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Summary
Background The city of Manaus, Brazil, has seen two collapses of the health system due to the COVID-19 pandemic. 
We report anti-SARS-CoV-2 nucleocapsid IgG antibody seroconversion rates and associated risk factors in Manaus 
residents before the second wave of the epidemic in Brazil.

Methods A convenience sample of adult (aged ≥18 years) residents of Manaus was recruited through online and 
university website advertising into the DETECTCoV-19 study cohort. The current analysis of seroconversion included 
a subgroup of DETECTCoV-19 participants who had at least two serum sample collections separated by at least 
4 weeks between Aug 19 and Oct 2, 2020 (visit 1), and Oct 19 and Nov 27, 2020 (visit 2). Those who reported (or had 
no data on) having a COVID-19 diagnosis before visit 1, and who were positive for anti-SARS-CoV-2 nucleocapsid IgG 
antibodies at visit 1 were excluded. Using an in-house ELISA, the reactivity index (RI; calculated as the optical density 
ratio of the sample to the negative control) for serum anti-SARS-CoV-2 nucleocapsid IgG antibodies was measured at 
both visits. We calculated the incidence of seroconversion (defined as RI values ≤1·5 at visit 1 and ≥1·5 at visit 2, and 
a ratio >2 between the visit 2 and visit 1 RI values) during the study period, as well as incidence rate ratios (IRRs) 
through cluster-corrected and adjusted Poisson regression models to analyse associations between seroconversion 
and variables related to sociodemographic characteristics, health access, comorbidities, COVID-19 exposure, 
protective behaviours, and symptoms.

Findings 2496 DETECTCoV-19 cohort participants returned for a follow-up visit between Oct 19 and Nov 27, 2020, of 
whom 204 reported having COVID-19 before the first visit and 24 had no data regarding previous disease status. 
559 participants were seropositive for anti-SARS-CoV-2 nucleocapsid IgG antibodies at baseline. Of the remaining 
1709 participants who were seronegative at baseline, 71 did not meet the criteria for seroconversion and were excluded 
from the analyses. Among the remaining 1638 participants who were seronegative at baseline, 214 showed 
seroconversion at visit 2. The seroconversion incidence was 13·06% (95% CI 11·52–14·79) overall and 6·78% 
(5·61–8·10) for symptomatic seroconversion, over a median follow-up period of 57 days (IQR 54–61). 48·1% of 
seroconversion events were estimated to be asymptomatic. The sample had higher proportions of affluent and higher-
educated people than those reported for the Manaus city population. In the fully adjusted and corrected model, risk 
factors for seroconversion before visit 2 were having a COVID-19 case in the household (IRR 1·49 [95% CI 1·21–1·83]), 
not wearing a mask during contact with a person with COVID-19 (1·25 [1·09–1·45]), relaxation of physical distancing 
(1·31 [1·05–1·64]), and having flu-like symptoms (1·79 [1·23–2·59]) or a COVID-19 diagnosis (3·57 [2·27–5·63]) 
between the first and second visits, whereas working remotely was associated with lower incidence (0·74 [0·56–0·97]).

Interpretation An intense infection transmission period preceded the second wave of COVID-19 in Manaus. Several 
modifiable behaviours increased the risk of seroconversion, including non-compliance with non-pharmaceutical 
interventions measures such as not wearing a mask during contact, relaxation of protective measures, and non-
remote working. Increased testing in high-transmission areas is needed to provide timely information about ongoing 
transmission and aid appropriate implementation of transmission mitigation measures.
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Introduction
As of February, 2021, Brazil ranks second in the reported 
number of COVID-19 deaths since the start of the 
pandemic.1 The health-care system in Manaus, capital of 
the Brazilian state of Amazonas, has collapsed twice in 
less than 8 months (April 5, 2020, and Jan 8, 2021),2,3 and 
the numbers of deaths and cases in the second epidemic 
wave (which began at the end of December, 2020) 
surpassed those from the first wave.4 The high toll in 
morbidity and mortality has aggravated the precarious 
state in which the first wave left the Amazon state of 
Brazil, with important consequences for the families and 
communities affected.5 In September, 2020, Brazilian 
health authorities were alerted to a possible second wave 
of infections if physical distancing and mobility measures 
were not appropriately enforced.3 Additionally, non-
pharmaceutical interventions were further relaxed in 
July, 2020, with consequences on behaviour, mobility, 
and adherence to protective measures, thus hindering 
previous public health policies’ achievements.6 Con
currently, a sequential serological survey of anti-SARS-
CoV-2 antibodies among several Amazonian cities 

showed an increasing trend in seropositivity,7 and a 
blood-donor-based report showed a high attack rate 
in the region,8,9 indicating high levels of transmission. 
These findings implied that natural immunity and the 
effects of, or adherence to, public health measures and 
non-pharmaceutical interventions were insufficient to 
control the rising cases. To better understand the disease 
dynamics in the adult population, we established a 
prospective observational cohort based on convenience 
sampling in Manaus. In our baseline cross-sectional 
assessment during August, 2020, we observed that 
seropositivity was associated with unfavourable socio
economic status and household clustering, as previously 
reported.7,10 In this study, we estimated the incidence and 
risk factors associated with SARS-CoV-2 seroconversion 
from the DETECTCoV-19 cohort before the start of the 
second wave of infections in Manaus.

Methods
Study design and participants
Using a convenience sampling strategy based on online 
and university website advertising, men and women 

Research in context

Evidence before this study
We searched published and preprint literature with the following 
combination of keywords: “incidence”, “risk factors”, “SARS-
CoV-2”, “COVID-19”, “cohort”, “Amazon”, and “Brazil”. We found 
few cross-sectional studies that reported seroprevalence, and 
very few longitudinal studies that examined the incidence of 
seroconversion in the adult population. We also found no studies 
that examined the effect of risk factors or non-pharmaceutical 
interventions on SARS-CoV-2 incidence in the adult population. 
Previously, from our baseline DETECTCoV-19 cohort analysis, we 
observed that low socioeconomic status and household case 
clustering increased the risk of acquiring SARS-CoV-2 infection 
during the first COVID-19 pandemic wave in Manaus. 
Intrafamilial transmission might have fuelled the spread of 
disease among the population when voluntary isolation and 
protective measures were not appropriately adopted.

Added value of this study
The DETECTCoV-19 prospective cohort study allowed us to 
investigate the incidence of seroconversion, a proxy for disease 
attack rate, in Manaus between August and November, 2020 
(before the second COVID-19 pandemic wave in Brazil). From 
our initial recruitment cohort, 2496 participants returned for a 
second follow-up visit. The cohort had a higher proportion of 
high-earning, professionally employed individuals than the 
Manaus population, because it was recruited through a 
university website. Among the participants, the crude anti-
SARS-CoV-2 nucleocapsid IgG seropositivity at baseline was 
27·72%, which increased to 34·33% at the second visit. When 
we adjusted for test sensitivity and specificity, antibody 
prevalence increased from 28·70% at baseline to 36·40% after 

follow-up. Among 1638 seronegative and uninfected 
participants at baseline, the overall incidence of seroconversion 
was 13·06% (and 6·78% for symptomatic seroconversion) 
indicating that 1% of the sample seroconverted every 4·5 days. 
We observed that having a COVID-19 case in the household and 
behavioural non-compliance with non-pharmaceutical 
intervention measures—including not wearing a mask during 
contact, relaxation of protective measures, and non-remote 
working—were associated with an increased risk of 
seroconversion. In addition, we estimated that around 50% of 
seroconversion events were asymptomatic during the 
study period.

Implications of all the available evidence
The seropositivity at the second visit and the seroconversion rate 
estimate suggest that a large proportion of this convenience 
sample was still susceptible to the SARS-CoV-2 after the first 
pandemic wave. Even after accounting for reported antibody 
decay rates, at least 50% of the population represented by our 
sample would not have developed antibodies for SARS-CoV-2. 
Therefore, it is probable that an intense infection transmission 
period preceded the second pandemic wave in Manaus. We 
emphasise that non-pharmaceutical interventions and 
protective behavioural measures are crucial to reduce the risk of 
acquiring the disease. Serosurvey-informed public health 
interventions need to be rapidly implemented, maintained, and 
scaled in areas of high transmission, such as Manaus. This study 
provides timely evidence to inform public health policies and to 
formulate effective communication strategies to enforce public 
health measures aimed at reducing the risk of acquiring 
SARS-CoV-2 infection.
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For more on the REDCap 
application see 
https://projectredcap.org/

aged 18 years and older who were residents of Manaus 
were recruited into the DETECTCoV-19 longitudinal 
study. Participants were followed up for up to 6 months, 
with a sample collection every 8–12 weeks, as previously 
described.10 Visit 1 occurred between Aug 19 and 
Oct 2, 2020, and visit 2 between Oct 19 and Nov 27, 2020. 
For the baseline study, a sample size of 2399 individuals 
was calculated, such that the binomial 95% CI around 
the point estimate of antibody test positivity was less 
than ±2%.10

For the current analysis of SARS-CoV-2 antibody 
seroconversion, we included participants in the 
DETECTCoV-19 study who had at least two study visits 
with serum sample collections separated by at least 
4 weeks. We excluded individuals who reported having a 
COVID-19 diagnosis before the first study visit (either by 
PCR, serology, radiology, or clinical diagnosis); who had 
no data or did not answer questions regarding COVID-19 
diagnosis before the first visit; and who were positive for 
anti-SARS-CoV-2 nucleocapsid IgG antibodies (based on 
the ELISA described below) at visit 1.

The research ethics committee of the Federal 
University of Amazonas approved this study (CAAE 
34906920.4.0000.5020) in accordance with Brazilian law 
and the Helsinki declaration. All participants gave oral 
and written consent before enrolment. The study followed 
the Strengthening the Reporting of Observational Studies 
in Epidemiology reporting guideline for cohort studies 
(appendix pp 14–15).

Data and sample collection
All participants filled out an electronic questionnaire and 
donated a blood sample for SARS-CoV-2 serological testing 
(appendix p 2). At both visits we collected information 
related to physical distancing and protective practices, as 
well as information related to COVID-19, symptoms since 
the start of the pandemic, previous diagnoses, and self-
medication and prescribed medication used for the 
treatment of symptoms. If available, study participants 
provided their results from oropharyngeal SARS-CoV-2 
RT-PCR or antigen tests done by local government or 
private laboratories. We also recorded information about 
COVID-19 cases diagnosed in the family and in the 
participant’s residence. An independent form was used to 
record the SARS-CoV-2 serological assay results. Trained 
interviewers collected participant data using REDCap, an 
online application with integrated quality checks (eg, range 
and valid values, date formats, and skip logic).

An online appointment system was used to reduce 
unnecessary gathering of participants, and the study 
followed all state and federal COVID-19-related regulations 
throughout its duration. The collection centre was 
equipped with state-compliant measures for appropriate 
physical distancing and all members of the DETECTCoV-19 
team used appropriate personal protective equipment. All 
test results were communicated by email or phone 
messaging to the study participants.

Serological testing
An indirect ELISA-based serological assay was used to 
measure anti-SARS-CoV-2 nucleocapsid IgG antibody 
titres in serum samples, using recombinant full-length 
SARS-CoV-2 nucleocapsid protein (residues 1–419, 
GenBank QHD43423.2) expressed in Escherichia coli 
cells and purified by affinity and size exclusion chroma
tography, as previously described.10 The sensitivity and 
specificity of the assay were determined using serum 
samples from patients who were SARS-CoV-2 RT-PCR-
positive (n=293, 87 outpatients and 113 inpatients) and 
from pre-pandemic controls (n=229). The assay 
had a sensitivity of 89·07% (95% CI 84·79–92·30) 
for patients at least 7 days after onset and 94·28% 
(89·44–97·07) for patients at least 14 days after onset of 
COVID-19 symptoms. A specificity of 97·03% (95% CI 
93·72–98·69) was estimated using the pre-pandemic 
serum samples. An anti-SARS-CoV-2 nucleocapsid IgG 
antibody reactivity index (RI) was calculated as the 
optical density ratio between the sample and the 
negative control for each assay plate. A cutoff value 
of 1·5 was obtained using a receiver operating 
characteristic curve analysis done on the pre-pandemic 
controls and SARS-CoV-2 RT-PCR-positive patients. All 
samples with an RI value above 1·5 (the assay cutoff) 
were considered positive for anti-SARS-CoV-2 nucleo
capsid IgG antibodies.10

Participants were considered to show seroconversion if 
they had an IgG ELISA RI of 1·5 or lower at the first visit, 
an RI greater than 1·5 at the second visit, and a ratio 
greater than 2 between the second visit and first 
visit RI values.

Statistical analysis
Participants who had an indeterminate seroconversion 
status were not included in the statistical analysis 
(appendix p 2). We estimated seropositivity as the 
proportion of participating individuals with a positive 
antibody test result. We adjusted the crude seropositivity 
estimates for test sensitivity (0·89) and specificity (0·97) 
with the Rogan-Gladen estimator11 and computed 
95% CIs with Blaker’s method.12 The numbers of people 
in each category were listed in the first table column 
(appendix pp 5–9, 21–24) to show incidence denominators 
and account for variations due to missing data. Missing 
values were excluded from all calculations and, therefore, 
were not part of the incidence denominators, or were 
listed as a separate category for each variable. Percentages 
of missing values for each variable were calculated.

Frequency distribution, cumulative incidence, and 
incidence density (considering follow-up time) for 
seroconversion and for symptomatic seroconversion 
were calculated for the whole group and according to the 
study variables. χ² or Fisher’s exact tests were used to 
evaluate associations between seroconversion incidence 
and independent variables. Poisson regression models 
with robust variance corrected according to cluster 

See Online for appendix

https://projectredcap.org/
https://projectredcap.org/
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(administrative area) were used to estimate crude relative 
risks (RRs) and crude incidence rate ratios (IRRs) that 
considered the follow-up time for each variable. A 

multivariate model estimating adjusted IRRs was 
constructed including age, sex, and all variables that 
showed significant associations in the crude models. 
p values at or below 0·05 were considered to indicate 
statistical significance.

Because the sample was not random, stratified, or 
done by clusters, a sensitivity analysis was done to test 
whether the results would change if the sample had a 
sociodemographic distribution similar to that of Manaus. 
Two adjustment characteristics were chosen, adminis
trative zone and family income (0–3, 4–6, or >6 times 
minimum wage), considering that geographical location 
would probably balance other variables such as health 
access, housing, and social behaviour. Using data from 
the Manaus 2010 census obtained from the Instituto 
Brasileiro de Geografia e Estatística, a weight factor was 
calculated for each family income in each zone, totalling 
18 clusters. The weight factor was the probability of 
belonging to the Manaus cluster divided by the probability 
of having been sampled in the first visit. The descriptive 
analysis, bivariate comparisons, and regression models 
were repeated using the 18 clusters and weighting 
factors. χ² test with Rao-Scott adjustment and Poisson 
regression models with Taylor linearisation and robust 
variances according to cluster were used. A 5% variation 
in the descriptive percentages and variations higher than 
one SE in seroconversion incidence rates were considered 
pronounced. To compare the multivariate model before 
and after weighting, we used a Wald test to compare 
regression coefficients and 95% CIs for each variable of 
the model.

Statistical analysis was done with Stata version 15.0. 
Data plots were generated with GraphPad Prism for 
MacOS (version 9.1.0) and RStudio (version 1.4.1106; 
R version 4.0.4) using the package ggplot2 (version 3.3.3).

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
2496 of 3057 DETECTCoV-19 cohort participants 
returned for a second follow-up visit between Oct 19 and 
Nov 27, 2020 (appendix p 2). This cohort had higher 
proportions of high-earning, highly educated, and 
professionally employed people than Manaus city as a 
whole (appendix p 5) because a third of the participants 
lived in the region close to the university study site. 
Among these individuals, the crude anti-SARS-CoV-2 
nucleocapsid IgG antibody seropositivity at baseline 
was 27·72% (95% CI 25·98–29·53), which increased to 
34·33% (32·47–36·24) at the second visit. When 
adjusted for test sensitivity and specificity, antibody 
prevalence was 28·70% (26·70–30·80) at baseline and 
increased to 36·40% (34·30–38·60) after follow-up 
(figure 1). These findings indicate that, among the 

Figure 1: Anti-SARS-CoV-2 nucleocapsid IgG antibody seropositivity, 
COVID-19 cases and deaths, and population mobility over time
(A) Number of laboratory-confirmed COVID-19 cases according to the Fundação de 
Vigilância em Saúde do Amazonas (FVS-AM) and crude and test-adjusted anti-
SARS-CoV-2 nucleocapsid antibody seropositivity prevalence in the study sample 
(n=2496) at visits 1 and 2 (grey areas), with error bars showing 95% CIs. 
SARS-CoV-2 testing rates were low at the beginning of the epidemic and cases 
were, therefore, substantially subnotified. (B) Confirmed COVID-19-related deaths 
according to FVS-AM and cemetery-based excess deaths published according to 
the municipality of Manaus. The number of excess deaths exceeded the number of 
confirmed deaths during the epidemic because it includes all subnotified COVID-19 
deaths as well as non-COVID-19-related deaths due to health system collapse (data 
extracted by Oliveira from ARPEN civil registry).13,14 Non-pharmaceutical 
intervention-related and public health measures and pandemic-related events 
(marked with vertical lines on the graph) during the SARS-CoV-2 pandemic were 
collated from the Amazonas state government website. (C) Google mobility data 
for Manaus city15 plotted as percentage mobility change.
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returning participants, the number of seropositive 
individuals and their IgG anti-nucleocapsid antibody RI 
values were higher at follow-up. Considering an 
antibody waning rate of 27·2% for symptomatic patients 
and double for asymptomatic patients over a 180-day 
follow-up period,16 at least 50% of the population 
represented by our sample would not have developed 
antibodies for SARS-CoV-2 by the second visit.

Figure 2A depicts the serological results of the 
2496 participants at both visits. From the total participants 
evaluated at follow-up, 204 reported having COVID-19 
before the first visit and 24 had no data regarding 
previous disease status. 559 participants were seropositive 
at baseline. From the remaining 2268, 1709 (75·4%) were 
IgG seronegative at the first visit. Among those who were 
seronegative at the first visit, 1424 (83·3%) had an RI 
value of 1·5 or lower at the second visit and were deemed 
to be still seronegative. 71 (4·2%) participants tested 
positive for IgG at second visit, but did not meet the 
criteria of a doubling in RI, and were thus considered to 
have indeterminate seroconversion status and were not 
included in the statistical analyses. 1638 participants 
were included in the analyses (appendix p 2). The 
percentages of missing values for each variable are 
shown in the appendix (p 12). Except for antigen test 
results, each variable was missing data for no more than 
2·1% of participants, and no further adjustment for 
missing data was deemed necessary. 

Subsequently, we calculated the incidence of SARS- 
CoV-2 seroconversion. 214 participants had an RI value 
greater than 1·5 at the second visit and an RI ratio 
between the second and first visit greater than 2, 
and (according to the protocol definition) were thus 
considered to show seroconversion (figure 2B; appendix 
p 2). The incidence of seroconversion was 13·06% 
(95% CI 11·52–14·79; 214 of 1638) with a median follow-
up duration of 57 days (IQR 54–61); ie, 1% of the sample 
seroconverted every 4·5 days. Of those participants, 
48·1% were asymptomatic; therefore, the incidence 
of symptomatic seroconversion was 6·78% (95% CI 
5·61–8·10). Between the first and second visits, 
2·9% of the sample had a positive RT-PCR test and 
5·4% developed symptoms and were diagnosed 
with COVID-19 by the local government or private 
laboratories (figure 2C; appendix p 4).

We then analysed the effects of sociodemographic, 
health-related, behavioural, case clustering, and 
COVID-19 testing variables on seroconversion (appendix 
pp 5–9). Statistically significant variables were then 
tested in a multivariate regression model for SARS-CoV-2 
seroconversion (appendix p 10). Figure 3 shows IRRs 
obtained via Poisson regression, considering follow-up 
time with robust variance corrected by clusters. IRRs are 
shown unadjusted and adjusted according to all model 
variables (appendix pp 5–10). We observed that working 
remotely was associated with lower incidence (IRR 0·74 
[95% CI 0·56–0·97]), whereas relaxation or flexibility of 

physical distancing measures (1·31 [1·05–1·64]), having a 
household member with COVID-19 (1·49 [1·21–1·83]), 
and direct contact with people with COVID-19 without a 
mask (1·25 [1·09–1·45]) were independently associated 
with an increase in incidence. Additionally, having flu-
like symptoms (1·79 [1·23–2·59]) and a COVID-19 
diagnosis between the first and second visits (3·57 
[2·27–5·63]) were associated with increased IRRs 
(figure 3; appendix p 4).

In the sensitivity analysis, we observed changes in 
frequencies of seroconversion after applying the weights 
in the descriptive sensitivity analysis tables (appendix 
pp 16–26). The frequency decreased from 35·47% to 
11·48% among people living in the Centre-South area 
(where the study collection centre is located), but 
increased among people living in areas with lower 
socioeconomic levels (from 9·95% to 18·83% in the East 
zone and from 16·73% to 26·29% in the North zone). 
Similarly, the frequency decreased from 45·57% to 
26·63% among people with family income more than 
6 times minimum wage, but increased from 30·11% to 

Figure 2: Anti-SARS-CoV-2 nucleocapsid IgG antibody seroconversion between the first and second study visits
(A) Anti-SARS-CoV-2 nucleocapsid IgG antibody RI results from study visits 1 and 2 (n=2496). Each dot represents 
one patient. The dotted lines denote the assay cutoff value. Red dots represent seroconverters (individuals who 
were negative for anti-SARS-CoV-2 nucleocapsid IgG antibodies at visit 1 and positive at visit 2 and with an RI ratio 
[visit 2 to visit 1] >2). (B) Paired anti-SARS-CoV-2 nucleocapsid IgG antibody RI values of seroconverters (defined 
according to the study protocol; n=214). The solid red lines depicts median RI values and dotted red lines indicate 
the upper and lower limits of the IQRs. (C) Proportion of seroconverters according to case definitions for 
symptomatic and asymptomatic (red) or asymptomatic-only individuals (blue); n=1638 (appendix p 4). 
RI=reactivity index.
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45·70% among people with income 0–3 times minimum 
wage.

Seroconversion incidence rates increased after 
weighting for male sex, White ethnicity, east Asian 
ethnicity, people who self-medicated with over-the-
counter drugs, people who had COVID-19 contact with 
mask use, negative SARS-CoV-2 PCR test results, and 
negative serology results. Incidence dropped for African 
Brazilians and for people with a COVID-19 diagnosis 
(appendix p 21). The multivariate model showed no 
significant changes in the regression coefficients of any 
variable, and the calculated IRRs maintained similar 
values to those in the adjusted model. However, 
the variables relating to physical distancing flexibility, 
remote working, and having a COVID-19 contact lost 
significance, compared with those in the adjusted model, 
due to the widening of 95% CIs (appendix p 4).

Discussion
In this study, we found that the anti-SARS-CoV-2 
seropositivity rate increased from 27·72% (95% CI 
25·98–29·53) to 34·33% (32·47–36·24) in the 
DETECTCoV-19 cohort before the second wave of 
COVID-19 in Manaus. We observed a high incidence 

of seroconversion at 13·06% (11·52–14·79), with a 
median follow-up duration of 57 days (IQR 54–61 days). 
Our regression models showed that seroconversion 
was associated with modifiable behaviours and case 
clustering in households. The risk factors for sero
conversion outlined in this study provide evidence to 
support that adherence to physical distancing and 
non-pharmaceutical interventions decreases the risk 
of infection with SARS-CoV-2. Because this cohort 
oversampled wealthier and more educated people, 
we explored the effect of adjusting the sample to 
Manaus city demographics and found a slight increase 
in the proportion of participants who showed sero
conversion (13·39% [10·47–16·97]) compared with the 
main analysis. Seroconversion ranged from 10·22% to 
19·53% for the different regions of the city, which 
reflects that the least affluent areas of the city had higher 
frequency of seroconversion. This highlights the need to 
have a differentiated health surveillance and response 
systems for areas of the city with marked disparities, 
especially in the context of the emergence of the P.1 
(gamma) variant17,18 and the second epidemic wave.

To our knowledge, this is the first study to report SARS-
CoV-2 seroconversion rates prospectively in Brazil. 

Figure 3: Multivariate regression model for SARS-CoV-2 seroconversion (n=1618)
Forest plot showing IRRs obtained via Poisson Regression considering follow-up time with robust variance corrected by clusters. IRRs are shown unadjusted and adjusted 
according to all model variables (appendix p 4). IRR=incidence rate ratio. *Not included in the multivariate model due to collinearity with the household contact variable. 
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Between the start of the first round of sample collection 
and the end of the second round (Aug 19 to Nov 27, 2020), 
Manaus city Fundação de Vigilância em Saúde do 
Amazonas reported 28 550 adult COVID-19 cases 
confirmed by laboratory testing, which correspond to a 
case reporting rate of 1·97% (95% CI 1·95–1·99) in 
the study period. The difference between the 
seroconversion rate in our convenience sample and the 
official reporting rate highlights the variations obtained 
when using different case definition criteria, whether it 
is seroconversion, symptomatic seroconversion, clinical 
diagnosis, diagnosis by PCR, or reporting to health 
agencies. Overall, it is important to rapidly identify these 
divergent incidences and their dynamics during the 
pandemic to adequately plan resource allocation and 
mitigation strategies. Crucially, we observed that a 
considerable proportion of COVID-19 transmission 
during the study period consisted of asymptomatic cases. 
This finding underlines the importance of continuous 
disease monitoring to inform appropriate and timely 
disease control measures, especially when incidence 
rates are driven by a relatively high proportion of 
undocumented infections.19–22

By contrast with our previous report,10 which evaluated 
the prevalence of seropositivity during August, 2020, 
this study examined factors that affected incidence 
over a median 2-month period between August and 
November, 2020. In our first report, we found that 
prevalence was strongly associated with sociodemo
graphic characteristics (male sex, older age, lower income, 
occupation, and number of household members), 
whereas these factors were no longer associated with the 
emergence of new cases during this study period. By 
contrast, we found that the main risk factors were related 
to the social behaviour of the participants, such as not 
maintaining physical distancing before August, 2020, 
relaxing physical distancing after August, on-site working, 
and having contact with people with COVID-19 without a 
mask. These results show that, between the first and 
second epidemic waves in Manaus, behavioural risk 
factors that increased exposure to SARS-CoV-2 were more 
important than biological or structural characteristics 
such as sex or poverty. This finding could be due to 
changes in epidemic dynamics; some studies have shown 
that patients were younger and healthier during the 
second wave, thus reducing the effects of age and 
comorbidities on infection.23,24 Conversely, compliance 
with protective measures increased after the first wave, as 
shown in some other countries,25,26 acquiring a more 
prominent role in the control of the epidemic. Having a 
person with a COVID-19 diagnosis in the household 
affected both the prevalence in August 2020, and the 
incidence in the following 2–3 months, with similar 
magnitude. Importantly, independently of the time period 
within the pandemic, our findings confirm that having a 
COVID-19 contact in the household remains a robust 
predictor for acquiring the disease.27 Having symptoms or 

having been diagnosed during the observation period 
were also strongly associated with seroconversion, more 
so than in the cross-sectional study,10 highlighting the 
inherent correlation between these events.

Since the start of the pandemic, disease control 
strategies that include effective surveillance, availability 
and ease of access to testing, well implemented 
non-pharmaceutical interventions, and public health 
response measures linked to testing (ie, contact tracing, 
quarantine, and isolation) have been fundamental in 
controlling disease transmission.28–30 Our findings reveal 
that COVID-19 index cases were likely to have driven 
seroconversion—a representative proxy for infection 
burden—within the household, as observed in other 
high-transmission settings.31 Our data suggest that 
household close contacts of COVID-19 patients 
(survivors or deceased) should be tested regardless 
of symptoms, and advised to undertake voluntary iso
lation;32 strict follow-up of cases and contacts is essential 
to reduce virus transmission.28,33 Non-pharmaceutical 
interventions including physical distancing, mask 
use, and hygiene have been essential to the reduction 
of community SARS-CoV-2 transmission worldwide; 
therefore, abruptly lifting non-pharmaceutical interven
tions diminishes the gains accumulated by previously 
implemented policies.29,34 In our study, individuals who 
relaxed physical distancing measures or had contact 
with people with COVID-19 without a mask35,36 had the 
highest risk of being infected with SARS-CoV-2.

Our work has some limitations. The convenience 
sampling strategy based on online and university website 
advertising potentially excluded individuals who did not 
have access to this information, and might not completely 
represent the adult population of Manaus. To test 
whether this limitation had any effect on our results, we 
did a thorough sensitivity analysis using weighting to 
make the sample more similar to the actual population 
of Manaus. Marked differences in socioeconomic 
and geographical distributions were found between the 
unweighted and weighted samples: our sample had a 
disproportionate number of people with higher income, 
higher education, and residence around the university 
campus. After correcting for those factors, some 
seroconversion incidence rates changed, but without 
significantly modifying the crude IRRs; therefore, no 
new variable became significant, nor did any lose 
significance compared with the previous analysis. This 
finding is reflected in the final multivariate model, in 
which the regressions coefficients remained remarkably 
similar after weighting. The variables of physical distance 
flexibility, remote work, and having a COVID-19 contact 
lost significance due to widening of 95% CIs, but we 
attribute this finding to the expanded number of clusters 
from 6 to 18, and not to changes in the coefficients 
themselves. Therefore, although it is true that there were 
marked differences in geographical and socioeconomic 
distribution between our sample and the actual Manaus 
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population, these differences did not alter our final risk 
factors model, nor our study conclusions. Additionally, 
although our in-house serological assay highly correlates 
with commercial SARS-CoV-2 tests, it is possible that 
performance variation among asymptomatic patients 
might affect our seropositivity estimates.

We also had shortcomings in active surveillance to 
identify symptomatic infections and positive RT-PCR test 
results. Additionally, most symptomatic participants had 
a mild or moderate infection, but our surveillance 
method could not exclude the possibility that cases of 
severe illness or death occurred among the non-returning 
participants, which would lead to underestimation of 
total seroconversion events. Although anti-SARS-CoV-2 
IgG antibody seropositivity, specifically against spike and 
nucleocapsid proteins, is a robust indicator of previous 
infection,37,38 antibody response kinetics and their 
variability among populations limit our interpretations.39 
Nevertheless, our longitudinal serosurvey approach to 
assess exposure and burden, and the size of our cohort, 
made possible an in-depth statistical analysis to identify 
the risk factors associated with seroconversion in a 
setting of high transmission and low non-pharmaceutical 
intervention containment measures. Unfortunately, we 
could not evaluate the roles of different SARS-CoV-2 
strains. The study period between August and 
November, 2020, theoretically predates the surge and 
dominance of the gamma variant in the region; however, 
we cannot rule out that the high rate of seroconversion in 
our cohort could have been influenced partially by the 
emergence of a more infectious strain, such as gamma, 
in Manaus.17,18 We hypothesise that the role of the gamma 
variant could be ascribed to accelerating the transmission 
rate observed after November, but we consider that the 
high seroconversion incidence found in our cohort 
during the study period might be explained by case 
clustering and host-related behavioural factors, as 
observed in high-transmission settings.27,31,40,41

Rampant spread of SARS-CoV-2 infection in settings 
with low compliance with behavioural and non-
pharmaceutical intervention containment measures is a 
cause of concern because of its high human costs, 
elevated burden imposed on health-care systems, and a 
possible effect on the emergence of new variants—
favoured in high transmission settings—which can be 
detrimental to the effectiveness of available and future 
countermeasures, including diagnostics, vaccines, and 
therapeutics. Our study shows that increased testing can 
provide timely information about ongoing transmission 
levels and can contribute to mitigation of the pandemic 
by informing adequate public health measures and 
non-pharmaceutical interventions in areas of high 
transmission such as Manaus and elsewhere.
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