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Background From August to September 2022, Urumqi, the cap-
ital of the Xinjiang Uygur Autonomous Region in China, faced 
its largest COVID-19 outbreak caused by the emergence of the 
SARS-CoV-2 Omicron BA.5.2 variants. Although the super-
spreading of COVID-19 played an important role in triggering 
large-scale outbreaks, little was known about the superspread-
ing potential and heterogeneity in the transmission of Omicron 
BA.5 variants.

Methods In this retrospective observational, contact tracing 
study, we identified 1139 laboratory-confirmed COVID-19 cases 
of Omicron BA.5.2 variants, and 51 323 test-negative close con-
tacts in Urumqi from 7 August to 7 September 2022. By using de-
tailed contact tracing information and exposure history of linked 
case-contact pairs, we described stratification in contact and het-
erogeneity in transmission across different demographic strata, 
vaccine statuses, and contact settings. We adopted beta-binomial 
models to characterise the secondary attack rate (SAR) distribu-
tion among close contacts and modelled COVID-19 transmission 
as a branching process with heterogeneity in transmission gov-
erned by negative binomial models.

Results After the city lockdown, the mean case cluster size de-
creased from 2.0 (before lockdown) to 1.6, with decreased pro-
portions of contacts in workplace and community settings com-
pared with household settings. We estimated that 14% of the 
most infectious index cases generated 80% transmission, where-
as transmission in the community setting presented the highest 
heterogeneity, with 5% index cases seeding 80% transmission. 
Compared with zero, one, and two doses of inactivated vaccine 
(Sinopharm), index cases with three doses of vaccine had a lower 
risk of generating secondary cases in terms of the reproduction 
number. Contacts of female cases, cases with ages 0-17 years, and 
household settings had relatively higher SAR.

Conclusions In the context of intensive control measures, active 
case detection, and relatively high vaccine coverage, but with an 
infection-naive population, our findings suggested high hetero-
geneity in the contact and transmission risks of Omicron BA.5 
variants across different demographic strata, vaccine statuses, 
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The global COVID-19 pandemic has been sustained by the SARS-CoV-2 Omicron variant, which is the fifth 
variant of concern (VOC) declared by the World Health Organization (WHO) in November 2021 [1]. The 
pandemic was dominated by the Omicron BA.5 variants (first detected in South Africa in February 2022) 
which, along with its descendants, accounted for more than 78.9% of all viral sequences sampled globally 
during epidemiological week 39 in 2022 (September 26 to October 2, 2022) [2].

Preventing and controlling the VOC outbreaks is often challenging due to the evolved characteristics com-
pared with historical strains [3-5] While vaccination has been rapidly ramped up in most of the regions, 
up-to-date evidence suggests its waned effectiveness against the Omicron BA.5 variant due to its significant 
ability of immune escaping [6,7]. Public health and social measures (PHSMs), such as contact tracing, case 
isolation, and region-wide lockdown, have been effective for rapid outbreak control [8,9]. However, there is 
often concern about superspreading events (defined as the single-generation spread of infection that involves 
an unusually large number of cases), as they could lead to large outbreaks despite strict PHSMs [10-14]. Such 
events may arise from heterogeneous outbreak dynamics, where most transmissions were generated by a 
small fraction of cases that may be biologically (e.g. higher within-host viral load) and/or behaviourally (e.g. 
had more social interaction with other people) different from other infected cases [15,16]. COVID-19 out-
breaks are often heterogeneous. Studies that characterised the transmission heterogeneity of the COVID-19 
pandemic suggested that 80% of the transmissions were seeded by 19% of the cases for the wild-type strains 
11, as opposed to 15% for the Delta variants (the previous global circulating VOC) and 9% for the Omicron 
BA.1 variant [17]. Assessing the transmission heterogeneity for an infectious agent in context could aid in 
understanding disease transmissibility.

According to classic epidemiological theory [18], virus transmissibility can be described by an effective re-
production number R (defined as the average number of cases an infectious case can generate in a particular 
time) that represents the average transmissibility of a virus, and a dispersion parameter k that reflects the 
individual heterogeneity in R. The heterogeneity in R could arise from individual differences in the social 
contact pattern [19,20] (e.g. settings where contact occurred, number of contacts made), the duration of the 
infectious period [21], and the probability of infection being transmitted per contact that can be quantified 
by the secondary attack rate (SAR) [22]. Previous studies suggested that contact, secondary transmission, 
and SAR during the early phase of the COVID-19 epidemic differed substantially by demographic factors 
(e.g. age and sex), contact settings, and clinical severity [19,20,23,24].

Targeted PHSMs that were indicated by heterogeneous transmission risks and contact patterns could give 
rise to the efficient control of outbreaks [10,25-27]. To date, little is known about the heterogeneity in the 
transmission of the VOC, especially for the current circulating Omicron BA.5. [27]. Using detailed contact 
tracing data collected from Urumqi, an epicentre of the Omicron BA.5.2 outbreak in Xinjiang, China, we 
assessed the stratification in contact patterns and variation in the transmission risks to examine the level of 
heterogeneity in transmission and superspreading potentials of the Omicron BA.5 variants.

METHODS
Study design and setting

This was a retrospective observational, contact tracing study including all laboratory-confirmed COVID-19 
cases and close contacts identified from 7 August to 7 September 2022, in Urumqi, China, with informa-
tion on exposure risks by linking case-contact pairs.

As of July 2022, the vaccination coverage was 90% and >72% of two and three doses of inactivated (Sino-
pharm) vaccines, respectively, among the general population of mainland China, similar to that among the 
inhabitants of Urumqi city. Since mainland China implemented the “zero COVID-19” policy in 2020, no 
large-scale COVID-19 outbreak had occurred in Urumqi or in most of China.

The first COVID-19 case infected by the Omicron BA.5.2 variant was detected in Urumqi on 7 August 2022. 
Since then, the variant spread promptly and the epidemic peaked on 13 August 2022. In response, the local 

and contact settings. Given the rapid evolution of SARS-CoV-2, investigating the distribution of trans-
mission not only helped promote public awareness and preparedness among high-risk groups, but also 
highlighted the importance of continuously monitoring the transmission characteristics of genetic vari-
ants of SARS-CoV-2.
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government imposed intense temporary “static management” measures on 10 August, including a city-wide 
lockdown, mass testing, symptom-based surveillance, contact tracing, and case isolation [28]. All confirmed 
cases were sent to the appointed hospital, where detailed epidemiological investigations for each case were 
conducted to record their exposure and contact history. The identified close contacts of the confirmed cases 
were immediately sent to the quarantine centre for routine real-time reverse transcription polymerase chain 
reaction (RT-PCR) testing and medical observation. Additionally, all individuals in Urumqi underwent RT-
PCR testing on a daily basis (i.e. city-wide mass detection) to proactively detect COVID-19 cases. The “zero 
COVID-19” measures remained active on mainland China until 28 November 2022. We investigated the 
characteristics of SARS-CoV-2 Omicron transmission during the “zero COVID-19” period.

Participants

We collected epidemiological contact tracing data for Omicron BA.5.2 cases reported between 7 August and 
7 September 2022, from the Centre for Disease Control and Prevention in Urumqi, China. All cases were 
laboratory-confirmed by RT-PCR on a nasopharyngeal or oropharyngeal swab (Appendix S1 in the Online 
Supplementary Document). For each case, we extracted information on age, sex, contact and exposure 
history, contact settings (i.e. household, community, workplace, and unknown contact settings), symp-
tom onset date, case diagnosis date, and vaccination history. We excluded cases without available patient 
record information. Contact tracing data were collected and analysed as part of an ongoing public health 
outbreak investigation. All confirmed cases were sent to designated hospitals, where each case underwent 
rigorous epidemiological investigation by recording contact and exposure history. All close contacts of con-
firmed COVID-19 cases before diagnosis were immediately quarantined for 10 days, during which symp-
tom (e.g. continuous fever, cough) monitoring, and RT-PCR tests were conducted for all citizens on a daily 
basis. According to the local COVID-19 control measures policy, daily RT-PCR tests were mandatory for 
all residents in Urumqi. Test-negative close contacts without influenza-like symptoms were released after 
a 10-day quarantine period.

The SARS-CoV-2 genetic samples of 11 COVID-19 cases confirmed in the first few days of the outbreaks 
were sent for whole genome sequencing. The SARS-CoV-2 genetic variants that caused this outbreak were 
classified as the Omicron BA.5.2 sub-lineage per the PANGO lineage designation (Appendix S2 in the On-
line Supplementary Document).

We defined close contacts as individuals who had close contact records with laboratory-confirmed COVID-19 
patients. We categorised the identified close contacts based on the corresponding contact settings, includ-
ing the household, community, workplaces, and unknown settings (i.e. the information on the type of set-
tings was not available). We identified epidemiological links between cases and constructed infector-infect-
ee transmission pairs per the contact and exposure history of individual cases, defining a group of cases 
that are epidemiologically linked with a common single source of infection as a case cluster. A case cluster 
only involved a single generation, although there could be linkages between case clusters (i.e. transmission 
chain). Sporadic cases (cases leading to no secondary cases) were counted as case clusters with a size equal 
to one. The details of the identification of transmission pairs are provided in Appendix S3 in the Online 
Supplementary Document.

Statistical analyses

We summarised close contact characteristics and case cluster sizes using descriptive statistics and used gen-
eralised linear regression models to analyse the temporal trend of contact frequencies. The model described 
in Figure 1, panel C used a general linear model (GLM), with the number of contacts as the dependent and 
the calendar date as the independent variable. We examined the differences between the cluster size pre- 
and post-city lockdown using the Student’s two-sample t-test.

We calculated SAR as the proportion of RT-PCR test-positive contacts out of the total number of close con-
tacts (including both test-negative and test-positive contacts), which was widely used to quantify the trans-
mission risk among individuals with exposure history to sources of infection [29]. To characterise the het-
erogeneity that arose in the individual SAR, we assumed that the number of secondary cases (test-positive 
contacts) out of the total number of close contacts of an infector followed a beta-binomial distribution, 
where the probability of transmission (i.e. SAR) was assumed to be a random variable drawn from a beta 
distribution [30] (Appendix S5 in the Online Supplementary Document). We performed estimations of 
transmission heterogeneity by including all cases and stratifying by the infectors’ age (i.e. ages of 0-17, 18-
65, and >65), vaccination status (i.e. number of doses received), contact settings, and epidemic period (i.e. 
pre- and post-city-wide lockdown).
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To estimate the heterogeneity in the secondary transmissions, following Lloyd-Smith et al. [18], we fitted 
the identified case cluster data to a negative binomial distribution that was parametrised by the effective re-
production number R (mean parameter) and the dispersion parameter k. The lower the k value is, the high-
er the heterogeneity in the transmission. Terminal cases (i.e. cases that were identified as the end nodes of 
transmission chain or cluster) and sporadic cases were considered as those cases having zero offspring cas-
es. Using the estimated R and k, we computed the expected proportion of cases that seeded 80% of trans-
mission events [31,32] and the expected proportion of cases generating zero secondary cases (Appendix S4 
in the Online Supplementary Document).

We estimated the model parameters with a Bayesian statistical framework by using the Markov chain Monte 
Carlo (MCMC) method (Appendix S4.3 and S5.2 in the Online Supplementary Document). We performed 
all statistical analyses in R (version 4.1.3) [33].

Figure 1. The epidemic curve, the trend of number of close contacts, and the case cluster size from 7 August to 7 Sep-
tember 2022 in Urumqi, China. Panel A. Epidemic curve of the daily number of laboratory-confirmed COVID-19 
cases by the test-positive date. Panel B. Daily number of close contacts by the last date of contact with their associat-
ed index cases. Panel C. Number of close contacts of each index case by the last date of contact, stratified by contact 
settings. Panel D. The case cluster size by the test-positive date of the identified seed case of the cluster, stratified by 
epidemic periods before vs after city lockdown (the vertical bold dashed line).
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RESULTS
From 7 August to 7 September 2022, 1139 COVID-19 cases infected with the BA.5.2 variants were reported 
in Urumqi, among which 43.0% were sporadic and 57.0% were epidemiologically linked with other cases 
(Figure 1, panel A). Among these, 1003 (88.1%) were vaccinated with at least one dose of inactivated vac-
cine before being test-positive, with 23 receiving one dose, 271 receiving two doses, and 709 receiving three 
doses. The process for collecting the data from the close contacts of the confirmed cases is shown in Appen-
dix S3 in the Online Supplementary Document. We identified 51 786 close contacts that were linked with 
769 seed cases. Among the 51 786 close contacts, 33 076 (63.9%) had a contact history with female cases, 
48 746 (94.1%) with asymptomatic cases, and 46 805 (90.4%) with cases aged 18-65. Compared with the 
pre-city lockdown epidemic phase, the number of index cases increased, whereas the number of close con-
tacts decreased (Table 1). The number of close contacts in various contact settings decreased consistently 
and substantially following the city lockdown on 10 August 2022 (Figure 1, panel B). The decreasing trend 
for the number of close contacts per index case within different contact settings and the difference in the 
mean size of case clusters between epidemic phases were statistically significant (Figure 1, panels C and 1D).

Table 1. Baseline characteristics of index cases infected with SARS-CoV-2 Omicron BA.5.2 variants and summary statistics of their 
close contacts

Characteristic of 
index case

Index case,  
n (%)

Number of contacts stratified by contact settings, n (SD)
Household Community Workplace Unknown setting Overall

Sex

Male 510 (44.8%) 695 (2.8) 398 (3.4) 778 (17.0) 16 839 (86.8) 18 710 (91.1)

Female 629 (55.2%) 965 (2.8) 1600 (16.0) 988 (7.7) 29 523 (158.5) 33 076 (165.4)

Age

0-17 226 (19.8%) 234 (2.0) 141 (3.8) 16 (0.3) 3051 (31.4) 3442 (33.7)

18-65 821 (72.1%) 1317 (2.9) 1532 (11.1) 1698 (14.9) 42 258 (152.4) 46 805 (158.9)

>65 92 (8.1%) 109 (3.7) 325 (26.2) 52 (2.8) 1053 (26.0) 1539 (37.8)

Symptomatic status

Symptomatic 83 (7.3%) 59 (1.3) 6 (0.4) 12 (0.9) 2963 (129.8) 3040 (131.3)

Asymptomatic 1056 (92.7%) 1601 (2.9) 1992 (12.6) 1754 (13.2) 43 399 (131.6) 48 746 (137.9)

Vaccine dosage

0-1 159 (14.0%) 180 (3.1) 126 (4.3) 85 (3.7) 3597 (72.1) 3988 (77.7)

2 271 (23.8%) 330 (2.6) 477 (15.6) 111 (3.4) 5999 (78.7) 6917 (82.9)

3 709 (62.2%) 1150 (2.9) 1395 (11.8) 1570 (15.9) 36 766 (154.7) 40 881 (161.2)

Epidemic period

Pre-lockdown 376 (33.0%) 744 (2.7) 1569 (19.5) 1366 (21.7) 26 407 (193.7) 30 086 (202.9)

Post-lockdown 763 (67.0%) 916 (2.9) 429 (5.4) 400 (2.7) 19 955 (81.8) 21 700 (83.8)

SD – standard deviation

We collected contact tracing data for the 1139 laboratory-confirmed cases (649 linked cases and 490 spo-
radic cases) with Omicron BA.5.2 infection. After reconstruction of the epidemiological linkages between 
cases, we identified a total of 236 case clusters, 463 transmission pairs, and 186 transmission chains (Figure 
2). Within the identified case clusters, 100 infectors generated at least two secondary cases. The largest case 
cluster involved 23 secondary cases directly seeded by a single case. Although the number of case clusters 
decreased, the transmission pattern remained similar pre- and post-city-wide lockdown, with most termi-
nal transmissions (the end of the transmission chain or case clusters) occurring in households (Figure 2).

After excluding 370 cases with no associated close contact, we included the remaining 769 index cases for 
estimating the SAR. The fitted beta-binomial distribution gave a mean SAR of 6.5% (95% credible interval 
(CrI) = 4.9-8.6) with a 95% percentile of 41% (95% CrI = 30-56) for all cases (Table S1 in the Online Supple-
mentary Document). Female cases (8%, 95% CrI = 6-11), cases aged between 0-17 (14%, 95% CrI = 9-20), 
and symptomatic cases (10.4%, 95% CrI = 4.9-21.0) had relatively higher mean SAR estimates. The mean 
SAR decreased as the doses of vaccine that infectors received increased. Moreover, the mean SAR was the 
highest within household contact settings (21%, 95% CrI = 18-24) and was higher during the epidemic phase 
after the lockdown was imposed. A considerable proportion of infectors (approximately 20%) aged between 
0-17 or with fewer than three doses of vaccine had an SAR larger than 20% (Figure 3, panels A and B). 
Furthermore, the SAR for household contact settings was estimated at above 40% for approximately 20% 
of infectors (Figure 3, panel C).
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Figure 2. Visualization of the transmission network of all COVID-19 case clusters in Urumqi between August 7 and September 10, 
2022. Epidemiologically linked cases are connected by grey edges, and the arrows denote the direction of transmission, stratified by 
the epidemic period. Panel A. Before city lockdown. Panel B. After city lockdown.

Figure 3. Complementary cumulative distribution function (i.e. tail distribution) of the fitted beta distributions of sec-
ondary attack rate (SAR). Each curve represents the proportion of seed cases (i.e. infectors) that had SAR larger than 
the given number on the horizontal axis. Panel A. Stratified by age groups. Panel B. Stratified by vaccine doses. 
Panel C. Stratified by contact settings. Panel D. Stratified by epidemic period.
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Stratifications R (95% CrI) k (95% CrI) Prop80% (95% CrI)† Prop0% (95% CrI)‡
Overall (n = 1139)* 0.47 (0.40-0.54) 0.27 (0.21-0.34) 14% (12-17) 76% (72-80)

Type of contact setting§

Household (n = 515) 0.50 (0.42-0.60) 0.34 (0.24-0.47) 16% (13-20) 73% (68-78)

Community (n = 196) 0.11 (0.04-0.23) 0.11 (0.03-Inf) 5% (2-16) 93% (79-98)

Workplace (n = 203) 0.31 (0.16-0.56) 0.10 (0.05-0.22) 7% (4-13) 87% (76-93)

Unknown (n = 689) 0.33 (0.24-0.45) 0.16 (0.11-0.24) 10% (7-13) 83% (76-88)

Age of infectors

0-17 (n = 226) 0.49 (0.35-0.67) 0.36 (0.21-0.64) 17% (12-24) 74% (62-82)

18-65 (n = 821) 0.46 (0.39-0.55) 0.24 (0.19-0.32) 14% (11-16) 77% (73-81)

>65 (n = 92) 0.49 (0.30-0.75) 0.55 (0.24-2.82) 20% (12-34) 70% (51-82)

Vaccine doses of infectors

0-1 (n = 159) 0.48 (0.31-0.73) 0.46 (0.21-1.42) 19% (11-30) 72% (56-83)

2 (n = 271) 0.53 (0.39-0.71) 0.42 (0.25-0.80) 18% (13-26) 71% (60-79)

3 (n = 709) 0.45 (0.38-0.54) 0.22 (0.17-0.30) 13% (11-16) 78% (73-82)

Epidemic period

Pre-lockdown (n = 376) 0.58 (0.47-0.72) 0.30 (0.22-0.41) 16% (13-20) 72% (66-78)

Post-lockdown (n = 763) 0.39 (0.30-0.48) 0.31 (0.20-0.49) 14% (11-19) 78% (71-83)

CrI – credible interval
*Includes the sporadic and terminal cases, i.e. sample size.
†Expected proportion of the most infectious seed cases that were responsible for 80% of transmission events.
‡The expected proportion of seed cases with 0 secondary case, i.e. no transmission.
§The summation of sample sizes in different contact settings was larger than the overall sample size (515 + 196 + 203 + 689 > 1139) 
because some index cases had close contacts (and possibly offspring cases) in more than one contact settings, and thus the trans-
mission of such index cases in different contact settings were accounted separately. Besides, for each contact setting, the sample size 
was smaller than the overall sample size (515 < 1139, 196 < 1139, 203 < 1139, and 689 < 1139. This was because an index case would 
not be counted in a contact setting, if this index case has 0 close contact in this contact setting.

DISCUSSION
Since December 2021, the Omicron variant of SARS-CoV-2 has rapidly spread around the world and has 
constantly been evolving. The unique study population (i.e. high vaccination coverage but almost no histo-
ry of natural infections) and public management measures policy (i.e. frequent mass SARS-CoV-2 testing of 
the entire city with proactive contact tracing of every infected case) created a unique research site for this 
study, allowing us to study the essential characteristics of SARS-CoV-2 Omicron transmission, including 
the heterogeneity of transmission and superspreading potentials. Using detailed contact tracing data collect-
ed during the outbreak in Urumqi, China, we investigated the heterogeneity in the transmission risk of the 
Omicron BA.5.2 sub-lineage across demographic and clinical factors of cases, contact settings, and epidemic 
phases. Broadly, the risk of transmission was lower for male cases, middle-aged cases, asymptomatic cases, and 

butions, stratified by different contact settings, age groups, vaccine doses, and epidemic periods
Table 2. Summary of the estimated reproductive number (R) and dispersion parameter (k) of negative binomial distri- 

0.39 (95% CrI = 0.30-0.48), while the k estimates remained at the same level (Table 2 and Figure 4).
After the implementation of city lockdown, the R estimates decreased from 0.58 (95% CrI = 0.47 = 0.72) to 
a third dose of the vaccine had the largest heterogeneity in secondary transmission (Table 2 and Figure 4). 
much across age groups and doses of vaccination, but the infectors aged 18-65 and those that had received 
tions was the highest in the community setting, with an estimated k of 0.11. The R estimates did not differ 
an estimated R of 0.11 (95% CrI = 0.04-0.23). The degree of heterogeneity in the number of secondary infec- 
ting, with an R estimated at 0.50 (95% CrI = 0.42-0.60), but was the lowest in the community settings, with 
plementary Document), the estimated risk of transmission appeared to be the highest in the household set- 
tified in different settings to the negative binomial distribution (Table 2 and Figure S2 in the Online Sup- 
secondary infections (Figure S1 in the Online Supplementary Document). After fitting case clusters iden- 
infection seeded 80% of the local transmissions, with 76% (95% CrI = 72-80) of the cases leading to zero 
tings (Table 2). Based on these estimates, we inferred that 14% (95% CrI = 12-17) of the cases with BA.5.2 
We estimated an R of 0.47 (95% CrI = 0.40-0.54) and a k of 0.27 (95% CrI = 0.21-0.34) across all contact set- 
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those that received a full course of vaccine than for their within-group counterparts. Among contact settings, 
BA.5.2 was more transmissible in households than in workplace and community settings. The imposition of 
city lockdown was also the risk modifier of the transmission and superspreading potentials of COVID-19.

Other studies also found higher transmission risks (both SAR and R) within households compared with 
other settings [23,24,34], possibly because they often featured an enclosed area, prolonged exposures, and 
lack of protection with face masks. The higher risk of transmission within households could also contribute 
to the increment in the SAR estimates after the city-wide lockdown, as most of the non-household contacts 
were curbed and within-household contacts increased due to the physical confinement. Therefore, effective 
measures to reduce within- and between-household transmission, such as rapid identification and quaran-
tine of household contacts, should be considered in future outbreaks [35]. We found that the transmission 
within community settings (e.g. health care givers and patients in the same ward, persons sharing a vehi-
cle or restaurant, and community workers having contact with cases in public places) was much more dis-
persed, with the lowest SAR, R, and k estimates among all contact settings, which was consistent with the 
findings for the wild-type strain from a previous study [34]. The rapidly implemented lockdown measures 
likely contribute largely to the lower values of SAR and R across the community settings. Although a lower 
k value represented a higher potential of observing superspreading events in some circumstances [11,17,36], 
the excessive “class zero” (i.e. the proportion of cases leading to zero secondary infections) was the hall-
mark of a negative binomial offspring distribution with sufficiently low R and k values [18] (e.g. R = 0.11 and 
k = 0.11 in the community setting), under which the probability of large outbreaks is extremely low. None-
theless, outbreaks that emerged from highly heterogeneous transmission dynamics with low k values were 
more likely to be explosive with shorter doubling times and higher epidemic peaks [18,21].

Although Omicron BA.5 variants were characterised by a stronger ability to escape the immune response, 
we found that the third (i.e. booster) dose of vaccination might be associated with some protection against 
BA.5.2 transmission (Table S1 in the Online Supplementary Document). Moreover, we found that the vi-
rus was more transmissible among younger cases than adult cases during the BA.5.2 outbreaks, likely due 
to the lower vaccination coverage among younger generations compared with older generations in Urumqi 
(70.28% versus 79.28%). We also found that female cases had a higher transmission risk than male cases, 
possibly due to the them having a higher frequency of social contact [37]. Although the lockdown decreased 
the average R-value, the heterogeneity in k-value remained unaffected. This is in line with the findings of 
Lloyd-Smith et al. [18], indicating that population-wide public health interventions are effective in reduc-
ing population infectiousness but have no effect on transmission heterogeneity. They found that, compared 
with population-wide control measures, individual-specific measures (e.g. targeting high-risk settings and 
super-spreaders) would lead to more efficient mitigations by reducing the effective reproduction number 
but raising the heterogeneity, which favours disease extinction [18]. Thus, targeted PHSMs that recognise 
the differential risk of transmission between contact settings and demographic factors should be prioritised 
when planning control policies.

As a measure of transmission probability per contact, SAR was always treated as an average characteristic 
across the whole case population or contact settings [24,38,39]. We fitted the contact tracing data to the be-

Figure 4. The estimated effective reproduction number (R) and dispersion parameter (k). The solid circles denote 
mean estimates, and the horizontal and vertical bars denote 95% CrIs of R and k, respectively. The gradient colour 
of middle dots denoted the proportion (%) of the most infectious cases that seeded 80% of transmissions. Panel A. 
Stratified by contact settings. Panel B. Stratified by epidemic period (right panel).
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ta-binomial distribution, assuming SAR to be a random variable following a beta distribution. The estimat-
ed SAR of all Omicron BA.5.2 cases was higher than that of the wild-type strain (<4%) [19,24] and the pre-
vious circulating Delta VOC (1.4%) [40], indicating the higher transmissibility of the novel variant among 
populations with high vaccine coverage. The higher variance-to-mean ratio of the estimated SAR distribu-
tions across groups suggested a significant heterogeneity in the probability of transmission for the Omicron 
BA.5.2 outbreak. Specifically, the variance to mean ratio of SAR in community and workplaces was 2.64- 
and 1.80-fold higher than in the household settings, respectively, which might be due to the relatively low 
variance in the number of households and contacts.

Our study has some limitations. First, our analysis depends on the accuracy of the contact tracing data, 
which was subject to recall bias and underreporting of cases. However, the case detection rate was assumed 
to be higher during the study period in Urumqi, given that the local outbreaks were quickly contained by 
intensive outbreak investigation, contact tracing, and mass testing. Second, the contact setting information 
for a large proportion of close contacts was not available, which may influence our estimated transmission 
heterogeneity between contact settings (e.g. the less conclusive k estimates within community settings). 
Third, our contribution to the understanding of the individual heterogeneity in SAR should be interpret-
ed in the context of stringent PHSMs, under which the individual level of exposure was truncated due to 
the shortened infectious period of infectors such that the intrinsic SAR of BA.5.2 variants would be high-
er than what we obtained here. Previous studies explicitly modelled the individual heterogeneity of expo-
sure in the SAR, and the resultant estimates could be more generalisable [19,23,41]. Additionally, we did 
not consider the heterogeneity in the infectious period. Previous studies explicitly modelled the individual 
variations in the infectious period and demonstrated that this source of heterogeneity could also shape the 
outbreak dynamics [21]. Modelling studies are warranted to further investigate the impact of variations in 
SAR on transmission dynamics.

CONCLUSIONS
We found that, in the context of intensive control measures, active case detection, and relatively high vac-
cine coverage, but with an infection-naive population, the contact pattern and transmission risks of cases 
infected with Omicron BA.5 variants manifested substantial heterogeneity across different demographic stra-
ta, vaccine statuses, and contact settings. Given the rapid evolution of SARS-CoV-2, investigating the dis-
tribution of transmission could not only help to promote public awareness and preparedness among high-
risk groups, but also stress the importance of continuously monitoring the transmission characteristics of 
genetic variants of SARS-CoV-2.

Ethics statement: The collection of specimens, epidemiological and clinical data for SARS-CoV-2-infected individuals 
and their close contacts is a part of a continuing public health investigation of COVID-19 outbreaks, ruled in the Proto-
col on the Prevention and Control of COVID-19 by the National Health Commission of the People’s Republic of China, 
which was exempt from ethical approval (i.e. institutional review board assessment). This study was approved by the 
institutional ethics committee of Xinjiang Medical University (IRB No.: XJYKDXR20221001001).

Data availability: The original database containing confidential patient information cannot be made public. The ano-
nymised data used in this study are available upon reasonable request.

Funding: This study was supported by the Natural Science Foundation of Xinjiang (Grant No.: 2021D01C268), the Na-
tional Natural Science Foundation of China (Grant Nos.: 11961071, 12071173, 12171192), the Technology Innovation 
Team (Tianshan Innovation Team) Project (Grant No.: 2022TSYCTD0015).

Authorship contributions: Conceptualization: SZ. Methodology: KW, TZ, and SZ. Software: KW, TZ, ZL, and HL. 
Validation: ZG, YmL, and SZ. Formal analysis: KW, MT, and TZ. Investigation: KW, TZ, YmL, and SZ. Resources: YqL, 
YC, and KW. Data curation: JW, SL, XF, and YW. Writing – original draft: YqL, ZG, TZ, and SZ. Writing – review and 
editing: SS, YmL, ZT, MT, JW, SL, XF, ZL, WW, YC, and SZ. Visualization: KW, TZ, and ZL. Supervision: KW, ZT, and 
SZ. Project Administration: KW, WW, and YqL. Funding acquisition: TZ, WW, YC, and KW. All authors critically read 
the manuscript and gave final approval for publication.

Disclosure of interest: The authors completed the ICMJE Disclosure of Interest Form (available upon request from the 
corresponding author) and disclose no relevant interests.

Additional material
Online Supplementary Document

https://jogh.org/documents/2023/jogh-13-06018-s001.pdf


Lu et al. 
RE

SE
A

RC
H

 T
H

E
M

E
 2

: C
O

V
ID

-1
9

2023  •  Vol. 13  •  06018 10 www.jogh.org • doi: 10.7189/jogh.13.06018

 1  World Health Organization. Classification of Omicron (B.1.1.529): SARS-CoV-2 Variant of Concern. Available: https://
www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern. Accessed: 21 
October 2022.

 2  World Health Organization. Weekly epidemiological update on COVID-19 - 19 October 2022. Available: https://www.who.
int/publications/m/item/weekly-epidemiological-update-on-covid-19---19-october-2022. 19 October 2022).

 3  Liu Y, Rocklöv J. The reproductive number of the Delta variant of SARS-CoV-2 is far higher compared to the ancestral 
SARS-CoV-2 virus. J Travel Med. 2021;28:taab124. Medline:34369565 doi:10.1093/jtm/taab124

 4  Liu Y, Rocklöv J. The effective reproductive number of the Omicron variant of SARS-CoV-2 is several times relative to Del-
ta. J Travel Med. 2022;29:taac037. Medline:35262737 doi:10.1093/jtm/taac037

 5  Chen Z, Deng X, Fang L, Sun K, Wu Y, Che T, et al. Epidemiological characteristics and transmission dynamics of the out-
break caused by the SARS-CoV-2 Omicron variant in Shanghai, China: A descriptive study. Lancet Reg Health West Pac. 
2022;29:100592. Medline:36090701 doi:10.1016/j.lanwpc.2022.100592

 6  Hachmann NP, Miller J, Collier AY, Ventura JD, Yu J, Rowe M, et al. Neutralization Escape by SARS-CoV-2 Omicron Sub-
variants BA.2.12.1, BA.4, and BA.5. N Engl J Med. 2022;387:86-8. Medline:35731894 doi:10.1056/NEJMc2206576

 7  Cao Y, Yisimayi A, Jian F, Song W, Xiao T, Wang L, et al. BA.2.12.1, BA.4 and BA.5 escape antibodies elicited by Omicron 
infection. Nature. 2022;608:593-602. Medline:35714668 doi:10.1038/s41586-022-04980-y

 8  Cowling BJ, Ali ST, Ng TWY, Tsang TK, Li JCM, Fong MW, et al. Impact assessment of non-pharmaceutical interventions 
against coronavirus disease 2019 and influenza in Hong Kong: an observational study. Lancet Public Health. 2020;5:e279-
88. Medline:32311320 doi:10.1016/S2468-2667(20)30090-6

 9  Flaxman S, Mishra S, Gandy A, Unwin HJT, Mellan TA, Coupland H, et al. Estimating the effects of non-pharmaceutical 
interventions on COVID-19 in Europe. Nature. 2020;584:257-61. Medline:32512579 doi:10.1038/s41586-020-2405-7

10  Althouse BM, Wenger EA, Miller JC, Scarpino SV, Allard A, Hébert-Dufresne L, et al. Superspreading events in the 
transmission dynamics of SARS-CoV-2: Opportunities for interventions and control. PLoS Biol. 2020;18:e3000897. Med-
line:33180773 doi:10.1371/journal.pbio.3000897

11  Adam DC, Wu P, Wong JY, Lau EHY, Tsang TK, Cauchemez S, et al. Clustering and superspreading potential of SARS-
CoV-2 infections in Hong Kong. Nat Med. 2020;26:1714-9. Medline:32943787 doi:10.1038/s41591-020-1092-0

12  Kochańczyk M, Grabowski F, Lipniacki T. Super-spreading events initiated the exponential growth phase of COVID-19 
with R0 higher than initially estimated. R Soc Open Sci. 2020;7:200786. Medline:33047040 doi:10.1098/rsos.200786

13  Zhao S, Chong MKC, Ryu S, Guo Z, He M, Chen B, et al. Characterizing superspreading potential of infectious disease: 
Decomposition of individual transmissibility. PLOS Comput Biol. 2022;18:e1010281. Medline:35759509 doi:10.1371/
journal.pcbi.1010281

14  Wang J, Chen X, Guo Z, Zhao S, Huang Z, Zhuang Z, et al. Superspreading and heterogeneity in transmission of SARS, 
MERS, and COVID-19: A systematic review. Comput Struct Biotechnol J. 2021;19:5039-46. doi:10.1016/j.csbj.2021.08.045. 
Medline:34484618

15  Frieden TR, Lee CT. Identifying and Interrupting Superspreading Events-Implications for Control of Severe Acute Respi-
ratory Syndrome Coronavirus 2. Emerg Infect Dis. 2020;26:1059-66. Medline:32187007 doi:10.3201/eid2606.200495

16  Chen PZ, Koopmans M, Fisman DN, Gu FX. Understanding why superspreading drives the COVID-19 pandemic but not 
the H1N1 pandemic. Lancet Infect Dis. 2021;21:1203-4. doi:10.1016/S1473-3099(21)00406-0. Medline:34352224

17  Zhao S, Guo Z, Chong MKC, He D, Wang MH. Superspreading potential of SARS-CoV-2 Delta variants under intensive 
disease control measures in China. J Travel Med. 2022;29: taac025. Medline:35238919 doi:10.1093/jtm/taac025

18  Lloyd-Smith JO, Schreiber SJ, Kopp PE, Getz WM. Superspreading and the effect of individual variation on disease emer-
gence. Nature. 2005;438:355-9. Medline:16292310 doi:10.1038/nature04153

19  Tsang TK, Fang LQ, Zhang A, Jiang FC, Ruan SM, Liu LZ, et al. Variability in transmission risk of SARS-CoV-2 in close 
contact settings: A contact tracing study in Shandong Province, China. Epidemics. 2022;39:100553. Medline:35287110 
doi:10.1016/j.epidem.2022.100553

20  Ko YK, Furuse Y, Ninomiya K, Otani K, Akaba H, Miyahara R, et al. Secondary transmission of SARS-CoV-2 during the first 
two waves in Japan: Demographic characteristics and overdispersion. Int J Infect Dis. 2022;116:365-73. Medline:35066162 
doi:10.1016/j.ijid.2022.01.036

21  Elie B, Selinger C, Alizon S. The source of individual heterogeneity shapes infectious disease outbreaks. Proc Biol Sci. 
2022;289:20220232. Medline:35506229 doi:10.1098/rspb.2022.0232

22  Jørgensen SB, Nygård K, Kacelnik O, Telle K. Secondary Attack Rates for Omicron and Delta Variants of SARS-CoV-2 in 
Norwegian Households. JAMA. 2022;327:1610-1. Medline:35254379 doi:10.1001/jama.2022.3780

23  Jing QL, Liu MJ, Zhang ZB, Fang LQ, Yuan J, Zhang AR, et al. Household secondary attack rate of COVID-19 and associated 
determinants in Guangzhou, China: a retrospective cohort study. Lancet Infect Dis. 2020;20:1141-50. Medline:32562601 
doi:10.1016/S1473-3099(20)30471-0

24  Luo L, Liu D, Liao X, Wu X, Jing Q, Zheng J, et al. Contact Settings and Risk for Transmission in 3410 Close Contacts of 
Patients With COVID-19 in Guangzhou, China : A Prospective Cohort Study. Ann Intern Med. 2020;173:879-87. Med-
line:32790510 doi:10.7326/M20-2671

25  Kain MP, Childs ML, Becker AD, Mordecai EA. Chopping the tail: How preventing superspreading can help to maintain 
COVID-19 control. Epidemics. 2021;34:100430. Medline:33360871 doi:10.1016/j.epidem.2020.100430

26  Nielsen BF, Simonsen L, Sneppen K. COVID-19 Superspreading Suggests Mitigation by Social Network Modulation. Phys 
Rev Lett. 2021;126:118301. Medline:33798363 doi:10.1103/PhysRevLett.126.118301

RE
FE

RE
N

C
E

S

https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---19-october-2022
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---19-october-2022
https://pubmed.ncbi.nlm.nih.gov/34369565
https://doi.org/10.1093/jtm/taab124
https://pubmed.ncbi.nlm.nih.gov/35262737
https://doi.org/10.1093/jtm/taac037
https://pubmed.ncbi.nlm.nih.gov/36090701
https://doi.org/10.1016/j.lanwpc.2022.100592
https://pubmed.ncbi.nlm.nih.gov/35731894
https://doi.org/10.1056/NEJMc2206576
https://pubmed.ncbi.nlm.nih.gov/35714668
https://doi.org/10.1038/s41586-022-04980-y
https://pubmed.ncbi.nlm.nih.gov/32311320
https://doi.org/10.1016/S2468-2667(20)30090-6
https://pubmed.ncbi.nlm.nih.gov/32512579
https://doi.org/10.1038/s41586-020-2405-7
https://pubmed.ncbi.nlm.nih.gov/33180773
https://pubmed.ncbi.nlm.nih.gov/33180773
https://doi.org/10.1371/journal.pbio.3000897
https://pubmed.ncbi.nlm.nih.gov/32943787
https://doi.org/10.1038/s41591-020-1092-0
https://pubmed.ncbi.nlm.nih.gov/33047040
https://doi.org/10.1098/rsos.200786
https://pubmed.ncbi.nlm.nih.gov/35759509
https://doi.org/10.1371/journal.pcbi.1010281
https://doi.org/10.1371/journal.pcbi.1010281
https://doi.org/10.1016/j.csbj.2021.08.045
https://pubmed.ncbi.nlm.nih.gov/34484618
https://pubmed.ncbi.nlm.nih.gov/34484618
https://pubmed.ncbi.nlm.nih.gov/32187007
https://doi.org/10.3201/eid2606.200495
https://doi.org/10.1016/S1473-3099(21)00406-0
https://pubmed.ncbi.nlm.nih.gov/34352224
https://pubmed.ncbi.nlm.nih.gov/35238919
https://doi.org/10.1093/jtm/taac025
https://pubmed.ncbi.nlm.nih.gov/16292310
https://doi.org/10.1038/nature04153
https://pubmed.ncbi.nlm.nih.gov/35287110
https://doi.org/10.1016/j.epidem.2022.100553
https://pubmed.ncbi.nlm.nih.gov/35066162
https://doi.org/10.1016/j.ijid.2022.01.036
https://pubmed.ncbi.nlm.nih.gov/35506229
https://doi.org/10.1098/rspb.2022.0232
https://pubmed.ncbi.nlm.nih.gov/35254379
https://doi.org/10.1001/jama.2022.3780
https://pubmed.ncbi.nlm.nih.gov/32562601
https://doi.org/10.1016/S1473-3099(20)30471-0
https://pubmed.ncbi.nlm.nih.gov/32790510
https://pubmed.ncbi.nlm.nih.gov/32790510
https://doi.org/10.7326/M20-2671
https://pubmed.ncbi.nlm.nih.gov/33360871
https://doi.org/10.1016/j.epidem.2020.100430
https://pubmed.ncbi.nlm.nih.gov/33798363
https://doi.org/10.1103/PhysRevLett.126.118301


RE
SE

A
RC

H
 T

H
E

M
E

 2
: C

O
V

ID
-1

9

Transmission heterogeneity of SARS-CoV-2 Omicron BA.5 variant

www.jogh.org • doi: 10.7189/jogh.13.06018 11 2023  •  Vol. 13  •  06018

27  Sneppen K, Nielsen BF, Taylor RJ, Simonsen L. Overdispersion in COVID-19 increases the effectiveness of limiting nonre-
petitive contacts for transmission control. Proc Natl Acad Sci U S A. 2021;118: e2016623118. Medline:33741734 doi:10.1073/
pnas.2016623118

28  Times G. Urumqi enforces ‘static management’ in parts of city to stem new wave of coronavirus resurgence. Available: 
https://www.globaltimes.cn/page/202208/1272640.shtml. Accessed: 10 August 2022.

29  Madewell ZJ, Yang Y, Longini IM Jr, Halloran ME, Dean NE. Household Secondary Attack Rates of SARS-CoV-2 by Vari-
ant and Vaccination Status: An Updated Systematic Review and Meta-analysis. JAMA Netw Open. 2022;5:e229317. Med-
line:35482308 doi:10.1001/jamanetworkopen.2022.9317

31  Thompson HA, Mousa A, Dighe A, Fu H, Arnedo-Pena A, Barrett P, et al. Severe Acute Respiratory Syndrome Coronavirus 
2 (SARS-CoV-2) Setting-specific Transmission Rates: A Systematic Review and Meta-analysis. Clin Infect Dis. 2021;73:e754-
64. Medline:33560412 doi:10.1093/cid/ciab100

31  Endo A; Centre for the Mathematical Modelling of Infectious Diseases COVID-19 Working Group. Abbott S, Kucharski AJ, 
Funk S. Estimating the overdispersion in COVID-19 transmission using outbreak sizes outside China. Wellcome Open 
Res. 2020;5:67. Medline:32685698 doi:10.12688/wellcomeopenres.15842.3

32  Woolhouse ME, Dye C, Etard JF, Smith T, Charlwood JD, Garnett GP, et al. Heterogeneities in the transmission of infec-
tious agents: implications for the design of control programs. Proc Natl Acad Sci U S A. 1997;94:338-42. Medline:8990210 
doi:10.1073/pnas.94.1.338

33  R Core Team. R: A language and environment for statistical computing [version 4.1.3]. 2013. Available: https://www.r-proj-
ect.org/. Accessed: 21 October 2022.

34  Sun K, Wang W, Gao L, Wang Y, Luo K, Ren L, et al. Transmission heterogeneities, kinetics, and controllability of SARS-
CoV-2. Science. 2021;371:eabe2424. Medline:33234698 doi:10.1126/science.abe2424

35  Pei S, Kandula S, Cascante Vega J, Yang W, Foerster S, Thompson C, et al. Contact tracing reveals community transmis-
sion of COVID-19 in New York City. Nat Commun. 2022;13:6307. Medline:36274183 doi:10.1038/s41467-022-34130-x

36  Lim JS, Noh E, Shim E, Ryu S. Temporal Changes in the Risk of Superspreading Events of Coronavirus Disease 2019. Open 
Forum Infect Dis. 2021;8:ofab350. Medline:34322570 doi:10.1093/ofid/ofab350

37  Litwin H, Shiovitz-Ezra S. Social network type and subjective well-being in a national sample of older Americans. Geron-
tologist. 2011;51:379-88. Medline:21097553 doi:10.1093/geront/gnq094

38  Lyngse FP, Kirkeby CT, Denwood M, Christiansen LE, Mølbak K, Møller CH, et al. Household transmission of SARS-CoV-2 
Omicron variant of concern subvariants BA.1 and BA.2 in Denmark. Nat Commun. 2022;13:5760. Medline:36180438 
doi:10.1038/s41467-022-33498-0

39  López-Muñoz I, Torrella A, Pérez-Quílez O, Castillo-Zuza A, Martró E, Bordoy AE, et al. SARS-CoV-2 Secondary Attack 
Rates in Vaccinated and Unvaccinated Household Contacts during Replacement of Delta with Omicron Variant, Spain. 
Emerg Infect Dis. 2022;28:1999-2008. Medline:36037811 doi:10.3201/eid2810.220494

40  Kang M, Xin H, Yuan J, Ali ST, Liang Z, Zhang J, et al. Transmission dynamics and epidemiological characteristics of SARS-
CoV-2 Delta variant infections in Guangdong, China, May to June 2021. Euro Surveill. 2022;27:2100815. Medline:35272744 
doi:10.2807/1560-7917.ES.2022.27.10.2100815

41  Uyeki TM, Bresee JS. Detecting human-to-human transmission of avian influenza A (H5N1). Emerg Infect Dis. 2007;13:1969-
71. Medline:18258068 doi:10.3201/eid1312.071153

RE
FE

RE
N

C
E

S

https://pubmed.ncbi.nlm.nih.gov/33741734
https://doi.org/10.1073/pnas.2016623118
https://doi.org/10.1073/pnas.2016623118
https://www.globaltimes.cn/page/202208/1272640.shtml
https://pubmed.ncbi.nlm.nih.gov/35482308
https://pubmed.ncbi.nlm.nih.gov/35482308
https://doi.org/10.1001/jamanetworkopen.2022.9317
https://pubmed.ncbi.nlm.nih.gov/33560412
https://doi.org/10.1093/cid/ciab100
https://pubmed.ncbi.nlm.nih.gov/32685698
https://doi.org/10.12688/wellcomeopenres.15842.3
https://pubmed.ncbi.nlm.nih.gov/8990210
https://doi.org/10.1073/pnas.94.1.338
https://www.r-project.org/
https://www.r-project.org/
https://pubmed.ncbi.nlm.nih.gov/33234698
https://doi.org/10.1126/science.abe2424
https://pubmed.ncbi.nlm.nih.gov/36274183
https://doi.org/10.1038/s41467-022-34130-x
https://pubmed.ncbi.nlm.nih.gov/34322570
https://doi.org/10.1093/ofid/ofab350
https://pubmed.ncbi.nlm.nih.gov/21097553
https://doi.org/10.1093/geront/gnq094
https://pubmed.ncbi.nlm.nih.gov/36180438
https://doi.org/10.1038/s41467-022-33498-0
https://pubmed.ncbi.nlm.nih.gov/36037811
https://doi.org/10.3201/eid2810.220494
https://pubmed.ncbi.nlm.nih.gov/35272744
https://doi.org/10.2807/1560-7917.ES.2022.27.10.2100815
https://pubmed.ncbi.nlm.nih.gov/18258068
https://doi.org/10.3201/eid1312.071153

