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a b s t r a c t 

Objectives: The SARS-CoV-2 BQ.1∗ variant rapidly spread globally in late 2022, posing a challenge due to 

its increased immune evasion. 

Methods: We conducted a prevalence survey in Brazil from November 16 to December 22, 2022, as 

part of a cohort study. We conducted interviews and collected nasal samples for reverse transcription- 

polymerase chain reaction (RT-PCR) testing and whole-genome sequencing. Cumulative incidence was 

estimated using RT-PCR positivity, cycle threshold values, and external data on the dynamics of RT-PCR 

positivity following infection. 

Results: Among 535 participants, 54% had documented SARS-CoV-2 exposure before this outbreak and 

74% had received COVID-19 vaccination. In this study, 14.8% tested positive for SARS-CoV-2, with BQ.1∗

identified in 90.7% of cases. Using case data and cycle threshold values, cumulative incidence was esti- 

mated at 56% (95% confidence interval, 36-88%). Of the 79 positive participants, 48.1% had a symptomatic 

illness, with a lower proportion fulfilling the World Health Organization COVID-19 case definition com- 

pared to prior Omicron waves. No participants required medical attention. 

Conclusions: Despite high population-level hybrid immunity, the BQ.1∗ variant attacked 56% of our pop- 

ulation. Lower disease severity was associated with BQ.1∗ compared to prior Omicron variants. Hybrid 

immunity may provide protection against future SARS-CoV-2 variants but in this case was not able to 

prevent widespread transmission. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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The Omicron variant of SARS-CoV-2 has been characterized by 

igh levels of immune evasion [1] . The most recently emerged sub- 

ariants, BQ.1.1 and XBB, have been shown to effectively evade 

mmunity generated by vaccines, including bivalent formulations 
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esigned specifically to target Omicron BA.5 [1–3] . In addition 

o diminishing vaccine effectiveness, the continued evolution of 

micron variants may limit the utility of available treatment op- 

ions such as Nirmatrelvir/ritonavir or molnupiravir [4 , 5] . More- 

ver, changes in the clinical spectrum of disease may result in bi- 

sed estimates of transmission from symptom-based surveillance 

6 , 7] . 

Laboratory studies have identified mutations that confer twice 

s much immune evasion in BQ.1 and BQ.1.1 subvariants (here re- 

erred to collectively as BQ.1∗) compared to the BA.4 and BA.5 sub- 

ariants [8] . However, it remains unknown how much BQ.1∗ associ- 

ted immune evasion affects transmission among populations with 

re-existing immunity, especially those with hybrid immunity (im- 

unity due to exposure to both infection and vaccination). Prior 

tudies of transmission during the circulation of the Omicron BA.1 

ubvariant demonstrated a high incidence of reinfection and break- 

hrough infections among vaccinated individuals, and the degree of 

rotection conferred by prior infection and vaccination is known to 

ecline over time [9–11] . 

This study aims to estimate the incidence of polymerase chain 

eaction (PCR)-confirmed infection with the SARS-CoV-2 Omicron 

Q.1∗ subvariant in a population in Salvador, Brazil, with a high 

revalence of hybrid immunity. We performed a population-based 

revalence survey of SARS-CoV-2 infection using molecular diag- 

ostics and whole-genome sequencing and applied novel computa- 

ional approaches to infer the incidence of infection using the dis- 

ribution of PCR cycle threshold (Ct) values [12] . We also used the 

t values of samples to gain broader insights on BQ.1∗ transmis- 

ion. We compared the severity of illness associated with BQ.1∗ in- 

ection to other Omicron variants, estimated household secondary 

ttack rate, and examined risk factors associated with the acquisi- 

ion of infection. 

ethods 

etting and study design 

This study was conducted in Salvador, the capital of the state 

f Bahia, Brazil, which has experienced five major COVID-19 waves 

ince early 2020 ( Figure 1 a), with the three most recent waves in

022 driven by Omicron subvariants ( Figure 1 b). The first Omicron 

ave occurred from January to March 2022, mainly attributed to 

A.1∗ and BA.2∗ subvariants, while the second wave, from June to 

eptember 2022, was attributed to BA.4∗ and BA.5∗. The third wave 

n November 2022 was predominantly due to the BQ.1∗ subvariant 

 Figure 1 b). By November 2022, 86% of Salvador’s residents had re- 

eived at least one dose of a COVID-19 vaccine, and 75% had re- 

eived at least two doses ( Figure 1 c). 

In this context, we conducted a population-based prevalence 

urvey in Pau da Lima, a slum community in Salvador. This com- 

unity is in an area of 0.17 km2 . Approximately 85% of inhabi- 

ants were squatters without legal title to their homes, and 50% 

ad a per capita household income of less than $1.25 per day. In 

003, an open cohort study was initiated in the area to investi- 

ate infectious diseases including leptospirosis and arbovirus infec- 

ions, with bi-annual or annual follow-ups. After 2020, the study’s 

cope was expanded to include COVID-19 studies [13] . Three sero- 

urveys conducted from November 2020 to August 2022 (Surveys 

-3) showed an increase in seropositivity (tested by SARS-CoV-2 

nti-S immunoglobulin G) among participants ( Figure 1 d). An ac- 

ive case-finding study between November 2021 and October 2022 

dentified symptomatic SARS-CoV-2 cases and their contacts in the 

ame area ( Figure 1 e). During the active case-finding study, our 

eld teams visited study households every 2 weeks to screen resi- 

ents for symptoms and collect nasal swabs for SARS-CoV-2 molec- 

lar diagnostics. 
160
The results of this work are part of the fourth COVID-19 sur- 

ey conducted in the cohort between November 16 and December 

2, 2022. During this period, Salvador, as well as the Pau da Lima 

ommunity, experienced a high increase in the number of cases 

ssociated with the transmission of the SARS-CoV-2 variant BQ.1. 

articipants and study procedures 

We included individuals aged 2 years or older who slept at 

east 3 nights per week within the study area and provided con- 

ent to participate. Field technicians performed data collection, in- 

luding interviews and collecting biological samples. After obtain- 

ng informed consent, a standardized questionnaire was adminis- 

ered to collect sociodemographic information (age, sex, schooling, 

elf-reported ethnicity, and income), COVID-19 symptoms, and vac- 

ination history. Symptomatic individuals were defined as those 

ho reported any of the following symptoms in the week pre- 

eding or during the visit: fever, cough, fatigue, headache, myalgia, 

ore throat, congestion or runny nose, dyspnea, nausea, diarrhea, 

norexia, loss of taste, loss of smell or mental state altered [14] . 

ach participant provided an anterior nasal swab for SARS-CoV- 

 molecular testing, and symptomatic cases and their household 

ontacts were administered a rapid antigen test during the initial 

isit. Positive cases were immediately informed, and healthcare as- 

istance recommendations were given. 

aboratory examination of SARS-Cov-2 infection 

Real-time reverse transcription-PCR (RT-PCR) was conducted 

o confirm SARS-CoV-2 infection, and the PCR Ct values for the 

RF1ab gene were recorded for positive samples. Next-generation 

equencing (NGS) using the Illumina method was performed on 

ositive samples to identify variants of concern (VOCs) and/or vari- 

nts of interest (VOIs). Both molecular diagnostic tests were con- 

ucted by the COVID Platform of Fiocruz-Bahia, Brazil. For phylo- 

enetic analysis, Omicron lineage sequences collected during both 

he active case-finding and prevalence survey periods from Pau da 

ima were compared with SARS-CoV-2 Omicron variant data from 

alvador, Brazil, obtained from the GISAID database between Jan- 

ary 01, 2022, and December 31, 2022 (see details in Supplemen- 

ary Material 1). 

ata analysis: descriptive analyses 

To describe the characteristics of the study participants, we 

sed absolute frequencies and percentages for categorical variables 

nd median and interquartile range (IQR) for numeric variables. 

e compared continuous variables with Mann-Whitney U and cat- 

gorical variables with Fisher’s exact test or chi-square test as ap- 

ropriate, and linear by linear chi-square tests for ordinal categor- 

cal variables. Statistical analysis was performed using R Statistical 

oftware version 3.1.6. 

ata analysis: estimation of cumulative incidence 

We used a method for estimating the epidemic growth rate 

f SARS-CoV-2 using RT-PCR Ct values, as previously described by 

ay et al. [12] . Briefly, the dail y prevalence of RT-PCR positivity 

ogether with the Ct values among RT-PCR-positive samples was 

sed to estimate the daily probability of infection. To ensure we 

sed only tests that represented a random sample of individuals 

ith respect to infection risk, we excluded tests collected at the 

ay 7 follow-up visit. To inform the distribution of Ct after infec- 

ion, we used published data on Omicron infections (see details 
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Figure 1. COVID-19 pandemic in Salvador and in the study site. (a) Weekly number of SARS-CoV-2 cases and deaths in Salvador, Brazil. (b) Distribution of SARS-CoV-2 

subvariants in Salvador (c) Cumulative proportion of COVID-19 vaccination dose administered amongst Salvador residents. (d) SARS-CoV-2 IgG testing results in previous 

seroprevalence surveys in recruited individuals. Red dots: SARS-CoV-2 IgG; blue dots: SARS-CoV-2 IgG negative; horizontal grey dot-dash line: OD cut-off value of 0.5). (e) 

Number of SARS-CoV-2 cases identified in Pau da Lima. 

ELISA, enzyme-linked immunosorbent assay; Ig, immunoglobulin. 
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n Supplementary Material 1). The assumed Ct distribution over 

ime since infection was consistent with the observed Ct over time 

rom symptom onset observed in symptomatic individuals in our 

opulation (Supplementary Figure 3). We estimated the overall cu- 

ulative incidence of infection from October 19, 2022 to Decem- 

er 22, 2022. Based on the available literature, the probability of 

esting RT-PCR positive 28 days after Omicron infection is small 

15 , 16] , meaning that the Ct values we measured provided no in-

ormation about incidence before October 19. Using the estimated 

ncidence over time, we estimated the day of peak incidence, as 

ell as RT-PCR positivity prevalence by week to assess goodness of 

t. 

We conducted sensitivity analyses to compare the recruited and 

onrecruited participants, to determine the robustness of our sam- 

le to identify PCR-positive participants in our cohort that were 

sed to estimate the incidence. Also, we performed sensitivity 

nalyses to check the robustness of the cumulative incidence es- 

imate to changes in the CT distribution and PCR positivity proba- 

ility over time (Supplementary Material 1). 
161
ata analysis: symptom evaluation 

We compared the frequency of reported symptoms and med- 

cal attention between participants identified through active case 

nding during a period dominated by BA.1 and BA.5 variants, and 

hose recruited in the current survey. Symptomatic cases were 

dentified based on any symptom associated with COVID-19, as 

entioned previously in the text. Then, we proceeded to evalu- 

te the proportion of infections meeting World Health Organiza- 

ion (WHO)’s definition of a symptomatic case, which includes an 

cute onset of fever and cough, or three or more of the following 

ymptoms: fever, cough, weakness/fatigue, headache, myalgia, sore 

hroat, coryza, dyspnea, nausea, diarrhea, and anorexia [14] . 

ata analysis: secondary attack rate 

To estimate the secondary attack rate (SAR), we defined the in- 

ex case as the individual with the earliest positive COVID-19 test 

r symptom onset. Co-index cases were two or more household 
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embers who tested positive or had symptom onset on the same 

ate. One co-index case was selected randomly as the index case to 

alculate the SAR. Household contacts were individuals who lived 

n the same household as the index case within 7 days after the 

ositive PCR test result or onset of symptoms. A secondary case 

as a household contact who tested positive for SARS-CoV-2. The 

AR was calculated by dividing the number of secondary cases by 

he total number of non-index household residents. Additionally, 

sing the imputed datasets generated to evaluate the sample se- 

ection, we estimated the SAR for the entire cohort and compared 

t with the observed result. 

econdary data resource 

To describe the context of the SARS-CoV-2 transmission in Sal- 

ador, we used data on daily infections and deaths in Salvador and 

he Pau da Lima sanitary district since the beginning of the pan- 

emic from the Brazil Ministry of Health ( https://covid.saude.gov. 

r ) and the Center for Strategic Information for Health Surveil- 

ance (CIEVS) ( http://www.cievs.saude.salvador.ba.gov.br/ ), respec- 

ively. The prevalence of SARS-CoV-2 variants in Salvador over 

ime was obtained from the Fiocruz COVID-19 Genomic Surveil- 

ance Network ( https://pvm-igm.github.io ), while data on vacci- 

ation were obtained from the Brazil Ministry of Health ( https: 

/opendatasus.saude.gov.br/ ). 
Table 1 

Demographic and SARS-CoV-2 immunological characteristics of participants, Salvador, Br

Characteristics| No. (%) 

SARS-CoV-2 po

Sex 

Female 49 (62.0) 

Male 30 (38.0) 

Age group, year 

< 18 24 (30.4) 

18-35 21 (26.6) 

36-59 26 (32.9) 

≥60 8 (10.1) 

Ethnicity a 

Black 35 (45.5) 

Brown 35 (45.5) 

Other 7 (9.1) 

Education a 

Never studied 7 (8.9) 

Primary and middle school 51 (64.6) 

High school and higher 21 (26.6) 

Income category 

< US$ 2.15/day 42 (53.2) 

US$ 2.15-3.63/day 16 (20.3) 

> US$ 3.63/day 21 (26.6) 

Prior vaccination 

≥3 doses 42 (53.2) 

2 doses 17 (21.5) 

1 dose 11 (13.9) 

0 dose 9 (11.4) 

Prior documented SARS-CoV-2 exposure 

Yes b 31 (39.2) 

No 48 (60.8) 

Prior documented SARS-CoV-2 exposure and vaccination c 

Yes 24 (30.4) 

No 55 (69.6) 

Prior documented SARS-CoV-2 exposure or vaccination d 

Yes 77 (97.5) 

No 2 (2.5) 

a There were two and three individuals having missing values of their ethnicity and ed
b A SARS-CoV-2 seroconversion observed before the first dose of vaccination, or previo
c "Yes" indicates individuals with ≥1 dose of vaccination and evidence of prior exp

without evidence of prior exposure. 
d "Yes" indicates individuals with ≥1 dose of vaccination or evidence of prior exposur

prior exposure. 

162
esults 

articipants characteristics 

We surveyed 293 households, totaling 929 residents, with 535 

eeting the inclusion criteria and participating in the study by 

ompleting questionnaires and providing biological samples. The 

emaining 378 residents were excluded due to reasons such as 

oving out, absence during visits, or declining to participate. Ad- 

itionally, 16 residents were excluded due to invalid PCR results 

Supplementary Figure 1). 

The sociodemographic characteristics of the participants are 

resented in Table 1 according to the SARS-CoV-2 immunological 

tatus. Briefly, 57.9% (310/535) were female, and the median age 

as 32 years (IQR 16-47 years). 49.0% (262/535) self-identified as 

lack, and 46.7% (250/535) reported an income below the inter- 

ational poverty line (US$2.15 per person per day). Overall, 95.8% 

518/535) of participants have received at least one dose of a 

OVID-19 vaccine or have a history of SARS-CoV-2 infection. 

rude and variant-specific prevalence 

A total of 79 cases of SARS-CoV-2 were identified, with an 

verall crude prevalence of 14.8% (95% confidence interval [CI] 

1.8-17.8%) (Supplementary Figure 1). Among 58 positive RT-PCR 
azil. 

P -value 

sitive n = 79 SARS-CoV-2 negative n = 456 

0.426 

261 (57.2) 

195 (42.8) 

0.941 

126 (27.6) 

131 (28.7) 

147 (32.2) 

52 (11.4) 

0.384 

227 (50.0) 

203 (44.7) 

24 (5.3) 

0.104 

19 (4.2) 

276 (60.9) 

158 (34.9) 

0.105 

208 (45.6) 

84 (18.4) 

164 (36.0) 

0.516 

220 (48.2) 

124 (27.2) 

36 (7.9) 

76 (16.7) 

0.004 

258 (56.6) 

198 (43.4) 

0.032 

197 (43.2) 

259 (56.8) 

> 0.999 

441 (96.7) 

15 (3.3) 

ucation, respectively, in the SARS-CoV-2 negative group. 

us molecular confirmed infection during active case finding. 

osure at the same time; "No" indicates individuals without prior vaccination or 

e; "No" indicates individuals without vaccination and without having evidence of 

https://covid.saude.gov.br
http://www.cievs.saude.salvador.ba.gov.br/
https://pvm-igm.github.io
https://opendatasus.saude.gov.br/
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Figure 2. Characterizations of the BQ.1∗ wave. (a) Number of different subvariant amongst molecular testing positive individuals. (b) Ct value of SARS-CoV-2 cases grouped 

by week. (c) Weekly observed prevalence (grey diamonds) and fitted median prevalence with 95% CI (blue points and error bars). (d) SARS-CoV-2 daily cases reported in 

Salvador. (e) SARS-CoV-2 daily cases reported in Pau da Lima sanitary district. (f) Median posterior trajectory for the incidence curve. 

CI, confidence interval; Ct, cycle threshold; PCR, polymerase chain reaction. 
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amples analyzed using NGS, 15 cases (25.9%) could not be clas- 

ified at the subvariant level due to low genome coverage ( < 70%). 

mong the remaining 43 cases, BQ.1∗ was detected in 39 cases 

90.7%). Of these, 30 cases (69.8%) were BQ.1.1, eight cases (18.6%) 

ere BQ.1, and one case (2.3%) was BQ.1.22. The BA.5.1 and BE.9 

micron subvariants each accounted for one case (2.3%), while 

wo cases (4.7%) of XBB.1 were identified during the second week 

f sample collection ( Figure 2 a). 

Phylogenetic analysis included 1263 samples from Salvador, 88 

rom the previous active case-finding period, and 43 from the 

resent survey. Viruses from Pau da Lima and Salvador were 

losely related, and no genetic clustering within these two geo- 

raphic areas was identified. Like Pau da Lima, the circulation of 

BB in Salvador was lower than that of BQ.1 during the study pe- 

iod ( Figure 3 ). 

revalence over time and cumulative incidence 

Figure 2 b shows the distribution of Ct values in SARS-CoV-2 

T-PCR-positive samples by epidemiological week. Lower Ct values 

ere observed in the first 2 weeks, with a subsequent increase 

n the following 3 weeks. These changes matched the observed 

eekly SARS-CoV-2 prevalence trends, which peaked at 32.1% in 

he second week (November 23-29, 2022) before gradually de- 

reasing ( Figure 2 c). The prevalence trends in the study population 

ere consistent with data from the Pau da Lima sanitary district, 

ith a two-week lag for the peak of the BQ.1 wave compared to 

alvador’s overall peak ( Figures 2 d and 2 e). 

The estimated cumulative incidence of infection from October 

9 to December 22, 2022, was 56% (95% credible interval [CrI] = 36 

o 88%), with the peak incidence on November 17th (95% CrI = 9th 

o 21st) during the first sampling week ( Figure 2 f). Due to the lag

etween incident infections and viral clearance, the peak of the 

stimated incidence curve appeared earlier than the peak of ob- 

erved prevalence ( Figures 2 e and 2 f). The overall RT-PCR positivity 

as well-fitted by the model (11.7% vs observed 12.4% among indi- 
163
iduals swabbed at the initial household visit), but the peak preva- 

ence in week 47 was underestimated (22.0% vs observed 32.1%) 

 Figure 2 c). 

In additional analyses, using multiple imputations to account 

or missing data and estimate the proportion of participants who 

ere PCR-positive (Supplementary Table 4-6), our findings re- 

ained unchanged. In sensitivity analysis varying key features of 

he assumed Ct distribution over time following infection, the esti- 

ated cumulative incidence ranged from 49% to 62% (Supplemen- 

ary Table 7). 

linical symptoms and medical attention after infection 

Clinical symptoms were assessed in 38 (48.1%, 95% CI = 37.1- 

9.1) SARS-CoV-2-positive symptomatic individuals during the 

Q.1∗ wave and compared to 103 positive cases from prior Omi- 

ron waves. Rhinorrhea was the most frequently reported symp- 

om during the BQ.1∗ wave (78.9%), followed by cough, headache, 

nd sore throat, each reported by more than 50% of participants 

 Table 2 ). The number of symptoms reported was similar between 

he BQ.1∗ wave and previous waves. However, individuals in the 

Q.1∗ wave were more likely to report shortness of breath (47.4% 

s 14.6%, P < 0.001) and less likely to report diarrhea (2.6% vs 

6.5%, P = 0.043) ( Table 2 ). Additionally, the proportion of symp- 

omatic cases meeting the WHO definition criteria was significantly 

ower during the BQ.1∗ wave compared to previous waves (47.4% vs 

9.9%, P = 0.023) ( Table 2 ). None of the SARS-CoV-2-positive indi- 

iduals during the BQ.1∗ wave required medical attention, in con- 

rast to 3.8% (95% CI = 1.2-9.1%) during previous waves ( Table 2 ). 

ousehold secondary attack rate 

Among 54 households with at least one confirmed case of 

ARS-CoV-2, we selected 115 residents from 35 households with 

ore than one resident to estimate the secondary attack rate 

SAR). Among these participants, 35 were classified as index cases, 
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Figure 3. Genome-based phylogenetic tree of SARS-CoV-2 Omicron subvariants identified in this study and in the city of Salvador, Brazil. 

Table 2 

Symptoms and severity outcomes of symptomatic SARS-CoV-2 positive participants during the BQ.1 wave vs in previous omicron waves, Salvor, Brazil. 

Characteristics No. (%) or median (IQR) P -value 

SARS-CoV-2 positive in the BQ.1 

survey a n = 38 

SARS-CoV-2 positive in the active 

case finding a n = 103 

No. of symptoms 4.0 (2.0-6.0) 4.0 (2.5-6.5) 0.590 

Frequency of symptoms 

Rhinorrhea 30 (78.9) 70 (68.0) 0.287 

Cough 24 (63.2) 78 (75.7) 0.205 

Headache 19 (50.0) 64 (62.1) 0.268 

Sore throat 19 (50.0) 58 (56.3) 0.633 

Short of breath 18 (47.4) 15 (14.6) < 0.001 

Fever 14 (36.8) 52 (50.5) 0.211 

Fatigue 10 (26.3) 26 (25.2) 1 

Shiver 7 (18.4) 20 (19.4) 1 

Myalgia 6 (15.8) 29 (28.2) 0.198 

Anorexia 4 (10.5) 15 (14.6) 0.781 

Loss of taste 4 (10.5) 10 (9.7) 1 

Loss of smell 3 (7.9) 8 (7.8) 1 

Diarrhea 1 (2.6) 17 (16.5) 0.043 

Nausea 1 (2.6) 12 (11.7) 0.186 

Mental state altered 1 (2.6) 2 (1.9) 1 

Other symptoms b 4 (10.5) 7 (6.8) 0.705 

Meet the World Health Organization COVID-19 case definition c 18 (47.4) 72 (69.9) 0.023 

Healthcare need 

Medical attention, n (%) 0 (0) 4 (3.8) 0.567 

Urgent care visit, n (%) 0 (0) 3 (2.7) 0.773 

Hospitalization, n (%) 0 (0) 0 (0) NA 

a BQ.1 survey was conducted between November 16 and December 22, 2022 and the active case finding was conducted between November 20, 2021, to October 26, 202. 
b Other symptoms, besides at least one mentioned in the list, included eye discomfort, knuckle, abdominal, chest or lower back pain, itching, and bitterness in the 

mouth. 
c World Health Organization definition: acute onset of fever and cough, or acute onset of any three or more of the following signs or symptoms: fever, cough, general 

weakness/fatigue, headache, myalgia, sore throat, coryza, dyspnea, nausea, diarrhea and anorexia. 
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5 were secondary cases, and 55 were negative contacts (Sup- 

lementary Figure 2). The crude SAR was 31.3% (95% CI = 22.2- 

2.1), and other SARs stratified by non-index characteristics are 

resented in Supplementary Table 1. Individuals under 18 were 

ore likely to be secondary cases compared to those 18 and older 

relative risk = 2.03, 95% CI = 1.04-3.95). Using multiple imputa- 
164
ions to estimate the SAR in the entire cohort while considering 

he household number of residents distribution, sex, age, vaccina- 

ion, and previous participation in the previous survey, we found 

 low SAR in households with a high number of residents (Sup- 

lementary Figure 4). However, the 95% CIs from the observed and 

stimated data overlap in both the pooled SAR and the stratified 
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nalysis by household number of residents (Supplementary Figure 

 and Supplementary Table 8). 

ocumented prior exposure 

A detailed description of the evolution of seroprevalence and 

accination in the cohort before the outbreak described here, 

imed at understanding hybrid immunity in this community, is 

rovided in Supplementary Table 2. However, due to uncertainties 

egarding seropositivity associated with vaccination or infection, 

nd the loss of follow-up, it was not possible to clearly define prior 

xposure associated with either or both once vaccination became 

vailable (after survey 1). The evaluation of risk factors associated 

ith BQ.1 PCR positivity is outlined in Supplementary Table 3. We 

dentified a signal of protection (odds ratio = 0.50; 95% CI = 0.25- 

.97) suggesting that previous infection during survey 1, conducted 

rom November 2020 to February 2021, may serve as a proxy for a 

otentially lower risk of reinfection during the subsequent months 

ntil the BQ.1∗ outbreak in this community. 

iscussion 

We describe a rapid and large outbreak predominantly caused 

y BQ.1∗ that we estimated affected 56% (95% CrI = 36 to 88%) 

f individuals in our population over 5 weeks. Our population was 

reviously highly exposed with 97% having detectable immunity to 

ARS-CoV-2 from prior infection and/or high rates of vaccination 

efore the outbreak we describe here. Our findings highlight that 

ven populations in which a high proportion of individuals have 

een previously infected and/or vaccinated can experience sub- 

tantial outbreaks of BQ.1∗ [17 , 18] . During the study period, BQ.1∗

as the most prevalent variant (90.7%) compared to XBB. This dif- 

ers from other regions such as Singapore and India [19–22] where 

BB emerged as the most common variant at the end of 2022. 

hile BQ.1 remained the predominant variant in the US and Eu- 

ope until the last weeks of 2022, increasing trends of XBB have 

een observed in these regions. In the first and sixth week of 2023, 

BB became the most prevalent variant in the US and Europe, re- 

pectively [22 , 23] , while the incidence of XBB in Brazil remained 

ow. The mechanisms driving the emergence of one strain over the 

ther are not understood [23] . 

Although this population had a high incidence of infection, 

edically attended illness rates were extremely low. Compared to 

 previous period of BA.1 predominance, fewer individuals met 

HO clinical diagnosis criteria during the BQ.1∗ wave. This change 

n symptom presentation may lead to an underestimation of BQ.1∗

ncidence from surveillance based on clinical criteria. Similar shifts 

n symptom patterns were observed during the previous BA.1 and 

A.2 transmission periods compared to the Delta variant [7] . Addi- 

ionally, during the Omicron BA.1 period, there was a decrease in 

he severity of symptoms, hospitalizations, and deaths compared 

o pre-Alpha variants and the displaced Delta variant [24 , 25] . This 

ifference could be due to the high prior exposure [13] , changes 

n health-seeking behavior, or intrinsic differences between viral 

ineages. While PCR tests were useful in identifying cases dur- 

ng epidemic SARS-CoV-2 waves, they may not be affordable for 

ommunity-based surveys, particularly in resource-limited settings. 

herefore, it is important to update diagnostic algorithms that con- 

ider the presence and combination of symptoms associated with 

he emergence of new variants. 

We found some evidence that immune status was linked to 

he risk of RT-PCR-detected infection in this population. Individu- 

ls who were first infected before the first round of surveys (be- 

ore November 2020) had a reduced risk of infection. As these 

eople had the greatest opportunity to acquire multiple infec- 

ions, our results suggest that people who were frequently exposed 
165
o SARS-CoV-2 may accumulate protective immunity from multi- 

le prior exposures [19 , 26 , 27] . Low rates of reporting to national

urveillance systems over time mean that cohort studies will be- 

ome increasingly relied upon to understand immunity to SARS- 

oV-2. Such studies should measure immune status, exposure his- 

ory, and detect incident infections. Assessing COVID-19 transmis- 

ion through serosurveys can be challenging for open cohorts that 

ay face issues such as loss to follow-up and incomplete regis- 

ration. Additionally, the presence of vaccines can complicate the 

nterpretation of serological results as they may reflect either in- 

ection or vaccination. Here, we use novel methods to integrate 

CR-confirmed infections with Ct values to reconstruct the dynam- 

cs of infection in this cohort. Due to the challenge of identifying 

ases through passive surveillance, future studies, including ours, 

ill need to integrate multiple sources of information to charac- 

erize the dynamics of infections in populations. We identified a 

igh secondary transmission rate of 31.3% (95% CI 22.2-42.1). While 

here are no epidemiological studies that confirm the increased in- 

ectiousness of the Omicron BQ.1 variant, we used insights from 

revious variants, such as BA.1 and BA.2, to contextualize our find- 

ngs [28 , 29] . It has been reported that the Omicron variant is as-

ociated with a ∼50% secondary household transmission [29 , 30] . 

he high attack rate observed in our study underscores the ur- 

ent need to implement prevention measures in addition to vac- 

ine campaigns to limit transmission. 

We acknowledge the limitations in our study. Firstly, the study 

as conducted during the peak of the outbreak, which may limit 

ur ability to fully characterize the outbreak. Although we esti- 

ated cumulative incidence, the uncertainty during the pre-study 

ecruitment period is reflected in the wide 95% credible interval 

uring this period, and our estimate relied on a small number of 

tudies measuring RT-PCR positivity over time following an Omi- 

ron infection. Secondly, as described above there was likely mis- 

lassification in our identification of prior SARS-CoV-2 exposure 

sing previous serosurveys. Moreover, the use of RT-PCR positiv- 

ty as the outcome of interest in our regression analysis likely 

nduced misclassification of the outcome of interest (i.e., infec- 

ion during the outbreak). Thirdly, self-reported data were used 

o evaluate symptoms, which may have introduced recall bias. Fi- 

ally, our assumption that all secondary cases within a house- 

old were infected by the primary case in the SAR analysis was 

 simplification and did not account for infections acquired out- 

ide of the household. Additionally, as a prevalence survey study, 

ur estimates of incidence outside the study period were moder- 

tely sensitive to model assumptions in a sensitivity analysis. Fi- 

ally, we assumed that symptomatic and asymptomatic individu- 

ls had the same Ct distribution following infection, which may 

ave biased our estimate of cumulative incidence. The direction of 

ias depends on which features of the Ct curve differ by symptom 

tatus. 

Our findings emphasize the importance of monitoring new vari- 

nts and their clinical outcomes during the ongoing COVID-19 pan- 

emic. Utilization of new tools, such as mathematical modeling 

nd phylogenetic analysis can improve outbreak characterization 

nd allow for continued monitoring of incidence as the COVID-19 

utbreak continues. 
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