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Population-based data on COVID-19 are urgently needed. 
We report on three rounds of probability sample household 
surveys in the state of Rio Grande do Sul (Brazil), carried 
out in nine large municipalities using the Wondfo lateral flow 
point-of-care test for immunoglobulin M and G antibodies 
against SARS-CoV-2 (https://en.wondfo.com.cn/product/
wondfo-sars-cov-2-antibody-test-lateral-flow-method-2/). 
Before survey use, the assay underwent four validation stud-
ies with pooled estimates of sensitivity (84.8%; 95% con-
fidence interval (CI) = 81.4–87.8%) and specificity (99.0%; 
95% CI = 97.8–99.7%). We calculated that the seroprevalence 
was 0.048% (2/4,151; 95% CI = 0.006–0.174) on 11–13 April 
(round 1), 0.135% (6/4,460; 95% CI = 0.049–0.293%) on 
25–27 April (round 2) and 0.222% (10/4,500; 95% CI = 0.107–
0.408) on 9–11 May (round 3), with a significant upward trend 
over the course of the surveys. Of 37 family members of posi-
tive individuals, 17 (35%) were also positive. The epidemic 
is at an early stage in the state, and there is high compliance 
with social distancing, unlike in other parts of Brazil. Periodic 
survey rounds will continue to monitor trends until at least the 
end of September, and our population-based data will inform 
decisions on preventive policies and health system prepared-
ness at the state level.

Despite calls for population-based data on COVID-19 (ref. 1), 
there have been few household seroprevalence surveys globally, and 
none in Latin America2. In Rio Grande do Sul, the southernmost 
state in Brazil (population 11.3 million), the first case of COVID-
19 was diagnosed on 29 February 2020. As of 10 June, 12,802 con-
firmed cases (113 per 1,000,000 inhabitants) and 302 deaths had 
been reported (http://ti.saude.rs.gov.br/covid19/). In this state, as 
in the rest of Brazil, only people with moderate to severe symp-
toms had been tested. The state and most city governments issued 
strong social distancing policies in mid-March, including closures 
of schools, shops and services, except for businesses deemed to 
be essential. Gatherings of more than 100 people were forbidden. 
Social distancing measures were adopted by most of the population. 
However, from mid-April onwards, relaxation of social distancing 
began. While schools and public gatherings remain prohibited, 

industrial, commercial and services sectors open daily for limited 
periods of time while staff and customers are required to wear facial 
masks. Mask use is also compulsory on public transportation and, 
in some municipalities, for anyone walking or cycling on the streets.

Other than studies based on convenience samples, such as those 
collected from volunteers, supermarket customers or blood donors, 
there are few general population surveys available for severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) prevalence. 
National studies using reverse transcription PCR (RT-PCR) showed 
prevalences of 0.6% in Iceland3, 0.3% in Austria4 and 0.9% in 
Sweden5. A national serological survey in Spain found a prevalence 
of 5.0%, ranging from <2% in some regions to 11.3% in Madrid6. 
In the Brazilian city of Ribeirão Preto, in the state of São Paulo, the 
seroprevalence was 1.4% based on the same test used in this paper7.

Smaller studies in hot spots for COVID-19 showed prevalences 
of 14% in the German city of Gangelt8 and 3% in the Italian vil-
lage of Vò9. As expected, studies using samples from volunteers 
found higher prevalence, as was the case for the first study in 
Iceland (0.9%)3, the population screening in South Korea (2.1%)10 
and two studies in California (with prevalences of 1.5% in Santa 
Clara county11 and 4.1% in Los Angeles County12). The two studies 
in California and the German survey used point-of-care antibody 
tests, whereas the other three studies used RT-PCR tests.

Starting on 11–13 April, we began to test the presence of anti-
bodies against SARS-CoV-2 in population-based samples of 500 
individuals in each of nine sentinel cities in the state. The same 
methodology was used in a second round in the same cities on 
25–27 April, and again in a third round on 9–11 May. Subsequent 
rounds are planned to take place every 2 weeks to monitor how the 
pandemic is evolving.

We selected 500 individuals in each of nine cities, including the 
eight regional hubs in the state, plus the city of Canoas, which is the 
second most populated city in the metropolitan area after the state 
capital (Fig. 1). Fifty census tracts were selected in each city, with ten 
households in each tract. The sample was not intended to be repre-
sentative of the state’s population, as smaller towns and rural areas 
were not included. The decision to focus on regional hubs where 
commerce and services tend to be concentrated was taken to track 
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the progression of the pandemic in the places where the virus was 
most likely to be introduced in the state.

Of the 4,500 individuals we intended to test in each round, it 
was possible to test 4,151 individuals in the first round, 4,460 in the 
second and 4,500 in the third. The number of participants in each 
of the nine cities is provided in Supplementary Table 4. The sample 
fell short of the planned number in the first and second rounds due 
to logistical difficulties resulting from the need to complete the 
survey in a 3-d period. When there was a refusal at a household, 
it was replaced with the next household in the census tract listing. 
Refusals were relatively rare: 8.9% in the first round and 7.1% in the 
third round. The number of households where residents were away 
increased from 11.0 to 30.3% in the same period.

Self-reported information on sociodemographic variables and 
social isolation was collected using a questionnaire (available at 
http://www.rs.epicovid19brasil.org/banco-de-dados/). Table 1 shows 
the characteristics of individuals who provided blood samples. 
Participants across the three rounds were similar in terms of sex, age, 
skin color and schooling. The nine sentinel cities are not represen-
tative of the state, and a comparison with state demographics shows 
that there were higher proportions of women and of older adults 
among our survey participants. Young children were particularly 
under-represented.

In the first round, 20.6% of respondents reported leaving home 
daily, compared with 28.3% in the second round and 30.4% in the 
third round. Although leaving home did not necessarily mean 
that they interacted with other people, it may be assumed to have 
increased the risk of exposure. Those reporting staying at home 
all of the time comprised 21.1, 18.3 and 16.5% in each of the 
rounds, respectively. These differences were statistically significant 
(P = 2.3 × 10−21).

We determined positivity for antibodies to SARS-CoV-2 
by using a point-of-care lateral flow test from Wondfo using 
finger-prick blood samples. This test assays for antibodies of both 
immunoglobulin M (IgM) and IgG isotypes, without distinc-
tion, reactive towards SARS-CoV-2 antigens not specified by the 
manufacturer or in the literature. According to the manufacturer, 
the Wondfo antibody test has 86.4% (95% confidence interval 
(CI) = 82.4–89.6%) sensitivity and 99.6% (95% CI = 97.6–99.9%) 
specificity. It was one of the two best-performing lateral flow 
assays of the ten evaluated in a recent pre-print13 and is currently 

approved for point-of-care testing in China (http://english.nmpa.
gov.cn/2020-04/03/c_468570.htm)

As an additional check on how the rapid test performed under 
fieldwork conditions, we conducted two separate assessments. The 
first was during the validation study in Porto Alegre, where 83 
RT-PCR-positive individuals were tested in the field using the rapid 
test. As described in the Methods, 64 of these individuals had posi-
tive results with the rapid test14. Second, we tested four individuals 
in the sample who reported having tested positive with RT-PCR in a 
health facility, three of whom had positive results with the rapid test.

Table 2 shows the seroprevalence estimates. The numbers of pos-
itive results were two, six and ten in the three rounds, respectively. 
There were significant upward time trends in both the absolute and 
relative analyses. Prevalence in the third round was 0.17 percent 
points higher than in the first round, or 4.6 times higher. There were 
11 individuals with non-conclusive results in the three phases, of 
whom nine were retested and found to be negative, and the results 
of two individuals remained non-conclusive.

Given the small numbers of participants who tested positive, we 
focused the presentation of data on the unadjusted results (addi-
tional analyses are described in the Methods and summarized in 
Supplementary Table 1). Supplementary Tables 2 and 3 provide 
additional results using other analytical strategies—namely, adjust-
ing for the clustered nature of the sample (which affects the con-
fidence limits, but not the point estimates) and for estimates of 
sensitivity and specificity of the test (details on these additional 
analytical approaches and justifications for not using them as the  
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Fig. 1 | Locations of the nine sentinel cities. Inset: location of the state of 
Rio Grande do Sul in Brazil.

Table 1 | Sociodemographic characteristics of participants 
taking part in the three survey rounds in the nine cities 
compared with the state population distribution

Round 1 Round 2 Round 3 State populationa

Sex (%)

 Male 41.7 40.6 41.1 48.7

 Female 58.3 59.4 58.9 51.3

Age (years)

 0–9 3.6 2.6 2.5 12.3

 10–19 5.4 5.1 5.9 12.6

 20–29 12.3 11.4 12.9 15.1

 30–39 15.3 16.9 15.2 15.1

 40–49 15.5 14.5 15.3 13.3

 50–59 17.7 17.9 17.1 12.9

 60–69 16.5 17.8 16.3 10.2

 70–79 9.3 10.3 10.3 5.7

 80+ 4.4 3.5 4.5 2.9

Skin color

 White 76.5 75.8 76.0 81.5

 Brown 15.8 16.2 15.3 13.0

 Black 6.6 6.7 7.4 5.2

 Other 1.1 1.3 1.3 0.3

Education

 Primary or less 40.9 34.2 36.1 Not available

 Secondary 32.8 31.9 31.5 Not available

 University or 
higher

26.3 33.9 32.4 Not available

Number 4,151 4,460 4,500
aData from refs. 17,18.
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primary analytical methods are provided in the Methods). 
Adjustment for the clustered nature of the sample made little change 
to the confidence limits, and the time trends remained statistically 
significant. Analyses accounting for the sensitivity and specificity 
of the test resulted in a scenario in which the prevalence would be 
0% and there would be no cases in the state. This is because the 
estimated false positive rate based on validation studies was higher 
than the prevalence measured in the survey rounds. In the Methods, 
we discuss these findings in more detail.

The numbers of individuals tested and those who were positive 
in each city are provided in Supplementary Table 4. Two of the 18 
positive individuals lived alone, and the remaining 16 had 39 fam-
ily members in their households. Of these, 37 were tested and 13 
(35.1%) were positive. Six positive individuals had at least one posi-
tive family member (see Supplementary Table 5).

Figure 2 shows the officially reported numbers of cases and 
deaths in the state, the estimated numbers of cases from our analyses 
and the seroprevalence in the three rounds. The ratios of estimated 
to reported cases were 8.4 (95% CI = 1.0–30.3), 13.1 (95% CI = 4.8–
28.5) and 9.9 (95% CI = 4.8–18.3) in rounds 1, 2 and 3, respectively, 
and infection fatality rates were equal to 0.29% (95% CI = 0.08–
2.41), 0.23% (95% CI = 0.11–0.62) and 0.38% (95% CI = 0.21–0.80).

Four out of the ten cases in the most recent round were in the 
city of Passo Fundo (population: 203,000 inhabitants) where an 
outbreak in a meat-processing plant resulted in 455 reported cases 
per 100,000, whereas the other eight cities in the sample showed 
incidences ranging from 32 to 105 per 100,000 (https://coronavirus.
rs.gov.br/inicial).

This is the first report on repeated population-based surveys 
for the detection of SARS-CoV-2 antibodies in Brazil. Based on 
reported death rates by 14 May 2020 (the reference date for the third 
survey wave), Rio Grande do Sul was one of the states with the low-
est mortality (11 per million)—well below Rio de Janeiro (130 per 
million), Sao Paulo (94 per million) and the national mortality rate 
(67 per million) (https://covid.saude.gov.br/).

The low prevalence levels reported in our study are compatible 
with an initial phase of the pandemic. We estimate that nine out of 
ten cases in the state are not reported, and that the infection fatality 
rate is well below 1%. Our finding of low prevalence is comparable 
to the results of other population-based studies in Iceland3, Austria4 
and Sweden5, and lower than the 5.0% prevalence detected in Spain6.

Important concerns have been raised about rapid serological 
tests, but these mostly refer to their use in making clinical deci-
sions15, and in issuing immunity passports16 for individuals who 
are assumed to have developed immunity. Both circumstances refer 
to individual-level diagnoses based on rapid tests. The use of rapid 
tests for population-based estimates, and particularly for monitor-
ing trends over time, may be acceptable.

The results of rapid serological tests in the field may be affected 
by operator error in use and interpretation, but all test results were 
photographed and sent to a researcher (M.F.S.) who confirmed all 
of the positive results, as well as a 20% sample of negative results. 
Further validation of the Wondfo test will be carried out, using 
enzyme-linked immunosorbent assay, in the sample evaluated in 
the validation study.

The limitations of our analyses include the restriction of sam-
pling to sentinel cities that collectively account for 31% of the 
state’s population, while smaller towns and rural areas were not 
included. Second, antibody tests result in many false negatives for 
recent infections, particularly within the first 2 weeks since con-
tagion, and thus prevalence reflects levels of infection 1–2 weeks 
before the survey. The non-response rates at the household level 
were relatively low compared with other population-based stud-
ies3,4, or with studies using volunteers. Our surveys had fewer chil-
dren participants than expected, due to their reluctance to undergo 
a finger prick when randomly selected within the household. In 
addition, it was not feasible to collect venous blood samples for 
confirmatory exams.

Lastly, our results were at the lower range of the 95% CI for the 
false positive rate, which was estimated at 1.0% (95% CI = 0.3–2.2%) 
in the pooled estimate from four validation studies. In these studies, 
specificity was measured using frozen samples, and the possibility of 
non-specific binding leading to false positives has been mentioned 
by some authors13. Our findings suggest the possibility that existing 
validation results may have overestimated the false positive rate.

Table 2 | Increases over time in the prevalence of infection 
and estimated number of cases in the state, and prevalence 
differences and ratios among the surveys

Survey 
round

Prevalence 
(%)

Estimated 
number of 
cases in the 
statea

Difference 
(percentage 
points)a

Ratio

1 0.048 
(0.006–
0.174)

5,482 
(664–19,789)

0 (reference) 1 (reference)

2 0.135 
(0.049–
0.293)

15,306 
(5,619–
33,288)

0.086 
(−0.040–
0.213)

2.792 
(0.564–
13.823)

3 0.222 
(0.107–
0.408)

25,283 
(12,130–
46,453)

0.174 
(0.021–0.327)

4.612 
(1.011–21.033)

Comparison P = 0.017b P = 0.048b

All values are point estimates, with 95% CIs in parentheses. aDifferences are relative to the 
cell above, with survey round 1 as a reference. bP values were calculated using Cochran’s Q 
heterogeneity test assuming a linear (in the absolute or relative scales) trend over time (and thus 
with 1 degree of freedom), implemented as fixed-effects meta-regression.

9 Mar 23 Mar 6 Apr 20 Apr 4 May

100

101

102

103

104

105

Date

C
um

ul
at

iv
e 

nu
m

be
r

0

0.8

0.6

0.4

0.2

1.0

P
revalence (%

)

Confirmed cases

Deaths

Survey estimate (95% CI)

Survey prevalence (95% CI)

Fig. 2 | time trends in survey-based estimates of seroprevalence and 
numbers of cases, compared with reported cases and deaths in the state. 
Data on cumulative cases and deaths (lines) are from the Rio Grande do 
Sul State Secretariat of Health. Survey prevalence estimates were based on 
the following numbers of positive tests/sample sizes: 2/4,149, 6/4,460 and 
10/4,500 in phases 1–3, respectively. The estimated numbers of total cases 
in the state were obtained by multiplying the survey prevalence estimate 
by the state population (11,377,239 according to the Brazilian Institute of 
Geography and Statistics). Error bars are 95% confidence intervals.
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Additional results suggest that the performance of the rapid 
test was adequate under field conditions. Clustering was observed 
in six families, and 35% of family members of all positive index 
cases also tested positive. These cases were probably true positives, 
accounting for 0.05% (95% CI = 0.02–0.10%) of the combined sam-
ple in the three rounds. Further evidence supporting the validity of 
our results includes documentation of a significant upward time 
trend, a near-constant tenfold excess of estimated over reported 
cases in the state, detection of the outbreak in the city of Passo 
Fundo, and confirmation of three out of four cases that had been 
previously diagnosed.

These surveys are being partly funded by the state and national 
governments of Brazil. Survey results were disseminated, 2 d after 
the completion of data collection, in press briefings, and the state 
governor is making use of the information to guide stay-at-home 
measures and other policies. Results from the next rounds of our 
study will allow us to follow the dynamics of the pandemic in the 
state as social restriction measures start to be relaxed.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
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Methods
The state of Rio Grande do Sul is divided by the Brazilian Institute of Geography 
and Statistics into eight intermediary regions (Fig. 1). The main city in each region 
was selected for the study. In the main metropolitan region, we selected the state 
capital, Porto Alegre, as well as Canoas—the second largest city in the metropolitan 
area. Populations ranged from 78,915 in Ijuí to 1,409,351 in Porto Alegre (https://
cidades.ibge.gov.br/brasil/rs/panorama).

Sampling. We used multi-stage sampling to select 50 census tracts with probability 
proportionate to size in each sentinel city, and ten households at random in each 
tract based on census listings updated in 2019. All household members were listed at 
the beginning of the visit, and one individual was randomly selected through an app 
used for data collection. The survey waves took place on 10–12 and 25–27 April.

The statewide sample of 4,500 individuals allowed estimation of prevalence 
levels of 3 and 10% with margins of error of 0.5 and 1.0 percentage points, 
respectively.

In the first wave, interviewers had listings of 35 households in each tract. Any 
refusals at household level led to selection of the next household on the list, and 
so on until ten households were included. In the second wave, field workers went 
to the house visited in the first wave, then selected the tenth household to its right. 
In case of refusal, the next household to the right side was selected. In the case of 
acceptance at the household level but refusal by the index individual to provide 
a sample, a second member was selected. If this person also refused, the field 
workers moved on to the next household on the list.

Laboratory methods. The prevalence of antibodies was assessed with a rapid 
point-of-care test—the Wondfo SARS-CoV-2 Antibody Test (Wondfo Biotech)—
using finger-prick blood samples. This test detects immunoglobulins of both IgG 
and IgM isotypes specific to SARS-CoV-2 antigens in a lateral flow assay. Two 
drops of blood from a pinprick are sufficient to detect the presence of antibody. 
The assay reagent consists of colloidal gold particles coated with recombinant 
SARS-CoV-2 antigens. Following introduction of the blood sample, reactive 
antibody–antigen–colloidal gold complexes, if present, are captured by antibodies 
against human IgM and IgG present on the test (T) line in the kit’s window, leading 
to the appearance of a dark-colored line. Samples without SARS-CoV-2-reactive 
antibodies will not result in the appearance of this line. Valid tests are identified by 
a positive control line (C) in the same window. If this control line is not visible, the 
test is deemed inconclusive, which is uncommon.

Four independent validation studies are available for the rapid test. Its 
sensitivity and specificity are 86.4 and 99.6%, respectively, according to the 
manufacturer, using samples collected from 361 confirmed cases and 235 negative 
controls (https://en.wondfo.com.cn/product/wondfo-sars-cov-2-antibody-test-l
ateral-flow-method-2/). The tests were purchased in bulk by the Brazilian 
government, being earmarked for use in population surveys and surveillance 
programs. An initial validation study was carried out by the National Institute for 
Quality Control in Health (Oswaldo Cruz Foundation) using 18 positive serum 
samples and 77 negative serum samples based on quantitative RT-PCR. The 
reported sensitivity was 100.0% (95% CI = 81.5–100.0%), while the specificity was 
98.7% (95% CI = 93.0–100.0%). Recently, Whitman and colleagues13 evaluated ten 
different lateral flow assays using as specimens plasma or serum samples from 
symptomatic SARS-CoV-2 RT-PCR-positive individuals and 108 pre-COVID-19 
negative controls. The sensitivity of the Wondfo test was 81.5% (95% CI = 70.0–
90.1%) among 65 patients with a positive RT-PCR 11 d or more before the test, 
and the specificity was 99.1% (95% CI = 94.9–100.0%). Of the ten tests studied, 
the Wondfo test was one of the two lateral flow tests with the best performance. 
Lastly, we carried out our own validation study, based on 83 volunteers with 
a positive quantitative RT-PCR result 10 d or more before the rapid test. This 
analysis showed a sensitivity of 77.1% (95% CI = 66.6–85.6%). We also analyzed 
100 serum samples collected in 2012 from participants of the 1982 Pelotas (Brazil) 
Birth Cohort Study19 and found 98 negative results, yielding a specificity estimate 
of 98.0% (95% CI = 93.0–99.8%). By pooling the results from the four separate 
validations studies, weighted by sample sizes, the sensitivity was estimated at 84.8% 
(95% CI = 81.4–87.8%) and the specificity was estimated at 99.0% (95% CI = 97.8–
99.7%). Data collection in 2012 received ethical approval by the Ethics Committee 
of the Faculty of Medicine of the Federal University of Pelotas (review number 
16/2012); participants signed informed consent forms to allow the drawing and 
storage of serum samples for analysis. In early 2020, the National Research Ethics 
Committee of the Brazilian Ministry of Health approved the use of these samples 
for the validation study (review number 4.059.173).

Details of the validation study are available from ref. 14.

Data collection. Participants answered short questionnaires, including 
sociodemographic information (sex, age, schooling and skin color), COVID-
19-related symptoms, use of health services, compliance with social distancing 
measures and use of masks. Field workers used tablets or smartphones to record 
the full interviews, register all answers and photograph the test results. All positive 
or inconclusive tests were read by a second observer, as well as 20% of the negative 
tests. If the index participant in a household had a positive result, all other family 
members were invited to be tested.

Ethical approval. Interviewers were tested and found to be negative for the virus, 
and were provided with individual protection equipment that was discarded after 
visiting each home. Ethical approval was obtained from the Brazilian National 
Ethics Committee (process number 30415520.2.0000.5313), with written informed 
consent from all participants. A separate informed consent form was used to obtain 
permission from parents or legally authorized representatives for minors who were 
part of the study. Positive cases were reported to the statewide COVID-19  
surveillance system. The study protocol was published before the first wave of data 
collection20.

Statistical analyses. We estimated the seroprevalence in each survey using three 
different analytical strategies, as summarized in Supplementary Table 1. For each 
analytical strategy, we calculated absolute (in percentage points) and relative 
differences between the surveys regarding the prevalence of infection. P values were 
calculated using Cochran’s Q heterogeneity test assuming a linear (in the absolute 
or relative scales, respectively) trend over time (and thus with 1 d.f.), implemented 
as fixed-effects meta-regression. For strategy 3, differences were not calculated 
because all point estimates were zero. We also compared the distribution of social 
distancing behavior between the three surveys using a chi-squared test with Rao and 
Scott second-order correction20, which accounts for the sampling design and yields 
a statistic that follows an F-distribution with d.f.1–d.f.2 degrees of freedom. In our 
analysis, d.f.1 = 3.9664 and d.f.2 = 1,749.1659. All analyses were performed using R 
version 3.6.1 (ref. 21). The survey package22,23 was used to incorporate the sampling 
design and to compare the distribution of social distancing behavior between 
surveys. The metafor package24 was used to compare the prevalence between surveys.

Analytical strategies. Results from the different analytical strategies are shown in 
Supplementary Tables 2 and 3.

In strategy 1, we analyzed the surveys as though these were simple random 
samples from the population25. This allowed us to calculate the confidence 
intervals of the prevalence using the exact binomial method, which were wider 
than confidence intervals obtained after accounting for the sampling design, which 
must be calculated using conventional approximations (for example, the normal 
approximation method).

In strategy 2, we analyzed the surveys accounting for the sampling design. 
As mentioned above, standard methods for confidence interval estimation were 
not valid in our study (probably due to the very small number of positive tests). 
To overcome this limitation, we implemented the following strategy to calculate 
confidence intervals:

 1. Inform the sampling design to the statistical software.
 2. Calculate the standard error of the logit of the prevalence by fitting a logistic 

regression where the test result (0 = negative; 1 = positive) is the dependent 
variable, with no predictor (just the intercept). Let δ̂ denote the estimated 
prevalence and σlogit δ̂ð Þ

I

 denote the standard error of log it δ̂
� �

I
.

 3. Generate the empirical sampling distribution of the logit of the prevalence by 
sampling R times (where R = 5 × 106 is the number of re-samples) from the 
normal distribution with mean = logit δ̂

� �

I
 and variance = σ2

logit δ̂ð Þ
I

, such that 

logit δ̂r
� �

 N logit δ̂
� �

; σ2
logit δ̂ð Þ

� �

I

, where r 2 1; ¼ ;Rf g
I

.

 4. Convert the empirical sampling distribution to the natural prevalence scale 
by applying the sigmoid function.

 5. Use the standard deviation of the converted empirical sampling distribution 
as an estimate of the standard error of the prevalence (that is, σδ̂

I
).

 6. Calculate the effective sample size N 0ð Þ
I

 (that is, the sample size that a study 
using simple random sampling would be expected to have so that the stand

ard error of δ̂ equals σδ̂
I

). This was calculated as N 0 ¼ min N;
δ̂ 1�δ̂ð Þ

σ2
δ̂

� �

I

, where 

N is the actual sample size. N′ was rounded to the nearest integer.
 7. Calculate the effective number of positive tests as n0p ¼ δ̂N 0

I
.

 8. Use n0p
I

 and N to calculate the exact binomial confidence interval. When n0p
I

 
was not an integer, we opted to not round it because, due to the small number 
of tests, any rounding would correspond to a substantial relative change in the 
prevalence. To overcome this issue, we calculated two confidence intervals: 
one for the nearest smaller integer (that is, n0p

h i

I

) and another for the nearest 
larger integer (that is, n0p

h i

I

). Let a1 and b1, respectively, denote the lower and 

upper limits of the confidence interval using n0p

h i

I

, and a2 and b2 denote the 
same for n0p

h i

I

. The confidence interval for n0p
I

 was then calculated as follows: 

a ¼
P2
k¼1

akwk

I

 and b ¼
P2
k¼1

bkwk

I

, where wk is the weight that each confi

dence interval receives, calculated as follows: w1 ¼ 1� n0p � n0p

h i 

I

 and 
w2 ¼ n0p � n0p

h i 

I

.
In strategy 3, we analyzed the surveys accounting for the sampling design  

and the test validity (that is, sensitivity and specificity). By pooling multiple 
validation studies6, the sensitivity was estimated to be ̂s ¼ 446

526
I

 and the specificity 
was estimated to be ê ¼ 513

518
I

. Diggle20 proposed the following equation to obtain a 
corrected prevalence estimate: θ̂ ¼ δ̂� 1�êð Þ

ŝþê�1ð Þ
I

, where θ̂ is the corrected prevalence.  
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Of note, if θ̂<0
I

 or θ̂>1
I

, it is truncated at 0 or 1, respectively. The same applies for 
confidence intervals. We also performed additional analyses using two other sets of 
sensitivity and specificity estimates: (1) the manufacturer’s estimates, which were 
ŝ ¼ 312

361
I

 and ê ¼ 234
235

I
; and (2) local estimates, which were ̂s ¼ 64

83
I

 and ê ¼ 98
100

I
.

To incorporate the uncertainty of ̂s and ê in the confidence interval for θ̂, we 
used parametric bootstrapping, as follows:

 1. Assuming that ̂s  B Ns ;sð Þ
Ns

I
 and ê  B Ne ;eð Þ

Ne

I
 (where Ns = 526 and Ne = 518 denote 

the sample sizes used to estimate sensitivity and specificity, respectively), the 
empirical sampling distribution of these parameters can be obtained as 
ŝr  B Ns ;̂sð Þ

Ns

I
 and êr  B Ne ;̂eð Þ

Ne

I
, where r 2 1; ¼ ;Rf g

I
.

 2. Generate the empirical sampling distribution of δ as δ̂r 
B N 0 ;δ̂ð Þ

N 0

I
.

 3. Generate the empirical sampling distribution of θ as θ̂r ¼ δ̂r� 1�êrð Þ
ŝrþêr�1ð Þ

I

.
 4. Calculate the confidence interval of θ̂ using the percentile method (that is, 

using percentiles α
2

� �
100%

I
 and 1� α

2

� �
100%

I
 of the empirical sampling dis-

tribution as the lower and upper limits of a (1 − α)100% confidence interval 
(truncating the intervals if necessary)).

Given multiple possible analytical strategies, it is important to define which is 
the primary strategy and which are secondary strategies. In this study, strategy 1 
was chosen as the primary analytical strategy and was used to perform the analyses 
reported in the body of this article, even though it does not account for the 
sampling design and estimates of validity. Below, we justify this decision.

Not accounting for sampling design. Given the multi-stage sampling design 
used in the survey, it is necessary to account for the sampling design for proper 
estimation of confidence intervals. However, it should be noted that, in the case 
of proportions, such design-adjusted confidence intervals can only be calculated 
using approximations of the binomial distribution (typically, the normal 
approximation), while design-unadjusted confidence intervals can be calculated 
using the exact binomial method. In our study, the design-unadjusted confidence 
intervals were narrower than the design-adjusted confidence intervals, probably 
due to the very low prevalence of positive tests (which violates the assumptions 
required by the approximated method).

As shown in Supplementary Table 2, the confidence intervals estimated in 
strategy 2 are wider than in strategy 1, because the first were estimated using 
an alternative strategy that attempted to mitigate the limitation of conventional 
design-adjusted confidence interval estimation. However, since the interpretation 
of the results does not change between strategies 1 and 2, we preferred strategy 1 
over strategy 2 because the second is not an established method in the literature.

Not adjusting for validity estimates of the test. The test is an imperfect way of 
measuring the true prevalence of infection. Given that the main interest is to 
measure the true prevalence of infection, it is conceptually better to consider 
prevalence estimates corrected for sensitivity and specificity as the primary result 
instead of uncorrected estimates (that is, to use strategy 3 as the primary analytical 
strategy). Although this is conceptually correct, some aspects of the present study 
led to the decision of using strategy 1 as the primary one.

First, the test result is itself a valid and interpretable result (that is, it shows 
the prevalence of positive tests rather than the prevalence of infection). Second, 
pooled estimates of sensitivity and specificity of the test (estimated in >500 
individuals each) were 85 and 99%, respectively. This indicates that the test validity 
is quite high, especially for surveys aimed at estimating the prevalence in the 
population rather than individual-level diagnosis. Third, the number of positives 
in both surveys was substantially smaller than the expected number based on 
the specificity estimated in previous validation studies. This suggests that the 
specificity of the test may be even higher (very close to 100%); therefore, using 
estimates from the existing validation studies would result in overcorrections 
(some possible reasons for this are discussed in the main text). Indeed, 
Supplementary Table 2 shows that corrections based on sensitivity and specificity 
estimates from validation studies (strategies 4 and 5) yield prevalence estimates of 
0%. Indeed, the untruncated estimates were negative, which is an impossible result.

Not weighting according to population size. Although none of the analytical 
strategies incorporates weighting according to population size, it is important to 
recognize that there are substantial differences in population size between the nine 
cities included in the survey and that the number of interviews per city was fixed. 
Therefore, one could argue that the primary results should be weighted according 
to population size. Although this is a reasonable argument, the very small number 
of positive cases in our survey renders the results very sensitive to the specific 
choice of weights. In the case of weighting according to population size, the overall 
results become drastically influenced by the results in Porto Alegre (which is the 
capital and by far the largest city of the state), which is not a desirable property.

The strong influence of weighting by population size can be seen in the 
following results. In survey 1, out of the two positive tests, neither of them was in 
Porto Alegre, which caused the weighting to reduce the prevalence from 0.048 to 
0.027%. However, in survey 2, three out of six positive tests were in Porto Alegre, 
causing the weighting to increase the prevalence from 0.133 to 0.309%. Moreover, 
weighted estimates indicate that the prevalence reduced from survey 2 to survey 
3 (for survey 3, the weighted prevalence estimate was 0.196%), which is not only 
known to not be the case, but is also conceptually impossible (because repeated 
surveys using serological tests measure the cumulative prevalence (that is, the 
proportion of individuals who have been infected at some point in the past). 
Although these are small absolute differences, they are large relative differences, 
and produce time trends that are implausible.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The dataset used to produce the analyses presented in this article is freely 
available at http://www.rs.epicovid19brasil.org/banco-de-dados/ and from the 
corresponding author upon request. Source data are provided with this paper.
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