rates, and blue low contact rates, relative to the
country-specific contact intensity. A) All reported contacts and B) physical contacts only.

Social contact matrices

As we can observe, the number of contacts can vary, for example, due to cultural back-
ground and occupation. These heterogeneous contact rates between individuals can be
crucial determinants of transmission. Contact rates influence the transmission rate of the
compartment model. A comprehensive study of social contact patterns in eight Euro-
pean countries showed that contact rates varied by country, age group, and were highly
assortative with age (fig. 1.3; Mossong et al., 2008).

Contact pattern can be visualized using matrices (further detail in chapter 4). To create
such matrices, participants’ information about their social contacts is required. In social
surveys, participants can themselves indicate how many contacts they had with another
group on a particular day. They could also report the age, place, such as at work or
home, the duration, and the physical distance of the contact.

Contact matrices give the mean number of contacts c¢;; from one age group c¢; with any
other ¢; (fig. 1.3). This matrix can then be symmetric, which reduces selection bias.
Symmetry takes into account that c;; have the same number of contacts with each other,
which might not observed in surveys due to selection bias. The number of contacts can
be normalized to the population, taking into account the ratio of age group i in the study
population and the population at a certain time. The relevance of contacts also depend
on the mode of transmission. For SARS-CoV-2 contacts without physical contact can still
impact transmission, due to the mode of transmission being airborne.

1.4.3 Stochastic transmission models

Stochasticity influences the transmission dynamics of infectious diseases (Althaus, 2015;
Riou and Althaus, 2020). Randomness is high when the number of infectious individuals
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FIGURE 1.4: Overdispersion parameter k of secondary cases A) indicates that infected individu-
als have different numbers of secondary cases, i.e., superspreading events occur and k < 1 given
Ry = 2. B) There is no (or almost no) variability in secondary cases, i.e., 1 < k < co with basic
reproduction number Ry = 2. The concept is derived from Lloyd-Smith et al. (2005).

is low, for example in outbreaks or early phases of an epidemic. In computational models,
parameters can be randomly taken from probability distributions to vary the outcomes.
For example, a random sample of the negative binomial distribution can be used to sim-
ulate different epidemic trajectories (further detail in chapter 2). The negative binomial
distribution considers overdispersion.

Overdispersion parameter k

The overdispersion parameter k gives the variability of transmission (Riou and Althaus,
2020). The higher the value, the more homogeneous the transmission and the smaller is
the impact of superspreading (fig. 1.4). Often 20% of the primary cases account for 80%
of the transmission, which is referred as the 20/80 rule (Woolhouse et al., 1997). The
concept that few transmit to many is called superspreading (Lloyd-Smith et al., 2005). For
SARS-CoV-2, Riou and Althaus (2020) estimated an median overdispersion parameter
k of 0.54.

1.4.4 Phylogenetic analysis

Phylogenetics is the study of evolutionary relationships between biological groups such
as viruses (Grubaugh et al., 2018). Viral sequences are more closely related if the most
recent common ancestor (TMRCA) is closer in time. Insights into the evolution and trans-
mission dynamics of viruses such as SARS-CoV-2 can be inferred and illustrated with
phylogenetic trees (fig. 1.5). The beginning of the phylogenetic tree is the root’ (left)
and represents the earliest common ancestor of the sequences used for the analysis
(fig. 1.5). The sequences, represented at the other end of the tree, are called 'tips’. Tips
are connected with other tips via 'branches’ and combined into 'nodes’. The length of the
branch represents the genetic diversity. The nodes represent TMRCA of the combined
tips. Phylogenetic inference relies on the molecular clock which uses mathematical mod-
els and molecular data to determine the homology of viral sequences as a function of
time since their evolutionary separation (Bromham and Penny, 2003). The inference can
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FIGURE 1.5: Phylogenetic tree in epidemiology of infectious diseases: A) A rooted, time-
calibrated phylogenetic tree with branches measured in units of time using viral nucleotide se-
quences of a host can be used to represent transmission between hosts. B) Phylogenetic
tree of SARS-CoV-2 sequences that were sequenced in Switzerland. The phylogeny was built
with Nextstrain/ncov using data from GenBank by the Nextstrain team. This build shows 3,246
genomes sampled between December 2019 and August 2023.

either be drawn with maximum likelihood estimation or a Bayesian approach. Nextstrain
(Hadfield et al., 2018), uses maximum likelihood trees, such as the IQ-TREE algorithm
(Minh et al., 2020). Bayesian Evolutionary Analysis Sampling Trees (BEAST), on the
other hand, is a phylogenetic software for Bayesian analysis and relies on Markov chain
Monte Carlo (MCMC) to find a posterior tree distribution (Suchard et al., 2018). Phy-
logenetics that interplay with geographical information is referred to as phylogeography
and the interplay with host information is referred to as phylodynamics (Grubaugh et al.,
2018). In viral phylodynamics, epidemiological, immunological, and evolutionary infor-
mation can be combined with phylogenies to estimate epidemic growth rates, generation
times, and reproduction numbers (Volz et al., 2017).

1.5 Public health response

Public health response is crucial to mitigate the risk and impact of infectious diseases
in populations. For infectious diseases, hygiene and vaccination are two of the most
important interventions (further detail in section 1.5.1 and section 1.5.2, respectively).
In Switzerland, interventions might have varied regionally due to the federal regulations,
which entitled regional authorities to adopt policy independently.

When SARS-CoV-2 emerged little evidence was present about its impact. Evidence-
based knowledge from scientific studies can lead to effective interventions. Effective
and appropriate public health action is enabled with a constant feedback loop between
experts and authorities (Brownson et al., 2009). In response to the threat posed by
COVID-19, the World Health Organization (WHO) has identified ten global health priori-
ties. These include strengthening countries’ health systems to ultimately prevent deaths
from SARS-CoV-2 (WHO, 2020a): This can be achieved by building global solidarity, ad-
dressing health inequalities, accelerating access to tests, medicines, and vaccines, pro-
moting global leadership in science, and improving data access and sharing. Ultimately,
these efforts are intended to help mitigate infectious diseases in general.


https://nextstrain.org/ncov/open/europe/6m
https://doi.org/10.1093/nar/gks1195
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In Switzerland, the FOPH manages intervention strategies and communication to miti-
gate infectious diseases. The FOPH develops Swiss health policy by advising the Fed-
eral Council on public health issues. The enforcement of public health interventions dur-
ing the SARS-CoV-2 pandemic was facilitated by the ‘Communicable Diseases Legisla-
tion — Epidemics Act’ (EpidA) (Gesetzgebung Ubertragbare Krankheiten — Epidemienge-
setz (EpG) 2010). For evidence-based interventions, the FOPH mandated Swiss sci-
entists to advise authorities and inform the public. This 'Swiss National COVID-19 Sci-
ence Task Force’ provided up-to-date, evidence-based information needed to respond to
the unprecedented crisis from April 2020 to early 2022. The task force consisted of a
cross-disciplinary team ranging from epidemiologists to medical doctors, psychologists,
economists, and communication scientists. Broad societal factors had to be included,
such as physical and mental health, individual freedoms, solidarity, and economic stabil-

ity.

1.5.1 Non-pharmaceutical interventions to mitigate pathogens

NPIs are preventive measures to mitigate diseases without pharmaceutical agents such
as vaccines and drugs. NPIs can be particularly important to mitigate transmission chains
when there is no or low immunity in the population due to lack of vaccination and previous
infection. NPIls can be categorized into personal, community, and environmental NPIs
(CDC, 2022). In particular, there is a wide range of NPIs against respiratory diseases.
Personal NPIs include testing for diseases, isolation, quarantine, covering coughs, wear-
ing a mask, and washing hands appropriately with soap or disinfectant. Community NPls
are physical distancing, which is often referred to as social distancing, travel regulations,
bans on leisure events, and the closure of facilities such as shops, schools, and restau-
rants. Environmental NPIs include cleaning surfaces and ventilating rooms.

While SARS-CoV-2 persisted in humans, it was necessary to determine its mode of trans-
mission. Depending on the mode of transmission different NPls can be more or less
effective. Initially, policy-makers ignored potential airborne transmission of SARS-CoV-
2 (Morawska and Cao, 2020). Emissions larger than 5 um in diameter are considered
droplets, smaller emissions are referred to as aerosols (Kutter et al., 2018). Given the
small size of SARS-COV-2, <0.5 um, the virus can be transmitted via aerosols (table 1.2;
Leung, 2021). Aerosols persist longer in the air, whereas droplets fall quickly, and de-
pending on environmental conditions, such as wind and temperature, can increase the
distance of spread. Thus, the potential of airborne transmission is crucial for public health
interventions. For instance, ventilation is helpful to mitigate SARS-CoV-2 transmission.

Interventions in Switzerland during the SARS-CoV-2 pandemic

In Switzerland, the use of NPIs to mitigate the impact of SARS-CoV-2 changed enor-
mously between 2020 and 2022. The stringency of implemented NPIs was summarized
with values ranging from 0 (no action) to 100 (complete lockdown) (see figs. 1.1, 4.4
and A.1). On 16 March 2020, the ’highest level of security’ was announced in Switzer-
land. In parallel, the stringency of measures was increased to minimize social contacts
to mitigate the spread of SARS-CoV-2 (fig. 1.1). Measures included border controls
and entry restrictions, working from home, closing shops (except for essential shops)
and restaurants, and canceling leisure activities and events. Further mitigation strate-
gies were social distancing by at least two meters, self-isolation, and quarantine for at
least ten days after contact with a confirmed case. Contact tracing helped to inform and
quarantine contacts that might have been infected. On 25 June 2020, SwissCovid, a
COVID-19 contact tracing app, became available (FOPH, 2023a). A couple of weeks

Isolation means staying
away from others (staying
at home) during disease,
and quarantine means
staying away from others
because there has been
close contact with a
diseased person, which
increases the likelihood of
being diseased
themselves.

The SwissCovid app
supported contact tracing
by notifying close contacts
when there was a risk of
SARS-CoV-2 infection.


https://sciencetaskforce.ch/en/home/
https://sciencetaskforce.ch/en/home/
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later the wearing of masks was introduced in public transport for all aged 12 years and
older. At the beginning of the SARS-CoV-2 epidemic in Switzerland, tests were only
free for symptomatic individuals but from January 2021 tests were free for everyone re-
gardless of symptoms. From mid-March 2021, self-tests, which could be done alone at
home, were also offered free of charge. At the end of May 2021, vaccinated people were
exempt from quarantine. At the end of summer 2021, the ‘COVID certificate’ was intro-
duced and all public venues in Switzerland were obligated to participate (FOPH, 2023a).
The certificate confirmed proof of vaccination, recovery, or a negative test result which
was declared mandatory to access indoor hospitality venues, cultural, sporting, leisure
activities indoors, and large-scale outdoor events, which is also referred to as the ‘3G’
rule - meaning 'geimpft’, ‘genesen’ or 'getestet’ in German. On 13 January 2022, the
isolation requirement was reduced from 10 to 5 days. On 1 April 2022, all COVID-19
restrictions were lifted.

1.5.2 Vaccination to prevent diseases such as COVID-19

Vaccines save millions of lives every year (WHO, 2023a). The discovery of vaccines rev-
olutionized public health. In 1796, the world’s first vaccine for smallpox was demonstrated
by inoculating a less dangerous virus - cowpox - into a human (WHO, 2023a). The first
vaccinated individual felt unwell for a few days but recovered completely. Two months
later when exposure to smallpox occurred, the vaccinated individual did not develop any
symptoms - he was immune. Vaccines do not cause the disease but instead activate
the immune system, which might lead to mild symptoms. Although most vaccinated in-
dividuals are immune to the disease in question, some might not be. The proportion of
immunes among vaccinated individuals is represented as vaccine efficacy. In 1980, the
WHO officially declared the first and only eradication of an infectious disease, smallpox
(WHO, 2023a). Key components of the global eradication of smallpox include child-
hood and mass vaccination programs, as well as targeted surveillance and containment
strategies during the eradication (WHO, 2023a). To maintain and progress the success
of vaccines for public health, it is important to ensure access to vaccines for all and to in-
form the public with understandable information about vaccines (WHO, 2023a). In 2023,
vaccines are available for 25 diseases (WHO, 2023a). There are three main types of
vaccine; using the whole inactivated pathogen, parts of the pathogen, and the genetic
material of the pathogen only (WHO, 2023a). The latter includes mRNA vaccines. Due
to the short development cycle, easy industrialization, simple production process, and
flexible adaption to new variants, mMRNA vaccine was imperative for the SARS-CoV-2
pandemic (Fang et al., 2022).

SARS-CoV-2 vaccine in Switzerland

Due to the emergence and threat of COVID-19, a high number of resources have been
invested in the rapid development and production of vaccines to protect from COVID-19.
A year after the first COVID-19 cases occurred, a vaccine became available. Shortly
after, in January 2021, the COVID-19 vaccination campaign started in Switzerland. The
priorities for vaccination were older adults (>75 and then 65-75 years) and the chronically
ill, and, secondly, healthcare workers and those living with people at risk (FOPH, 2020).
In May 2021, the general population (>16 years) could get vaccinated. Children over
12 years and over five years old could get vaccinated from June 2021 and from January
2022, respectively (FOPH, 2020). In 2023, four vaccines are available in Switzerland
(FOPH, 2020). Swissmedic, the Swiss agency for the authorization and supervision of
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FIGURE 1.6: Doctoral thesis embedded in public health: The focus of this thesis is the spread
of SARS-CoV-2 in the context of public health. Especially, chapters 2-5 link the transmission
potential of SARS-CoV-2, human behavior, and implemented control measures. My approach
required a cross-disciplinary approach including a variety of methods.

therapeutic products, authorized the mRNA vaccine from Pfizer/BioNTech on 19 Decem-
ber 2020. A few weeks later, on 12 January 2021, the mRNA vaccine from Moderna
was authorized. Both, Pfizer/BioNTech and Moderna vaccines contain mRNA. Then on
22 March 2021, a viral vector vaccine was authorized from Janssen (Johnson and John-
son), which uses an adenovirus and only needed a single dose instead of two. On 13
April 2022, the Novavax vaccine was authorized, which includes proteins of SARS-CoV-
2. The Swiss population became mainly vaccinated with mRNA vaccine, mainly Mod-
erna’s and then Pfizer/BioNTech’s (FOPH, 2023a). Less than 1% of all doses were from
Janssen (FOPH, 2023a).

1.6 Objectives of doctoral thesis

The SARS-CoV-2 pandemic has posed an unprecedented threat to public health, the
economy, and society at large. To mitigate the spread of SARS-CoV-2, Switzerland, in
line with many other countries, implemented NPIs such as isolation, quarantine, closure
of schools, bans on gatherings, and physical distancing in general. After a year of var-
ious NPIs, the roll-out of vaccines to protect from COVID-19 began in Switzerland in
early 2021. At the same time, VoCs emerged and increasingly circulated. The dynam-
ics of transmission, human behavior, and control measures and their interaction led to
many unanswered questions about transmission and the consequences of COVID-19 in
Switzerland. At the beginning of my thesis in 2020, little was known about the public
health consequences of SARS-CoV-2. In my thesis, | therefore applied different methods
of infectious disease epidemiology to better understand the dynamics of the SARS-CoV-2
epidemic in Switzerland (fig. 1.6).

In chapter 2, | aimed to find an answer to the following question; How was the spread of
SARS-CoV-2 in Switzerland impacted by cross-border travel? | hypothesized that cross-
border mobility and associated infections strongly influence the local epidemic dynamics
of SARS-CoV-2 during the summer of 2020 and 2021. | analyzed reported SARS-CoV-2
cases and their most likely country of exposure. Further, | quantified the impact of cases
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exposed to SARS-CoV-2 abroad on local SARS-CoV-2 incidence and epidemic growth in
Switzerland between the summer of 2020 and 2021 using a stochastic branching process
model. After all, the impact of imports concerning the control measures implemented
remained uncertain.

In chapter 3, | aimed to find an answer to the following question; What was the impact
of travel restrictions and surveillance in Switzerland on the spread of VoCs that emerged
elsewhere? While VoCs emerge in countries around the world, authorities in Switzerland
implemented different travel restrictions to control the local SARS-CoV-2 epidemic. | hy-
pothesized that due to globalization, newly implemented travel restrictions hardly impact
the local dynamics of VoCs with higher intrinsic transmissibility. Therefore, | aimed to
quantify the impact of control measures such as the closure of borders and the surveil-
lance of travelers on the spread of Alpha and Delta variants in Switzerland. | analyzed
surveillance data of cases and the SARS-CoV-2 genomes. | combined a phylogenetic
approach with an SEIR transmission model to simulate the introduction of the Alpha and
Delta variants. | then modeled different counterfactual intervention scenarios to quantify
the potential impact of border closures and surveillance of travelers.

In chapter 3, | analyzed the impact of control measures on the transmission dynamics
of SARS-CoV-2, whereas in chapter 2 | quantified the impact of travel, i.e., human be-
havior on the transmission. The spread of respiratory pathogens, including the public
health consequences, however, is an interplay between transmission, human behavior,
and control measures (fig. 1.6). In chapter 4, | therefore combined the three domains
to better understand the complex interplay between transmission, human behavior, and
control measures.

In chapter 4, | aimed to find an answer to the following question; How did control mea-
sures impact the contact pattern in Switzerland and consequently the transmission of
SARS-CoV-2? | hypothesized that contact numbers decreased with the stringency of
control measures. Therefore, | aimed to estimate the reduction of contacts compared
with a pre-pandemic scenario and the associations of the number of social contacts with
the implemented NPIs between 2021 and 2022. | harmonized 24 survey waves from an
online survey in a nationally representative sample (called the CoMix study). Addition-
ally, | made the data-set openly available to enable reproducibility and further research.
The chapter 4 provides useful insights to parameterize mathematical models of infec-
tious disease transmission. However, public health is not only about understanding and
mitigating the spread but more importantly about reducing suffering of diseases. Control
measures such as SARS-CoV-2 vaccines help to reduce the number of severe cases,
and it is therefore important to understand the vaccination uptake and possible barriers.

In chapter 5, | aimed to find an answer to the following question; What sociodemographic
factors were associated with low vaccination uptake in Switzerland? | hypothesized that
sociodemographic factors such as region of living impacted vaccination uptake. There-
fore, | aimed to estimate the rate ratio of vaccination uptake for sociodemographic factors.
| used six survey waves that | harmonized in chapter 4. From this data, | analyzed so-
ciodemographic factors, social contact behavior, and vaccination uptake in adults living
in Switzerland between June 2021 and September 2021. | estimated the adjusted rate
ratio with a Poisson regression model.
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Abstract

During the summers of 2020 and 2021, the number of confirmed cases of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infections in Switzerland remained
at relatively low levels, but grew steadily over time. It remains unclear to what extent
epidemic growth during these periods was a result of the relaxation of local control mea-
sures or increased traveling and subsequent importation of cases. A better understand-
ing of the role of cross-border-associated cases (imports) on the local epidemic dynamics
will help to inform future surveillance strategies.

We analyzed routine surveillance data of confirmed cases of SARS-CoV-2 in Switzerland
from 1 June to 30 September 2020 and 2021. We used a stochastic branching process
model that accounts for superspreading of SARS-CoV-2 to simulate epidemic trajectories
in absence and in presence of imports during summer 2020 and 2021.

The Swiss Federal Office of Public Health reported 22,919 and 145,840 confirmed cases
of SARS-CoV-2 from 1 June to 30 September 2020 and 2021, respectively. Among cases
with known place of exposure, 27% (3,276 of 12,088) and 25% (1,110 of 4,368) reported
an exposure abroad in 2020 and 2021, respectively. Without considering the impact of
imported cases, the steady growth of confirmed cases during summer periods would be
consistent with a value of R, that is significantly above the critical threshold of 1. In con-
trast, we estimated R. at 0.84 (95% credible interval, Crl: 0.78-0.90) in 2020 and 0.82
(95% Crl: 0.74-0.90) in 2021 when imported cases were taken into account, indicating
that the local R, was below the critical threshold of 1 during summer.

In Switzerland, cross-border-associated SARS-CoV-2 cases had a considerable impact
on the local transmission dynamics and can explain the steady growth of the epidemic
during the summers of 2020 and 2021.

Keywords SARS-CoV-2; import; cross-border-associated cases; travel; summer.
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2.1 Introduction

In early 2020, the emergence and spread of severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) in Europe was facilitated by travelers (Worobey et al., 2020). A
simulation study showed that targeting of air-travelers with symptom-based screening at
exit or entry points of countries likely delayed the local spread of SARS-CoV-2 during the
first months of the pandemic. If travel-related control measures were introduced with a
delay, i.e. after local transmission had already been triggered by earlier arrivals of travel-
ers, then control measures only delayed local spread by a few days (Clifford et al., 2020).
The role of travelers in the spread of SARS-CoV-2 changed after local transmission had
been established with varying levels of incidence across countries. Russell et al. (2021)
showed that the contribution of imported cases on the local epidemic dynamics strongly
depends on the local incidence of SARS-CoV-2, whether local epidemics are close to
tipping points for exponential growth, and travel volumes.

A phylogenetic analysis reported on a novel SARS-CoV-2 variant, 20E (EU1), which was
identified in Spain and subsequently spread to countries across Europe in summer 2020
(Hodcroft et al., 2021). The study estimated that 20E (EU1) was introduced multiple times
into various European countries including Switzerland. This illustrated how the rising inci-
dence in the country of origin, lack of screening and surveillance efforts, and resumption
of travel can quickly establish local outbreaks and epidemics and undermine local efforts
to control SARS-CoV-2 transmission. The rapid spread of 20E (EU1) revealed that travel
guidelines and restrictions in Europe were mostly not sufficient to reduce cross-border
transmission as holiday travel to countries with a higher incidence was not accompanied
with adequate screening and surveillance efforts. These findings were supported by a
phylogeographic study that showed how the impact of imported viral lineages on the lo-
cal transmission dynamics was negatively associated with the local incidence (Lemey
et al., 2021). Furthermore, they estimated that Belgium, the Netherlands, Norway, and
Switzerland had more introductions than exports during summer 2020, highlighting that
imported cases were impacting the SARS-CoV-2 epidemic in these countries.

Like most European countries, Switzerland experienced rapid spread of SARS-CoV-2
after reporting the first confirmed case on 25 February 2020 (Lemaitre et al., 2020). The
federal government issued a number of major non-pharmaceutical interventions (NPIs)
that included mandatory working from home, closing of schools and universities, non-
essential shops, and restaurants, prohibition of gatherings of more than five people, and
restricted movement across borders. Switzerland lifted major measures on 10 May 2020
and reopened its borders to countries of the Schengen Area on 15 June 2020 (Federal
Council, 2020b). Switzerland lies at the heart of Europe, neighboring five countries,
and has a significant fraction of foreign residents and cross-border commuters. In a
survey conducted in Switzerland in May 2020, almost 80% of participants indicated that
traveling is an important part of their holidays (Heim and Miller, 2020). In another survey
conducted in June 2020, 15% planned to spend their summer holidays abroad compared
to 49% before the pandemic (Bosshardt et al., 2020). Around 4% were planning to go to
Germany, 3% to France, and 2% to ltaly or Austria. More distant holiday destinations like
Spain or Greece were planned to be visited by less than 1%. In summer 2020, travel-
related control measures were limited. Countries with a higher incidence compared to
Switzerland were typically added to a quarantine list, but often with considerable delays
or not at all. The epidemic changed between the summers of 2020 and 2021 with high
infection levels in winter and the start of the vaccination campaign. With the introduction
of the COVID-19 certificate on 7 June 2021 (Federal Council, 2020c), travelers had to test
negative for entering Switzerland, be recovered from, or be vaccinated against SARS-
CoV-2. On 26 June 2021, quarantine requirement for those who had recovered from
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SARS-CoV-2 or had been vaccinated was lifted (Federal Council, 2020c). Hence, in both
summers travel-associated cases were to be expected, but the impact of these cases on
the local level of transmission of SARS-CoV-2 in Switzerland remained unknown.

The local level of transmission can be quantified by the effective reproduction number R,
which represents the average number of secondary cases per infected case at a given
time in an epidemic (Gostic et al., 2020). Typically, estimates of R. are based on con-
firmed case counts from a certain country or region and do not consider imported cases,
which were infected abroad. When the proportion of imported cases among all confirmed
cases is sufficiently high, conclusions about the efficacy of local control measures can
be hampered. In addition, it is important to consider stochastic effects of transmission
and the potential for superspreading when incidence is low and even a small number of
imports can have a large impact on the local epidemic dynamics. Stochastic branching
process models can account for the observed overdispersion in the number of secondary
SARS-CoV-2 cases (Bi et al., 2020; Kremer et al., 2021; Laxminarayan et al., 2020), and
were used to estimate the basic reproduction number Ry during the early transmission
of SARS-CoV-2 in Wuhan, China (Riou and Althaus, 2020).

In this study, we quantified the impact of cross-border-associated (imported) cases on the
SARS-CoV-2 epidemic in Switzerland during the summer of 2020 and 2021. To this end,
we first described routine surveillance data of confirmed cases by country of exposure
to SARS-CoV-2. We then calibrated a stochastic branching process model that accounts
for superspreading of SARS-CoV-2 to the observed cases in Switzerland using different
scenarios for the number of imports. This allowed us to obtain estimates of the local R,
in absence and presence of imports, highlighting the potential role of travelers on the
local epidemic.

2.2 Methods

Data

We analyzed routine surveillance data of confirmed cases of SARS-CoV-2 in Switzerland
from 1 June to 30 September 2020 and 2021 that were provided by the Swiss Federal
Office of Public Health (FOPH). Data included age, sex, case date (earliest available
date of sample, test or registration), and the country of exposure, i.e., the country where
confirmed cases had been within the last 14 days before they were tested or began to
have symptoms. We compared the age of cases from Switzerland and abroad using
Student’s t-test. To compare the incidence of confirmed cases between Switzerland and
other countries, we retrieved data from ‘Our World in Data’ (Hasell et al., 2020; Ritchie
et al., 2020).

Stochastic simulations

We simulated epidemic trajectories of SARS-CoV-2 in Switzerland from 1 June to 30
September 2020 and 2021. To this end, we used a stochastic branching process model
that accounts for superspreading in transmission of SARS-CoV-2 (Althaus, 2015; Riou
and Althaus, 2020). The branching process was based on a negative binomial distribu-
tion to describe the number of secondary cases, with a mean of R, and overdispersion
k. The generation time for each transmission event was sampled from the gamma distri-
bution with a mean of 5.2 days and a standard deviation (sd) of 1.72 days (Ganyani et al.,
2020).

We considered different parameter combinations of R., k, and the seed, i.e., the number
of infectious individuals during the week preceding the start of the simulation. For R,
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we assumed a uniform prior distribution between 0.5 and 1.5. k£ was normally distributed
between 0.49 and 0.52 (Laxminarayan et al., 2020). In a sensitivity analysis, we also
considered values of 0.1 and 1 (Taube et al., 2021). To obtain the seed, we fitted a
negative binomial generalized linear model with a weekend effect to account for varying
testing rates to the daily number of confirmed cases during the study period. We then
sampled from a uniform distribution of the 95% prediction interval of confirmed cases for
the week before the study period (16-30 cases per day in 2020, and 98-300 cases per
day in 2021).

We derived the number of imported cases from the routine surveillance data. In Novem-
ber 2020, registration procedures changed and the country of exposure was only avail-
able for hospitalized cases, deceased cases, and cases in nursing homes. Information
on the place of exposure was frequently missing (table 2.1 and table A.1). To account
for a potential reporting bias, we considered different scenarios for the total number of
imported cases among all confirmed cases: a) we assumed imported cases among re-
ported cases were representative and extrapolated to the total number of cases (missing
at random), b) we assumed imported cases were less likely among cases with missing
information (‘lower limit’), c) we assumed imported cases were more likely among cases
with missing information (‘upper limit’). The lower and upper limits correspond to 50%
and 150% of the daily imports of the first scenario. We compared these three scenarios
to a baseline scenario without any imported cases, i.e., a scenario where the number of
imported cases was set to 0.

Inference

We simulated 10° epidemic trajectories by randomly sampling parameter values. For
the scenarios with imported cases, we added the imported cases to the simulations ac-
cording to their case date. For the lower and upper limit scenarios, we decreased and
increased the extrapolated number of imported cases by 50% and 150% for each day.
We assumed that reported cases were representative of the overall infection dynamics,
i.e., that the reporting rate was constant throughout each study period. Furthermore, we
assumed that imported cases were equally likely to transmit and initiate new branches
of transmission as did the local cases (see discussion). For computational reasons, we
stopped and removed simulated trajectories that exceeded a cumulative incidence of 10°
cases before the end of the simulation. As this value is orders of magnitude higher than
the target incidence for model calibration, this did not affect our results.

To infer R, for the different scenarios, we applied Approximate Bayesian Computation
(ABC) and rejected the parameter combinations where the simulated cumulative and
final incidence fell outside specific ranges. The ranges for each period were defined
as the 95% prediction interval of the cumulative incidence and of the final incidence
of confirmed cases, assuming a negative binomial distribution. For the final incidence,
we considered the average incidence over the last week. We quantitatively compared
the quality of the calibrated simulations in describing the observed number of confirmed
cases in summer 2020 and 2021. To this end, we computed the sum of squared residuals
(SSR) between each of 1,000 randomly selected trajectories and the daily incidence
of confirmed cases (7-day moving average), and the root-mean-square error (RMSE)
for each scenario. We then compared the RMSE and density distribution of the SSR
between the different scenarios.

All analyses were performed using R version 4.0 with the following packages: MASS,
MCMCglmm, doParallel, foreach, lubridate, reshape2, ggplot2, ggpubr, grid,
gridExtra, RColorBrewer (R Core Team, 2020). Code is available on GitHub (https:
/lgithub.com/ISPMBern/covid_summer).
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FIGURE 2.1: SARS-CoV-2 epidemic in Switzerland during summer 2020 and 2021. A) Daily
number of all confirmed cases (blue) and reported imported cases (red). B) Imported cases
as reported (red), and three different scenarios extrapolating the total number of imports from
reported imports.

Description of the epidemic dynamics

The number of daily confirmed cases of SARS-CoV-2 increased continuously in Switzer-
land during early summer 2020 and 2021 before it declined in September of both years
(fig. 2.1). Between 1 June to 30 September 2020, FOPH reported 22,919 confirmed
cases of SARS-CoV-2 (table 2.1 and table A.1). For 12,088 (53%) cases, the reported
country of exposure was available. Of these, 3,276 (27%) cases reported an exposure
abroad. The highest number of imports was reported on 18 August 2020. The number
of confirmed cases was considerably higher during summer 2021. Between 1 June to 30
September 2021, FOPH received 145,840 notifications of SARS-CoV-2 cases (table 2.1
and table A.1). Due to changes in the registration of cases, the country of exposure in
2021 was only available for hospitalized cases, deceased cases and cases in nursing
homes (4,368 or 3%). Of these, 1,110 (25%) cases reported an exposure abroad. Ex-
trapolation of reported imports resulted in 3,106 to 9,317 and 18,530 to 55,591 imports
for summer 2020 and 2021, respectively (fig. 2.1 and table 2.1). The highest number of
imports was reported on 23 August 2021. In both years, the highest number of imports
coincided with the end of school holidays and resumption of school in most cantons in
Switzerland (fig. A.1). Among imported cases, the countries of the reported most likely
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TABLE 2.1: Cases with exposure in Switzerland and abroad. Percentages for SARS-CoV-2 cases
with reported exposure correspond to all cases with known exposure. Scenario a) Missing at
random. Scenario b) Lower limit (50% of imports in scenario a). Scenario c) Upper limit (150% of
imports in scenario a).

|| Summer 2020 (Jun-Sep)  Summer 2021 (Jun-Sep)

Total confirmed cases 22,919 145,840
Confirmed cases with known exposure 12,088 (53%) 4,368 (3%)
Confirmed cases with exposure in Switzerland || 8,812 (73%) 3,258 (75%)
Confirmed cases with exposure abroad 3,276 (27%) 1,110 (25%)
Total number of imports (scenario a) 6,211 37,061

Total number of imports (scenario b) 3,106 18,530
Total number of imports (scenario c) 9,317 55,591

exposure were France and Croatia in 2020, and North Macedonia and Kosovo in 2021.
During both years, the mean age of all imported cases was lower compared to local
cases (table A.1 and fig. A.2). Note that the mean age of all cases for which the coun-
try of exposure was available was substantially higher in 2021 compared to 2020 due to
differences in reporting guidelines.

Comparison with other countries

The incidence of SARS-CoV-2 cases in countries that were reported as a common place
of exposure among Swiss cases varied widely (fig. A.3 and table A.1). In 2020, the
incidence per million in the 19 countries with at least 10 reported imports was higher
compared to Switzerland during 52 of 122 days (interquartile range, IQR: 40-107 days)
during the study period on average. At the beginning of June 2020, testing was not
mandatory to enter Switzerland and none of these 19 countries were listed on ’Ordi-
nance on Measures to Combat the Coronavirus (COVID-19) in International Passenger
Transport’ (Federal Council, 2021). This list has been regularly updated by the Swiss
authorities based on the global epidemiological situation and their strategy to combat
SARS-CoV-2. It is important to note that quarantine for travelers in Switzerland was not
enforced, but was based on trust.

Several countries were subsequently added to the quarantine list until the end of Septem-
ber 2020 (table A.1). In 2021, the incidence in the 14 countries with at least 10 reported
imports was higher compared to Switzerland during 52 of 122 days (IQR: 26-86 days)
during the study period on average. During the study period of 2021, quarantine was
only mandatory for travelers returning from specific countries, i.e., countries with unreli-
able surveillance data, a high number of imports, and countries where the incidence per
million cases during the last two weeks was 60 times higher compared to Switzerland
(Federal Council, 2021).

Stochastic simulations

To understand the role of imported cases on the local dynamics of SARS-CoV-2 in
Switzerland, we simulated epidemic trajectories for different import scenarios using a
stochastic branching process model (fig. 2.2 and fig. A.4). Calibrating the different sce-
narios for the total number of imports to the confirmed number of cases allowed us to
estimate the values of the effective reproduction number R, that are most compatible
with the observed epidemic dynamics. In our baseline scenario (without imports), only
an R, above the critical threshold of 1 is compatible with the observed overall increase
in the daily number of cases. Hence, we estimated a local R, = 1.12 (95% credible
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FIGURE 2.2: Simulated epidemic trajectories of the SARS-CoV-2 epidemic in Switzerland during
summer 2020 and 2021. Top row: Baseline scenario without imports, which leads to an estimated
local Re above one. Bottom row: Scenario a) (missing at random) assuming 27% and 25% of
confirmed cases were imports in 2020 and 2021, respectively. Colored areas represent all cali-
brated epidemic trajectories. The median of the epidemic trajectories and the reported incidence
of confirmed cases (7-day moving average) are given as yellow and blue lines, respectively.

interval, Crl: 1.08-1.16) in summer 2020 and R, = 1.09 (95% Crl: 1.06-1.12) in summer
2021, suggesting that the local R, in Switzerland was above the critical threshold of 1
during those time periods (fig. 2.3). In contrast, taking imports into account does not
require a continuous exponential growth of the local epidemic to be compatible with the
data. In scenario a), assuming reported imports were representative, i.e., unreported
imports were missing at random, we estimated a considerably lower local R, = 0.84
(95% Crl: 0.78-0.90) and R, = 0.82 (95% Crl: 0.74-0.90) in summer 2020 and 2021,
respectively (fig. 2.2 and fig. 2.3). Despite R, being below the critical threshold of 1, the
simulated epidemics were still growing due to imported cases and subsequently declined
when imports decreased after mid-August. The additional scenarios b) (lower limit that
assumed imports were overreported) and c¢) (upper limit that assumed imports were un-
derreported) also resulted in estimates of R, that were below the critical threshold of 1
(fig. 2.3 and table A.2).

In contrast to the baseline scenario, the scenarios with imported cases can qualitatively
account for the initial increase in incidence during summer, and the subsequent decrease
in the second half of September during both years. We further conducted a quantitative
comparison of the quality of the calibrated scenarios in describing the observed number
of cases (fig. A.5). For 2020, scenario a) resulted in the lowest RMSE (664) followed
by scenario b) (697), scenario c) (732), and the baseline scenario (746) For 2021, the
RMSE was lowest for scenario a) (6,328) and scenario c¢) (6,327), followed by scenario b)
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FIGURE 2.3: Estimates of the effective reproduction number R, of SARS-CoV-2 during summer
2020 and 2021. Three different import scenarios are compared to the baseline scenario that does
not consider imports.

(6,525), and the baseline scenario (8,252). The quantitative comparison of the different
scenarios further illustrates that taking into account imported cases results in a better
description of the initial increase in confirmed cases during summer and the subsequent
decline in the second half of September during both summers.

Sensitivity analysis

In a sensitivity analysis, we evaluated the effect of different levels for the overdispersion
(superspreading) on the estimated values of R.. We hypothesized that overdispersion
can strongly affect the role of imports on the local dynamics. However, we found that
higher and lower values of k, representing more and less superspreading, did not result
in notable differences estimates of R, (table A.2).

2.4 Discussion

We analyzed routine surveillance data and used a stochastic branching process model to
quantify the impact of imported cases on the SARS-CoV-2 epidemic in Switzerland dur-
ing summer 2020 and 2021. We found that 27% and 25% of cases with a known place of
exposure reported exposure abroad in 2020 and 2021, respectively. Stochastic simula-
tions suggested that the local R, was likely below the critical threshold of 1, highlighting
that transmission within Switzerland was under sufficient control during the summers of
both years. Our results indicate that imported cases caused the local epidemic to cross



28 Chapter 2. Impact of cross-border-associated cases

the tipping point of sustained growth. Imports led to a steady rise in cases from June to
August and a drop in September in both years. Together, our results highlight that the
high number of imported cases had a considerable impact on the dynamics of the Swiss
SARS-CoV-2 epidemic during periods when local transmission was low.

Our study relied on detailed surveillance data from FOPH that provide information about
the place of exposure in a subset of all confirmed SARS-CoV-2 cases. This allowed us
to track imported cases by country of exposure and over time in detail. The stochastic
modeling approach was particularly suitable to describe the impact of single importation
events on the epidemic dynamics in low incidence settings. Another strength of our study
was that our main findings and conclusions are supported by both data sets from summer
2020 and 2021.

There are a number of limitations to our study. First, information on the place of exposure
was missing for a significant fraction of confirmed cases. This was because the place of
exposure was only reported via the clinical report form, which could have been filled in
for all cases up to 2 November 2020 and thereafter only for hospitalized cases, deceased
cases, and cases in nursing homes. Since hospitalized cases, deceased cases, and pa-
tients in nursing homes tend to be older, cross-border-associated cases were older in
2021 than in 2020. To account for uncertainty of missing data, we compared the results
of our baseline scenario (missing at random) with alternative scenarios that assumed
imported cases were less or more likely to have unknown place of exposure than local
cases. Second, the data did not allow to distinguish between different types of traveling,
like daily commuting across borders to Germany, France, ltaly, Austria, and the Princi-
pality of Liechtenstein, Swiss residents returning from trips abroad, or foreign tourists.
There was also no information about the modes of transport such as planes, cars, or
public transport. Hence, the results of our study do not allow deriving specific inter-
ventions that would reduce the number of imported cases. Third, we assumed that the
ascertainment of confirmed cases was constant and that they reflected the underlying
dynamics of the SARS-CoV-2 epidemic. During the study periods, the degree of under-
ascertainment was relatively low, suggesting that the confirmed cases represented the
summer epidemics well (Nadeau et al., 2020; Stringhini et al., 2021a). Fourth, we re-
stricted the study periods to the summer of 2020 and 2021 and assumed a constant
R, in our model simulations. We specifically chose these time periods because earlier
research has shown the importance of holiday travel for the spread of SARS-CoV-2 dur-
ing summer (Hodcroft et al., 2021). Furthermore, the locally implemented NPIs varied
little throughout the study periods (the KOF stringency index remained largely constant
from July to October of both years (Pleninger et al. 2021 and fig. A.1) and the impact of
seasonal effects on virus transmission is unlikely to change substantially during summer
months (Neher et al., 2020). In contrast, R, varied considerably from autumn to spring
and our stochastic modeling framework would not accurately capture the transmission
dynamics during this time period. It is worth noting that the emergence of the variant
Delta resulted in a higher intrinsic transmissibility of SARS-CoV-2 in summer 2021 com-
pared to 2020 (Campbell et al., 2021). Fifth, we assumed that imported cases were as
likely to generate secondary cases as local cases. In summer 2020, incoming travelers
were not routinely tested but should have followed quarantine when they came from cer-
tain countries. Since quarantine was not enforced as in other countries (e.g., Australia or
New Zealand) but based on trust, the adherence to this measure and its impact on further
transmission of SARS-CoV-2 from imported cases - compared to local cases - remains
unclear. Furthermore, mandatory quarantine for travelers from countries with many im-
ported cases (e.g., France, Croatia, Italy, Germany) were only introduced in September
2020 or not at all. In the future, more detailed models that are informed by behavioral
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data and include different transmission rates could further improve our understanding of
transmission from imported and local cases (Ashcroft et al., 2021). Finally, we did not
consider different age groups and age-specific contact patterns in our model (Coletti et
al., 2020; Jarvis et al., 2020). Our finding that the median age of imported cases was
lower compared to local cases indicates that future studies should also consider social
contact patterns of travelers to better understand their impact on SARS-CoV-2 epidemics.
Other estimates of the R, for Switzerland during the same time period were similar to
our baseline scenario (https://github.com/covid-19-Re; Huisman et al., 2022). However,
these values likely represent overestimates. The results from our main scenario account-
ing for imports suggest that the local R, was below 1 and that imported cases led to a
steady growth in the number of confirmed cases. Our study therefore supports the no-
tion that travelers play an important role in the spread of SARS-CoV-2 (Hodcroft et al.,
2021; Shearer et al., 2022; Worobey et al., 2020), and provides further evidence that the
contribution of imported cases on the local epidemic dynamics depends on the local inci-
dence (Lemey et al., 2021; Russell et al., 2021). Furthermore, the risk of getting infected
with SARS-CoV-2 while abroad can differ from the risk at home due to differences in inci-
dence and behavior. Many infected travelers returned to Switzerland from countries with
a similar incidence to Switzerland, but incidence levels varied widely within countries and
were arguably higher in tourist hotspots. An earlier study indeed showed that the number
of imported cases is typically higher than what one would expect based on the incidence
and travel volume (Hodcroft et al., 2021). In addition, traveling is likely associated with
leisure activities that result in a higher risk of infection (Coletti et al., 2021).

Public health measures to control the spread of SARS-CoV-2 from travelers will continue
to play an important role in the global response against the SARS-CoV-2 pandemic. Dur-
ing the beginning of the pandemic, response strategies have varied enormously ranging
from containment (e.g., Australia, New Zealand, or Taiwan) to mitigation (e.g., Euro-
pean countries and the United States). Compared to 2020 and 2021, the situation had
changed considerably due to the increasing levels of naturally acquired and vaccine-
elicited immunity that substantially reduced COVID-19-related morbidity and mortality.
Hence, the continuation of travel measures such as screening, quarantine, isolation, con-
tact tracing, vaccination passports, and travel restrictions have to be carefully balanced
against the high societal and economic costs that accompany these measures (Ashcroft
et al., 2021; Clifford et al., 2021; McCrone et al., 2022). The choice of an objective for
(re-)implementing travel measures will likely depend on the local context and the global
situation concerning SARS-CoV-2 transmission and the prevalence of variants of con-
cern (VoCs). The expected seasonal variation in the level of SARS-CoV-2 transmission,
the rise of the Omicron variant (Viana et al., 2022), and the expected emergence of future
VoCs with altered transmission underlines the importance of internationally coordinated
and evidence-based strategies to travel measures (Kucharski et al., 2022; McCrone et
al., 2022). Though the outlook for SARS-CoV-2 may suggest that travel restrictions may
play a less prominent role in the future, they are particularly critical before other methods
of treatment or prevention, like vaccination, are available, or when they are limited. Thus,
developing frameworks to better understand the role of imported transmissions is critical
for being prepared for future pandemics, so that effective measures can be successfully
implemented while minimizing disruption.

The results of this study advance our understanding of the role of imported cases on the
local epidemic dynamics of SARS-CoV-2. We found that imported cases can explain the
steady growth of the epidemic in Switzerland during summer 2020 and 2021, a period
without strong surveillance and control measures for travelers. Improved screening and
surveillance efforts targeting travelers can continue to be valuable tools for controlling
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transmission of SARS-CoV-2, especially when local incidence is low.
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Abstract

The SARS-CoV-2 pandemic has led to the emergence of various variants of concern
(VoCs) that are associated with increased transmissibility, immune evasion, or differ-
ences in disease severity. The emergence of VoCs fueled interest in understanding the
potential impact of travel restrictions and surveillance strategies to prevent or delay the
early spread of VoCs. We performed phylogenetic analyses and mathematical modeling
to study the importation and spread of the VoCs Alpha and Delta in Switzerland in 2020
and 2021. Using a phylogenetic approach, we estimated 383-1,038 imports of Alpha and
455-1,347 imports of Delta into Switzerland. We then used the results from the phylo-
genetic analysis to parameterize a dynamic transmission that accurately described the
subsequent spread of Alpha and Delta. We modeled different counterfactual intervention
scenarios to quantify the potential impact of border closures and surveillance of travelers
on the spread of Alpha and Delta. We found that implementing border closures after
the announcement of VoCs would have been of limited impact to mitigate the spread of
VoCs. In contrast, increased surveillance of travelers could prove to be an effective mea-
sure for delaying the spread of VoCs in situations where their severity remains unclear.
Our study shows how phylogenetic analysis in combination with dynamic transmission
models can be used to estimate the number of imported SARS-CoV-2 variants and the
potential impact of different intervention scenarios to inform the public health response
during the pandemic.

Keywords SARS-CoV-2; import; variants of concern; phylogenetics; tranmission model;
travel regulation; surveillance.
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3.1 Introduction

Since 2019, the severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2)
has been spreading continuously, which has driven its evolution. Variants of concern
(VoCs) have emerged which are associated with increased transmissibility, immune es-
cape, changes in disease severity, or a combination thereof (WHO, 2023b). Alpha and
Delta emerged in late 2020 and mid 2021, and their transmission dynamics were influ-
enced by importations, the heterogeneous landscape of naturally acquired and vaccine-
elicited immunity, and non-pharmaceutical interventions (NPIs) such as surveillance of
travelers and travel restrictions. It was previously shown that the resumption of travel
in summer 2020 after strict control interventions that - while varying by country - often
involved border closures, working from home and restricting social contacts, led to the
importation of a new SARS-CoV-2 variant that fueled epidemics in countries with low-
incidence (Hodcroft et al., 2021; Lemey et al., 2020; Reichmuth et al., 2022b). In win-
ter 2020/2021, Swiss authorities tightened travel restrictions again for travelers from the
United Kingdom (UK) (FOPH, 2020), which were followed by overall stricter measures in
Switzerland once concerns about the newly detected Alpha variant were communicated.
To date, however, the impact of such travel restrictions and surveillance strategies to
prevent or delay the introduction of VoCs are not well understood.

Global genomic surveillance is vital to capture the transmission dynamics of different
SARS-CoV-2 variants around the world. Genomic and epidemiological data allow char-
acterization and quantification of the spread of VoCs (Campbell et al., 2021; Chen et al.,
2021; du Plessis et al., 2021; Earnest et al., 2022; Volz et al., 2021). At the end of
2020, deletions in the Alpha variant meant that Polymerase Chain Reaction (PCR) test-
ing methods targeting a particular section of the S gene failed, leading to 'S gene target
failure’ (SGTF), which allowed tracking of the spread of Alpha, and in some cases, pref-
erential sequencing of Alpha cases (Chen et al., 2021). Alpha, that was initially detected
in the UK, showing a 37%-100% increase in transmissibility over previously circulating
variants (Althaus et al., 2021; Campbell et al., 2021; Chen et al., 2021; Davies et al.,
2021; Earnest et al., 2022; Volz et al., 2021). In early 2021, Alpha was continuously
displaced by another VoC, Delta, which likely emerged in India (Vaidyanathan, 2021).
For Delta, studies have estimated an increased transmissibility compared to previously
circulating variants, which were predominantly Alpha in Europe and North America, Beta
in South Africa, and Gamma in South America, between 40% and 167% (Campbell et al.,
2021; Earnest et al., 2022). VoCs emerge in one place and spread to different countries
through travel. Therefore, quantifying the impact of travel and imported SARS-CoV-2
cases can help guide pandemic responses, particularly prior to wide-spread vaccination.
Routinely obtained surveillance data can provide valuable information about the place
of exposure, but can be biased (Reichmuth et al., 2022b). Leveraging the wealth of ge-
nomic data offers the opportunity to integrate an additional level of information to inform
the impact of travel and importation events. To try to prevent or slow the import of VoCs,
some countries have introduced travel restrictions such as vaccination certificates, test-
ing, or travel bans. Although travel restrictions have not prevented the global spread of
VoCs, they could potentially mitigate the early spread and lessen the impact of new VoCs
on hospitalizations and deaths until there is an improved understanding of new VoCs to
then intervene appropriately.

Mathematical modeling studies and phylogenetic analyses are central to understand the
transmission dynamics and evolution of infectious diseases and to inform public health
decision making (Grassly and Fraser, 2008). For example, the early description of the
emergence of Alpha was based on mathematical and statistical modeling approaches
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and critically influenced the early response against the variant (Davies et al., 2021). Phy-
lodynamic analyses have been used to study the evolution of infectious pathogens in
intra- and inter-host systems (Grenfell et al., 2004; Volz et al., 2013). For example,
BEAST (Drummond and Rambaut, 2007) can be combined with compartmental trans-
mission models to infer epidemiological parameters such as the basic reproduction num-
ber Ry (Stadler et al., 2012; Volz et al., 2017). Inter-host epidemiological dynamics
have also been used to study the importation of infectious pathogens such as Zika virus,
dengue virus or SARS-CoV-2 (Alm et al., 2020; du Plessis et al., 2021; Hodcroft et al.,
2021; Ito et al., 2007; Lemieux et al., 2021; McCrone et al., 2022; Sun et al., 2017; Tay-
oun et al., 2020; Tegally et al., 2021). Integrating phylogenetic analyses with dynamic
transmission models also has the potential to provide comprehensive inferences and
projections of the SARS-CoV-2 pandemic.

In this study, we used a stepwise approach of phylogenetic analyses in combination with
a dynamic SARS-CoV-2 transmission model to study the spread of VoCs in Switzerland.
First, we reconstructed phylogenies of the Alpha and Delta variants to estimate the num-
ber of imported cases into Switzerland. Second, we modeled the importation and spread
of Alpha and Delta in Switzerland. Finally, we simulated the impact of three counterfac-
tual scenarios to mitigate the spread of Alpha and Delta.

3.2 Methods

Data

We used publicly available data from the Swiss Federal Office of Public Health (FOPH),
CoV-Spectrum, and the Federal Statistical Office (FSO) on daily laboratory-confirmed
SARS-CoV-2 cases, daily estimates of the effective reproduction number R., genomic
metadata, and the population size (BFS, 2021; Chen et al., 2022a; FOPH, 2023a;
Ganyani et al., 2020; Huisman et al., 2022; Stringhini et al., 2021a). We accessed
sequencing data via GISAID (Elbe and Buckland-Merrett, 2017) on 15 February 2022,
including data generated in Switzerland as part of a federal consortium (Goncalves
Cabecinhas et al., 2021), to ensure the considered sequences encompass the intro-
duction periods of Alpha and Delta into Switzerland. We used a combination of code
from CoVariants.org and in-house scripts (available at https://github.com/emmahodcrof
t/Intros-CH-AlphaDelta) to select all Alpha (Nextstrain clade 20l) and Delta (Nextstrain
clades 21A, 211, and 21J) sequences sampled in Switzerland prior to 31 March 2021
and 31 July 2021, respectively, which are the dates when the proportion of each VoC
was over 90% among all sequenced cases in Switzerland. We then ran the selected
sequences through the Nextstrain ncov pipeline https://github.com/nextstrain/ncov,
as modified for CoVariants.org, to generate ‘focal’ phylogenies (available at https:
//github.com/emmahodcroft/ncov_2021/tree/random_context_reduce). We min-
imized bias and improved phylogenetic inference by masking highly homoplastic sites
and removing sequences with fewer than 27,000 bases, as recommended by De Maio
et al. (2020). These focal trees contained all Alpha or Delta sequences from Switzerland
before the 90% VoC representation date which passed quality control criteria. Along-
side these, to maximize the chance of including closely related non-Swiss sequences,
which allows detection of a putative importation, we included up to 10,000 non-Swiss,
global ‘context’ sequences that were most genetically similar to our focal set. We chose
the number of genetically similar sequences to have a dataset of approximately 15,000
to 18,000 sequences for computational tractability while resulting in 1.25 to 2 geneti-
cally similar global sequences per focal sequence. In addition, approximately 200 ran-
dom ’background’ sequences, distributed through time, were included to ensure the tree
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FIGURE 3.1: lllustrative example of the conservative and liberal approach to estimate the im-
portation of VoCs to Switzerland. A) In the liberal approach, each subsequent subtree of only
Swiss sequences is considered as a separate importation event. In this example, there would
be two imports to Switzerland. B) In the conservative approach, subtrees with mixed Swiss and
non-Swiss sequences are considered as one importation. Non-Swiss sequences are assumed
to be exports from Switzerland or to originate from parallel evolution outside of Switzerland. In
this example, there would be one import into Switzerland. More details are provided in the Sup-
plementary Methods.

rooted correctly. Both of these context and background sequence sets were generated
using the algorithms in the Nextstrain ncov pipeline (see Supplementary Methods), and
were also sampled prior to 31 March 2021 and 31 July 2021 for Alpha and Delta respec-
tively. The final set of sequences that we used for the analysis can be seen on GISAID
under EPI_SET_221003xn (table B.2); 93% of the Swiss sequences are also available
openly (table B.3). As a sensitivity analysis, we randomly downsampled all available se-
quences prior to our cutoff dates by 50% before selecting the most 10,000 genetically
similar sequences, and repeated this ten times. The objective was to assess the influ-
ence of context sequencing coverage on our phylogenetic analysis and estimates of the
imports.

Phylogenetic analysis

To estimate the number of imports of VoCs into Switzerland, we collapsed phylogenetic
trees into clusters. As previously described in Hodcroft et al. (2021), we collapsed sub-
trees that contain only sequences from a single country into the parental node to form a
polytomy. This process was repeated in a recursive ‘bottom-up’ fashion, such that every
node eligible for collapsing was collapsed. After collapsing, we labeled internal nodes by
the proportion of the geographic origin of their direct children (see Supplementary Meth-
ods for a more detailed explanation). Because both Alpha and Delta originated outside
of Switzerland, the roots of these variants are non-Swiss, and thus, we inferred a putative
import whenever a node without Swiss sequences led to a node with Swiss sequences.
We used two approaches to estimate the number of imports, referred to as the liberal and
conservative phylogenetic approach, which infer upper and lower bounds on the number
of imports. The liberal approach considered any mixed Swiss and non-Swiss node as an
introduction (fig. 3.1). On the other hand, when Swiss and non-Swiss sequences formed



38 Chapter 3. Importation of variants

a subtree (with mixed-country nodes leading to more mixed-country nodes), the con-
servative approach counted all directly linked mixed-country nodes as only one import,
with further non-Swiss sequences assumed to originate from parallel evolution outside of
Switzerland or exports from Switzerland (fig. 3.1). Import events were recorded and were
then used to parameterize the transmission model (see next section about the transmis-
sion model).

The liberal approach may overestimate imports, as further exports from Switzerland to
other countries or diversification within Switzerland could be wrongly considered imports.
In contrast, the conservative approach considered only the earliest clusters with a Swiss
sequence as imports, which means that further potential imports were strictly excluded.
We chose the date of the earliest sequence of a cluster as the import date and shifted the
date backwards by seven days to account for the delay from infection to case reporting,
i.e., lag of detection. In a sensitivity analysis, we used a range of three to thirteen days
for the lag of detection derived from du Plessis et al. (2021) (fig. 3.1). All code used
to identify the selected sequences, to analyze the resulting phylogenies, to estimate the
number of imports, and for the phylogenetic builds can be found on GitHub: github.com
/emmahodcroft/Intros-CH-AlphaDelta.

Transmission model

Deterministic model

We used a deterministic, population-based transmission model for SARS-CoV-2 in Switzer-
land that was described by the following set of ordinary differential equations (ODEs)
(fig. 3.2):

dS/dt = -ﬁtSIl - (1 + /i)ﬁtSIQ - Wt,
dEl/dt = ﬁtSIl - O'El,
dEo>/dy = (1 + K)BeS1o - o FEo + wy,
dIl/dt = O'E1 - ")/El,
dIQ/dt = O'E2 - ’)/EQ,
dCy/dy = eIy - (Ch,
dCQ/dt = E’)/IQ - CCQ,
dRy/dy = (1 - )yl + ¢Ch,
ng/dt = (1 - 6)’}/12 + CCQ,

where susceptible individuals S can get infected by individuals that either carry the pre-
circulating variant (1) or the imported VoC (/) at rates 5, and (1 + x)j3;, respectively.
x denotes the increased transmissibility of the imported VoC. We calculated « from the
estimated growth advantage p of the new VoC compared to the previously circulating
variants using a logistic growth model (binomial regression) for the proportion of the new
variant among all previously circulating variants (fig. B.5). Assuming no change in the
generation time D and no immune evasion, « = p*D/R,, (Althaus et al., 2021), where
R, is the effective reproduction number of the previously circulating variants during the
time period of replacement. We sampled from that the publicly available estimates of
the daily overall effective reproduction number R, from 1 November 2020 to 31 Jan-
uary 2021 (early growth phase of Alpha) and from 1 April 2021 to 30 June 2021 (early
growth phase of Delta), assuming the values correspond to R,, during these time peri-
ods (https://github.com/covid-19-Re, fig. 3.3, and Huisman et al. 2022). Additionally,
we sampled from the estimated p and calculated the median . We then expressed the
time-dependent transmission rate as a function of the overall R, as follows:

R.S

P = (1+pr)y’
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FIGURE 3.2: Scheme of the SARS-CoV-2 transmission model. The model includes individuals
that were susceptible (.5), exposed to the pre-circulating variant (£,) or the imported VoC (E5), in-
fected with the pre-circulating variant (1) or the imported VoC (1), tested (C; and C5), recovered
from infection (R, and R,). w; denotes the importation of VoCs as derived from the phylogenetic
analysis.

where p = FE»/(E1 + E») corresponds to the proportion of the imported VoC. Exposed
individuals E; and E5 move through an incubation period at rate o before they become
infectious individuals I; and I, for 1/ days. A fraction e of infected infectious individuals
enter a testing compartment where they get tested at rate ( before entering the recovered
compartment, whereas the remainder (1—e¢) does not get tested and moves directly from
the infected compartment to the recovered compartment. w; corresponds to the time-
dependent rate of importation of VoCs. We parameterized the vector w; using the daily
number of estimated imports from the phylogenetic analysis (fig. 3.4), e.g., w; for Alpha
on 1 February 2021 was 8 and 2 for the liberal and conservative approach, respectively.
We simulated importation of Alpha and Delta to Switzerland during the period from 1
October 2020 to 1 May 2021 and 1 February 2021 to 1 September. We designated
variants as either ’Alpha’, 'Delta’ or 'other variants’ and the mathematical modeling anal-
yses started on 1 October 2020 for Alpha and 1 February 2021 for Delta and ended
on 1 May and 1 September, respectively. The initial state variables and the model
parameters were informed by the literature, demography, estimates, and assumptions
(section 3.2). The initial number of recovered individuals infected with all previously
circulating variants was informed by the Corona Immunitas study and set to 15% and
25% of the overall population for 1 October 2020 and 1 February 2021, respectively
(https://www.corona-immunitas.ch). The initial numbers of exposed and infectious
individuals infected with previously circulating variants were based on the number of
laboratory-confirmed SARS-CoV-2 cases, the ascertainment rate, and the infectious pe-
riod. The initial number of exposed and infectious individuals infected with the respective
VoCs was set to zero. All other state variables, unless otherwise specified, were set to
zero. Model simulations were performed in R (version 4.0.3) and code files are available
on the following GitHub repository: github.com/ISPMBern/voc_imports_ch.
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TABLE 3.1: Parameters for the transmission model.

Model

Description Value Source
parameter
N Population size 8,644,780 Swiss BFS (2023)
R. Effective reproduction number fig. 3.3 Huisman et al. (2022)
Based on R.,
3 Transmission rate where p = F1/(F1 + F1)
¢ of previously circulating variant corresponds to the proportion
of the imported VoC
I Alpha: 41%  Estimated from genomic data
K Increased transmissibility of VoC Delta: 56%  (Chen et al., 2022a)
. . Based on a generation time of 5.2 days
1/o Incubation period 2.6 days Ganyani et al. (2020)
. . Based on a generation time of 5.2 days
1/ Infectious period 2.6 days Ganyani et al. (2020)
1/¢ Testing delay 2 days Assumption
we Rate of importation of VoCs fig. 3.4AB Based on the phylogenetic analysis
. Informed by
[)
€ Ascertainment rate 50% Stringhini et al. (2021a,b)

Counterfactual scenarios

We evaluated the potential impact of different intervention strategies to mitigate the
spread of VoCs in Switzerland in various counterfactual scenarios:

a) Existing border closure: We assumed that borders were already closed at the time
of the first estimated import. We then simulated the opening of borders 1 to 100
days after the first estimated import and introduced imports as estimated from that
date forward.

b) Implemented border closure: We assumed that borders were closed on the day of
the international warning about the VoCs. For Alpha and Delta, we stopped imports
for 1 to 60 days after 16 December 2020 24 May 2021 (ECDC, 2021b; Wise, 2020).

c) Increased surveillance of travelers: We assumed improved surveillance, quaran-
tine, and isolation of travelers. We performed simulations where we reduced the
number of simulated imports by randomly selecting 1 to 99% of the estimated im-
ports from the phylogenetic analysis.

We calculated the time to dominance (>50%) of the VoC and compared it to the time
to dominance as observed in Switzerland. Counterfactual scenarios that did not reach
dominance within the predefined period were excluded from the analysis.

Stochastic model

We used a generic branching process model to investigate the impact of stochastic ef-
fects during the early growth phase of variants. The model accounts for superspreading
of SARS-CoV-2 and simulates epidemic trajectories with 1, 10, and 100 seeds, which
can be interpreted as imports. The branching process was based on a negative binomial
distribution to describe the number of secondary cases, with a mean corresponding to
R. and overdispersion parameter s (Althaus, 2015; Reichmuth et al., 2022b; Riou and
Althaus, 2020). The generation time was sampled from the gamma distribution with a
mean of 5.2 days and a standard deviation of 1.72 days (Ganyani et al., 2020). For R,
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FIGURE 3.3: SARS-CoV-2 epidemic in Switzerland from October 2020 to September 2021. A)
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of the variant, we randomly drew 10* values from a uniform distribution between 1.05 to
1.15. For each seeding scenario, we simulated 10* epidemic trajectories.

3.3 Results

In autumn 2020, the effective reproduction number R, of SARS-CoV-2 increased sub-
stantially which led to a rapid exponential increase in laboratory-confirmed cases in
Switzerland (fig. 3.3). In the following weeks and months, cantonal and federal authorities
strengthened control measures that led to a reduction of R, (fig. B.6). On 16 December
2020, researchers in the UK announced a newly discovered SARS-CoV-2 variant with
a potentially increased transmissibility (Alpha). In response to these findings, the Swiss
federal authorities introduced travel restrictions to travelers from the UK and increased
sequencing coverage of SARS-CoV-2 (FOPH 2023a and fig. B.6). Nevertheless, Alpha
then replaced the previously circulating variants during a period of high incidence from
January to March 2021, pushing R, above 1 again. Based on genomic sequencing, we
estimated that Alpha reached dominance (>50%) in Switzerland on 5 February 2021. In
May 2021, Delta was identified as a new VoC. Subsequent growth of Delta in June and
July 2021 led to an increase of laboratory-confirmed SARS-CoV-2 cases during summer
2021. We estimated that Delta reached dominance in Switzerland on 27 June 2021. The
simulated timing of dominance lagged estimates from sample data more for Alpha than
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for Delta, which might have been influenced by missing early imports indicated by larger
clusters for Alpha than for Delta at the beginning (fig. B.7).

We estimated the number of Alpha and Delta importations to Switzerland using two phy-
logenetic approaches. The Alpha tree contained 7,988 Swiss Alpha sequences, 9,901
non-Swiss context sequences, and 162 background sequences. The Delta tree con-
tained 5,210 Swiss Delta sequences, 9,973 non-Swiss context sequences, and 147
background sequences. Using the liberal approach, we found 1,038 and 1,347 imports
of Alpha and Delta into Switzerland, respectively (fig. 3.4 and table B.1). With the con-
servative approach, we found 383 and 455 imports of Alpha and Delta into Switzerland,
respectively. In our sensitivity analysis where we removed half of the available non-Swiss
sequences before identifying the most genetically similar sequences to our Swiss se-
quences, the liberal and conservative approach had similar results as using the baseline
sampling method (fig. B.8).
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We then introduced these estimated imports in the deterministic SARS-CoV-2 transmis-
sion model, which resulted in 593,418 and 592,768 simulated reported cases from 1
October to 1 May with the liberal and conservative approach, respectively, compared
to 606,575 cases reported by the FOPH (fig. 3.4 and table B.1). For 1 February to 1
September, we simulated 288,397 and 271,702 SARS-CoV-2 cases with the liberal and
conservative approach, respectively, compared to 260,933 cases reported by the FOPH
(fig. 3.4 and table B.1).

To better understand the dynamics of VoCs replacing previously circulating variants, we
estimated the time VoCs reached dominance. With the liberal approach, Alpha reached
50% of all infections on 5 March 2021 and Delta reached 50% on 30 June 2021 (fig. 3.4).
With the conservative approach, dominance was reached somewhat later, namely on
22 March 2021 and 9 July 2021, respectively. Compared to genomic monitoring data,
the model lagged 28 to 45 days behind for Alpha and 3 to 12 days behind for Delta,
respectively. This suggests that either the liberal approach better approximates the true
number of imported cases that resulted in subsequent transmission chains, that certain
events during the early phase of importation accelerated the growth of VoCs, or both.
Stochastic simulations of imported variants highlight that the expected variation in the
early growth phase can shift the epidemic trajectories by several weeks (fig. B.9).

We investigated different counterfactual scenarios to assess the impact of border clo-
sures and increased surveillance of travelers on the early spread of VoCs. Existing bor-
der closures at the time of the first estimated import could delay the time to dominance
from a few days to several weeks (fig. 3.5). Longer border closures result in increasing
returns, e.g., doubling the time of closed borders from 50 to 100 days increases the time
to dominance roughly 4-fold. Complete border closure for 100 days delayed the time
to dominance by around 40 days. The effect of closed borders is substantially reduced
when implemented after the international warning (fig. 3.5). Increased surveillance of
travelers that reduces the number of imported VoCs that result in a subsequent transmis-
sion chain by 25%, 50%, and 75% would delay the time to dominance of Alpha for 4, 10,
and 19 days (95% confidence interval, Cl: 2-6, 7-14, and 13-28 days) and of Delta for 3,
6, and 14 days (95% ClI: 2-5, 5-10, and 8-18 days) (fig. 3.5).

Alpha

Delta
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3.4 Discussion

We used a combination of phylogenetic analysis and dynamic transmission modeling
to estimate the number of imported VoCs and simulate the impact of counterfactual in-
tervention scenarios in Switzerland. In the phylogenetic analysis, we found that single
importation events happened early, and at least several hundred Alpha (383-1,038) and
Delta (455-1,347) cases were introduced into the Swiss SARS-CoV-2 epidemic during
the study period. The actual number of imports is likely between these estimates. From
our sensitivity analysis, we saw that even if there had been substantially less sequenc-
ing outside of Switzerland to help infer imports, we would still detect around the same
number of introductions. The integration of these importation events into a transmis-
sion model accurately described the subsequent spread of VoCs. We estimated a 41%
and 56% increased transmissibility of Alpha and Delta compared to previously circulat-
ing variants, which is in the range of previously reported estimates (Althaus et al., 2021;
Campbell et al., 2021; Chen et al., 2021; Davies et al., 2021; Earnest et al., 2022; Volz et
al., 2021). Applying our transmission model using counterfactual intervention scenarios
showed that only very strict or existing control measures would substantially delay the
time to dominance of VoCs. In contrast, implementing border closures after international
warnings delayed the time to dominance of VoCs by a few days only. Increased surveil-
lance of travelers - which is less disruptive than border closures - could prove effective
for delaying the spread of VoCs in situations where their severity remains unclear. These
findings have important implications for informing intervention strategies in the case of
newly emerging SARS-CoV-2 VoCs and future pandemic preparedness.

The major strength of our study is the combination of phylogenetic analyses with a dy-
namic transmission model. This not only allowed us to estimate the number of imports
but also to investigate counterfactual intervention scenarios. Our phylogenetic approach
to estimate imported variants is standardizable and thus applicable to other countries
with similar genomic surveillance and other emerging pathogens.

Our study also has a number of limitations. First, we used a deterministic transmission
model for our main analysis and ignored the potential effects of stochasticity during the
importation and early growth phase of VoCs. In the model, we assumed that all imported
VoCs enter a deterministic growth trajectory. In contrast, some imported VoCs might not
result in continuous transmission chains and go extinct even with R, >1. We showed that
stochastic effects during importation and the early growth phase can cause a variation
in the time to dominance of several weeks. With the phylogenetic analysis, we found
sufficiently large transmission clusters and imports of VoCs that were successfully es-
tablished in the local population. Second, we fixed the generation time for Alpha, Delta,
and earlier circulating variants to 5.2 days. There is some evidence that the generation
time of Delta is somewhat shorter (Hart et al., 2022), but we do not expect this to af-
fect our results substantially. Third, we did not consider the importation of other variants
that could compete with the new VoCs. Since the new VoCs were characterized by an
increased transmissibility, we do not expect this assumption to substantially affect the
dynamics of the new VoCs replacing previously circulating variants. Fourth, we did not
consider co-infection with different variants (Rockett et al., 2022). As we focus our anal-
ysis on the spread of VoCs and not on their evolution, we do not expect this to affect our
results substantially. Fifth, we assumed a constant ascertainment of SARS-CoV-2 infec-
tions of 50%, which was informed by seroprevalence studies (Stringhini et al., 2021a,b).
During the study period, test positivity varied and ascertainment might have fluctuated as
well. Thus, our transmission model cannot precisely describe the overall number of infec-
tions, which was not the objective of our study. In addition, the high variation in genomic
sequencing among different countries can influence the estimated number of imports
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from the phylogenetic analysis. For example in Switzerland, the sequencing coverage
increased from 2% in December 2020 (just after the first importation of Alpha) to 10%
in April 2021 (during the first importation of Delta) (Dong et al., 2020; FOPH, 2023a),
and was on average 14% for our study period (1 October 2020 to 1 September 2021).
The limited sequencing efforts during the introduction of the Alpha variant may hinder the
detection of early imports and splitting clusters accurately. Sixth, the lag time of detecting
an import and the true introduction might vary by testing and sequencing strategies, e.g.,
du Plessis et al. (2021) reported a detection lag of 3 to 13 days of the introduced cluster
time of the most recent common ancestor (TMRCA) to the true importation (du Plessis
et al., 2021). Finally, the phylogenetic analysis has intrinsic limitations due to the fact
that not every infection is detected or sequenced, and interpretation during outbreaks
requires caution (Lemey et al., 2020; Villabona-Arenas et al., 2020), which was also
highlighted at the beginning of the pandemic by Morel et al. (2021). This is specifically
true for Alpha, which appeared at the end of 2020, prior to sequencing in Switzerland
being scaled up considerably during 2021. To further mitigate the impact of sequencing
error and unreliable sequences, as highlighted by Turakhia et al. (2020), we excluded
sequences with poor coverage and low quality control scores and masked homoplastic
sites. There is currently no gold standard for estimating imports. Uncertainty in creating
and interpreting phylogenies can lead both to imports being underestimated due to con-
sidering only one importation event per cluster and overestimated due to within-country
diversification or further exports. In our analysis, we aimed to address this issue, by us-
ing two approaches to estimate lower and upper bounds on the number of imports. The
liberal approach considered any cluster containing Swiss sequences as an importation
event. If the sequencing coverage was low, the liberal approach would thus overestimate
imports and exports could cause Swiss sequences to be falsely classified as imports.
In contrast, the conservative approach considered only the earliest clusters with Swiss
sequence as imports, which means that further potential imports were strictly excluded.
For monitoring the transmission dynamics of SARS-CoV-2, it is important to differentiate
between locally-acquired and imported infections, particularly in situations when the lo-
cal incidence of infections is low (Reichmuth et al., 2022b). Scalia Tomba and Wallinga
(2008) emphasized the significance of estimating the impact of travel on infectious dis-
ease transmission and the potential effectiveness of interventions on the local spread,
particularly highlighting that initial importation events will eventually lead to a local epi-
demic if not contained, whereas importations after local expansion have begun are less
impactful (Scalia Tomba and Wallinga, 2008). Using an example of pandemic influenza,
they estimated that a 90% reduction of imports would delay the first importation event by
11.5 days. Based on routine surveillance data from FOPH, we previously extrapolated a
total of 6,211 and 37,061 imported cases in Switzerland during summer 2020 and 2021,
respectively. Using genomic data to estimate the number of imports might have the ad-
vantage of being less prone to the bias in routine surveillance data. Other studies also
using phylogenetics estimated the number of imported infections during the early phase
of the SARS-CoV-2 pandemic. For example, 13 and 101 introductions were estimated
to South Africa over two and eight months (Pung et al., 2023; Tegally et al., 2021), 120
introductions were estimated in Boston over three months (Lemieux et al., 2021), and
more than 1,000 introductions were estimated to the UK over three months (du Plessis
et al., 2021). During summer 2020, we estimated 34 to 291 introductions of the SARS-
CoV-2 variant EU1 to Switzerland over four months (Hodcroft et al., 2021). Phylogenetics
offers an advantage in estimating imports by leveraging sequence data that was readily
produced by many countries in the pandemic, but can be limited by insufficient coverage
to detect importations, fluctuations in coverage, and dependence on other countries to
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also sequence sufficiently. Methods such as that employed by Pung et al. (2023) in Sin-
gapore can incorporate detailed case finding and contact tracing data to break down the
impact of different measures even further, but the availability of such data varies widely
across countries and pandemic stage.

Global genomic surveillance is essential to monitor the emergence and spread of VoCs.
As of February 2023, more than 14 million SARS-CoV-2 sequences have been sub-
mitted to GISAID (Elbe and Buckland-Merrett, 2017). This effort facilitated the early
identification of several VoCs, such as Omicron in November 2021 (Viana et al., 2022).
Early detection of variants with substantial immune evasion or altered severity can inform
policy makers to adjust control measures, vaccination programs, and health systems.
For example, several countries imposed controversial travel bans for visitors from South
Africa to prevent importation of Omicron (Mallapaty, 2021). In our analysis, we found
that complete border closures following warnings of VoCs have limited impact and delay
their spread by a couple of days only. Hence, travel bans and any time they may buy
for certain interventions, such as increasing the uptake of booster vaccines, have to be
carefully balanced against the societal and economic costs that accompany them. Sim-
ilar to our findings, McCrone et al. (2022) reported that control measures that had just
been introduced in response to warnings about Delta were late, as introductions have
already occurred to other countries. In addition to studying importation and exportation
events of VoCs, it is important to better understand the spread of VoCs in the local con-
text. Variations in naturally-acquired and vaccine elicited levels of immunity, local control
measures, mobility, and behavior can strongly influence the local spread of VoCs. Taking
these factors into account will be critical to inform country-specific strategies to respond
to the emergence of new VoCs.

Integrating phylogenetic analyses with dynamic transmission models can provide critical
insights into the importation and early spread of SARS-CoV-2 VoCs, and how they are
impacted by different intervention scenarios. In this study, we showed that border clo-
sures would have had a limited impact on the spread of Alpha and Delta in Switzerland.
In contrast, increased surveillance of travelers can potentially delay the spread of VoCs
by several weeks, which can buy time for health systems to prepare for new epidemic
waves.
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Data and code availability

The data of confirmed SARS-CoV-2 cases are openly shared by the Swiss FOPH and
sequence data are available on GISAID after registration, as EPI_SET_221003xn. Most
Swiss sequences (93%) that we used are also available openly. Our code is openly
accessible in the following repositories: github.com/ISPMBern/voc_imports_ch (https:
//doi.org/10.5281/zenodo.7994708) for the transmission modeling, https://github.com/e
mmahodcroft/ncov_2021/tree/random_context_reduce (https://doi.org/10.5281/zenodo
.7970773) for the phylogenetic analysis and github.com/emmahodcroft/Intros-CH-Alph
aDelta (https://doi.org/10.5281/zenodo.7970756) for the inference of importations.
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Abstract

To mitigate the spread of SARS-CoV-2, the Swiss government enacted restrictions on
social contacts from 2020 to 2022. In addition, individuals changed their social contact
behavior to limit the risk of COVID-19. In this study, we aimed to investigate the changes
in social contact patterns of the Swiss population.

As part of the CoMix study, we conducted a survey consisting of 24 survey waves from
January 2021 to May 2022. We collected data on social contacts and constructed con-
tact matrices for the age groups 0-4, 5-14, 15-29, 30-64, and 65 years and older. We
estimated the change in contact numbers during the COVID-19 pandemic to a synthetic
pre-pandemic contact matrix. We also investigated the association of the largest eigen-
value of the social contact and transmission matrices with the stringency of pandemic
measures, the effective reproduction number (R.), and vaccination uptake.

During the pandemic period, 7,084 responders reported an average number of 4.5 con-
tacts (95% confidence interval, Cl: 4.5-4.6) per day overall, which varied by age and sur-
vey wave. Children aged 5-14 years had the highest number of contacts with 8.5 (95%
Cl: 8.1-8.9) contacts on average per day and participants that were 65 years and older
reported the fewest (3.4, 95% ClI: 3.2-3.5) per day. Compared with the pre-pandemic
baseline, we found that the 15-29 and 30-64 year olds had the largest reduction in con-
tacts. We did not find statistically significant associations between the largest eigenvalue
of the social contact and transmission matrices and the stringency of measures, R., or
vaccination uptake.

The number of social contacts in Switzerland fell during the COVID-19 pandemic and
remained below pre-pandemic levels after contact restrictions were lifted. The collected
social contact data will be critical in informing modeling studies on the transmission of
respiratory infections in Switzerland and guiding pandemic preparedness efforts.

Keywords SARS-CoV-2; contact pattern; Switzerland; survey; CoMix; control measures;
human behavior.
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4.1 Introduction

The spread of respiratory pathogens, such as the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), is largely influenced by human contact behavior and mo-
bility (Tomori et al., 2021). SARS-CoV-2, which causes COVID-19, is mainly transmitted
via respiratory droplets, aerosols, and close contact, with varying levels of susceptibil-
ity and transmissibility across different age groups (Davies et al., 2020; Leung, 2021;
Richard et al., 2020). Understanding the number of close contacts between different
communities is crucial for estimating and evaluating transmission dynamics (Mossong
et al., 2008). This requires empirical data on social contacts that provide information on
the mixing behavior of communities over time (Kiti et al., 2023). More specifically, age-
stratified matrices of social contacts can provide important information for mathematical
models of disease transmission and allow an assessment of the potential impact of phys-
ical distancing measures, such as working from home or restrictions for gatherings and
events (Jarvis et al., 2020; Wallinga et al., 2006). Hence, it is critical to collect and
analyze age-specific social contact data for individual countries (Mossong et al., 2008),
across different settings (Leung, 2021), in the presence of different interventions (Backer
et al,, 2021; Coletti et al., 2020; Gimma et al., 2022; Hens et al., 2009; Jarvis et al., 2020,
2021; Wong et al., 2023), and over time (Verelst et al., 2021).

As part of the CoMix study, 19 European countries collected empirical social contact data
using a common survey design (Verelst et al., 2021). Within this collaboration, (Jarvis
et al., 2020) estimated a 74% decline in age-specific social contact data in the UK in
early 2020 (Jarvis et al., 2020). They used the largest eigenvalue approach (Diekmann
et al., 1990). The largest eigenvalue of a transmission matrix of the next-generation
matrix scales linearly with the reproduction number, the average number of secondary
cases from an infected individual (Munday et al., 2021). Thus, the largest eigenvalue
approach enables a comparison of the number of contacts between different time points.
Consequently, they were able to estimate the change in the reproduction number under
different distancing measures using contact information from the CoMix study in the UK
and showed that physical distancing measures adopted by the UK population have sub-
stantially reduced contact levels, which by affecting the reproduction number can lead to
a substantial decline in COVID-19. Coletti et al. (2020) also estimated an 80% reduction
in contacts for March and April 2020 in Belgium (Coletti et al., 2020).

While detailed data on social contact patterns has been collected for many countries
(Coletti et al., 2020; Feehan and Mahmud, 2021; Jarvis et al., 2021; Kiti et al., 2023;
Mossong et al., 2008; Verelst et al., 2021; Wong et al., 2023), there has been no na-
tionwide study on contact patterns for Switzerland to date. Smieszek et al. (2012) and
Smieszek (2009) showed in a sample of around 50 participants that heterogeneity in
transmission of respiratory pathogens also matters in a Swiss context. But due to the
lack of a nationwide study on contact patterns, mathematical modelers have relied on
either synthetic contact matrices or on social contact data from neighboring countries,
such as Germany (Brugger and Althaus, 2020; Mossong et al., 2008; Prem et al., 2021).
The COVID-19 pandemic highlighted that longitudinal monitoring of detailed contact data
for Switzerland is necessary for better understanding the impact of interventions on con-
tact behavior and transmission, modeling the spread of respiratory infections across age
groups, and guiding decision making during the pandemic response. Therefore, Switzer-
land participated in the CoMix study.

Here, we present the results of the CoMix study in Switzerland. We collected and ana-
lyzed social contact data and estimated the change in contact numbers during January
2021 to May 2022 compared to a synthetic pre-pandemic baseline. Moreover, we inves-
tigated the association of the largest eigenvalue of the social contact and transmission
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matrices with the stringency of pandemic measures, the effective reproduction number
Re, and vaccination uptake. Finally, we discuss the implications of our findings for the
future study of social contacts in Switzerland.

4.2 Methods

Data

CoMix is a social contact survey that followed participants in 19 European countries
throughout the COVID-19 pandemic (Verelst et al., 2021). The design of the CoMix sur-
vey is largely based on the POLYMOD study from Mossong et al. (2008). For CoMix, the
market research company, Ipsos, enrolled participants for online panels through multi-
source recruitment methods, including referral by online suppliers, website banners and
advertisements, and search engine marketing. Volunteers who were part of an online
panel were sent an email invitation to join the CoMix survey. In Switzerland, we con-
ducted 24 survey waves from 22 January 2021 to 19 May 2022. The waves were clus-
tered in 6 panels where participants were followed longitudinally. The aim was to include
1,000 participants per panel. Due to the lack of participants, new participants were also
included after the first wave of each panel. The panels were selected to be nationally
representative for quotas on age, gender, and region of residence. Participants could
answer the questionnaire in three national languages, i.e., German, French, or ltalian.
The survey included adults aged 18 years and older (in panels A, B, and F) and parents
(at least 18 years old) who completed the surveys on behalf of their children (younger
than 18 years old; panels C, D, and E). For parents, quotas were set on region only.
Participants reported their social contacts made on the day prior to survey participation.
A contact was defined as anyone who met the participant in person with whom at least a
few words were exchanged, or physical contact was made. The survey data include the
gender and exact age of participants or the median age if the exact age was unknown
(8.2%). All adult participants reported their ages, but parents only provided an age range
for their children, namely 0-1, 1-4, 5-11, 12-15, and 16-17 years. The data also include in-
formation on residence (26 Swiss cantons), place of contact (at home, at work, at school,
in a means of transport, or during leisure activity), age range of contacts, contact fre-
quency, contact duration, whether contacts were within the household, whether contacts
were individual or in a group, and the date of the contact. The social contact data used
for this study are openly available on Zenodo (doi.org/10.5281/zenodo.10147647) and
can be analyzed using the R package socialmixr (Funk and Willem, 2022).

For our study, we used CoMix data on social contacts and supplemented the analysis
with additional data. We have reported the number of hospitalized patients from FOPH
data to describe the Swiss SARS-CoV-2 epidemic over time. We estimated the effective
reproduction number R, from the number of laboratory-confirmed SARS-CoV-2 cases
provided by the Swiss Federal Office of Public Health (FOPH) (https://www.covid19.admi
n.ch/api/data/context) (Prem et al., 2021). We estimated the proportion of SARS-CoV-2
variants during the study period from genomic data and combined the proportions with
estimates of the growth advantage of the variants from the literature (https://cov-spec
trum.org/) (Campbell et al., 2021; Chen et al., 2022a; Suzuki et al., 2022). We used
the KOF (’Konjunktur-Forschungsstelle’, meaning economic research center in English)
Stringency Index from Pleninger et al. (2021) (https://datenservice.kof.ethz.ch) as a
proxy measure for the stringency of control interventions. We extracted seroprevalence
estimates for SARS-CoV-2 of the Swiss population from the Corona Immunitas studies
(www.corona-immunitas.ch) (Amati et al., 2022; Frei et al., 2023; Tancredi et al., 2023).
We extracted data of the synthetic contact matrix for Switzerland from Prem et al. (2021)
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as a pre-pandemic baseline. The synthetic matrix includes the number of contacts for one
day. The contacts are divided into 16 age groups (starting at 0 and continuing in 5-year
steps). The synthetic contact matrices are based on country-specific demographic and
contact data collected as part of the POLYMOD study, which was conducted in eight non-
Swiss European countries. We used demographic information of the Swiss population
from the Federal Statistics Office (FSO or BFS in German) (www.bfs.admin.ch) (BFS,
2022).

Analysis

For the analysis of social contact data, we considered five groups of 0-4, 5-14, 15-29,
30-64, and 65+ year olds, which correspond to the age groups used for reporting by
Sentinella, the Swiss Sentinel Surveillance Network (Somaini et al., 1986). Note, as we
had no exact age for children, we used the median of reported age groups to assign for
Sentinella age groups. Thus, we assigned to the 5-14 years cohort 1/10 extra, and to
the 15-29 years cohort 1/15 less. We converted the age groups of the synthetic contact
matrix for Switzerland from Prem et al. (2021). To estimate the number of contacts per
survey wave, we split the age group of 15-29 years into two groups of 15-17 and 18-29
years. We randomly truncated the number of reported contacts at 50 contacts to reduce
bias from outliers. If participants did not report the exact age of the contact, we sampled
their age based on the reported range.

We estimated the crude mean number of contacts per day. Then, we constructed social
contact matrices using the R package socialmixr (Funk and Willem, 2022). To account
for the weekend effect, we weighted the contacts according to the day of the week, i.e.,
weekends and weekdays were weighted differently. The weighting compensates for the
uneven distribution of five working days and two weekend days. Noting, the number of
contacts during working days may differ from the number of contacts during leisure time.
Weights for the days were calculated as follows:

Wdayofweek = 5/7/ ( Nweekday/ N) or 2/7/ ( Nweekday/ N),

where N is the overall sample size and Nyeekday and Nyeekend the number of participants
that were surveyed during weekdays and weekends, respectively. We adjusted the daily
mean number of contacts (of the survey data and the synthetic contact matrices) using
the age distribution of the Swiss population for the year 2021. Data for 2022 was not
available while conducting the analysis. We further accounted for reciprocity of contacts.
Reciprocity may be lost due to sampling differences in age groups. Contacts should be
based on reciprocity, i.e., m;; N; should be equal to m;;N;:

where m;; is the mean number of contacts of age group / with age group j, and N;,,;
is the total number of people in age group 7/ or k. Finally, we generated 100 bootstrap
samples of the contact data and followed the same procedure to calculate matrices to
account for uncertainty in the reported number of contacts in the survey sample.

From the matrices, we summed the overall number of contacts for survey contacts for the
following panels, A and C (22 January to 17 May 2021), B and D (3 June to 15 September
2021), and E and F (9 December 2021 to 19 May 2022). We compared this number to a
synthetic pre-pandemic baseline and calculated the relative number of contacts by age
group.

Next, we adapted the next generation approach and calculated the effective contact rate
Ceff from the largest eigenvalue of the contact matrix C; from survey wave t (Diekmann
et al., 1990):
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Ceff = EIg(Cy).

In the main analysis, we calculated the largest eigenvalue of the contact matrix for each
survey wave of the adults pooled with all survey waves of the children. We investigated
the association of the largest eigenvalue of the contact matrix with the stringency of
pandemic measures and the vaccine coverage using linear regression.

We also calculated the largest eigenvalue of the transmission matrix that accounts for
susceptibility, the level of immune protection, and the relative growth rate of different
SARS-CoV-2 variants in proportion to their monitored occurrence (table C.1). Precisely,
we calculated the largest eigenvalue of the transmission matrix 5 by multiplying the con-
tact matrices with the outer product (®) of the infectiousness and susceptibility vectors
for the different age groups and scaled with the relative growth rate «:

B =k Eig(Cpo(i®s)).

For simplicity, we set the infectivity i to 1 and the baseline susceptibility s to 0.5 and 1
for children and adults, respectively (Munday et al., 2021). The susceptibility vector was
then multiplied by one minus the seroprevalence times the level of immune protection,
which we assumed to be at 90% in the main analysis (table C.1). We investigated the
association of the largest eigenvalue of the transmission matrix with R, using linear re-
gression. We estimated R, from the daily number of laboratory-confirmed SARS-CoV-2
cases using the R package EpiNow2 (Abbott et al., 2020, 2023). For computational and
content reasons, we run intervals of 1.5 months covering the time of survey waves and
intervals overlapped for 2 weeks with the previous run. We used an incubation time of
5.2 days with a standard deviation (sd) of 2.8 days (Zhang et al., 2020), a generation time
of 5.2 days (sd = 1.72 days) (Ganyani et al., 2020), and assumed a reporting delay of 2
days (sd = 2 days). EpiNow?2 takes the weekly noise into account by explicitly considering
a weekend effect in reported case numbers.

In a sensitivity analysis, we also considered contact and transmission matrices that in-
cluded survey waves in adults (participants >18 years) with the wave in children (partic-
ipants younger < 18 years) closest in time, and varied our assumptions for susceptibility
and the level of immune protection (table C.1). All R code is publicly available on GitHub
(https://github.com/ISPMBern/comix).

4.3 Results

Over 24 survey waves from 22 January 2021 to 19 May 2022, we recorded 18,428 ob-
servations from 7,084 participants who reported 83,515 contacts (table 4.1). Study par-
ticipants completed a median of 2 (range: 1-7) survey waves. The responses were not
always recorded in consecutive survey waves. In the study, 3,609 (50.9%) participants
were females, 3,452 (48.7%) were males, and 23 (0.4%) did not specify. The gender ra-
tio was more balanced in adults (49.7% females and 49.9% males) than children (58.2%
females and 41.8% males). The median age of participants was 41 (interquartile range:
26-58) years. Children constituted 14.7% of the sample while older adults (65+ year olds)
represented 16.7%. Participants came from all 26 Swiss cantons. The highest propor-
tion came from Zurich (1,253, 17.7%) and the fewest came from Appenzell Innerrhoden
(9, 0.1%), which is proportional to the cantonal population sizes. The survey panels A
and C were dominated by the SARS-CoV-2 Alpha variant, panels B and D by the Delta
variant, and panels E and F by the Omicron variant (fig. 4.1). During the study period, the
predicted seroprevalence levels for Switzerland overall increased from 17.3% to almost
99.0% due to infection- and vaccine-induced immunity (fig. C.1).
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The number of contacts overall was on average 4.5 (95% confidence interval, Cl: 4.5-
4.6) per day. Over the entire study period, no statistically significant difference was found
between the average number of contacts at the weekend and on weekdays (p-value =
0.6). The number of contacts varied by survey wave (table 4.1) and age group (fig. 4.1).
Children aged 5-14 years had the highest overall number of contacts with 8.5 (95% CI:
8.1-8.9) per day, whereas 65 years and older reported the fewest (3.4, 95% CI: 3.2-
3.5) per day. The numbers of contacts were similar between women (4.2 per day, 95%
Cl: 4.1-4.3) and men (4.3 per day, 95% Cl: 4.2-4.4) (fig. C.2). The number of contacts
also depended on the location where the contact took place, i.e., at home, at work, at
school or at another location, as well as the number of waves in which participation took
place (fig. C.2). Overall, 57% of contacts occurred at home (fig. C.3). Contact frequency
between adults and children mainly differed at work (9% and 1%), and school (1% and
9%), respectively.
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FIGURE 4.2: Number of social contacts per day (left) and social contact matrices (right) for

Switzerland. The number of contacts was normalized to the Swiss population in 2021.

The

top row corresponds to the synthetic data representing a pre-pandemic baseline and the other
rows correspond to the CoMix data over different survey periods.



58 Chapter 4. Social contact pattern

Aand C Band D Fand E
[2]
G 1.00 1.00 1.00
IS
S
C
9]
0 0.75 0.75 0.75
= [
2 ¢
3 ‘ . ¢ .
8 0.50 ¢ 0.50 0.50
£ ¢ ¢
E ° o
© 025 e 0.25 0.25 e °
=
k)
Q
® 0.00 0.00 0.00
™ > P & v > P & v > ® &
NP o & & & o & NN o &
Age of participant (years) Age of participant (years) Age of participant (years)

FIGURE 4.3: Relative number of social contacts by age group during the COVID-19 pandemic in
Switzerland. The number of contacts from the CoMix study at different survey periods is shown
relative to a pre-pandemic baseline. Participants aged 18 years and older (in panels A, B, and
F) and children younger than 18 years old (in panels C, D, and E). Bars correspond to the 95%
confidence interval of 100 bootstrap samples.

Comparing the number of contacts to a pre-pandemic baseline, contacts were substan-
tially reduced during the COVID-19 pandemic in Switzerland (fig. 4.2). The reductions
were similar over all three survey panels (fig. 4.3). The range of reduction was 34-47%
in 0-4 year old children, 51-61% in 5-14 year old children, 68-73% in 15-29 year olds,
67-72% in 30-64 year old adults, and 29-45% in those aged 65 years or older.

We investigated whether the properties of the social contact matrix were associated with
the stringency of pandemic measures and vaccination uptake. The largest eigenvalue
of the contact matrix only decreased moderately (-0.1, 95% CI: -0.5-0.3) and increased
moderately (0.1, 95% ClI: -0.3-0.5) with higher stringency of measures and vaccination
uptake, respectively (fig. 4.4). We further tested whether the properties of the transmis-
sion matrix were associated with R, during the course of the COVID-19 pandemic in
Switzerland. The degree of association strongly depended on the underlying assump-
tions (fig. C.4). For the main analysis, we found a positive but non-significant association
between the largest eigenvalue of the transmission matrix and R. with a coefficient of
0.5 (95% ClI: -0.4-1.4) (figs. 4.5 and C.5).
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FIGURE 4.4: Largest eigenvalue of social contact matrix. A) The KOF Stringency Index and major
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areas indicate the CoMix survey wave periods and the red bars the median of the KOF Stringency
Index for the corresponding survey waves. B) Largest eigenvalue of the social contact matrix by
adult survey wave. C) Linear association of stringency of measures with largest eigenvalue of
social contact matrix for corresponding survey period. D) Vaccine coverage with the first dose
in Switzerland. Red bars indicate the median vaccine coverage for corresponding survey waves.
E) Linear association of vaccine coverage with largest eigenvalue of social contact matrix for
corresponding survey period. Shaded areas of the linear association correspond to the 95%
confidence interval.
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4.4 Discussion

In our study, we analyzed social contacts reported by a total of 7,084 participants across
five age groups and over 24 survey periods from 22 January 2021 to 19 May 2022.
The average number of contacts overall was 4.5 (95% Cl: 4.5-4.6) per day and varied
by age group and survey wave. The number of reported contacts during the pandemic
was substantially lower than before the pandemic. We did not find strong associations
between the largest eigenvalue of the social contact and transmission matrices and the
stringency of measures, vaccination uptake, or R,.

This is the first study that includes detailed social contact data by age in a large study
population that is representative of the Swiss population in regard to age, gender, and
geographical region of residence. The study includes multiple survey waves during criti-
cal phases of the COVID-19 pandemic when restrictions were lifted and the vaccination
program was rolled out. Furthermore, the data were collected during the circulation of
different SARS-CoV-2 variants, namely Alpha, Delta, and Omicron. Lastly, the publicly
available social contact data represent an important resource for the future study of the
transmission of respiratory infections in Switzerland.
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Nevertheless, our study has several limitations. First, as previously mentioned this is the
first empirical Swiss study from which social contact matrices for Switzerland could be
directly constructed. Consequently, there were no pre-pandemic surveys and we had to
rely on the synthetic contact matrix by Prem et al. (2021) to generate a pre-pandemic
baseline. The synthetic contact data is based on country-specific demographic and
contact data collected as part of the POLYMOD study (Mossong et al., 2008). How-
ever, Switzerland was not part of the POLYMOD survey. In addition, participants used
a prospective diary and did not record contacts retrospectively, which differs from the
CoMix study. The type of data collection can influence the number of contacts (Mikola-
jczyk and Kretzschmar, 2008). Thus, collecting data and comparisons between different
studies have limitations. For example, synthetic matrices could extrapolate artifacts and
thus overestimate the number of contacts, or the CoMix method could systematically
underestimate them. Second, social contact surveys are prone to biases. Not all par-
ticipants that were recruited in a panel participated in the same number of waves. We
previously showed in the context of vaccination uptake between June and September
2021 that the number of drop-outs increased in later survey waves (Reichmuth et al.,
2023b). Survey fatigue can result from various reasons. For example, participants with
more contacts need to invest more time in filling out the survey and thus might be more
likely to stop. Loedy et al. (2023) analyzed the impact of drop-outs on the number of
contacts and found that drop-outs did not depend on the number of contacts in Bel-
gium. We have therefore not adjusted the number of contacts for drop-outs. Third, we
conducted fewer waves for children and also had a smaller number of participants com-
pared to adults. To overcome this limitation, we pooled all survey waves in children to
increase the number of participants. Fourth, we did not investigate differences in viral
characteristics for different circulating variants and susceptibility and infectivity between
the age groups. We used viral characteristics, such as incubation and generation time
of the wild-type of SARS-CoV-2 to estimate R. and not for different circulating variants.
We also only assumed that children are half as susceptible as adults (Davies et al.,
2020). Fifth, there is considerable heterogeneity in the number of secondary SARS-CoV-
2 cases which can result in superspreading events (Riou and Althaus, 2020; Wegehaupt
et al., 2023). We did not include superspreading when calculating transmission con-
tact matrices, which could influence the comparison with Re. In addition, SARS-CoV-2
can be transmitted through aerosols. Aerosol transmission can affect secondary trans-
missions, i.e., Re, without increasing social contacts that consider only close contacts
(Leung, 2021). Sixth, we might miss the impact of regional differences in control mea-
sures, vaccination uptake, and adherence because there were too few participants to
stratify by region. Finally, constructing a transmission matrix at different time periods of
the COVID-19 pandemic is challenging. The spread of SARS-CoV-2 strongly depends on
the infectiousness of index cases, the susceptibility of the hosts, the transmissibility and
immune evasion of variants (Althaus et al., 2021; Davies et al., 2021; Perez-Guzman
et al., 2023; Tan et al., 2023; Viana et al., 2022; Viner et al., 2021), and seasonality
(Wiemken et al., 2023). Most of these factors are difficult to estimate and come with
considerable uncertainty.

The CoMix study in Switzerland is part of a larger Europe-wide project, which enables a
comparison of the results between the countries (Jarvis et al., 2023; Wong et al., 2023).
For example, Wong et al. (2023) compared contact data among 21 European countries
including data from 22 January to 17 May 2021 from Switzerland. They showed a re-
duction in contacts in all countries after the onset of the COVID-19 pandemic. We added
with our study that the reduction in contacts in Switzerland persisted at least until 19
May 2022. Further, compared to other countries, the CoMix data from Switzerland (22
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January to 17 May 2021) suggested that contact behavior in Switzerland is in line with
the European average. However, for Switzerland more contacts were reported than in
neighboring countries, namely Germany, Italy, France, and Austria, which underlines
the importance of country- and context-specific contact data. Wong et al. (2023) also
showed that the number of contacts in children that attended school or not was similar
within Switzerland. The reason for this could be that the schools in Switzerland were
only closed in spring 2020 and not during the study period. In addition, the school hol-
idays varied regionally (i.e., also within the study population) and were relatively short.
There were fewer interventions in schools than in workplaces, which likely led to smaller
reduction in contacts with children than adults. Moreover, Jarvis et al. (2023) compared
post-pandemic contact behavior using CoMix data in four European countries includ-
ing Switzerland and concluded that the pre-pandemic number of contacts had not been
reached again by May 2022. Future contact surveys, including different seasons, will
give insights on social contact behavior in Switzerland to better assess the risk of infec-
tion with SARS-CoV-2 and other respiratory diseases such as influenza. Additionally,
Munday et al. (2023) suggested the use of contact data for forecasting incidences of
infections.

We showed that the number of social contacts in Switzerland fell substantially from Jan-
uary 2021 to May 2022. Contacts remained below the pre-pandemic baseline despite
the gradual lifting of contact restrictions during this period. Social contact surveys should
be continued to monitor changes in social contact patterns by age group and over time.
In addition to monitoring contact data, further studies are needed to clarify why the num-
ber of contacts remains lower than pre-pandemic levels. Finally, openly available contact
data will be crucial for modeling studies on the transmission of respiratory infections in
Switzerland and guiding future pandemic preparedness measures.



4.4. Discussion 63

Declarations

The CoMix study protocols and questionnaires were approved by the local ethics com-
mittee of the Canton of Bern (project number 2020-02926). All methods were performed
in accordance with regulations and informed consent of participants was obtained.

Data and code availability

Data and R code are available on Zenodo (doi.org/10.5281/zenodo.10147647) and
GitHub (https://github.com/ISPMBern/comix).

Acknowledgements

We like to thank the European Centre for Disease Prevention and Control (ECDC) and
the CoMix Europe Working Group for setting up the CoMix study across more than 20
European countries, and the partners at lpsos MORI for running the survey.

Author contributions

MR, NL, and CA conceived and designed the study. MR and CA performed the analysis
and wrote the manuscript. All authors contributed to the interpretation of the results,
commented on the manuscript, and approved this version.

Competing interests of the authors

All authors declare no competing interests.

Funding

This study received funding from the European Union’s Horizon 2020 research and in-
novation program - project EpiPose (No 101003688), the Swiss Federal Office of Public
Health (No 142004995), and the Swiss National Science Foundation (No 176233).


doi.org/10.5281/zenodo.10147647
https://github.com/ISPMBern/comix




65

Sociodemographic characteristics associated with COVID-19 vaccination
uptake in Switzerland: longitudinal analysis of the CoMix study

Martina L Reichmuth’
Leonie Heron'

Julien Riou'?

André Moser®
Anthony Hauser’
Nicola Low'?
Christian L Althaus'?

1 Institute of Social and Preventive Medicine, University of Bern, Bern, Switzerland
2Multidisciplinary Center for Infectious Diseases, University of Bern, Bern, Switzerland
3cTU Bern, University of Bern, Bern, Switzerland

This article is published in BMC Public Health as Reichmuth et al. (2023). DOI:10.118
6/512889-023-16405-0

Contribution: | contributed to the study design, performed all analyses, made all figures,
wrote the first draft of the manuscript, and integrated co-authors’ comments.


10.1186/s12889-023-16405-0
10.1186/s12889-023-16405-0

66 Chapter 5. Sociodemographic characteristics and vaccination uptake

Abstract

Vaccination is an effective strategy to reduce morbidity and mortality from coronavirus
disease 2019 (COVID-19). However, the uptake of COVID-19 vaccination has varied
across and within countries. Switzerland has had lower levels of COVID-19 vaccination
uptake in the general population than many high-income countries. Understanding the
sociodemographic factors associated with vaccination uptake can help to inform future
vaccination strategies to increase uptake.

We conducted a longitudinal online survey in the Swiss population, consisting of six
survey waves from June to September 2021. Participants provided information on so-
ciodemographic characteristics, history of testing for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), social contacts, willingness to be vaccinated, and vaccina-
tion status. We used a multivariable Poisson regression model to estimate the adjusted
rate ratio (aRR) and 95% confidence intervals (Cl) of COVID-19 vaccine uptake.

We recorded 6,758 observations from 1,884 adults. For the regression analysis, we
included 3,513 observations from 1,883 participants. By September 2021, 600 (75%)
of 806 study participants had received at least one vaccine dose. Participants who were
older, male, and students, had a higher educational level, household income, and number
of social contacts, and lived in a household with a medically vulnerable person were more
likely to have received at least one vaccine dose. Female participants, those living in rural
areas and smaller households, and people who perceived COVID-19 measures as too
strict were less likely to be vaccinated. We found no significant association between
previous SARS-CoV-2 infections and vaccination uptake.

Our results suggest that sociodemographic factors as well as individual behaviors and at-
titudes played an important role in COVID-19 vaccination uptake in Switzerland. There-
fore, appropriate communication with the public is needed to ensure that public health
interventions are accepted and implemented by the population. Tailored COVID-19 vac-
cination strategies in Switzerland that aim to improve uptake should target specific sub-
groups such as women, people from rural areas, or people with lower sociodemographic
status.

Keywords Vaccine, COVID-19, contact survey, social contact, sociodemographic characteristics,
Switzerland.
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5.1 Introduction

Vaccines can prevent symptomatic infections, severe disease, and death from coron-
avirus disease 2019 (COVID-19). The evidence of vaccine effectiveness comes from
randomized clinical trials and real-world data (Dickerman et al., 2022; Pouwels et al.,
2021). Although effective vaccines with a favorable safety profile are available against a
wide range of pathogens, public confidence in vaccination has declined in some coun-
tries, and some population groups are increasingly reluctant to be vaccinated (Black and
Rappuoli, 2010). The World Health Organization (WHO) ranks vaccine hesitancy among
the top ten global health threats (WHO, 2020a). Investigating the factors associated
with vaccine hesitancy and lower vaccination uptake could help to develop strategies to
minimize the impact of COVID-19 and future epidemics.

Several studies have reviewed factors that may be associated with COVID-19 vaccination
uptake. A systematic review indicated that sociodemographic factors and perceptions of
risk and susceptibility to COVID-19 were associated with the intention to get vaccinated
and that vaccine attributes influenced vaccination intention while receiving negative in-
formation about vaccines and working in healthcare resulted in lower intentions to get
vaccinated (Al-Amer et al., 2022). Switzerland has had lower levels of COVID-19 vaccine
uptake in the general population than many other high-income countries (Ritchie et al.,
2020). A prospective cohort study in Switzerland found that vaccination uptake was mul-
tifactorial and associated with sociodemographic characteristics, health status, trust in
institutions, fears of side effects, and expected risk of severe COVID-19 (Heiniger et al.,
2022). A further understanding of how sociodemographic and behavioral factors were
associated with vaccine uptake while accounting for the age-dependent roll-out during
the COVID-19 vaccination program in Switzerland, will help to improve future vaccination
strategies.

The objective of this study was to analyze the association of sociodemographic and other
factors with COVID-19 vaccination uptake during the roll-out of the vaccination program
in the general population in Switzerland. First, we conducted an online survey with six
survey waves from June to September 2021. Second, we studied vaccination uptake in
the survey population using a Poisson regression model. Finally, we investigated whether
the participants’ characteristics were associated with missed survey waves.

5.2 Methods

This study was conducted as part of the CoMix study, which is a longitudinal online survey
about social contact patterns during the COVID-19 pandemic in more than 20 countries in
Europe and is described in detail elsewhere (Jarvis et al., 2020; Verelst et al., 2021). The
questionnaire included sociodemographic characteristics, attitudes, and practices toward
public health interventions against COVID-19 and social contact behaviors. Questions
about social contacts were based on the POLYMOD survey, conducted in 2008 (Mossong
et al., 2008).

In the longitudinal CoMix study design, a sample of the adult (>18 years) Swiss popu-
lation was invited by the market research company Ipsos MORI to take part in repeated
survey waves. We aimed to include 1,000 participants per survey wave, who were rep-
resentative of the population in Switzerland using quotas on age, gender, and region of
residence. We compared the characteristics of the participants with Swiss demographic
data as reported by the Federal Statistical Office (FSO or BFS in German) and the vac-
cination uptake of the participants with the vaccination monitor from the Federal Office of
Public Health (FOPH) (BFS, 2023; FOPH, 2023a). We used data from six online surveys
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from June to September 2021 (B1-B6). Enrollment of new participants continued over
the first three waves, primarily due to inconsistent participation and to ensure a sufficient
sample size.

Participants provided sociodemographic information, including age groups (categorized
as 18-29, 30-39, 40-49, 50-59, 60-69, and 70+ years), gender (female or male), region
(urban or rural), Swiss region of residence (nomenclature of territorial units for statis-
tics (NUTS) regions of Switzerland), country of birth (Switzerland, European Union (EU),
or non-EU), educational level (low (obligatory school and vocational education), middle
(high school and advanced vocational education), and high (bachelor or higher)), em-
ployment level (unemployed, student, homemaker, retired, or unemployed due to health
reasons), net household income (<5,000, 5,001-10,000, or >10,000 CHF, preferred not
to answer), household size, and whether they were living in a household with a medically
vulnerable individual, and testing for severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (tested positive, tested, never tested, preferred not to answer). They also
reported social contact behaviors (number of physical contacts per day), vaccination sta-
tus, willingness to be vaccinated, and attitudes toward COVID-19 measures. Participa-
tion in the study was voluntary but each participant received 5 CHF per survey wave.
We conducted all analyses using anonymized data in R version 4.2.1 and the code is
available on GitHub: https://github.com/ISPMBern/comix. The study was approved by
the ethics committee of the Canton of Bern (project number 2020-02926), all methods
were performed in accordance with relevant guidelines and regulations, and informed
consent of participants was obtained. We followed the ’strengthening the reporting of
observational studies in epidemiology’ (STROBE) Statement to report this study (Van-
denbroucke, 2007).

The primary outcome of the analysis was having received the first dose of the COVID-19
vaccine. In Switzerland, the first COVID-19 vaccine was approved in December 2020
(Swiss Agency for Therapeutic Products, Swissmedic; table D.1), and mRNA vaccines
(Moderna and Pfizer-BioNTech) were most widely used. In addition, we reported the
prevalence of fully vaccinated individuals in Switzerland by the end of our study period in
September 2021 (defined as having received at least two doses).

We described vaccination uptake over time. First, we reported the willingness to be vac-
cinated as reported in the survey. Second, we modeled the primary outcome (vaccination
uptake) as a point process using Poisson regression with the logarithm of the observation
time (the length of the interval between follow-up surveys per participant, i.e., t; - {;-1) as
offset (or denominator) for vaccination uptake (Aalen et al., 2008). Thus the unadjusted
rate ratios (RR) are given as follows:

log(E(Y;)/(ti — ti-1)) = Bo + Ba

We set time zero to be 1 January 2021, shortly after the administration of the first vacci-
nations. All participants’ observations were included until they reported having received
the first dose, if applicable, and were censored thereafter. We included data recorded
on unvaccinated participants at all time points. We derived rates from the exponentiated
coefficients of the Poisson regression model.

Vaccination status was the dependent variable, and the following factors were covariates:
time (survey wave), age, gender, region, residence, country of birth, education level,
employment level, net household income, household size, vulnerable group within the
household, testing for SARS-CoV-2, number of contacts, and attitude towards COVID-
19 measures. The last three covariates could change over time for participants. We
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performed univariable and multivariable regression models and reported the RR and ad-
justed RR (aRR) with 95% confidence intervals (Cl), controlling for all covariates. We
included time by survey waves and modeled an interaction with age to account for the
different times at which vaccines became available for different age groups. We calcu-
lated the cumulative vaccination uptake for a given interval as one minus the product of
all probabilities of not being vaccinated until that interval.

In a sensitivity analysis, we set time zero to 1 June 2021, which was just before the first
survey wave. We performed further sensitivity analyses and compared the results from
the Poisson regression model to those derived using Cox proportional hazards regres-
sion models. We ran Cox regression models, first with all participants included in the
main analysis and second for individuals with an exact date of vaccination (86%) or who
had not been vaccinated during the study period, with and without inverse probability
weighting cumulatively over time (IPWC) to account for dropouts (Fewell et al., 2004).
We estimated the probability of censoring with each observation or up to the time point
of vaccination. Probabilities were then derived with a logistic regression model adjusting
for all covariates as described in our main analysis. Further, we subtracted estimated
probabilities from 1, which resulted in an estimate of the probability of being uncensored
for a given observation. We accumulated these probabilities over time for each partic-
ipant. Finally, we derived stabilized weights using a logistic regression model without
covariates for the nominator. We defined missingness as when a participant was absent
in any survey wave after recruitment. To estimate these probabilities, we used logistic
regression with all observations and all covariates from the main regression model plus
the primary outcome. Further, we use each participant’s last observation to test whether
the missingness of a survey wave was associated with covariates that we previously
described.

5.3 Results

This study included six survey waves from 3 June 2021 to 9 September 2021, with partic-
ipants enrolled during the first three waves (table 5.1 and figs. D.1 and D.2). We followed
participants for 55 days on average (range: 0-103 days). The study included 6,758 ob-
servations from 1,884 participants. Overall, 918 (49%) were females and 956 (51%)
were males. Participants’ age ranged from 18 to 90 years with a median of 47 years.
The study population was largely representative of the Swiss population (table D.2). For
the regression analysis, we included 1,883 participants (one participant had missing data
for vaccination status; table 5.2). Further, we identified missing data for six observations
from three participants (four for vaccination status and two for contact information). We
excluded these observations from regression analyses. Of all who participated from June
to September 2021, 443 (24%) did not miss any waves, 363 (19%) missed at least one
survey wave, and 1,078 (57%) dropped out before the last wave.
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FIGURE 5.1: COVID-19 vaccination uptake in Switzerland. A) Comparison of vaccination uptake
in the CoMix survey participants (red dots with 95% confidence intervals) and general population
of Switzerland. B) Willingness to receive COVID-19 vaccination

From May 2021 onwards, the COVID-19 vaccination campaign in Switzerland targeted
the entire adult population and uptake increased during the study period (fig. 5.1). Vacci-
nation uptake in our study population was higher than in the overall population of Switzer-
land. In the first survey wave of June 2021, 533 (54%) had at least one vaccine dose
compared with 43% of the general Swiss population. This increased to 75% by the sixth
survey wave, compared with 70% in the general adult population (fig. 5.1). Participants
who had not already been vaccinated indicated their willingness as to whether they in-
tended, were hesitating, or had no intention to get vaccinated. The increase in vaccine
uptake within the CoMix study occurred mainly amongst those who wanted to get vacci-
nated (18% in the first wave to 4% in the last wave) rather than those that had no intention
(16% in the first wave to 14% in the last wave) or were hesitant (12% in the first wave to
7% in the last wave) (fig. 5.1).

In the unadjusted Poisson regression model, we found that people in all older age groups
were more likely to get vaccinated than those in the youngest age group (18-29 years;
fig. 5.2). In the adjusted Poisson regression model, the vaccination uptake per interval
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TABLE 5.2: Overview of the study population: Sociodemographic char-
acteristics, history of testing for SARS-CoV-2, social contact behavior,
and perception of COVID-19 measures in all study participants and in
study participants who got vaccinated by the end of the study. * For time-
dependent variables, the last observation of the participant is given. Ab-
breviations: EU, European Union; CHF Swiss Francs.

Category H All participants, N (%) Vaccinated participants, N (%)
Total 1,883 (100%) 1,321 (100%)
Age groups, years

18-29 358 (19%) 216 (16%)
30-39 358 (19%) 234 (18%)
40-49 308 (16%) 203 (15%)
50-59 363 (19%) 263 (20%)
60-69 289 (15%) 226 (17%)
70 207 (11%) 179 (14%)
Gender

Female 918 (49%) 613 (46%)
Male 955 (51%) 699 (53%)
Other 10 (1%) 9 (1%)
Region

Urban 1,426 (76%) 1,039 (79%)
Rural 457 (24%) 282 (21%)
Swiss region of residence

Espace Mittelland 406 (22%) 273 (21%)
Zurich 351 (19%) 260 (20%)
Lake Geneva region 337 (18%) 235 (18%)
Eastern Switzerland 263 (14%) 186 (14%)
Northwestern Switzerland 262 (14%) 181 (14%)
Central Switzerland 182 (10%) 129 (10%)
Ticino 82 (4%) 57 (4%)
Country of birth

Switzerland 1,331 (71%) 927 (70%)
EU 249 (13%) 176 (13%)
Non-EU 156 (8%) 113 (9%)
Unknown 147 (8%) 105 (8%)
Education level

Obligatory school and vocational education 805 (43%) 531 (40%)
Gymnasium and advanced vocational education 639 (34%) 439 (33%)
Higher education (e.g., Bachelor, Master or PhD) || 439 (23%) 351 (27%)
Employment status

Employed 1,161 (62%) 789 (60%)
Unemployed 110 (6%) 67 (5%)
Student 116 (6%) 83 (6%)
Homemaker 75 (4%) 43 (3%)
Retired 377 (20%) 313 (24%)
Other unemployed situation 44 (2%) 26 (2%)
Household income, net

0-5,000 CHF 592 (31%) 380 (29%)
5,001-10,000 CHF 762 (40%) 539 (41%)
10,000+ CHF 248 (13%) 200 (15%)
Preferred not to answer 281 (15%) 202 (15%)
Household size

Median (Range) 2 (range: 1-10) 2 (range: 1-10)
Household with medically vulnerability

No person in a risk group 1,305 (69%) 871 (66%)
One or more person in a risk group 578 (31%) 450 (34%)
Testing for SARS-Cov-2*

Tested positive 31 (2%) 25 (2%)
Tested 543 (29%) 336 (25%)
Never tested 1,277 (68%) 941 (71%)
Preferred not to answer 32 (2%) 19 (1%)
Number of contacts per day*

0-2 767 (41%) 547 (41%)
3-5 527 (28%) 377 (29%)
6 589 (31%) 397 (30%)
Attitudes towards COVID-19 measures*

About right 913 (48%) 737 (56%)
Too lenient 423 (22%) 356 (27%)
Too strict 501 (27%) 204 (15%)
No comment 46 (2%) 24 (2%)
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in adults 30 years and older was highest before the first survey wave and declined af-
terward (fig. 5.3). The vaccination uptake per interval in younger adults (18-29 years)
peaked at the second survey wave, then declined and increased again at the last survey
wave. The modeled cumulative vaccination uptake over the entire study period depended
less on age than expected from the crude vaccination uptake in the CoMix study, i.e., the
effect of other covariates became more important (fig. D.3). Being male was associated
with higher vaccination uptake (aRR 1.09, 95% CI: 1.04—-1.15) (fig. D.2). We found ge-
ographical differences in vaccination uptake. Living in rural areas was associated with
lower vaccine uptake than in urban areas (aRR 0.85, 95% CI: 0.80-0.90). Vaccination
uptake varied slightly between regions. Most regions were associated with higher vac-
cine uptake than Espace Mittelland. We did not find statistical evidence of an association
between country of birth and vaccination uptake.

We found that the highest education level (having a Bachelor, Master or PhD), was as-
sociated with a higher vaccination uptake (aRR 1.18, 95% CI: 1.10-1.27) than with the
lowest education level (completed obligatory school and vocational education only). Un-
employed participants were less likely (aRR 0.86, 95% CI: 0.76—0.97) and students were
more likely (aRR: 1.33, 95% CI: 1.17—1.51) to get vaccinated than employed participants.
In addition, higher income was associated with higher vaccination uptake. A household
income between 5,001 CHF and 10,000 CHF compared with less than 5,000 CHF re-
sulted in an aRR of 1.15 (95% CI: 1.08-1.23) and an income of at least 10,000 CHF
resulted in an aRR of 1.34 (95% CI: 1.23-1.46). Living in smaller households was asso-
ciated with lower vaccination uptake (aRR 0.96, 95% Cl: 0.94-0.99). In contrast, living
with a medically vulnerable individual was associated with a higher aRR of 1.16 (95%
Cl: 1.10-1.23). We found no association between previous SARS-CoV-2 infections and
vaccination uptake. Individuals with six or more contacts per day had higher vaccination
uptake than those with fewer than three contacts (aRR 1.08, 95% CI: 1.01-1.16). We
also found that the perception of COVID-19 measures was associated with vaccination
uptake. Participants who thought that the control measures were too strict were less
likely to be vaccinated compared to those who thought that the control measures were
about right (aRR 0.56, 95% CI: 0.53-0.61).

Setting time zero to 1 June 2021 did not substantially change the results of the Poisson
regression model (table D.3). The results from the Cox regression model were similar
compared to those from the Poisson regression model (table D.3 and D.4). However, we
deemed the Cox regression model less appropriate for the analysis of the data because
the strong correlation between age and the time point of vaccination as a result of the
age-specific vaccination campaign violates the proportional hazard assumption.

We also studied whether certain characteristics of participants were associated with
missed survey waves (n=1,441, 76%). We found that individuals between 40 and 69
years were less likely to have missed survey waves than the youngest age group (18-29
years). Participants living in Geneva and Ticino were more likely to have missed survey
waves compared to those living in Espace Mittelland. The same was found for those
born in an EU country than those born in Switzerland. Participants with six or more con-
tacts were also more likely to have missed survey waves than those with fewer than three
contacts. We did not find strong statistical evidence for associations between missing-
ness and gender, region, education level, employment status, household income, history
of testing for SARS-CoV-2, or vaccination (table D.5). Participants who missed survey
waves had little impact on the results from the Cox regression model, as the unweighted
and weighted hazard ratios (HR) were similar (table D.3).
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B Unadjusted

Categories Factors °n=3,513 *N=1,883 | AdIUSted RR (95%-Cl) aRR (95%-Cl)
Age groups, years [u—
Reference: 18-29 30-39 737 359 1.07 (0.98-1.16) -
40-49 606 314 - 1.17 (1.07-1.27) -
50-59 676 355 i 1.30 (1.20-1.42) -
60-69 474 289 - 1.62 (1.49-1.77) -
70+ 318 202 =% 185(1.69-2.03) -
Gender T e T [N
Mal 1,7 1.17 (1.11-1.23) 1.09 (1.04-1.1
Reference: Female ale 1708 955 (2] ( 3) 1.09 (1.0 5)
Others 15 10 =3 1.62(1.20-2.17) 1.62(1.20-2.20)
Region T ey
Reference:Uban R 8 T 0T0TI0m) 0ss0s0s0)
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Zurich 1 1 — 1.23 (1.14-1.33) 1.1 (1.02-1.2(
Reference: Espace Mittelland urie 615 35 3 ( 33) (o 0)
Lake Geneva region 590 337 ._‘" i 1.17 (1.08-1.27) 1.06 (0.98-1.15)
Eastern Switzerland 501 263 = 1.10 (1.01-1.20) 1.09 (1.00-1.18)
Northwestern Switzerland 262 262 ﬂ 1.07 (0.98-1.16) 1.07 (0.98-1.17)
Central Switzerland 352 182 L ._‘l 1.05 (0.95-1.16) 1.16 (1.05-1.28)
Ticino 140 82 — 1.16 (1.02-1.32) 1.15 (1.01-1.31)
Country of birth T e e _—
Reference: Switzerland EU 450 249 (=) 1.05 (0.98-1.13) 0.96 (0.89-1.04)
Non-EU 283 156 ._‘l | 1.06 (0.97-1.16) 0.98 (0.89-1.07)
Unknown 235 147 ._‘l i 1.18 (1.08-1.29) 1.06 (0.97-1.17)
Education level T T T V-
Reference: Lowest level Middle level of education 1,225 639 = 1.06 (1.00-1.12) 1.01 (0.95-1.07)
Highest level of education 714 439 .._‘H 1.39 (1.31-1.48) 1.18 (1.10-1.27)
Employment status Ty
Referonce: Employed Unemployed 214 110 = 0.86 (0.77-0.96) 0.86 (0.76-0.97)
Student 192 116 1.13 (1.02-1.26) 1.33 (1.17-1.51)
Homemaker 164 75 L ._‘l 0.77 (0.67-0.89) 0.95 (0.82-1.10)
Retired 607 377 — 1.46 (1.38-1.55) 1.05 (0.94-1.16)
Other unemployed situation 92 44 —_, 0.85 (0.71-1.01) 0.90 (0.75-1.07)
Household income, net T o T T -
Reference: 0-5,000 CHF 5,001-10,000 CHF 1,403 762 [Lmen) 1.18 (1.11-1.25) 1.15(1.08-1.23)
10,000+ CHF 387 248 ._‘l i 1.50 (1.39-1.62) 1.34 (1.23-1.46)
Preferred not to answer 529 281 ._‘" 1.17 (1.08-1.27) 1.13(1.04-1.23)
Household size Mean (range) 2(1-10) 2(1 -10) -} 0.97 (0.95-0.98) 0.96 (0.94-0.99)
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Roference; No person in arisk group.__ - o PO A K o O T ] s s ez
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esting for SARS-Cov- Tested 872 - _— 0.73 (0.55-0.98) 0.87 (0.65-1.17)
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FIGURE 5.2: Rate ratios from the univariable and multivariable Poisson regression models. The
primary outcome of the analysis is having received the first dose of a COVID-19 vaccine. “Number
(n) of observations included in the regression analysis. *Number (N) of participants included in
the regression analysis. Abbreviations: EU, European Union; CHF, Swiss Francs; ClI, confidence
interval; RR, rate ratio; aRR, adjusted rate ratio.

5.4 Discussion

This study presents findings from analyses investigating factors associated with COVID-
19 vaccination uptake in participants in the CoMix study in Switzerland. We found that
vaccination uptake differed between subgroups from June to September 2021, a period
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FIGURE 5.3: Vaccination uptake per interval by age group. Vaccination uptake corresponds to the
percentage receiving the first vaccine dose amongst those who have not already received it. The
estimates were adjusted for gender, region, Swiss region of residence, country of birth, educa-
tion level, employment level, net household income, household size, household with a medically
vulnerable individual, testing for SARS-CoV-2, number of contacts per day, and attitude towards
COVID-19 measures, with an interaction between age and survey wave. The shaded area indi-
cates the 95% confidence interval.

during which COVID-19 vaccines were available to the entire adult population in Switzer-
land. Individuals who were older, male, and students, had a higher educational level,
household income, and number of social contacts, and lived in a household with a med-
ically vulnerable person were associated with higher vaccination uptake. In contrast,
individuals who lived in rural areas, smaller households, and who perceived COVID-19
measures too strict were associated with lower uptake. There was no significant as-
sociation between previous SARS-CoV-2 infections and vaccination uptake. Together,
these results suggest that sociodemographic factors as well as individual behaviour and
attitudes shaped COVID-19 vaccination uptake in Switzerland.

A major strength of our study is the use of the longitudinal CoMix survey to study multiple
factors that are associated with COVID-19 vaccination uptake. The survey was based on
quotas on age, gender, and region of residence and aimed to be representative of the
Swiss population. As a result of the longitudinal data collection over six survey waves and
modeling vaccination uptake as a point process using a Poisson regression model, we
were able to capture changes in social contacts and attitudes on control measures over
time. In France, Germany, and Italy, the introduction of COVID-19 vaccine passports in
September 2021 resulted in an increase in vaccination uptake (Oliu-Barton et al., 2022).
In our study, the increase in vaccination uptake in 18-49 year olds during the last two
survey waves at the end of summer 2021 coincided with the introduction of a COVID-19
vaccination certificate, which was required for participation in certain activities (table D.1).
Another possible reason for the increase in vaccination uptake in late summer 2021 could
be the easier scheduling of vaccination appointments after the summer holidays. In
contrast to the study by Heiniger et al. (2022), we were also able to study the association
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between previous SARS-CoV-2 infections and the number of social contacts with COVID-
19 vaccination uptake in Switzerland.

Our study also comes with a number of limitations. The potential inclusion of participants
from the same household may influence our findings due to shared behaviors among
household members. However, we think that such an event would be highly unlikely
due to the survey design and the recruitment of participants. Further, the overall vacci-
nation uptake in the study population by September 2021 (75%) was somewhat higher
compared to the Swiss adult population (70%). This difference could be a result of the
recruitment method within which the CoMix study was biased towards individuals with
access to the internet, who may be reached by banner ads, email campaigns, and social
media advertisements. In addition, survey participants are likely to be healthier than the
general population (Keyes et al., 2018). In the context of the CoMix study, participants
might be more health-conscious and more likely to be vaccinated than the general pop-
ulation. Moreover, we found that individuals from the youngest and oldest age groups,
non-German speaking regions, who were born in an EU country, and who had a higher
number of contacts were more likely to have missed a survey wave. Therefore, the
vaccination uptake and the aRR for these categories could be slightly underestimated.
Although accounting for missing data from participants who missed survey waves hardly
affected estimated HRs, associations between the place of residence, place of birth, and
contact number with vaccination uptake should be interpreted with caution. As indicated
by Moser et al. (2018), relative outcome measures like RRs may be less prone to bias
than absolute quantities. Further, we did not collect information about the political orien-
tation of participants, which may have an association with COVID-19 vaccination uptake
as found for the United States but not for the United Kingdom (Albrecht, 2022; Klymak
and Vlandas, 2022).

Our analysis indicated that older age and higher sociodemographic status were associ-
ated with higher COVID-19 vaccination uptake in Switzerland, similar to the findings of
some other studies (Dubé and MacDonald, 2022; Heiniger et al., 2022; Klymak and Vlan-
das, 2022; Leos-Toro et al., 2021; Terry et al., 2022). Lazarus et al. (2021) have, however,
observed considerable heterogeneity in vaccine acceptance between countries. Vaccine
hesitancy has also been shown to vary substantially at county level within the US (Larson
et al., 2014). For example, gender as a predictor of COVID-19 vaccine acceptance and
hesitancy varied globally (de Figueiredo and Larson, 2021; Detoc et al., 2020; Heiniger
et al., 2022; Lazarus et al., 2021). In our study, women reported lower vaccination uptake
than men, possibly due to the mixed guidance for pregnant women or women wanting
to become pregnant (Stock et al., 2022; Wong et al., 2022). Among women, Skjefte
et al. (2021) also found that younger age, lower income, lower level of education, be-
ing unmarried and not having health insurance were associated with vaccine hesitancy.
We did not find a significant association between place of birth and vaccination uptake,
but systematic reviews indicated low intent to get vaccinated and low uptake in some
migrant population groups (Crawshaw et al., 2022; Dubé et al., 2014). We asked partici-
pants about their perception of current COVID-19 measures, which might reflect trust in
the government, which was found to be decisive in vaccine uptake (de Figueiredo and
Larson, 2021). Moreover, Lazarus et al. (2021) stated that vaccine hesitancy is associ-
ated with a lack of trust in COVID-19 vaccine safety and science, and scepticism about
vaccine efficacy. Finally, we found that individuals with a higher daily number of social
contacts had a higher vaccination uptake. This could either be a result of participants
increasing their number of contacts after vaccination, or that participants with a higher
number of contacts are more willing to get vaccinated to protect themselves and others
from infection, severe disease, and death.
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Decision-making about vaccination strategies often occurs in the presence of uncertain-
ties (Larson et al., 2022). To develop tailored and effective vaccination strategies, it is
important to understand the multifactorial causes and context of vaccination hesitancy
(Dubé and MacDonald, 2022). Factors associated with vaccine hesitancy or uptake, of-
ten encompass political, religious, and socioeconomic aspects, but might vary across
time, location, and specific vaccines (Larson et al., 2014; MacDonald, 2015). Despite the
difference in time and context, a study examining the uptake of human papillomavirus
(HPV) vaccines in Switzerland also found that individuals living in rural areas tended to
be vaccinated less frequently (Riesen et al., 2018). Vaccination strategies need to be
carefully planned to ensure readiness of both the public and the health community, in-
cluding the need for effective communication about the complexities of vaccination, such
as the recognition that side-effects may occur shortly after vaccination while protection
from severe disease only follows later. Vaccination strategies also require a broad range
of approaches on the individual, provider, health system, and national levels, which is
difficult to properly coordinate and promote (Mcintosh et al., 2016). Policymakers have
historically considered multiple options to increase vaccine uptake, ranging from com-
munication and outreach strategies to monetary (dis)incentives, encouraging parental
responsibility, and minimizing distrust of expertise (WHO, 2014). Experts, such as physi-
cians and other health care providers, are still among the most trusted individuals when
it comes to health care advice, including for vaccination (Albrecht, 2022; Featherstone
et al.,, 2019; Larson et al., 2022). Both, science, and health professionals, should be
adequately trained in knowledge communication. Low vaccine uptake might be due to
access and communication barriers and highlight that it is key to have outreach, and
credible, consistent, and unified information about vaccines (Black and Rappuoli, 2010),
such as that vaccines are among the most effective measures ever achieved through
medical intervention. Engaging with and comprehending individuals skeptical about vac-
cination is of importance. In our study, we observed minimal changes in the attitudes
of individuals who expressed no intention to get vaccinated (16% vs. 14% maintained
their attitude throughout the study). We showed, within another panel of participants
in the CoMix study in Switzerland, that almost half of individuals who did not intend to
be vaccinated lacked trust in vaccines or feared side effects Reichmuth et al. (2022a).
Horne et al. (2015) underscored the positive influence of factual information on people’s
attitudes towards vaccination in relation to communicable disease risks. Future research
should focus on exploring effective social intervention strategies to enhance the uptake
of vaccination. Finally, transparency about vaccine effectiveness and adverse events to
set public expectations should improve trust in vaccines, but messaging should take care
to avoid unintentionally overemphasizing the risk of rare adverse events (Schaffer DeRoo
et al., 2020).

Our analysis suggests that women and individuals from rural areas, people with lower
levels of education and lower household income, those who were unemployed, and who
perceived the pandemic measures as being too strict were less likely to get vaccinated
against COVID-19 in Switzerland. Tailored vaccination strategies towards these commu-
nities with lower vaccination uptake can be decisive as COVID-19 vaccination remains
an important pillar in preventing severe disease and death.
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Discussion

6.1 Summary and outlook

During the pandemic, an enormous amount of SARS-CoV-2 related data was available in
near real-time. By combining data with modeling methods epidemiologists could estimate
important epidemiological parameters such as the effective reproductive number R, and
the growth advantage of SARS-CoV-2 variants (Althaus et al., 2021; Davies et al., 2021;
Huisman et al., 2022; Viana et al., 2022). This doctoral thesis especially contributes
evidence on the transmission dynamics of SARS-CoV-2 and behavioral changes in hu-
mans, including vaccination uptake. Collaboration with authorities such as the FOPH
might have facilitated the translation of these findings into action.

An epidemic in a specific geographical region cannot be seen independently of the neigh-
boring areas’ interactions. As a result of cross-border activities including travel, infections
acquired abroad can impact the local epidemic. The findings in chapter 2 quantified that
imported cases can explain the growth of the SARS-CoV-2 epidemic in two summers.
For summer 2020, Hodcroft et al. (2021) highlighted that travel likely increased the rapid
spread of a SARS-CoV-2 variant detected in Spain that had no intrinsic transmission ad-
vantage. During this time imported cases successfully thrived into transmission chains
mostly when local SARS-CoV-2 incidence was low (Lemey et al., 2021). The impact
of travelers on the local epidemic can be reduced by maintaining and improving cross-
border measures. For instance, certificates, testing, and quarantine can help mitigate the
growth of the epidemic, especially when local incidence is low, as it was in summer 2020.
Improved surveillance of travelers can not only help to mitigate the epidemic growth but
also delay the spread of VoCs. Emerging VoCs fueled epidemic waves. A variant is
defined as VoCs when genomic changes lead to a significant increase in growth advan-
tage of the variant compared to existing variants or more severe disease (Carabelli et al.,
2023). VoCs can thoroughly impact global health, including healthcare capacity. Thus,
authorities attempted to control the impact of VoCs with various control measures such
as travel bans.

Global, coordinated efforts are needed to prevent SARS-CoV-2 transmission worldwide.
Testing and quarantine may be more effective than travel bans to mitigate local spread.
We showed that border closures implemented after alerts of new variants are likely too
late, as variants such as Alpha and Delta had already spread in the country (chapter 3).
Similarly Tsui et al. (2023) highlighted that Omicron had been introduced undetected into
England before scientists alerted the WHO. By the time authorities reacted with stricter
control measures, such as travel bans, the variant had already spread globally and na-
tionally. Therefore, the subsequent travel restrictions imposed on countries in southern
Africa hardly impacted local introduction and spread. Tegally et al. (2023) showed that
countries where VoCs emerged, had a declining role in their global dispersal, for ex-
ample, India contributed <15% and South Africa <2% of Delta and Omicron exports,
respectively. Travel bans and border closures can hinder rapid scientific research, and



80 Chapter 6. Discussion

collaboration on global health interventions and can also lead to social and economic
damage for the banned countries.

The Swiss government implemented various other interventions to mitigate transmission
and the severity of COVID-19 between 2020 and 2022. For example, working from home
became mandatory in March 2020 and aimed to reduce the average number of social
contacts. From 2021 until mid-May 2022, we showed a significantly reduced number of
social contacts in Switzerland (chapter 4). The largest reduction in contact was in 30-64
year old adults and the smallest reduction in children aged 0-4 years. Jarvis et al. (2023)
indicated that the pandemic caused long-term changes in contact patterns in Switzer-
land and other countries. Differences in contact patterns impact the spread of respiratory
pathogens such as SARS-CoV-2 and influenza (Mousa et al., 2021). For the future, ac-
cess to data, that is setting-specific and up-to-date, is crucial to guide effective pandemic
interventions. Such data combined with models helps to predict the transmission of res-
piratory pathogens and to evaluate the effectiveness of NPIs in mitigating the burden of
disease. The most recent social contact data for Switzerland is available on an open
repository Zenodo (Reichmuth et al., 2023a).

In addition to NPIs, increasing immunity, specifically through vaccination, is crucial to
mitigate the burden of COVID-19. Vaccines protect against severe disease and death,
but they are less effective in preventing transmission (Wilder-Smith, 2022). Harris et al.
(2021) found that among household contacts vaccinated cases were around 50% less
responsible for symptomatic cases than without vaccination. While transmission of dis-
ease is still a concern, NPIs should reduce SARS-CoV-2 transmission and vaccinate the
severity of COVID-19 in the community. High vaccination coverage in Switzerland can be
achieved by focusing on sociodemographic factors and individual behavior (chapter 5).
We reported survey findings on vaccination willingness to the FOPH every month (fur-
ther detail in our final report Reichmuth et al. (2022a)). This feedback loop between
researchers and the government can lead to a better understanding among all stake-
holders to ultimately implement more effective public health measures.

6.1.1 Further research directions on the SARS-CoV-2 pandemic

The SARS-CoV-2 pandemic is not over and still raises unresolved questions. Further
research on SARS-CoV-2 is needed. For example, to better understand transmission
dynamics, research should focus on the waning immunity in humans and the evolution-
ary origin of VoCs, including their properties such as immune escape. VoCs can trigger
epidemic waves that can overburden the health system. Especially if the acquired immu-
nity in the population does not protect against serious diseases. Acquired immunity in
the population increased over time. Thus, immune escape mutations are progressively
selected. Likely due to immune evasion, Pulliam et al. (2022) indicated an increase in
reinfection in the Omicron-era. The heterogeneous immunity in South Africa was con-
firmed by Sun et al. (2023) for the 4" wave (after October 2021). Together with waning
immunity, the population immunity level increased in complexity.

The need to include a global perspective while studying pandemics further increases
the complexity. For example, the spread of SARS-CoV-2 differs in geographical regions,
in particular when comparing Switzerland and South Africa. In contrast to Switzerland,
South Africa has poorer access to health care, including access to vaccines, one of the
highest HIV prevalence in the world, and an increasing number of people living with
diabetes (Magliano et al., 2021; Zuma et al., 2022). Co-existing epidemics potentially
interact with SARS-CoV-2 and influence its evolution and severity of COVID-19 (Corey et
al., 2022; Danwang et al., 2022; Pal and Bhadada, 2020). Jassat et al. (2021) identified
in a nationally representative cohort study in South Africa that older individuals, those
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with chronic co-morbidities, and people living with HIV, particularly those not on ART are
at high risk of COVID-19 in-hospital mortality. By the beginning of 2022, the population
attributable fraction of diabetes was around 10% for severe COVID-19 and even higher
for COVID-19-related deaths (Li et al., 2023). In line with these findings and investi-
gating all COVID-19 hospital admissions in South Africa between 5 March 2020 and 28
December 2022, we estimated an adjusted fraction of deaths in hospitalized COVID-19
patients attributable to HIV to be around 5%, which was slightly higher due to diabetes
(unpublished work from Reichmuth ML, Tegally H, Poongavanan J, Abimiku A, Baxter C,
de Oliveira T, Naranbhai V, and the INFORM-Africa team).

Given differences in host health status including vaccine and natural infection-induced
immunity which resulted in heterogeneous immunity within populations, the spread of
variants within communities is becoming increasingly complex. Overall, with uncertainty
in immunity levels and viral evolution, it is only to speculate about the future course of
the pandemic. For example, in many years, SARS-CoV-2 could be seasonal, similar
to influenza, and might lead to mild respiratory illnesses such as the other four hCoVs
(Markov et al., 2023).

Markov et al. (2023) elaborated on three hypotheses for the evolutionary origin of VoCs
and could be part of further research, namely ) undetected circulation in humans, Il)
circulation in animal reservoirs, and Ill) chronic infections, also known as persistent infec-
tion. Continuous and representative (genomic) surveillance of cases and viral diversity is
crucial to detecting the circulation of new viral pathogens and variants timely. Moreover,
population-scale data, such as those built and maintained by the 'Role of Data Streams
in Informing Infection Dynamics in Africa’ (INFORM Africa) initiative, can help to under-
stand health-related associations and thus improve public health (Poongavanan et al.,
2023).

In addition to undetected circulation in humans, circulation in various zoonotic reservoirs
is of concern. Lu et al. (2021) provided evidence for circulation in animals, e.g., farmed
minks, and for animal-to-human transmission, also known as zooanthroponotic transmis-
sion. Pickering et al. (2022) confirmed zooanthroponotic transmission from wildlife such
as white-deer. Host-specific adaptation and potential recombination with other viral lin-
eages may occur in animals and threaten the health of wildlife, domestic animals, and hu-
mans through multi-host transmission (Kuchipudi et al., 2023). Coordinated surveillance
efforts in humans but also among animals can help to guide evidence-based response
to SARS-CoV-2 (Kuchipudi et al., 2023).

Persistent infections enable SARS-CoV-2 to accumulate multiple mutations (Carabelli et
al., 2023). Harari et al. (2022) found evidence for dynamic polymorphic viral populations
in chronically infected patients, which suggests that a compromised immune system se-
lects for antibody evasion. For example, Maponga et al. (2023) highlighted a case were
SARS-CoV-2 of a women living with uncontrolled HIV accumulated over twenty additional
mutations. Reoccurred mutations in persistent infection escape the immune system, in-
crease ACE2 affinity, and improve viral packaging (Wilkinson et al., 2022). Thus, per-
sistent infection can contribute to antigenic shifts when these variants get transmitted to
others. Ghafari et al. (2023) estimate that 0.1-0.5% of SARS-CoV-2 infections can per-
sist. They suggested that 70% of the persistent SARS-CoV-2 infections had long periods
of no consensus changes in the viral sequences, which indicates the presence of a non-
replicating virus (Ghafari et al., 2023). Overall, characterizing the host-viral dynamic and
identifying persistent infection and controlling co-morbilities including health promotion
can help to mitigate COVID-19 and reduce the occurrence of SARS-CoV-2 variants.
Another field of research that requires further study - as data is becoming available - is
long COVID. Long COVID is a multisystemic condition with often severe symptoms that
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are physically and mentally distressing (Davis et al., 2023). Symptoms impact individuals
and society as a whole, such as absence from work. At least 10% of SARS-CoV-2
infections experienced long COVID (Davis et al., 2023). This is dramatically, given the
high number of infections. Moreover, chronically infected individuals were more likely
to report long COVID than shorter infections (Ghafari et al., 2023). Finally, continuous
research on the evolution of SARS-CoV-2 and its outcomes combined with public health
research will benefit the well-being of all.

6.1.2 Strengths and limitations

During my thesis, | used several data sources and models. My multi-method approach
has both strengths and limitations. On the one hand, the use of multiple data sources
and methods allows for increased hypothesis testing, for example, due to missing data,
compared to an inflexible approach. Missing data is common in epidemiological studies.
In chapter 5, missing data occurred, for instance, because of inconsistent participation
and reporting. Data might also be unavailable for ethical reasons. For example, data on
human mobility which was used in chapter 2 is rare or confidential.

The spread of SARS-CoV-2 is a multidimensional process that depends on the interac-
tion between human genetics and behavior, the viral genetics, and the environment. In
addition, data presents only a snapshot of the complex global health problems. Depend-
ing on the research question and data availability, different models can provide insights to
understand, explain, and predict observed phenomena and dynamics. A scientist should
be open to learn about many different methods to support rigorous evidence-gathering
and ultimately improve public health. In chapter 3, we illustrated that combining different
data sources such as sequence data, case numbers, and results from observational and
modeling studies, with different models such as phylogenetic and mathematical transmis-
sion models, can inform public health response during pandemics. In addition, chapter 4
offers the potential to improve mathematical transmission models in Switzerland by in-
cluding heterogeneity in transmission rates. In summary, data availability and hypotheses
require flexible use of different data sources and methods.

On the other hand, knowledge of various methods and disciplines can lead to gener-
alizations that contradict specific knowledge. No single person can be an expert in all
disciplines, and few can be conversant in all of them (Lipsitch, 2020). Even in a single
discipline, scientific information is extensive. Science including academic career oppor-
tunities favors specialization. However, specialization should not lead to disciplines that
accept and follow only one method to progress (Lipsitch, 2020).

Cross-disciplinary approaches are important for progress in health science, but collabo-
ration is fraught with challenges. For example, | collaborated with molecular and compu-
tational epidemiologists, physicians, policymakers, statisticians, and social scientists. It
was challenging to create a knowledge base with experts from a wide range of disciplines.
Regular joint discussions need to combine different concepts, interests, knowledge, and
communication channels - which have the risk of getting lost and being time-consuming.
However, | learned about more methods than | would have otherwise. | have broadened
my view on aspects of public health - from qualitative to quantitative perspectives.
Moreover, being surrounded by wealth of knowledge can be overwhelming and | wonder
if this reinforces impostor syndrome. Impostor syndrome describes the failure to objec-
tively assess their accomplishments and co-occurs with persistent self-doubt and fear of
being exposed as a fraud (Huecker et al., 2023). Academics, especially students, are
particularly at risk of developing an impostor syndrome species as they are assessed
multidimensional (Huecker et al., 2023).
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6.2 Modeling impacts decision making

Effective decision-making needs evidence. Computational modeling can provide needed
evidence in times of uncertainty and threats. During the emergence of pathogens such
as SARS-CoV-2 authorities have to react promptly to ensure global health. During the
SARS-CoV-2 pandemic, scientists worked with comprehensive data to provide evidence-
based advice. For instance in January 2020, Riou and Althaus (2020) predicted pan-
demic potential using stochastic transmission models. The data and models indicated
the pandemic potential, and at the same time, the WHO declared a public health emer-
gency of international concern (WHO, 2020b). Nevertheless, in Switzerland, for example,
drastic control measures, i.e. the ’extraordinary situation’, were introduced only one and
a half months later (Federal Council, 2020c).

The emergence of SARS-CoV-2 in China and the predicted pandemic potential raised un-
certainties about the impact of globalization, particularly travel, on the burden of COVID-
19. Worobey et al. (2020) demonstrated using phylogenetic models that travelers facili-
tated the early spread of SARS-CoV-2 in Europe when intensive testing and contact trac-
ing were hardly implemented. Chinazzi et al. (2020) used a global transmission model to
conclude that early travel restrictions helped to slow the spread of the pandemic for few
days. They suggested that quarantines, self-isolation, and early detection will probably
be more successful in mitigating the SARS-CoV-2 pandemic than travel restrictions.
Nevertheless, Tegally et al. (2023) highlighted using a phylogeographic approach that
many countries imposed severe travel bans during the pandemic, especially for countries
where VoCs were detected, although surveillance and quarantine could benefit greatly.
Without a zero-COVID policy, the introduction and spread of a new variant will occur.
Therefore, travel control measures focus on delaying the spread. Delaying the domi-
nance of a variant may be beneficial to allow more time to accelerate vaccination uptake,
implement local control measures, and increase health care capacities. For example,
with the emergence of Alpha in Switzerland, authorities introduced quarantine for trav-
elers from the UK as well as stricter local measures. When Delta and Omicron were
detected, travel restrictions were introduced, but vaccination coverage and local mea-
sures were hardly increased.

Moreover, research on social contact models suggested in early 2020 that premature and
sudden lifting of NPIs would lead to rapid increases in the epidemic curve, which could
be flattened by a gradual relaxation of NPIs (Prem et al., 2020). Switzerland lifted the
control measures in June 2020 rather abruptly, in contrast to March 2021 and February
2022 when it was more gradual.

With the surge in cases, the need for hospital and intensive care units (ICU) also in-
creased. Grasselli et al. (2020) forecast the ICU demand over the first weeks of the
first outbreak in Italy. A couple of months later, Zhao et al. (2020) forecast the ICU de-
mand for Switzerland to inform decision-makers with various counterfactual scenarios
regarding hospital occupancy. Subsequent during the critical phase of the SARS-CoV-2
pandemic and to react with measures, the FOPH monitored and visualized the hospital
occupancy online on dashboards (www.covid19.admin.ch).

In general, a well-integrated continuous surveillance system combined with a modeling
approach at the FOPH would help to ensure a rapid response and pandemic prepared-
ness. Before the SARS-CoV-2 pandemic, statisticians and modelers were hardly en-
gaged within the FOPH, whereas the Netherlands is a pioneer in integrating science and
public health at the 'National Institute for Public Health and the Environment’ (RIVM). In
Switzerland, scientific engagement only increased and was complemented by the scien-
tific task force during the pandemic. Thus, their communication channels were developed


https://www.covid19.admin.ch/de/hosp-capacity/icu
https://www.rivm.nl/en

84 Chapter 6. Discussion

and improved due to the lack of pandemic preparedness during the emergency. In im-
proving pandemic response after the pandemic, the FOPH invests in pandemic response
and for example, established a new online dashboard to inform about the circulation of
respiratory infectious diseases in Switzerland (more detail at idd.bag.admin.ch).

6.2.1 Pandemic preparedness

Preparedness enables an early and effective response in an emergency of 'diseases X’
to reduce needs, mitigate suffering, and help to save lives (ECDC, 2021a; Van Kerkhove
et al., 2021). The effectiveness of a response depends on investment in preparedness,
i.e., relies on pre-existing capabilities (ECDC, 2021a). Capabilities in public health, health
systems, and communities aim to prevent, protect, and enable quick response and recov-
ery from health emergencies (Nelson et al., 2007). Nelson et al. (2007) defined sixteen
key elements involved in preparedness. They categorized the elements into having pre-
planned and coordinated crisis response capabilities, having experts and a fully staffed
workforce, and constantly evaluating accountability and quality. For instance, capabili-
ties include public engagement by educating and involving communities in health-related
topics, but also the monitoring of diseases.

Epidemiological surveillance is important to monitor, detect, and investigate infectious
diseases. During the SARS-CoV-2 pandemic, enormous and previously unseen global
genomic surveillance enabled effective public health response. For instance, global ge-
nomic sequencing helped to detect and track the spread of VoCs. Although global se-
quencing data are available, Brito et al. (2022) and Chen et al. (2022b) highlighted the
heterogeneity of global sequencing coverage, sharing, and time to its availability. The
continuous, globally homogeneous and representative (genomic) surveillance of cases
and viral diversity is crucial to monitor the circulation of new viral pathogens and variants
timely. Cases, viral genomes from cases, and wastewater samples provide information
on the occurrence of epidemiologically and clinically relevant mutations (Karthikeyan et
al., 2022). In addition, sequencing from wastewater can improve the early detection of
pathogens. Early detection of VoCs is key to pandemic preparedness.

The FOPH aimed to evaluate their performance during the SARS-CoV-2 pandemic. On
behalf of the FOPH, Althaus et al. (2022) evaluated the Swiss escalation model: They
concluded that the operational epidemiological criteria were missing during the epidemic
but are needed for effective epidemic response. For instance, incidence in hospitals can
help transient to different escalation levels. Further, the work process and division were
inefficient within the escalation model. Althaus et al. (2022) also highlighted that a pre-
defined expert group can help during crisis management. In an emergency, the federal
authority should take over a leading role in assigning duties. For example, experts should
be included in decision-making of the FOPH. Decision-making and implementation need
effective communication between different levels, of federal and regional authorities.
Appropriate communication is needed at all stakeholder levels to act and implement
measures. Effective science communication should aim to help others understand the
evidence and demonstrate its relevance, bearing in mind that other factors such as be-
liefs influence action (Committee on the Science of Science Communication: A Research
Agenda et al., 2017). The context, especially the target audience, i.e., their prior knowl-
edge and beliefs, the place, and time should be taken into account when communicat-
ing (Committee on the Science of Science Communication: A Research Agenda et al.,
2017). Furthermore, the transfer of knowledge should be transparent. l.e. communica-
tion should include the evidence, but also the uncertainties, but not be confusing. Public
engagement offers opportunities to facilitate transparency (Committee on the Science
of Science Communication: A Research Agenda et al., 2017). For example, the 'Swiss
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Meeting for Infectious Disease Dynamics’ (SMIDDY) aims to organize regular networking
events to provide the opportunity for researchers and policy-makers such as members
of the FOPH to share their work and foster scientific collaborations across Switzerland.
Within such a community, mutual learning from other insights and barriers can eventually
create a common statement between scientists and policy-makers, which could facili-
tate the communication of evidence and the potential for public engagement in infectious
disease control.

In my opinion, communication skills and the assessment of sources must be properly
learned in obligatory school. The public needs to be able to assess trustworthy sources
in the age of artificial intelligence and fake news. Worrying, in the study of the Program
for International Student Assessment (PISA) from the Organisation for Economic Co-
operation and Development (OECD), on average only one in ten students was able to
distinguish between fact and an opinion (Schleicher, 2019). Public understanding and
involvement in pandemic response can strengthen joint efforts. For example, the under-
standing of vaccination and its health benefits can help to increase trust and willingness
in vaccination uptake. The implementation of capabilities must be in quiet times to be
prepared for threats.

6.2.2 Interdisciplinary approach in public health

Health problems are multidimensional. Public health is, thus, an interplay of natural
sciences, social sciences, and humanities. Collaboration between different disciplines
helps to create joint strategies to expand knowledge and health (The Academy of Med-
ical Sciences, 2016). For example, intervention, such as implementing vaccination and
increasing its uptake, needs to consider psychological, economic, cultural, and health
policy factors.

Depending on the division and combination of disciplines, this results in a multi-, inter-,
and transdisciplinary approach (Choi and Pak, 2006). The 'Multidisciplinary Center for
Infectious Diseases’ (MCID) at the University of Bern, for instance, includes several dis-
ciplines, namely epidemiology, patient-focused research, society and law, neglected dis-
eases, immunity, economics, and microbiology. Disciplines are additive. In an interdis-
ciplinary approach such as public health multiple disciplines interact into one activity.
Unifying disciplines results in a transdisciplinary approach such as aimed by the 'One
Health’ approach (OHHLEP et al., 2022).

One Health is an integrated, unifying strategy to balance and optimize the health of hu-
mans, animals, and ecosystems. It acknowledges that the health of humans, domestic
and wild animals, plants, and ecosystems are inextricably interrelated and interdepen-
dent. Effective communication, collaboration, and coordination are needed to co-benefits
for fair and holistic solutions (OHHLEP et al., 2022).

For global problems such as pandemics and ultimately improving global health, inter-
national collaborations are needed. Successful international research relies on mutual
trust and respect (Ko et al., 2023). Science and global health can only continue and im-
prove with research integrity such as objectivity, accountability, openness, fairness, and
honesty.
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FIGURE A.1: Control measures during summer 2020 and 2021. The KOF Stringency Index
records the stringency of COVID-19 policy measures in Switzerland over time (Pleninger et al.,
2021). The values range from 0 (no measures) to 100 (full lockdown). Asterisks indicate variability

between regions.
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FIGURE A.2: Age of SARS-CoV-2 cases during summer 2020 and 2021. Crosses in the boxplots
correspond to the mean age of cases by country of exposure. The blue line corresponds to the
mean age of cases with likely exposure in Switzerland. Countries of exposure are ordered by
the reported number of cases (indicated with numbers above each countrz). Asterisks indicate
significance level from Student’s t-test: * p < 0.05, ** p < 0.01, *** p < 0.001.
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FIGURE A.3: Daily incidence of confirmed SARS-CoV-2 cases in various European countries.
The yellow areas indicate the time periods of mandatory quarantine for travelers from the coun-
tries to Switzerland. Regional differences existed in France, Austria, and Spain. Incidence (per
million, 7-day moving average) in individual countries and Switzerland are represented as black
and blue lines, respectively. Countries of exposure are ordered by the reported number of cases.
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FIGURE A.4: Simulated epidemic trajectories of the SARS-CoV-2 epidemic in Switzerland during
summer 2020 and 2021 for all scenarios. Colored areas represent all calibrated epidemic trajec-
tories. The median of the epidemic trajectories and the reported incidence of confirmed cases
(7-day moving average) are given as yellow and blue lines, respectively.
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TABLE A.1: Confirmed cases of SARS-CoV-2 in Switzerland from 1 June
2020, and France and ltaly

to 30 September by country of exposure. Some countries had quarantine
restrictions for high-incidence regions, e.g., Austria, France, and Spain
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TABLE A.2: R, estimates of simulated epidemic trajectories for the
SARS-CoV-2 epidemic in Switzerland during summer 2020 and 2021 for
all scenarios including sensitivity analyses (overdispersion parameter =

0.1 and 1).
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Creating the phylogenies
Selecting Swiss sequences

All Swiss Alpha and Delta SARS-CoV-2 sequences prior to 31 March 2021 and 31 July
2021, respectively, were selected using code from CoVariants.org and in-house scripts
available at https://github.com/emmahodcroft/Intros-CH-AlphaDelta. These cut-
off dates reflect when the variants reached 90% of all sequenced SARS-CoV-2 cases
prevalence in Switzerland. These sequences were our ‘focal set’ and all were included
in the analysis, though some were excluded in the phylogenetic pipeline for not passing
quality control (QC) metrics. We started with 8,083 Alpha and 5,232 Delta sequences
and 7,988 and 5,210 passed QC and were included in the final analysis.

Selecting contextual sequences

In order to detect introductions, we aimed to look at transitions on the phylogeny from
‘'non-Swiss’ to 'Swiss’ SARS-CoV-2 sequences; thus, we wanted to include 'context se-
quences’ that were as closely related to our focal set as possible to maximize the proba-
bility of correctly separating Swiss sequences that could be separate introductions.

The Nextstrain ncov pipeline has built-in functionality that allows for the selection of back-
ground sequences by their ’proximity’ (genetic distance) to the focal set. The relevant
scripts can be seen at https://github.com/emmahodcroft/ncov_2021/tree/random_con
text_reduce in the ’scripts’ folder. The ‘get_distance_to_focal_set.py’ script (the 'proxim-
ity _score’ rule in ncov) generates a matrix of genetic distances between every sequence
in the focal set and all of the potential context sequences (here, the rest of the data-set).
Every potential context sequence is assigned to its closest focal set sequence, resulting
in every focal sequence having a set of context sequences associated with it.

The ’priorities.py’ script builds on this by going through every focal sequence and its
associated set, and assigning a score to each associated sequence, based on the ge-
netic distance, but lowered by the count of ambiguous and 'N’ bases. The associated
sequence list is first put in random order and then sorted by scores, highest (closest ge-
netic distance and highest quality sequences; around -1) to lowest (for example -100).
Scores are then further fractionally lowered by their position in the resulting list. This
fractional lowering, or 'crowding penalty, ensures that a focal sequence with many, close
matches does not have all their associated sequences chosen at the expense of other
focal sequences. For example, to ensure the algorithm later selects the top best-scoring
sequence match for sequence X overtaking the 10th best-scoring sequence match for
sequence Y, all else being equal.

These scores are passed into the ‘filter’ step of ncov which uses the priority scores to
select the specified number of sequences requested (here 10,000) and generate a set
of non-Swiss sequences closely related to the focal (Swiss) set. As the context set may
include sequences later excluded for QC reasons such as over/under divergence due to


CoVariants.org
https://github.com/emmahodcroft/Intros-CH-AlphaDelta
https://github.com/emmahodcroft/ncov_2021/tree/random_context_reduce
https://github.com/emmahodcroft/ncov_2021/tree/random_context_reduce
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wrong date, the final context set is usually slightly smaller than 10,000. For our builds,
we initially selected 10,010 sequences each for Alpha and Delta.

Selecting random background

All ncov-based phylogenies are rooted by Wuhan/Hu-1/2019, and from experience the
phylogenetic algorithms resolve more readily when there are a minimal number of se-
quences from January 2020 through the cutoff date of the run to provide a 'backbone’ to
the phylogeny. Thus, for each build 200 sequences were randomly selected, and equally
distributed by month between January 2020 and the cutoff date. Since the number of
months may not evenly divide into 200, sequences may be selected both as random
background and as contextual background, and sequences may be later excluded for
QC reasons (as above), the final number of sequences is usually slightly lower. In our
builds 187 random background sequences for Alpha and 171 for Delta were initially se-
lected.

For the Alpha and Delta builds the total number of both contextual and random back-
ground sequences in the final analysis build was 10,063 for Alpha and 10,120 for Delta.
Modifying Sequence Selection for the Reruns We can only detect introductions by look-
ing at transitions from non-Swiss to Swiss sequences in our phylogenies, meaning our
inference is dependent on non-Swiss sequences. We wanted to investigate how the level
of sequencing outside of Switzerland may have impacted our analysis, alongside explor-
ing variation in phylogenetic reconstruction. Thus, we created 10 reruns of the Alpha &
Delta analyses, with each rerun excluding 50% of the available non-Swiss sequences.
For computational efficiency, the proximity genetic distances between all background se-
quences and the focal set were calculated only once (for Alpha and Delta each) and used
for each re-run (since this never changes). However, during the priority step to convert
these proximities into priorities, 50% of the sequences were randomly scored down by
-10,000 (well below the lowest possible score normally), ensuring they are never selected
for inclusion in the context set. Thus, only 50% of the possible context sequences were
available for inclusion, simulating a situation where there was approximately 50% less
sequencing outside of Switzerland.

Collapsing phylogenies & inferring introductions
Collapsing phylogenies

Since we are primarily interested in the transitions from non-Swiss to Swiss sequences
on the phylogeny and never interested in further diversification within a single country,
we aimed to simplify the phylogeny to highlight only these transitions, as described pre-
viously in Hodcroft et al., 2021.

This was done by recursively collapsing subtrees with sequences only from one country
until a mixed-country polytomy was reached, after which collapsing stopped. In Sup-
plementary Methods Figure B.1 below, a simple scenario is shown with steps from left
to right. Red represents a node with only sequences from country X, pink sequences
are from country Y, and blue are sequences from Switzerland. As shown, all nodes that
contain children from just one country are collapsed into polytomies recursively until a
polytomy with mixed countries is reached. This can then be represented as a ’pie’ (last
step) showing the fraction of sequences from each country that make up this polytomy.
In a more complicated example in Supplementary Methods Figure B.2, one subtree is
already a polytomy of mixed countries, and thus cannot be collapsed further. Thus, this
can be represented by two ’pies, with the second being descended from the first.
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FIGURE B.1: Collapsing a phylogeny to estimate imports |: Steps go from left to right as indicated
by blue arrows. Collapsing a phylogeny recursively so that sub-trees with sequences from only
one country are collapsed into a multi-country polytomy, and can be represented as ’pies’ showing

the fraction of sequences from each country. Here red is country X, pink is country Y, and blue is
Switzerland.
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FIGURE B.2: Collapsing a phylogeny to estimate imports ||: Steps go from left to right as indicated
by blue arrows. This phylogeny collapses like Supplementary Methods Figure B.1, but now has
a sub-tree with sequences from mixed countries (indicated by the red arrow) which can’t be
collapsed further, leading to two 'pies’. As before, red is country X, pink is country Y, and blue is
Switzerland.

Inferring introductions

After collapsing we can traverse the phylogeny to identify ’pies’ that contain a mix of
Swiss and non-Swiss sequences and consider these as putative introductions. In a sim-
ple case, a node with no Swiss sequences (a mix of non-Swiss countries) leads to a
node with Swiss sequences; this would always be classified as an introduction (Supple-
mentary Methods Figure B.3 - A, B, & C). However, one can also find nodes containing
Swiss sequences descending from nodes containing Swiss sequences (Supplementary
Methods Figure B.3 - B, B1, B2). This could represent three scenarios: multiple separate
introductions, parallel diversification in Switzerland and elsewhere (no introduction), and
export from Switzerland to elsewhere (no introduction). Thus, we considered a liberal
scenario where we consider each of these pies an introduction and a conservative sce-
nario where only the first node is considered an introduction, and all subsequent nodes
are considered either parallel diversification or export from Switzerland.
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FIGURE B.3: Collapsing a phylogeny to estimate imports |||: A collapsed phylogeny represented
as ’'pies’ of sequences from different countries. Swiss sequences are in pink. A, B, and C show
straightforward scenarios where nodes with Swiss sequences descend from non-Swiss nodes;
these are always counted as an introduction. B, B1, and B2 show one node that descends from
non-Swiss nodes (always one introduction) but has two more nodes descending from it with Swiss
sequences. In the ’liberal scenario’ B, B1, and B2 would be considered 3 introductions. In the
‘conservative scenario’, B, B1, and B2 would be considered one introduction.

TABLE B.1: Estimated importation of VoCs and simulated impact on the SARS-CoV-2 epidemic
in Switzerland. Abbreviation: VoCs, variants of concern

| Alpha Delta
Liberal Conservative | Liberal Conservative
Estimated imports from the phylogeny 1,038 383 1,347 455
Simulation period 1 Oct 2020 - 1 May 2021 1 Feb 2021 - 1 Sep 2021
Total simulated reported cases 593,418 592,768 288,397 271,702
Number of simulated variant cases 97,116 (16%) 70,898 (12%) | 110,596 (38%) 87,861 (32%)
Date by which 50% of cases are the variant (dominance) || 05 Mar 2021 22 Mar 2021 | 30 Jun 2021 09 Jul 2021

TABLE B.2: Data availability statement to use data from GISAID. Separate pdf file available at
https://doi.org/10.1371/journal.ppat.1011553.s002.

TABLE B.3: Accession number for SARS-CoV-2 genomes sequenced in Switzerland. Separate
machine-readable file available at https://doi.org/10.1371/journal.ppat.1011553.s003.


https://doi.org/10.1371/journal.ppat.1011553.s002
https://doi.org/10.1371/journal.ppat.1011553.s003
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FIGURE B.4: Dynamics of Alpha and Delta importation to Switzerland. This figure is similar to
3.4, but the range was received from eleven simulations using different times of detection lags,
namely 3-13 days in 1 day steps. This range was derived from du Plessis et al., 2021 A-B)
Number of laboratory-confirmed SARS-CoV-2 cases per day (gray). The blue and purple area
show the range of simulated number of VoC cases. C-D) The range of proportion of reported
Alpha and Delta among all SARS-CoV-2 infections. Gray: Genomic surveillance data. Blue:
Liberal approach. Purple: Conservative approach.

1.00

0.75

0.50

Proportion of Alpha

0.25

0.00

Oct

Feb

Proportion of Delta

1.00

0.75

0.50

0.25

0.00

Jul
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Genomic surveillance data with 95% binomial confidence interval. Black line: Model fit.
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FIGURE B.6: Measures and genomic sequencing during the SARS-CoV-2 epidemic in Switzer-
land from October 2020 to September 2021. A) The KOF stringency plus index recorded the
stringency of SARS-CoV-2 policy measured in Switzerland over time. KOF stands for ‘'Konjunktur-
Forschungsstelle’ in German which is an economic research center. The values range from 0 (=
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FIGURE B.8: Dynamics of Alpha and Delta importation to Switzerland. Range of the estimated
number of imports and resulting model for ten reruns of the Alpha and Delta analysis, where the
number of possible context sequences was randomly downsampled by half, simulating a scenario
where non-Swiss countries only sequenced half as much. A-B) Range and mean of the number
of imports estimated with the phylogenetic analysis. C-D) Number of laboratory-confirmed SARS-
CoV-2 cases per day (gray). The blue and purple area show the range of the simulated number of
VoC cases using imports from the ten reruns. E-F) The area represents the range of the propor-
tion of reported Alpha and Delta among all SARS-CoV-2 infections, whereas the line represents
our estimates from the baseline (Figure 3.4). In general, we found that using fewer context se-
quences only slightly reduced the number of imports estimated with the liberal approach to 975
(range: 954-995) and 1,064 (range: 1,046-1,078) compared to 1,038 and 1,347 imports of Alpha
and Delta into Switzerland, respectively (Figure 3.4). For the conservative approach, we also es-
timated slightly fewer imports, namely 331 (range: 313-360) and 362 (range: 342-380) compared
to 383 and 455 imports of Alpha and Delta into Switzerland, respectively. These findings indicate
that the actual number of imports is likely to be between the liberal and conservative estimates but
also indicates that the estimates are not deeply dependent on high sequencing coverage around
the world. Gray: Genomic surveillance data with a 95% compatibility interval (Cl). Blue: Liberal
approach. Purple: Conservative approach.
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FIGURE C.1: Estimated seroprevalence in Switzerland. The blue line represents the predicted
seroprevalence from results by Amati et al. (2022), Frei et al. (2023), and Tancredi et al. (2023).
Their estimates are represented as red dots. Gray areas represent the period of the CoMix survey
wave.
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TABLE C.1: Description of social and transmission contact matrices. *Level of susceptibility
changed over time by one minus the seroprevalence. The seroprevalence was predicted with
a logistic regression model and results from seroprevalence studies. The growth advantages
were estimated with results from Campbell et al. (2021) and Suzuki et al. (2022). Ancestral and
other strains not mentioned are included in 'other’.
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FIGURE C.4: Largest eigenvalue of transmission matrices. Left plots show the largest eigenvalue
colored by survey wave (more detail in table C.1) and the median effective reproduction number
R, in red. Right plots show linear association of the largest eigenvalue of transmission matrix
with the median effective reproduction number R, for corresponding survey period. A, C, E, G, |,
K, M) closest children wave, B, D, F, H, J, L, N) all children waves pooled.
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FIGURE D.1: Participants in the six survey waves of the CoMix study in Switzerland.
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FIGURE D.2: Flow chart of participants in six survey waves of the CoMix study that was conducted

in Switzerland.
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FIGURE D.3: Vaccination uptake per interval and age group. A) Vaccination uptake corresponds
to the percentage receiving the first vaccine dose amongst those who have not already received it.
Point estimates and confidence intervals (Cls) as predicted by the Poisson regression model. The
estimates were adjusted for gender, region, Swiss region of residence, country of birth, educa-
tion level, employment level, net household income, household size, household with a medically
vulnerable individual, testing for SARS-CoV-2, number of contacts per day, and attitude towards
COVID-19 measures, with an interaction between age and survey wave. B) Cumulative (overall)
vaccination uptake corresponds to the percentage of having received vaccination as predicted by
the Poisson regression model. Cls were derived from multivariate parameter samples using the
covariance matrix of model estimates C) Overall vaccination uptake of the study population per
interval. Point estimates and binomial Cls were calculated separately for each survey wave from
the raw data. The error bars indicate the 95% Cls.
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TABLE D.1: Milestones of the vaccination program in Switzerland. * Var-
ied across cantons.

Dates

l

l

Description (eligible subpopulation)

19 Dec 2020

23 Dec 2020

24 Dec 2020

12 Jan 2021

May 2021*

31 Mai 2021

June 2021

13 Sep 2021

1 Jan 2022

Swissmedic, the Swiss agency for
the authorisation and supervision of
therapeutic products, authorised the
mRNA vaccine from Pfizer/BioNTech.
First person officially received the first
vaccine dose in Switzerland.

Switzerland started the COVID-19
vaccination campaign. Priority was
given to the elderly (>75 and then 65-
75 years) and the chronically ill, and,
secondly*, to healthcare workers and
those living with people at risk.
Swissmedic authorized the mRNA
vaccine from Moderna.

General population (>16 years) was
able to get vaccinated.

Vaccinated people were exempt from
quarantine, including quarantine after
returning from abroad.

Children (>12 years) were able to get
vaccinated.

COVID-19 certificate introduced in
September 2021: proof of vaccina-
tion, recovery or a negative test result
were declared mandatory to access
indoor hospitality venues, cultural,
sporting and leisure activities indoors,
and large-scale outdoor events.
Children (>5 years) were able to get
vaccinated.

https://www.bag.admin.ch/bag/de/ho
me/das-bag/aktuell/medienmitteilun
gen.msg-id-81667.html

https://www.srf.ch/news/schweiz/impf
start-in-der-schweiz-luzernerin-erha
elt-erste-impfung-auch-weitere-kanto
ne-gestartet

https://www.bag.admin.ch/bag/de/ho
me/das-bag/aktuell/medienmitteilun
gen.msg-id-81926.html

https://www.bag.admin.ch/bag/de/ho
me/das-bag/aktuell/medienmitteilun
gen.msg-id-83531.html
https://www.bag.admin.ch/bag/de/ho
me/das-bag/aktuell/medienmitteilun
gen.msg-id-84095.html
https://www.bag.admin.ch/bag/de/ho
me/das-bag/aktuell/medienmitteilun
gen.msg-id-85035.html

https://www.bag.admin.ch/bag/de/ho
me/das-bag/aktuell/medienmitteilun
gen.msg-id-86451.html
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TABLE D.4: Results from the Cox proportional hazard model to study
the association of socio-demographic and other factors with COVID-19
vaccination uptake in Switzerland. Compared to Supplementary Table 3,
Supplementary Table 4 shows participants that either got not vaccinated
during our study or had an exact date of vaccination. Abbreviations: ClI,
confidence interval; HR, hazard ratio.
Name Categories Number of  Unadjusted Adjusted weighted
answers HR (95% ClI) HR (95% ClI)
Age groups, years 30-39 336 1.31 (1.07-1.61)
Reference: 18-29 40-49 282 1.31 (1.06-1.62)
50-59 334 1.89 (1.55-2.31)
60-69 266 2.98 (2.42-3.66)
70+ 186 4.78 (3.83-5.97)
Gender Male 869 1.05(0.93-1.17)  0.95 (0.84-1.07)
Reference: Female Others 7 2.29 (0.95-5.53) 2.23 (0.90-5.56)
Region Rural 430 0.89 (0.78-1.03)  0.98 (0.85-1.15)
Reference: Urban
Swiss regions of residence Zurich 323 1.12(0.93-1.34) 0.98 (0.82-1.18)
Reference: Espace Mittelland Lake Geneva region 316 1.12(0.93-1.35)  1.09 (0.90-1.32)
Eastern Switzerland 247 1.10 (0.90-1.34) 1.05 (0.86-1.27)
Northwestern Switzerland 231 1.08 (0.87-1.33) 1.13 (0.91-1.39)
Central Switzerland 161 0.87 (0.69-1.09) 0.95 (0.76-1.20)
Ticino 77 1.01 (0.74-1.36)  1.24 (0.83-1.85)
Country of birth EU 237 0.99 (0.84-1.17)  0.95 (0.80-1.12)
Reference: Switzerland Non-EU 150 0.95 (0.77-1.17)  0.93 (0.76-1.14)
Unknown 117 1.10 (0.87-1.40)  1.08 (0.82-1.41)
Education level Middle level of education 584 1.01 (0.88-1.16) 1.17 (1.01-1.35)
Reference: Lowest level Highest level of education 397 1.02 (0.89-1.19)  1.26 (1.08-1.47)
Employment status Unemployed 104 1.01 (0.77-1.31)  1.03 (0.76-1.39)
Reference: Employed Student 97 0.71 (0.55-0.92)  0.95 (0.70-1.27)
Homemaker 68 0.99 (0.70-1.40)  1.00 (0.72-1.38)
Retired 348 2.47 (2.15-2.85) 1.24 (0.98-1.57)
Other unemployed situation || 41 1.83(1.21-2.78) 1.56 (1.06-2.29)
Household income, net 5,001-10,000 CHF 704 0.95 (0.83-1.10) 1.36 (1.16-1.60)
Reference: 0-5,000 CHF 10,000+ CHF 231 0.90 (0.75-1.08) 1.26 (1.01-1.56)
Preferred not to answer 238 0.91 (0.75-1.11)  1.02 (0.84-1.24)
Household size Mean (range) 2(1-9) 0.85 (0.81-0.90)  0.88 (0.82-0.94)
Household with medically vulnerabiity O ©F ™MOré person 529 1.46 (1.29-1.65)  1.50 (1.31-1.72)
in a risk group
Reference: Nonvulnerable
population
Testing for SARS-CoV-2 Tested 316 0.81 (0.40-1.63) 0.75(0.33-1.73)
Reference: Tested positive Never Tested 1376 1.37 (0.68-2.75)  1.06 (0.46-2.41)
Preferred not to answer 25 0.56 (0.21-1.49) 0.56 (0.19-1.64)
Number of contacts per day 3-May 462 1.01 (0.87-1.17)  1.17 (1.01-1.37)
Reference: 0-2 6+ 692 0.87 (0.76-0.99) 1.11 (0.94-1.30)
Attitudes towards COVID-19 measures  Too lenient 368 0.94 (0.82-1.08) 0.84 (0.73-0.96)
Reference: About right Too strict 420 0.74 (0.62-0.87) 0.82 (0.69-0.97)
Don’t know 46 0.39 (0.24-0.62)  0.72 (0.36-1.44)
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TABLE D.5: Results from the logistic regression model to study the asso-
ciation of study participants’ characteristics with missed survey participa-
tion. Abbreviations: Cl, confidence interval; OR, odds ratio; adjusted OR,
aOR.
) Number of ~ Number of Univariable aOR (95% CI) a0R (95% Cl)
Category Variables L N without time with time
participants  observations OR (95% Cl) X N R .
varying variables  varying variables
Age groups, years 30-39 358 358 0.54 (0.36-0.81)  0.94 (0.88-1.00)  0.93 (0.87-1.00)
Reference: 18-29 40-49 308 308 0.41 (0.27-0.61) 0.90 (0.83-0.96) 0.89 (0.83-0.95)
50-59 363 363 0.28 (0.19-0.41) 0.84 (0.78-0.90) 0.84 (0.78-0.90)
60-69 289 289 0.35 (0.23-0.52) 0.90 (0.82-0.98) 0.90 (0.82-0.98)
70+ 207 207 0.37 (0.24-0.57) 0.91 (0.82-1.02) 0.92 (0.82-1.03)
Gender Male 955 955 0.91 (0.74-1.13) 0.98 (0.94-1.02) 0.98 (0.95-1.02)
Reference: Female Others 10 10 1.17 (0.25-5.56) 1.03 (0.79-1.34) 1.04 (0.80-1.34)
Region Rural 457 457 0.86 (0.67-1.09)  0.99 (0.94-1.04)  0.99 (0.94-1.03)
Reference: Urban
Swiss region of residence Zurich 351 351 0.97 (0.70-1.34) 0.99 (0.93-1.05)  0.99 (0.93-1.05)
Reference: Espace Mittelland Lake Geneva region 337 337 1.66 (1.16-2.38) 1.08 (1.01-1.14) 1.07 (1.01-1.13)
Eastern Switzerland 263 263 1.08 (0.75-1.54) 1.01 (0.94-1.07) 1.01 (0.94-1.07)
Northwestern Switzerland || 262 262 1.16 (0.81-1.67) 1.02 (0.95-1.09) 1.02 (0.95-1.09)
Central Switzerland 182 182 0.88 (0.60-1.31) 0.98 (0.91-1.06) 0.99 (0.92-1.06)
Ticino 82 82 5.44 (2.14-13.81) 1.22 (1.10-1.35) 1.21 (1.10-1.34)
Country of birth EU 249 249 1.61 (1.13-2.30) 1.09 (1.03-1.16) 1.10 (1.03-1.16)
Reference: Switzerland Non-EU 156 156 1.32 (0.87-1.99) 1.05 (0.98-1.12) 1.05 (0.98-1.12)
Unknown 147 147 0.85 (0.58-1.24) 0.99 (0.92-1.06) 0.98 (0.91-1.06)
Education level Middle level of education 639 639 1.03 (0.81-1.31)  0.98 (0.94-1.03)  0.97 (0.93-1.02)
Reference: Lowest level Highest level of education || 439 439 1.18 (0.89-1.56) 0.99 (0.93-1.04)  0.99 (0.94-1.04)
Employment status Unemployed 110 110 1.05 (0.66-1.67) 1.01(0.92-1.09)  1.00 (0.92-1.09)
Reference: Employed Student 116 116 5.64 (2.45-12.96) 1.08 (0.99-1.19)  1.09 (0.99-1.20)
Homemaker 75 75 0.70 (0.42-1.16)  0.92(0.83-1.02)  0.92 (0.83-1.02)
Retired 377 377 0.83(0.64-1.08)  1.00(0.92-1.08)  1.00 (0.92-1.09)
gt'ﬂ::i;‘:empk’yed 44 44 0.73(0.38-1.42)  0.98 (0.86-1.12)  0.97 (0.86-1.11)
Household income, net 5,001-10,000 CHF 762 762 0.98 (0.76-1.27) 0.98 (0.93-1.03) 0.98 (0.93-1.02)
Reference: 0-5,000 CHF 10,000+ CHF 248 248 1.07 (0.75-1.52) 0.98 (0.91-1.05) 0.99 (0.93-1.06)
Preferred not to answer 281 281 0.93 (0.67-1.30) 0.97 (0.91-1.03)  0.98 (0.92-1.04)
Household size Mean (range) 2(1-10) 2(1-10) 1.20 (1.09-1.32) 1.02 (1.01-1.04)  0.99 (0.98-1.01)
Household with medically vulnerabiliy " O MOre person 578 578 0.84(0.67-1.06) 097 (0.93-1.02)  0.97 (0.93-1.02)
in a risk group
Reference: Nonvulnerable
population
Vaccination status Vaccinated 1,321 0.74 (0.58-0.94) - 0.95 (0.91-0.99)
Reference: Not vaccinated
Testing for SARS-CoV-2 Tested 543 0.66 (0.25-1.76) - 0.94 (0.81-1.09)
Reference: Tested positive Never tested 1,277 0.60 (0.23-1.58) 0.95 (0.81-1.10)
Preferred not to answer 32 0.83 (0.23-3.07) 0.98 (0.79-1.21)
Number of contacts per day 3-5 527 1.12 (0.87-1.43) 1.02 (0.98-1.07)
Reference: 0-2 6+ 589 2.54 (1.92-3.36) 1.16 (1.10-1.23)
‘égt\fﬁ;j ;"r"::;dsires Too lenient 423 1.07 (0.81-1.41) - 1.03 (0.98-1.08)
Too strict 501 0.90 (0.70-1.16) 0.97 (0.92-1.01)
Reference: About right Don’t know 46 1.71 (0.75-3.87) 1.08 (0.94-1.23)
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