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IMPORTANCE Much remains unknown about the transmission dynamics of COVID-19. How
the severity of the index case and timing of exposure is associated with disease in close
contacts of index patients with COVID-19 and clinical presentation in those developing
disease is not well elucidated.

OBJECTIVES To investigate the association between the timing of exposure and development
of disease among close contacts of index patients with COVID-19 and to evaluate whether
the severity of the index case is associated with clinical presentation in close contacts who
develop COVID-19.

DESIGN, SETTING, AND PARTICIPANTS This study used a large, population-based cohort of
730 individuals (index patients) who received a diagnosis of COVID-19 in Zhejiang Province,
China, from January 8 to July 30, 2020, along with a contact tracing surveillance program.
Field workers visited 8852 close contacts of the index patients and evaluated them for
COVID-19 through August 2020. A timeline was constructed to characterize different
exposure periods between index patients and their contacts.

MAIN OUTCOMES AND MEASURES The primary outcome was the attack rate of COVID-19,
defined as the total number of new COVID-19 cases diagnosed among contacts of index
patients divided by the total number of exposed contacts. A secondary outcome was
asymptomatic clinical presentation among infected contacts. Relative risks were calculated
to investigate risk factors for COVID-19 among contacts and asymptomatic clinical
presentation among infected contacts.

RESULTS Among 8852 close contacts (4679 male contacts [52.9%]; median age, 41 years
[interquartile range, 28-54 years]) of 730 index patients (374 male patients [51.2%]; median
age, 46 years [interquartile range, 36-56 years]), contacts were at highest risk of COVID-19
if they were exposed between 2 days before and 3 days after the index patient’s symptom
onset, peaking at day 0 (adjusted relative risk [ARR], 1.3; 95% CI, 1.2-1.5). Compared with
being exposed to an asymptomatic index patient, the risk of COVID-19 among contacts was
higher when they were exposed to index patients with mild (ARR, 4.0; 95% CI, 1.8-9.1) and
moderate (ARR, 4.3; 95% CI, 1.9-9.7) cases of COVID-19. As index case severity increased,
infected contacts were less likely to be asymptomatic (exposed to patient with mild
COVID-19: ARR, 0.3; 95% CI, 0.1-0.9; exposed to patient with moderate COVID-19: ARR, 0.3;
95% CI, 0.1-0.8).

CONCLUSIONS AND RELEVANCE This cohort study found that individuals with COVID-19
were most infectious a few days before and after symptom onset. Infected contacts of
asymptomatic index patients were less likely to present with COVID-19 symptoms, suggesting
that quantity of exposure may be associated with clinical presentation in close contacts.
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S ARS-CoV-2 is a novel beta coronavirus originating in late
2019.1,2 By the end of 2020, hundreds of millions of in-
dividuals had acquired COVID-19 infection, leading

to the disability and death of millions3 and a substantial indi-
rect influence on other diseases.4 COVID-19 is characterized
by high transmission rates, at times leading to large out-
breaks, mostly in indoor congregate settings.5-7 However,
many aspects of COVID-19 transmission remain to be fully
understood,8,9 and there is uncertainty regarding the effec-
tiveness of public health strategies that attempt to prevent
COVID-19 transmission.8,9

Prompt diagnosis and quarantine is largely recom-
mended by national and global health organizations to limit
COVID-19 transmission. However, when individuals with
COVID-19 are most infectious during their disease process re-
quires further elucidation.8 The duration of viable SARS-
CoV-2 RNA virus is short, as viral shedding often decreases
quickly shortly after symptom onset.10-12 Few studies have re-
ported COVID-19 rates among contacts based on the serial in-
terval of exposure to the index patient. A recent study sug-
gested that individuals with COVID-19 are most infectious a
few days after symptom onset; however, this study had few
total cases and low statistical power.13 Additional epidemio-
logic data regarding the transmission potential of COVID-19
in association with the timing of symptoms and diagnosis
are needed.

To address knowledge gaps concerning the transmission
dynamics of SARS-CoV-2, we performed a population-based,
case-contact study to analyze the association between tim-
ing of exposure of individuals with COVID-19 to their social net-
work and the subsequent development of COVID-19 among
contacts. We also examined the association of exposure
to asymptomatic COVID-19 infection with the attack rate
of COVID-19 and the clinical presentation of infection in
contacts.

Methods
Study Design and Participants
This was a cohort study of contacts of COVID-19 index pa-
tients. In brief, we identified newly diagnosed patients with
COVID-19 from the provincial Center for Disease Control and
Prevention in Zhejiang Province, China (Zhejiang CDC), from
January through August 2020. Index patients were defined as
the first eligible patient with a diagnosed case of COVID-19 with
1 or more contacts. All index patients’ cases of COVID-19 were
microbiologically confirmed through positive reverse tran-
scriptase–polymerase chain reaction (RT-PCR) test results. The
research protocol was approved by the institutional review
board at the Zhejiang Provincial Center for Disease Control and
Prevention, which waived the need for consent because all data
were deidentified. This study followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline.

The first wave of the COVID-19 epidemic in Zhejiang Prov-
ince began in early January 2020 and continued until late
February 2020, after which sporadic cases were observed. We

conducted contact tracing of all index patients with microbio-
logically confirmed symptomatic and asymptomatic cases of
COVID-19 and successfully traced most contacts whose symp-
tom onset dates were between January 8 and July 30, 2020.
Most index patients were able to recall their recent contacts
to Zhejiang CDC officials, after which those individuals were
contacted. Contacts were quarantined for at least 14 days and
received clinical and epidemiologic investigation. Individual-
level data were collected from both contacts and index pa-
tients (eAppendix 1 and eAppendix 2 in the Supplement).

Procedures and Definitions
We analyzed confirmed COVID-19 cases identified by the
Zhejiang CDC between January and August 2020, and close
contacts of index patients prior to August 22, 2020. Surveys
were administered to both contacts and index patients regard-
ing demographic, clinical, and exposure-related characteris-
tics by county-level Zhejiang CDC health officials. Informa-
tion on employment and the workplace was also collected.
A timeline was constructed for symptom onset and exposure
times between index patients and their contacts.

COVID-19 cases were defined according to China’s guide-
lines for diagnosis and management of COVID-19 (eAppendix
1 in the Supplement). Six editions of these guidelines were
released during the study period. Patients with laboratory-
confirmed COVID-19 were individuals with positive detec-
tion of SARS-CoV-2 nucleic acid by real-time RT-PCR using re-
spiratory specimens. Because of mass screening and contact
tracing, this definition also encompassed asymptomatic
COVID-19 infection. COVID-19 cases were classified as either
asymptomatic, mild, moderate, severe, or critically ill (eAp-
pendix 2 in the Supplement). All patients with confirmed cases
of COVID-19 and close contacts were isolated or quarantined
after being identified through contact tracing. Trained health
professionals investigated each confirmed case with a pre-
defined questionnaire through which basic health and demo-
graphic information was collected. We defined timing of ex-
posure by the first day and duration of the social contact
between index patients and their contacts.

During the isolation and quarantine period, index pa-
tients and their contacts received regular testing and daily

Key Points
Question Is there an association between the timing of exposure
to and severity of COVID-19 disease in close contacts of index
patients with COVID-19?

Findings In this cohort study of 730 index patients with
a COVID-19 diagnosis and 8852 close contacts, transmission
potential was greatest in the first 2 days before and 3 days after
onset of symptoms in the index patient. When contacts received
a diagnosis of COVID-19 infection, they were more likely to present
asymptomatically if they had been exposed to an asymptomatic
patient.

Meaning These results suggest that the quantity of exposure
to a patient with COVID-19 may be associated with clinical
presentation among close contacts who develop COVID-19.
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symptom screening for fever, cough, and shortness of breath.
If an index patient or contact had a positive test result but had
no symptoms, they would be temporarily classified as asymp-
tomatic or presymptomatic. All patients were followed up for
at least 90 days after their initial positive test result to distin-
guish between asymptomatic and presymptomatic illness.
Among these patients, those who developed symptoms later
received a final classification as symptomatic. Others who never
developed symptoms between their initial positive test re-
sult and first subsequent negative RT-PCR test result were clas-
sified as asymptomatic.

A household contact was defined as an individual in the
same household or an individual who dined together with
the index patient. A close nonhousehold contact was defined
as an individual exposed (within 1 meter) to an index patient
with microbiologically confirmed COVID-19 and included
coworkers, hospital settings, or shared vehicle transporta-
tion. Index patients were assigned by the contact tracing
investigation, but the classification of index and contact was
further examined by comparing the date with the earliest
symptom onset from symptomatic disease. The nature and
setting of index patient–contact exposure included conversa-
tion, dining together, being in an enclosed space without
direct contact, a health care setting, living together, or shared
transportation.

Statistical Analysis
Close contacts were included in this analysis if they had at least
1 positive or negative RT-PCR test result. We summarized con-
tinuous variables as median values with interquartile ranges
(IQRs) and categorical variables using proportions.

There were 2 outcomes in our analysis. Our primary out-
come was the attack rate of COVID-19, defined as the total
number of new COVID-19 cases diagnosed among contacts
of index patients divided by the total number of exposed
contacts.14 The attack rate was estimated among all contacts
and then estimated separately for each included close con-
tact, index patient, and exposure-related characteristic using
standard 2 × 2 contingency tables. A secondary outcome of
our analysis was asymptomatic clinical presentation among
infected contacts.

We used a modified mixed-effects Poisson regression with
robust SE variance to conduct all analyses. This model has a
logarithmic link function, can take into account clustering of
contacts, and allows for direct estimation of relative risks (RRs)
in observational studies.15,16 P values and 95% CIs were used
to assess statistical significance in all models. All P values were
from 2-sided tests and results were deemed statistically sig-
nificant at P < .05.

Analytical Plan for Outcome 1: Development of COVID-19
We presented various multivariable models assessing the as-
sociation between exposure time and index symptom onset
with the development of COVID-19 after adjustment for
potential confounding variables. We reported estimations of
the timing of exposure through distributed lag nonlinear
models.17,18 Distributed lag nonlinear models allow for both ex-
posure-response functions and lag-response functions, and are

widely used in environmental studies to compare the risk of
exposures prior to the outcome.19,20

We restricted the study population to contacts exposed
to symptomatic patients, as the start of index patient–contact
exposure to asymptomatic index patients is unclear. We con-
structed the timing of index patient–contact exposure using
index patient symptom onset and the reported exposure
period (confirmed by both index patients and contacts). We in-
cluded only contacts whose exposure occurred between 14 days
prior to and 10 days after the index patient’s symptom onset
date21-23 and compared the risk of COVID-19 at different
exposure days. The last day of exposure time was assigned as
the last reported day of exposure by the index patient and con-
tact. We compared timing of exposure between index pa-
tients and their contacts by single-day bins. The risk of
COVID-19 was estimated for each single-day bin (from 14 days
before index patient symptom onset to 10 days after index pa-
tient symptom onset). The RR was estimated by the exposure-
lag-response association in the distributed lag nonlinear mod-
els. It was defined on a grid of values of the binary variable of
exposure and a continuous variable of lag time (days).17 For ex-
ample, if a contact was first exposed on the day of symptom
onset of their index patient (day 0), the RR is derived by com-
paring the estimated risk of COVID-19 without exposure at the
same day but with exposure at different time points. We re-
stricted our analysis to 10 days after symptom onset owing
to low statistical power after more than 10 days. We also
compared COVID-19 in contacts based on when the first ex-
posure occurred compared with symptom onset as well as the
duration of index patient–contact exposure. We used a con-
strained distributed lag function of index patients’ exposure
to estimate the lag day–specific RR of index patient contact
from 14 days before and 10 days after index patient symptom
onset date.17,18 To explore the lag day association of index pa-
tient exposure, we used a natural cubic B spline on the lag scale
and used the Akaike information criterion to guide the selec-
tion of knots. More details are provided in eAppendix 3 in the
Supplement. We conducted a sensitivity analysis stratifying
on exposure time and index symptom onset by the exposure
setting (household and nonhousehold contacts) between close
contacts and index patients.

Analytical Plan for Outcome 2: Asymptomatic Clinical
Presentation Among Infected Contacts
A secondary outcome was asymptomatic clinical presenta-
tion among infected contacts. This outcome was restricted only
to contacts infected with COVID-19. Other clinical presenta-
tions among these contacts were grouped together. We com-
pared the risk of asymptomatic clinical presentation in in-
fected contacts stratified by severity of the index patient’s
COVID-19 case. We then evaluated whether asymptomatic clini-
cal presentation was associated with clinical index patient
severity in a multivariable model adjusting for potential
confounders.

All analyses were performed using Stata, version 14.1
(StataCorp) and R, version 4.0.3 (R Foundation for Statistical
Computing). The R packages dlnm and lme4 were used for dis-
tributed lag nonlinear models and mixed-effects modeling.
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Results

In total, 1495 patients were diagnosed with COVID-19 in
Zhejiang province during the study period, of whom 827
patients had complete contact tracing information. Of these,
730 index patients had at least 1 traced close contact with a con-
firmed RT-PCR test performed, including 8999 contact events
and 8852 close contacts (Figure 1). Index patients included 356
women (48.8%) and 374 men (51.2%), with a median age of 46
years (IQR, 36-56 years). Close contacts included 4173 women
(47.1%) and 4679 men (52.9%) with a median age of 41 years
(IQR, 28-54 years). The characteristics of excluded and in-
cluded contacts were largely similar; however, excluded par-
ticipants were more likely to be older (median age, 43 years
[IQR, 30-54 years] vs 41 years [IQR, 28-54 years]; P < .001) and
be exposed in a household setting (compared with nonhouse-
hold, 1846 of 6004 [30.7%] vs 2484 of 8852 [28.1%]; P < .001)
(eTable 3 and eTable 4 in the Supplement). The median dura-
tion from index symptom onset to isolation was 5 days (IQR,
2-8 days), while the median duration from first to last expo-
sure between index patients and contacts was 3 days (IQR,
0-7 days) (eFigure 1 in the Supplement).

The most common contact types were conversational (2687
of 8999 [29.9%]), living in the same household (1499 of 8999
[16.7%]), and enclosed space without direct contact (1408 of
8999 [15.6%]) (Table 1). Most COVID-19 cases among index pa-
tients were either mild (336 [46.0%]) or moderate (313 [42.9%]),
while only 81 index patients (11.1%) were asymptomatic.

Of 8852 screened close contacts, 327 (3.6%; 95% CI, 3.3%-
4.0%) received a diagnosis of COVID-19. Most index patients’
close contacts had no cases of COVID-19. The median number
of COVID-19 cases among contacts per index was 0.4 (IQR, 0-1).
Of these, 31 cases (9.5%) were critical, while most cases mani-
fested as either mild (98 [30.0%]) or moderate (137 [41.9%]).
A total of 61 contacts with a diagnosis of COVID-19 (18.7%) were
asymptomatic.

Contacts exposed to index patients had a higher COVID-19
attack rate if their exposure time was a few days before or af-
ter symptom onset in the index patient (Figure 2). In a mixed-
effects model adjusted for age, sex, duration of exposure, and

Figure 1. Study Flow Diagram of Eligibility and Inclusion of COVID-19
Index Patients and Their Social Network in Zhejiang Province, China

668 Excluded because contact tracing
information was unavailable

1495 Index patients with COVID-19 confirmed
by RT-PCR in Zhejiang Province from
January to August  2020

97 Excluded because their contacts
did not undergo RT-PCR test

8852 Close contacts of index patients
with COVID-19

730 Index patients with COVID-19 confirmed
by RT-PCR included in analysis

8999 Exposure events between contacts
and index patients

827 Index patients with confirmed COVID-19
included in contact tracing program

The sample population and restriction of inclusion of participants into the
study population are described in further detail in eTable 1 and eTable 2 in the
Supplement. The number of exposure events does not equal the number of
close contacts because some contacts may have been exposed to multiple
index patients. RT-PCR indicates reverse transcriptase–polymerase chain
reaction.

Table 1. Demographic Characteristics of Index Patients
and Close Contacts

Characteristics

No. (%)
Index patients
(n = 730)

Close contacts
(n = 8852)a

Age, median (IQR), y 46 (36-56) 41 (28-54)

Age group, y

<20 22 (3.0) 1101 (12.4)

20-29 67 (9.2) 1337 (15.1)

30-39 153 (21.0) 1800 (20.3)

40-49 174 (23.8) 1718 (19.4)

50-59 176 (24.1) 1445 (16.3)

60-69 90 (12.3) 851 (9.6)

≥70 48 (6.6) 600 (6.8)

Sex

Female 356 (48.8) 4173 (47.1)

Male 374 (51.2) 4679 (52.9)

Severity of COVID-19 in index patient

Asymptomatic 81 (11.1) 1098 (12.2)

Mild 336 (46.0) 4867 (54.1)

Moderate 313 (42.9) 3034 (33.7)

Primary contact type

Conversation NA 2687 (29.9)

Dine together NA 1066 (11.8)

Enclosed space without direct contact NA 1408 (15.6)

Health care setting NA 459 (5.1)

Live together NA 1499 (16.7)

Multiple NA 44 (0.5)

Shared transportation NA 1055 (11.7)

Others NA 781 (8.7)

Source of index patient

Importationb 42 (5.8) 439 (4.9)

Local 688 (94.2) 8560 (95.1)

Abbreviation: NA, not applicable.
a For contact characteristics, the statistics in this column are assigned to

contacts. For index case characteristics (ie, severity of COVID-19 in index
patient, primary contact type, source of index patient), the statistics in this
column represent the number of contacts exposed to that type of index
patient. For example, 1098 contacts were exposed to an asymptomatic index
patient. Also, 8560 contacts were exposed to a local index patient. For these
characteristics there were 8999 contact events among 8852 total contacts, as
some contacts were exposed to multiple index patients. Therefore, for index
patient characteristics (eg, severity of COVID-19 in index patient) assigned to
contacts there is a sum of 8999 rather than 8852, which is the sum for contact
characteristics in this column (eg, sex).

b Not infected in Zhejiang Province.
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the index patient–contact exposure setting, contacts were
at higher risk of COVID-19 if they were exposed between days
−2 and 3 (Figure 2) and peaked at day 0 (adjusted relative risk
[ARR], 1.3; 95% CI, 1.2-1.5). A lower risk was seen among con-
tacts exposed on days −6 (ARR, 0.8; 95% CI, 0.6-1.0) and
−5 (ARR, 0.8; 95% CI, 0.6-1.0) (Figure 2 and eTable 5 in the
Supplement). The risk of COVID-19 was nonstatistically higher
among contacts exposed on other days.

We then grouped contacts into multiday bins (before −3
days; days −3 to −1; days 0 to 2; days 3 and 5; and days 6 and
10) to assess whether certain time periods were associated with
higher risk. In a multivariable, mixed-effect model adjusted
for age, sex, duration of contact, and setting of the contact, con-
tacts were at higher risk of COVID-19 if they were exposed be-
tween day −3 and −1 from their index patient’s symptom on-
set (ARR, 3.4; 95% CI, 1.9-5.8) or day 0 and 2 days after their
index patient’s symptom onset (ARR, 2.8; 95% CI, 1.5-5.0)
(eFigure 3 in the Supplement). The risk of COVID-19 was non-
statistically higher among contacts exposed between days 3
and 5 (ARR, 2.0; 95% CI, 0.8-4.7) or days 6 and 10 (ARR, 1.8;
95% CI, 0.7-4.7) after their index patient’s symptom onset.
When we stratified this analysis by whether the index patient–
contact exposure was from household or nonhousehold set-
tings, we found that the increased risk of COVID-19 among con-
tacts exposed between days −3 and 2 from index symptom
onset was consistent in both contact groups but clearer in

household contacts. Among nonhousehold contacts there was
a higher risk in this time range but low statistical power.

Contacts were at increased risk of disease if they had a lon-
ger duration of exposure (eFigure 6 in the Supplement). Rela-
tive risks were elevated when exposure was longer; this
elevation was accentuated when exposure occurred between
−2 and 3 days from the index patient’s symptom onset. For
example, if a contact event occurred at day −2 and exposure
lasted for 13 days, the ARR of COVID-19 among contacts was
4.7 (95% CI, 1.9-11.4) (eFigure 6 in the Supplement). At days
−6 and −5 from index symptom onset, the duration of expo-
sure was associated with risk of COVID-19; at short exposure
duration, the risk was statistically lower (ARRs between 0.4
and 0.8), but individuals exposed for long durations had an
increased risk of COVID-19 (eFigure 6 in the Supplement).

COVID-19 transmission was consistently associated with
the severity of the index patient’s case of COVID-19 (Table 2).
Attack rates were highest among household members of in-
dex patients (260 of 2565 [10.1%; 95% CI, 9.0%-11.4%]) and con-
tacts exposed in multiple settings to the same index patient
(3 of 44 [6.8%; 95% CI, 1.4%-18.7%]). In a multivariable model,
household members had an ARR of 8.1 (95% CI, 5.9-11.4), and
contacts exposed in multiple settings to the same index pa-
tient had an ARR of 6.0 (95% CI, 1.7-21.0) for risk of COVID-19
compared with an “Other” category that included shared
transportation, enclosed space without direct contact, and

Figure 2. Adjusted Relative Risk of Development of COVID-19 in Close Contacts of Index Patients by the Timing of Exposure
and the Distribution of Contact Events
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The x-axis represents the length of time between index patient–contact
exposure and the index patient’s symptom onset time. For example,
0 signifies that the index patient’s symptom onset was the first day of index
patient–contact exposure. Negative and positive days represent the days
before and after exposure occurred relative to the date of index symptom
onset. The left y-axis and dots represent the adjusted relative risk of COVID-19
transmission in contacts. The error bars indicate 95% CIs. The horizontal dotted
line at 1.0 is a reference for the left axis. Adjusted relative risks for each day
were estimated through a distributed lag nonlinear, multivariable mixed-effects
model with adjustment for age and sex of the contact and index patient, the
exposure setting, and contact exposure duration. A random intercept was

included for overlapping index patients. Further explanation of this model is
described in the Methods section. The adjusted relative risks were estimated by
comparing COVID-19 infection risk at different exposure points. The right y-axis
and bars represent the number of close contacts exposed on each day. Contacts
exposed in the tan highlighted area had significantly higher relative risk, while
those exposed in the gray highlighted area had significantly lower relative risks
(6 days before to 5 days before; the risk may still be higher compared with
those with no exposure to patients with COVID-19). The reference group and
model approach were distinct from eFigures 3, 4, and 5 in the Supplement;
therefore, relative risks from this figure may not be directly comparable to those
in eFigures 3, 4, and 5.
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conversation. Contacts exposed in a health care setting had
a lower, but not statistically significant, risk of COVID-19 (ARR,
0.4; 95% CI, 0.1-1.7). Compared with contacts exposed to
1 index patient with COVID-19, contacts were at higher risk if
exposed to 2 (ARR, 1.8; 95% CI, 1.1-3.2) and 3 (ARR, 10.2; 95%
CI, 1.4-72.6) index patients with COVID-19.

Transmission from asymptomatic index patients was as-
sociated with both transmission and clinical presentation
among infected contacts (Figure 3). Compared with moder-
ate and mild index cases, asymptomatic index patients were
the least likely to transmit to contacts (attack rate, 1.0% [11 of

1098]; 95% CI, 0.5%-1.8%) (Table 2). In a multivariable model
adjusting for age and sex of case and contact, as well as expo-
sure setting, the risk of COVID-19 in contacts was much higher
when exposed to index patients with mild (ARR, 4.0; 95% CI,
1.8-9.1) and moderate (ARR, 4.3; 95% CI, 1.9-9.7) cases. How-
ever, infected contacts were most likely to manifest without
symptoms when exposed to an asymptomatic index patient.
Compared with exposure to an asymptomatic index patient,
the risk of asymptomatic infection in contacts was lower among
contacts exposed to mild (ARR, 0.3; 95% CI, 0.1-0.9) and mod-
erate (ARR, 0.3; 95% CI, 0.1-0.8) index cases.

Table 2. Index Patient, Contact, and Exposure-Related Risk Factors for COVID-19
Among Close Contacts of Index Patients With COVID-19

Variable

No. contacts who
developed COVID-19/
No. total contacts

Attack rate
(95% CI)a

Adjusted risk ratio
(95% CI) P value

Contact age, per 10-y NA NA 1.1 (1.1-1.2) <.001

Contact sex

Female 160/4254 3.5 (3.0-4.1) 1 [Reference] NA

Male 167/4747 3.8 (3.2-4.3) 1.0 (0.8-1.2) .77

Index patient sex

Female 154/4398 3.5 (2.8-3.9) 1 [Reference] NA

Male 173/4609 3.8 (3.2-4.3) 1.0 (0.7-1.5) .88

Severity of COVID-19
in index patient

Asymptomatic 11/1098 1.0 (0.5-1.8) 1 [Reference] NA

Mild 180/4867 3.7 (3.2-4.3) 4.0 (1.8-9.1) .001

Moderate 136/3034 4.5 (3.8-5.3) 4.3 (1.9-9.7) <.001

Primary contact typeb

Other 62/5931 1.0 (0.8-1.3) 1 [Reference] NA

Health care setting 2/457 0.4 (0.1-1.6) 0.4 (0.1-1.7) .22

Household member 260/2565 10.1 (9.0-11.4) 8.1 (5.9-11.4) <.001

Multiple settings 3/44 6.8 (1.4-18.7) 6.0 (1.7-21.0) .005

Abbreviation: NA, not applicable.
a We calculated 95% binomial exact

CIs around these estimates.
b We grouped exposure settings into

an “Other” category that includes
shared transportation, enclosed
space without direct contact,
conversation, and Others from
Table 1.

Figure 3. Adjusted Relative Risk of COVID-19 in Close Contacts and Asymptomatic Clinical Presentation
in Infected Contacts, Stratified by the Severity of the Index Case

COVID-19 in close contactsA

COVID-19 severity in index patient
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A, COVID-19 in close contacts. B, Asymptomatic clinical presentation in infected
contacts. Two distinct multivariable models were built. In the first model of the
outcome of COVID-19 in close contacts, all 8852 contacts were included; in the
second model of the outcome of asymptomatic clinical presentation in contacts
with disease, only the 327 contacts who developed COVID-19 were included.
The outcome was asymptomatic disease. Other clinical presentations were
grouped together. Both models were adjusted for age and sex of index patients

and contacts and for exposure setting. COVID-19 cases (both in index patients
and contacts who were diagnosed) were classified as either asymptomatic,
mild, moderate, severe, or critically ill. The empty circles are reference groups
(corresponding to the dotted lines). The dots and error bars indicate relative
risks and 95% CIs. The y-axis is on a log scale. Criteria for COVID-19 case
definitions and disease severity are provided in eAppendix 2 in the Supplement.
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Discussion

In this population-based, index patient–contact cohort study, we
found that the risk of COVID-19 transmission to close contacts
was higher if exposure occurred between −2 and 3 days from
symptom onset in index patients. Furthermore, the COVID-19
attack rate increased based on the presence or absence of symp-
toms in the index patient. Among contacts developing COVID-
19, asymptomatic infection was more common if they were
exposed to an asymptomatic index patient, suggesting that the
severity of the COVID-19 case in the index patient may be asso-
ciated with the clinical presentation of disease.

Our study suggests that transmission of COVID-19 is most
likely if contacts are exposed shortly before and after symptom
onsetintheindexpatient.Thisassociationwasconsistentregard-
less of adjustment for additional transmission risk factors, such
as the duration of exposure, age and sex of the contact, and ex-
posure setting. We used 2 distinct models to identify high-risk
COVID-19 time windows. Although the reference group and ap-
proaches were different in each model, both identified similar
results supporting the robustness of our conclusions. A study in
Taiwan found high COVID-19 attack rates among contacts ex-
posed less than 3 days after symptom onset in index patients and
suggested that the period close to symptom onset in index pa-
tients is important for transmission.13 However, that study had
limited statistical power and included only 22 total cases of
COVID-19 among contacts, limiting their ability to comprehen-
sively investigate the association of timing of exposure with
COVID-19 risk to a close contact. Our large population-based
sample allowed us to examine timing of exposure at each indi-
vidual day while also examining presymptomatic periods.

These results have important implications for understand-
ing transmission dynamics of COVID-19 and are consistent with
recent results suggesting that viral load may peak at 2 days be-
fore symptom onset12,13 and decline quickly after 1 week of
symptoms.10,11 Compared with contacts exposed −14 to −4 days
from symptom onset in index patients, the risk of COVID-19 was
nonsignificantly higher among contacts exposed 4 to 10 days
after symptom onset in index patients. Our results may be bi-
ased if contacts with more intense exposure, such as house-
hold contacts, are more likely to be exposed to their index pa-
tient around the time of symptom onset. However, when
conducting a sensitivity analysis restricting our study popula-
tion to household and nonhousehold contacts, we found
roughly consistent results. We also found a relatively reduced
risk time window around days −5 and −6. The reasoning for this
reduced risk is not clear, and future studies, including contact
investigations and viral shedding studies, are needed to fur-
ther understand this period before the onset of COVID-19 symp-
toms among persons who develop COVID-19.

We found that contacts exposed to asymptomatic index pa-
tients were less likely to develop COVID-19, and, given infec-
tion, were more likely to be asymptomatic. This result sug-
gests that there may be a dose-response association between
severity of the index patient’s case of COVID-19 and clinical pre-
sentation among contacts. If confirmed in other studies, this
result may suggest additional secondary benefits associated with

reducing case severity of individuals with COVID-19 through
vaccination or prompt diagnosis and treatment.24 Recently, the
hypothesis that mask use may reduce disease severity by de-
creasing the magnitude of exposure has been postulated25;
although our study results cannot be extended to understand
the implications of mask use (because we did not have de-
tailed information on mask or personal protective equipment
use), these results suggest this should be further investigated
empirically. We found that health care workers were at a non-
statistically lower risk of COVID-19, which may be owing to mask
use or policy regarding testing.26 Unfortunately, we were un-
able to further stratify by other measurements of exposure be-
cause of low statistical power. Alternatively, strain congruen-
cies between close contacts and their index patients may explain
our findings if particular COVID-19 strains are more likely to
cause severe disease than others. Further studies are needed
to explore underlying mechanisms for this association.

Limitations
There are limitations to our analysis. First, reporting bias may
be present if contacts and/or index patients did not accu-
rately recall their symptom onset. However, results were veri-
fied by both index patients and contacts. Family-related con-
tact events may be more reliable to recall because these
contacts had a closer level of exposure and the relationships
are more likely to be permanent. However, in the sensitivity
analysis stratifying the model by whether exposure occurred
inside or outside the household, the conclusion of a high-risk
time window was consistent (eFigure 4 and eFigure 5 in the
Supplement). Second, directionality of transmission was iden-
tified by index patients’ recall and then determined based on
the chronological order of symptom onset time. Although this
method is widely used,7,13,27-29 there is potential for misclas-
sification if an index patient had an unusually long incuba-
tion period compared with contacts. Third, not all contacts
were traced and screened with RT-PCR testing (eFigure 2 in the
Supplement). Because of this, contacts with asymptomatic
disease may have been missed. However, our study covers a
large proportion of all index patients diagnosed in Zhejiang
province, and characteristics of included and excluded con-
tacts were largely similar, indicating minimal selection bias.
Our study may not accurately represent transmission dynam-
ics in communities exposed to novel SARS-CoV-2 variants.
Fourth, nonpharmaceutical interventions were widely con-
ducted in Zhejiang Province early in 2020, reducing transmis-
sion risk. Therefore, caution is needed when applying our
results to other settings with limited health interventions.

Conclusions
Among 8852 close contacts and 730 index patients from
Zhejiang Province, China, we found that COVID-19 transmis-
sion was especially common among close contacts exposed
2 to 3 days before or after onset of symptoms among the
index patients. Infected contacts exposed to an individual
with asymptomatic COVID-19 were more likely to also clini-
cally present without symptoms.
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