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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the etiologic agent of coronavirus disease 2019 (COVID-19), has
spread globally in a few short months. Substantial evidence now
supports preliminary conclusions about transmission that can in-
form rational, evidence-based policies and reduce misinforma-
tion on this critical topic. This article presents a comprehensive
review of the evidence on transmission of this virus. Although
several experimental studies have cultured live virus from aero-
sols and surfaces hours after inoculation, the real-world studies
that detect viral RNA in the environment report very low levels,
and few have isolated viable virus. Strong evidence from case
and cluster reports indicates that respiratory transmission is
dominant, with proximity and ventilation being key determinants
of transmission risk. In the few cases where direct contact or fo-
mite transmission is presumed, respiratory transmission has not

been completely excluded. Infectiousness peaks around a day
before symptom onset and declines within a week of symptom
onset, and no late linked transmissions (after a patient has had
symptoms for about a week) have been documented. The virus
has heterogeneous transmission dynamics: Most persons do not
transmit virus, whereas some cause many secondary cases in
transmission clusters called “superspreading events.” Evidence-
based policies and practices should incorporate the accumulat-
ing knowledge about transmission of SARS-CoV-2 to help edu-
cate the public and slow the spread of this virus.
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Transmission of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which causes coronavi-

rus disease 2019 (COVID-19), requires that a minimum
but as yet unknown dose of replication-competent virus
be delivered to a vulnerable anatomical site in a sus-
ceptible host. A combination of viral, host, and environ-
mental characteristics affect transmission. In this review,
we discuss the evidence about the relative importance
of these factors.

METHODS
To review the extensive accumulating evidence

about the transmission of SARS-CoV-2, we attempt to
answer the following key questions. First, what is the
evidence for the environmental viability of the virus in
experimental and real-world settings? Second, what vi-
ral and host factors affect transmission? Third, what is
the evidence for various modes of transmission? Fourth,
what is the period of infectiousness for a person with
SARS-CoV-2 infection? Fifth, what are the population
transmission dynamics, and what is the role of super-
spreading events?

Data Sources
We manually searched electronic databases, in-

cluding LitCovid (a literature hub for articles related to
COVID-19 indexed on PubMed) and the medRxiv pre-
print server, for English-language titles and abstracts
published from 1 January through 7 September 2020;
we also searched reference lists of relevant articles and
institutional or governmental reports of SARS-CoV-2
transmission.

Study Selection
Articles were included if they provided relevant in-

formation on the key questions. Selected articles in-
cluded laboratory-based studies of the virus, instructive

case and cluster reports, and other observational or
modeling studies. Reviewers critically assessed each of
the included studies, which had to be self-consistent
and detailed enough to support their major conclu-
sions. Limitations of important studies are noted when
the studies are cited.

Data Extraction
One reviewer extracted data, and another verified

accuracy.

Limitations
It is not possible to assess the exact route of trans-

mission for many transmission events because risk fac-
tors often overlap; for example, persons may be ex-
posed through both respiratory droplets and surface
contamination.

ENVIRONMENTAL VIABILITY OF THE VIRUS
In experimental conditions, viable SARS-CoV-2 was

cultured from aerosols (fine particles suspended in the
air) and various surfaces after inoculation with 105.25 50%
tissue culture infectious dose per milliliter (TCID50/mL) for
aerosols and 105 TCID50/mL for surfaces, correlating to a
reverse transcriptase polymerase chain reaction cycle
threshold of 22 to 24, a typical value obtained from a na-
sopharyngeal sample of a person with COVID-19. Cycle
thresholds correlate inversely to viral load, so higher cycle
thresholds indicate lower viral loads (1). Viral RNA de-
cayed steadily over time in all conditions, although viable
virus was isolated for up to 3 hours from aerosols and up
to 72 hours from various surfaces; the longest reported
viability was on plastics and stainless steel, with half-lives
around 6 hours (1).

A similar experiment found that infectious virus
could be isolated from various surfaces after inocula-
tion with a much larger amount of virus (7 to 8 log units
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TCID50/mL) (2). The same study found that the virus was
highly stable at low temperatures but sensitive to heat,
with inactivation of the virus in 5 minutes at 70 °C. In
addition, SARS-CoV-2 could not be cultured after incu-
bation with various disinfectants, confirming experi-
mentally the effectiveness of cleaning procedures.

In real-world settings, studies have identified SARS-
CoV-2 RNA from samples taken from contaminated en-
vironmental surfaces, most commonly high-touch sur-
faces (Table 1) (3–21). Viral RNA levels are markedly
lower on environmental surfaces than in the nasophar-
ynx of source individuals, as shown in studies of a quar-
antine hotel and used dining utensils (3, 4). The few
studies that have assessed the presence of replication-
competent virus with culture have isolated it rarely in air
particles of varying size (5, 6).

VIRAL AND HOST FACTORS AFFECTING

TRANSMISSION
Binding of the viral spike (S) protein to the host

angiotensin-converting enzyme 2 (ACE2) receptor is a
critical step for cell entry, and as a result, host ACE2
distribution determines viral tropism (22, 23). Viral load
is highest in the upper respiratory tract (nasopharynx
and oropharynx) early in disease and then increases in
the lower respiratory tract (sputum), suggesting that the
upper respiratory tract is the usual initial site of viral
replication, with subsequent descending infection (24).

Susceptibility to SARS-CoV-2 infection increases
with age; children younger than 10 years are around
half as susceptible as adults (25–28). Viral RNA testing
of household contacts in Iceland showed 6.7% and
13.7% positivity in children and adults, respectively,
and testing in Wuhan, China, showed 4% and 17.1%
positivity (29, 30). Decreased ACE2 expression in chil-
dren compared with adults may partly explain the
lower susceptibility seen in children (31, 32).

The relative probability of transmission from an in-
fected child compared with that from an adult is not
well understood. Replication-competent virus is readily
isolated from children who are infected, and there are
conflicting reports about the relative viral loads in chil-
dren compared with adults, with some studies not con-
trolling for time since symptom onset, a key determi-
nant of viral load (32–35). Multiple large contact tracing
studies have suggested a lower secondary attack rate
for young children, but these must be interpreted with
caution because children are less likely to have symp-
tomatic disease and therefore less likely to be identi-
fied as index cases (35–38). Moreover, these studies
predominantly took place during periods of school clo-
sures, which may have had a confounding effect on the
likelihood of a child being an index case.

One study of households in the United States
found that household contacts of patients with immu-
nocompromising conditions and COVID-19 had in-
creased risk for infection, a finding that has not yet
been replicated but which suggests that this popula-
tion may be more likely to transmit the virus (39).

Viral factors may also contribute to transmissibility.
For instance, a marked increase in the prevalence of
SARS-CoV-2 bearing a D614G mutation has been
noted over time (40). Whether this mutation provides a
selective advantage to the virus has been debated (41).
It has now been shown that this variant infects human
ACE2 cell lines more efficiently than wild-type virus,
that progeny virus has increased expression of S pro-
tein, that the S protein has a higher rate of binding to
ACE2, and that in vivo viral loads may be higher for this
variant (40, 42–44).

EVIDENCE FOR VARIOUS MODES OF

TRANSMISSION
To date, conclusive evidence exists for respiratory

transmission of SARS-CoV-2 and transmission to and
between certain domestic and farm animals, as well as
rare vertical transmission. Direct contact or fomite trans-
mission is suspected and may occur in some cases. Sex-
ual, fecal–oral, and bloodborne transmission are theo-
rized but have not been documented.

Respiratory Transmission
When a virus spreads through respiratory transmis-

sion, it does so either with virions suspended on large
droplets or fine aerosols expelled from the respiratory
tract of the primary case patient. Droplets are classically
considered to be particles larger than 5 μm that fall to
the ground within about 6 feet and aerosols to be par-
ticles smaller than 5 μm that can remain suspended in
the air for prolonged periods; however, this dichotomi-
zation may be an oversimplification, and distinguishing
droplet and aerosol transmission is difficult in clinical
settings (45–47).

The dominant route of transmission of SARS-CoV-2
is respiratory (48). Growing evidence indicates that in-

Key Summary Points

Respiratory transmission is the dominant mode of
transmission.

Vertical transmission occurs rarely; transplacental trans-
mission has been documented.

Cats and ferrets can be infected and transmit to each
other, but there are no reported cases to date of trans-
mission to humans; minks transmit to each other and to
humans.

Direct contact and fomite transmission are presumed
but are likely only an unusual mode of transmission.

Although live virus has been isolated from saliva and
stool and viral RNA has been isolated from semen and
blood donations, there are no reported cases of SARS-
CoV-2 transmission via fecal–oral, sexual, or bloodborne
routes. To date, there is 1 cluster of possible fecal–
respiratory transmission.
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fectious virus can be found in aerosols and in exhaled
breath samples (5, 6, 49), and it is likely that under certain
circumstances, including during aerosol-generating pro-
cedures, while singing, or in indoor environments with
poor ventilation, the virus may be transmitted at a dis-
tance through aerosols.

Nevertheless, there is abundant evidence that
proximity is a key determinant of transmission risk (50,
51). A detailed contact tracing study of train passen-
gers that included 2334 index cases and 72 093 close
contacts found that the secondary attack rate was
closely linked to both the distance between seats and
the duration of shared travel (52). In a cluster investiga-
tion of 112 cases linked to fitness classes in South Ko-

rea, high-intensity exercise in densely packed rooms
yielded the most cases; a less crowded Pilates class
with a presymptomatic instructor, on the other hand,
had no associated secondary cases (53). That proximity
so clearly increases risk for infection suggests that clas-
sic droplet transmission is more important than aerosol
transmission (51).

The role of ventilation in preventing or promoting
spread also highlights the importance of respiratory
transmission. In a study of household transmission in
China, opening windows to allow better air movement
led to lower secondary household transmission (54).
Poor ventilation has been implicated in numerous
transmission clusters, including those in bars, churches,

Table 1. Review of Studies Assessing Viral RNA on Surfaces and in Air Samples

Setting Findings Viable Virus
Assessed?

Reference

Quarantine hotel room (China) Viral RNA found on 8 of 22 surfaces with high cycle
thresholds in rooms of 2 presymptomatic individuals

Not assessed 3

Chopsticks (Hong Kong) Viral RNA found on chopsticks at levels several logs lower
than in respiratory tracts of 5 patients

Not assessed 4

Microbiology laboratory (Spain) 4 of 22 high-touch surfaces positive, all with cycle
thresholds >30

Not assessed 7

Laboratory (China) No samples positive by standard PCR techniques; 13 of
61 high-touch surfaces positive by droplet digital PCR,
indicating very low levels of viral RNA

Not assessed 8

Hospital (China) 25% of 200 surfaces positive, high-touch surfaces most
likely to be positive; 0 of 44 air samples positive

Not assessed 9

Hospital (Iran) 0 of 10 air samples measured 2–5 m from patients were
positive for viral RNA

Not assessed 10

Hospital (Nebraska) >70% of surfaces in patient rooms positive for viral RNA Assessed/no viable
virus detected

11

Hospital (Italy) 2 of 26 samples positive (both from CPAP helmets) with
very low viral loads

Not assessed 12

Hospital (Wuhan, China) 0 of 90 surfaces positive after sanitization Not assessed 13
Hospital (Singapore) Surfaces positive before but not after sanitization; no air

samples positive
Not assessed 14

Hospital (Hong Kong) Extensive air sampling at close range (10 cm from chin)
showed no positive air samples; viral RNA found in
saliva and on surfaces

Not assessed 15

Hospitals (Wuhan) Very low/undetectable levels in patient areas; detectable
RNA in aerosols in poorly ventilated PPE removal areas
that cleared with improved sanitization/ventilation

Not assessed 16

Hospitals (Wuhan) Surfaces and air up to 4 m from patients frequently
positive for viral RNA

Not assessed 17

Hospital (Milan, Italy) High-touch surfaces and air samples positive for RNA in
patient areas but not clean areas

Not assessed 18

Hospital (London, England) Surfaces and air samples frequently positive for viral RNA
at high cycle thresholds >30; more likely to be positive
in areas closer to patients with COVID-19

Assessed/no viable
virus

19

Hospital (Florida) Viable virus isolated from 2 patients with COVID-19 from
air samples collected 2–4.8 m away (no cycle threshold
reported for either patient), with extremely low viral
concentrations of 0.006–0.074 TCID50 units/mL air

Assessed/viable
virus detected

6

Hospital (Nebraska) Air samples were taken around 6 patients with COVID-19
(no cycle threshold for patients and no distance at
which air samples were taken reported), and an
aerodynamic particle sizer spectrometer measured and
separated air particles; viral growth confirmed from
particles <1 μm and 1–4 μm in size

Assessed/viable
virus detected

5

Radiation oncology clinic (New Jersey) 0/128 environmental surface samples were positive for
SARS-CoV-2 RNA before they were cleaned and
disinfected

Not assessed 20

Ferryboat, nursing home, and COVID-19
isolation ward (Greece)

SARS-CoV-2 RNA was detected on a variety of
environmental surfaces, including an air conditioning
filter and ventilation duct and in 1/12 air samples tested
during an outbreak

Not assessed 21

COVID-19 = coronavirus disease 2019; CPAP = continuous positive airway pressure; PCR = polymerase chain reaction; PPE = personal protective
equipment; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; TCID50 = median tissue concentration infectious dose.
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and other locations (55–57). By contrast, such events
have rarely occurred outside, and then only in the con-
text of crowding (58–60). In 1 illustrative study of indi-
viduals at a religious event who traveled on 2 buses
with poor ventilation, 35% of those on 1 bus acquired
infection compared with none on the other bus, again
highlighting the importance of ventilation (61). In this
case, proximity to the single known index patient did
not correlate with risk for infection.

In addition, studies have found that masking, both
in health care settings and in the community, decreases
transmission of SARS-CoV-2 (51, 62–65). A study in China
found that mask use in the household before symptom
development markedly reduced risk for household trans-
mission (54). All of this evidence supports the dominant
role of respiratory spread of this virus.

Direct Contact and Fomites
There is currently no conclusive evidence for fo-

mite or direct contact transmission of SARS-CoV-2 in
humans. Rhesus macaques can be infected with SARS-
CoV-2 through direct conjunctival inoculation but de-
velop less severe pulmonary disease than macaques
inoculated through an intratracheal route (66).

Reports suggesting fomite transmission are circum-
stantial. For example, in a cluster of infections associ-
ated with a mall in China, several affected persons re-
ported no direct contact with other case patients (67).
The investigators noted that these individuals used
shared common facilities (such as elevators and rest-
rooms) and proposed fomite or respiratory transmis-
sion in those settings. In a detailed investigation of a
large nosocomial outbreak linked to 119 confirmed
cases at a hospital in South Africa, fomite transmission
was proposed given the separated distribution of cases
in multiple wards (68). However, the hospital did not
have a universal mask policy at the time of the out-
break, there was no special ventilation, and the burden
of infection among health care workers was substantial.
As a result, respiratory transmission from infected staff
cannot be excluded. As noted in the description of all
known transmission clusters in Japan, it can be difficult
to identify primary cases in large health care–associated
outbreaks (57). In the case of a suspected transmission
during an evacuation flight, the person who acquired
infection reportedly wore an N95 mask at all times ex-
cept when using a toilet that was shared with another
passenger with asymptomatic infection (69).

Poor hand hygiene was associated with increased
risk for infection among health care workers, and daily
use of chlorine or ethanol cleaning products in the
household was associated with decreased risk (54, 70).
Although this might indirectly suggest direct contact or
fomite spread, it can be difficult to tease out the relative
importance of simultaneous interventions because, for
example, excellent hand hygiene may be associated
with better infection control practices overall. As will be
discussed in the next section, live virus can be isolated
after the period of infectiousness, which suggests a
minimum necessary inoculum to initiate infection (71,
72). On the basis of currently available data, we suspect

that the levels of viral RNA or live virus transiently re-
maining on surfaces are unlikely to cause infection, es-
pecially outside of settings with known active cases.

Domestic Pets and Farm Animals
Several studies have documented that SARS-CoV-2

can infect domestic animals, including cats, dogs, and
ferrets (73–76). The virus replicates well in cats (but not
in dogs) and is transmissible between cats and ferrets
(75, 77). There are no confirmed cases of transmission
from domestic pets to humans. Minks are susceptible
to SARS-CoV-2 infection and are farmed in some areas
where cases of transmission from minks to human farm
workers is suspected (78, 79).

Vertical Transmission
Many studies have evaluated the possibility of ver-

tical transmission of SARS-CoV-2 (80). There are several
reports of positive SARS-CoV-2 IgM in neonates (81,
82). Although IgM does not cross the placenta, and
thus its presence may indicate in utero infection, IgM
testing is prone to false positivity, particularly in the set-
ting of significant inflammation (83). There are also sev-
eral reports of early nasopharyngeal positivity on poly-
merase chain reaction testing after delivery in neonates,
including a description of 3 infants with positive results on
day 2 of life and another of an infant with positive results
16 hours after delivery (84, 85). Several case reports have
found placental infection by SARS-CoV-2, and 1 has
shown transplacental transmission (86–89). In addition,
breast milk can harbor viral RNA, although no confirmed
transmissions to infants from breast milk have been re-
ported (90–92). Taken together, these studies suggest
that vertical transmission of SARS-CoV-2 rarely occurs.

Fecal–Oral (or Fecal Aerosol) Transmission
Fecal–oral transmission was theorized early in the

outbreak because of the known high concentration of
ACE2 receptors in the small bowel (93). No evidence
currently supports fecal–oral transmission in humans,

Figure 1. The period of infectiousness for immunocompetent,
symptomatic adults (dotted line) and respiratory tract viral load
with time (solid line).
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and intragastric inoculation of SARS-CoV-2 in ma-
caques did not result in infection (94). Although viral
RNA is commonly detected in stool, live virus has only
rarely been isolated (95–99). This has led some to won-
der whether viral aerosolization with toilet flushing
could lead to transmission (100). In February 2020,
there were news reports of an outbreak from possible
fecal aerosol transmission at a multistory apartment
complex in Hong Kong; however, an investigation
showed that the secondary case patients were likely
infected during a dinner party (101). One study did find
low detectable levels of RNA in air samples near patient
toilets at a hospital in Wuhan, although isolation of live
virus was not assessed (16). The spatial distribution of a
cluster of 3 infected families living in vertically aligned
apartments connected by drainage pipes in a high-rise
apartment building in Guangzhou, China, as well as the
presence of viral RNA in another vertically aligned, un-
occupied apartment, suggests the possibility of fecal
aerosol transmission in rare cases (102). Taken to-
gether, given how rarely live virus has been isolated
from stool, the low levels of replication-competent virus
in stool that might be aerosolized from toilet flushing
seem highly unlikely to cause infection except under
unusual or extraordinary circumstances.

Sexual Transmission
No current evidence supports sexual transmission

of SARS-CoV-2. Viral RNA has been found in semen,
although infectious virus has not been isolated (103).
Vaginal fluid has been negative except in a single case
that reported RNA with a low viral level (104, 105). One
study reported lack of transmission to a discordant part-
ner among 5 couples who remained sexually active while
1 partner was in the period of infectiousness (106). For
linked transmissions between sexual partners, exclusion
of respiratory transmission would not be possible.

Bloodborne Transmission
The proportion of persons with viral RNA detect-

able in blood is currently unknown. An early study
found viral RNA in only 3 of 307 blood specimens (95).
Another study detected viral RNA in 32.9% of 85 blood
samples from symptomatic persons, including 22 of 28
from those requiring hospitalization (107). In another
study, viral RNA was detected in 27% (19 of 71) of hos-
pitalized patients (44% of those on a ventilator, 19% of
those receiving supplemental oxygen by nasal cannula,
and 0% of those on ambient air) and 13% (2 of 16) of
outpatients with COVID-19 (108). Viral RNA was found
in blood from 4 blood donors without symptoms. The
samples were discarded and not administered to other
patients (109). To date, no replication-competent virus
has been isolated from blood samples, and there are
no documented cases of bloodborne transmission.

TRANSMISSION DETERMINANTS BY SYMPTOMS

AND TIMING: THE “PERIOD OF INFECTIOUSNESS”
Persons who have SARS-CoV-2 with or without

symptoms can transmit. Those without symptoms may
be presymptomatic, or they may remain asymptomatic.

Transmission can occur from persistently asymptomatic
persons, although they seem to be less likely to trans-
mit, and when they are most infectious is currently un-
known (110–114). Data are mixed about the dynamics
of viral shedding in those with persistently asymptom-
atic infection (112, 115, 116).

Among those who develop symptoms, 1 report of
3410 close contacts of 391 case patients in China found
that the secondary attack rate increased with the sever-
ity of the index case and that the specific symptoms of
fever and expectoration were associated with second-
ary infections (113). In another study, researchers deter-
mined that transmissibility peaks around 1 day before
symptom onset by analyzing a group of 77 transmission
pairs (117). Assuming an incubation period of 5.2 days,
they estimated that infectiousness started 2.3 days be-
fore symptom onset, peaked around a day before
symptom onset, and declined rapidly within 7 days
(117, 118). In their cohort, they estimated that 44% of
secondary cases were acquired from persons who were
presymptomatic at the time of transmission. Other
studies have replicated these important findings (119–
121). Modeling using observed viral load kinetics fur-
ther supports these findings, suggesting that the
threshold viral load for a 50% probability of transmis-
sion is approximately 107.5 viral RNA copies/mL and
that infected persons are likely to be above this thresh-
old for only about 1 day (122). The amount of presymp-
tomatic transmission varies between populations on
the basis of the extent of active case findings and iso-
lation and quarantine of close contacts. The proportion
of presymptomatic transmission will be higher in areas
without case tracking and isolation of contacts.

Figure 2. A branching schematic of heterogeneous (i.e.,
overdispersed) transmission with R0 = 2.
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The index case transmits to 2 secondary cases. One secondary case
has no further transmissions, and the other secondary case transmits
to 4 tertiary cases.
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Viral loads of SARS-CoV-2 in the respiratory tract
decrease rapidly after symptom onset, with higher
loads shifting from the upper to the lower respiratory
tract (24, 123, 124). Patients with severe disease have
higher respiratory viral loads than those with mild dis-
ease, although all loads decline with time (125). Re-
searchers from China estimated the duration of RNA
shedding from various sites based on detailed sample
analysis of 49 patients with COVID-19 and reported a
median duration of shedding from the nasopharynx of
22 days for mild and 33 days for severe cases, with
some persons shedding for longer than 2 months (97).
Figure 1 shows the period of infectiousness and respi-
ratory tract viral load in cycle threshold with time.

Of note, the period of infectiousness is far shorter
than the duration of detectable RNA shedding. For
mild to moderate cases, infectious virus can be isolated
from samples only up until about day 8 of symptoms.
Multiple studies have found virtually no viable virus in
patients with mild or moderate disease after 10 days of
symptoms despite frequent ongoing RNA shedding
(24, 126, 127). Higher viral loads are associated with
increased likelihood of isolation of infectious virus (24,
127). In a study that included patients from 0 to 21 days
after symptom onset, viable virus was isolated in 26 of
90 samples but no viral growth was found when the
cycle threshold was greater than 24 or the patient had
had more than 8 days of symptoms (128). A study of a

major outbreak at a nursing facility in Washington
found viable virus 6 days before symptom onset
through 9 days after symptom onset (129).

It may be possible to isolate infectious virus longer
in hospitalized patients who have severe disease or are
critically ill. A group from the Netherlands evaluated
129 hospitalized patients, including 89 who required
intensive care, and collected samples from the upper
and lower respiratory tracts (71). Isolation of infectious
virus occurred a median of 8 days after symptom onset.
The probability of isolation of infectious virus was less
than 5% after 15.2 days and decreased with time after
symptom onset, lower viral loads, and higher neutraliz-
ing antibody titers; the latest isolation of infectious virus
was 20 days after symptom onset.

Despite late isolation of infectious virus, no late
transmissions have been documented, including in
health care settings. Perhaps the most detailed real-
world confirmation of this period of infectiousness
comes from a detailed contact tracing study from Tai-
wan that found no linked transmissions after index pa-
tients had had symptoms for at least 6 days (72). In this
study, nearly 3000 close contacts (including nearly 700
health care workers not wearing appropriate personal
protective equipment at the time of exposure) of 100
confirmed case patients were followed closely. Hun-
dreds of health care worker exposures occurred after
an index patient had had symptoms for at least 6 days,

Table 2. Features of Instructive Superspreading Events

Setting (Reference) Cases/Total at Risk (Attack Rate), n/N (%) Index Case Key Features

Korean call center (136) 94/216 (43.5) Not identified in report Most cases found on the 11th floor of
the call center: indoors with
workers in very close proximity

Church in Arkansas (55) 35/92 (38) Pastor was presymptomatic and
then symptomatic during
series of events he led at
church

Events included 5 indoor
church-related events over several
days, some of which included
singing

Wedding in Jordan (137) 76/350 (21.7) Bride's father had fever, cough,
and runny nose starting 2 d
before event

2-h indoor wedding ceremony;
additional 9 confirmed case
patients who did not attend
wedding were household contacts
of those who did

Choir in Washington state (138) 53/61 (86.7) 1 person had “cold-like”
symptoms starting 3 d before
event

2.5 h in multipurpose room with
chairs close together; question of
whether singing aerosolized the
virus

U.S.S. Theodore Roosevelt (140) �1000/1400 (�60–70) Not identified in report Close quarters; social distancing,
mask use, and avoiding common
areas all associated with decreased
risk

Overnight camp in Georgia (139) 260/354 (78) of those who were tested had
positive results (out of 597 who attended)

Not identified in report Staffers but not campers were
expected to wear cloth masks;
windows and doors of cabins were
not opened to increase ventilation;
activities included “daily vigorous
singing and cheering”; lodging
consisted of 31 cabins with an
average of 15 persons in each
cabin

International business conference
in Boston (141)

At least 90 direct cases leading to sustained
local transmission with progeny virus
found in at least 35% of infections
thereafter in Boston area during a major
outbreak and exported to multiple other
states

Presumed single introduction
from Europe to Boston via
this conference

Conference details not described in
the manuscript, although
presumed hours of close, indoor,
unmasked contact
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and no late transmissions were found, even in health
care settings.

A helpful case report from Hong Kong described a
patient with unrecognized COVID-19 who was admit-
ted to a general ward for 35 hours before intubation for
respiratory failure (130). Seven staff and 10 patients had
close contact, and none developed COVID-19 or had a
positive test result for SARS-CoV-2 during follow-up.
Of note, the patient had had symptoms for 7 days by
the time of admission, and although he had a rela-
tively high viral load—in the range where infectious
virus has been isolated in other studies— he did not
transmit. Despite these high-risk interactions and rel-
atively high viral load, he may have been outside the
period of infectiousness.

POPULATION-LEVEL TRANSMISSION DYNAMICS,
TRANSMISSION HETEROGENEITY, AND THE

ROLE OF SUPERSPREADING EVENTS
In infectious disease transmission dynamics, the ba-

sic reproductive number, or R0, describes the average
number of secondary cases generated from an index
case in an entirely susceptible population. Estimates for
the R0 of SARS-CoV-2 have ranged from 2 to 3 (131,
132). The number of secondary transmissions per index
case can show levels of heterogeneity (Figure 2). Over-
dispersion refers to transmission with high heterogene-
ity. In such cases, most index cases do not lead to any
secondary transmissions and a smaller minority lead to
many secondary transmissions in clusters, in what are
sometimes called “superspreading events” (133).

There is mounting evidence that SARS-CoV-2 trans-
mission is highly overdispersed. Contact tracing inves-
tigations during the early epidemic in China estimated
that 80% of secondary infections arose from 8.9% of
index cases (134). This has been further supported by a
modeling analysis that used the expected number of
local and imported cases in all countries to estimate
that approximately 10% of cases lead to 80% of sec-
ondary transmissions, a phylodynamic study that used
SARS-CoV-2 genetic sequences in Israel to estimate
that fewer than 10% of infections lead to 80% of sec-
ondary cases, and another detailed contact tracing re-
port of all identified clusters of infection in Hong Kong
that found that approximately 20% of infections caused
80% of secondary transmissions (56, 131, 135). In this
last report, 1 transmission cluster accounted for more
than 10% of all known cases in Hong Kong at the time
and 30% of locally acquired cases. Highly publicized
superspreading events have occurred, including out-
breaks at a Korean call center, a church in Arkansas, a
wedding in Jordan, a choir practice in Washington, and
an overnight camp in Georgia (Table 2) (55, 136–141).
As noted in an analysis of COVID-19 cases in Japan,
transmission clusters are frequently characterized by
presymptomatic and young adult index cases in set-
tings associated with heavy breathing in close proximity
(57). A systematic review of transmission clusters found
that most occurred indoors (60). High viral load in the

index case at the time of transmission is presumed to
be important, but whether other specific host factors
contribute to superspreading events remains unknown.

The household is another extremely important site
of transmission for SARS-CoV-2, with a meta-analysis of
40 studies finding an overall household secondary at-
tack rate of 18.8% (95% CI, 15.4% to 22.2%) (142). In a
demonstrative contact tracing study from South Korea
including nearly 60 000 contacts of more than 5700
case patients, the attack rate among household con-
tacts was 11.8%, compared with 1.0% for nonhouse-
hold contacts (37). Household attack rates vary with
community prevalence and household factors like age
distribution, density, and ventilation in the living space
(54, 143). In addition, results from serologic and RNA
testing may differ depending on timing and character-
istics of tests (144). After superspreading events, addi-
tional transmission frequently occurs among contacts
living in the same household.

CONCLUSIONS
In the midst of the COVID-19 pandemic, initial un-

certainty about transmission, at times fueled by waves
of misinformation or overinterpretation of in vitro stud-
ies, understandably led to fear among both health care
workers and the general public. Through the extraordi-
nary dedication of health care workers, public health
leaders, and scientists around the globe, and with rapid
knowledge sharing, we have made remarkable prog-
ress in our understanding of transmission of this virus
and how to reduce its spread. The accumulated evi-
dence suggests that most transmission is respiratory,
with virus suspended either on droplets or, less com-
monly, on aerosols. Transmission dynamics are hetero-
geneous, with a major role for superspreading events
in sustaining the epidemic. These events often include
persons in close proximity in indoor settings with poor
ventilation for extended periods. We must continue to
stay up to date with the new and emerging evidence
and work quickly to revise our policies to reflect this
new information.
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