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s u m m a r y 

COVID-19 local outbreak response relies on subjective information to reconstruct transmission chains. We 

assessed the concordance between epidemiologically linked cases and viral genetic profiles, in the Baixo 

Vouga Region (Portugal), from March to June 2020. A total of 1925 COVID-19 cases were identified, with 

1143 being assigned to 154 epiclusters. Viral genomic data was available for 128 cases. Public health 

authorities identified two large epiclusters (280 and 101 cases each) with a central role on the spread 

of the disease. Still, the genomic data revealed that each epicluster included two distinct SARS-CoV-2 

genetic profiles and thus more than one transmission network. We were able to show that the initial 

transmission dynamics reconstruction was most likely accurate, but the increasing dimension of the epi- 

clusters and its extension to densely populated settings (healthcare and nursing home settings) triggered 

the misidentification of links. Genomics was also key to resolve some sporadic cases and misidentified 

direction of transmission. The epidemiological investigation showed a sensitivity of 70%–86% to detect 

transmission chains. This study contributes to the understanding of the hurdles and caveats associated 

with the epidemiological investigation of hundreds of community cases in the context of a massive out- 

break caused by a highly transmissible and new respiratory virus. 

© 2022 The British Infection Association. Published by Elsevier Ltd. All rights reserved. 
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The novel coronavirus disease (COVID-19) was first reported in 

atients with atypical pneumonia, in December 2019, in China. 1 , 2 

he COVID-19 outbreak was declared a Public Health Emergency 

f International Concern (PHEIC) on January 30, 2020, and a pan- 

emic on March 11, 2020. 3 , 4 Portugal had its first detected cases 

f the disease reported on March 2, 2020, reaching 42 171 cases 

nd 1 576 deaths by 30th June 2020. 5 In Portugal, the Northern 

nd Central Regions (NUTS II) were the most affected in the first 

ave. Baixo Vouga (Aveiro Region) (NUTS III), with a total of 370 

94 inhabitants in 2011 and 11 municipalities, belongs to the Cen- 

ral Region (NUTS II) and borders the Northern Region, presenting 

s a buffer towards south. The first confirmed case in Baixo Vouga 

as on March 8th, in Aveiro municipality. 6 There were a total of 

925 COVID-19 cases from March 8th to the end of June in Baixo 
∗ Corresponding author. 
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ouga, 39% belonging to one municipality, Ovar. 6 With about 54 

20 inhabitants in 2018, Ovar was the first Portuguese municipal- 

ty to be declared to have active community transmission. 7 On the 

ame day, a sanitary cordon was decreed in this municipality, last- 

ng between March 17 and April 17, 2020. 8 

Local outbreak response is highly dependent on the epidemi- 

logic investigation. However, epidemiological investigation relies 

n subjective information to reconstruct transmission chains and 

annot guarantee total validity. Thus, viral whole-genome sequenc- 

ng (WGS) facilitates the identification of phylogenetic profiles of 

ARS-CoV-2, allowing the surveillance of the viral lineages in cir- 

ulation, 9 , 10 the occurrence of introduction events 11–13 and the 

econstruction of transmission chains by informing the putative 

ource of transmission. 14–20 To date, some studies have scrutinized 

he concordance between viral genomics and epidemiological data 

n the reconstruction of COVID-19 transmission chains, 21–25 but 

nly one provided a quantitative estimate. 15 Here, we combine 

pidemiological and viral genomic data to understand COVID-19 

ransmission chains, from March to June 2020, in Baixo Vouga, an 
eserved. 

https://doi.org/10.1016/j.jinf.2022.05.013
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jinf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinf.2022.05.013&domain=pdf
mailto:arsa3@arscentro.min-saude.pt
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rea with a municipality in sanitary cordon and presenting as one 

f the regions with higher incidence rates in the first wave. We aim 

o assess the concordance between epidemiologically linked cases 

nd genome sequencing of SARS-CoV-2, and further describe the 

ontext of the misidentifications. 

aterials and methods 

tudy design, data sources and primary data collection 

We conducted an outbreak analysis with previously collected 

ata on epidemiological characteristics of all confirmed cases of 

OVID-19 from 8th March to 30th June, in Baixo Vouga. In Portu- 

al, health authorities were informed of confirmed cases through 

hree possible ways: (i) the medical or laboratorial notification 

f the case, through the national surveillance system platform 

SINAVE); (ii) the positive test result sent directly from the labo- 

atories; or, (iii) the national tool specifically developed for COVID- 

9 follow-up and contact tracking (Trace COVID-19®). As part of 

he epidemiological investigation, primary data was collected, by 

he Public Health Unit of Baixo Vouga, using an internal tool cre- 

ted for this purpose, since the national one (SINAVE) did not allow 

he effective identification of some information that was essential 

or outbreak control, as for example the epidemiological link. For 

his research, we used data on the characteristics of each case, in- 

luding demographic (age, sex, and municipality), clinical (date of 

ymptoms onset, clinical presentation, and past medical history), 

aboratorial (date of the diagnostic test, type of diagnostic test), 

nd epidemiological (date and context of probable contagion, in- 

ector and classification (cluster or sporadic)). 

pidemiological investigation 

Epidemiological link refers to the putative source of infection of 

 confirmed case using the epidemiological investigation, this du- 

let is hereby considered as the infected/infector. Epidemiologically 

inked cases were defined as (a) direct, when a confirmed case was 

dentified as the probable infector OR when the infector was oth- 

rwise identified through contact tracing, and (b) indirect, when a 

onfirmed case belonged to a context where a cluster was identi- 

ed but there was no clear connection with one specific confirmed 

ase as its infector. In the case of an indirect epidemiological link, 

he index case of the cluster in which the infected patient was 

ncluded was considered as the infector. The context of the con- 

agion was attributed according to the relationship between infec- 

or/infected. Cases were considered sporadic in the following situa- 

ions: (i) data on the source of infection was available but no infec- 

or was found; (ii) the epidemiological link involved cases outside 

he geographical area of Baixo Vouga; (iii) insufficient or inexistent 

ata referring to the epidemiological link. 

Epicluster refers to the complete transmission chain of inter- 

onnected cases, based on the infected/infector duplet. The same 

picluster could include smaller clusters (subclusters) identified by 

he health authorities during the epidemiological investigation. A 

ubcluster was considered in the presence of two or more cases 

t the same time and space. All the reconstruction and analysis of 

he epiclusters were preformed using the R version 4.0.3 and the 

ackage Epicontacts. 

iral whole-genome sequencing and genomic investigation 

In Portugal, RT-PCR positive samples for SARS-CoV-2 from 

ountry-spread laboratories (enrolled in the Portuguese network) 26 

re regularly sent to the National Institute of Health Doutor Ri- 

ardo Jorge (INSA) for genomic analysis, in the context of the ge- 

omic surveillance of the virus. The genome sequences analysed in 
65 
his study were retrieved from the nationwide SARS-CoV-2 genome 

ollection and, as such, no specific inclusion criteria were estab- 

ished to define the sample set. The availability of genomes associ- 

ted with the studied patients was therefore contingent on the lab- 

ratory/Institute’s partnerships in the genomics network, sample 

hipment conditions and sequencing success (strictly linked with 

iral load). 27 

SARS-CoV-2 positive RNA samples were subjected to amplicon- 

ased whole-genome amplification with tiled, multiplexed 

rimers, following the Artic Consortium protocol. 28 Briefly, af- 

er Illumina NexteraXT library preparation, paired-end sequencing 

as performed either on Illumina MiSeq or NextSeq 550, tar- 

eting ∼1 M reads per sample. Analysis of sequence read data 

as conducted using the bioinformatics pipeline implemented 

n INSaFLU, 29 which is a web-based (and also locally installable) 

latform for amplicon-based next-generation sequencing data 

nalysis. Phylogenetic analysis and clade assignment was per- 

ormed with Nextstrain pipeline 30 version from March 27, 2021 

 https://github.com/nextstrain/ncov ), using default settings. In 

rief, sequences were aligned against the reference Wuhan-Hu- 

/2019 genome of SARS-CoV-2 (GenBank accession MN908947) 

sing MAFFT v. 7.110, 31 and further used to build a maximum 

ikelihood phylogenetic tree based on the GTR model using IQ- 

REE v2.0.3. 32 Treetime v0.8. 33 is applied to infer a time-resolved 

hylogeny. 

To evaluate the phylogenetic context of the studied genome se- 

uences and assess their genetic relatedness, phylogenetic trees 

ere built for both the whole national genome collection and 

he Baixo Vouga dataset. To facilitate the congruence analysis be- 

ween genomic and epidemiological data, genome sequences were 

rouped into “main viral genetic profiles” (i.e., “clade-level” clus- 

ers, 1–4) and further hierarchically coded (HC) according to their 

ncestry within each main genetic profile. 

tatistical analysis 

Since sequencing was performed in a subset of the total con- 

rmed COVID-19 cases, the characteristics of the included sample 

ere compared to the not sequenced population, mainly to assess 

he representativeness of the samples in the genome dataset. Cate- 

orical data is presented as total and relative frequencies. Numeri- 

al data (age) is presented as median and interquartile range. Asso- 

iations between categorical data were tested using a Chi squared 

r Fisher test, depending on the expected counts per cell (if < 5 

isher test was used). Associations between numerical (age) and 

ategorical variables were assessed using an independent T-student 

est, if normally distributed data, or a Wilcoxon rank-sum test, if 

on-normally distributed. 

Concordance between genomic and epidemiologic data was as- 

essed by identifying the prevalence of the predominant viral ge- 

etic profile for each epicluster. Sensitivity was estimated using 

GS as assumed Gold-Standard. Epiclusters with less than two in- 

ividuals with available WGS data were excluded from this anal- 

sis. A meta-analysis of the sensitivities (proportions) in observa- 

ional and non-comparative data was performed, using each epi- 

luster as if it were a single study. The study design was not con- 

idered as a differentiating variable because the method of epi- 

emiological investigation was always the same. Since participants 

ome from a single common population and go through the same 

rocedures, performed by the same professionals, under the same 

onditions, a fixed-effect model was considered. Therefore, the 

ariance of observed effect sizes across the epiclusters is due to the 

andom sampling error inherent in each one, namely, the within- 

piclustrer variance. 34 Since the proportions did not present with a 

ormal distribution, they were transformed into their natural log- 

rithm for the analysis and then converted back to proportions, 

https://github.com/nextstrain/ncov
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Fig. 1. Weekly evolution of COVID-19 cases, according to the link type (unidentified, direct or indirect). 
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ogether with its 95% confidence intervals, to present results eas- 

ly. To analyze the study weight, the inverse of the variance of 

he transformed proportion was used. To pool the individual ef- 

ect sizes and their sampling variances based on the inverse vari- 

nce method, an analysis via linear (fixed-effects) models was per- 

ormed. To test our choice on using fixed effects models (instead 

f random) we run a heterogeneity analysis using τ 2 , I 2 and Q- 

tatistic. The forest plot was built using the logit transformation. 

ll statistical analyses were performed using R version 4.0.3. The 

evel of significance was set at 5%. 

thical considerations 

Individual patient records were anonymized before analysis. 

his research did not involve the collecting of primary data. Sec- 

ndary data, previously collected by the Public Health Authorities 

uring epidemiological investigation, were used in accordance with 

he Ethical Standards for Public Health Research. 

esults 

tudy population and epiclusters overview 

A total of 1925 confirmed cases of COVID-19 were identified by 

he Baixo Vouga Public Health Unit from 8th March to 30th June 

020, based on the day of the sample collection of the diagnos- 

ic test ( Fig. 1 ). Of these, 62.86% were females, and the median

ge was 56 years (IQR 39 - 76). The proportion of individuals in 

he total dataset that were diagnosed in a situation of sanitary 

ordon (according to time and geographical location) was 32.10%. 

ealthcare professionals accounted for 10,39% of the cases and the 

esidents in nursing homes for 15.84%. Among the 424 (22.03%) 

ases for whom the context of contagion was available, the 

ost common setting was cohabitant (51.65%), followed by work 

30.66%). 

A total of 1143 cases were assigned to epiclusters (59.38% of 

he total dataset), with 989 (86.53%) having an identified infec- 

or, for which 433 (43.78%) were considered direct ( Table 1 and 

ig. 1 ). Within an epicluster, 36.66% of the cases belonged to a 

anitary cordon area, while for sporadics the corresponding value 

as 25.45%. Sporadics were more likely to present previous med- 

cal conditions (37.93%) then cases within an epicluster (28.86%). 

lso, certain clinical presentations were more frequent in cases 
66 
ithin an epicluster, such as cough, myalgia, headaches, rhinor- 

hea, anosmia and dysgeusia. Additionally, individuals within epi- 

lusters were more frequently associated with closed contexts of 

ursing homes (21.43%) or healthcare (12.60%). 

A total of 154 epiclusters were detected, with a median of 2 

ases (IQR = 2) (ranging from 2 to 280). A total of 10 epiclusters 

ad more than 15 cases and the biggest had 280 (A) and 101 (B). 

ost epiclusters were detected during a restricted period coinci- 

ent with the sanitary cordon. After this period, epiclusters were 

etected less frequently and had a shorter duration ( Fig. 2 ). Viral 

hole-genome sequencing data was available for a total of 128 

ases, representing 6.65% of the total dataset and 11.20% of the 

ases within an epicluster (Supplementary Table 1). The available 

GS dataset mostly covers the early epidemics, reflecting the ini- 

ial focus of the national surveillance (127/128 samples were col- 

ected until 17 April 2020, the end of the sanitary cordon). 26 , 35 

his subset is thus enriched by cases from the sanitary cordon area 

74.22%) (Supplementary Table 1) and involves a slightly higher 

roportion of symptomatic patients (78.12%), when compared to 

ases without WGS data. 

iral genomic diversity across epiclusters and sporadic cases 

Genomic analysis of the 128 available sequences revealed 

our main viral genetic profiles: 95 sequences forming a sub- 

lade within Nextstrain clade 20A due to a shared mutation 

G24077T, leading to the Spike D839Y amino acid change) (here- 

fter designated as genetic profile 1), 31 sequences belong- 

ng to Nextstrain clade 20B (genetic profile 2) and two genet- 

cally distant sequences belonging to Nextstrain clade 19A (ge- 

etic profiles 3 and 4) ( Fig. 3 , Supplementary Fig. 1 Phylogenetic 

ree, Microreact interactive figure: https://microreact.org/project/ 

E8H7Hw8mzdYTh3DhEck4q/3ea7fc98 ). SARS-CoV-2 with genetic 

rofile 1 (Pango lineage B.1.91) was most likely imported from Italy 

n mid-late February and highly spread in Portugal during the first 

ave. It was highly prevalent in the Northern and Central regions, 

eing likely responsible for about 25% of all COVID-19 cases in the 

arly epidemics in Portugal. 26 As such, the Baixo Vouga cases here 

dentified integrate transmission chains representing ramifications 

f this massive dissemination, which is further supported by the 

imited circulation of this variant in other countries. The observed 

enetic divergence within these transmission chains enhances the 

esolution power of genomics to corroborate or exclude epidemi- 

https://microreact.org/project/2E8H7Hw8mzdYTh3DhEck4q/3ea7fc98
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Table 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-epicluster cases until 30 June 2020. 

Sporadics ( N = 782)n (%) Cases within an epicluster ( N = 1143)n (%) 

Demographic 

Age (at the day of the diagnostic test) 55.79 (21.73) 56.91 (24.27) 

Sex (Male) 315 (40.28%) 400 (35.00%) 

Anamnesis 

Symptomatic (Yes) 528 (67.52%) 736 (64.39%) 

Previous medical conditions (Yes) 99 (37.93%) 101 (28.86%) 

Epidemiological link type 

Direct . 433 (43.78%) 

Indirect . 556 (56.22%) 

Sanitary cordon area (at the date of diagnosis) 

Sanitary Cordon (Yes) 199 (25.45%) 419 (36.66%) 

Case settings 

Nursing home resident or professional (Yes) 114 (14.58%) 245 (21.43%) 

Healthcare professional (Yes) 56 (7.16%) 144 (12.60%) 

Fig. 2. Size, proportion of cases in each main viral genetic profile, and timespan of the COVID-19 epiclusters identified in Baixo Vouga from 8th March to 30th June. The left 

panel represents the size of each epicluster, including the number of cases in each main viral genetic profile. The right panel represents the timespan duration of the same 

epiclusters (using the date of diagnosis of the first and last case of the epicluster as limits). 
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logical links. In contrast, SARS-CoV-2 with the genetic profile 2 

including Nextstrain clade 20B root sequences and 1–3 SNPs de- 

cendants) was highly prevalent worldwide (especially in Europe) 

uring the study period (March-June 2021), 36 and was introduced 

ultiple times (and in multiple locations) in Portugal during the 

arly epidemics. 35 Considering the relatively low diversification of 

lade 20B worldwide, the power of genomics to track the source 

f infection and disclose direct contacts within genetic profile 2 is 

educed when compared with genetic profile 1. Regarding genetic 
67 
rofiles 3 and 4, both represent singleton sequences in the global 

ational phylogenetic tree (Supplementary Figure 1). 

From the 128 cases with available WGS data, 18 (14.06%) were 

lassified as sporadic and 110 (85.94%) were associated with an 

picluster, according to the epidemiological investigation (Supple- 

entary Table 1). Sporadic cases were linked to sequences from 

he four main genetic profiles, including the singleton sequences 

f genetic profiles 3 and 4. From the 110 genotyped cases as- 

ociated with epiclusters, 86 (78.18%) and 24 (21.82%) belong to 
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Fig. 3. Overview of the epidemiological characterization, WGS sampling and viral genomic diversity of the Baixo Vouga Region COVID-19 cases, from 8th March to 30th June 

2020 ( N = 1925). A –Proportion of cases in epiclusters and sporadics, and their distribution by viral genetic profile. B – Size and proportion of genotyped cases per epicluster 

and overview of their genetic diversity, represented by alphanumeric hierarchical codes (HC) classified according to their ancestry within the main genetic profile (detailed 

in Supplementary Figure 1). 
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enetic profiles 1 and 2, respectively. In total, there was WGS 

ata available for cases epidemiologically linked to 28 distinct epi- 

lusters (which together enrolled 625 COVID-19 cases), with 15 

piclusters including more than one genotyped case (number of 

enotyped cases ranged from two to 30) ( Fig. 3 ). Twenty-six out 

f the 28 epiclusters were linked to a single main genetic pro- 

le (either 1 or 2), while only two epiclusters (A and B) incon- 

ruently mixed cases linked to distinct main genetic profiles. For 

he remaining epiclusters, the genetic profiles were highly con- 

ruent within each epicluster, i.e., each epicluster either contained 

00% identical sequences or sequences with congruent ancestral- 

ty (i.e., with a hierarchically direct phylogenetic link) ( Fig. 3 and 

upplementary Figure 1). This integrative approach allowed, for 

xample: i) the inclusion of sporadic cases into well-defined ge- 

etic clusters/epiclusters (e.g., PT1134 fell within tree branch 1C6, 
68 
hich perfectly overlapped with epicluster C; PT0539 revealed the 

ierarchical code (HC) 1C4, which is shared by other nine se- 

uences, all of them linked to epicluster A); ii) the identification 

f matching sequences across several epiclusters, supporting that 

hey are most likely part of the same transmission network (e.g. 

C was detected in patients linked to 10 distinct epiclusters and 

n 3 sporadic cases); iii) the identification of epiclusters or indi- 

idual cases potentially linked to epiclusters that extended beyond 

he studied population, as achieved by integration of the stud- 

ed sequences in the frame of the national SARS-CoV-2 genetic 

iversity (e.g., PT0232, which was linked to the 2-case epiclus- 

er Y, integrated a large genetic cluster in the global phylogenetic 

ree) (Microreact interactive figure: https://microreact.org/project/ 

E8H7Hw8mzdYTh3DhEck4q/3ea7fc98 , Fig. 3 , and Supplementary 

ig. 1). 37 

https://microreact.org/project/2E8H7Hw8mzdYTh3DhEck4q/3ea7fc98
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pidemiological investigation of large epiclusters: understanding 

ncongruences by viral genomic analysis 

Genomic investigation revealed that the two largest epiclusters 

A and B) mixed cases linked to two distinct main SARS-CoV-2 ge- 

etic profiles, thus showing that each epicluster enrolls more than 

ne source/transmission network. As such, we sought to recon- 

truct the transmission chains considering the integration of viral 

enetic data to understand the context that led to the observed 

ncongruences. 

The epidemiological investigation pointed that epicluster A 

Supplementary Figs. 1, 2 and Fig. 3 ), with 280 cases (23 of which

ad WGS data) started with a patient that clinically presented with 

ever, dry cough, myalgias, headaches, and generalized weakness, 

hat was then hospitalised. The most likely source of infection of 

his index case was an event that the patient attended two days 

rior to the symptoms’ onset. Another raised possibility had been 

 subcluster in a local pharmacy, but this hypothesis was discarded 

ince these cases were only diagnosed later. Indeed, the viral WGS 

ata now shows that the index case (PT0017, HC 2) had a ge- 

omic profile that was ancestral to the one found in the pharmacy 

ubcluster (PT2188, HC 2I), supporting that the index case might 

ave been in the origin of this subcluster. The transmission chain 

hen extended to an outpatient health service. The viral genome 

ata obtained from two patients and a close personal contact of a 

ealthcare worker also belonged to main genetic profile 2 (2F1, 2H, 

nd 2F), thus supporting the epidemiological link with the phar- 

acy subcluster. Contact tracing follow-up indicated that this out- 

atient health service subcluster (with 36 cases) originated seven 

ther clusters, two in nursing home settings and five in familiar 

ettings. The two familiar subclusters with available viral genomic 

ata belonged to the main genetic profile 1 (1C, 1C3, and 1C3.9), 

ontradicting the epidemiological link with the outpatient health 

ervice subcluster. The smallest nursing home subcluster, with 85 

ases, 11 of which had genome data available, included genomes 

rom main profile 1 (1C4 ( n = 9) and 1C4.1 ( n = 2)). This subclus-

er was indexed to a worker that was also the domiciliary care- 

iver of a patient with a strong link to the outpatient health ser- 

ice (PT0343, 2F1). Genotyping data not only excludes this hypoth- 

sis, but also supports that this nursing home outbreak was not 

onnected with the outpatient health service subcluster, as all the 

ther genotyped cases were linked to SARS-CoV-2 main genetic 

rofile 1 (clade 20A with the additional spike mutation D839Y), 

hich was dominant in the community. The other nursing home 

ubcluster, with 114 cases, had only one case with available WGS 

ata (PT2190, 2F). Although the viral genome data was coherent 

ith the epidemiological link connecting to the previous health- 

are subcluster, we cannot discard a similar scenario as the one ob- 

erved in the previous nursing home since there is no viral geno- 

yping data for any of the residents. 

Epicluster B (Supplementary Figs. 1, 3 and Fig. 3 ), as ascertained 

y epidemiology, included 101 cases (30 of which had WGS data) 

nd started with a patient diagnosed in early March. Although the 

ource of infection was unknown, members of this patient’s school 

in a neighbouring municipality) had returned from a trip to Italy 

 few days before the patient’s symptoms onset (late February). 

ven though no viral genotyping data was available for this epi- 

luster’s index case, genomic data of some of its direct secondary 

ases belonged to main genetic profile 1 (PT0290 - 1C, through 

 personal contact and PT0189 - 1C8, through a contact in the 

chool). Furthermore, the integrative analysis with the national col- 

ection of SARS-CoV-2 showed that a sequence outside the study 

opulation (PT0310, also a member of the same school) is the in- 

ermediary genome between PT0290 and PT0189, being the ances- 

or of PT0189. Since all these cases were associated with the main 

enetic profile 1 (clade 20A with the D839Y mutation in Spike), 
69 
t is most likely that the index case was also infected with this 

ARS-CoV-2 variant. Although this variant has likely emerged in 

taly, it was extensively disseminated in the community in Portu- 

al in the early epidemics. 26 So, it is uncertain whether this trans- 

ission network originated in the community or whether it re- 

ects an additional introduction of this SARS-CoV-2 variant in Por- 

ugal. According to the epidemiological investigation, epicluster B 

tarted in the municipality of Ovar (subjected to a sanitary cordon 

n March 17) but then extended to other territories, with only 25% 

f the cases belonging to the initial municipality. This transmission 

hain spread throughout cohabitants, family, friends, and health- 

are workers that were in direct or indirect contact with the index 

ase, then spreading into hospital settings and creating two sub- 

lusters with eleven cases (1C, 1C3.7, 1C3.4.1, 1C3.4.2) and seven 

ases (HC 1 ( n = 2)), that were genetically coherent. Other sub- 

lusters involved a company (10 cases, linked to 1C ( n = 1) and 

C1 ( n = 3)), through a cohabitant of the index case, and a restau-

ant (3 cases, 1A and 1B), through a contact of the index case, with 

oth transmissions being supported by viral genotyping. Epidemi- 

logical investigation assumed that this transmission chain ex- 

ensively propagated through healthcare settings, leading to three 

ther hospitals-related subclusters (56 cases) and one social-care 

elated cluster (7 cases). However, the WGS data available for two 

f these hospital clusters (9 and 29 cases) revealed an association 

ith either the main genetic profile 2 (2C ( n = 1)) or a mix of both

rofiles 1 (1C3 ( n = 2), 1C3.5, 1C3.12) and 2 (HC 2 ( n = 3), 2A, 2 G

 n = 3)), respectively. 

As observed for epicluster A, the retrospective integration of ge- 

omic data showed that the initial epidemiological reconstruction 

f the transmission dynamics of epicluster B was most likely accu- 

ate. Still, likely due to the increasing dimension of the epiclus- 

ers, its extension to settings of higher population density, such 

s healthcare and nursing home settings (tightly connected with 

he community), the misidentification of epidemiological links in- 

vitably occurred after a certain point of the progressively more 

omplex epidemiological investigation. 

pidemiological versus viral genomic data: revisiting sporadic cases 

nd misidentified direction of transmission 

To resolve sporadic cases and misidentified direction of trans- 

ission, we revisited the epidemiological investigation behind 

hese cases after integration of viral genomic data. This allowed the 

nderstanding of the hurdles and caveats associated with the epi- 

emiological investigation during periods of high incidence rates 

 Fig. 1 ). Supplementary Table 2 summarizes the epidemiological 

ata available for the “sporadic” cases and how genomics could 

ndeed help placing most of these cases within well-established 

ransmission chains. In fact, 15 out of the 18 sporadic cases could 

e linked either to the largest transmission network in Baixo Vouga 

driven by the SARS-CoV-2 D839Y variant, i.e. the viral genetic 

rofile 1), to specific epiclusters, or to COVID-19 cases identified 

utside the study population. The three remaining cases were ei- 

her assumed as true sporadic (absence of epidemiological links or 

trong genomic links with any other case) or unresolved cases (lack 

f genomic resolution to infer a potential link to other cases). 

WGS also allowed the identification of cases for whom the in- 

erred direction of transmission is not supported by the genomics 

 Table 2 ). As such, by revisiting all infector-infected pairs with 

vailable genomic data, we could provide a probable explanation 

or the incongruence for most cases, contextualizing them within 

he transmission networks taking place within the geographic area 

f the study. We highlight five incongruences found within epiclus- 

er V, which were challenging to disentangle even with the inte- 

ration of genomics. A single individual (PT0217, 1C7.1), who was 

resumed to have infected co-habitants and work colleagues, was 
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Table 2 

Misidentifications of the direction of transmission between epidemiologically linked cases. 

Infector - Infected 

pair 

Epicluster Cluster context Epidemiological 

link context 

Genomic incongruence Phylogenetic 

distance 

Probable explanation 

654 (PT1207, 1B) - 

397 (PT1211, 1A) 

B Restaurant Cohabitant Profiles 1A and 1B are 

two ramifications of the 

same ancestral profile. 

4 SNPs The patients were infected by two 

distinct individuals (with ancestral 

or matching profiles) or by the 

same individual (less likely). 

561 (PT0189, 1C8) 

- 384 (PT0767, 1C) 

B Social care 

institution 

Cohabitant The genomic profile of 

the infected (1C) is 

ancestral to the one from 

the infector (1C8). 

4 SNPs The direction of transmission 

occurred from 1C to 1C8, being 

most likely mediated by another 

individual(s); in fact, an 

intermediary genetic profile 

(PT0310) was found in the 

national genome database. 

662 (PT0217, 

1C7.1) - 1234 

(PT0265, 1C) 

V Police station Non-cohabitant 

personal 

relationship 

The genomic profile of 

the infected individuals 

is either ancestral (1C, 

1C7) or represents a 

different ramification of 

the same ancestral 

profile (1C3, 1C3.3.1) in 

relation to the genetic 

profile collected from the 

infector (1C7.1). 

3 SNPs The individual with the profile 

1C7.1 was most likely infected by 

its cohabitant (PT0218) with the 

profile 1C7 (congruent with 

symptoms onset in both patients), 

rather than being the infector of 

its cohabitants and work 

colleagues (as inferred by the 

epidemiological investigation). 

662 (PT0217, 

1C7.1) - 875 

(PT1194, 1C3) 

V Police station Work colleague 4 SNPs 

662 (PT0217, 

1C7.1) - 1097 

(PT0246, 1C3.3.1) 

V Police station Work colleague 6 SNPs 

662 (PT0217, 

1C7.1) - 1098 

(PT0247, 1C3.3.1) 

V Police station Cohabitant of case 

1097 

6 SNPs 

662 (PT0217, 

1C7.1) - 665 

(PT0218, 1C7) 

V Police station Cohabitant of case 

662 

1 SNP 

34 (PT2189, 1C3.9) 

- 22 (PT0308, 1C3) 

A Familial Patient/Caregiver The genomic profile of 

the infected (1C3) is 

ancestral to the one from 

the infector (1C3.9), 

differing by 3 SNPs from 

each other. 

3 SNPs The direction of transmission 

occurred from 1C3 to 1C3.9, which 

is congruent with the symptoms’ 

onset of both cases and their 

epidemiological context in a 

healthcare setting (caregiver 

transmitted to the patient). 
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ndeed a secondary case of one of the two co-habitants. Intrigu- 

ngly, two distinct ramifications (1C3 and 1C7) of the predomi- 

ant genomic profile 1, representing two distinct sub-transmission 

hains, were found in both settings (familial and workplace). As 

uch, the epidemiological link of PT0217 with the two settings led 

o the connection of all cases, jeopardizing the identification of 

ore than one transmission chain solely by the contact tracing 

ata. 

ensitivity of the epidemiological investigation 

The overall sensitivity, for epiclusters with more than two cases 

ith available viral WGS data, was 85.57% (Supplementary Table 

). Although almost all epiclusters (13/15) presented 100% of their 

ases within the same viral genetic profile, 14 cases out of 97 

14.43%) were discordant (i.e., presented the viral genetic profile 

hat was not dominant within the epicluster). 

Ninety-seven ( n = 97, 75.78% of the total cases with viral WGS 

ata) individuals were included in the pooled analysis of sensi- 

ivity, divided into 15 epiclusters, from which six presented more 

han three genotyped cases (the median). Low heterogeneity in 

he effect sizes was found ( τ 2 = 0; I 2 = 0%; Q-statistic = 4.332

 p -value = 0.993)). For that reason, along with the fact that the 

ethodology of epidemiological investigation was homogeneous 

or all epiclusters, a fixed effects model was used. The average 

ensitivity of the pooled analysis, and its 95% confidence interval, 

howed to be 79.55% (70.42% – 86.40%) ( Fig. 4 ). 

iscussion 

Local outbreak response is highly dependent on the epidemio- 

ogic investigation to control transmission and reduce the spread 
70 
f COVID-19. As such, knowing to what degree and in what con- 

exts epidemiological investigation is failing to identify the source 

f infection is important to improve implemented measures of in- 

ection prevention and control and to strengthen the preparedness 

or future epidemics. In this study, we retrospectively integrated 

iral genomic data in the frame of a large epidemiological investi- 

ation, involving 1925 COVID-19 cases, that was carried out from 

arch to June 2020, in Baixo Vouga Region, one of the regions 

ith the highest incidence rates during the first epidemic wave in 

ortugal. Resulting from this extensive epidemiologic investigation, 

e detected 154 epiclusters that included 59% of the cases of the 

otal dataset. Viral genotyping data was available for 128 cases, 18 

f which had been previously considered sporadic. Four main viral 

enetic profiles were identified, revealing 74% of samples belong- 

ng to a sub-clade within Nextstrain clade 20A due to the shared 

839Y mutation in the Spike protein (profile 1), 24% of sequences 

elonging to Nextstrain clade 20B (profile 2) and two genetically 

istant sequences belonging to Nextstrain clade 19A (profiles 3 and 

). This findings are coherent with the virus circulating both in 

ortugal and Europe in the initial phase of the epidemic. 26 , 35 , 36 

We provided a quantitative assessment of the epidemiological 

nvestigation validity, by assessing the agreement of epiclusters 

ith the main viral genetic profiles. The overall sensitivity of epi- 

emiological investigation to associate cases that belonged to the 

ame epicluster was high (70% −86%), which is in line with previ- 

us findings. 15 , 17 While we found agreement regarding the main 

enetic profile for all cases within 13 out of the 15 epiclusters 

ith at least two genotyped cases, these were small clusters, thus 

ith highly uncertain values. The smaller sensitivity obtained in 

he metanalysis, when comparing to the overall sensitivity, points 

he importance of combining these results to obtain a more robust 

stimate. To our knowledge, the other study that quantified that 

stimative for each epidemiologically-linked group obtained a me- 
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Fig. 4. Forest plot with proportions’ metanalysis results of epidemiological investigation sensitivity. (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. Horizontal lines depict CIs for 

each study. The surrounding box shows the contribution made by each epicluster’s estimate to the overall pooled estimate, weighted by the standard error of that individual 

series. Estimates are the inverse of the logit transformation. 
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ian of 100% (IQR = 93%–100%) of cases associated with a single 

ominant viral genetic cluster. 15 However, the differences in sam- 

le size, context and methodology behind this study, as well as 

he low viral genetic diversity observed during the first months 

f SARS-CoV-2 expansion in human population, challenges a di- 

ect comparison. For instance, our investigation supports that the 

arge majority of Baixo Vouga cases integrate epiclusters represent- 

ng ramifications of a massive dissemination of a SARS-CoV-2 Spike 

839Y variant, 26 as ascertained by the detection of a similar ge- 

etic profile across multiple epiclusters. This particular context, to- 

ether with the high COVID-19 incidence, might have led to un- 

ecognized or undocumented contacts between cases from distinct 

piclusters, justifying why they were not linked. 

This retrospective insight on a large-scale epidemiological in- 

estigation performed during the early spread of an emerging pan- 

emic virus yielded important observations. A first remarkable 

bservation is that two distinct SARS-CoV-2 genetic clades were 

ixed in the two largest epiclusters (A and B), as also observed in 

n epicluster traced in another region of Portugal. 38 By revisiting 

heir expansion, we showed that the misidentification of epidemi- 

logical links occurred when the transmission chains extended to 

ealthcare and nursing home settings. The public health author- 

ties logically attributed all cases inside the same closed setting 

o the same epicluster. However, such settings (i.e., healthcare, 

ursing homes) can bias the contact tracing investigation due to 

heir high population density and tight connection with the com- 

unity, thus potentiating the misidentification of epidemiological 

inks. 15 , 20 , 39–41 A second observation, in line with previous knowl- 

dge, is that we were able to identify, inside healthcare facilities, 

ituations of probable nosocomial transmission, 42–46 situations of 

nlikely nosocomial transmission 

47 , 48 and situations where two 

istinct transmission chains were developing in the same facil- 

ty. 20 , 39 , 41 , 49 For example, in epicluster B, a healthcare service pre- 

ented two subclusters with cases residing in Baixo Vouga, of 

hom viral sequences (HC 1( n = 2), 1C, 1C3.7, 1C3.4.1, 1C3.4.2) 

howed phylogenetic coherence between them. These cases belong 

o the same transmission chain, although they did not directly in- 

ect each other. In particular, 1C3.4.1 and 1C3.4.2 are exclusive to 

his setting and hence support nosocomial transmission. Another 
71 
ealthcare subcluster in the same epicluster (B) presented with 

 mix of two different main genetic profiles, indicating the pres- 

nce of parallel transmission chains. Additionally, in an outpatient 

ealthcare setting, we were able to confirm probable transmis- 

ion, in a moment when infection prevention and control measures 

ere not yet fully implemented in Portugal (e.g., in that period 

he use of masks was only recommended for symptomatic peo- 

le). Another not unexpected observation was the confirmation of 

ransmission inside nursing homes, in line with previous knowl- 

dge. 16 , 22 , 39 , 50–53 Indeed, transmission within this setting was sup- 

orted by the clear phylogenetic segregation of 11 cases (1C4 and 

C4.1) (Supplementary Figure 1) with identical or near identical vi- 

al sequences (maximum 1 SNP difference). These findings are in 

ine with previous knowledge and support the need of implement- 

ng effective measures to prevent and control infection in closed 

ettings, such as nursing homes. 22 A fourth observation is that 

n a company we verified high genetic coherence between epi- 

emiologically linked cases of epicluster B, supporting transmis- 

ion within this setting. 41 , 54–56 Fifth, our investigation illustrates 

 large interaction between different settings (e.g., workplace, fa- 

ilial, healthcare services), which is in line with previous litera- 

ure. 15 , 17 , 20 , 39 , 40 , 56 

In a context of community transmission and rapid spread, our 

ndings show a decrease in the reliability of the epidemiologi- 

al links over time. The retrospective integration of genomic data 

howed that the initial epidemiological reconstruction of the trans- 

ission dynamics of epicluster B was mostly accurate, with a 

lear dominance of the same main viral genetic profile. Still, likely 

ue to the increasing dimension of the epiclusters and its exten- 

ion to settings of higher population density (e.g., healthcare), the 

isidentification of epidemiological links inevitably occurred after 

 certain point and, in fact, viral sequencing reveals a mix of ge- 

etic profiles indicating parallel transmission chains. This was most 

ikely due to the difficulty of rapidly adapting existing resources to 

 high speed of viral dissemination, for which the services were 

ot prepared, especially in the context of an epidemic of a poorly 

haracterized infectious disease. 

In our retrospective investigation, genomics was also key to un- 

erstand some sporadic cases and misidentified infector-infected 
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irection of transmission. Although only a few cases could be 

creened, they were very informative at several levels by unravel- 

ng distinct contexts where epidemiological investigation was lim- 

ted either because not enough information could be collected for 

ontact tracing or due to the lack of resolution to solve the epi- 

emiological links and/or the direction of transmission (even when 

ich epidemiological data was available). For instance, genomics al- 

owed 13 sporadic cases to be linked to Baixo Vouga transmis- 

ion chains, while others were associated with cases and/or genetic 

lusters expanding beyond the study region (as assessed by the ad- 

itional integration of the viral data into the nationwide genome 

ollection). In what comes to misidentified directions of infection, 

e found a peculiar situation in a work setting subcluster, where 

 worker (1C7.1) was wrongly assumed as the infector of both col- 

eagues and its cohabitants. In fact, a genotyped cohabitant pre- 

ented a more ancestral profile (1C7), indicating a different direc- 

ion of transmission. Intriguingly, two distinct ramifications (1C3 

nd 1C7) of the main viral genetic profile 1 were found. Although 

ome intermediary cases are not represented in our dataset, two 

olleagues (1C3 and 1C3.3.1.) most certainly belong to the same 

ransmission chain. Apart from the difficulties that are inherent 

o the epidemiological investigation (i.e., collected data is highly 

ependent on the information provided by the patient), these ob- 

ervations consolidate the need of having robust surveillance sys- 

ems integrated with pathogen genomic sequencing. This addition 

ffers a critical value not only to promote the early detection and 

nhanced monitoring of emergent and known pathogenic agents 

t the national and international levels, but also to support lo- 

al/regional epidemiological investigation and outbreak resolution, 

s we were able to show. 15–17 , 39 , 40 , 57–59 

This study presented with some limitations. First, the subset 

ith viral genomic data was slightly enriched with cases both 

ymptomatic or from a specific sanitary cordon area within Baixo 

ouga Region. The public health “focus” on the sanitary cordon 

rea and the higher sequencing success for samples with higher 

iral load (which correlates with symptomatology 60 ) likely jus- 

ifies the overrepresentation of this kind of samples in the na- 

ional genome collection (from where sequence data was ret- 

ospectively retrieved; https://insaflu.insa.pt/covid19/ ). Second, we 

resent a relatively low proportion of sequenced viral samples 

6.5%) 15–17 , 20 , which is a direct consequence of the study involv- 

ng a retrospective integration of the available SARS-CoV-2 national 

equence database, rather than involving a “real-time” sequenc- 

ng. Nonetheless, this might be an issue for the overall represen- 

ativeness of the studied sample for the entire population, limit- 

ng the external validity of the inferences, and inter-study com- 

arability. Limited sequencing can also lead to the underrepresen- 

ation in the phylogenetic tree of cases with epidemiological im- 

ortance that may reveal a hidden transmission chain. This could 

lso be a result of such epidemiologically important cases pre- 

enting low viral loads and, therefore, lower chances of success- 

ul sequencing. Finally, in the quantitative analysis, the 15 epiclus- 

ers had a small number of sequenced cases, thus associated with 

ighly uncertain values. However, by preforming a metanalysis we 

eighted the sample size in the final estimates, overcoming this 

ssue. 

This study also contributes with relevant knowledge for future 

pidemics preparedness. The Portuguese epidemiological surveil- 

ance system and associated procedures are homogenously imple- 

ented at the national level. Therefore, we expect that the re- 

ources, context, and challenges associated with the epidemiolog- 

cal investigation in other regions, as well as the main hurdles, 

re possibly similar to the ones presented here for Baixo Vouga. 

ven though, previous capacity building and some specific actions 

aken by the Public Health Unit of Baixo Vouga might have fa- 

ilitated the ability to conduct such massive investigation involv- 
72 
ng hundreds of epidemiological inquiries. Harmonized data col- 

ection and management, teams fully dedicated to epidemiologi- 

al investigation and contact tracing, training and automatization 

f processes, and the ability of rapidly mobilizing trained profes- 

ionals according to the necessities are examples of such actions. 

or instance, a previously created internal tool, that allows the in- 

egration of rich epidemiological data and a more comprehensive 

inkage of cases (features not fully covered by the national report- 

ng system – SINAVE), turned out to be critical to better follow 

ransmission chains. Furthermore, professionals and IT tools (with 

he support of the management bodies) were rapidly mobilized to 

upport the investigation, also enhancing the capacity to perform 

imely contact tracing. Such improvements could be considered for 

mplementation in other contexts. International health authorities 

re strongly promoting the urge integration of genome sequenc- 

ng data as an essential component of surveillance systems. 61 In 

ortugal, such a framework is partially established, but still needs 

o be strengthened to automate the systematic integration of ge- 

omic and epidemiological data, and to promote timely commu- 

ication of results back to local public health entities. 35 These ef- 

orts will not only require the re-design of currently implemented 

ystems towards a more comprehensive and interactive data flow 

etween all stakeholders, but also require that all public health 

eams and decision-makers are aligned with the need to embed 

enomics into the routine activities of infectious disease surveil- 

ance and outbreak resolution. The COVID-19 pandemic highlighted 

his field by establishing genomic surveillance as a key tool for 

ublic Health decision-making towards outbreak control. Still, de- 

pite the great advances in this field for SARS-CoV-2, there are 

uge discrepancies observed between countries, in particular, in 

he establishment of frameworks for timely and robust integra- 

ion of epidemiological and genomic data. 57 , 58 , 62 , 63 , 63–65 Also, the 

evel of detail captured by field public health teams during epi- 

emiological investigations and available records (which depend 

n data protection regulations) might vary from country to coun- 

ry with potential impact on reliability and power of the inves- 

igation, as well as on the robustness of outcome comparisons 

cross studies/countries. Still, genomics-informed public health 

utbreak responses at country level theoretically demand multi- 

le resources and logistics, involving wide participation of labora- 

ories, (de)centralized data analysis (depending on the geographi- 

al organization of the health system: national, regional, or local), 

nd the rapid sharing of integrated genomic and epidemiological 

ata. 

In conclusion, the present study identified some of the diffi- 

ulties associated with the epidemiological investigation of hun- 

reds of community cases in the context of massive epidemics. 

t constitutes an example of how the integration of genomic 

ata can strongly support and complement epidemiological in- 

estigation and public health actions and guide preparedness ac- 

ions to face future epidemics. This research is able to describe 

ith detail transmission chains with great dimension, in an early 

hase of the epidemic, including a setting of sanitary cordon, 

n Portugal, and providing a quantitative measure of sensitivity 

f the epidemiological investigation and a framework for future 

ystems. 
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