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Methods This prospective observational study enrolled households comprising a confirmed COVID-19 index patient 100751

with at least one uninfected contact and a child (<18 years of age who maybe an index or contact). Participant data,
nasopharyngeal swabs, and blood samples were collected at entry and final visit. Participants recorded daily
symptoms for 21 days and self-administered SARS-CoV-2 antigen tests every other day for 14 days. Incident
infections were confirmed by RT-PCR. Secondary attack rates (SARs) were calculated and associated factors were
analyzed using multivariable generalized estimating equations models. Phylogenetic analysis was used to
confirm intra-household transmission.

Findings From July 2022 to May 2024, 93 households (93 index cases, 197 contacts) were enrolled; 52% of index cases
and 49% of contacts were <18 years. Among contacts, despite 89% (175/197) having received the SARS-CoV-2
vaccine (of whom 75% > 6 months prior), 44 became infected, yielding a household SAR of 33% (95% CL
24-44). In phylogenetically-confirmed transmission, SAR was 25% (95% CI: 17-35). Index low viral load
(aRR: 0.82, 95% CI: 0.74-0.92) and contacts baseline anti-NCP IgG positivity (aRR: 0.42, 95% CI: 0.22-0.83) were
significantly associated with lower household transmission.

Interpretation Despite widespread vaccination, household transmission of SARS-CoV-2 remained common. Prior
immunity in contacts and lower viral load in index cases reduced risk. These findings underscore the central role
of households in ongoing spread and highlight the value of booster vaccination and genomic surveillance to
clarify transmission pathways and inform prevention policies.
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Research in context

Evidence before this study

We searched PubMed using the terms (“SARS-CoV-2" OR
“COVID-19") AND ("household transmission”) for articles
published between January 2020 and December 2021. This
time frame corresponds to when our study was initiated.
This search identified 139 articles, of which few were
prospective household studies conducted in Southeast Asia.
During the subsequent Omicron wave, additional
publications reported high secondary attack rates (SARs)
across various settings. However, data on children-related
transmission in post-vaccination settings remained limited,
especially in Southeast Asia. Moreover, few studies have used
genomic evidence to distinguish between intra-household
and community-acquired transmission. Our study addresses
these gaps by examining household transmission involving
children in Chiang Mai, northern Thailand, during the
Omicron wave.

Added value of this study
This prospective cohort study combines longitudinal clinical,
serological, virological, and genomic data to investigate

Introduction
Thailand was the first country outside China to report a
confirmed case of SARS-CoV-2 in January 2020,' and
has since experienced multiple waves of transmission.*’
Thailand began the roll-out of SARS CoV-2 vaccines in
early 2021, initially using inactivated virus vaccines
(CoronaVac by Sinovac Biotech Ltd. and BBIBP-CorV
by Sinopharm), and a viral vector vaccine (ChAdOx1
nCoV-19 by AstraZeneca). Thailand also adopted het-
erologous prime-boost regimens (mixed vaccine
schedules) as part of its immunization strategy.* From
August 2021, mRNA-based vaccines were introduced
for adults and adolescents and extended to younger
children from February 2022.>° A modeling study based
on Ministry of Public Health (MoPH) data estimated
that vaccination prevented 84,518 deaths among in-
dividuals over 80 years old,° highlighting the age-
dependent protective effects of COVID-19 vaccines.
Chiang Mai Province is in the northern part of
Thailand and has an estimated population of approxi-
mately 1.8 million people. The city is a major tourist
hub and experienced significant economic disruption
during the COVID-19 pandemic, particularly in its
tourism-dependent sectors. In January 2021, the
Chiang Mai University Mass Vaccination Hub (CMU-
MVH) opened as part of Thailand’s mass immuniza-
tion campaign.” Despite the widespread adoption of
SARS-CoV-2 infection control measures in Thailand,

SARS-CoV-2 transmission within households during the
Omicron wave. Despite high vaccine coverage, the study
reveals that transmission occurred in one-third of
households. Children and adults were equally likely to
transmit the virus within the household. Whole genome
sequencing shows that most infections were likely to be
intra-household transmission. Notably, prior immunity
reduced transmission risk to family members by more than
half and a lower viral load in index cases was associated with
reduced transmission risk to household members.

Implications of all the available evidence

This study highlights the critical need to prevent household
infection, particularly in SEA where large family sizes and
limited living spaces increase the risk. Our findings emphasize
the continued importance of booster vaccination and early
case isolation, even in the post-pandemic era when
populations are highly immunized. Incorporating routine
genomic surveillance into outbreak investigations is essential
to refine contact tracing, clarify infection sources, and
optimize control measures in COVID-19 management.

transmissibility of new SARS-CoV-2 variants among
Thai households remains high.* Households remain
indeed the primary setting for transmission and are
considered significant drivers of the pandemic.”"
Household transmission studies are essential for un-
derstanding secondary attack rates (SARs), trans-
mission dynamics, and associated factors under real-
world conditions. However, relatively few studies have
assessed household transmission dynamics after the
widespread rollout of SARS CoV-2 vaccines, particularly
the impact of vaccines on household transmission.'"'?
Furthermore, few studies have incorporated whole
genome sequencing (WGS) to determine whether
infections among household contacts are due to intra-
household transmission or community-acquired infec-
tion. This distinction is critical for designing isolation
measures and informing public health policies.’*™
Additionally, studies involving children have been
relatively limited and were mostly conducted during the
early waves with the alpha and delta variants.”'® Our
study addresses these gaps by examining household
transmission in Chiang Mai, northern Thailand, during
the Omicron wave. We aim to estimate the rate of
SARS-CoV-2 transmission within households and
identify associated risk factors. By integrating clinical,
virological, immunological, and genomic data, we pro-
vide a comprehensive understanding of transmission
dynamics during a period of high vaccine coverage.
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Methods

Study design and population

Between July 2022 and May 2024, this prospective
observational study enrolled households consisting of at
least one uninfected contact and one child (<18 years of
age) who could be either the index case or a contact at
risk of infection. The study design, based on the Eu-
ropean RECOVER household transmission study,' was
adapted to the Thai setting. The study included either
urban or suburban households.

Study population recruitment

Index cases diagnosed with SARS-CoV-2 were identi-
fied through the Chiangmai Provincial Public Health
Office or primary healthcare hospitals. They were then
referred to the study team for assessment of eligibility
and interest in participation. Households were eligible
for inclusion if they met the following criteria: (i) an
index case with a positive SARS-CoV-2 RT-PCR or an-
tigen result within the previous 48 h, (ii) residence in a
household with >2 members, of whom >1 tested
negative for SARS CoV-2 antigen at enrollment, and
(iii) the household including >1 child (<18 years of age)
participating in the study as the index case or a
household contact. Once the index case agreed, the
study team visited the household and conducted the
consent process.

Study procedures

At enrollment

A representative of each household completed a paper-
based questionnaire about the household composition
and living conditions. Each study participant completed
a questionnaire about their sociodemographic charac-
teristics, clinical history, and SARS CoV-2 vaccination
history. Nasopharyngeal/throat swabs were collected
from all household members who consented while
peripheral blood samples were collected from contacts
only. Nasopharyngeal/throat swabs were subsequently
subjected to SARS-CoV-2 RT-PCR testing to confirm
the infection status.

During follow-up

Household contacts were monitored for 21 days
(Table S1). During this time, they self-administered
SARS-CoV-2 antigen test using a rapid diagnostic test,
RDT (Flowflex SARS-CoV-2 Antigen Rapid Test, ACON
Biotech, Hangzhou, China) every other day for 14 days.
They also reported daily clinical symptoms via mobile
phone for 21 days and provided peripheral blood sam-
ples at the end of the follow-up visit. If a household
contact had a positive antigen test (with or without
symptoms), the study mobile team conducted a home
visit and collected nasopharyngeal/throat swabs and
blood samples on the day of positive results. Follow-up
for that household was then extended for an additional
14 days. Blood samples were transported and processed
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on the same day. Nasopharyngeal/throat swabs and
plasma samples were kept at =70 °C until use. At the
end of the study, a household representative completed
an end-of-study questionnaire.

Laboratory analysis

Virological evaluations

Viral RNA was extracted from nasopharyngeal/throat
swabs using the Zybio Nucleic Acid Extraction Kit B200-
32T (Zybio Inc., Chongging, China) and tested for the
presence of SARS-CoV-2 N and S genes using Tellgen
SARS-CoV-2 Nucleic acid detection kit (Tellgen Corp.,
Shanghai, China). Samples with a cycle threshold
value < 40 were defined as “detectable/positive”.

Immunological evaluations

All K,EDTA plasma samples collected from household
contacts at baseline, at time of positive SARS-CoV-2
antigen, and at end of study were tested for qualita-
tive IgG and IgM anti-SARS-CoV-2 nucleocapsid pro-
tein (NCP) using EUROIMMUN anti-SARS-CoV-2
NCP ELISA (EUROIMMUN, Libeck, Germany). Re-
sults at each time point were reported as the ratio of the
sample signal to the cut-off signal (S/CO ratio). If the S/
CO ratio was <1.1 the sample was considered negative;
if it was >1.1 the sample was considered positive for
IgG or IgM. Analysis of the IgM S/CO ratio over the
study period was conducted to identify an IgM sero-
conversion between the enrollment and end-of-study
samples. This may reflect an infection that was not
detected by the SARS-CoV-2 RDT or RT-PCR tests. The
results of IgG S/CO ratio at enrollment were used for
the analysis of factors associated with SARS-CoV-2
transmission.

Whole genome sequencing of SARS-CoV-2

Samples from all index cases and incident infections
with a RT-PCR cycle threshold (Ct) value less than 30
underwent whole genome sequencing using Oxford
Nanopore Technologies and the ARTIC SARS-CoV-2
sequencing protocol v4 (ARTIC v5.3.2, NCOV-2019
Panel: 10016495)" (https://artic.network/). PCR prod-
ucts were indexed using the Native Barcoding Kit 24 V14
(SQK-NBD114.24). Sequencing was performed using a
MinION MKIC with R10.4.1 flow cells (FLO-MIN114).
Raw sequence reads (FASTQ files) were filtered and
quality checked using fastp designed for short reads (300
and maximum limit acceptable of 600)"* and a Phred
quality score of at least 10. FASTQ sequences were
aligned using the open source basecaller for Oxford
Nanopore reads (https://github.com/nanoporetech/
dorado). The resulting BAM file was then submitted to
SAMtools to sort and pileup the sequences and iVar was
used to generate the consensus genome (FASTA
sequence).” Pangolin was used to assign SARS-CoV-2
lineages.” All the processes were performed using
Linux operating systems with Conda environment.
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Phylogenetic analysis

After quality checking and duplication removal,
remaining SARS CoV-2 whole genome sequences un-
derwent phylogenetic analysis. An additional 1850
sequences downloaded from GISAID representing
SARS-CoV-2 genomes from northern Thailand during
the study period were used (https://gisaid.org/hcov19-
variants). All sequences were aligned using MAFFT*'
using the Wuhan Hu-1 reference genome
(NC_045512.2). Then, a maximum likelihood phyloge-
netic tree was constructed using IQTREE v2.0* with
1000 bootstrap replicates. Trees were then time-
calibrated using TreeTime.”

To infer likely transmission events, we performed
tree-based clustering using a genetic distance threshold
corresponds to approximately 3 SNPs. Clustering was
performed across all bootstrap trees to calculate a
cluster probability for each sequence pair. Likely intra-
household transmission was defined when viral ge-
nomes from index and secondary cases within the same
household clustered together in more than 90% of
bootstrap trees and community-acquired transmission
was identified when sequences from secondary cases
clustered separately or with unrelated community

sequences. Phylogenetic trees and clustering results
were visualized using the ggtree** package in R.4.5.0.”
A detailed description of the phylogenetic analysis is
provided in Table S2.

Definition of SARS-CoV-2 secondary infection
within the household

In the main analysis, a secondary infection was
defined as a household contact who tested negative by
both RT-PCR and RDT at study entry but subsequently
tested positive to both tests during follow-up. In the
sensitivity analyses, a secondary infection was defined
as (i) a positive RT-PCR and RDT or an anti-
nucleocapsid (anti-NCP) IgM seroconversion at the
end of the study; or (ii) a positive RT-PCR and RDT
with confirmation of intra-household transmission
based on the phylogenetic analysis of SARS-CoV-2
whole genome sequences from infected household
contacts and the index cases.

Statistical analysis

Descriptive statistics were used to summarize the
baseline characteristics of households, index cases, and
household contacts, stratified by the age of the index

| 1,114 Potential index cases |

283 Index cases notreachable ~ +——

| 831 Index cases contacted |

391 Ineligible index cases
¢ 371 Index cases living alone or no children
in the household

) ] 344 Ineligible households
< Iqqexfcaiisavr:ere SARS-CoV-2 antigen * 196 Households where all members were
positive for ours L SARS-CoV-2 antigen positive
¢ 3Index cases were hospitalized [

* 148 Households were eligible but declined
to participate due to fear of venipuncture
and nasopharyngeal swabbing

96 Households (HH) visited for screening

96 Index cases

332 HH contacts

117 HH contacts declined participation
(Verbally informed during enrollment)

96 Index cases consented |

| 215 HH contacts consented

¢ 2lIndex cases RT-PCR negative
¢ 1Al HH contacts positive at
enrolment

93 Index cases
(45 Adults, 48 Children)

Fig. 1: Flowchart of household and participant enrollment.

Excluded
18 HH contacts RT-PCR positive at entry

197 HH contacts
(139 Adults, 58 Children)
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case (<18 and > 18 years). Secondary attack rates
(SARs) were calculated at the household and individual
levels. The household-level SAR was defined as the
proportion of households with >1 secondary infection
among participating household contacts. The person-
level SAR was defined as the proportion of secondary
infections among all at risk household contact. Based
on ethical considerations, household members were
free to decide whether to participate in the study or to
decline. Therefore, some households had all members
consent to participate, while others had only partial
participation depending on their willingness. The rea-
sons for declining to participate were described (Fig. 1).
The characteristics of households, index cases, and
household members in the two groups were described
in Tables S3-S5. Additionally, the factors associated
with household SARS CoV-2 infection and the sec-
ondary attack rates were estimated for households with
complete participation versus those with partial partic-
ipation (Tables S6 and S7). Estimates were presented
with 95% confidence intervals and stratified by the age
of index cases. SAR results were plotted using the
ggplot2”® package in R.

To identify factors associated with secondary SARS-
CoV-2 infections, we used generalized estimating
equations (GEE) to account for household clustering,
using STATA 17.” Included factors were household
characteristics, index case characteristics (e.g. age,
vaccination status, SARS CoV-2 RT-PCR Ct for N gene),
at risk household contact characteristics (e.g. age, sex,
vaccination status, comorbidities, SARS CoV-2 IgG S/
CO ratio) at study entry. A log link function with an
exchangeable correlation structure was applied in all
GEE models. Variables with a p-value <0.20 in uni-
variable analyses were included in the multivariable
GEE models to identify independent risk factors of
secondary infection and transmission. Age of the index
case and household size were included in the final
model as a priori confounders, based on previous
studies,'*” to account for their potential influence. Both
main analyses and sensitivity analyses were conducted
to assess the robustness of the associations. The results
of multivariable models are presented as adjusted risk
ratios (aRR) with 95% confidence intervals (95% CI) for
the most relevant variables. Forest plots were generated
using the ggplot2”® package to visualize the effect esti-
mates. Statistical significance was defined as a p-value
<0.05.

Ethics statement

This study was approved on June 6th, 2022, by the Ethic
Committee of the Faculty of Associated Medical Sci-
ences, Chiang Mai University (AMSEC-65FB-004).
Written informed consent was obtained from adults
and from parents/legal guardians of enrolled children;
assent was sought from children, where appropriate.
All members of the household were invited to
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participate and only those who consented were
included. Households were included if they met the
above inclusion criteria, even if not all members agreed
to participate.

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

Results

Study population

The flow diagram of study population selection is
shown in Fig. 1. Between July 2022 and May 2024, a
total of 1114 potential index cases were identified for
screening, of whom 831 were contacted. Among those
contacted, only 96 households met the eligibility criteria
(break up for non-eligibility provided in Fig. 1), 96 index
cases and 332 household contacts were enrolled.
Recruitment of index cases and the first household visit
were typically conducted within 1-2 days after notifi-
cation. After exclusion based on consent and positive
status, final analysis included 93 households,
comprising 93 index cases (45 adults and 48 children)
and 197 at-risk household contacts (139 adults and 58
children).

Baseline characteristics
Household, index case, and household contact charac-
teristics are summarized in Tables 1-3. The median

Household characteristics Total Index case Index case
(n=93) age <18 years age >18 years
(n = 48) (n = 45)
Household size (including index cases), 4 (3-5) 4 (3-5) 4 (4-5)
median (IQR)
Range (min-max) 2-8 2-7 3-8

<4 persons, n (%) 52 (56) 27 (56) 25 (56)

>4 persons, n (%) 41 (44) 21 (44) 20 (44)
Number of bedrooms, median (IQR) 3 (2-3) 3 (2-3) 3(2-3)

1 room, n (%) 4 (4) 4 (8) 0 (0)

2 rooms, n (%) 35 (38) 17 (35) 18 (40)

3 rooms, n (%) 38 (41) 17 (35) 21 (47)

4 rooms, n (%) 14 (15) 9 (19) 5(11)

5 rooms, n (%) 1(1) 1(2) 0 (0)

7 rooms, n (%) 1(1) 0 (0) 1(2)
Number of bathrooms, median (IQR) 2 (1-2) 2 (1-2) 2 (1-3)

1 room, n (%) 35(38) 18 (38) 17 (37)

2 rooms, n (%) 38 (41) 22 (46) 16 (37)

3 rooms, n (%) 15 (16) 5 (10) 10 (22)

4 rooms, n (%) 4(4) 2(4) 2.(4)

5 rooms, n (%) 1(1) 1(2) 0 (0)
Household members wearing masks 77 (83) 40 (83) 37 (82)
indoors, n (%)

Air condition use 20 (22) 14 (29) 6 (13)

Table 1: Characteristics of households, overall and by index age group.
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Index case characteristics Total Index case age Index case age
(n=93) <18 years >18 years
(n = 48) (n = 45)
Male 46 (50) 27 (56) 19 (42)
Age in years, median (IQR) 17 (11-43) 11 (5-13) 43 (35-50)
Children (<18 years), n (%) 48 (52) 48 (100) 0 (0)
Adult (18-59 years), n (%) 40 (43) 0 (0) 40 (89)
Elderly (>60 years), n (%) 5(5) 0 (0) 5 (11)
Highest Education level in adults, n (%) n =45 n=0 n =45
Primary school or below 10 (22) - 10 (22)
High school 20 (44) - 20 (44)
Bachelor’s degree or higher 15 (33) - 15 (33)
BMP?, n (%) n=93 n=48 n =45
Normal 41 (44) 28 (58) 13 (29)
Underweight 3Q3) 2 (4) 1(2)
Overweight 49 (53) 18 (38) 31 (69)
Have any symptoms, n (%) 89 (96) 45 (94) 44 (98)
SARS-CoV-2 vaccine doses received, n (%) n =93 n =48 n =45
None 15 (16) 15 (31) 0 (0)
1-2 doses 35 (38) 22 (46) 13 (29)
>3 doses 43 (46) 11 (23) 32 (71)
SARS-CoV-2 vaccine type received, n (%) n=78 n=33 n =45
mRNA only 37 (47) 33 (100) 4(9)
mRNA + other 12 (15) 0 (0) 12 (27)
Non mRNA 29 (37) 0 (0) 29 (64)
Most recent vaccine type received, n (%) n=78 n=33 n =45
Inactivated 1(1) 0 (0) 1(2)
Vector 9(12) 0 (0) 9 (20)
mRNA 68 (87) 33 (100) 35 (78)
Median time since last vaccine dose, n (%) n =78 n =33 n =45
Less than 1 month 1(1) 0 (0) 1(2)
1-3 months 2 (23) 2 (6) 0 (0)
4-6 months 17 (22) 14 (42) 3(7)
More than 6 months 58 (74) 17 (52) 41 (91)
Index cases wearing masks indoors, n (%) 85 (91) 43 (90) 42 (93)
Index cases using a separate bed from 78 (84) 39 (81) 39 (87)
other household members, n (%)
Laboratory results
Lineage of SARS CoV-2, n (%)
Omicron (BA) 56 (60) 31 (65) 25 (56)
Omicron (XBB) 23 (25) 7 (15) 16 (36)
Unspecified 14 (15) 10 (21) 4 (9)
RT-PCR cycle thresholds
N gene, median (IQR) 25.2 (22.2-28.3) 26.1(23.0-29.0) 23.5 (21.7-27.0)
N gene Ct < 30, n (%) 77 (84) 38 (81) 39 (87)
S gene, median (IQR) 22.9 (21.0-26.4) 242 (21.9-27.6) 22.0 (20.4-24.7)
S gene Ct < 30, n (%) 84 (91) 41 (87) 43 (96)
Table 2: Characteristics and laboratory results of index cases, overall and by index age group.

household size was 4 persons (IQR: 3-5). Most house-
holds had two or more bedrooms (96%) (Table 1). The
median age of the pediatric index cases was 11 (IQR:
5-13) and adult was 43 (IQR: 35-50), 69% of pediatric
and 100% of adult index cases had received at least one
dose of a SARS-CoV-2 vaccine, 48% of pediatric and 9%
of adults received vaccine less than 6 months prior to
enrollment (Table 2).

The contacts of pediatric index cases were primarily
parents and grandparents (72%). The contacts had a
high proportion of overweight individuals, with 25% of
pediatric and 16% of adult index case contacts reporting
chronic diseases. Among pediatric index case contacts
97% had received at least one SARS-CoV-2 vaccine with
35% receiving less than six months prior. Among
contacts of adult index cases 82% received a SARS-CoV-
2 vaccine with 13% receiving less than six months prior
to enrollment (Table 3).

At enrollment, more than 80% of pediatric and adult
index cases had N gene and S gene Ct < 30. Since both
N and S genes Ct values reflect the viral replication and
are highly correlated, only N gene Ct values were used
for the analysis of factors associated with secondary
infection (Table 2). 32% among pediatric index case
contacts and 16% among adult index case contacts
tested positive for prior immunity (anti-NCP IgG)
(Table 3).

Laboratory results

During follow up, 31 of the 93 households experienced
secondary infections, resulting in 44 infected and 153
non-infected household members whose characteristics
are summarized in Table S8. The median time between
the index case’s positive test or symptom onset and the
confirmed infection of secondary cases was 4.5 days
(IQR 3.0-5.0). Among 93 index cases and 44 household
infections, 11 index cases and 4 SARS-CoV-2—positive
household contacts had no sequence available due to
low viral load (Ct Value ~30). It leads us to a total of 122
individuals being sampled. After quality checking, we
have 121 SARS-CoV-2 whole genome sequences of in-
dividuals (81 index and 40 contacts in 30 households).
All these sequences were Omicron with 3 main Pango
Lineages: BA.2 (38%), BA.5 (28%) and XBB (29%), the
remaining being other Omicron lineages. In addition,
1850 sequences from GISAID have been added to these
sequences to build the phylogenetic tree (Figure S1).
The phylogenetic tree clustering identified 28 likely
household transmissions in 23 households, and 12
community transmissions in 10 households, including
three households with both types of transmissions.

Household-level and individual-level secondary
attack rates

The household-level SAR was 33% (95% CI: 24—-44) and
the individual-level SAR was 24% (95% CI: 17-32). A
sensitivity analysis with secondary infections based on
PCR or IgM seroconversion resulted in slightly
increased household (36%; 95% CI: 26—46) and indi-
vidual (24%; 95% CI: 18-33) -level SARs. A further
sensitivity analysis restricted the secondary infections to
those supported by PCR results and confirmed intra-
household transmission using sequencing data. This
resulted in household- and individuallevel SARs of
25% (95% CI: 17-35), and 15% (95% CI: 11-23),
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respectively. In both the main and sensitivity analyses
the household- and individual-level SAR did not
significantly differ by age of the index case (Fig. 2).

Factors associated with household SARS-CoV-2
infection

The factors associated with household infection of
SARS CoV-2 (main analysis), positive RDT/PCR or
positive SARS CoV-2 IgM (sensitivity analysis i), and
household transmission (sensitivity analysis ii) are
shown in Tables S9-S11, respectively. The univariable
analysis indicated that the index case’s vaccination sta-
tus, the N-gene RT-PCR Ct value, the age group of
household contacts, with elderly contacts showing
higher risk compared with children—and IgG positivity
were each associated with transmission. The SARS-
CoV-2 XBB lineage was not associated with a higher
risk of infection compared to BA lineage. In the
multivariable analysis (Fig. 3; Table S9), after adjusting
for household size and the age groups of index cases
and contacts, IgG positivity remained associated with a
55% lower risk of transmission (aRR: 0.45; 95% CI:
0.28-0.71; p=0.001). The index case N gene RT-PCR Ct
value was also associated with transmission risk (aRR:
0.92; 95% CI: 0.85-1.00; p = 0.045). Older household
members tended to have a higher risk of infection than
children (aRR: 1.71; 95% CI: 0.97-2.99; p = 0.062). A
sensitivity analysis with secondary infections based on
PCR or IgM seroconversion showed consistent results
(Fig. 3; Table S10). The sensitivity analysis restricted to
phylogenetically confirmed intra-household trans-
mission showed an 18% reduction risk per one unit
increase of N gene RT-PCR Ct value (aRR: 0.82; 95%
CI: 0.74-0.92, p < 0.0001). Regarding household contact
characteristics, IgG positivity was significantly associ-
ated with a 58% reduced risk of transmission (aRR:
0.42; 95% CI: 0.22-0.83; p = 0.013) (Fig. 3; Table S11).

Discussion
This prospective household transmission study, con-
ducted during the Omicron wave in Chiangmai,
Thailand, offers important insights into SARS-CoV-2
transmission dynamics in the post-vaccine rollout era.
At the beginning of the COVID-19 pandemic in
Thailand, SARS-CoV-2 transmission was relatively well
controlled. Individuals living in the same household as
a COVID-19 patient were considered to have high-risk
exposure. A serology study conducted among unvacci-
nated household contacts in Bangkok reported a sero-
prevalence of anti-SARS-CoV-2 S1 antibodies of 20.5%.
Factors strongly associated with seropositivity included
being related to the index case, staying in the same
room, and engaging in shared leisure activities.”

Only a few household studies have been conducted
in Thailand, most of which relied on retrospective an-
alyses of data collected by the Ministry of Public Health
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Household contacts characteristics Total Index case Index case
(n = 197) age< 18 years  age >18 years
(n = 96) (n = 101)
Male 105 (53) 51 (53) 54 (54)
Age, median (IQR) 36 (15-52) 39 (30-56) 27 (12-45)
Children (<18 years), n (%) 58 (29) 13 (14) 45 (41)
Adult (18-59 years), n (%) 106 (54) 65 (68) 41 (41)
Elderly (>60 years), n (%) 33 (17) 18 (19) 15 (15)
Relation with index case, n (%)
Child/Grandchild 12 (6) 1(1) 11 (11)
Parent 64 (32) 48 (50) 16 (16)
Grandparent 21 (11) 21 (22) 0 (0)
Spouse 22 (11) 1(1) 21 (21)
Other 78 (40) 25 (26) 53 (52)
Highest education level of adults, n (%) n =139 n=283 n=56
Primary school or below 43 (31) 24 (29) 19 (34)
High school 44 (32) 24 (29) 20 (36)
Bachelor’s degree or higher 52 (37) 35 (42) 17 (30)
BMI®, n (%)
Normal 95 (48) 42 (44) 53 (52)
Underweight 10 (5) 2 (2) 8 (8)
Overweight 92 (47) 52 (54) 40 (40)
Have Chronic diseases, n (%)
Hypertension 32 (16) 20 (21) 12 (12)
Kidney disease 2 (1) 1(1) 1(1)
Diabetes 6 (3) 303) 303)
Smoking, n (%) n =139 n =283 n =56
Never 107 (77) 63 (76) 44 (79)
Ever smoking 13 (9) 9 (11) 4 (7)
Currently smoking 19 (14) 11 (13) 8 (14)
SARS-CoV-2 vaccine doses received, n (%)
None 22 (11) 303) 19 (19)
1-2 doses 58 (30) 26 (27) 32 (32)
>3 doses 117 (60) 67 (70) 50 (50)
Vaccine type received, n (%) n =175 n=93 n=_82
mRNA only 47 (27) 14 (15) 33 (40)
mRNA + other 39 (22) 26 (28) 13 (16)
Non mRNA 89 (51) 53 (57) 36 (44)
Latest vaccine type received, n (%) n =175 n=93 n=282
Inactivated 8 (5) 6 (6) 2(2)
Vector 25 (14) 16 (17) 9 (11)
mRNA 142 (81) 71 (76) 71 (87)
Time from the latest vaccine dose, n (%) n =175 n=93 n =282
Less than 1 month 4 (2) 3(3) 1(1)
1-3 months 11 (6) 9 (10) 2 (2)
4-6 months 28 (16) 20 (22) 8 (10)
More than 6 months 132 (76) 61 (65) 71 (87)
Previously SARS CoV-2 positive, n (%)
Yes 95 (52) 47 (49) 438 (48)
No 102 (48) 49 (51) 53 (52)
Contacts wearing masks indoors, n (%) 77 (83) 40 (83) 37 (82)
(Table 3 continues on next page)

during the early waves of the pandemic.**° In a retro-
spective case—control study from April 2020, which
primarily used contact-tracing data from the Bangkok
area, factors independently associated with a lower risk
of infection included consistent mask use during
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Household contacts characteristics Total Index case Index case
(n =197) age< 18 years age >18 years
(n = 96) (n = 101)
(Continued from previous page)
Laboratory results
NCP IgG S/CO ratio at baseline (n = 176), 0.35 0.43 (0.07-1.33) 0.33 (0.09-0.76)
median (IQR) (0.08-1.03)

Positive (>1.1), n (%) 43 (24) 29 (32) 14 (16)

Negative (<1.1), n (%) 133 (76) 61 (68) 72 (84)

NCP IgM S/CO ratio at baseline (n = 176), 0.15 0.14 (0.07-0.30) 0.15 (0.08-0.30)
median (IQR) (0.08-0.30)

Positive (>1.1), n (%) 5@(3) 3(3) 2 (2)

Negative (<1.1), n (%) 171 (97) 87 (97) 84 (98)
Children’s BMI: Normal (z-score: < -2), underweight (z-score: -1.5 to 1.5), and overweight (z-score: >1.5).
?Adult's BMI: Normal (BMI: 18.5-22.9), underweight (BMI <18.5) and overweight (BMI: >23.0).

Table 3: Characteristics and laboratory results of household contacts, total and by index age
group.

contact, maintaining a distance of more than one meter
from an infected person, having close contact for less
than 15 min, and frequent handwashing. In that study,
the household secondary attack rate was 16.5% (38/
230).*° These findings highlight the importance of
consistent mask wearing, hand hygiene, and physical
distancing in preventing COVID-19 transmission.
However, following the rollout of vaccination programs,
strict isolation measures were relaxed, contributing to a
lower perceived risk and decreased adoption of protec-
tive behaviors.

We found that SARS-CoV-2 secondary transmission
remained substantial despite high vaccine rates and
prior exposure in the community. The overall SAR was
33% (95% CI: 24-44) at the household level and 24%
(95% CI: 17-32) at the individual level based on RT-
PCR-confirmed cases. Sensitivity analyses incorpo-
rating anti-NCP IgM seroconversion increased SAR
marginally, while WGS—confirmed intra-household
transmission yielded a household-level SAR of 25%
(95% CI: 17-35). These results are consistent with
Omicron-era findings from Denmark' but are lower
than pre-vaccine SARs reported in Thai and Bhutanese
studies conducted during earlier waves.*’' A meta-
analysis of household secondary attack rates (SARs)
across variant waves, including 135 studies in 36 coun-
tries, reported the highest SAR during the Omicron
period (42.7%; 95% CI, 35.4%-50.4%) and the lowest
total vaccine effectiveness  (35.8%; 95% CI,
13.0%-52.6%).** Fully vaccinated contacts generally had
lower SARs (18.8%) compared with unvaccinated con-
tacts (36.5%; p < 0.0001); however, during the Omicron
wave, SARs did not differ significantly between unvac-
cinated and booster-vaccinated contacts. This meta-
analysis underscores the increased household trans-
missibility of newer variants and the reduced vaccine
effectiveness against Omicron compared with earlier
variants. Nonetheless, the duration of protection against

emerging variants remains uncertain. The high overall
secondary attack rate (SAR) is consistent with the known
biological features of Omicron, including increased
transmissibility and partial escape from vaccine-induced
immunity,” which allow breakthrough infections and
maintain substantial onward transmission.

A key finding of our study is that the pre-existing
immunity to SARS-CoV-2 reduces the risk of infec-
tion by 55% (aRR: 0.45; 95% CI: 0.30-0.69), indicating
partial immunity derived from prior infection and/or
vaccination. This finding is consistent with emerging
evidence that hybrid immunity provides enhanced
protection against Omicron infection.” Viral load,
approximated by N gene RT-PCR Ct value of index
cases, was another key determinant of household
transmission. We observed a significant inverse asso-
ciation between Ct value and risk of transmission in
sensitivity models using phylogenetically-confirmed
transmissions, with each unit increase in Ct value
associated with a 18% reduction in transmission risk
(aRR: 0.82; 95% CI: 0.74-0.92). This finding un-
derscores the role of viral kinetics in modulating
infectiousness.** Contrary to some previous reports
suggesting higher transmissibility among young chil-
dren,” our study found no statistically significant dif-
ference in SAR based on index case age, supporting
inclusive surveillance and mitigation strategies regard-
less of age. In contrast, the age group of household
contacts showed a trend toward differential suscepti-
bility, with elderly contacts exhibiting a higher risk of
acquiring infection compared with children.

A strength of our study is its comprehensive inte-
gration of clinical, virological, serological, and genomic
data to robustly characterize transmission events.
Phylogenetic analysis provided an essential layer of
evidence for distinguishing intra-household trans-
mission from community-acquired infections. By inte-
grating genomic data with collection dates, we were
able to characterize transmission pathways more
confidently and reduce potential misclassification.
These findings emphasize the importance of routine
genomic sequencing in household studies and justify
continued investment in genomic surveillance to
improve our understanding of SARS-CoV-2 trans-
mission dynamics. The intensive testing schedule and
high participant retention (>95%) also strengthen the
validity of our findings. However, several limitations
should be acknowledged. About one third of household
members did not consent to participate. We conducted
a sub-analysis which included households with full
participation (35 households) and partial participation
of household members (58 households) (Tables S6 and
S7) and found no difference in household level SARs
(29% versus 36%, p = 0.45), while the overall SAR in the
main analysis was 33% among 93 households. The
protocol mentioned the criteria for inclusion, and it was
possible to enroll households even though not all
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Fig. 2: Household and individual secondary attack rates (SARs) by index case age. Panels a-c shows SARs according to the age of the index
case: a) Main analysis based on RT-PCR positivity (n = 93 households, 197 individuals; household-level p = 1.000, individual-level p = 0.470).
b) Sensitivity analysis based on RT-PCR or SARS-CoV-2 IgM positivity (n = 93 households, 197 individuals; household-level p = 0.990,
individual-level p = 0.400). c) Sensitivity analysis based on RT-PCR and phylogenetic analysis (n = 91 households, 192 individuals;
household-level p = 0.360, individual-level p = 0.730). Error bars represent 95% confidence intervals. SAR, secondary attack rate; RT-PCR,

reverse transcription polymerase chain reaction.
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members consented. This highlights the challenge of
achieving full household enrollment in field settings.
Declining participation in fear of venipuncture should
be considered when developing future studies. Of note,
18 household contacts were RT-PCR positive at entry.
This may have influenced transmission patterns.
Additionally, genomic sequencing could not be per-
formed for all RT-PCR-positive cases, especially those
with high Ct values, preventing the identification of
the route of transmission. Furthermore, the use of
anti-NCP IgG/IgM as a marker of past infection may
be confounded by prior vaccination with whole-virion
inactivated vaccines, which include the nucleocapsid
protein and can elicit anti-NCP antibodies. However,
the immune response to the nucleocapsid antigen is
typically weaker and more transient compared to
spike-based responses (e.g. anti-S, anti-RBD, or
neutralizing antibodies), potentially leading to unde-
tectable anti-NCP IgG in vaccinated individuals
depending on the timing or type of prior vaccination.
Thus, caution is needed when interpreting anti-NCP
results as evidence of natural infection. Finally, this
study was conducted in collaboration with the Chiang
Mai Provincial Public Health Office and primary
healthcare hospitals and relied on a mobile unit for
sample collection. While this approach may limit the
generalizability of our findings to other settings, it
enabled access to participants who might not attend
general hospitals and thus provided a sample more
representative of the general population.

In conclusion, our findings demonstrate that
despite a release of isolation and control measures,
household transmission of Omicron SARS-CoV-2 re-
mains a key concern even with high levels of vacci-
nation. Prior immunity, as evidenced by anti-NCP IgG
positivity, and lower viral load in index cases were
associated with reduced transmission risk. These re-
sults highlight the role of households in ongoing
transmission and reinforce the need for layered pre-
vention strategies, including booster vaccination and
isolation of high viral load individuals. Furthermore,
genomic surveillance should be considered a routine
component of outbreak investigations to accurately
identify transmission pathways and guide prevention
strategies and policy.
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