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Background: Understanding the relative transmissibility of SARS-CoV-2 virus across different contact settings and
the possibility of superspreading events is important for prioritizing disease control. Such assessment requires
proper consideration of individual level exposure history, which is made possible by contact tracing.

Methods: The case-ascertained study in Shandong, China including 97 laboratory-confirmed index cases and 3158
close contacts. All close contacts were quarantined after their last exposure of index cases. Contacts were tested
for COVID-19 regularly by PCR to identify both symptomatic and asymptomatic infections. We developed a
Bayesian transmission model to the contact tracing data to account for different duration of exposure among
individuals to transmission risk in different settings, and the heterogeneity of infectivity of cases.

Results: We estimate secondary attack rates (SAR) to be 39% (95% credible interval (CrI): 20-64%) in house-
holds, 30% (95% Crl: 11-67%) in healthcare facilities, 23% (95% Crl: 7-51%) at workplaces, and 4% (95% Crl:
1-17%) during air travel. Models allowing heterogeneity of infectivity of cases provided a better goodness-of-fit.
We estimated that 64% (95% Crl: 55-72%) of cases did not generate secondary transmissions, and 20% (95% Crl:
15-26%) cases explained 80% of secondary transmissions.

Conclusions: Household, healthcare facilities and workplaces are efficient setting for transmission. Timely
identification of potential superspreaders in most transmissible settings remains crucial for containing the
pandemic.

Close contact
Households
Superspreading

1. Introduction

Coronavirus disease 2019 (COVID-19) caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) infection has claimed
more than three million human lives as of May 2021 (Dong et al., 2020).
The infection fatality rate was estimated to increase with age, < 1% for
patients aged under 65 and nearly 8% for patients aged 80 + , sub-
stantially higher than seasonal influenza (O’Driscoll et al., 2020).

Prevention and control of this virus are challenging due to its ability to
transmit before symptom onset or from persons without symptoms
(Furukawa et al., 2020; Li et al., 2020; Buitrago-Garcia et al., 2020; Tong
et al., 2020; Bai et al., 2020). Mass testing, quarantine of cases and
isolation of close contacts have been shown effective for containing the
spread of the virus, but the required resources are tremendous and not
always available (Tong et al., 2020). Multiple vaccines have been
showed efficacious in randomized clinical trials and authorized for
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emergency use, yet the progress of vaccination has been slow due to both
supply shortage and vaccine hesitancy. Several variants of concerns
have shown higher transmissibility and possible immune escape, and it
may take months to develop and deliver updated vaccines (Bai et al.,
2020). It is therefore important to determine the relative transmission
efficiency of the virus in different contact settings to prioritize available
intervention resources to reach optimal control (Liu et al., 2020).

Transmissibility of SARS-CoV-2 has been studied in several settings
including households (Luo et al., 2020; Lewis et al., 2020; Jing et al.,
2020; Bi et al., 2020; Madewell et al., 2020; Li et al., 2020c, 2021),
healthcare (Luo et al., 2020; Adams and Walls, 2020), and air travel (Bi
et al.,, 2020; Freedman and Wilder-Smith, 2020; Bae et al., 2020).
However, most of these studies were either focusing on a single setting,
did not take into account crucial confounders such as exposure history of
close contacts, or ignored overdispersion in transmissibility across
contact groups. Some studies examined the transmissibility specific to
multiple contact settings and addressed superspreading events, but
non-household settings investigated are often broad rather than specific,
e.g., social contacts (Tsang et al., 2020; Lloyd-Smith et al., 2005). Here,
we apply an individual-based Bayesian transmission model to the
detailed contact tracing data from the first COVID-19 pandemic wave in
Shandong Province, China. We aim to estimate the secondary attack
rates in different contact settings and to evaluate potential risk factors
for infection and transmission.

2. Methods
2.1. Study design

Demographic, clinical and laboratory test data on laboratory-
confirmed symptomatic and asymptomatic SARS-CoV-2 infections
(index cases) and their close contacts were collected by municipal cen-
ters for disease control and prevention (CDC) in Jinan, Jining and
Qingdao in Shandong Province in response to the COVID-19 pandemic.
Data of clusters identified during 22 January to 30 May, 2020 were
retrospectively retrieved from the surveillance database for this study.
During this period, newly detected cases were isolated at hospitals and
their close contacts were traced. According to the 5th and 6th editions of
the COVID-19 Prevention and Control Plan issued by the National
Health Commission of China, A close contact of a case is defined as any
person who was in close proximity to the case without any personal
protection equipment, starting 2 days before the symptom onset of the
case or specimen collection if the case was asymptomatic. Close contact
settings include but are not limited to (1) living, working, dining or
taking classes with the case in the same closed space or in proximity; (2)
providing health care to or visiting the case at a hospital; and (3) sharing
transportation with and in close proximity to the case (in flights, pas-
sengers within 3 rows of seats in the front and back of a case as well as
crew members who had been in proximity to a case were considered as
close contacts); and (4) other individuals in close proximity to the cases
as determined by field investigators.

Each identified close contact was quarantined either at a hospital or a
hotel for 14 days. During quarantine, swab specimens were collected at
day 1, 4, 7 and 14 for RT-PCR testing. We extracted age, sex, occupation,
start and end dates as well as type of contact with others, and start date
of quarantine for each participant. The start and end dates of exposure
periods were determined from the reported contact history and travel
history based on epidemiological investigations, supplemented by data
from mobile phone apps, registration records and surveillance cameras.
For infected individuals, we additionally extracted information on
symptom onset date (for symptomatic infection) or collection date of
first test-positive specimens (for asymptomatic infection), and severity
status (asymptomatic, mild, moderate, severe, and critical). Severity
status was determined by the patient’s attending physician based on the
Guidelines for Diagnosis and Management of COVID-19 that was issued
by the National Health Commission of China (Tsang et al., 2020). All
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methods used are in compliance with REporting of studies Conducted
using Observational Routinely-collected health Data (RECORD) guide-
line. All experimental protocols for case confirmation were in accor-
dance with the 6th edition of Prevention and Control Plan for COVID-19
issued by the National Health Commission of China (NHCC), which was
approved by the Institutional Review Board of NHCC. Written informed
consent was waived by the National Health Commission of China for
health data collected during outbreak investigations of notifiable in-
fectious diseases.

2.2. Case definitions

Following the definition in the Guidelines for Diagnosis and Treat-
ment of COVID-19 published by the National Heath Commission, a
symptomatic COVID-19 case refers to a laboratory-confirmed SARS-
CoV-2 infection presenting at least two of the clinical signs (Dong et al.,
2020): Fever and/or respiratory symptoms (O’Driscoll et al., 2020);
Radiographic characteristics of pneumonia, such as multiple
ground-glass shadows, infiltrative shadows and consolidation in both
lungs (Furukawa et al., 2020); normal or lower leukocyte counts, or
lower lymphocyte counts at acute phased of the disease. During the first
wave, laboratory-confirmation was done uniformly with RT-PCR on
nasal swaps. An asymptomatic SARS-CoV-2 infection was defined as a
test-positive individual without clinical manifestation throughout the
course of infection. Asymptomatic infections were identified mostly via
contact-tracing. A close contact was defined as an individual who had
unprotected contact within 1 m with a suspected or confirmed case
within 2 days before symptom onset or, if the case was asymptomatic,
collection of the first test-positive specimen.

While contact tracing was initiated by discovery of an index case, the
traced close contact group may contain multiple cases among whom the
index case was not necessarily the earliest case. For each cluster, we
treat as day 1 the date of the earliest symptom onset (symptomatic
infection) or the first test-positive specimen (asymptomatic infection). A
primary case was defined as the case who had the earliest symptom
onset (symptomatic) or test-positive specimen (asymptomatic) in a
cluster. A close contact group may have multiple primary cases to whom
we also refer as co-primary cases. Cases who were not the primary case
were classified as secondary cases.

2.3. Statistical analysis

Demographic characteristics and clinical outcomes (if applicable)
were summarized for primary and secondary cases as well as their close
contacts separately. We used maximum likelihood method to fit geo-
metric and negative binomial distributions to both the number of close
contacts per case (primary or secondary) and the number of secondary
cases per primary case, potential overdispersion in the observed fre-
quencies will be captured if the negative binomial with mean y and
overdispersion parameter k fits the data better (Lloyd-Smith et al.,
2005). The goodness-of-fit was assessed using the Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC). Smaller AIC
and BIC indicated a better model fit, and difference > 5 was considered
as substantial improvement. An important measure for transmissibility
of a pathogen is the secondary attack rate (SAR), defined as the proba-
bility that a susceptible person is infected by an infectious person via
close contact during the infector’s whole infectious period. We first
calculated a crude SAR as the average proportion of secondary cases
among close contacts across all close contact groups with a single pri-
mary case and refer to it as the data-based SAR, assuming all secondary
cases were infected by their primary case. As a sensitivity analysis, we
also calculated data-based SAR using all clusters including those with
multiple primary cases.

Not all secondary cases were actually infected by the primary cases,
as there could be tertiary transmissions, or infection acquired from
outside cluster. In addition, information on symptom onset dates and
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detailed contact history inform us about the individual level exposure
history, which will improve the estimation of the SAR and effects of
associated risk factors (Yang et al., 2006). To address these issues, we
developed an individual-based Bayesian model to describe daily trans-
mission dynamics among cases and their close contacts (Appendix,
Section 2). Briefly, the daily probability of infection depends on the
force of infection from non-specific sources in the community, and
contact settings. Mathematically, the probability of infection at day t for
individual j takes a chain-binomial form:

pi(t) = 1= (1=b)« [ T(1 =py(1),

i

where b is the infection probability from non-specific sources in the
community, and p;(t) is the covariate-adjusted pairwise probability of
transmission from individual i to j at day t. we let p;(t) depend on
covariates via a logistic regression:

. . 5 o
logit(p; (1) ) = logit (H“pk"”(k)> +BX;(t) + B,

where py,k = 1, ..., 5, are the baseline daily person-to-person trans-
mission probabilities specific to five contact settings. (1 =households,
2 =healthcare facilities, 3 =workplaces, 4 =air transportation and
5 =other), §;(k) indicates the contact setting between i and j, and the
vectors X;;(t) and f encode the covariates affecting susceptibility or
infectivity and associated coefficients.

The covariates considered in this study include age group (0-19,
20-39, 40-59, 60 +), sex, city (Jinan, Jining, Qingdao), and occupation
(medical personnel or not) of each close contact, as well as the severity
level of each case (asymptomatic or mild, moderate, severe or critical)
and the time-dependent symptom status (during incubation period vs.

during illness). The last term, f;; ~ N (0,% ) if i is a primary case and

Pio = 0 otherwise, is a random effect added to account for heterogeneity
(both overdispersion and zero-inflation) in the infectivity of the primary
cases. This random effect model was compared to the model without
random effects and assuming homogeneous baseline infectivity (before
covariate adjustment) among primary cases. The distributions of the
incubation period and the illness period were derived from previous
publications (Jing et al., 2020; Li et al., 2020a, 2021; Lauer et al., 2020).
We considered different combinations (Table S1) of two possible mean
durations of the incubation period (5 and 7 days) and two maximum
durations of the infectious period (13 and 21 days), and used results
based on a mean incubation period of 5 days and a maximum infectious
period of 21 days as the primary results (Jing et al., 2020). We allowed
the infectiousness of each case to differ between the incubation period
and the illness period, a feature known for SARS-CoV-2 (Li et al., 2021).
For each asymptomatic case, we assumed the infectious period started
from the day of infection with constant infectivity and was distributed
according to the convolution of the incubation and illness periods of
symptomatic cases.

All models were fitted using a data-augmented Markov chain Monte
Carlo algorithm. All parameters and missing data on age and sex among
cases and close contacts were sampled within the Bayesian framework
(Appendix Section 3). We evaluated the model’s goodness-of-fit by
simulating epidemics among the close contact groups with given pri-
mary cases using parameters sampled from the model-estimated poste-
rior distributions, and then comparing the simulated temporal
distribution of illness onsets of secondary cases with the observed one.
We also compared the model-expected number of secondary cases with
the observed one for each cluster (Appendix Section 3.5). All statistical
analyses were conducted using the statistical platform R version 4.0.5 (R
Foundation for Statistical Computing, Vienna, Austria). Code is avail-
able at Github: https:// github.com/timktsang/COVID_shandong.
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3. Results

Between January 22, 2020 and May 30, 2020, a total of 199 cases
were reported and their close contacts were traced by the municipal
centers for disease control and prevention of Jinan, Jining and Qingdao,
forming 89 unrelated close contact groups with 97 primary cases (8
clusters with 2 co-primary cases). Eight clusters with a single primary
case had no contacts, and there were 3158 close contacts in the
remaining 81 clusters. The median size of these 89 close contact groups
was 23 (IQR: 6-50, range 1-224). We fitted both geometric and negative
binomial distributions to the observed numbers of close contacts per
case, stratified by contact setting. The negative binomial distribution
provided a better fit for all contact settings, with the estimated over-
dispersion parameter ranging from 0.01 to 0.34, confirming the pres-
ence of overdispersion in the number of close contacts (Fig. 1; Table S2).
Assuming that all secondary cases were infected by primary cases, on
average, a primary case generated 1.05 secondary cases overall in
Shandong Province, and the observed reproductive number varied by
contact setting: 0.70, 0.14, 0.08 and 0.2 for households, healthcare fa-
cilities, workplaces and aircrafts, respectively. Combining all settings
together, the negative binomial distribution also fits the numbers of
secondary cases per primary case better (Fig. 2; Table S2), with the
overdispersion parameter estimated as 0.25. Notably, about 66% (64/
97) of the primary cases did not generate any secondary case and the
corresponding fitted probability is 0.72, indicating the presence of zero-
inflation, that is, the absence of any secondary case in some close contact
groups occurred more frequently than a Poisson distribution (k is in-
finity) or a geometric distribution (k = 1) can explain. In addition, the
AIC and BIC values for the negative binomial model was much smaller
than those for the geometric model with differences > 20, confirming
the superiority of the former in fitting the data.

The mean (IQR) age of primary cases was 37 [30-53] years, similar
to that of their close contacts (Table 1). Secondary cases were slightly
older than primary cases, mean(IQR)= 41(28—57) years. There were
more female than male (65% vs. 35%) primary cases but more male than
female (59% vs. 41%) secondary cases. Primary cases were more likely
to be severe or critical (14% vs. 5%, p = 0.02) and less likely to be
asymptomatic (6% vs. 10%, p = 0.04) than secondary cases. The overall
data-based SAR was 3.53% (95% confidence interval (CI): 2.86-4.30%).
The data-based SAR was the highest among close contacts aged
60 + years, 8.46% (5.44-12.42%), followed by 6.25% (3.75-9.70%) in
children and teenagers < 20 years old, and the lowest data-based SAR
was seen in young adults 20-39 years old. Among all the contact set-
tings, household was associated with the highest data-based SAR, 10.1%
(95% CI: 7.9-12.6%), and air transportation was associated with the
lowest, 0.43% (95% CI: 0.05-1.54%). The data-based SAR computed
without excluding the clusters with multiple primary cases were similar
(Table S3).

Applying a Bayesian transmission model to the contact-tracing data
with individual-level exposure details, we estimated the infection risk
per daily exposure and the effects of potential risk modifiers. In total 81
close contacts groups with 89 primary/co-primary cases and 3158 close
contacts were included in the transmission modeling analysis (Fig. S1;
Table S4). We first estimated the daily transmission probabilities under
each contact setting during the incubation period and during illness
(Table 2). We estimated that the daily transmission probability of
infected individuals to their susceptible close contacts during their in-
cubation period was 0.044 (95% credible interval [CrI]: 0.020, 0.100)
within households, 0.032 (95% CrI: 0.009, 0.011) in healthcare facil-
ities, 0.023 (95% Crl: 0.007, 0.071) at workplaces, 0.004 (95% Crl:
0.001-0.016) during air travel, and 0.002 (95% Crl: 0.001, 0.005) in all
other settings. The corresponding model-based SAR estimates were 0.39
(95% CrI: 0.20, 0.64), 0.3 (95% CrI: 0.11, 0.67), 0.23 (95% CrIL: 0.07,
0.51), 0.04 (95% CrI: 0.01, 0.17) and 0.02 (95% CrI: 0.01, 0.05) for
households, healthcare facilities, workplaces, air transportation and
other settings, respectively (Table S5).
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Daily transmission probabilities were slightly lower during the
illness period, but the difference was moderately sensitive to the
assumption about the natural history of disease. When either a longer
incubation period or a longer infectious period was assumed, the esti-
mated transmission probabilities during the incubation period increased
moderately, whereas those during the illness period decreased, and the
estimated relative infectivity of the incubation period vs. the illness
period also increased (Table 2). This estimated relative infectivity was
the highest when both the incubation period and the infectious period
were assumed long. The model-based SAR estimates ranged 23%—39%

in households, 17%—30% in healthcare facilities, 14%—23% at work-
places, and 1%—4% during air transportation or in other settings
(Table S5).

In this multivariable analysis (Table 3), close contacts younger than
60 had 36-49% lower odds of infection than those aged 60 + (Table 3).
Medical personnel were 65% (95% Crl: 10-89%) less likely to be
infected than non-medical contacts. Compared to within households, the
odds of infection was much lower during air travel, OR= 0.08 (95% CrI:
0.01, 0.34), and in other settings, OR= 0.04 (95% Crl: 0.01, 0.09). The
risk of infection in healthcare facilities and workplaces were slightly
lower, with odds ratios of 0.73 and 0.52 respectively. Close contacts in
Jining and Qingdao were at 79% (95% Crl: 49%, 90%) and 59% (95%
Crl: —2%, 81%) lower odds of infection compared with those in Jinan.
No impact was found for the severity level of primary cases. Most esti-
mates were robust to the assumption about the incubation and infectious
periods.

Using model-estimated parameters, we simulated transmission dy-
namics among close contacts of primary cases (Fig. S2). The models
under different assumptions about the incubation and infectious periods
share a similar shape in the average trend over all simulated epidemics
that aligned well with the observed epidemic, suggesting (Dong et al.,
2020) the models fit the data satisfactorily, and (O’ Driscoll et al., 2020)
the data do not contain sufficient information about the natural history
of disease. In the simulated data based on the model assuming a mean
incubation of 5 days and a maximum infectious period of 22 days, 64%
(95% Crl: 55%, 72%) of cases did not generate secondary transmissions,
and 20% (95% Crl: 15%, 26%) cases explained 80% of secondary
transmissions.

The model-predicted total numbers of secondary cases were close to
the observed ones for most close contact groups (Fig. 3), further assuring
the goodness-of-fit. Two households and one healthcare facility, each
with a single primary case, were separated from other close contact
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Table 1
Demographic information of primary/co-primary and secondary cases.
Primary or Secondary All close Data-based
co-primary cases contact secondary attack
cases rate (%)fz
Overall 97 102 3158 3.53 (2.86-4.30)
Age, mean (IQR) 37 [30,53] 41 (28, 57) 36 (26,
50)
Age groups
0-19 7/97 (7%) 18/102 315/ 6.25 (3.75-9.70)
(18%) 2738
(12%)
20-39 45/97 29/102 1261/ 2.60 (1.72-3.75)
(46%) (28%) 2738
(46%)
40-59 35/97 32/102 854/ 3.96 (2.63-5.72)
(36%) (31%) 2738
(31%)
60+ 10/97 23/102 308/ 8.46
(10%) (23%) 2738 (5.44-12.42)
(11%)
Sex
Female 63/97 42/102 1543/ 3.09 (2.19-4.24)
(65%) (41%) 2950
(52%)
Male 34/97 60/102 1407/ 4.50 (3.44-5.78)
(35%) (59%) 2950
(48%)
Medical
personnel
Yes 0/25 (0%) 5/74 (7%) 333/ 1.56 (0.51-3.61)
2632
(13%)
No 25/25 69/74 2299/ 3.35 (2.58-4.27)
(100%) (93%) 2632
(87%)
Location
Jinan 23/97 28/102 540/ 5.23%
(24%) (27%) 3158 (3.51-7.48)
(17%)
Jining 23/97 34/102 1237/ 3% (2-4.31)
(24%) (33%) 3158
(39%)
Qingdao 51/97 40/102 1381/ 3.18%
(52%) (39%) 3158 (2.27-4.33)
(44%)
Contact types
Household 67/97 68/102 674/ 11.07%
(69%) (67%) 3158 (8.67-13.87)
(21%)
Medical-related 24/97 14/102 504/ 2.89% (1.59-4.8)
facilities (25%) (14%) 3158
(16%)
Workplace 24/97 8/102 (8%) 244/ 2.5% (0.82-5.74)
(25%) 3158
(8%)
Air transportation 14/97 2/102 (2%) 539/ 0.43%
(14%) 3158 (0.05-1.54)
(17%)
Other 60/97 10/102 1197/ 0.85%
(62%) (10%) 3158 (0.37-1.66)
(38%)
Highest severity among primary or co-primary
case*
Asymptomatic or 19/97 8/102 (8%) 281/ 3.01%
mild (20%) 3158 (1.31-5.84)
(9%)
Moderate 63/97 62/102 2199/ 3.08%
(65%) (61%) 3158 (2.34-3.98)
(70%)
Severe or critical 15/97 32/102 678/ 5.08%
(15%) (31%) 3158 (3.48-7.14)
(21%)

Severity of
individual
infections

Asymptomatic

6/97 (6%)
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Table 1 (continued)

Primary or Secondary All close Data-based
co-primary cases contact secondary attack
cases rate (%)§
10/102
(10%)
Mild 16/97 19/102
(16%) (19%)
Moderate 61/97 68/102
(63%) (67%)
Severe 12/97 4/102 (4%)
(12%)
Critical 2/97 (2%) 1/102 (1%)

$ Primary/co-primary cases may have multiple types of contacts, so the numbers
of primary cases do not sum to 97.

*For cluster with co-primary cases, this variable was defined according to the
most severe primary case.

§ Observed SAR was calculated based on 73 close contact groups with a single
primary case (no co-primary case).

groups in terms of large (>7) observed and predicted numbers of sec-
ondary cases, implying the possibility superspreading events in the three
close contact groups. When the random effects were removed from the
model, the differences between model-predicted and observed numbers
of secondary cases substantially increased (Fig. S3), affirming the ne-
cessity of the random effects to account for the overdispersion in
individual-level transmissibility.

4. Discussion

In this study, we assessed the transmissibility of SARS-CoV-2 in
different settings of contact based on contact tracing data in Shandong
Province of China. Regarding transmission between an infectious person
and a susceptible contact, SARS-CoV-2 was more transmissible within
households than in workplaces and healthcare facilities, and the trans-
mission risk was small during air travel or in other contact settings. In
addition to contact setting, age, medical occupation and residential city
were risk modifiers.

The higher transmissibility of SARS-CoV-2 within households
compared to other contact settings is consistent with findings in other
studies (Luo et al., 2020; Jing et al., 2020; Madewell et al., 2020; Li et al.,
2021). A possible reason is that interactions within households often
feature longer time, closer distance and lack of protection by facial
masks, compared to non-household settings (Adam et al., 2020; Sun
et al., 2020). In addition to the highest SAR, household was also asso-
ciated with the highest number of secondary cases generated per pri-
mary case, as primary cases most likely had made close contact in their
households but not necessarily in other settings. Meanwhile, a primary
case may generate on average comparable secondary cases at workplace
or in a healthcare facility, compared with in households. The importance
of transmission at workplace or in a healthcare facility should also be
considered.

The estimated household SARs in Shandong, 23-39% under different
assumptions of the natural history of disease were higher than most
household transmission studies in China (Jing et al., 2020; Madewell
etal., 2020; Li et al., 2021). These SAR estimates were calculated for the
whole infectious period, not limited to the individual duration of
exposure and therefore eliminating the impact of case isolation and
quarantine of close contacts, which is likely more generalizable (Jing
etal., 2020; Li et al., 2021). The data-based household SAR, 11%, can be
interpreted as the effective transmissibility of the virus under the
implemented case isolation and quarantine of close contacts but does
not reflect the full potential without them and is therefore not gener-
alizable. On the other hand, the differences between the
model-estimated SARs and the data-based SARs clearly demonstrated
the effectiveness of the case isolation and quarantine of close contacts.
The relative reductions in model-estimated SARs compared to
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Table 2

Model-based estimates of daily transmission probabilities from models with a single covariate for relative infectivity of the incubation period vs. the illness period.
Mean incubation period 5 days 7 days
Duration of infectious period 13 days 22 days’ 13 days 22 days

From community (10-4)
During incubation period (10-2)

Household 3.64 (1.56, 7.8)
Healthcare facilities 2.1 (0.52, 7.25)
Workplace 1.53 (0.39, 4.58)
Air transportation 0.32 (0.05, 1.32)
Others 0.12 (0.02, 0.39)
During illness (10-2)

Household 3.57 (1.75, 7.6)
Healthcare facilities 2.14 (0.61, 5.78)
Workplace 1.49 (0.42, 4.45)
Air transportation 0.31 (0.05, 1.45)
Others 0.12 (0.02, 0.34)

Odds ratio for infectivity, incubation period vs. illness period 1.01 (0.46, 2.21)

6.85 (2.39, 16.88)

3.34 (0.71, 10.08) 6.61 (2.26, 15.9) 3.3 (0.68, 10.02)
4.37 (1.97, 10)
3.23 (0.94, 10.9)
2.3 (0.71, 7.08)
0.36 (0.05, 1.62)

0.17 (0.05, 0.5)

4.54 (1.8, 10.49)
3.32(0.85,11.34)
1.96 (0.48, 7.1)
0.32(0.04, 1.7)
0.17 (0.04, 0.57)

5.72 (2.48, 12.26)
4.74 (1.34, 15.71)
3.03 (0.92,9.71)
0.4 (0.06, 1.98)
0.23 (0.07, 0.65)

2.96 (1.37, 6.08)
2.16 (0.73, 6.51)
1.57 (0.47, 4.25)
0.24 (0.03, 1.13)
0.11 (0.03, 0.29)
1.49 (0.76, 3.07)

2.56 (0.97, 5.82)
1.84 (0.48, 5.75)
1.08 (0.27, 3.8)

0.17 (0.02, 1.04)
0.09 (0.02, 0.29)
1.77 (0.81, 4.21)

2.62 (1.01, 5.89)
2.14 (0.66, 6.64)
1.38 (0.4, 4.26)
0.19 (0.02, 0.99)
0.1 (0.03, 0.27)
2.21 (1.08, 4.66)

§ This column is presented as the primary result.

Table 3
Model-estimated odds ratios and 95% credible intervals for potential risk factors
for transmission of SARS-CoV-2 in Shandong Province, China.

Mean incubation 5 days 7 days

period

Duration of infectious 13 days 21 days* 13 days 21 days

period

Age of contact (year)

0-19 0.54 (0.26, 0.55 (0.26, 0.55 (0.26, 0.56 (0.25,
1.10) 1.16) 1.11) 1.21)

20-39 0.49 (0.28, 0.51 (0.27, 0.49 (0.26, 0.50 (0.26,
0.91) 0.96) 0.97) 0.98)

40-59 0.65 (0.36, 0.64 (0.35, 0.66 (0.36, 0.63 (0.34,
1.17) 1.20) 1.24) 1.20)

60+ Ref Ref Ref Ref

Sex of contact

Male vs. Female 1.16 (0.75, 1.16 (0.75, 1.22(0.78, 1.19 (0.77,
1.82) 1.84) 1.94) 1.89)

Contact was medical

personnel

Yes vs. no 0.41 (0.13, 0.35 (0.11, 0.41 (0.11, 0.35 (0.11,

1.11) 0.9) 1.15) 0.99)

Contact Setting
Households Ref Ref Ref Ref

Healthcare facilities 0.59 (0.21, 0.73 (0.29, 0.74 (0.23, 0.81 (0.26,
1.53) 1.73) 1.85) 1.91)

Workplace 0.40 (0.13, 0.52 (0.19, 0.43 (0.13, 0.55 (0.19,
1.01) 1.29) 1.18) 1.46)

Air transportation 0.09 (0.01, 0.08 (0.01, 0.08 (0.01, 0.08 (0.01,
0.36) 0.34) 0.34) 0.33)

Others 0.03 (0.01, 0.04 (0.01, 0.04 (0.01, 0.04 (0.01,
0.08) 0.09) 0.10) 0.10)

Severity of primary

case

Asymptomatic or mild 0.48 (0.12, 0.51 (0.11, 0.52 (0.13, 0.48 (0.12,
1.48) 1.71) 1.64) 1.69)

Moderate Ref Ref Ref Ref

Severe or critical 1.18 (0.48, 1.06 (0.43, 1.03 (0.43, 1.0 (0.35,
2.71) 2.65) 2.46) 2.63)

Location

Jinan Ref Ref Ref Ref

Jining 0.26 (0.12, 0.21 (0.1, 0.26 (0.12, 0.2 (0.08,
0.54) 0.51) 0.54) 0.47)

Qingdao 0.43 (0.18, 0.41 (0.16, 0.45 (0.19, 0.37 (0.15,
0.99) 1.02) 1.02) 1.03)

Relative infectivity

Incubation vs. illness 1.0 (0.48, 1.47 (0.7, 1.76 (0.76, 2.32 (1.02,
2.03) 3.22) 4.07) 4.69)

§ This column is presented as the primary result.

data-based SARs were 71.6%, 90.3%, 89.1%, 89.3% and 57.5% for
household, healthcare facility, workplace, air transportation and other
settings, respectively.

Our results also emphasized on the importance of adjusting trans-
mission analyses for individual-level exposure history, which could be
different among individuals due to case isolation and quarantine of close
contacts. For example, the data-based SAR within households was about
4-fold of those in healthcare facilities and workplaces (Table 1), whereas
the model-estimated SARs suggested less than 2-fold differences
(Table S3).

Heterogeneous transmissibility of SARS-CoV-2 across close contact
groups is a common phenomenon. The number of contacts per case in
Shandong Province was more overdispersed (k = 0.34) than observed in
Hunan province (k = 0.72) (Lloyd-Smith et al., 2005). The number of
secondary cases per primary case in Shandong was similarly over-
dispersed (k = 0.25) compared to Hong Kong (k = 0.33), but more
overdispersed than Shenzhen (k = 0.58) (Adam et al., 2020). We
showed via simulation that 80% of secondary transmissions were
generated by 20% cases, also in accordance with previous findings
(Adam et al., 2020; Sun et al., 2020). Our study is unique, however, in
that we identified possible superspreading events in both households
and healthcare facilities, whereas prior studies mostly found such events
in non-household or non-healthcare settings (Adam et al., 2020; Lin
et al., 2020; Shim et al., 2020).

Our study has several limitations. First, we relied on symptom onset
and confirmation dates as well as self-reported exposure history to
determine primary cases, but we cannot rule out possible misclassifi-
cation of primary cases. Second, we assumed that the infectiousness of
asymptomatic cases was the same as the symptomatic cases in their
incubation period, which may be incorrect (Madewell et al., 2020; Li
et al.,, 2021). However, the number of asymptomatic infections was
small and unlikely to affect major results. Third, while contact tracing in
China was technology-aided (e.g., mobile phone tracking and public
surveillance cameras) and thus relatively comprehensive, it was possible
that contact tracing was biased towards acquaintances especially in the
early phase of the first wave. Consequently, secondary attack rates in
some settings could have been overestimated. Moreover, certain
vulnerable subpopulations (e.g., elderly people) might be more likely to
be tested, potentially leading to biased results. Finally, asymptomatic
infections might have been under-detected, as the proportion of
asymptomatic infections in our study was lower than other studies
(Madewell et al., 2020; Sun et al., 2020; Davies et al., 2020).

In conclusion, SARS-CoV-2 was mostly efficiently transmitted within
households, and its transmissibility in healthcare facilities and work-
places is lower but appreciable. Non-pharmaceutical interventions and
vaccination should target large close contact groups in these settings.
While pairwise transmission risk was not as strong during air travel, the
large number of exposed flight passengers and the implication for long-
distance dissemination warrants prevention and control efforts as well.
Given that many people are still vaccine-hesitant and viral mutants may
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Fig. 3. Scatter plots of model-predicted vs. observed number of secondary cases in each close contact group, by assumption about the mean incubation period and
the maximum infectious period. The predicted numbers are from the models include individual-level random effects. Closeness of dots to the diagonal dashed line
indicates agreement between model prediction and observation. Dotted lines serve as error band for a difference of <1 between model-predicted and

observed numbers.

escape immunity, timely identification of potential superspreaders and
their contacts, whenever feasible, remains crucial for containing the
pandemic.
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