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Abstract

Background

Local outbreak response is highly dependent on the epidemiologic investigation (El),
which relies on subjective information to reconstruct transmission chains. This study
aims to describe COVID-19 transmission chains in the light of viral genomics.

Additionally, it aims to estimate the sensitivity of the EI.
Methods

A combination of epidemiological and viral genomic data was performed to understand
COVID-19 transmission chains, in Baixo Vouga, a region with a municipality in sanitary
cordon and presenting one of the highest incidence rates during the first epidemic wave.
Data previously collected by the public health authorities was used to reconstruct
epidemiological clusters (epiclusters). The genome sequences were retrieved from the
nationwide SARS-CoV-2 collection. Sensitivity was determined as the proportion of
cases in each epicluster that belonged to the same main viral genetic profile. A

metanalysis of epicluster-specific sensitivity was conducted.
Findings

A total of 1925 confirmed cases of COVID-19 were identified, from 8th March to 30th
June 2020. From these, 128 cases had viral genomic data available. Two large
epiclusters were identified (280 and 101 cases), presenting a central role on the spread
of the disease. Genomics was also key to resolve some sporadic cases and misidentified
direction of transmission. The sensitivity of epidemiological investigation to detect

transmission chains was 80% (95% confidence interval: 70%-86%).
Interpretation

Epidemiological reconstruction of the transmission chains presented high sensitivity.
However, high incidence and closed settings led to misidentification of links. This study
contributes to understand the hurdles and caveats associated with the El in the context
of a massive outbreak of COVID-19.

Keywords: SARS-CoV-2; COVID-19; epidemiology; pathogen genomics; transmission

chains.



Resumo

Introducao

A resposta local aos surtos é altamente dependente da investigacao epidemioldgica (IE),
que, por sua vez, se baseia em informagdes subjetivas para reconstruir as cadeias de
transmissao. Este estudo tem o objetivo de descrever as cadeias de transmissdo de
COVID-19 a luz da gendémica do virus. Adicionalmente, pretende-se estimar a

sensibilidade da IE.
Metodologia

Foram combinados dados gendmicos e epidemioldgicos para compreender as cadeias
de transmissdo de COVID-19, no Baixo Vouga, uma regido com um municipio em
corddo sanitario e com uma das incidéncias mais elevadas da primeira onda em
Portugal. Dados previamente colhidos pelas autoridades de saude foram utilizados para
a reconstrugédo dos clusters epidemioldgicos (epiclusters). As sequéncias do genoma
viral foram recuperadas da colegao nacional de SARS-CoV-2. A sensibilidade foi
determinada como a propor¢ao de casos, em cada epicluster, que pertencia ao mesmo
perfil genético viral. Foi conduzida uma metandlise para determinar a sensibilidade

combinada.
Resultados

Foram identificados 1925 casos confirmados de COVID-19, entre 8 de margo a 30 de
junho de 2020. Destes, 128 casos tinham dados gendmicos virais disponiveis. Foram
identificados dois grandes epiclusters (280 e 101 casos), que apresentavam um papel
central na propagacgao da doenga. A gendmica foi fundamental para esclarecer alguns
casos esporadicos e direcoes de transmissdo mal identificadas. A sensibilidade da IE
para detetar cadeias de transmissao foi de 80%, com um intervalo de confianga a 95%
entre 70% e 86%.

Discussao

A reconstrugdo epidemioldégica das cadeias de transmissdo apresentava alta
sensibilidade. No entanto, situagdes de alta incidéncia e contextos fechados conduziam
a um erro na identificagdo das ligagbes epidemioldgicas. Este estudo contribui para a
compreensdo dos obstaculos e equivocos associados a IE no contexto de um surto de
COVID-19.

Palavras-chave: SARS-CoV-2; COVID-19; epidemiologia; gendmica de patdgenos;

cadeias de transmissao.
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1. Introduction

The novel coronavirus disease (COVID-19) was first reported in patients with atypical
pneumonia, in December 2019, in China (1,2). The COVID-19 outbreak was declared a
Public Health Emergency of International Concern (PHEIC) on January 30, 2020, and a
pandemic by the World Health Organization (WHO) on March 11, 2020 (3,4). Europe
was, for several weeks, the most severely affected continent. Portugal had its first
detected cases of the disease reported on March 2, 2020, reaching 42 171 cases and 1
576 deaths by 30" June, 2020 (5). In Portugal, the most affected regions in the first
wave were the North and Centre. Baixo Vouga Region (NUTS lll), with a total of 370 394
inhabitants in 2011 and 11 municipalities, belongs to the centre (NUTS Il) and borders
the North region, presenting as a buffer towards south. The first case in Baixo Vouga
was on March 8th, in Aveiro municipality (6). There was a total of 1925 confirmed COVID-
19 cases from March 8th to the end of June in Baixo Vouga, 39% belonging to one
municipality, Ovar (6). With about 54 120 inhabitants in 2018, Ovar was the first
Portuguese municipality to be declared to have active community transmission (7). On
the same day, a sanitary cordon was decreed in this municipality, lasting between March
17 and April 17, 2020 (8).

Local outbreak response is highly dependent on the epidemiologic investigation.
However, epidemiological investigation relies on subjective information to reconstruct
transmission chains and cannot guarantee total reliability. Thus, viral whole-genome
sequencing (WGS) facilitates the identification of phylogenetic clusters of SARS-CoV-2,
allowing the surveillance of the viral lineages in circulation (9,10), the occurrence of
introduction events (11-20) and the reconstruction of transmission chains by informing
the putative source of transmission (21-30). To date, few studies have scrutinized the
concordance between viral genomics and epidemiological data on the reconstruction of

COVID-19 transmission chains, and only one provided a quantitative estimate (22).

Here, a combination of epidemiological and viral genomic data is performed to
understand COVID-19 transmission chains, from March to June 2020, in Baixo Vouga
Region, an area with a municipality with a sanitary cordon and presenting as one of the
regions with higher incidence rates in the first wave. The main objective of this study was
to assess the concordance of links as defined by epidemiologic investigation and
genome sequencing of SARS-CoV-2, and further describe the context of the
misidentifications of the epidemiologic links. By taking advantage of viral genomic data,

this study expects to contribute to the understanding of the hurdles and caveats



associated with the epidemiological investigation of hundreds of community cases in the
context of a massive outbreak caused by a highly transmissible and new respiratory

virus.

This thesis is also a result of the genomic surveillance of SARS-CoV-2 implemented by
the National Institute of Health Dr. Ricardo Jorge (INSA) in collaboration with a
nationwide consortium of >50 hospitals/laboratories. All the process from sample
collection to phylogenetic analysis was performed by INSA. For the purpose of this
project a phylogenetic tree, hierarchical codes and main viral genetic profiles were
produced by INSA and then linked to the study population of Baixo Vouga in order to
produce a common database with both epidemiological and viral genomic data. The
process of epidemiological database treatment and linkage with genomic data was
performed by me as well as the following analysis presented. Interpretation of results of
this combined data integration was performed in close collaboration with the INSA team.

As part of this project a paper has been submitted for publication.

This document starts by describing main concepts and epidemiology of communicable
diseases, stating the problems associated to them and underlining its importance
(Communicable diseases: main concepts and epidemiology). Then, it presents a
description of the novel coronavirus disease (COVID-19) in terms of its epidemiological
evolution, clinical characteristics, transmission, diagnosis and management, with a
special focus on non-pharmacological interventions (The novel coronavirus disease
(COVID-19)). It then present the main concepts of epidemiological surveillance and the
specific context of Portugal and Baixo Vouga (Epidemiological Surveillance). Lastly, it
introduces the use of Genomic Epidemiology to resolve issues when considering
genomic and epidemiology separately to prevent and control the dissemination of
infectious diseases (Public Health Genomics). In the second section, it presents the
study design, setting, and data sources for epidemiological data, alongside with the
specific information on genomic sequencing and bioinformatics analysis (Methods). It
then presents the statistical analysis, including an in-depth explanation of the decision to
estimate epidemiologic investigation sensitivities, at the epicluster level and combined.
In the third section, it presents the results, starting with a contextual description, then
study population, sample and epiclusters (Results). This section provides detailed
information on the viral genomic diversity found across epiclusters and on the
epidemiological investigation within large epiclusters. Then, is presented a description of
the inputs of genomics to resolve sporadic cases and the misidentifications of

epidemiological links directions. In the end of this section, a presentation of the main



analysis is presented, starting with epicluster-specific sensitivities of the epidemiological
information and then the pooled estimate. After, a discussion of the results confronts
them with the previous literature and present the main strengths and limitations, as well
as implications and added values of this research (Discussion). To end, this document

presents the main conclusions and recommendations (Conclusions).






2. Background

a) Communicable diseases: main concepts and
epidemiology
Infectious diseases are a major cause of morbidity, disability, and
mortality worldwide. An infection occurs when a capable agent enters a human or animal
body and develops or multiplies. Infection can be unapparent (named as colonization or
carrier status) or result in manifestations due to tissue function impairment (disease) (31).
Infectious diseases thus refer to all diseases caused by microorganisms (a specific agent
or its products) while communicable diseases refer to those that can be transmitted from
an infected person to another, directly or indirectly (32). Not all infectious diseases are
communicable. For example, tetanus is not communicable as it is the result of the human
contact with contaminated soil (33). Agents causing infectious diseases include viruses,
bacteria, fungi, parasites, and prions. Transmission of an agent or its products occurs
from an infected person, animal, or reservoir to a susceptible host (31), directly or
indirectly. Direct routes include mucous to mucous membrane contact (e.g. sexually
transmitted diseases), droplet spread by sneeze or cough (e.g. influenza), vertical across
placenta (e.g. toxoplasmosis), trough organ transplant or blood transfusion (e.g. hepatitis
B), or from skin to skin (e.g. herpes simplex type 1) (31,32). Indirect transmission can
occur through an intermediate plant or animal host (vector-borne), the inanimate
environment (vehicle-borne), or microbial aerosols, like droplet nuclei or dust (airborne)
(31,34,35). The natural habitats in which infectious agents live and multiply so that they
can be transmitted to a susceptible host are called reservoirs (31). These can be
humans, animal, arthropod, plant, soil, or substance, or a combination of these, as for
example tepid water for Legionella. Reservoirs differ from the source, which is the actual
origin from which the infection is acquired (32). Several models have been proposed to
explain disease occurrence, from which the epidemiologic triad (Figure 1) is the most
traditional one. It acknowledges three main aspects in the causation of disease: the
external agent, a susceptible host, and an environment that makes possible the
encounter between host and agent (36). These factors’ balance and their interaction
differ according to the specific disease. For infectious diseases, transmission occurs
when the agent leaves its reservoir or host through a portal of exit, is conveyed by some
mode of transmission, and enters through an appropriate portal of entry to infect a
susceptible host (36). This sequence is called the chain of transmission (37).
Understanding the occurrence of disease requires a knowledge of each step in the chain

of transmission, including factors that influence the exposure to the infectious agents and
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Agent

Agent Host

Host Environment

Figure 1 Epidemiologic triad. Source: Centre for Disease Prevention and
Control(5)

the transmission itself. Exposure will depend on the specific agent, its modes of
transmission and the probability and frequency of a contact between infected and
susceptible. It is important to distinguish between exposure to a reservoir and exposure
to the infectious agent since reservoirs may or may not represent a risk of exposure to
the agent. Once there is an exposure, transmission depends on infectiousness, and the
proportion of susceptible individuals. Infectiousness varies according to the infectious
agent, and it is commonly highest just before the onset of disease (pre-symptomatic
phase) and ends before disease resolution (37). In addition to the characteristics of the
agent, host immunity and antimicrobial treatment, disease resolution also influences
infectiousness (Figure 2) (37). These factors can be translated by numerical indicators,
the basic and effective reproductive number (32,37). The Basic Reproductive Number
(Ro) corresponds to the average number of secondary cases in a completely susceptible
population following the introduction of a single infectious case. The Effective
Reproductive Number (R¢) is the average number of transmissions of infection that
occurs from each infectious case (e.g., the average number of secondary cases from
each primary case) (37). The process of infection follows the exposure. This is dose-
related, agent-related and host-related. The time from infection to disease occurrence
varies widely and is called incubation period. It can be influenced by certain risk factors
as age or underlying medical conditions. When an agent is transmitted, host and agent

characteristics will also determine if the disease develops.
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Figure 2 Schematic time course of states of transmission potential from exposure to post infectiousness.
Source: Rothman et al. (37)

The factors implicated in the transmission chain that can influence the probability of
development and spread of communicable diseases are called determinants. They are
related to the elements of the epidemiologic triad and that can be, for example,
socioeconomic, environmental, and behavioural factors, as well as international travel
and migration. Determinants associated with the agent include, for example, its
pathogenicity (the capacity of producing disease), virulence (the degree of pathogenicity,
a concept of disease severity) or the ability to survive antibiotics (antimicrobial
resistance) (31,36). Host intrinsic factors also influence the individual's exposure,
susceptibility, or response to a causative agent (36). For example, behavioural
determinants of the Human Immunodeficiency Virus (HIV) include unsafe sex
(responsible for 76% of total Disability-Adjusted Life Years (DALYs) HIV-related) and the
use of illegal drugs (8% of total DALYs) (38). Finally, extrinsic, environmentally related
factors, affect the agent and the opportunity for exposure, and can be physical, biological,
chemical, socioeconomic, among others. Crowding is a very well known risk factor for
various communicable diseases, either in community settings, potentiating respiratory
tract diseases, meningitis, typhus, and scabies, among others, or in healthcare settings,
increasing the risk of hospital-acquired infections (39). In 2019, unsafe water, poor

sanitation, and insufficient handwashing were the attributed risk factors of 76% of the
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total DALYs of enteric infections (38).
i.  Epidemiological transition

Over time, and in particular during the last 150 years, the improvement of certain
environmental determinants and the increasing effectiveness in treatment, prevention,
and control, led to a decrease in morbidity and mortality due to infectious diseases (40).
From 1990 to 2019, all the countries in the world, except for Ukraine and Lesotho, saw
a decrease in the ratio of Years Lived With Disability (YLDs) from communicable,
maternal, neonatal and nutritional diseases to the non-communicable and injuries (41).
These trends are part of a phenomenon of reduction of communicable diseases and an

increase in non-communicable ones, the so-called epidemiological transition.

The epidemiological transition comprises a complex course of development of
determinants (demographic, socioeconomic, cultural, biological, technological, and
environmental) which results in modifications of the mortality patterns (40). The theory
of epidemiological transition as described by Omran (42) has three major stages: (1) the
age of pestilence and famine, (2) the age of receding pandemics, and (3) the age of
degenerative and man-made diseases. For European countries, the 1800’s were mainly
marked by the consequences of war and natural disasters, and with great expression of
diseases like typhus, cholera, or smallpox (43). The provision of sewers and waterworks
allowed better hygiene and a reduction of the death rates due to diarrheal diseases (44).
The advent of industrialisation has concomitantly allowed better nutrition patterns and
the reduction of famine. Scientific advances, including the Louis Pasteur theory of germs
(1857) and the subsequent advent of vaccination (developed by Edward Jenner in 1796
for smallpox) played a particularly important role in the reduction of infectious diseases.
Vaccination made the complete eradication of one communicable disease possible and
highly reduced the incidence of others. Smallpox was eradicated worldwide in 1979 and
efforts are still being made by the international community to eradicate poliomyelitis (45).
The early XX century, not only presented with additional important technological
advances, like the discovery of penicillin, in 1928 by Alexander Fleming, but was also

the moment in which developed countries introduced systematic vaccination.

Thanks to the combination of these previous factors that lead to epidemiological
transition, in 1990, the top 5 mortality causes, worldwide, included 3 communicable
diseases, while in 2019, only one was in this list (38). With increasing Social-
Demographic Index (SDI), a composed measure that allows the positioning of counties
in the spectrum of development, a shift in the burden of disease from communicable,
maternal, neonatal, and nutritional diseases towards non-communicable and injuries is
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expected (41). In 2019, communicable diseases represented only 13.9% of all deaths
worldwide (38). The top 5 major causes of mortality, globally, in all ages, in the year of
2019, included only one, in the fourth position, which was of communicable nature —
respiratory infections and tuberculosis, with 47.6 deaths per 100 000 (38). Globally,
seven out of the ten most important contributors to declining burden were of
communicable nature (e.g., causes that had the largest absolute decreases in number
of DALYs between 1990 and 2019)) (41). They were mostly diseases that predominantly
affect children, such as lower respiratory infections, diarrhoeal diseases, neonatal
disorders, measles, tetanus, and malaria (41), but also, one disease, which largely
affects adults, tuberculosis (41) By avoiding premature dead by communicable diseases,
high-income countries’ population is more prone to suffer from other diseases that are
typically associated with older age and certain risk factors as unhealthy diet, physical
inactivity, sedentarism, obesity, hypertension, and tobacco use. This causes a switch
towards a larger fraction of the burden in morbidity (as measured by YLDs) compared
with early mortality (as represented by years of life lost (YLLs)) (41). However, middle-
income countries present with a particular pattern of double-burden. There, the overall
proportion of deaths from communicable diseases is decreasing, but they still remain a
major public health challenge in these countries (40), explained by the gap seen in these
countries’ population living standards (41). The last phase of the epidemiological
transition previews delayed degenerative diseases and emerging infections (42). This
phase suggests, not only a postponement of degenerative diseases to older ages, but
also the emergence of new and the resurgence of previously contained infectious

diseases.

Despite the great reduction on communicable diseases worldwide, several challenges
lie ahead (40), including the role of infectious agents in chronic diseases, antimicrobial
resistance, climate change and (re)emerging infectious diseases. Firstly, several chronic
diseases are directly or indirectly caused by infectious agents, including Helicobacter
pylori which can lead to peptic ulcer disease and gastric carcinoma, or human
papillomavirus, the causal agent of virtually all cervical cancer cases. More recently the
role of commensal microorganisms (microbiota) has been acknowledge to influence
humans in a normal healthy symbiotic relation (46). This is a field under development but
a connection with chronic diseases seems plausible (47). Secondly, antimicrobial
resistance is one of the biggest threats to global health. Misuse of antibiotics in humans,
animals, and agriculture, is thought to be the main accelerator of a process that occurs

naturally as a form of bacterial evolution (48). This phenomenon makes it harder for



clinicians to treat infections using the common antibiotics, leading to longer hospital
stays, higher medication costs, and increased morbidity, mortality, and disability (48).
One of the most worrying examples is the resistance of the Mycobacterium tuberculosis,
that in 2017 accounted for around 600 000 cases of disease resistant to rifampicin — the
most effective first-line drug (49). Thirdly, mosquito-borne diseases, like dengue or
malaria, are still present in tropical settings but also expanding to new geographies due
to climate change and expansion of the vector installation (49). Another field of concern
regarding communicable diseases is bioterrorism, which corresponds to the
weaponization of infectious agents. Finally, emerging and re-emerging infectious
diseases have a great impact in global health and are a raising concern. High-income
countries have been witnessing a phenomenon of resurgence in certain infectious
diseases due to vaccination hesitancy, where the most iconic example is measles, with
a 30% increase in cases globally (49). Ebola virus and other high-threat pathogens,
present a critical challenge in a globalised world, where travelling is fast and massive.
For this reason, a global public health effort towards international disease surveillance
and control is critical, especially if effective treatment and vaccines are not yet available
for certain diseases. This also includes Zika, Middle East Respiratory Syndrome
coronavirus (MERS-CoV), Severe Acute Respiratory Syndrome (SARS), and now the
pandemic due to the Novel Coronavirus Disease (COVID-19) (49), which is the focus of

the current work.
ii.  Communicable diseases epidemics

Epidemic is the occurrence, often sudden, in a certain population, of cases of an ilness,
specific health-related behaviours, or other health-related events clearly in excess of
normal expectancy (31). The term refers both to communicable and non-communicable
diseases. Outbreak is used to describe the localized occurrence of two or more related
cases of a disease, or an increase in the observed incidence of cases over the expected
incidence within a given time period and a restricted geographic area, or a single case
of a serious disease (35). An outbreak is often described as a localized form of epidemic.
The occurrence of outbreaks is a distinctive feature of many communicable diseases
(37). A pandemic is an epidemic affecting multiple countries or continents and that
usually involves a large number of people (36). Generally, a cluster is a small group (two
or more) of people, things, or events. In epidemiology, this word is used to describe the
aggregation, in space or time, of events in frequencies that are believed to be greater
than expected (31,37). Eventually, a cluster can become an outbreak when the current

frequency of disease is shown to be higher than the expected one. These previous terms
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describe abnormal increases in diseases (or events) frequencies. To refer to the normal
(baseline) level of a particular disease in a certain population the term endemic is used
(31). Often, the latter does not refer to the desired level (which can be zero) but to the
observed one and it can also be used to refer to the constant presence of a disease or
infectious agent in a population (31,36). Hyperendemic describes persistently high levels
of disease (36).

New diseases commonly emerge in human/micro-organism interactions, and old
diseases can re-emerge in the form of antimicrobial resistance or due to vaccine
hesitancy or bioterrorism. Also, the susceptibility and/or exposure of people to
communicable diseases change, posing a constant challenge to health systems.
Therefore, is of absolute priority to invest in the prevention of epidemics. This can be
done through primary prevention, according to the routes of transmission. For diseases
that can be transmitted directly, it can be done through the interruption of the chain of
transmission, reduction of the susceptibility of the host and vaccination campaigns. For
diseases of indirect transmission, it can be done through environmental protection,
health education and community participation to promote vector control, environmental
hygiene and food safety (35). Secondary prevention can be achieved with screening and
outbreak investigation, in order to identify the cause, route of transmission, and risk

factors, so that control and prevention strategies can be implemented (35).

b) The novel coronavirus disease (COVID-19)
The novel coronavirus disease (COVID-19) was first reported in patients with an atypical
pneumonia, in December 2019, in China, epidemiologically linked with the Wuhan
market (1,2). The disease is caused by The Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2).

SARS-CoV-2 is a RNA virus which encodes its genomic material on a single-stranded
molecule, with a relatively small size genome around 30 000 nucleotides (50). SARS-
CoV-2 shows a substitution rate (i.e., a measure of mutation accumulation in a given
period of time and embeds the effects of selection (51)) of around 8 x 10 mutations per
nucleotide site per year, which is equivalent to around 24 mutations per genome per year

(or ~2 mutations per month) (50).
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i.  Epidemiological evolution

World, Europe, and Portugal

The first three cases detected in Europe were reported in France on January 24, 2020
(52). On January 30 2020 the outbreak was declared a Public Health Emergency of
International Concern (PHEIC), which is a formal declaration by the World Health
Organization (WHO) of an extraordinary event that constitutes a risk for other countries
through cross-borders dissemination and that requires an international response (53).
The situation was declared a pandemic by the WHO on March 11, 2020 (3,4). Almost
every European and American country experienced the first wave of the epidemic in the
spring and the second wave in the fall of 2020. As of December 27, 2020, a total of 79
231 893 cases of COVID-19 and 1 754 574 deaths have been reported by the WHO,
worldwide (54). Europe was, for several weeks, the most severely affected region.
Portugal had its first detected case reported on March 2, 2020, reaching 394 573 cases
and 6 619 deaths by December 27, 2020 (55).

Baixo Vouga Primary Care Cluster (BVPCC)

The most affected Portuguese region in the first wave was the north. Baixo Vouga, with
a total of 370394 inhabitants in 2011, and 11 municipalities, is located in the centre
region, but it is immediately contiguous to the north (7). It is thus presented as a buffer
for the centre region of the country. The first case in Baixo Vouga was on March 8, in
Aveiro municipality. There was a total of 1 925 new cases detected of COVID-19 from
March 8th to the end of June in Baixo Vouga, 38,9% belonging to one municipality, Ovar.
With about 54 120 inhabitants in 2018, Ovar was the first Portuguese municipality to be
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declared as having active community transmission (7). In the same day, a sanitary
cordon was decreed, lasting between March 17 and April 17, 2020 (8). During this period
only few authorized workers and ambulances could cross the controlled borders, and all
services but the industry deemed essential were shut down. Unlike the rest of the
country, where people depended on central validation from the Portuguese Directorate-
General of Health (DGS) to have a test for SARS-CoV-2 approved, Ovar, due to the
declared state of calamity (56,57), had an independent circuit that allowed more
independence on the testing criteria. This context provided conditions for large-scale
testing strategy at an early stage. The present study will focus on Baixo Vouga area, for

the temporal period between March and June of 2020.
ii.  Clinical characteristics

COVID-19 ranges from an asymptomatic infection to a severe disease. The disease
presentation involves a broad spectrum of symptoms, including fever, cough (either with
or without sputum), dyspnoea, fatigue, myalgia, arthralgia, sore throat, runny nose,
headache, diarrhoea, nausea, vomiting and abdominal pain (58-61). Dermatological,
and neurological symptoms have also been described. These include polymorphic
lesions, erythema, chilblain-like and urticaria for the former and olfactory and gustatory

dysfunction, like anosmia and ageusia, for the latter (60,62,62—69).

The virulence of COVID-19 can be seen through the case fatality ratio (CFR). A recent
meta-analysis, showed an overall pooled CFR of 10.0% (95% CI: 8.0-11.0) for this
disease (70). Hospitalized patients presented higher risk of death (13.0% (95% CI: 9.0-
17.0)) compared to non-hospitalized (1.0% (95% CI: 1.0-3.0), and being admitted in the
Intensive Care Unit (ICU) presented a CFR of 37.0% (95% CI: 24.0-51.0) (70). Older
patients (over 50 years old) presented a CFR of 19.0% (95% CI: 13.0-24.0) (70). Besides
age and clinical status, other risk factors have been associated with higher risks of
deaths. Some comorbidities presented high Hazard Ratio (HR) or Odds Ratio (OR)
associated with fatal COVID-19, as diabetes (HR 1.2-2.0), obesity (OR 1.5-1.75), heart
failure (HR 1.3-3.), Chronic Obstructive Pulmonary Disease (HR 1.12-2.2), dementia (HR
1.4-7.7), liver cirrhosis (OR 3.2-5.9) and active cancer (OR 1.6-4.7) (71).

iii. Transmission

As explained in “Communicable diseases: main concepts and epidemiology”,
transmission is determined by various factors such as the competence of the virus to
replicate, the patient’s symptoms (e.g. cough that releases more infectious droplets), and

the behaviour and environmental factors associated with the infected individual (72,73).
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According to the existing evidence, SARS-CoV-2 can be transmitted directly or indirectly.
Direct transmission occurs by person-to-person contact (through infected secretions) or
through droplets. Indirect transmission might be airborne, through contact with fomites,
or through faeces’ contaminated environments (74—77). The most frequent transmission
mode is directly, through droplets (78). Additional, rare, modes of transmission include
the inoculation of contaminated biological samples, as urine, faces, plasma, or serum
(79-82). Evidence shows that humans are able to infect other mammals, as cats, dogs
or farmed minks, but just a few cases of inverse transmission have been documented so
far (83-88).

SARS-CoV-2 can survive in the environment (e.g. stainless steel, plastic) from hours to
a total of several days, depending on the type of surfaces (89,90). This period is
increased by environmental conditions as low temperatures and low humidity,

independently of surface type, and is reduced by sunlight (89).

Despite study heterogeneity, the proportion of asymptomatic infection among COVID-19
positive persons appears high (20-75%, in general population), supporting their
epidemiological importance (91). SARS-CoV-2 incubation period ranges from 1 to 14
days, with a median of 5-6 days, which means an infected person may last 14 days from
inoculation to the onset of symptoms (92). Nevertheless, the virus can only be
transmitted to other individuals when replication-competent (i.e., infectious period). The
infectious period begins 1-3 days before the onset of symptoms. The moment of the viral
peak and highest infectiousness occurs in the first week (73). One modelling study, in
which the mean serial interval was 5.8 days, estimated that infectiousness peaked
between two days before and one day after symptom onset (93). The serial interval refers
to the time between the onset of disease of successive generations of infected persons
and can inform on the onset of infectiousness (37). Five to ten days after the infection,
patients start producing neutralising antibodies, that bind to the virus and reduce
transmission, but this process seems to take longer in severely ill or immunosuppressed
individuals (73). Multiple studies have shown that the infectious period, based on positive
cultures, was variable but rarely longer than 9 days after the symptom onset in mild cases
and 20 days for hospitalised patients (73). The median duration of viral shedding was
found to be of 18 days in a systematic review (94) but it can vary and may increase with
age and the severity of illness (95-101). Also, persistent SARS-CoV-2 infection (marked
by intermittent positivity) in immunocompromised patient can last several months (102—
104).

The risk of SARS-CoV-2 transmission varies according to the contact patterns in the
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population, depending, for example, on the type and duration of exposure, use of
preventive measures (stay at home orders), and likely individual factors (viral load) (105—
107). In fact, a minority of primary cases results in a majority of secondary infections,
with previous studies showing that 80% of secondary infections traced back to 5-19% of
primary cases (105-107). Certain settings increase the closeness and duration of
contacts because of prolonged contact in indoor environments, as for example
household, where the secondary attack rate was estimated to be around 18.1% (95%
Cl: 15.7%, 20.6%) or healthcare settings, where the secondary attack rate was 0.7%
(95% ClI: 0.4%, 1.0%) (108). Work settings are commonly associated with outbreaks as
well, since they increase contact and sometimes include high-risk situations as meetings
and sharing meals (109). Additionally symptomatic index cases present higher
secondary attack rates than asymptomatic cases (Relative Risk: 3.23; 95% CI: 1.46,
7.14) (108).

Diseases that provide long-term immunity tend to reduce their transmission with time,
since the susceptible population decreases. In the case of COVID-19, the disease seems
to provide some kind of immunity but it is not life-long: some studies found previous
infection to reduce the risk of re-infection in the subsequent six to seven months by 80-
85% (110,111). For the variants of concern (e.g. B.1.1.7.) the risk of reinfection with is
uncertain (112,113).

iv.  Diagnosis

Early in the pandemic the viral whole-genome sequence (strain Wuhan-Hu-1) was
characterised and released (114), allowing the development of Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR) diagnostics test, the study of the virus replication,
pharmacological testing, studying the pathogenesis and understand mechanisms that
were the basis for vaccine development (2,115). Since clinical presentation of this
disease is nonspecific, laboratory testing is of utmost importance in identifying cases and
subsequently implement measures aimed at reducing viral transmission. In Portugal, two
laboratory tests are accepted to confirm the diagnosis of present disease SARS-CoV-2
nucleic acid or antigen detection, respectively, PCR, or rapid test) (116). RT-PCR is the
most widely used method for the diagnosis, because of its higher sensitivity, making it
the gold-standard (117). However, the rapid test also presents advantages since it is

cheaper and provides quick results.
v. Management

Health sector response to COVID-19 followed the same framework as other pandemics.
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It should start with prevention, when epizootics is supposed to be controlled avoiding the
spill over to the human species, followed by containment, with the rapid characterization
and isolation of first cases to a small geographical area, and finally mitigation, with
strategies to minimize the impact of the pandemic. Response strategies include
epidemiological surveillance and risk evaluation, public health measures, delivery of
healthcare services as inpatient and outpatient care, vaccines and other drugs,
communication and evaluation (118). The methodologies used for the mentioned

strategies can be divided into pharmacologic or non-pharmacological interventions.

Pharmacological interventions

The disease management is mostly symptomatic as there is no clinical evidence of
effective antiviral drugs, and so no specific treatment (119). Several pharmaceuticals
have been studied or are still undergoing clinical trials to assess their safety and efficacy
as potential treatments for COVID-19, including corticosteroids, the antiviral nucleotide
analogue remdesivir, systemic interferons and in particular interferon (3-1a, monoclonal
antibodies against components of the immune system such as Interleukin-6 (IL-6) and
IL-4, other immune modulators and antibodies against components of SARS-CoV-2
(119). Lopinavir/ritonavir and Arbidol also bring little benefit (120). Tocilizumab, a
monoclonal antibody, did not show statistical significance for all-cause mortality of severe
COVID-19 patients when compared to the control group, with similar results for other
outcomes (121). Remdesivir is the most promising antiviral drug for severe COVID-19
patients, showing a reduction in the 14-day mortality rate (RR=0.64) (120). Additionally,
a meta-analysis has shown an association between systemic corticosteroids with lower
28-day all-cause mortality, when compared with usual care or placebo, among which
dexamethasone had the strongest effect (122). Finally, Molnupiravir, an oral antiviral,
has demonstrated a significant benefit in reducing hospitalization or death in mild
COVID-19 (123).

Vaccines are a key tool in public health (119). COVID-19 vaccines aim to prevent
COVID-19 infection, hospitalisation, severe disease or death, by triggering an immune
response. Thanks to an unprecedented effort, information sharing, and bureaucracy
reduction, it was possible to produce several vaccines against COVID-19 in a record
timespan. As of August 2021, Portugal has 4 available vaccines: SPIKEVAX® (124),
VAXZEVRIA® (125), Janssen® (126), and COMIRNATY® (127). The effectiveness
showed to be high in real-live situations, with COMIRNATY® preventing 97.0% of
symptomatic disease, severe/critical disease and death and 94.0% against

asymptomatic SARS-CoV-2 infections (128). The MODERNA® vaccine showed 94.1%
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efficacy at preventing Covid-19 illness (129). As for AstraZeneca®, the overall vaccine
efficacy more than 14 days after the second dose has shown to be 66.7% (95%
confidence interval: 57.4% to 74.0%) (130). A meta-analysis that assessed the global
vaccine effectiveness, for all the four previously mentioned vaccines, found that they
prevented any infection in 66.9% (95% CI: 58.4—-73.6) (131). When the outcome was
symptomatic infection, the pooled vaccine effectiveness was 75.7% (95% Cl: 69.3-80.8),
as for prevention of severe disease and hospitalisation was 93.8% (95% CI: 83-98)
(131). Although preliminary results on vaccine effectiveness seem promising, doubts still
remain on two main aspects: a) Are these vaccines effective to reduce COVID-19
transmission? Investigations are ongoing to assess further the impact of COVID-19
vaccination on transmission (132), but some studies already found reduced likelihood of
transmission to household contacts (133,134). Additionally, a decrease in the viral load,
deemed as a proxy for reduced transmissibility, has been shown for the vaccines against
COVID-19. Yet, such reduction is not a perfect measure of reduced transmissibility (135—
139); b) Are these vaccines effective against new variants? They are expected to provide
at least some protection against new virus variants as they elicit a broad immune
response involving a range of antibodies and cells (140). Therefore, changes or
mutations in the virus should not make vaccines completely ineffective. In the event that
any of these vaccines prove to be less effective against one or more variants, it will be
possible to change the composition of the vaccines to protect against these variants
(140). For example, evidence from July 2021 suggests the mRNA COVID-19 vaccines
(Pfizer-BioNTech and Moderna) protect against most strains, including B.1.1.7 (Alpha,
originally identified in the United Kingdom) and B.1.351 (Beta, originally identified in
South Africa), however with reduced protection (141). In what comes to the B.1.617.2
(Delta) variant, evidence from October 2021 shows that compared with the Alpha variant,
vaccine effectiveness against mild outcomes was reduced by 10-20%, but fully

maintained against severe COVID-19 (131).

Non-Pharmacological interventions

In the absence of effective treatment options or widely implemented vaccination, non-
pharmaceutical outbreak control measures aim to reduce transmission and therefore
incidence. Two case-level public health measures are paramount to reduce transmission
(as furtherly explained in Epidemiological investigation and contact tracing) (142):
identification and isolation of infected cases, followed by tracing and restriction of
movements of their contacts. By immediately isolating infected cases, further contacts

are being minimized and therefore secondary cases are prevented. Tracking, tracing and
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isolating contacts of COVID-19 cases is an effective public health measure for the control
of the disease (143). In an ideal scenario, during the epidemiological investigation, public
health personnel promptly identify people who had been in close contact with a primary
case, and then contacts them to evaluate and isolate whenever appropriate. By doing so
they can rapidly identify and isolate secondary cases that may arise after transmission

from the primary cases, and therefore interrupt further transmission.

Other non-pharmaceutical control strategies include individual, organisational, and
population-level measures. On the individual and organisational levels, reinforcement of
infection prevention and control measures are implemented. Among those measures,
hand hygiene, use of personal protective equipment (e.g. masks), respiratory etiquette,
environmental cleaning and disinfection, air renovation, maintaining physical distances
and avoidance of close, unprotected contact with people with fever or respiratory
symptoms are included (144). Specifically on organisational level, some policies can
facilitate case isolation, as “sick-leave” in which workers have the right of paid sick days
and therefore are less reluctant on staying home when symptomatic. On the country
level, the interventions to control the outbreak include (145-147): i) measures that
support the ones in individual and organisational level, including ‘stay-at-home’
recommendations for risk groups or vulnerable populations, ‘stay-at-home’
recommendations for the general population, use of protective masks in public spaces/
public transport, teleworking recommendations and closure of workplaces; ii) more
restrictive measures, namely stay at home orders, lockdown, travelling restrictions, mass
gathering cancellations, closure of public spaces and closure of educational institutions.
Other country level measures can increase the compliance of quarantine among

exposed individuals, as the payment of lost working days by a social security fund.

In the first year of the pandemic, available drugs were not effective in reducing
transmission and their role in reducing mortality and sequels was still unsatisfactory.
Also, during the first wave of COVID-19 the vaccination was not available to allow herd
immunity and considerably reduce transmission. These conditions enhanced the focus
on epidemiological investigation and public health measures to control the outbreak.
Since this study is focused on epidemiological surveillance, this topic will be presented

in more detail.

c) Epidemiological Surveillance
Surveillance is the continuous and ongoing collection, management, analysis,
interpretation, and communication of data (31,37). This is a necessary process of
epidemiologic practice essential to obtain reliable information on the status of diseases,
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their determinants, or health status of a certain population. From this information, public
health professionals are then able to design strategies to promote health, prevent or

control disease, and following implementation, evaluate them.

Epidemiologic surveillance is used in all three areas of disease, communicable, non-
communicable and injuries, but also in the field of the health determinants that influence
the previous, namely, socioeconomical, environmental, occupational, or behavioural
determinants. The most common objective is to monitor the occurrence of disease and
identify health events, but it can also be used to estimate incidence and prevalence rates,
if the sample is representative (37). Surveillance is able to identify a phenomenon and
indicate which groups are most affected, thus enabling a more precise action. The target
population of a surveillance system is defined according to the information needs. For
public health officials, the target population is usually the residents within their
geographical jurisdiction, or people that are staying there (for example, for vaccination

surveillance).

Surveillance systems are networks of people and activities that maintain this process
with practical, uniform, and rapid methods (31,37). Data sources used in surveillance
systems can include death certificates, hospital records, primary healthcare records,
administrative records from healthcare services, sentinels, notifications, laboratory
diagnoses, vaccination data, social security data on labour absence, information on
vectors’ dispersion, biobanks, online search terms, among others (31). It may be
established at all geographical levels, from local to international, and the main goal is to
observe or anticipate changes in trends to trigger the appropriate action, which usually

includes investigation and control measures.

Surveillance systems allow the monitoring of health events and can rapidly identify public
health threats, leading the implementation of control measures. For a surveillance
system to be viable on long-term, a balance between the necessary information and the
limits of feasibility in data collection is required (37). On the one hand, passive
surveillance uses available data on disease notification requested by the government or
local health authority and filled by physicians, who are held accountable by the
information and have the responsibility of reporting (148). Due to its characteristics these
systems generally lack completeness and quality, which can be minimised by simplifying
the notification and briefing it. In Portugal, the National Epidemiological Surveillance
System (SINAVE) (see Portuguese epidemiological surveillance system) is the
surveillance system for infectious diseases and other public health threats. It is a passive

system in which physicians at all levels (primary care, hospital, others) and sectors
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(public or private) have the responsibility and obligatoriness of notifying certain diseases,
including, for example, HIV, viral hepatitis, listeriosis, dengue, legionnaires disease,
tuberculosis, measles, antimicrobial resistance microorganisms, and many others (149).
This part of the system, which consists in the medical notification, is referred to in the
tool as “SINAVE MED”. Disease notification is complemented with laboratory-based
surveillance, which is referred to “SINAVE LAB”. Using laboratory diagnosis is highly
effective for some diseases and carries a relatively low additional effort for personnel if
a informatic system is in place (37). For example, in the surge of a new public health
threat, the use of previously implemented or the rapid implementation of surveillance
systems is fundamental to identify transmission chains and have an effective and rapid
response, as in the case of COVID-19. Passive surveillance systems are relatively
inexpensive and easy to implement. On the other hand, active surveillance comprises a
system where specifically recruited personnel is responsible to identify new cases of a
disease that have occurred (case finding) (148). They can do so by, for example, visiting
healthcare facilities and directly see patients, interview physicians, review records, and
surveying communities where a case index has been reported. Active reporting is

generally more accurate than passive, but it brings higher costs (148).

Routine infectious disease epidemiology relies on reports of notifiable diseases, that rely
on a set of uniform diagnostic criteria to allow comparison across regions or countries -
case definition (31,32,148). The surveillance case definition is used to define a disease
or status and is usually divided in three different areas: clinical, laboratory and
epidemiological. It is intended to aid public health officials in recording and reporting
cases and should be distinguished from the clinical definition. The latter is used by
clinicians to diagnose individual patients requiring an initiation of their disease
management, either to guide auxiliary diagnostic tests or treatment (150). These criteria
can be clinical, epidemiological, or laboratorial (36). These reports then allow to obtain
further information on the disease as the attack rate (proportion of the susceptible
exposed individuals to an infectious agent who become clinically ill), the index case (the
first case discovered by the health care system in an outbreak), and the primary or
secondary cases, being the primary the case that brings the disease into a population
and the secondary the individuals that where infected by it and that are able to infect

tertiary cases, causing generations of infection (32).

For COVID-19, the case is defined based on epidemiological history (including cluster
transmission), clinical manifestations (fever and respiratory symptoms), and results of

SARS-CoV-2 nucleic acid or antigen detection. The case definition is not static and
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changed several times since the beginning of the epidemics. For surveillance purposes,
Portuguese Directorate-General of Health (DGS) considered a suspect case any person
that developed (a) cough (new or worsening of the usual cough), or (b) fever
(temperature of 38.0° Celsius or higher), or (c) dyspnoea, until the 9th of November 2020.
Then, sudden anosmia and sudden dysgeusia were added (116,151). While the
surveillance case definition is not intended to be used by healthcare providers for making
a clinical diagnosis, in the case of Portugal, during the first months of the pandemic, a
special telephone line (Linha de Apoio ao Médico — LAM) used the clinical criteria to
determine access to testing (152). This compromised the diagnosis of asymptomatic,

mild, or unusual clinical presentation cases and therefore biased the case detection.
i.  International Health Regulations

In a globalised world, multi-country outbreak management is useless if not internationally
coordinated. International Health Regulations (IHR) provide a legal framework that
defines international cooperation standards in health security issues (153). It defines
countries’ rights and obligations in handling public health events and emergencies, and
is overseen by the World Health Organisation (153). Last reviewed in 2005, the IHR is
an instrument that legally binds 196 countries all over the planet. It establishes the
implementation of standard requirements for points-of-entry, international travel and
transport, and surveillance systems. Therefore it defines the core capacities that allow
the detection, assessment, report and response to emergencies including: laboratories,
human resources, surveillance, preparedness, response, risk communication,

coordination and national focal point, national legislation, policy and financing (153).

The main motivation for the adoption of the IHR was the SARS-CoV-1 outbreak in 2002-
2003, which started as an epizootic spillover in China and spread over 30 countries (154).
The outbreak was relatively well contained, regarding the overall number of cases
exported from China to other regions. However, it created an alert state worldwide and
made it obvious the risk of globalisation and international travelling on the spreading of
infectious diseases. The necessity for a global coalition to provide health security based
on international standards was present and the IHR was reviewed. It was very similar to
the Portuguese health authority’s legislation, created in 1990 as part of the Basis Law of
Health (155).

ii.  Portuguese epidemiological surveillance system

In Portugal, health authorities are, usually, Public Health doctors that have the opportune

and discretionary power of the state to protect populations’ health in case of situations
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that represent a serious risk to public health (155). They are hierarchically dependent on
the health ministry and the directorate-general of health, and have to be publicly
designated as such figures in the republic diary, their power is defined geographically,
for which the position of the directorate-general of health includes the whole country
(155). They are allowed to use all means necessary, in a proportionate way, to limit the
risks and have competences in the area of epidemiological surveillance and the
implementation of the IHR (155).

As mentioned in the “Epidemiological Surveillance” section, the Portuguese National
Epidemiological Surveillance System (SINAVE) has the aim of identifying public health
events and gathering, analysing, and communicating systematic data on public health
risks (156). It also prepares contingency plans for situations of emergency. The system
is supported by an electronic platform where physicians notify notifiable communicable
diseases, local public health authorities fill the epidemiological investigation, and regional
and national public health authorities review the data and supervise it. Recently, this
system has also integrated laboratories, allowing the direct association between the
clinical notification and the laboratorial one. Although compulsory, under notification has

been shown in this system with high rates of incompleteness (157).

SINAVE allows the public health authorities to receive notifications promptly and to act
fast. When receiving a notification, they perform the epidemiological investigation (which
includes the epidemiological investigation and, for some diseases, the environmental
one) and classify the case accordingly. The system does not allow a follow-up of the
individual case or contacts since it is not designed to do so and moves to higher levels
of the public health authority’s hierarchy when a case is classified. The system is
theoretically built in a way that clusters can be identified and informed to other health
authorities, but in practice the sharing of epidemic information in outbreak control is

limited.

As explained, one important aspect in the epidemiological investigation is to identify the
source of infection. In the case of COVID-19, the clinical notification asked about “contact
with known or suspected case”. These could be contacts and not the source of infection.
Therefore, the identification of the epidemiological link might not be precise with the

current system.
iii.  Outbreak investigation and management
When an outbreak is identified by the implemented surveillance systems it is necessary

to identify the agent if it is not previously known (emerging infectious diseases), or the
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source of an already known disease. Outbreak investigation should also identify risk
factors for progression-related and transmission-related states for the infectious agents,
which are useful to subsequentially guide the implementation of public health measures
and patient management. One must be aware that outbreaks are unusual, and localized
in time and space, limiting information collected. In particular, risk factors information
collected during an outbreak may be biased, since cases outbreak-associated cases are
more likely to be diagnosed and notified in opposition to sporadic cases (outbreak bias)

(37). The ultimate of goal of outbreak investigation is its control.

The investigation and management of an outbreak/epidemics usually follow a systematic

approach with the steps in Figure 4 (35).

Establish that there
really is an outbreak

Confirm the diagnosis

Create a case definition

Find and count cases

Draw an epidemic curve

Determine who is at risk

Generate and test
hypotheses for exposure

Consider what additional
evidence is needed

Implement control
measures

Write up the findings

Figure 4 Steps of the investigation and management of an outbreak/epidemics. Source: Guest et al. Oxford
Handbook of Public Health Practice - Oxford Medicine. 3 edn. Oxford University Press; 2013..
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Epidemiological investigation and contact tracing

Local outbreak response is highly dependent on the Epidemiologic Investigation (El) as
part of the process shown previously. The purpose is to gather information on the specific
case in a rapid and systematic way, which is essential not only to manage the case and
contain the disease, but also to allow epidemiological surveillance and inform on broader
prevention and control measures. Epidemiological investigation aims to identify causes
and risk factors, implement prevention and control measures, and communicate with
everyone involved (158). El should also focus on measures of frequency of
infectiousness and transmission. The definition of the degree and duration of the
infectious state is therefore absolutely essential during the epidemiologic investigation of
emerging diseases (37). Having a clear identification of the transmission chains is also
essential to determine infectiousness. Other indicators of infectiousness include the
secondary attack rate (the number of susceptible contacts of an infectious host that

contracted the disease) (37).

The compulsory notification of certain infectious diseases is nowadays a public health
practice consolidated in almost every country with comprehensive information systems
(53). The procedures are usually defined by law and foresee that every physician that
during his/her practice has knowledge of a suspected or confirmed case of one of the
listed diseases or pathogens immediately communicates it to the public health authorities
(53). The systematic collection of information is usually based on a formulary that is
specific for each disease, according to its characteristics of clinical presentation,
transmission, source, or others (53). When public health authorities receive the
information from the physician, they first evaluate the case and define it according to
specific clinical, epidemiological and laboratorial criteria in one of four possible ways:
confirmed, probable, possible or not confirmed (53). It may use only the physician
notification or may need extra sources as clinical, laboratorial, or environmental. When
further individual information is needed, public health professionals can contact the
physician and/or the patient or their families by direct interview, telephone, e-mail, post,
or other available means (159). During the interview, public health professionals gather
important information, such as, if there has been a contact with other known cases, the
source of infection, when did the symptoms start, when was the person diagnosed, when
did the person isolate from others, where the person has been, what the person has
done (53). This allows public health authorities to understand if it is a sporadic case or if
it is part of a cluster, and what is the source or the transmission chain. The investigation

does not end in the interview, and complementary procedures may be necessary to
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establish the source of infection, contacts, or important determinants, as for example
further laboratorial studies of the patients’ specimens. In the case of environmental
source diseases, an environmental investigation is sometimes needed. It may include a
detailed description of the physical places where the patient has been with the
identification of critical points, complemented with laboratory tests of samples (for
example, water samples in the case of legionnaires disease). If the environmental
investigation shows important anomalies that could seriously influence the populations’
health, immediate measures should be implemented (e.g., closure of an establishment).
For some diseases, genotype analysis of the samples, both environmental and the
patients’ specimens, can prove essential on establishing a causal pathway and can be

particularly useful in case of imported (or exported) cases.

In the case of person-to-person communicable diseases it is important to determine the
infector with a minimum certainty level to implement measures and interrupt an
undiscovered chain of transmission (160). The moment of contagion has to be in the
window of the incubation period of the disease, thus, a detailed characterization of the
patients’ activities, contacts, or places frequented during the incubation period should be
performed. The epidemiological link (source of infection) is identified by the public health
professionals based on the interpretation of the data gathered, together with previous
knowledge. It is not a precise attribution and may be indicated based on certain leads. It
may be very clear, e.g., a family member previously diagnosed with the disease, or less

precise, e.g., an association with a certain cluster, for example, a school outbreak.

Contact tracing is the process by which public health professionals identify individuals
who have been exposed to a person infected (index case) with a pathogen that can be
transmitted person-to-person(161). During the epidemiological investigation, and using
the infectiousness period of time as reference, the infected patient close contacts are
listed. After an in-depth characterization of the contact, and depending on the specific
disease, public health officials stratify the risk, evaluate their clinical status, and
implement necessary measures. These measures are dependent on the diseases’
characteristics and can include isolation, prophylactic antimicrobial treatment, and
vaccination. Diagnostic tests support the implementation of measures by determining
contacts infection state (for example Tuberculin Skin Test). By identifying and intervening
in the contacts, it becomes possible to interrupt the chains of transmission and control
the disease. These strategies are in practice for many known diseases as tuberculosis,
meningitis, smallpox, or COVID-19 (40). While this seems an attractive strategy, there

are limitations. For tuberculosis, previous studies showed lower positivity rates among
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identified contacts despite the large amount of resources put into contact tracing
(162,163). For instance, tracing is highly dependent on the memory of the enquired and
the willingness of the contacts to comply with the implemented measures. This latest
limitation can be reduced by the public health authorities’ power set in some countries
like Portugal and though international coordinated efforts. Additionally, time restraints
and the beginning of infectiousness before the onset of symptoms limit the effectiveness

of contact tracing.
iv.  Epidemiological surveillance in Baixo Vouga during the pandemic

The Public Health Units (PHU) in Portugal are operative units with responsibility in
epidemiological surveillance (164). They are dependent on a double hierarchy: i)
ministerial one, which is intermediated by Regional Health Administrations and Primary
Care Clusters or Local Health Units; and ii) the health authorities, which is played by the
Directorate-general of health and the Regional Health Authorities (164—166). These units
are composed by public health doctors, who may or may not be health authorities,
community nurses, health technicians, and other professionals working in the public
health sector (as sanitarian engineers). In Baixo Vouga, the PHU has been
systematically working with the national surveillance system SINAVE. SINAVE, as
explained before, is the general surveillance system for notifiable diseases and
depended on the clinical or laboratorial notification. In the early moments of the COVID-
19 pandemics the system was not prepared for the laboratorial notification and the local
health authorities often received lab results in an unofficial way. Additionally, the
notification form for physicians was based on a model for other coronavirus, like SARS
and MERS, which made it incomplete and inadequate for the SARS-CoV-2. The system,
as explained earlier, is designed to allow the prompt classification of the case, and inform

higher levels, and it does not allow a follow-up of the case or its contacts.

When the COVID-19 pandemic arrived, the local area of Baixo Vouga was hardly
stricken, which raised the need of an internal system to keep track of all the cases and
its contacts. By then (March 2020), the national system (SINAVE) did not allow a
recording of the contacts nor the visualization of intelligible information (e.g., incidence,
Re, case-fatality, and others). It also did not allow the systematic laboratory reporting of
pathogen genotyping data, namely genome sequencing data. Due to the high volume of
notifications, SINAVE informatics platform was also experiencing technical issues. To
bypass limitations of the existing system, the local Public Health Unit created a parallel
system only used by its professionals. Later, at the end of March 2020, a new national

platform was created to allow the management of COVID-19 confirmed cases, contact
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tracing, and the vigilance of isolated patients in self-care — TraceCOVID-19 (167). This
system could be accessed by all physicians and public health professionals, but it did
not allow the PHU to access to local data. Additionally, the internal database contained
data that was neither available in SINAVE nor in TraceCOVID-19, such as the
epidemiological link (that was only added to TraceCOVID-19 in June 2020). The
information obtained by the internal form was aggregated in a single database with
information that was essential to manage the outbreak. The workflow in the PHU of

BVPCC, including the use of the three different platforms is shown in Figure 5.

The notification of the case arrives by SINAVE (medical or
laboratorial) OR the positive test result arrived directly from the
laboratories OR the case entries as infected by TraceCOVID-19

Public Health professionals contact (mostly by telephone) the
person that has been notified and conducts the epidemiological
investigation

Public Health professionals fill SINAVE

Public Health professionals fill an internal form with information
on the epidemiological investigation that is then automatically
added to an internal database;

Public Health professionals create or complete the TraceCOVID-19
profile of the case adding the identified contacts (high or low risk);

Figure 5 Working flow for epidemiologic investigation in the PHU of BVPCC.

d) Public Health Genomics

The use of genomic tools to inform public health is denominated Public Health Genomics.
This field can be described as the “responsible and effective translation of genome-
based knowledge and technologies for the benefit of population health” (Bellagio Group
2005; Burke et al. 2006). This is an emerging field, closely linked with various topics as
precision medicine, precision public health, and pathogen genomics in infectious disease

control and prevention.

In the last two decades great steps have been made in the human genomics field, with
the release, in 2003, of the “reference sequence” for the human genome, including the
almost complete sequences of around 25,000 genes (168). These advances also
provided important tools for the research of gene-disease associations and contributed

to the understanding on human genomic variation and its interactions with the
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environment to improve health and, prevent and manage disease. Genomics can be
divided into three areas, at two levels of intervention. Two areas occur at an individual

level, diagnostics, and treatment, and one at a population level, risk-stratification.

On the one hand, in the individual patient management area, genomics provided a shift
to a more precise medicine. Typically, medicine uses “average patient’-oriented
approaches, based on epidemiological research to establish the mean population
characteristics, and then applies interventions to a certain individual which is very likely
not to be exactly in that mean. Although still lacking evidence, precision medicine could
provide diagnostic and treatment tools specifically tailored for a real individual (169-171).
For example the implementation of pharmacogenomics is notorious, since it allows a
personalized treatment informed by pharmacogenetic testing (170,171). While these are

predominantly being applied in the cancer treatment area there is room for expansion.

On the other hand, to promote health and prevent disease at a population level, genomic
information offers the opportunity for a proactive action, contributing to precision public
health (172-175). At this level, genomics helps identify pools of individuals with certain
genotypic characteristics that increase the risk of disease, that can then be an
intervention target to modify environmental factors, such as diet (40). Genomics can
provide more accurate methods for measuring disease, pathogens, exposures,
behaviours and susceptibility, which can lead to a better evaluation of the population’s
health and a better choice of the necessary interventions. As in the case of precision
medicine, public health genomics drove the development of public health precision,
defined as providing the right intervention, to the right group of people, at the right time
(101). There are limitations to these interventions as, for example, the fact that the
penetrance frequency of certain predisposing genotypes is not known, making it hard to
understand the real risk associated to the development of the disease when the genotype
is present. In this case, epidemiology can help by giving broader information of
prevalence and population screening. Additionally, some controversy exists on the
ethical issues regarding precision public health interventions, since it would mean to
focus more efforts and resources in a certain group of individuals to achieve a greater
gain, instead of focusing in all the population achieving less individual gains but a greater
one when summed up (41). Another concern is that the increased emphasis on genomics
may take the focus out of changing other health determinants (social, environmental, and
others) (174). In fact, some determinants of health are very hard to change (behavioural,
social) and public health has been struggling to fight them, mostly without success. But

putting the focus only on genomics could also risk being too deterministic in the health
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promotion approach, putting the blame only on the genes and taking the responsibility
out of the individual itself. In short, the field of precision public health uses large-scale
data and technologies, including genomic, spatial analysis and big data, to better identify
determinants of population health that can be targeted through precise interventions and
ultimately lead to an improvement in populations’ health outcomes (177). Despite

presenting some unsolved ethical issues, it appears as a promising, innovative field.
i. Pathogen Genomics

The surveillance process is not limited to the detection of cases of a disease and
characterization of epidemiological characteristics. Sequencing information of the
pathogens can aid epidemiological investigation by identifying epidemiological links
more accurately. While public health precision and the use of genomic tools are still
under definition, it is clear that genomic epidemiology is able of identify either population
dynamics or individual transmission events (178,179). Since the technology is becoming
cheaper and simpler, it is possible to perform sequencing technics in field situations with
low resources. These tools have been implemented through outbreaks settings,
community settings, acute care hospitals, and other healthcare facilities (180).
Biosurveillance can detect new pathogens that cause disease in humans. With the
globalisation, climate changes and the continuous human-animal interactions, the
potential spread of already existing diseases and emergence of new ones increases. To
manage these infectious agents, appropriate knowledge is necessary on its clinical and

epidemiological features, and transmission characteristics.

The field with a well-established application in medical and public health is the one of
Pathogen Genomics (181). It integrates sequencing along with bioinformatics to
determine the distribution and spread of a communicable disease in a certain population
and the use of this information to implement control outbreak measures (182). By
genotyping a pathogen, it is possible to ascertain it to a phylogenetic level, based on
their genetic relatedness. Whole-Genome Sequencing (WGS) is a widely used method
in surveillance for is replicability, allowing integration of data from different contexts (e.g.,

countries).

This field is already in place in many countries, including Portugal and continues to
expand (183). It uses molecular technologies to provide guidance to the diagnosis,
treatment, and control of communicable diseases. For example, metagenomic
sequencing of respiratory samples from first COVID-19 patients in China allowed the
identification of SARS-CoV-2 as the causative agent of severe pneumonia cases (114),

which was pivotal not only to develop specific diagnostic tests, but also to implement
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global genomic surveillance networks able to track the virus evolution, adaptation and
dissemination(184,185). These Iinitiatives combine genome technologies with
bioinformatics and epidemiology to enhance and accelerate public health surveillance,
investigations, and control of infectious diseases (170,182). (49,160). Pathogen
genomics is a useful tool in several areas from food safety, animal health, environmental
health, and human health. The integration of multiple sectors is essential to effectively
control and manage infectious diseases, recognizing “One Health” approach. For this
reason, international agencies, such as the World Health Organization (WHO) and the
European Center for Disease Prevention and Control (ECDC), strongly promote the
integration of genome sequencing data, from multiple sectors, as an essential
component of surveillance systems. Multiple pathogens are nowadays monitored and
investigated through genome sequencing, such as influenza (182,183,186), Escherichia
coli (187,187-189), Legionella pneumophila (190), Salmonella (191-193), Listeria
monocytogenes (194), Staphylococcus aureus (195), Mycobacterium tuberculosis (196—
200) and, recently, SARS-CoV-2 (9,10). In Portugal, some uses that are already in place
include respiratory infections (183,201-203), sexually-transmitted diseases (204,205)
and foodborne pathogens (206).

ii.  Pathogen Whole-Genome Sequencing in Outbreak Investigation

Whole-Genome Sequencing (WGS) allows the identification and characterization of
pathogens and helps resolving disease transmission patterns during outbreak
investigation. In particular, continuous WGS of virus can help mapping the transmission
across communities, study mutations for their potential to cause increased transmission
or virulence, alert public health authorities to superspreading events or hotspots, help
identifying introductions of new variants and point to possible sources of infection (182).
These inferences are based on the rationale that virus mutate while they spread, leaving
a genomic fingerprint that can then be used to infer ancestral relationships (phylogeny)
(207). When used for virus, this inference is based on the rationale that virus mutate
while they spread, leaving a genomic fingerprint that can then be used to infer ancestral
relationships (phylogeny) (182). WGS is currently performed using advanced and high-
throughput technologies (so called, next-generation sequencing technologies - NGS) to
detect these fingerprints in an inexpensive and in-depth way, which means it is possible
to get sequences on a massive scale (182,208). WGS has also the potential to determine
whether an outbreak is of natural causes, or is due to deliberate or accidental introduction
of an engineered or known pathogen (208). Additionally, WGS also proved to be useful

in providing accurate and rapid information to report data on urgent events, such as
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healthcare associated outbreaks (182).

In brief, pathogen WGS in the context of routine surveillance and outbreak investigation

comprises the following main steps (182,208):
1. Collection of patients sample;
2. Inactivation and extraction of genomic material, i.e., nucleic acids (RNA/DNA);
3. Preparation of nucleic acids for WGS through sequencing library preparation;

4. Sequencing of the latest library using a sequencing platform using either short-

read or long-read technology);

5. Multi-step advanced bioinformatics analysis, involving i) quality analysis and
improvement of raw sequencing data; ii) reconstruction of the pathogen genome
sequence using reference-based mapping and/or de novo assembly approaches;
i) detection of specific genetic markers (e.g., determinants of antimicrobial

resistance or virulence); and iv) phylogenetic inferences.

The obtained genomic data should then be combined with other epidemiological
evidence to allow the reconstruction of transmission history, that can then be useful to
decision and policy making (208). Genomic epidemiology is based on the assumption
that it will not be possible to sequence all the cases of disease in the transmission
network while still being able to give key information on the epidemic process (182). This
is possible since connections between sequenced cases can be made, based on
distance-matrixes that calculate the genetic distance from multiple sequence alignments,
determining their phylogenetic relationships. By allowing the identification of strains that
are more or less closely related to each other, this process is able to identify cases more
likely to be epidemiologically linked, and this is fundamental to make a comprehensive

analysis of the outbreak transmission dynamics.

A phylogenetic tree can be represented in different ways, such as rectangular rooted
trees (more common), radial rooted trees, or unrooted trees. In this tree (Figure 6)
several elements are identified and depicted: i) the leaf nodes, which are the sequenced
samples; ii) the outgroup, which is a node that represents a sequenced sample that is
less related to the others; iii) the horizontal branches of the tree that represent genetic
distance (commonly expressed as Single Nucleotide Polymorphims - SNP); iv) the
internal nodes, which are common ancestors (not sampled); v) the root, which is the
common ancestor to all other nodes and vi) the clade, which is a group of closely related

sequences that share an internal node (182). For SARS-CoV-2, distinct clades of the
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global phylogeny, which are defined by distinctive signatures of “shared mutations”, have
been conventionally named as clades (e.g., using the Nextstrain or GISAID clade

nomenclatures) and Lineages (using the Pango Network nomenclature). The term

“variants” has been applied to the SARS-CoV-2 has a synonym of clades or lineages of
closely related virus defined by specific constellations of mutations (182). Spike protein
mutations have been especially studied because of their importance on the host-receptor
binding and vaccination targeting. In general, the global burden of variants changes in
time and in place, with some variants raising their frequency until dominance at local or
global levels, can be explained, for instance, by a founder effect or altered viral properties
that give them transmission advantages (e.g., increased viral load, increased
transmissibility) over other circulating variants. For instance, in the specific case of Aveiro
region, the genomic analysis showed a wide spread of a particular variant (carrying the
Spike mutation D839Y), which was most likely driven by a strong founder effect of a
potential single introduction (182). Variant identification plays a small role in transmission
chains identification but is clinically and epidemiologically important. In the specific case
of Aveiro region, the genomic analysis of the samples showed a wide spread of a
particular variant (D839Y), that supported a strong founder effect of a single unique
introduction (209).
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Figure 6 Anatomy of a phylogenetic tree. Source: Advanced Molecular Detection (AMD) and Response to

Infectious Disease Outbreaks (20).

Noteworthy, although extremely useful in epidemiological investigation, phylogenetic
trees need to be complemented with additional data and they cannot fully resolve
transmission pathways as sequenced samples are only a fraction of the entire
transmission chain, and the existing gaps can change its interpretation (182).
Phylogenetic trees are thus an approximation of the truth, and its degree of accuracy is
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associated with the samples sequenced.

With the pandemic of COVID-19, pathogen genomics has been applied to the SARS-
CoV-2 virus surveillance throughout the world. By comparing sequences for a certain
region to others around the world, it has been possible to better understand the
introduction and transmission dynamics of the virus between and within countries, with
benefits for pandemic control. Nevertheless, although SARS-CoV-2 genomics has
shown to facilitate public health decision-making (22,210), there are still huge
discrepancies between countries. In fact, comprehensive genomic surveillance systems
involving systematic integration of epidemiological and genomic data are only completely
established in a few places due to the multitude of resources needed (182,211). In fact,
genomics-informed public heath outbreak responses for SARS-CoV-2 require a wide
participation of laboratories, (de)centralized data analysis (depending on the
geographical organization of the health system: national, regional or local), efficient
information systems allowing a timely integration and sharing of genomic and
epidemiological data, etc. In Portugal, such framework is partially established but still
needs to be strengthened to facilitate the systematic integration of genomic and

epidemiological data and rapid sharing of results back to local public health entities.

e) Use of genomic and epidemiological data in COVID-19
epidemiologic investigation (Genomic Epidemiology)
As explained before, Epidemiological investigation and contact tracing, is deemed
essential to find transmission chains and control COVID-19. Pathogen genomics can
help furtherly understand where the epidemiological investigation failed to identify
accurately the transmission chain. Inversely, SARS-CoV-2 sequencing alone can be
limited in providing the source of infection, its context and direction. When put together,
these two disciplines have the capacity of overcoming those difficulties in most cases,
providing detailed information (from genomics) and putting it into context (through
epidemiology) (212—-214). Current knowledge on the agreement between whole-genome
sequencing and epidemiological data on the link of COVID-19 cases (Table 1) is
scarce(22,23,25,28,215,216). Evidence on quantitative data is limited. Seemann et al.
reported that that for each epidemiologically-linked group the (epiclusters identified by
the epidemiologic investigation) a median of 100% (Interquartile Range (IQR): 93—100%)
of cases associated with a single dominant viral genetic cluster (identified on the basis
of viral genomic data) (22). Additionally, they estimated the agreement in the inverse
direction and identified a median of 43% of cases (IQR 23-77%) in each genomic cluster

to belong to a single dominant epidemiologically-linked group (22). An Austrian study

33



(Popa et. al) combining WGS and epidemiological data found an overlapping of 65%
between these two types of data sources (215). In a healthcare setting in the United
Kingdom, Snell et. al identified agreement in 75 out 168 (45%) of epidemiologically linked
cases, for which sequenced cases were not refuted by applying genomic data (216).
They described some factors associated with the epidemiological un-identification of
transmission, such as a high proportion of community onset cases, clusters with cryptic
transmission, and the delay on the identification of the primary case of the cluster (216).
Other studies analysed from a qualitative point of view the coherence between
epidemiologically and genetically defined clusters. Da Silva et. al were able to identify
travel-associated introductions in Scotland by merging the two data sources, they also
identified an international conference as an important outbreak source, which was
effectively contained by health authorities (23). This study was not able to distinguish the
direction of the infection using phylogeny, but they found that, for the majority of cases,
the phylogenetic lineage placement correlated well with the available epidemiological
introduction events (23). In Oman, a study combining epidemiological and whole-
genome sequence data from 94 samples of SARS-CoV-2 was able to find a robust
surveillance system, with a good agreement between the two data sources, that was
very efficient in guiding the outbreak investigation processes in the country (25). Another
study, from East England, analysed 299 cases in healthcare settings and identified 35
different clusters (28). From those cases, 58% had strong epidemiological links and 20%
had plausible epidemiological links (28). This data was fed back to clinical, infection
control, and hospital management teams, leading to infection-control interventions and
informing patient safety reporting (28). Furtherly, other studies were important in
confirming or excluding transmission in particular settings. Page et. al, identified a
discrete sublineage associated with six care facilities and found no evidence of
reinfection in longitudinal samples; ruled out a healthcare associated outbreak (217). A
small amount of studies have been published describing the use of WGS to infer
transmission chains in the Portuguese context (218-220). Other two studies have been
carried in a country-level and province-level lockdowns, in Thailand (24) and ltaly (26),
respectively. This is a special context since its expected no transmission between the
enclosed space and other geographical regions. Epidemiological investigation and
control measures rely heavily on epidemiological enquiries. Thus, knowing to what
degree and in what contexts epidemiological investigation is failing to identify the source
of infection has important consequences on the subsequent implemented measures of

contact tracing and isolation.
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Table 1 Literature review on studies combining whole-genome sequencing and epidemiological data of COVID-19 cases.

Article

Seemann et
al.(22)

da Silva Filipe
et al.(23)

Puenpa et
al.(24)

Al-Mahruqi et
al. (25)

Giallonardo et
al. (26)

Bohmer et al.
(27)
Meredith et al.
(28)

Popa et al.
(215)

Page et al.
(217)
Snell et al.(216)

Use of
WGS
and
epidemi
ologic
data

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Concordance analysis?
(Yes/No; Sensitivity of
epiclusters; Sensitivity of
genomic clusters (%))

Yes; 100% (IQR
93-100%); 43% (IQR 23—-77%)

Yes (qualitative); “for the majority
of cases, the phylogenetic lineage
placement correlated
well with the available
epidemiological introduction
events”

No

Yes (qualitative); “Good
agreement”

No

No

Yes (qualitative); A single large
outbreak in the hospital presented
incongruent lineages. A single
lineage in a care facility outbreak.
High (100%) congruence in a food
processing facility.

Yes; 65% sequenced cases
assigned to epidemiological
clusters
No

Yes; 45%

Genomi
cs used
to
detect
links

Yes

Yes

No

Yes

Yes

No

Yes

Yes

Yes

Yes

Sample
size
(Epide
miologi
cal/
WGS)

1333/
903
(68%)
2641/
1314
(50%)

(not
availabl
e)/ 40
456 /
2171
(21%)
(not
availabl
e)/ 191
16/16

374/
262
(70%)

345/
10 385
(33%)
1305/13

76
168/234

Framew Assess
ment of
Public
Health
interve
ntions

ork for

the

applicat
ion of
genomi

cs
Yes

Yes

No

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

No

Yes

Yes

Yes

Yes

Study period Geogra
phical
area in

sanitary

cordon

6 January - 14 April 2020 No

28 February - 31 March No
2020

12 January - 17 May 2020 Yes
(country
-level)
24 February - 23 May 2020 No

January - July 2020 Yes
(provinc
e-level)

20 January — 11 February No
2020

13 March — 24 April, 2020 No

24 February - 7 May 2020 No

March - August 2020 No

10th March - 31st April No
2020

Country

Australia

Scotland

Thailand

Oman

Italy

Germany

England
(hospital
settings)

Austria

East
England
United
Kingdom

Sanitary cordon refers to an area in complete lockdown, where access was allowed only for essential reasons — healthcare, provisions, police. Legend: IQR (Inter Quartile Range)



f)Pertinence, investigation question and aim
The COVID-19 pandemic has imposed a great stress in health systems and in the
countries’ economies. Until vaccination was completely implemented, the only intervention
available to control it is to reduce transmission by stopping transmission chains. Knowledge
on how transmission occurs is of extreme importance. There has been a rapid evolution of
the disease and Portugal has struggled to control it. In the need to provide further
information, this study presents a genomic epidemiological analysis describing COVID-19
transmission chains, from March to June 2020, in Aveiro Region, an area with a
municipality in sanitary cordon, using epidemiological and genomic data. By revisiting a
large epidemiological investigation (1925 COVID-19 cases), carried out in one of the
regions with the highest incidence rates during the first epidemic wave in Portugal, through
the integration of available viral genomic data. The magnitude of this epidemiological
investigation, involving the only mainland region subjected to a cordon sanitaire, coupled
with the use of detailed viral genomic data to dissect transmission networks is
unprecedented in Portugal. Besides the assessment of the concordance between
epidemiologically linked cases (epiclusters) and viral genome data, allowed to unveil
hurdles and challenges behind the misidentification of epidemiological links, contributing to
the knowledge on the transmission dynamics and the accuracy of the epidemiological
investigation of COVID-19. Additionally, it consolidates the expected benefit of pathogen
genomic surveillance, as well as the identification of new opportunities to improve the
preparedness for future epidemics. Regardless of the retrospective character of the present
study, it provides detailed investigation, and the study outcomes are very opportune and
informative in the context of the current technological revolution of surveillance and
information systems at global level. Also, the results can particularly contribute to changes
in the frameworks of integration between field epidemiology and pathogen genomics, at
national level, as well as in Public Health clinical practices, by raising awareness among
public health actors and decision-makers about the need to embed genomics into the

routine activities of infectious disease surveillance and outbreak management.
i. Research question

Are epidemiological and viral whole-genome sequencing data in agreement when used to

describe the transmission chains of COVID-19 in Aveiro region, from March to June 20207

ii.  General Objective

Describe COVID-19 transmission chains, in Aveiro region, from March to June 2020, using
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epidemiological and viralwhole-genome sequencing data, and describe its agreement.

iii.  Specific objectives

1. Rebuilt COVID-19 transmission chains, in Aveiro region, from March to June 2020,

using epidemiological data and whole-genome sequencing data.
a. Rebuilt the transmission chains;
b. Describe transmission dynamics and settings of the main epiclusters.

2. Describe the agreement of whole-genome sequencing data for each

epidemiologically linked chain of transmission:

a. Estimate the frequency of cases within and without the main viral genomic

profile, for each epicluster;

b. Estimate the sensitivity of the epidemiological investigation to detect links
between cases that belong to the same transmission chain, for each

epicluster;

c. Estimate the pooled sensitivity of the epidemiological investigation to detect

links between cases that belong to the same transmission chain.

3. Review sporadic cases and misidentified direction of transmission, according to

available viral whole-genome sequencing data:

a. Describe and characterize misidentification of epidemiological links in terms

of direction, using viral WGS;

b. Describe, characterize, and analyse cases identified as sporadics by

epidemiological investigation, using viral WGS.
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3. Methods

a) Design, setting, data sources, and data collection

i.  Design and setting

This is an outbreak analysis study using previously collected data on epidemiological and

genomic characteristics of all confirmed cases of COVID-19 prior to 30" June, in Aveiro

region.

ii. Inclusion and exclusion criteria

All COVID-19 confirmed cases
registerad in the Baixo Vouga
PHU, with a diagnostic test preformed
from Bih March to 30th June 2020
(N=1925)

Unit of analysis: Individual
COVID-19 confirmed cases

All COVID-19 confirmed cases with an
epidemiological link (direct or indirect)
(N=1143)

h 4

Sporadic cases
(N=T82)

COVID-19 confirmed cases with WGS
data and attributed to an epicluster
{N=110})

Cases with an

. | epidemiological link but

without WGS data
(N=1033)

b 4

Epiclusters with WGS data
(N=28)

Y

Epiclusters without
WGES data
(N=126)

h

Epiclusters with more than one
genotyped case
(N=15)

WGES - Whole Genome Sequencing

h 4

Epiclusters with only
one genotyped case
(N=13)

Unit of analysis: Epicluster

Figure 7 Flow diagram representing the sample selection methods and
criteria of inclusion and exclusion

Inclusion and exclusion criteria
are demonstrated in Figure 7,
two units of analysis were used:
individual confirmed cases of
COVID-19 and epiclusters. All
COVID-19

registered in the Baixo Vouga

confirmed cases
PHU, with a diagnostic test
preformed from 8th March to
30th June 2020 (N=1926) were
used. No duplicated cases or
cases with missing information

on the identification were found,

due to previous database
cleaning by the health
authorities. To construct

epiclusters only cases with an
epidemiological link (i.e., with an
identified infector, or cases with
an identified subcluster) were
When

epidemiologic

included. comparing
and genomic
data, to estimate the pooled
sensitivity, only epiclusters with
more than two sequenced cases

were included.
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iii.  Epidemiological data

Data was collected from confirmed cases and respective epidemiological investigation by
the PHU in Baixo Vouga. Confirmed cases were captured by the public health authorities
through 3 possible ways: i) the medical or laboratorial notification through the national
surveillance system platform; ii) the positive test result arrived directly from the laboratories;
i) COVID-19 tool for follow-up and contact tracking (TRACE-COVID-19). Each case had a
unique Identification Number (ID). Data was collected during the epidemiological enquiry,
by contacting the cases and respective contacts. Mainly, this data collection was performed
by a phone contact and informatic databases, to obtain information on clinical presentation,

clinical status, or test results.

Epidemiological investigation - variables

Information collected included detailed demographic (age, sex, and municipality), clinical
(date of symptoms onset, clinical presentation, and medical conditions), laboratorial (data
of the diagnostic test, type of diagnostic test), and epidemiological data (epidemiological
link (infector and context), date of probable contagion, and designation (cluster or

sporadic)). A detailed variables operationalisation plan can be consulted in Appendix 1.

Epidemiological links refer to the putative source of infection of a confirmed case using the
epidemiological investigation, this duplet is hereby considered as the infected/infector.
Epicluster refers to the complete transmission chain of interconnected cases, based on the
infected/infector duplet. Epidemiologically linked cases were defined as (a) direct, when a
confirmed case was identified as the probable infector OR when the infector was after
identified through contact tracing (by testing the close contacts of the first confirmed case),
and (b) indirect, when an infected confirmed case belonged to a context where a cluster
was identified but there was no clear connection with one specific confirmed case as its
infector. In the case of indirect epidemiological link, the infector was missing, so it was
considered to be the (1) the primary case of the epidemiological cluster identified following
investigation (the highest ascendent of the chain without an identified epidemiological link),
(2) the first case of that epidemiological cluster to report symptoms, (3) the first case of that
epidemiological cluster to present a positive test, (4) the first case of that epidemiological
cluster to be identified by the PHU. The context of the epidemiological link was attributed
accordingly to the relationship with the infector as cohabitant, healthcare, work settings,
non-cohabitant (friends and other acquaintances), other, unknown (when the
epidemiological link was not identified). The same epicluster could include smaller clusters

(subclusters) identified by the health authorities during the epidemiological investigation. A
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subcluster was considered in the presence of two or more cases at the same time and

space.

Cases were considered sporadic in the following situations: i) epidemiological data was
available but no infector was found; ii) epidemiological data was available but the
epidemiological link involved cases outside the geographical area of the study; iii) there
was insufficient or inexistent data referring to the epidemiological link. Sporadic cases were
included in the descriptive analyses but excluded from the epicluster analysis (see below).
For contagion context, individuals without an identification of either the infector or the
epicluster were classified as unknown. Those with available information in the context of
contagion were classified in cohabitant, healthcare, non-cohabitant acquaintances, work
settings or other (individuals with identified context that could not be attributed to any of the
above). Individuals identified with an epicluster or infector outside the geographical area of

study were deemed as sporadic but the context was still assessed.

To analyse clinical presentation, individuals were considered symptomatic if either reported

as symptomatic, having date of symptoms onset or presenting any symptom.

iv.  Genomic sequencing and bioinformatics analysis

Sample collection and inclusion criteria

In Portugal, RT-PCR positive samples for SARS-CoV-2 from country-spread laboratories
(enrolled in the Portuguese network) (209) are regularly sent to the National Institute of
Health Doutor Ricardo Jorge (INSA) for genomic analysis, in the context of the genomic
surveillance of the virus. The genome sequences analysed in this study were retrieved from

the nationwide SARS-CoV-2 genome collection and, as such, no specific inclusion criteria

were established to define the sample set. The availability of genomes associated with the
studied patients was therefore contingent on the laboratory/Institute’s partnerships in the
genomics network, sample shipment conditions and sequencing success (strictly linked

with viral load).

Baixo Vouga hospital was not a partner of INSA, and so, patients that only were tested in
hospital settings were not covered for this study. INSA aggregated genomic data was
provided as an intelligible database to the Baixo Vouga Public Health Local Unit. Since the
data for this study was collected from the national SARS-CoV-2 genome collection, no
specific inclusion, besides residing in Baixo Vouga geographical area was considered. No
exclusion criteria were applied to retrieve the study sample. However, the availability of

genomes associated with the studied patients was contingent on the laboratory/Institute’s
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partnerships in the genomics network, sample shipment conditions, and sequencing
success (strictly linked with viral load).(221) Generally, high success rate in whole-genome
sequencing is obtained for samples with a low cycle threshold (Ct). Ct refers to the number
of cycles needed to amplify viral RNA to reach a detectable level, the lower the Ct the
higher the viral load (82).

Viral whole-genome sequencing

SARS-CoV-2 positive RNA samples were subjected to amplicon-based whole-genome
amplification with tiled, multiplexed primers, following the Artic Consortium protocol (222).
Briefly, after lllumina NexteraXT library preparation, paired-end sequencing was performed
either on lllumina MiSeq or NextSeq 550, targeting ~1M reads per sample. Analysis of
sequence read data was conducted using the bioinformatics pipeline implemented in
INSaFLU (183), which is a web-based (and also locally installable) platform for amplicon-
based next-generation sequencing data analysis. Phylogenetic analysis and clade
assignment was performed with Nextstrain (223). Lineage classification was performed

using Phylogenetic Assignment of Named Global Outbreak LINeages (224).

Integration of viral genomic data with the epidemiological data

To allow the integration of epidemiological and genomic data, a team was created between
the Public Health Unit of Baixo Vouga and the Bioinformatics Unit of INSA, including
professionals from multiple backgrounds (public health physicians, epidemiologist, and
microbiologists). The team held online meetings to enable interactive reporting of genomic
epidemiological analyses and facilitate the translation of genomic findings into public health

information.

To evaluate the phylogenetic context of the studied genome sequences and assess their
genetic relatedness, phylogenetic trees were built for both the whole national genome
collection and the Baixo Vouga dataset. To facilitate the congruence analysis between
genomic and epidemiological data, genome sequences were grouped into “main viral
genetic profiles” (i.e., “clade-level” clusters, 1-4) and further classified by alphanumeric

Hierarchical Codes (HC) according to their ancestry within each main genetic profile.

b) Statistical analysis

i.  Sample and setting description
Since sequencing was performed in a subset of the total confirmed COVID-19 cases, the
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characteristics of the included sample in the analysis was compared to the individuals not

sequenced, to assess selection bias. The sample was described using:

o Categorical data: absolute and relative frequencies, and Chi squared or Fisher test,

depending on the expected counts per cell (if <5, Fisher test was used);
e Continuous variables:

o mean, standard deviation and t-test or ANOVA, if normal distribution could

be assumed following Shapiro-Wilk test for numerical data.

o median, Interquartile Range (IQR) (i.e., 1st and 3rd quartiles), and Kruskall-
Wallis, if normal distribution could not be assumed following Shapiro-Wilk

test for numerical data (age).
ii.  Epidemic curve

To describe the context, an epidemic curve was presented along with contextual details of
all confirmed COVID-19 cases from March 8th to the end of June, in Baixo Vouga. The
epidemic curve of Baixo Vouga was built using the number of daily new cases notified to
public health authorities. Since, the variable symptoms onset contained missing data, a
confirmed case was attributed to the date when the sample for diagnosis test was collected.
The periods of meaningful public health measures that affected Baixo Vouga are
represented as horizontal lines, including the sanitary cordon, emergency state and its
announcement at a national level, country-level general lockdown and mass events

restrictions.
iii. Transmission chain reconstruction

The denomination of “Epicluster” refers to the complete transmission chain of
interconnected cases, derived from epidemiological investigation, where nodes are
confirmed COVID-19 cases and edges are the epidemiological link between infected and
infector duplets. The same epicluster may include many subclusters, identified during the

epidemiological investigation.

The reconstruction of epiclusters was made using R (version 4.0.3) package Epicontacts
(225). The connections between cases (edges) were based on previously generated
duplets of infector-infected. Each node (confirmed case of COVID-19) had associated data
on demographic, clinical, epidemiological and viral genomic sequencing characteristics. In
the transmission chains provided by Epicontacts, nodes were coloured by subcluster and

shaped by main viral genetic profile, and edges were coloured by the type of link (direct or
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indirect).

If bidirectional links existed between two patients, the ascendant was considered as: (1)
the individual that had the onset of symptoms first, or (2) the case that had an identified
epidemiological link out of this group of two. Cases that did not report an infector (directly
or indirectly) were excluded from the network analysis but are included in the descriptive

analysis for comparison.

Aggregated data was then obtained using the epicontacts object in order to extract
information on the characteristics of the epiclusters (i.e., identification of the epicluster, size

of the epicluster, number of individuals in each main viral genetic profile).

The description of the transmission chains was performed in the two main epiclusters (A
and B), corresponding to those with a higher number of attributed patients according to the
epidemiological investigation. All single transmissions were verified according to the
congruence between the hierarchical code of the infector and the infected. When WGS
data was not available for both cases in the duplet close cases presenting such data were
considered. For example, in a case of presumed transmission between a healthcare
professional and a patient, if there was no information on WGS samples of the
professionals, a familiar or colleague derived WGS data with a high probability of link was
used, assuming the professional’s one was similar. Most of the times a clear transmission
chain from infector to infected was not possible to unravel, so subclusters to follow the
chains were used. If a subcluster had cases with a viral genetic profile coherent with the
epidemiologically linked ascendant, it would have been ascertained as confirmed in the
transmission chain. Viral genetic profiles of genotyped cases were considered to describe

the consistency of the epidemiological chain, as ascertained by public health authorities.
iv.  Agreement analysis

To answer the research question, a method to estimate the degree to which
epidemiological and whole-genome sequencing data agreed when describing the
transmission chains of COVID-19 was required. This issue can thus be seen as an
assessment of validity of the measurement of epidemiological links using epidemiological

investigation.

When dealing with two categorical variables (Epicluster vs. Genomic cluster), five main
indicators (Table 2) are available to estimate validity (226). While some of these are
deemed more appropriate to the assessment of validity (sensitivity and specificity) and

others to the evaluation of reliability (kappa or intraclass correlation), they can be used
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interchangeably to evaluate validity and reliability (226). In fact, according to Szklo and
Nieto, “what determines whether the evaluation is of validity or reliability is not the type of
test, but what the specific goal of the evaluation is and whether a gold standard is
available”. While genomic data is not a perfect measure of epidemiological links for the
purposes of this work it was used as a “gold standard”. A brief review of the existing

approaches is presented, providing the rationale for the selection of the analysis method.

Table 2 Summary of indices or approaches most frequently used for the assessment of validity and reliability
for categorical variables. Adapted from Szklo M, Nieto JF(226).

Index or technique Mostly used to assess . ..

Validity Reliability
Sensitivity/specificity ++
Youden’s J statistic ++ +
Percent agreement + ++
Percent positive agreement + ++
Kappa statistic + + +

Percent agreement, percent positive agreement and kappa statistic (Table 4) are indicators
to estimate the congruence between observations obtained by two different methods.
These would seem the ideal here but the fact that they need a method that attributes a
binary definition (that can be filled in a two-way table) makes them undoable in this case.
This happens because neither epidemiological nor genomic data can provide a single
classification on the cluster, this is, the cluster classification does not necessarily overlap.
The same main viral genetic profile includes a high number of cases and therefore, several
different epiclusters or subclusters that are not actually related among them. Table 4 shows
n genomic and epidemiologic clusters, where only a binary variable is possible. Every
single epicluster and its complement (not belonging to that epicluster) would fill cells a, b,
and c, but d parcel would always be empty, since multiple different clusters could fit in that
parcel. In other words, if a individual is belong to profile 1 and epicluster X, then d
individuals belong to neither of those but comprehend cases that belong to profile 2,3 or 4,

and cases that belong to epicluster Y or Z.

The expected tabulation between the attribution of epiclusters and main viral genetic profile
is presented in Table 3. The unit of analysis is the epicluster and the variable is the number
of cases in each of the main viral genetic profiles. The predominant main viral genetic
profile was considered as the correct one. For example, for epicluster A, the predominant
main viral genetic profile is 1, with 8 sequenced cases showing that profile. When it comes

to Kappa, the non-overlapping of the two variables is a problem and supports the decision
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to abandon the three previously described methods.

Table 3 Expected results using a dummy table

Epicluster

TMOOm>»

Main viral genetic profile
2 3 4
8 1 0 1

—

Table 4 Percent agreement, percent positive agreement and Kappa statistic for paired binary test results

Method being
tested (epicluster)

Pe

Gold-standard (Main viral genetic profile)

1 Not 1 (2/3/4)
X A B
Not X (Y/Z) C D
. (a+d)
Percent agreement: @tbrerd) * 100

Positive percent agreement: % * 100

2
Ao +Do Ae +De

(

a+b+c+d)_(a+b+c+d

K tatisti Po
a a statistic:
- 1-p

1—( Ag+De (where Po is the observed agreement and Pe

a+b+c+d)
is the expected agreement)

Sensitivity/specificity and Youden’s J (Table 5) statistic are used to estimate the validity.

Sensitivity shows the true positives and specificity true negatives. They need a clear cut-

off for both categories and presuppose the existence of a gold-standard or a method that

can be close to it. The J statistic is a summary index of validity that combines sensitivity

and specificity. Although, theoretically, the value of J can be negative, down to —1 (in the

presence of perfect disagreement, when the test always disagrees with the gold standard),

a more realistic minimum for the range of J in real life is J = 0, obtained when the test

performs no better than chance alone (sensitivity and specificity = 0.5) (226). This J statistic

gives equal weight to sensitivity and specificity, thus assuming that both are equally

important components of validity.
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Table 5 Sensitivity/specificity and Youden’s J for paired binary test results

Gold-standard (Main viral genetic profile)

1 Not 1 (2/3/4)
Method being tested (epicluster) X A B
Not X (Y/Z) C D
e (@)
Sensitivity: o
e o (d)
Specificity: bid)

J statistic: Sensitivity + Specificity — 1.0

Considering the existing methods, a measure of sensitivity/specificity seemed more
adequate. As WGS could be assumed as a gold-Standard, the question under analysis
was framed as the frequency that epidemiologic data correctly identified cases within a

genomic profile. Thus, sensitivity was selected.

However, this implied the calculation of several sensitivity measures (as many as the
clusters obtained). A summary measure was thus useful. Metanalysis can address this

need, using each epidemiologically linked cluster (epicluster) as if it were a single study.

For the metanalysis, a new database was computed, considering the epicluster as the unit
of analysis, for which genotyped cases were attributed to a main genetic profile. Cases
outside the predominant genetic profile were all attributed to “others” (Table 6). Epiclusters
with less than 2 individuals with available genetic data were excluded from this analysis
since a single individual could not be compared for congruence. Here, each epicluster was
analysed as if it was a single study in a typical metanalysis; study design was not
considered as a differentiating variable because the method of epidemiological
investigation was the same. For this analysis, the outcome was the proportion of individuals
within a single dominant genomic cluster in the total of individuals with viral WGS data, for
each epicluster. A new variable, sample size, was computed considering the number of
individuals with WGS data on each epicluster (3). Since participants come from a single
common population and go through the same procedures performed by the same
professionals under the same conditions, a fixed-effect model was considered. This
assumes that observed effect sizes variation across the epiclusters is due to the random
sampling error inherent to each one, namely, the within-epicluster variance (227).
Nevertheless, heterogeneity in the effect sizes was assessed through 12, 12 and the Q-
statistic, to support the choice of using fixed or random effects. A forest plot was built using

the logit transformation. If the proportions did not present with a normal distribution, they
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were transformed into their natural logarithm for the analysis and then converted back to
proportions, together with its 95% confidence intervals. To analyse the study weight, the
inverse of the variance of the transformed proportion was used. Individual effect sizes were
pooled and their sampling inverse variances were analysed via Linear (Fixed-Effects)
Models (using the rma() function in R). The analysis used the logit transformation, since
proportions higher than 80% are common and is necessary to avoid the values from
exceeding 100%. Additionally, seriously misleading results have been reported using
inverse of Freeman-Tukey in similar meta-analysis of single proportions, so the variance
was not stabilized (228). All statistical analyses were preformed using R version 4.0.3. The

level of significance was set at 5%.

Table 6 Example of the database computed to run the metanalysis

Epicluster Predominant main Other Sensitivity
genetic profile

A A1 A2 A1/(A1+A2)

B B1 B2 B1/(B1+B2)

v. Description of sporadic cases and misidentification of links

In order to resolve sporadic cases and misidentified direction of transmission, the
epidemiological investigation was revised after integration of viral genomic data. This
intended to inform a better understanding the hurdles and caveats associated with the

epidemiological investigation during periods of high incidence rates.

A sporadic was considered, on the basis of epidemiological data, as a case that 1) did not
have any data on the source of infection, either an infector or an associated cluster; or 2)for
whom the source (infector or cluster) was outside the catchment area of Baixo Vouga (e.g.,
an infector that lived in Lisbon or a cluster in a school in Algarve). The description of these
cases was based on the retrospective analysis of both data sources in order to resolve
them. More detailed information was obtained on the epidemiological context, as the
municipality of residence, recent travels, place of work, and the association with a setting
of healthcare or nursing home institutions. Then, a genomic context was provided by a
detailed inspection of phylogenetic placement of all genotyped cases into the trees
reconstructed, by both 1) describing the genetic profile, not only the main viral genetic
profile, and its associations with other individuals or epiclusters inside Baixo Vouga dataset,
or 2) searching for similar profiles outside the Baixo Vouga dataset, by comparing it with
other shared sequences in the national collection (183). Based on the previous data, a final

case assessment was provided, by 1) inserting the case in a transmission chain — false
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sporadic; 2) identifying the case as a singleton in both Baixo Vouga and national collection
— true sporadic; or 3) declaring the case as unresolved due to the low viral genomic

resolutions and high prevalence of the profile worldwide.

A misidentification refers to a link, reported by epidemiological data, that was posteriorly
refuted by genomics. A misidentification could be due to the link itself between the two
cases or the direction of the reported transmission. To analyse misidentifications both the
ID and the hierarchical code were reported, reviewing the epicluster, the subcluster and
the link context provided by epidemiological data. To assess the direction of transmission,
viral genetic profiles associated with all infector-infected pairs with available genomic data
were scrutinized to assess if they display a congruent ancestrality (i.e., if the
epidemiologically inferred direction of transmission is supported by a hierarchically direct
phylogenetic placement). Phylogenetic distance was also reported. A probable explanation
was provided to the misidentification of the cases after adding pathogen genomics

information, where:
1. Infector and infected could have been both infected by the same ancestral case,
2. Infector and infected could have been both infected by different ancestral cases,

3. The direction of transmission could have occurred in the other way.
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4. Results

i.  Context description

The first case in Baixo Vouga was on March the 8th, in Aveiro municipality (6). There was
a total of 1925 confirmed COVID-19 cases from March 8th to the end of June in the region,
where 39% belonged to one municipality, Ovar (6). Ovar was the first Portuguese
municipality to be declared to have active community transmission (7) and, on the same
day, sanitary cordon was decreed, lasting between March 17 and April 17, 2020 (8).
National and local public health control measures for COVID-19 together with the epidemic
curve of Baixo Vouga region are presented in Figure 8. The number of confirmed cases in
Baixo Vouga peaked in the end of March and became stable and residual from the
beginning of May. This timely evolution of the cases is coherent with strong measures

implemented locally, nationally, and internationally.

Epidemic curve of Baixo Vouga and implementation of public health interventions

Figure 8 National and local public health control measures for COVID-19 and the epidemic curve of Baixo

Vouga region. X axis — date of the diagnostic test; Y axis — Number of confirmed cases reported by Health Authorities.

ii.  Study population, sample and epiclusters overview

A total of 1925 confirmed cases of COVID-19 were identified by the Baixo Vouga Public
Health Unit from 8" March to 30" June 2020, based on the day of the sample collection of
the diagnostic test. Of these, 62,86% were females, and the median age was 56 years

(IQR 39 - 76). The proportion of individuals in the total dataset diagnosed during sanitary
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cordon (according to time and geographical location) was 32,10%. Healthcare
professionals accounted for 10,39% of the cases and residents in nursing homes for
15,84%. Most cases (1501, 77,97%) did not have any characterization on the context of
contagion; For those whom the context was specified, the most common setting was
cohabitant (51,65%), followed by work (30,66%).

From the 1143 cases assigned to epiclusters (59,38% of the total), 154 (13,47%) were
considered index cases and 988 (86,44%) had an identified infector, for which 433
(43,78%) were considered direct (Table 7, Figure 9 and Appendix 2). Cases within an
epicluster were slightly more frequently from a sanitary cordon area (36,66%) than
sporadics ones (25,45%). Having a cohabitant as a source of contagion was verified in
15,40% within an epicluster (vs. 5,50% for sporadics). Also, certain clinical presentations
were more frequent in cases within an epicluster, such as cough, myalgia, headaches,
rhinorrhoea, anosmia and dysgeusia. Additionally, individuals within epiclusters were more
frequently associated with closed contexts of nursing homes (21.43%) or healthcare
(12.60%).

Table 7 Demographic, clinical characteristics, context of the contagion, epidemiological link type, sanitary

cordon area and case settings data for Baixo Vouga COVID-19 sporadic and within-epicluster cases until 30
June 2020.

Sporadics Cases within
(N=782) an epicluster
n (%)* (N=1143)
n (%)*
Demographic
Age (at the day of the diagnostic test) — median, IQR 55.61 55.53
[39.41;72.78] [37.87;79.14]

Sex (Male)
Clinical characteristics
Symptomatic
Existence of previous medical conditions
Context of the contagion
Cohabitant
Healthcare
Non cohabitant acquaintances
Other
Unknown
Work settings
Epidemiological link type
Direct
Indirect
Sanitary cordon (at the date of diagnosis)
Yes

315 (40.28%)

528 (67.52%)
99 (37.93%)

43 (5.50%)
14 (1.79%)
16 (2.05%)
6 (0.77%)
662 (84.65%)
41 (5.24%)

199 (25.45%)

400 (35.00%)

736 (64.39%)
101 (28.86%)

176 (15.40%)
19 (1.66%)
16 (1.40%)
4 (0.35%)

839 (73.40%)
89 (7.79%)

433 (43.78%)
556 (56.22%)

419 (36.66%)
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Case settings
Nursing home resident or professional 347 (19.31%) 12 (9.38%)
Healthcare professional 191 (10.63%) 9 (7.03%)

*Unless indicated otherwise. IQR — Interquartile Range

When analysing the first two weeks of the epidemic, the proportion of direct links reduced
over time (Figure 9), giving place to a predominance of unidentified and indirect links. This
trend can be seen whenever the incidence increases. Indirect links were commonly
associated with closed settings (e.g., nursing homes, healthcare facilities) were the
epidemiological investigation identified the source context but not a specific infector as the
epidemiological link. Such outbreaks were the origin of the two smaller peaks (end of May
and beginning of June) seen in Figure 9, where a predominance of indirect link type’s can
be identified.
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Figure 9 Weekly evolution of COVID-19 cases link type, according to the epidemiological investigation.

A total of 154 epiclusters were detected, with a median of 2 cases (IQR 2-4) (ranging from
2 to 280) (Appendix 3). A total of 10 epiclusters had more than 15 cases and the biggest
included 280 (A) and 101 (B). These referred to epiclusters that spread throughout different
contexts (e.g., healthcare services, nursing homes, cohabitants and other familiar contexts,
work settings). Figure 10 represents the size of each epicluster, including the number of
cases in each viral genetic profile, and the duration of the same epicluster (using the date
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of diagnosis of the first and last case of the epicluster as limits). Most epiclusters were
detected during a restricted period coincident with the sanitary cordon. After this period,
epiclusters were detected less frequently and had a shorter duration Figure 10 Size,

proportion of cases in each viral genetic profile, and timespan of the COVID-19 epiclusters
identified in Baixo Vouga from 8th March to 30th June.
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Figure 10 Size, proportion of cases in each viral genetic profile, and timespan of the COVID-19 epiclusters
identified in Baixo Vouga from 8th March to 30th June.

Viral whole-genome sequencing data was available for a total of 128 cases (Appendix 4),
representing 6,65% of the total dataset and 11,20% of the cases within an epicluster (Table

8). The available WGS dataset mostly covers the early epidemics, reflecting the initial focus
of the national surveillance (209,229), with 127/128 samples being collected until 17 April
2020 (end of the Ovar’s sanitary cordon). This subset is thus enriched by cases from the

sanitary cordon area (74,22%) (Table 8) and involves a slightly higher frequency of
symptomatic patients (78,12%), when compared to cases without WGS data.
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Table 8 Demographic, clinical presentation, medical conditions, context of the contagion, epidemiological link
type, sanitary cordon area and case settings data for Baixo Vouga COVID-19 cases with and without WGS
data, until 30 June 2020.

Cases without WGS Cases with p-value
data N=1797 available WGS
n (%) * data N=128
n (%) *
Demographic
Age at the day of the diagnostic test 55.45 [38.15;75.86] 56.05 0.391
— median, IQR [43.44;77.21]
Sex (Male) 654 (36.39%) 61 (47.66%) 0.014
Clinical characteristics
Symptomatic 1164 (64.77%) 100 (78.12%) 0.003
Existence of previous medical conditions 198 (32.57%) 2 (66.67%) 0.251
Epidemiological link type
Direct 385 (43.40%) 48 (47.06%) 0.549
Indirect 502 (56.60%) 54 (52.94%)
Sanitary cordon (at the date of diagnosis)
Yes 523 (29.10%) 95 (74.22%) <0.001
Case settings
Nursing home resident or professional 347 (19.31%) 12 (9.38%) 0.008
Healthcare professional
Healthcare professional 191 (10.63%) 9 (7.03%) 0.255
Epicluster
Cases within an epicluster 1033 (57.48%) 110 (85.94%) <0.001
*Unless indicated otherwise. IQR - Interquartiie Range. WGS — Whole Genome

Sequencing.

iii.  Viral genomic diversity across epiclusters and sporadic cases

Genomic analysis of the 128 available sequences revealed four main viral genetic profiles:

95 sequences forming a sub-clade within Nextstrain clade 20A due to a shared mutation
(G24077T, leading to the Spike D839Y amino acid change) (hereafter designated as

genetic profile 1), 31 sequences belonging to Nextstrain clade 20B (genetic profile 2) and

two genetically distant sequences belonging to Nextstrain clade 19A (genetic profiles 3 and

4) (Figure 11, Microreact interactive figure).
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The majority of Baixo Vouga cases here identified integrate transmission chains
representing ramifications of a massive dissemination of SARS-CoV-2 with genetic profile
1 (Pango lineage B.1.91) (cases represented in colour green in Figure 11). The observed
genetic divergence within this transmission chains enhances the resolution power of
genomics to corroborate or exclude epidemiological links. In contrast, SARS-CoV-2 with
the genetic profile 2 (including Nextstrain clade 20B root sequences and 1-3 SNPs
descendants) (cases represented in orange in Figure 11) was introduced multiple times,
and in multiple locations, in Portugal, during the early epidemics (230). Considering the
relatively low diversification of clade 20B, the power of genomics to track the source of
infection and disclose direct contacts within genetic profile 2 is reduced when compared
with genetic profile 1. Regarding genetic profiles 3 and 4, both represent singleton branches

in the phylogenetic tree (cases represented in blue in Figure 11).
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Figure 12 A — Absolute and relative frequency of cases in epiclusters and sporadics, and of cases with viral

genomic data. B — Proportion of viral genetic clusters according to the epicluster. Source: INSA, 2021.

57



From the 128 cases with available WGS data, 18 (14,06%) were classified as sporadic and
110 (85,94%) were associated with an epicluster, according to the epidemiological
investigation (Figure 12). Sporadic cases with WGS data were linked to the four main
genetic profiles, including the singleton sequences of genetic profiles 3 and 4. From the
110 genotyped cases associated with epiclusters, 86 (78,18%) and 24 (21,82%) belong to
genetic profiles 1 and 2, respectively. In total, there was WGS data available for cases
epidemiologically linked to 28 distinct epiclusters (which together enrolled a total of 622
cases), with 15 epiclusters including more than one genotyped case (number of genotyped

cases ranged from 2 to 30) (Figure 12 A).

iv. Epidemiological investigation of Iarge epiclusters: understanding

incongruences by viral genomic analysis

Genomic investigation revealed that the two largest epiclusters (A and B) mixed cases
linked to two distinct SARS-CoV-2 genetic clades (here called viral genetic profiles), thus
showing that each epicluster enroled more than one source/transmission network. As such,
it was sought to reconstruct the transmission chains considering the integration of viral

genetic data to understand the context that led to the observed incongruences.

The epidemiological investigation pointed that epicluster A, linked to healthcare and
nursing home settings (Figure 13), with 280 cases (23 of which had WGS data) started with
a patient that clinically presented with fever, dry cough, myalgias, headaches, and
generalized weakness, that was then hospitalised. The most likely source of infection of
this index case was an event that the patient attended two days prior to the symptoms'
onset. Another raised possibility was a cluster in a local pharmacy, through personal
relations with the workers, but this hypothesis was discarded since these cases were only
diagnosed later. Indeed, the viral WGS data shows that the index case (PT0017, HC 2)
had a genomic profile that was ancestral to the one found in the pharmacy cluster (PT2188,
HC 2I), supporting that the index case might have been in the origin the pharmacy
subcluster. The transmission chain then extended to an outpatient healthcare setting
through an infected worker that attended an event with some of the pharmacy members.
The viral genome data obtained from two of the patients of that healthcare service (PT0343,
2F1 and PT0192, 2H) and a close personal contact of a healthcare worker (PT2190, 2F)
belonged to main genetic profile 2, thus supporting the placement in the previously
described transmission chain. Contact tracing follow-up indicated that this healthcare
cluster (with 36 cases) originated seven other clusters, two in nursing home settings and

five in familial settings. The two familiar subclusters with available viral genomic data
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belonged to the main genetic profile 1 (1C, 1C3, and 1C3.9), contradicting the
epidemiological link with the healthcare subcluster. One familial cluster originated in the
previously described case 2F1. The other two familial clusters with available viral genomic
data originated in patients that attended the healthcare service but for whom the
epidemiological link was less clear. One of these clusters was indexed to a patient
(PT2189, 1C3.9), connected both to the outpatient healthcare service and a neighbouring
municipality outside the Baixo Vouga region. This patient would have then infected his
caregiver (PT0308 ,1C3). However, genomic analysis shows that this direction probably
happened in the opposite direction, and the link to the neighbouring municipality is more
consisting since other cases in that situation presented similar profiles (as seen further in
this analysis). The other familial cluster was indexed to a patient (PT0322 ,1C) with two
hypotheses for the epidemiological link, one in the outpatient healthcare service and the
other in an inpatient service in the neighbouring municipality he had been in the previous
month. Indeed, the viral WGS of the sample places the inpatient service as the most likely
source. The smallest nursing home cluster presented with 85 cases, 11 of which had
genome data available from the main profile 1 (1C4 (n=9) and 1C4.1 (n=2)), which supports
healthcare associated transmission in this closed setting. This cluster was indexed to the
domiciliary caregiver of a patient with a strong link to the outpatient healthcare service
(PTO0343, 2F1), who was also a worker in the nursing home. Although the nursing home
worker did not have available viral WGS data, the incongruence between the genomic
characteristics of the infector (main viral genetic profile 2) and the infected residents (main
viral genetic profile 1, clade 20A with the additional spike mutation D839Y, dominant in the
community), supports that these were two different transmission chains. The other nursing

home cluster had no data on viral WGS.
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Figure 13 Epicluster A. Legend: Node Shape’s: Triangle — Viral Genomic Profile 1, Square — Viral Genomic
Profile 2; Node Colour’s: Brown — Pharmacy cluster, Purple — Healthcare cluster, Light pink and Grey -

Nursing home clusters; Circle points the index case.

Epicluster B (Figure 14), as ascertained by epidemiology, included 101 cases (30 of which
had WGS data) and started with a hospitalised patient diagnosed on March 9. Although the
source of infection was unknown, members of this patient’s school (in a neighbouring
municipality located outside the catchment are of Baixo Vouga) had returned from a trip to
Italy a few days before their symptoms onset (28 February). Even though no viral
genotyping data was available for this epicluster’s index case, genomic data of some of its
direct secondary cases belonged to main genetic profile 1 (PT0290 - 1C, through a
personal contact and PT0189 - 1C8, through a contact in the school). Furthermore, the
integrative analysis with the national collection of SARS-CoV-2 showed that a sequence
outside the study population (PT0310, also a member of the same school) is the
intermediary genome between PT0290 and PT0189, being the ancestor of PT0189. Since
all these cases were associated with the main genetic profile 1 (clade 20A with the D839Y
mutation in Spike), it is most likely that the index case was also infected with this SARS-
CoV-2 variant. This transmission chain spread throughout cohabitants, family, friends, and
healthcare workers that were in direct or indirect contact with the index case. One of these
direct contacts was a healthcare worker that visited the index case, and worked in a
healthcare service from the neighbouring municipality located outside the catchment area
of Baixo Vouga. This healthcare service presented two clusters with ten and seven cases
residing in the Baixo Vouga Region, of whom, five were sequenced (HC 1(n=2), 1C, 1C3.7,

1C3.4.1, 1C3.4.2), showing genetical coherence between them. Epidemiological
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investigation was not able to place the healthcare worker as the source of this cluster. Since
genomic data was not available for this case, it is not possible to disclose the direction of
the transmission. Additionally, this worker had a contact with a colleague from another
healthcare setting in municipality A, that also presented clusters with one sequenced case
showing the main viral genetic profile 2 (HC 2C). Another healthcare cluster in municipality
B, with 29 cases, presented WGS data with a mix of both main genetic profiles 1 and 2 (HC
2 (n=3), 2A, 2G (n=3), 1C3 (n=2), 1C3.5, 1C3.12). A cluster, involving six cases, in a
retirement home, revealed genomic data (1C) coherent with the transmission chain of this
epicluster (B). Other clusters involved a company (9 cases, linked to 1C (n=1) and 1C1
(n=3)), through a cohabitant of the index case, and a restaurant (3 cases, 1A and 1B),

through a friend of the index case, with both transmissions being supported by viral

genotyping.

Figure 14 Epicluster B. Legend: Node Shape’s: Triangle — Viral Genomic Profile 1, Square — Viral Genomic
Profile 2; Node Colour’s: Green, Dark Orange, Light Orange, Pink, Grey — Hospital clusters, Brown — company;

Purple - Nursing home cluster; Circle points the index case.

As observed for epicluster A, the retrospective integration of genomic data showed that the
initial epidemiological reconstruction of the transmission dynamics of epicluster B was
coherent with genomic data. Still, when the dimension of the epiclusters increased or
extended to settings of higher population density, such as healthcare and nursing home

settings (tightly connected with the community), the misidentification of epidemiological
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links occurred after a certain point of the progressively more complex epidemiological

investigation.
v. Sensitivity of the epidemiological investigation

Twenty six out of the 28 epiclusters (Appendix 4) were linked to a single main genetic profile
(either 1 or 2), while only two (A and B) incongruently mixed cases linked to distinct main
genetic profiles. This was expected since epiclusters A and B were the largest epiclusters
identified, which increases the likelihood of misidentification of epidemiological links (see
Epidemiological investigation of large epiclusters: understanding incongruences by viral
genomic analysis). For the remaining epiclusters, the genetic profiles were highly
congruent within each epicluster, i.e., each epicluster either contained 100% identical
sequences or sequences with congruent ancestrality (i.e., with a hierarchically direct

phylogenetic link (Figure 12 and Figure 11)).

The sensitivity of epidemiological investigation to detect links between cases that belong
to the same transmission chain was high. Results of sensitivity estimated for each
epicluster (with more than two cases with available viral WGS data) are provided in Table
9. Although almost all epiclusters (13/15) presented 100% of its cases within the same viral

genetic profile (Table 9) there were wide confidence intervals.

Table 9 Sensitivity of the epidemiological investigation for each epicluster

Epicluster Total number Cases within Cases outside  Sensitivity 95%ClI 95%CI
of cases per the same main the main viral (lower) (upper)
epicluster viral genetic genetic profile
No. profile (No.)

(genotyped) (No.)
A 280 (23) 17 6 73.91% 51.59% 89.77%
B 101 (30) 22 8 73.33% 54.11% 87.72%
(o] 44 (8) 8 0 100.00% 63.06%  100.00%
E 35 (6) 6 0 100.00% 54.07%  100.00%
F 15 (2) 2 0 100.00% 15.81%  100.00%
G 11 (3) 3 0 100.00% 29.24%  100.00%
H 11 (4) 4 0 100.00% 39.76%  100.00%
J 8 (2) 2 0 100.00% 15.81%  100.00%
K 6 (2) 2 0 100.00% 15.81%  100.00%
L 5(2) 2 0 100.00% 15.81%  100.00%
N 4(2) 2 0 100.00% 15.81%  100.00%
0] 3(2) 2 0 100.00% 15.81%  100.00%
R 3(2) 2 0 100.00% 15.81%  100.00%
\' 9 (6) 6 0 100.00% 54.07%  100.00%
X 6 (3) 3 0 100.00% 29.24%  100.00%

Total 541 (97) 83 14 85.57% 93.33% 96.48%

Corresponding to epiclusters for which concordance could be assessed. i.e. more than two cases with available viral
WGS data.
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Pooled average sensitivity (metanalysis of proportions)

Ninety-seven (n=97, 75,78% of the total cases with viral WGS data) individuals were
included in the pooled analysis of sensitivity, divided in 15 epiclusters, from which six
presented a size higher than three (the median epicluster size). Low heterogeneity in the
effect sizes was found (12 = 0; I was by 0%; and the Q-statistic was 4.33 (p-value = 0.993));
for that reason, along with the fact that the methodology of epidemiological investigation
was homogeneous for all epiclusters, a fixed effects model was use. The pooled sensitivity
was 79.55% (95%Cl: 70.42 - 86.40%). The forest plot of the obtained sensitivities for the

15 epiclusters is shown in Figure 15.
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Figure 15 Forest plot with proportions’ metanalysis results of epidemiological investigation sensitivity.

Legend: (Epicluster) Each epicluster with viral WGS data on more than two cases; (Predominant) The number of cases with
viral WGS that belong to one predominant viral genetic profile; (Total) The total number of cases in each epicluster with viral
WGS data; (Sensitivity) The proportion of the cases within the predominant viral genetic profile among the total of cases with
WGS data. The Cls for individual point estimates are shown with horizontal lines. The surrounding box shows the contribution
made by that individual estimate to the overall pooled estimate, weighted by the standard error of that individual series.

Heterogenity (12) = 0%. So, it used fixed effect model. Presented estimates are the inverse of the logit transformation.

vi. Review sporadic cases and misidentified direction of transmission,

according to available viral whole-genome sequencing data

Table 10 summarizes the epidemiological data available for the “sporadic” cases and how
genomics helped placing most of these cases within well-established transmission chains.
In fact, 15 out of the 18 sporadic cases could be linked either to the largest transmission

network in Baixo Vouga (driven by the SARS-CoV-2 D839Y variant, i.e., the viral genetic
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profile 1), to specific epiclusters, or to COVID-19 cases identified outside the study
population. The three remaining cases were either assumed as true sporadic (absence of
epidemiological links or strong genomic links with any other case) or unresolved cases

(lack of genomic resolution to infer a potential link to other cases).
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Table 10 Cases that belonged to a viral genetic cluster but were identified as sporadic in the epidemiological investigation

Case ID (Sequence

Healthcare/Nursing

Epidemiological link

Genomic context

Case assessment

code, viral home after genomics
genomic profile)
1019 (PT0846, 4) Yes No data (case hospitalised) The viral genetic profile is a singleton in both the Baixo Vouga dataset and the True sporadic case
national genome collection
75 (PT1341, 1C) No No data Highly frequent viral genetic profile that was linked to several epicluster. Part of the largest
328 (PT1356, 1C) No No data transmission
841 (PT1196, 1C3) No No data network
850 (PT0238, 1C3) No The epidemiological link is a cluster outside the
Baixo Vouga dataset.
65 (PT0327, 1C11) Yes No data (case hospitalised) Singleton descendent of the most frequent viral genetic profile, and thus it
113 (PT0736, 1C9) No No data cannot be linked to any specific epicluster.
386 (PT1212, No No data
1C3.6)
1371 (PT0539, No No specific case was identified as an infector. Integrates a well-defined transmission chain (1C4 and descendent profiles)
1C4) Hypothesis: transmission occurred during the within epicluster A.
transportation of COVID-19 patients in the
ambulance (part of case’s work functions).
615 (PT1134, No No data Integrates the cluster C, which is a well-defined sub-transmission chain within
1C6.1) epicluster A.
23 (PT0320, 2) No The epidemiological link is a healthcare The genetic profile (Nextstrain clade 20B root) was highly prevalent worldwide, Unresolved
professional outside the Baixo Vouga dataset. so viral genomics lack resolution to infer if this case represents a new
introduction or if it integrates known transmission chains
262 (PT1023, 2C) Yes The epidemiological link is an healthcare cluster | The genetic profile (2C) is shared by another studied case (PT2191), and both Linked to a
outside the Baixo Vouga dataset. Healthcare integrate a large genetic cluster including several matching sequences transmission
worker who was hypothetically infected by a collected outside the dataset (mostly from neighbouring municipalities). network beyond the
hospitalised patient. geographical area
111 (PT0889, 2D) No The epidemiological link is a case outside the The genetic profile (2D) is shared by another sequence collected outside the
Baixo Vouga dataset, that had a history travel to dataset (PT1470, neighbouring municipality).
Dubai.
655 (PT0222, 3) No Travel history to Paris The genetic profile (3) integrates a small genetic cluster including other
sequences outside the dataset.
1434 (PT1122, 2E) No The epidemiological link is a case outside the The viral genetic profile (3-SNPs from clade 20B root) is a singleton in True sporadic case
Baixo Vouga dataset. the Baixo Vouga dataset; it differs by 2-SNPs from the closest sequences (all
from different regions) in the national genome collection, thus hampering the
inference of a strong genetic link.
518(PT0922, 2F) No No data The genetic profile (2F, PT0922) is shared by other sequences of the study Part of a
dataset (PT0155, PT2190); this genetic cluster, which also enrols descendant transmission
sequences (2F1, 2F1.1), represents a well-defined transmission chain, enrolling network/chain
cases epidemiologically placed in epicluster A, epicluster J and another within the study
genome from the national genome database (PT0377) collected in a population
neighbouring municipality.
1298 (PT0529, 2G) No No data The genetic profile (2G) is shared by three other studied cases from epicluster
B and another genome from the national genome database (PT1352) collected
in a neighbouring municipality, representing a well-defined transmission chain.
422 (PT1209, 2J) No Family members outside the Baixo Vouga The genetic profile (2J) is shared by another sequence collected outside the Linked to a

dataset, that had recently traveled to France.

dataset (PT0250, neighbouring district).

transmission
network beyond the
geographical area
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Table 11 Misidentifications of the transmission between epidemiologically linked cases.

Infector - Epicluste | (Sub)epicluster Epidemiological link Genomic incongruence Phylogenetic Probable explanation
Infected pair r context context distance
654 (PT1207, B Restaurant Cohabitant Profiles 1A and 1B are two 4 SNPs The patients were infected by two distinct
1B) - 397 ramifications of the same individuals (with ancestral or matching
(PT1211, 1A) ancestral profile. profiles) or by the same individual (less
likely).
561 (PT0189, B Social care Cohabitant The genomic profile of the 4 SNPs The direction of transmission occurred from
1C8) - 384 institution infected (1C) is ancestral to the 1C to 1C8, being most likely mediated by
(PT0767, 1C) one from the infector (1C8). another individual(s); in fact, an
intermediary genetic profile (PT0310) was
found in the national genome database.
662 (PT0217, \% Police station Non-cohabitant The genomic profile of the 3 SNPs The individual with the profile 1C7.1 was
1C7.1) - 1234 infected individuals is either most likely infected by its cohabitant
(PT0265, 1C) ancestral (1C, 1C7) or represents (PT0218) with the profile 1C7 (congruent
662 (PT0217, \% Police station Work colleague a different ramification of the 4 SNPs with symptoms onset in both patients),
1C7.1) - 875 same ancestral profile (1C3, rather than being the infector of its
(PT1194, 1C3) 1C3.3.1) in relation to the genetic cohabitants and work colleagues (as
662 (PT0217, \Y, Police station Work colleague profile collected from the infector 6 SNPs inferred by the epidemiological
1C7.1) - 1097 (1C7.1). investigation).
(PT0246,
1C3.3.1)
662 (PT0217, \% Police station Cohabitant of case 6 SNPs
1C7.1) - 1098 number 5
(PT0247,
1C3.3.1)
662 (PT0217, \Y Police station Cohabitant 1 SNP
1C7.1) - 665
(PT0218, 1C7)
34 (PT2189, A Healthcare Healthcare/Patient/Car The genomic profile of the 3 SNPs The direction of transmission occurred from
1C3.9) - 22 egiver/Family infected (1C3) is ancestral to the 1C3 to 1C3.9, which is congruent with the

(PT0308, 1C3)

one from the infector (1C3.9),
differing by 3 SNPs from each
other.

symptoms' onset of both cases and their
epidemiological context in a healthcare
setting (caregiver transmitted to the
patient).
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WGS also allowed the identification of cases for whom the inferred direction of transmission
is not supported by the genomics. Reassessment of all infector-infected pairs with available
genomic data enables a probable explanation for the incongruence for most cases,
contextualizing them within the transmission networks taking place within the geographic
area of the study (Table 11). Five incongruences found within epicluster 310, associated
with a police station, were challenging to disentangle even with the integration of genomics.
In fact, a single individual (PT0217), who was presumed to have infected co-habitants and
work colleagues, was indeed a secondary case of one of the two co-habitants. Intriguingly,
two distinct ramifications (1C3 and 1C7) of the predominant genomic profile 1, representing
two distinct sub-transmission chains, were found in both settings (household and
workplace). As such, the epidemiological link of PT0217 with the two settings led to the
connection of all cases, jeopardizing the identification of more than one transmission chain

solely by the epidemiological investigation data.
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5. Discussion

Local outbreak response is highly dependent on the epidemiologic investigation to control
transmission and reduce the spread of COVID-19. As such, knowing to what degree and
in what contexts epidemiological investigation is failing to identify the source of infection

and transmission chains is important to improve public health measures.

In this study, a retrospective integration of viral genomic data was performed in the frame
of a large epidemiological investigation involving 1925 COVID-19 cases. It was carried out
from March to June 2020, in Baixo Vouga Region, one of the regions with the highest
incidence rates during the first epidemic wave in Portugal and the only region in the country
with a municipality in sanitary cordon. Resulting from this extensive epidemiologic
investigation, 154 epiclusters were detected, including 59% of the cases of the total
dataset. Secondary viral genotyping data was available for 128 cases, 18 of which had
been previously considered sporadic. Four main viral genetic profiles were identified,
revealing 74% of samples belonging to a sub-clade within Nextstrain clade 20A due to the
shared D839Y mutation in the Spike protein (profile 1), 24% sequences belonging to
Nextstrain clade 20B (profile 2) and two genetically distant sequences belonging to
Nextstrain clade 19A (profiles 3 and 4). These findings are coherent with the virus
circulating both in Portugal and Europe in the initial phase of the epidemic (209,230,231).
SARS-CoV-2 with genetic profile 1 (Pango lineage B.1.91) was most likely imported from
Italy in mid-late February and spread in Portugal during the first wave. It was highly
prevalent in the Northern and Central regions, being likely responsible for about 25% of all
COVID-19 cases in the early epidemics in Portugal (209). As such, the Baixo Vouga cases
here identified integrate transmission chains representing ramifications of this massive
dissemination, which is further supported by the limited circulation of this variant in other
countries. The observed genetic divergence within this transmission chains enhances the
resolution power of genomics to corroborate or exclude epidemiological links. In contrast,
SARS-CoV-2 with the genetic profile 2 (including Nextstrain clade 20B root sequences and
1-3 SNPs descendants) was highly prevalent worldwide (especially in Europe) during the
study period (March-June 2021) (231), and was introduced multiple times, and in multiple
locations, in Portugal, during the early epidemics (230). Considering the relatively low
diversification of clade 20B at worldwide level, the power of genomics to track the source
of infection and disclose direct contacts within genetic profile 2 is reduced when compared
with genetic profile 1. Regarding genetic profiles 3 and 4, both represent singleton branches

in the global national phylogenetic tree.
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By analysing the epiclusters together with viral genomic data, this study allowed the
identification of some hurdles and caveats associated with a large-scale investigation
performed during the early spread of an emerging pandemic virus. A first remarkable
observation is that two distinct SARS-CoV-2 genetic clades were mixed in the two largest
epiclusters (A and B). Main viral genetic profile 1 has likely emerged in Italy and was
extensively disseminated in the community in Portugal in the early epidemics (209), so it is
uncertain whether the transmission network of epicluster B originated in the community or
whether it reflects an additional introduction of this SARS-CoV-2 variant in Portugal (less
likely). According to the epidemiological investigation, epicluster B started in the
municipality of Ovar (subjected to sanitary cordon on March 17) but then extended to other
territories, with only 25% of the cases belonging to the initial municipality. Epicluster A
mainly contained cases mainly showing the main viral genetic profile 2, highly prevalent in
Portugal and, therefore, presenting a reduced power of genomics to track the transmission
chains. The retrospective integration of genomic data showed that the initial
epidemiological reconstruction of the transmission dynamics of both epiclusters (A and B)
was mostly accurate, with a clear dominance of the same main viral genetic profile (2 and

1, respectively).

A second remarkable observation is that likely due to the increasing dimension of the
epiclusters and its extension to settings of higher population density (i.e., healthcare), the
misidentification of epidemiological links inevitably occurred after a certain point. In fact,
viral genomic data reveals a mix of lineages probably due to parallel transmission chains.
This was most likely due to the difficulty of rapidly adapting existing resources to a high
speed of viral dissemination, for which the healthcare services were not prepared,
especially in the context of an epidemic of a poorly characterized infectious disease. The
public health authorities logically attributed all cases inside the same closed setting to the
same epicluster. However, such settings (i.e., healthcare, nursing homes) can bias the
contact tracing investigation due to their high population density and tight connection with
the community, thus potentiating the misidentification of epidemiological links, as

previously seen in other studies of the same nature (22,28,216,217,232).

A third remarkable observation, in line with previous literature, is that this study was able
to identify, inside healthcare facilities, situations of probable healthcare associated
transmission (29,233-236), situations of unlikely healthcare associated transmission
(237,238) and situations where two distinct transmission chains were developing in the
same facility (19,28,217,232). For example, in epicluster B, a healthcare service, from a
neighbouring municipality, presented two clusters with cases residing in Baixo Vouga, of
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whom viral sequences (HC 1(n=2), 1C, 1C3.7, 1C3.4.1, 1C3.4.2) showed genetic
coherence between them. These cases belong to the same transmission chain, although
they did not directly infect each other. In particular, 1C3.4.1 and 1C3.4.2 are exclusive to
this setting and hence support healthcare associated transmission. Another healthcare
cluster in the same epicluster (B) presented with two different main genetic profiles,
indicating the presence of parallel transmission chains. Additionally, in an outpatient
healthcare setting, this study was able to confirm probable transmission, in a moment when
infection prevention and control measures were not yet fully implemented in Portugal (e.g.,
the use of masks was only recommended for symptomatic people). Another relevant
observation was the confirmation of transmission inside nursing homes, in line with
previous knowledge (23,30,217,239-242). Indeed, healthcare associated transmission
was supported by the clear phylogenetic segregation of 11 cases (1C4 and 1C4.1). The
fact that this was a rapidly spreading cluster resulted in most samples being identical or
near identical (maximum one SNP difference) (207). At the moment this cluster was
detected by the local health authorities, an immediate action was developed, with the
testing of all residents and staff, separation of the residents in two wings according to their
viral status, and reinforcement of other measures of infection prevention and control (e.g.,
environmental cleaning, use of personal protective equipment’s). These measures seem
to have been effective since no further cases were associated to this cluster after May 2,
lasting a total of 37 days. These findings are in line with previous knowledge (240) and
have an important role in supporting the effectiveness of the implemented measures to
prevent and control infection in closed settings, such as nursing homes. Fourthly, in
company settings high genetic coherence between epidemiologically linked cases of
epicluster B was identified, which may support transmission within this setting despite the
implemented measures, as reinforced by the Public Health professionals subjective
impressions and previous evidence (232,243-245). Fifth, this investigation illustrates a
large interaction between different settings (e.g., workplace, familial, healthcare services),
which is in line with previous literature (22,25,28,216,217,245).

A quantitative assessment of the epidemiological investigation validity was performed by
assessing the agreement of epiclusters with the main viral genetic profiles. The overall
sensitivity of epidemiological investigation to identify cases that belonged to the same
transmission chain was high (70%-86%), which is in line with previous findings (22,25).
While agreement regarding the main genetic profile was found for all cases within 13 out
of the 15 epiclusters with at least two genotyped cases (i.e., each epicluster either

contained 100% identical sequences or sequences with a direct ancestor-descendent link
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at phylogenetic level), these were small clusters, thus with highly uncertain values. The
lower sensitivity obtained in the pooled analysis when compared to the overall sensitivity,
points the importance of combining these results to obtain a more robust estimate. To the
best of my knowledge, only another study provided such quantitative estimated. It
estimated a median of 100% (IQR = 93-100%) of each epidemiologically-linked cases
associated with a single dominant viral genetic cluster (22). While the results are similar,
the differences in sample size, context, methodology and low viral genetic diversity
observed during the first months of SARS-CoV-2 expansion in human population,

challenges a direct comparison.

The introduction of cases into closed, highly populated, settings and the high COVID-19
incidence might explain an imperfect sensitivity to identified links between cases using
epidemiological data. An increased proportion of indirect or unknown links was identified
when the incidence increases or when in presence of outbreaks in closed settings (i.e.,
healthcare and nursing homes). Indirect links are a gross approximation of the source of
infection using the cluster. They are attributed when the El was not able to find and
individual case as the link. Attributing an indirect link increases the chance of having a case
falsely associated to an epicluster. In a context of community transmission and rapid
spread, these findings suggest a decrease in the reliability of the epidemiological links over
time, which is also in line with previous literature (216). In fact, progressively more complex
epidemiological investigation provided by such conditions could explain the lower
sensitivity of our findings, compared to other studies that reported sensitivity in the general
population (22). This is in line with a previous quantitative analysis taken exclusively in
these settings, that showed a 45% sensitivity of epidemiological investigation, using viral

genomic data (216).

Overall, these results suggest the need to use research methods that can adjust for the
reduction on the sensitivity in situations such as closed settings and high incidence. For
example, some solutions could be the imputation of the epidemiological links or use of
multivariate analysis where closed settings and high incidence periods work as
confounders. For the practical utility in the field, when in situations of outbreaks in closed
settings and high incidence periods, the increase of resources or the use of tools that can
respond in an immediate and reliable way could present as solutions to maintain the levels

of sensitivity.

In this retrospective investigation, genomics allowed to understand some sporadic cases

and misidentified infector-infected direction of transmission. Although only a few cases
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could be screened, they were very informative at several levels by unravelling distinct
contexts where epidemiological investigation was limited either because not enough
information could be collected or due to the lack of resolution to the links and/or the

direction of transmission.

For instance, genomics allowed 13 “sporadic’ cases to be linked to Baixo Vouga
transmission chains, while others (n=5) were associated with cases and/or genetic clusters
expanding beyond the study region (as assessed by the additional integration of the viral
data into the nationwide genome collection). In fact, this study shows the inclusion of
“sporadic” cases into well-defined genetic clusters / epiclusters (e.g., PT1134 fell within
1C6 genetic cluster, which perfectly overlapped with epicluster 95; PT0539 revealed the
genetic profile 1C4, which is shared by other nine sequences, all of them linked to epicluster
3).

In what comes to misidentified directions of infection, this study found a peculiar situation
between patient and caregiver, in which the WGS data allowed the identification of the
transmission as being from the second to the first. Also, a cluster including members from
a police station (1C7.1), where a worker was assumed as the infector of both colleagues
and its cohabitants, has shown to have been misidentified. In fact, a genotyped cohabitant
presented a more ancestral profile (1C7), indicating a different direction of transmission.
Intriguingly, two distinct ramifications (1C3 and 1C7) of the main viral genomic profile 1,
representing two distinct sub-transmission chains were found, which could be consistent
with two different introductions in this setting. Although some intermediary cases are not
represented in our dataset, two colleagues (1C3 and 1C3.3.1.) most certainly belong to the
same transmission chain, along with two more (1C) that are less clear. Apart from the
difficulties that are inherent to the epidemiological investigation (i.e., collected data is highly
dependent on the information provided by the patient), these observations indicate the

need of having robust surveillance systems integrated with pathogen genomic sequencing.

Additional gains were achieved with the integrative approach of this study. The
identification of matching sequences across several epiclusters supports that they are most
likely part of the same transmission network (e.g. genetic profile 1C was detected in
patients linked to 10 distinct epiclusters and in 3 sporadic cases). Also, the identification of
epiclusters or individual cases, potentially linked to epiclusters that extended beyond the
studied population, was achieved by the integration of the studied sequences in the frame
of the national SARS-CoV-2 genetic diversity (e.g., PT0232, which was linked to the 2-case

epicluster 371, integrated a large genetic cluster in the global phylogenetic tree) (246).
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In sum, the addition of pathogen genomic sequencing allowed the understanding of
sporadics and misidentifications, the connection between several epiclusters (probably
reflecting a wider transmission chain), and the insertion of Baixo Vouga epiclusters and
individual cases within the national transmission chains, suggesting transmission between
geographical areas. International health authorities are strongly promoting the urge
integration of genome sequencing data as an essential component of surveillance systems
(247). In Portugal, such framework is partially established, but still needs to be
strengthened to automate the systematic integration of genomic and epidemiological data,
and to promote timely communication of results back to local public health entities (230).
These efforts will not only require the re-design of currently implemented systems towards
a more comprehensive and interactive data flow between all stakeholders, but also require
that all public health teams and decision-makers are aligned with the need to embed
genomics into the routine activities of infectious disease surveillance and outbreak
resolution. The COVID-19 pandemic highlighted this field by establishing genomic
surveillance as a key tool for Public Health decision-making towards outbreak control. Still,
despite the great advances in this field for SARS-CoV-2, there are huge discrepancies
observed between countries in the establishment of frameworks for integration of
epidemiological and genomic data (210-212,212-214,248). In fact, genomics-informed
public health outbreak responses at country levels theoretically demand multiple resources
and logistics, involving wide participation of laboratories, (de)centralized data analysis
(depending on the geographical organization of the health system: national, regional, or
local), and the rapid sharing of integrated genomic and epidemiological data. This study
was able to show the practical utility of such tools and a framework for its implementation.
The information obtained offer an additional value to support local/regional epidemiological
investigation, outbreak resolution and evaluation of non-pharmacological interventions,
such as contact-tracing or cordon-sanitaire, this study and others
(22,23,25,210,216,217,248,249) were able to show. The replication of this framework is
considered possible in the entire Portuguese territory since the national reference lab, the
surveillance tools and the core capacities of Public Health professionals are resemblant. A
factor that could limit its implementation could be associated with the local receptiveness

to a new approach.

This study presentes some limitations. First, the subset with viral genomic data included
disproportionally more residents from Ovar (sanitary cordon area) suggesting a potential
selection bias. The public health “focus” on the sanitary cordon area likely justifies the

overrepresentation of this kind of samples in the national genome collection (from where
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sequence data was retrospectively retrieved). This bias could have influenced the
sensitivity in two directions. On the one hand, leading to a reduced sensitivity, due to higher
incidence and more frequency of outbreaks in closed settings. Also, since community
transmission was soon declared in Ovar and many cases were attributed as an
epidemiological link residing in that area, and no further investigation was taken to find the
specific infector or cluster. On the other hand, the excess of cases from the sanitary cordon
area could have increased the sensitivity, due to a higher focus of health authorities in that
region, therefore allocating more resources (such as Public Health professionals to preform
epidemiological investigation, test capacity and viral WGS). Second, the subset with viral
genomic data presented more frequently symptomatic cases, which could suggest a
selection bias, due to the method of sample selection to perform WGS. In fact, higher
sequencing success is obtained for samples with higher viral load, which correlates with
symptomatology (250). This could affect the sensitivity estimates by increasing them, since
asymptomatic cases are usually more difficult to track and, therefore, more commonly
associated with an unknown or misidentified source of infection. Also, asymptomatic cases
could mislead their own contact tracing for the fact that the infectious period in these

individuals is arbitrary and less precise.

The estimates of sensitivity of this study might be influenced by the quality of data collected
during El leading to information bias (226). When the information is obtained during El
these estimates can vary according to the characteristics of the individuals in question (e.g.,
the importance that each case or PHU staff gave to a specific aspect, or how well a case
remembered its contacts in the past two weeks), therefore, reducing the reliability of the
collected epidemiological data. Also, the data from the El was not collected for research
purposes but for local outbreak control and communication with other levels of services.
This leads to records that are not tightly standardized and often lack relevant information.
These aspects could lead to a misclassification of the epidemiological link, therefore

reducing the sensitivity of the El.

Finally, phylogenetic trees provide a reconstruction of similarity among viral WGS
according to genome differences (SNPs) related to a common ancestor that depend on the
dataset and on pathogen intrinsic characteristics (e.g., the amount of time it has been
introduced in the human population, the mutation rate). In this study, the small amount of
time since the SARS-CoV-2- virus introduction in human population led to a relatively low
genetic diversity and therefore highly similar genomes. As such, the option to use main
genetic profiles, instead of a cut-off with higher resolution, was taken to guarantee that
cases associated to distinct genetic profiles could not belong to the same epicluster. In
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alternative, if another cut-off that allowed a higher power of resolution would have been
chosen it would likely decrease the sensitivity. The dependence of sensitivity estimates on
the cut-off level (i.e., attribution to four different main viral genetic profiles) used shows that
this is a variable to be considered and deeply examined when conducting such type of
concordance studies. However, in this study this bias is very unlikely since we used main
viral genetic profiles to ascertain a transmission chain. Future investigation referent to later

stages of the COVID-19 epidemics can shed further light in this matter.

The small sample size results in statistical imprecision, by the increased probability of
random errors. In fact, this study presents a relatively low proportion of sequenced viral
samples (6.5%) from the total study population when compared to similar research
(22,23,25,28). This is a direct consequence of the study involving a retrospective
integration of the available SARS-CoV-2 national sequence database, rather than involving

a “real-time” sequencing.

In the quantitative analysis, the 15 epiclusters had a small number of sequenced cases,
thus associated with highly uncertain values. However, by performing a metanalysis the
sample size was weighted in the final estimates, thus overcoming this issue. The
metanalysis performed used fixed effect model. While this tends to be inferior to a random-
effects model (251), here epidemiological investigation (El) was performed in the same
region, by the same professionals, and following the same guidelines. So, the effect across
epiclusters is not likely to be heterogeneous, as is usual in medical research studies, which

are typically conducted using different protocols and in different contexts.

The Portuguese epidemiological surveillance system and associated procedures are
homogenously implemented at the national level. Therefore, we expect that the resources,
context, and challenges associated with the epidemiological investigation in other regions,
as well as the main hurdles, are possibly similar to the ones presented here for Baixo
Vouga. Even though, previous capacity building and some specific actions taken by the
Public Health Unit of Baixo Vouga might have facilitated the ability to conduct such massive
investigation involving hundreds of epidemiological inquiries. Harmonized data collection
and management, teams fully dedicated to epidemiological investigation and contact
tracing, training and automatization of processes, and the ability of rapidly mobilising
trained professionals according to the necessities are examples of such actions. For
instance, a previously created internal tool, allowing the integration of rich epidemiological
data and a more comprehensive linkage of cases, turned out to be critical to better follow

transmission chains. Furthermore, professionals and information technology tools (with the
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support of the management bodies) were rapidly mobilized to support the investigation,
also enhancing the capacity to perform timely contact tracing. Such improvements could
be limiting the generalisability of our finding to other contexts. Also, time-specific
circumstances, as the sanitary cordon, were key for the mobilisation of resources and could
limit the comparison of our estimates in other periods considering the same geographical

area.

Key sociodemographic variables play a key role on the estimates of sensitivity and present
as a problem related to their extrapolation to populations with different characteristics. For
example, we may hypothesize that the El is less sensitive for young people when
comparing to elderly, since they are normally less compliant and present with more diverse
and numerous social contacts (252,253). The sample used in this study was older than the
Portuguese population (median age 55, versus 46)(7) which would probably overestimate
sensitivity and also limit generalisability to other settings. A stratified analysis would be of

great utility, but the small sample makes it a challenge.
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6. Conclusions

This research was able to describe in detail COVID-19 transmission chains with great
dimension, in an early phase of the epidemic, including a setting of sanitary cordon, in
Portugal. Epidemiological reconstruction of the transmission chains presented high
sensitivity. However, high incidence and closed settings led to misidentification of links.
Difficulties associated with the epidemiological investigation were identified, in the
assessment of hundreds of community cases in the context of a massive epidemics and a
sanitary cordon. This research was not only able to assess the reliability of epidemiological
methods in identifying the transmission chains of COVID-19, but also allowed the
uncovering of previously unknown links. Additionally, this research provides a framework
for future systems, integrating Pathogen Genomics in field epidemiology. It constitutes an
example of how the integration of viral WGS in epidemiological approaches can strongly
support and complement the tracking of pathogen spread and, therefore, give insights on
the effectiveness of implemented outbreak control measures, guiding preparedness

actions to face future epidemics.
Recommendations

Future studies in this field are needed to clarify some details not fully explained, such as
the apparent decrease of sensitivity in healthcare or nursing home settings. Additionally,
bigger sample sizes could be helpful in obtaining more robust information. Finally, instead
of a retrospective integration of viral WGS data with epidemiological data, a prospective
analysis of cases, with random selection of genotypes samples, could be more informative

and could overcome some of the representativeness issues and selection bias.

In terms of working framework, a systematic and real-time integration of viral WGS and
epidemiological data could also help local health authorities understand the transmission
dynamics and the effectiveness of public health measures. The installation of surveillance
and information systems, capable of containing all demographic, clinical and
epidemiological data (including the storage of the infector-infected duplet that derives from
the epidemiological investigation in an intelligible way that can allow the construction of
epiclusters) and of merging pathogen WGS data in real time, is recommended. These tools
should be bidirectionally informative (i.e., bottom-top and top-bottom) and reach all levels
of health authorities and laboratorial partners. Such features of an integrative surveillance
system, by contributing to timely and evidence-informed political decision-making in public

health, have the potential to decrease the burden of infectious diseases.
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Appendix 1 Variable’s operationalization plan

Table 1.1. Variables’ operationalization plan

Variable name

Individual Unit of Analysis

ID
Date_EE

NHS
Birth_date

Healthcare_prof

Healthcare_prof_cat

Healthcare_institution

Nursing_home

School

Postal_code
Age

Sex

Municipality

Designation

Identification

Date of introduction of
the epidemiological
investigation data
National Health
System Number

Date of birth of the case
Is the patient a
healthcare
professional?

What is the healthcare
professional category?

Which healthcare
institution class does
he/she works for?

Is the patient a resident
or worker in the nursing
home?

Is the patient a student
or professional in a
school?

Age of the individual
(years)

Gender of the
individual

Municipality where the
individual is isolated

Values

1,2,3...
dd-mm-yyyy

XXXXXXXXX

dd-mm-yyyy
Yes (1)
No (0)

Operational assistant
Medical Doctor
Nurse

Technical assistant
Pharmaceutical
Dentist

Senior Health Technician
Firefighter (pre hospital

healthcare providers),
Not Available (NA)
Hospital

Public Health Unit
Private clinic
Firefighters

Social care
Pharmacy

Resident

Professional
No
NA
Professional

Student

No

NA
XXXX-XXX
0-150

Male (0)
Female (1)

Agueda (1)

Anadia (2)

Albergaria a Velha (3)
Aveiro (4)

Estarreja (5)

ilhavo (6)

Murtosa (7)

Oliveira do Bairro (8)

Type
Numerical
date
Numerical
date
Categoric

al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Numerical
Numerical

Categoric
al

Categoric
al
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Symptoms_onset

Asymptomatic

Fever

Non-productive cough

Productive cough

Odynophagia

Myalgia

Dyspnoea

Fatigue

Headaches

Thoracalgia

Rhinorrhoea

Anosmia

Dysgeusia

Diarrhoea

Nausea

Vomits

Abdominal pain

Arthralgia

Date of the symptoms

Ovar (9)

Sever do Vouga (10)

Vagos (11)
dd-mm-yyyy

Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

date

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al
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Conjunctivitis

Amnesia

Cutaneous disturbances

Other

Incub_period

Arterial_hypertension

Asthma

Diabetes

Dyslipidaemia

Cardiovascular_diseases

Neurological_disease

Chronic_kidney_disease

Chronic_haematological_

disease

Chronic_Obstructive_Pul
monary Disease
Pregnancy

Malignancy

HIV

Other

Incubation period
(median, IQR)

Number of days
between the probable
date of contagion and
the onset of symtpms
OR test

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
0-14

Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Numerical

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al
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Death

Date_death

Travelling

Contact_with_known_cas
e

Unknown_source

Ascendant_ID

Conection

Epi_chain

Gen_cluster

Cohabitant

Non-cohabitant

Work_settings

Healthcare

Nursinghome_School

Travelling

Unknown

Did the patient died
from COVID?

What was the date of
the patient death?

ID of the ascendant
case (infector)
Reported connection
between the case and
its infector

Epidemiologically
linked chain of
transmission attributed
to the individual
Genomical cluster
attributed to the
individual

If the epidemiological
link (edge) presented is
a cohabitant

If the epidemiological
link (edge) presented is
a non-cohabitant
acquaintance

If the epidemiological
link (edge) presented is
work associated

If the epidemiological
link (edge) presented is
healthcare associated

Nursing_homes/Schoo
I/Other social care
institutions.

If the epidemiological
link (edge) presented is
travel associated

If the epidemiological
link is not known

No (0)
Yes

No
dd-mm-yyyy

Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
XXXXXXXXX

Direct (1)

Indirect (0)
Unknown (NA)
A, B,CDE..

1,2,345...

Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)
Yes (1)

No (0)

Categoric
al

date

Categoric
al

Categoric
al

Categoric
al

Categoric
al
Categoric
al

Categoric
al

Categoric
al
Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al

Categoric
al
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Direct

Indirect

Epiclusters Unit of
Analysis
Size_epichain

No_epichain

No_epichain

No_epichain_ inco

No_gencluster

No_gencluster_epichain

No_gencluster_inco

Direct connections

Indirect connections

Indirect
epidemiological link

Indirect
epidemiological link

Number individuals
present in every
transmission chain
Number of epiclusters
identified

Number of epiclusters
with  any  genomic
sequencing data

Number of
incoherencies in
epiclusters

Number of genomic
profiles

Number of individuals
in the genomic profile
that belong to single
dominant
epidemiologically
linked chain of
transmission.

Number of incoherent
individuals in the
genomic profile.
Number of cases
generated by one
common ascendant
case that report a direct
connection

Number of cases
generated by one
common ascendant
case that report an
indirect connection

Yes (1)
No (0)
Yes (1)
No (0)

1-XX

1-XX

1-XX

0-XX

1-XX

0-XX

0-XX

0-XX

0-XX

Categoric
al

Categoric
al

Numerical

Numerical

Numerical

Numerical

Numerical

Numerical

Numerical

Numerical

Numerical
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Appendix 2 Characteristics of the sample

Table 2.1. Demographic, clinical presentation, context of the contagion, epidemiological link type, sanitary
cordon area and case settings data for Baixo Vouga COVID-19 sporadic and within-cluster cases until 30 June
2020.

Sporadics (N=782) Cases within an p-value
n (%) epicluster (N=1143)
n (%)
Demographic
Age (titstt;“i day d‘i’;:h(deé‘;'g"°s“° 55.61 [39.41;72.78] 55.53[37.67:79.14] [ 4.¢
Sex (Male) 315 (40.28%) 400 (35.00%) 0.021
Clinical presentation
Symptomatic (Yes) 528 (67.52%) 736 (64.39%) 0.171
Fever (Yes) 71 (9.08%) 116 (10.15%) 0.484
Dry cough (Yes) 94 (12.02%) 181 (15.84%) 0.022
Productive cough (Yes) 6 (0.77%) 25 (2.19%) 0.025
Odynophagia (Yes) 26 (3.32%) 57 (4.99%) 0.099
Myalgia (Yes) 42 (5.37%) 111 (9.71%) 0.001
Dyspnoea (Yes) 30 (3.84%) 46 (4.02%) 0.929
Fatigue (Yes) 47 (6.01%) 52 (4.55%) 0.187
Headaches (Yes) 33 (4.22%) 135 (11.81%) <0.001
Thoracalgia (Yes) 12 (1.53%) 29 (2.54%) 0.182
Rhinorrhoea (Yes) 13 (1.66%) 43 (3.76%) 0.011
Anosmia (Yes) 34 (4.35%) 78 (6.82%) 0.029
Dysgeusia (Yes) 25 (3.20%) 67 (5.86%) 0.010
Diarrhoea (Yes) 16 (2.05%) 39 (3.41%) 0.104
Amnesia (Yes) 2 (0.26%) 1 (0.09%) 0.570
Cutaneous disturbances (Yes) 1 (0.13%) 2 (0.17%) 1.000
Medical Conditions
Medical conditions (Yes) 99 (37.93%) 101 (28.86%) 0.023
Hypertension (Yes) 44 (5.63%) 56 (4.90%) 0.547
Asthma (Yes) 5(0.64%) 6 (0.52%) 0.766
Diabetes (Yes) 20 (2.56%) 31 (2.71%) 0.950
Dislipidemia (Yes) 20 (2.56%) 28 (2.45%) 1.000
Cardiovascular diseases (Yes) 26 (3.32%) 12 (1.05%) 0.001
Neurological disease (Yes) 17 (2.17%) 4 (0.35%) <0.001
Chronic kidney disease (Yes) 3 (0.38%) 4 (0.35%) 1.000
Chronic hematological disease (Yes) 3 (0.38%) 0 (0.00%) 0.067
Chronic Obstructive Pulmonary 5 (0.64%) 1 (0.09%) 0.044
Disease (Yes)
Pregnancy (Yes) 2 (0.26%) 2 (0.17%) 1.000
Malignancy (Yes) 17 (2.17%) 10 (0.87%) 0.029
other (Yes) 14 (1.79%) 22 (1.92%) 0.966
Putative source of acquisition
Cohabitant (Yes) 43 (5.50%) 176 (15.40%) <0.001
Healthcare (Yes) 14 (1.79%) 19 (1.66%) 0.973
Non cohabitant acquaintances (Yes) 16 (2.05%) 16 (1.40%) 0.364
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Other (Yes)
Unknown (Yes)
Work settings (Yes)
Transmission chain analysis
Direct
Indirect

Sanitary cordon area (at the date of
diagnosis)
Nursing home
Nursing home resident or

professional (Yes)
Healthcare professional (Yes)

*Unless indicated otherwise. IQR — Interquartile Range

6 (0.77%)
662 (84.65%)
41 (5.24%)

0 (.%)
0 (.%)
199 (25.45%)

114 (14.58%)

56 (7.16%)

4 (0.35%)
839 (73.40%)
89 (7.79%)

433 (43.78%)
556 (56.22%)
419 (36.66%)

245 (21.43%)

144 (12.60%)

0.333

<0.001

0.036

<0.001

<0.001

<0.001
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Appendix 3 Characteristics of all the epiclusters with genomic data and sensitivity

of the epidemiological investigation using genomics.

Table 3.1. Characteristics of all the epiclusters with genomic data and sensitivity of the epidemiological

investigation using genomics.

Epicluster with genomic data Cases within the Cases Sensitivity Epicluster size
same genomic outside
cluster (No) the
genomic
cluster
(No)
6 73.91% 280

73.33% 101
100.00% 44
100.00% 39
100.00% 35
100.00% 15
100.00% 11
100.00% 10
100.00% 10
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
14 87.27% 622
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Appendix 4 Characteristics of the study sample (cases with available WGS)

Table 4.1. Demographic, clinical presentation, medical conditions, context of the contagion, epidemiological
link type, sanitary cordon area and case settings data for Baixo Vouga COVID-19 cases with and without WGS
data, until 30 June 2020.

Cases without WGS Cases with available p-value
data N=1797 WGS data N=128
Demographic
Age (at the day of the 55.45 [38.15;75.86] 56.05 [43.44;77.21] 0.300
diagnostic test) — mean (sd)
Sex (Male) 654 (36.39%) 61 (47.66%) 0.014
Clinical presentation
Symptomatic (Yes) 1164 (64.77%) 100 (78.12%) 0.003
Fever (Yes) 171 (9.52%) 16 (12.50%) 0.344
Dry cough (Yes) 252 (14.02%) 23 (17.97%) 0.271
Productive cough (Yes) 30 (1.67%) 1(0.78%) 0.718
Odynophagia (Yes) 76 (4.23%) 7 (5.47%) 0.659
Myalgia (Yes) 143 (7.96%) 10 (7.81%) 1
Dyspnoea (Yes) 64 (3.56%) 12 (9.38%) 0.002
Fatigue (Yes) 88 (4.90%) 11 (8.59%) 0.105
Headaches (Yes) 154 (8.57%) 14 (10.94%) 0.45
Thoracalgia (Yes) 34 (1.89%) 7 (5.47%) 0.016
Rhinorrhoea (Yes) 51 (2.84%) 5(3.91%) 0.417
Anosmia (Yes) 101 (5.62%) 11 (8.59%) 0.233
Dysgeusia (Yes) 84 (4.67%) 8 (6.25%) 0.553
Diarrhoea (Yes) 46 (2.56%) 9 (7.03%) 0.009
Amnesia (Yes) 2 (0.11%) 1(0.78%) 0.187
Cutaneous disturbances (Yes) 2 (0.11%) 1(0.78%) 0.187
Medical Conditions
Medical conditions (Yes) 198 (32.57%) 2 (66.67%) 0.251
Hypertension (Yes) 99 (5.51%) 1 (0.78%) 0.034
Asthma (Yes) 11 (0.61%) 0 (0.00%) 1
Diabetes (Yes) 49 (2.73%) 2 (1.56%) 0.577
Dislipidemia (Yes) 48 (2.67%) 0 (0.00%) 0.072
Cardiovascular diseases (Yes) 38 (2.11%) 0 (0.00%) 0.175
Neurological disease (Yes) 20 (1.11%) 1(0.78%) 1
Chronic kidney disease (Yes) 7 (0.39%) 0 (0.00%) 1
Chronic hematological disease 3(0.17%) 0 (0.00%) 1
Chrongeosllstructive 6 (0.33%) 0 (0.00%) 1
Pulmonary Disease (Yes)
Pregnancy (Yes) 4 (0.22%) 0 (0.00%) 1
Malignancy (Yes) 26 (1.45%) 1 (0.78%) 1
other (Yes) 36 (2.00%) 0 (0.00%) 0.168
Context of the contagion
Cohabitant (Yes) 218 (12.13%) 1(0.78%) <0.001
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Healthcare (Yes) 33 (1.84%)
Non cohabitant acquaintances 32 (1.78%)
(Yes)

Other (Yes) 10 (0.56%)
Unknown (Yes) 1374 (76.46%)

Work settings (Yes) 130 (7.23%)
Epidemiological link type

Direct 385 (43.40%)

Indirect 502 (56.60%)

Sanitary cordon area (at the 523 (29.10%)

date of diagnosis)
Case settings

Nursing home resident or 347 (19.31%)
professional (Yes)
Healthcare professional (Yes) 191 (10.63%)
Epicluster
Cases within an epicluster 1033 (57.48%)

*Unless indicated otherwise. IQR - Interquartiie Range. WGS — Whole

Sequencing.

0 (0.00%)
0 (0.00%)

0 (0.00%)
127 (99.22%)
0 (0.00%)

48 (47.06%)

54 (52.94%)
95 (74.22%)

12 (9.38%)

9 (7.03%)

110 (85.94%)

0.165
0.268

<0.001
0.003
0.549

<0.001

0.008

0.255

<0.001

Genome
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