The Journal of Infectious Diseases e T
IR IDSA

Infectious Diseases Society of America hiv medicine association

On the Effect of Age on the Transmission of SARS-CoV-2
in Households, Schools, and the Community

Edward Goldstein,' Marc Lipsitch,"?“ and Muge Cevik®*

'Center for Communicable Disease Dynamics, Department of Epidemiology, Harvard T. H. Chan School of Public Health, Boston, Massachusetts, USA, ’Department of Immunology and Infectious
Diseases, Harvard T. H. Chan School of Public Health, Boston, Massachusetts, USA, *Division of Infection and Global Health, School of Medicine, University of St Andrews, St Andrews, United
Kingdom, and “Regional Infectious Diseases Unit and Specialist Virology Laboratory, NHS Lothian Infection Service, Edinburgh, United Kingdom

Background. There is limited information on the effect of age on the transmission of SARS-CoV-2 infection in different settings.

Methods. We reviewed published studies/data on detection of SARS-CoV-2 infection in contacts of COVID-19 cases, serolog-
ical studies, and studies of infections in schools.

Results. Compared to younger/middle-aged adults, susceptibility to infection for children younger than 10 years is estimated to be sig-
nificantly lower, while estimated susceptibility to infection in adults older than 60 years is higher. Serological studies suggest that younger
adults (particularly those younger than 35 years) often have high cumulative incidence of SARS-CoV-2 infection in the community. There
is some evidence that given limited control measures, SARS-CoV-2 may spread robustly in secondary/high schools, and to a lesser degree
in primary schools, with class size possibly affecting that spread. There is also evidence of more limited spread in schools when some mit-
igation measures are implemented. Several potential biases that may affect these studies are discussed.

Conclusions. Mitigation measures should be implemented when opening schools, particularly secondary/high schools. Efforts
should be undertaken to diminish mixing in younger adults, particularly individuals aged 18-35 years, to mitigate the spread of the

epidemic in the community.
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Among those infected with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), elderly patients have had the most
severe outcomes, including the highest death rates, whereas in-
fected younger persons, particularly children aged 1-18 years,
if symptomatic at all, are far more often mildly ill [1]. While
this age-dependent pattern of illness severity has become well
established, the roles of different age groups in transmission
has not been as clear. Recently, evidence has accumulated that
susceptibility to infection generally increases with age (eg, [2,
3]). This, however, does not suggest that the oldest individuals
necessarily have the highest SARS-CoV-2 incidence—in fact,
serological studies suggest that younger adults, particularly
those younger than 35 years, often experience the highest cu-
mulative rates of infection [4-8], possibly due to age-related
differences in mixing. Additionally, there is uncertainty as to
how susceptibility to infection varies with age in children, and
how it compares to susceptibility to infection in different age
groups of adults. The effect of the ongoing and future openings
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of primary, secondary, and high schools and higher-educational
institutions on the spread of infection requires a better char-
acterization of transmission dynamics in different age groups.
Here, we review the relevant evidence based on household,
school, and community studies, and draw some conclusions re-
garding the relevant public health policies.

AGE VARIATION IN SUSCEPTIBILITY TO INFECTION
GIVEN CONTACT

We undertook a literature review using the Living Evidence
on COVID-19, a database collecting coronavirus disease 2019
(COVID-19) related published articles from PubMed and
EMBASE and preprints from medRxiv and bioRxiv [9], with
articles containing the words ([children] OR [age] OR [aged]
OR [years old] OR [secondary]) AND ([household] OR [house-
holds] OR [contacts]) in the title/abstract, published before 5
October 2020 examined for relevance. Studies were eligible for
inclusion if they reported the estimates of either secondary at-
tack rate, susceptibility to, or odds ratio (OR) for infection in
different age groups, and where the setting for the contact (eg,
household or other), either was the same for all contacts, or
was adjusted for (as a covariate in a model) in those estimates
(to reduce the effects of heterogeneity in exposure on those
estimates).

We used published, deidentified data, with no informed con-
sent from the participants sought.
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Relative Susceptibility to Infection in Children Versus Adults

In this section we present the 14 included studies that assess
relative susceptibility for different age groups, describe some
potential biases in those studies, and present evidence for lower
susceptibility to infection in children younger than 10 years, and
higher susceptibility to infection in adults older than 60 years
compared to young/middle-aged adults.

PCR-Based Studies of SARS-CoV-2 Infection in Close Contacts

Several studies found much lower secondary attack rates
(measured by polymerase chain reaction [PCR]-positive
cases among contacts) in children as contacts—using dif-
ferent age cutoffs of children up to age 20 years—compared
to adults. In a hospital-based study near Wuhan, China [10],
the OR for infection in contacts aged <18 years relative to
adults was 0.18 (95% confidence interval [CI], .06-.54). In
a Guangzhou, China study [2], the multivariable OR for in-
fection in contacts younger than 20 years versus contacts
older than 60 years was 0.23 (95% CI, .11-.46), while for con-
tacts aged 20-59 years versus contacts older than 60 years it
was 0.64 (95% CI, .43-.97). For household contacts of con-
firmed cases in Zhuhai, China [11], the OR for infection in
children aged 4-18 years relative to persons aged 19-60 years
was 0.09 (95% CI, .01-.73). In a Chinese study of close con-
tacts [3], the multivariable OR for infection in children aged
<15 years compared to adults aged 15-64 years was 0.34 (95%
CI, .24-.49). In a Hunan, China study [12] the multivariable
OR for infection in contacts younger than 15 years versus con-
tacts aged 15-64 years was 0.58 (95% CI, .34-.98). A study
modeling transmission within households in Israel [13] found
that susceptibility in children younger than 20 years was 0.45
(95% CI, .40-.55) that of adults. For a study of household con-
tacts in New York State [14], the OR for infection in children
aged <18 years relative to adults aged 18-29 years was 0.41
(95% CI, .17-.99).

A few studies showed similar secondary attack rate (SAR)
in children or adults. For a study of household contacts in
Wisconsin and Utah [15], the OR for infection in children
aged <18 years relative to adults aged 18-49 years was 0.88
(95% CI, .37-2.02). For the study in Shenzhen, China [16],
infection rates in close contacts were similar across age
groups. However, 298/391 of index cases in this study were
travelers, with joint travel being associated with an OR of
7.1 (95% CI, 1.4-34.9) for infection in close contacts, sug-
gesting the possibility of acquisition of infection at the
source of travel and making the interpretation of the esti-
mates in [16] difficult. For a multivariable analysis involving
contacts of COVID-19 cases in Guangzhou, China [17], the
OR for infection in contacts aged <18 years relative to con-
tacts aged 18-44 years was 0.78 (95% CI, .41-1.50). For
household contacts of COVID-19 cases in 2 Indian states
[18], OR for infection in children aged <18 years relative to

adults aged 18-34 years was 0.96 (95% CI, .71-1.29). For a
study of family members of SARS-CoV-2 cases in Greece
[19], OR for infection in pediatric contacts versus adult con-
tacts was 1.69 (95% CI, .7-4.2).

Serological Studies of SARS-CoV-2 Infection in Close Contacts

For a study of household contacts of hospitalized cases in Italy
[20], the OR for infection in children aged <18 years relative to
adults was 0.77 (95% CI, .27-2.17). For a study of household
contacts in Utah and Wisconsin [21] (not retrieved from [9]),
the OR for infection in children aged <18 years relative to adults
was 1.39 (95% CI, .55-3.53).

Potential Biases for the Estimates of Susceptibility in Children
Versus Adults

Estimates of relative susceptibility in children versus adults
based on household attack rates may be influenced (gen-
erally downward biased) due to contact patterns because
certain adult-adult contacts may be more sustained than
adult-child contacts: that is, higher secondary attack rates
in adults versus children may reflect greater exposure in ad-
dition to differences in susceptibility given the same expo-
sure. A serological study of a SARS-CoV-2 outbreak on a US
Navy ship [22] found that cumulative incidence of infection
was higher among persons who reported sharing the same
sleeping berth with a crew member who had positive test
results compared with those who did not (OR = 3.3; 95%
CI, 1.8-6.1). This suggests that among contacts of an index
case in a household, the spouse might face an additional risk
for infection due to shared bed or room. In fact, for adult
contacts in the Wuhan study [10], the SAR among spouses
of index cases was 27.8% (25/90), whereas the SAR among
other adults in the household was 17.3% (35/202), with the
relative risk (RR) for infection for a spouse of the index case
versus a nonspouse adult household contact being 1.60 (95%
CI, 1.02-2.51). In the Zhuhai study [11], 12/23 spouses of
index cases were infected, compared to 31/89 of other adult
contacts of index cases, with the RR for infection being 1.50
(95% CI, .92-2.43).

A second source of bias in the estimated relative suscep-
tibility of children versus adults is the possibility of index
misclassification, as for example in the following scenario: a
child is infected first in a household and transmits to an adult,
but because the child has no or mild symptoms, the child is
not tested initially, and the adult is considered the household
index. For example, in studies [10-12], conducted early in the
pandemic, hospitalized individuals/persons with pneumonia
were identified as index cases, and given the underrepresen-
tation of children among severe cases compared to all SARS-
CoV-2 infections, pediatric index cases could have been
missed in those studies. For studies based on PCR detection of
contacts, this error would bias the SAR estimates in children
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downward if the true index child is classified as an uninfected
pediatric contact, and upwards if the true index child is sub-
sequently detected and misclassified as a secondary case. For
serological studies of household contacts, this would bias the
SAR estimate in children upward (because the index child is
classified as an infected pediatric contact in the estimates of
SAR). A further limitation related to serological studies is that
they cannot assess whether nonindex cases were infected in
the household (eg, delay between infection in the index case
and serological testing in [20]).

We note that the last 2 sources of bias may help explain why in
studies based on PCR testing of contacts, the estimated suscep-
tibility to infection in children is generally lower than in adults,
while in the serological studies of household contacts [20, 21]
(where these biases are expected to be upwards for children),
the differences in the estimated susceptibility to infection in
children and adults are smaller.

Lower Relative Susceptibility to SARS-CoV-2 Infection for Children
Younger Than 10 Years Versus Adults

An approach that minimizes these potential biases is to com-
pare infection in different age subgroups of children among
household contacts. For one study we reviewed [13], the data
are available to compare secondary attack rates in children
aged 0-4 years and 5-9 years to those of older children; SAR
in these younger groups are less than half those in children
aged 15-19 years (Table 5 in [13]). Given that there is no ev-
idence that 15-19 year olds are more susceptible than adults,
this within-childhood comparison can support the inference
that children younger than 10 years are at most half as suscep-
tible as adults.

Elevated Susceptibility to Infection for Adults Older Than 60 Years
Compared to Younger/Middle-aged Adults
The study reported in [2] estimates that for household contacts
among persons aged 20-59 years, the OR for infection is 0.64
(95% CI, .43-.97) compared to household contacts older than
60 years. The study reported in [3] estimates that for close con-
tacts among persons older than 65 years, the OR for infection is
1.67 (95% CI, 1.12-1.92) compared to household contacts aged
15-64 years. The study reported in [12] estimates that for close
contacts among persons older than 65 years, the OR for infec-
tion is 1.64 (95% CI, 1.02-2.63) compared to household con-
tacts aged 15-64 years. For the multivariable analysis involving
contacts of COVID-19 cases in Guangzhou, China [17], the OR
for infection in contacts older than 60 years relative to contacts
aged 18-44 years was 2.34 (95% CI, 1.39-3.97), whereas the OR
for infection in contacts aged 45-59 years relative to contacts
aged 18-44 years was 1.16 (95% CI, .70-1.92). No significant
differences in susceptibility for older versus younger adults
were found in the studies reported in [11, 14, 18].

Table 1 summarizes the above estimates for the relative sus-
ceptibilities/OR for infection in different age groups.

AGE VARIATION IN INFECTIVITY

There is limited evidence in the literature regarding age-related
differences in infectivity, although point estimates in sev-
eral studies suggest that infectivity may increase somewhat
with age. For the household contacts examined in 2 Indian
states [18], the OR for infection in contacts of a person aged
<18 years versus 40-64 years was 0.63 (95% CI, .32-1.15) and
OR was 0.58 (95% CI, .45-.74) for infection in contacts of a
person aged 18-39 years versus 40-64 years. The Bnei Brak,

Table 1. Odds Ratios (or Relative Susceptibility) for Infection in Close Contacts of an Infected Person by Age Group Relative to the Reference Age Group

in 14 Studies [2, 3, 10-21]

Age Group 1 Age Group 2

Age Group 3 Age Group 4 Age Group 5

Study [Reference] Age,y OR (95% Cl) Age,y OR(95% CI)

Age,y OR(95% CI) Age,y OR(95% ClI) Age,y OR (95% CI)

PCR, H+C [3] <15 0.34 (.24-.49) 15-64 1 (ref)

PCR, H+C [2] <20 0.23 (.11-.46) 20-59 0.64 (.43-.97)
PCR, H+C [12] 0-14 0.58 (0.34, 0.98) 15-64 1 (ref)

PCR, H [11] 0-3 1.13 (.29-4.48) 4-18 0.09 (.01-.73)
PCR, H [14] <18 0.41 (.17-.99) 18-29 1 (ref)

PCR, H [10] <18 0.18 (.06-.54) > 18 1 (ref.)

PCR, H [13] <20 Suscept. 0.45 (.40-.55) > 20 Suscept. 1 (ref.)
PCR, H+C [17] 0-17 0.78 (.41-1.50) 18-44 1 (ref)

PCR, H [18] 0-17  0.96 (.71-1.29) 18-39 1 (ref)

PCR, H [15] 0-18 0.88 (.37-2.02) 18-49 1 (ref)

PCR, H+C [16] No age-related differences in susceptibility were found
PCR, H [19] <18 1.69 (.7-4.2) > 18 1 (ref)
Serology, H [20] <18 0.77 (.27-2.17) > 18 1 (ref.)
Serology, H [21] <18 1.39 (.65-3.53) > 18 1 (ref.)

> 65 1.67 (1.12-1.92)

> 60 1 (ref.)
> 65 1.64 (1.02-2.63)
19-60 1 (ref) > 60 1.23 (.61-2.98)

30-49 1.74(70-4.32) 50-64 2.23(87-5.75) >65 199 (67-6.0)

2.34 (1.39-3.97)
1.31 (.75-2.19)

45-69 116 (.70-1.92) >60
40-64 0.89(.67-1.19) >6b
> 50 1.86 (.73-4.65)

See the caveats in the “Potential biases for the estimates of susceptibility in children versus adults” section.

Abbreviations: Cl, confidence interval; H, household contacts; H+C, household plus community contacts (multivariable analysis adjusting for contact setting, etc.); OR, odds ratio; PCR, study
based on polymerase chain reaction testing of close contacts; ref., reference; serology, study based on serological testing of close contacts; suscept, susceptibility.
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Israel study [13] estimated the relative infectivity for children
younger than 20 years compared to adults as 0.85 (95% CI,
.65-1.1). For the multivariable analysis in Hunan, China [12],
the OR for infection in contacts of persons aged 0-14 years
versus contacts of persons aged 15-64 years was 0.28 (95% ClI,
.04-2.04), whereas the OR for infection in contacts of persons
older than 65 years versus contacts of persons aged 15-64 years
was 0.56 (95% CI, .22-1.43). Data from 54 households in the
Netherlands [23] yielded lower point estimates for transmis-
sibility of infection to close contacts from children younger
than 19 years, and higher point estimates for adults older than
70 years compared to persons aged 19-69 years. For the South
Korean study [24], while the household SAR increased with
the age of the index for adult index cases, for index cases aged
10-19 years, the household SAR was significantly higher than
for index cases aged 20-49 years. However, a related study from
South Korea [25] adjusting for potential index misclassifica-
tion in [24] finds a significantly lower SAR for pediatric indices
compared to that for adult indices.

Potential Biases in Infectivity Studies

As in studies of age-specific susceptibility, there may be errors
in ascertaining index cases, as well as conflation of differences
in infectivity with differences in susceptibility and intensity of
contacts.

AGE VARIATION IN SEROPREVALENCE

We reviewed all seroprevalence studies in the Living Evidence
on COVID-19 database [9] with words (seroprevalence) OR
([(antibody) OR (serological)] AND [survey]) in the abstract/
title.

Several serological studies estimate that younger adults, par-
ticularly those younger than 35 years, have the highest seroprev-
alence of all or nearly all age groups. Serological studies in US
blood donors, in England, Rio de Janeiro, Brazil, Tokyo, Japan,
as well as Heinsberg, Germany, estimate that SARS-CoV-2 se-
roprevalence is highest in adults younger than 35 years [4-7,
26]. In Geneva, Switzerland, persons aged 20-49 years had
the highest estimated seroprevalence, followed by those aged
10-19 years [8].

A serological study in a slum community in Buenos Aires,
Argentina found no difference in seroprevalence according to
age among those older than 14 years in multivariable analysis,
although the highest seroprevalence was found in male adoles-
cents aged 14-19 years [27]. A study of Kenyan blood donors
found the highest seroprevalence in persons aged 35-44 years,
followed by persons aged 15-34 years [28]. Studies in Corsica
[29] and 3 regions in France [30] found that seroprevalence in
persons younger than 50 years was significantly higher than in
persons older than 50 years. In a serological study in Brazil [31],
the highest seroprevalence estimates belong to persons aged
20-59 years. Serosurveillance of adults outside grocery stores in

New York State found that rates of infection in individuals older
than 55 years were significantly lower than in persons aged
18-54 years [32]; the highest infection rates in New York State
were in persons aged 45-54 years. Serological studies in Los
Angeles County and Karachi, Pakistan found similar seroprev-
alence estimates in different age groups of adults in each study
[33, 34]. A serological study in Mumbai, India in which infec-
tion rates were found to be high in slum populations, infection
rates generally decreased with age in nonslum populations and
increased with age in the slum populations [35]. A serological
study in Iceland has the highest estimate for the cumulative in-
cidence of infection in persons aged 40-50 years (Figure 2E in
[36]), although a sizeable proportion of individuals with sero-
logically confirmed infection were travelers, and rates of sero-
positivity in different age groups in this study were low. A study
of seroprevalence in 10 US locations [37] found that the age
group with the highest seroprevalence estimate varied by loca-
tion, with highest rates observed in adults aged 19-49 years in
3 locations, adults aged 50-64 years in 3 locations, adults aged
65 years and older in 2 locations, and those aged 0-18 years in
2 locations.

For the serological study in Spain [38], the highest sero-
prevalence for the point-of-care test was in persons older than
50 years, while for the immunoassay, the highest estimates be-
longed to younger adults. Additionally, serological studies in
Hungary [39], Liguria and Lombardia, Italy [40], and Wuhan,
China [41] had the highest seroprevalence estimates in persons
older than 60 years.

Potential Biases in Seroprevalence Studies

Participants in seroprevalence surveys are almost never fully
representative of the source population, as convenience sam-
ples might be more likely to reach generally healthy people (eg,
blood donors [4, 5, 26, 28, 41]), people who are not sheltering in
place (grocery store shoppers [32]), or other groups with unrep-
resentative risks of exposure. Additionally, estimates of sensi-
tivity and specificity for antibody tests are derived from groups
of individuals that might be different from the general popu-
lation in the serological studies. Overestimation of test sensi-
tivity due to calibration on more severe cases and differences in
test sensitivity by age [42] may also complicate interpretation
of the estimates and produce downward biases. It is also worth
remembering that age-seroprevalence data may reflect the unu-
sual social dynamics of epidemic and/or lockdown periods, and
contact patterns may change, leading to different age-specific
attack rates, over time.

TRANSMISSION OF SARS-COV-2 IN SCHOOLS

We reviewed all studies related to school outbreaks in the Living
Evidence on COVID-19 database [9].

There is some evidence, particularly from spring 2020 [43-
45], that given no or limited mitigation measures (eg, limited
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testing and quarantine of infected individuals and their con-
tacts in schools, no reduction in class sizes, and limited mask
use), robust spread of SARS-CoV-2 can occur in secondary/
high schools. A cluster investigation linked to a high school in
a town in northern France found high rates of seroprevalence
for anti-SARS-CoV-2 antibodies among high school students.
While even higher seroprevalence among the school staft was
found following an outbreak in that school, much lower sero-
prevalence was identified among parents and siblings of pupils,
suggesting that the school was likely the source of transmission
[43]. An outbreak investigation in a regional public school in
Jerusalem, Israel found high rates of PCR-detected SARS-
CoV-2 infection in both the staff and students in grades 7-9,
but not grades 10-12, suggesting that in-school, rather than just
community transmission, contributed to the rates of infection
in students in grades 7-9 [44]. A serological study in Santiago,
Chile [45] following an outbreak that led to a school closure
found high rates of anti-SARS-CoV-2 antibody seroprevalence
among preschool through secondary school students, with even
higher seroprevalence rates among the staff.

There is evidence of a more limited spread of SARS-CoV-2
in primary schools compared to high schools ([43] versus [46]),
which agrees with the evidence about lower susceptibility to in-
fection in children younger than 10 years compared to older
children or adolescents [13]. Nonetheless, outbreaks have been
reported in certain primary schools [45].

Classroom crowding and other factors related to social
distancing in classrooms/schools may play a role in the spread
of SARS-CoV-2 in schools. The Jerusalem school with an out-
break [44] reported crowded classes with 35-38 students per
class. The school serological study in Santiago, Chile [45] con-
cerned a large private school with 14 grades (from preschool to
high school) and large class sizes (25-27 students in preschool,
36-38 students in the rest of the school). Some of the infec-
tions recorded in this study [45] could have taken place after
the school was closed on 13 March 2020. However, following
the introduction of infection into a preschool by adults (parent/
teacher), seroprevalence in preschool and primary school stu-
dents was higher than in high school students, suggesting infec-
tions in younger students before the school closure.

As suggested above, in-school transmission has likely con-
tributed to the large outbreaks [43-45]. We note the importance
of denominator when interpreting school outbreaks as larger
outbreaks may be more readily detected, whereas smaller out-
breaks where mitigation measures have helped prevent larger
outbreaks are less likely to be reported.

There are several examples demonstrating that mitigation
measures prevent large outbreaks. During the spring wave of
the SARS-CoV-2 epidemic in New South Wales, Australia, a
small number of secondary infections were recorded in a small
number of schools where cases were found [47], with wide-
spread testing in schools and schools being closed for 24-48

hours following case detection with contacts of detected cases
subsequently quarantined. In Baden-Wiirttemberg, Germany,
where halving of group sizes and other mitigation efforts (al-
though not mask use) were implemented [48], of 137 detected
cases of infection in schoolchildren, only 6 were found to have
caused further infections in the school setting despite exten-
sive contact tracing (infecting a total of 11 of 1155 close con-
tacts). A national study of COVID-19 outbreaks in schools in
Germany found that those outbreaks were small, with about
half the cases being the school staft [49]. A variety of mitiga-
tion measures including staggering timetables and restricting
class sizes were applied throughout Germany [49]. In the Salt
Lake County, Utah school study, where masks in schools were
mandated, the vast majority of reported outbreaks in schools
were small (under 15 cases, p. 10 in [50]), with a fewer, larger
outbreaks mostly taking place in high schools.

CONCLUSIONS

We found evidence that compared to younger/middle-aged
adults, children younger than 10 years have significantly lower
estimated susceptibility to SARS-CoV-2 infection, while adults
older than 60 years have elevated susceptibility to infection, and
they merit extra efforts for protection against infection (such
as allocating certain time slots for grocery shopping among the
elderly only, etc.). Some uncertainty remains about the magni-
tude of the difference in susceptibility of children versus adults
due to presence of biases in several published studies. On the
other hand, comparisons between younger and older children
are arguably more robust and—in the one study that reports
them [13]—reach the same conclusion. Future studies using
both virological and serological testing of contacts, and stool
specimens in addition to upper respiratory samples to decrease
the likelihood of missed infections, may help mitigate the biases
we describe.

When there is a combination of limited mitigation of SARS-
CoV-2 spread in schools and relatively high community trans-
mission, there is evidence of robust SARS-CoV-2 spread in
secondary/high schools, and more limited spread in primary
schools, with factors such as classroom size possibly affecting
that spread. Therefore community transmission levels and com-
bination of mitigation efforts such as social distancing, avoiding
crowding/reduction in class size, widespread/timely testing,
quarantine for detected cases and their contacts, and mask
wearing (especially by teachers) according to the WHO guide-
lines as well as measures to prevent staff to staff transmission
(preventing crowding in teacher rooms, mask wearing) should
be considered when opening schools, particularly secondary/
high schools.

Notes

Acknowledgments. We thank Joshua Weitz and Marm
Kilpatrick for helpful critiques of an earlier draft.

366 « JID 2021:223 (1 February) « Goldstein et al

120z Iudy 1 uo 1senb Aq 91 £165/29€/S/€22/2101e/pIl/woo dnoolwspede)/:sdyy woly papeojumoq



Disclaimer. The content is solely the responsibility of the au-
thors and does not necessarily represent the official views of the
US National Institutes of Health.

Financial support. This work was supported by the
National Institute of General Medical Sciences (grant number
U54GMO088558 to M. L. and E. G.) and the US National
Institutes of Health (cooperative agreement U01 CA261277 to
M. L.).

Potential conflicts of interest. M. L. reports personal fees
from Affinivax and from Merck; grants and personal fees
from Pfizer; and grants from PATH Vaccine Solutions, out-
side the submitted work. Both other authors report no poten-
tial conflicts. All authors have submitted the ICMJE Form for
Disclosure of Potential Conflicts of Interest. Conflicts that the
editors consider relevant to the content of the manuscript have
been disclosed.

References

1. Cevik M, Bamford CGG, Ho A. COVID-19 pandemic—a
focused review for clinicians. Clin Microbiol Infect 2020;
26:842-7.

2. Jing QL, Liu MJ, Yuan J, et al. Household secondary at-
tack rate of COVID-19 and associated determinants in
Guangzhou, China: a retrospective cohort study. Lancet
Infect Dis 2020; 20:1141-50.

3. Zhang ], Litvinova M, Liang Y, et al. Changes in contact
patterns shape the dynamics of the COVID-19 outbreak in
China. Science 2020; 368:1481-6.

4. Ward H, Atchison CJ, Whitaker M, et al. Antibody preva-
lence for SARS-CoV-2 in England following first peak of
the pandemic: REACT2 study in 100,000 adults. medRxiv,
doi: 10.1101/2020.08.12.20173690, 21 August 2020, pre-
print: not peer reviewed.

5. Filho LA, Landmann Szwarcwald C, de Oliveira Garcia Mateos,
et al. Seroprevalence of anti-SARS-CoV-2 among blood
donors in Rio de Janeiro, Brazil. Rev Saude Publica 2020;
54:69.

6. Takita M, Matsumura T, Yamamoto K, et al. Geographical
profiles of COVID-19 outbreak in Tokyo: an anal-
ysis of the primary care clinic-based point-of-care an-
tibody testing. J Prim Care Community Health 2020;
11:2150132720942695.

7. Streeck H, Schulte B, Kiimmerer BM, et al. Infection fa-
tality rate of SARS-CoV-2 infection in a German com-
munity with a super-spreading event. medRxiv, doi:
10.1101/2020.05.04.20090076, 2 June 2020, preprint: not
peer reviewed.

8. Stringhini S, Wisniak A, Piumatti G, et al. Seroprevalence
of anti-SARS-CoV-2 IgG antibodies in Geneva, Switzerland
(SEROCoV-POP): a population-based study. Lancet 2020;
396:313-9.

9. Counotte M, Imeri H, Mert Ipekci A, et al. Living evidence
on COVID-19, 2020. https://zika.ispm.unibe.ch/assets/
data/pub/search_beta/. Accessed 6 October 2020.

10. Li W, Zhang B, Lu J, et al. The characteristics of house-
hold transmission of COVID-19. Clin Infect Dis 2020;
71:1943-6.

11. Wu J, Huang Y, Tu C, et al. Household transmission of
SARS-CoV-2, Zhuhai, China, 2020. Clin Infect Dis 2020;
71:2099-108.

12. Hu S, Wang W, Wang Y, et al. Infectivity, susceptibility,
and risk factors associated with SARS-CoV-2 transmission
under intensive contact tracing in Hunan, China. medRxiv,
doi: 10.1101/2020.07.23.20160317, 23 July 2020, preprint:
not peer reviewed.

13. Dattner I, Goldberg Y, Katriel G, et al. The role of
children in the spread of COVID-19: using household
data from Bnei Brak, Israel, to estimate the relative sus-
ceptibility and infectivity of children. medRxiv, doi:
10.1101/2020.06.03.20121145, 5 June 2020, preprint: not
peer reviewed.

14. Rosenberg ES, Dufort EM, Blog DS, et al. COVID-19
testing, epidemic features, hospital outcomes, and house-
hold prevalence, New York State—March 2020. Clin Infect
Dis 2020; 71: 1953-9.

15. Yousaf AR, Duca LM, Chu V, et al. A prospective cohort
study in nonhospitalized household contacts with se-
vere acute respiratory syndrome coronavirus 2 infection:
symptom profiles and symptom change over time [pub-
lished online ahead of print 28 July 2020]. Clin Infect Dis
doi: 10.1093/cid/ciaal072.

16. Bi Q, Wu Y, Mei S, et al. Epidemiology and transmission
of COVID-19 in 391 cases and 1286 of their close contacts
in Shenzhen, China: a retrospective cohort study. Lancet
Infect Dis 2020; 20:911-9.

17. Luo L, Liu D, Liao X, et al. Contact settings and risk for trans-
mission in 3410 close contacts of patients with COVID-19
in Guangzhou, China [published online ahead of print 13
August 2020]. Ann Intern Med doi: 10.7326/M20-2671.

18. Laxminarayan R, Wahl R, Dudala SR, et al. Epidemiology
and transmission dynamics of COVID-19 in two Indian
states. medRxiv, doi: 10.1101/2020.07.14.20153643, 17 July
2020, preprint: not peer reviewed.

19. Maltezou HC, Vorou R, Papadima K, et al. Transmission
dynamics of SARS-CoV-2 within families with children in
Greece: a study of 23 clusters [published online ahead of
print 7 August 2020]. ] Med Virol doi: 10.1002/jmv.26394.

20. Buonsenso D, Valentini P, De Rose C, et al. Seroprevalence
of anti-SARS-CoV-2 IgG antibodies in children with
household exposition to adults with COVID-19: prelimi-
nary findings. medRxiv, doi: 10.1101/2020.08.10.20169912,
12 August 2020, preprint: not peer reviewed.

Age and SARS-CoV-2 Transmission « JID 2021:223 (1 February) « 367

120z Iudy 1 uo 1senb Aq 91 £165/29€/S/€22/2101e/pIl/woo dnoolwspede)/:sdyy woly papeojumoq


https://doi.org/10.1101/2020.08.12.20173690
https://doi.org/10.1101/2020.05.04.20090076
https://zika.ispm.unibe.ch/assets/data/pub/search_beta/
https://zika.ispm.unibe.ch/assets/data/pub/search_beta/
https://doi.org/10.1101/2020.07.23.20160317
https://doi.org/10.1101/2020.06.03.20121145
https://doi.org/10.1093/cid/ciaa1072
https://doi.org/10.7326/M20-2671
https://doi.org/10.1101/2020.07.14.20153643
https://doi.org/10.1002/jmv.26394
https://doi.org/10.1101/2020.08.10.20169912

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lewis NV, Chu VT, Ye D, et al. Household transmission of
SARS-CoV-2 in the United States [published online ahead
of print 16 August 2020]. Clin Infect Dis doi:10.1093/cid/
Ciaall66.

Payne DC, Smith-Jeffcoat SE, Nowak G, et al. SARS-CoV-2
infections and serologic responses from a sample of U.S.
Navy Service Members — USS Theodore Roosevelt, April
2020. MMWR Morb Mortal Wkly Rep 2020; 69:714-21.
National Institute for Public Health and the Environment
(RIVM), the Netherlands. Children, school and COVID-
19, 2020. https://www.rivm.nl/en/novel-coronavirus-
covid-19/children-and-covid-19. Accessed 20 July 2020.
Park YJ, Choe YJ, Park O, et al; COVID-19 National
Emergency Response Center, Epidemiology and Case
Management Team. Contact tracing during coronavirus
disease outbreak, South Korea, 2020. Emerg Infect Dis
2020; 26:2465-8.

Kim J, Choe YG, Lee ], et al. Role of children in house-
hold transmission of COVID-19 [published online ahead
of print 7 August 2020]. Arch Dis Child doi: 10.1136/
archdischild-2020-319910.

Vassallo RR, Bravo MD, Dumont L], et al. Seroprevalence of
antibodies to SARS-CoV-2 in US blood donors. medRxiv,
doi: 10.1101/2020.09.17.20195131, 18 September 2020,
preprint: not peer reviewed.

Figar S, Pagotto V, Luna L, et al. Community-level SARS-
CoV-2 seroprevalence survey in urban slum dwellers of
Buenos Aires City, Argentina: a participatory research.
medRxiv, doi: 10.1101/2020.07.14.20153858, 18 July 2020,
preprint: not peer reviewed.

Uyoga S, Adetifa IMO, Karanja HK, et al. Seroprevalence of
anti-SARS-CoV-2 IgG antibodies in Kenyan blood donors.
medRxiv, doi: 10.1101/2020.07.27.20162693, 29 July 2020,
preprint: not peer reviewed.

Capai L, Ayhan N, Masse S, et al. Seroprevalence of SARS-
CoV-2 IgG antibodies, in Corsica (France), April and June
2020. medRxiv, doi: 10.1101/2020.09.29.20201368, 30
September 2020, preprint: not peer reviewed.

Carrat F de Lamballerie X, Rahib D, et al. Seroprevalence
of SARS-CoV-2 among adults in three regions of France
following the lockdown and associated risk factors: a multi-
cohort study. medRxiv, doi: 10.1101/2020.09.16.20195693, 18
September 2020, preprint: not peer reviewed.

Hallal PC, Hartwig FP, Horta BL, et al. SARS-CoV-2 an-
tibody prevalence in Brazil: results from two successive
nationwide serological household surveys. Lancet Glob
Health 2020; 8:e1390-8.

Rosenberg ES, Tesoriero JM, Rosenthal EM, et al
Cumulative incidence and diagnosis of SARS-CoV-2 infec-
tion in New York. Ann Epidemiol 2020; 48:23-29.e4.

Sood N, Simon P, Ebner P, et al. Seroprevalence of SARS-
CoV-2-specific antibodies among adults in Los Angeles

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

County, California, on April 10-11, 2020. JAMA 2020;
323:2425-7.

Nisar MI, Ansari N, Amin M, et al. Serial Serial house-
hold serosurvey for COVID-19 in low and high trans-
mission neighborhoods of urban Pakistan. medRxiv, doi:
10.1101/2020.07.28.20163451, 18 August 2020, preprint:
not peer reviewed.

Malani A, Shah D, Kang G, et al. Seroprevalence of
SARS-CoV-2 in slums and non-slums of Mumbai,
India, during June 29-19 July 2020. medRxiv, doi:
10.1101/2020.08.27.20182741, 1 September 2020, preprint:
not peer reviewed.

Gudbjartsson DF, Helgason A, Jonsson H, et al. Spread of
SARS-CoV-2 in the Icelandic population. N Engl ] Med
2020; 382:2302-15.

Havers FP, Reed C, Lim T, et al. Seroprevalence of anti-
bodies to SARS-CoV-2 in 10 sites in the United States,
March 23-May 12 2020 [published online ahead of
print 7 August 2020]. JAMA Intern Med doi: 10.1001/
jamainternmed.2020.4130.

Pollan M, Pérez-Gomez B, Pastor-Barriuso R, et al; ENE-
COVID Study Group. Prevalence of SARS-CoV-2 in
Spain (ENE-COVID): a nationwide, population-based
seroepidemiological study. Lancet 2020; 396:535-44.
Merkely B, Szabd AJ, Kosztin A, et al; Hungarian
Coronavirus-19 Epidemiological Research (H-UNCOVER)
Investigators. Novel coronavirus epidemic in the Hungarian
population, a cross-sectional nationwide survey to support
the exit policy in Hungary. Geroscience 2020; 42:1063-74.
Vena A, Berruti M, Adessi A, et al. Prevalence of antibodies
to SARS-CoV-2 in Italian adults and associated risk factors.
J Clin Med 2020; 9:2780.

Chang L, Hou W, Zhao L, et al. The prevalence of antibodies
to SARS-CoV-2 among blood donors in China. medRxiv,
doi: 10.1101/2020.07.13.20153106, 14 July 2020, preprint:
not peer reviewed.

Takahashi S, Greenhouse B, Rodriguez-Barraquer I. Are
SARS-CoV-2 seroprevalence estimates biased? | Infect Dis
2020; 222:1772-5.

Fontanet A, Tondeur L, Madec Y, et al. Cluster of COVID-
19 in northern France: a retrospective closed cohort study.
medRxiv, doi: 10.1101/2020.04.18.20071134, 23 April 2020,
preprint: not peer reviewed.

Stein-Zamir C, Abramson N, Shoob N, et al. A large
COVID-19 outbreak in a high school 10 days after
schools’ reopening, Israel, May 2020. Euro Surveill 2020;
25:2001352.

Torres JP, Pifiera C, De La Maza V, et al. SARS-CoV-2 an-
tibody prevalence in blood in a large school community
subject to a Covid-19 outbreak: a cross-sectional study
[published online ahead of print 10 July 2020]. Clin Infect
Dis doi: 10.1093/cid/ciaa955.

368 « JID 2021:223 (1 February) « Goldstein et al

120z Iudy 1 uo 1senb Aq 91 £165/29€/S/€22/2101e/pIl/woo dnoolwspede)/:sdyy woly papeojumoq


https://doi.org/10.1093/cid/ciaa1166
https://doi.org/10.1093/cid/ciaa1166
https://www.rivm.nl/en/novel-coronavirus-covid-19/children-and-covid-19
https://www.rivm.nl/en/novel-coronavirus-covid-19/children-and-covid-19
https://doi.org/10.1136/archdischild-2020-319910
https://doi.org/10.1136/archdischild-2020-319910
https://doi.org/10.1101/2020.09.17.20195131
https://doi.org/10.1101/2020.07.14.20153858
https://doi.org/10.1101/2020.07.27.20162693
https://doi.org/10.1101/2020.09.29.20201368
https://doi.org/10.1101/2020.09.16.20195693
https://doi.org/10.1101/2020.07.28.20163451
https://doi.org/10.1101/2020.08.27.20182741
https://doi.org/10.1001/jamainternmed.2020.4130
https://doi.org/10.1001/jamainternmed.2020.4130
https://doi.org/10.1101/2020.07.13.20153106
https://doi.org/10.1101/2020.04.18.20071134
https://doi.org/10.1093/cid/ciaa955

46.

47.

Fontanet A, Grant R, Tondeur L, et al; Institute Pasteur.
SARS-CoV-2 infection in primary schools in northern
France: a retrospective cohort study in an area of high
transmission, 2020. https://www.pasteur.fr/fr/file/35404/
download. Accessed 20 July 2020.

Macartney K, Quinn HE, Pillsbury AJ, et al; NSW COVID-
19 Schools Study Team. Transmission of SARS-CoV-2 in
Australian educational settings: a prospective cohort study.
Lancet Child Adolesc Health 2020; 4:807-16.

48.

49.

50.

Ehrhardt J, Ekinci A, Krehl H, et al. Transmission of SARS-
CoV-2 in children aged 0 to 19 years in childcare facilities
and schools after their reopening in May 2020, Baden-
Wiirttemberg, Germany. Euro Surveill 2020; 25:2001587.
Otte im Kampe EO, Lehfeld A-S, Buda S, et al. Surveillance
of COVID-19 school outbreaks, Germany, March to August
2020. Euro Surveill 2020; 25:2001645.

Salt Lake County. Covid-19 data dashboard. 2020. https://slco.
org/health/COVID-19/data/. Accessed 17 September 2020.

Age and SARS-CoV-2 Transmission « JID 2021:223 (1 February) « 369

120z Iudy 1 uo 1senb Aq 91 £165/29€/S/€22/2101e/pIl/woo dnoolwspede)/:sdyy woly papeojumoq


https://www.pasteur.fr/fr/file/35404/download
https://www.pasteur.fr/fr/file/35404/download
https://slco.org/health/COVID-19/data/
https://slco.org/health/COVID-19/data/

