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KEY POINTS

e Severe acute respiratory syndrome coronavirus 2 has an intense but discrete infectious
period.

e Respiratory transmission is the dominant mode of transmission, with viral particles sus-
pended on fine aerosols emitted from the respiratory tract. Risk for transmission is highest
at close distance and in poorly ventilated indoor settings.

e Viral factors are associated with increased transmissibility.

e Transmission dynamics are heterogeneous, with the majority of secondary cases arising

from a small minority of index cases and most index cases leading to no secondary

transmissions.

Vaccines dramatically decrease transmission by decreasing the risk of infection among

the vaccinated and by decreasing the chance of transmission from vaccinated individuals

who become infected.

INTRODUCTION

Understanding the transmission characteristics of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is essential to designing effective mitigation strategies.
The virus spreads predominantly through shared air between an index and a second-
ary case during a relatively brief period of infectiousness.” Detailed assessments of
transmission have revealed deep flaws in the droplet-aerosol dichotomy that has
been emphasized for decades as a model for transmission of respiratory pathogens.?
Host, viral, and environmental factors all influence risk of transmission of SARS-CoV-
2, with marked heterogeneity a key feature of its spread.

In the first year of the pandemic, ancestral SARS-CoV-2 virus that emerged in
Wuhan, China (termed Wuhan-Hu-1), was slowly replaced by virus containing the
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D614G mutation.® In experimental models, the D614G-containing virus replicates
more efficiently and transmits more rapidly than ancestral virus.*® As D614 G became
dominant, experts predicted other variants with a competitive advantage were likely to
emerge thereafter.

All RNA viruses accrue mutations, and mutations that confer a fitness advantage are
likely to expand at a population level.® The base mutation rate for SARS-CoV-2 is
4 x 10~* nucleotide substitutions per site per year, or approximately 1 to 2 mutations
per month based on its large genome size and the presence of a proofreading exori-
bonuclease that ensures relatively high fidelity transcription.”-® Although active viral
replication in an immunocompetent human host occurs for a relatively short period,
prolonged infection is well-described in some hosts, particularly those with severe
B-cell immunodeficiencies.®'" In these immunocompromised hosts, mutations may
accumulate more rapidly than expected owing to the significantly higher amount of
viral replication, and it is thought that this is the context in which more transmissible
variants may have emerged.'?

A variant of concern eventually called alpha was first recognized in the United
Kingdom in December of 2020."° It was defined by 17 mutations, including 8 in the
spike protein, and it rapidly became dominant in the UK and much of the world,
with researchers estimating it was 43% to 90% more transmissible than its predeces-
sor virus.'* A Japanese study found that the secondary attack rate in households was
significantly higher for alpha versus prior SARS-CoV-2 lineages (38.7% vs 19.3%;
P<.001)."®

The delta variant of concern was first identified in the state of Maharashtra, India, in
late 2020 and subsequently spread rapidly around the globe, causing large surges of
cases and hospitalizations.® It has a higher replication efficiency than alpha in exper-
imental human airway epithelial systems.'” In India, where alpha and delta first
competed, small outbreaks associated with alpha were followed by much larger delta
outbreaks in the same regions, and delta was estimated to be 1.3 to 1.7 times more
transmissible than alpha.’® In a matched household cluster study later conducted in
the UK, including a total of 2586 delta and 3390 alpha index cases, the adjusted
odds ratio of household transmission was 1.70 for delta compared with alpha (95%
confidence interval [CI], 1.48-1.95)."° Delta dominated across the vast majority of
the world for the majority of 2021 and has been associated with large outbreaks,
even in settings with relatively high vaccine coverage.

In this review, we describe the important factors influencing SARS-CoV-2 transmis-
sion, with particular attention to unique features of the delta era. We outline modes of
transmission and determinants of infectiousness of SARS-CoV-2. We also review the
nature of the heterogeneity that defines the transmission dynamics of this virus. We
describe the role of vaccines in preventing transmission both directly, by decreasing
cases, and indirectly, by decreasing the likelihood of secondary transmission when a
vaccinated individual develops infection. Finally, we review the evidence for other
transmission mitigation strategies, including masking, social distancing, rapid case
identification and contact tracing, and improved ventilation.

MODES OF TRANSMISSION

The modes of transmission of SARS-CoV-2 have been elucidated through detailed
case contact studies in a variety of contexts. Although there was initial concern about
the potential role of fomite or indirect transmission, this mechanism of spread is not
important for SARS-CoV-2, if it occurs at all.” Although SARS-CoV-2 remains viable
for hours on contaminated surfaces under ideal experimental conditions, in real-
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world settings replication-competent virus is only rarely recovered from surfaces and
then only at extremely low levels.?9=22 In the few case reports where fomite transmis-
sion has been suggested, respiratory transmission cannot be excluded.’

Respiratory transmission, with SARS-CoV-2 carried on tiny particles emitted from
the respiratory tract of an index case to a contact, is the clear and dominant route
of spread.’ From early in the pandemic, it has been evident that proximity is a key
determinant of transmission risk. For instance, a contact tracing study of train passen-
gers in China before universal masking that included 2334 index cases and 72,093
close contacts found that the risk of transmission was directly related to the distance
between the seats and the amount of shared time on the train.?® A detailed contact
tracing study of the Diamond Princess cruise ship outbreak found that passengers
with SARS-CoV-2 infection were either infected in shared public spaces in close con-
tact or in their cabins when they were lodging with another infected passenger, but did
not find evidence of transmissions between rooms.?* In an outbreak of 14 confirmed
and 6 probable cases on a plane in Japan, being seated within 2 rows of the index
case was associated with an adjusted odds ratio for infection of 7.47 (95% ClI,
2.06-27.2).2°

Before the COVID-19 pandemic, respiratory transmission of respiratory viruses and
bacteria was categorized widely in a dichotomous way, with some pathogens, like
tuberculosis, spread on smaller particles called aerosols and others spread on larger
particles called droplets.?®-2 Pathogens spread on larger droplets were not thought
to reach individuals more than about 6 feet away because they would fall to the ground
owing to gravitation effect, whereas smaller aerosols could remain suspended over
longer distances and times. Designating a pathogen as droplet or aerosol spread
implied the relative importance of different personal protective equipment, with surgi-
cal masks thought to suffice in the context of pathogens with droplet transmission
(droplet precautions) and respirators needed to prevent aerosol transmission (airborne
precautions). Because proximity was so important and surgical masks reasonably
effective at preventing spread (particularly in hospital settings), droplet spread within
the traditional model was initially presumed to be the most important mechanism of
transmission.?®° However, it has become clear that the predominant mode of trans-
mission of SARS-CoV-2 (as well as most other respiratory pathogens) is aerosol trans-
mission, with short range aerosols the most important.>’ The risk of aerosol
transmission is greatest at short range because the concentration, and therefore infec-
tious dose, is highest there, whereas aerosols are diluted over larger distances.®?
Confusion about this topic has led some experts to call for a change in the terminology
used to describe transmission of respiratory pathogens, and for a shift to focusing on
inhalation as the major mode of transmission (Table 1).3°

Evidence supporting the importance of aerosol transmission of SARS-CoV-2 in-
cludes numerous experimental and clinical studies.>" For instance, a mathematical
model showing the high risk associated with distances of less than 6 feet,*® a study
showing that viral RNA was found in fine aerosols (particles <5 pm) 85% of the time
rather than larger particles,®” and real-world and experimental animal studies showing
transmission is possible through the air at distances far greater than 6 feet.*¢=*C In
health care settings, there are now many well-documented human-to-human trans-
missions at distances of more than 6 feet, for instance in shared patient hospital
rooms.*" Longer range transmissions tend to occur in poorly ventilated settings or
when the air flow is directed from an index case to secondary cases.*>“% In a very
detailed description of an outbreak at a hospital in Boston, positive pressure in patient
rooms relative to a nursing station on the unit was a proposed as a mechanism of
spread beyond a patient room.*! A detailed cluster report with sequencing of virus
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Table 1

Traditional: droplet vs aerosol dichotomy

Traditional versus updated understanding of airborne transmission

Updated: inhalation

and aerosols

certain pathogens like tuberculosis or
measles.>?

Relative Droplets are thought to be responsible Both droplets and aerosols
importance for most transmission of respiratory contribute to transmission,
of droplets viruses; aerosols are important for though short range aerosols

are the most important
vehicle for most respiratory
viruses.>?

aerosols or pathogens primarily
transmitted
via droplets when index cases undergo

Role of Most aerosol transmissions are thought Proximity is important for
proximity to happen at longer distances. droplets and aerosols,
with concentrations
decreased by gravity and
dilution for droplets and
dilution for aerosols.
Role of Surgical masking is sufficient for Surgical masks (especially
masking preventing when worn by source)
droplet transmission; respirator/N95 provide some (but not
masks are needed to prevent aerosol complete) protection
transmission.>* against aerosols.>> There
is a theoretic benefit to
a respirator/N95, although
the incremental benefit
has not been clearly
demonstrated in clinical
trials or real-world studies
to date.
Role of Not necessary for droplet spread; needed  An important tool that can
ventilation for be used to decrease risk

of most respiratory
pathogens through
dilutional mechanism.

aerosol generating procedures.

genomes at an isolation facility in New Zealand with closed circuit television moni-
toring found 3 linked secondary cases who were never in the same room an d always
more than 2 m away from the index case, with aerosol transmission the only plausible
mechanism of spread.***> As discussed elsewhere in this article, despite the over-
whelming evidence for the predominance of aerosol transmission, the benefit of higher
filtration masks over routine surgical masks in the community and in health care set-
tings has yet to be demonstrated conclusively.

DETERMINANTS OF INFECTIOUSNESS

Host, virologic, and environmental factors all impact infectiousness of SARS-CoV-2.
Apart from vaccination, which we discuss elsewhere in this review, the clearest host
factor impacting transmission risk is whether the index case eventually develops
symptoms. Several studies and systematic reviews have shown that persistently
asymptomatic index cases are much less likely to lead to secondary cases compared
with symptomatic index cases. For example, a household contact study from the orig-
inal outbreak in Wuhan that included 27,101 affected households found that asymp-
tomatic index cases were much less likely to transmit, with an adjusted odds ratio
of 0.21 (95% CI, 0.14-0.31).“6 A study from Singapore of 628 people with SARS-



SARS-CoV-2 Transmission and Prevention

CoV-2 infection and 3790 close contacts found the transmission risk was 3.85 times
higher for symptomatic versus asymptomatic index cases (95% Cl, 2.1-7.2).%” A sys-
tematic review found the secondary attack rate was lower for people with persistently
asymptomatic infection (relative risk, 0.35; 95% Cl, 0.10-1.27).“® To date, there are no
detailed studies of transmission risk by symptom status of individuals harboring the
delta variant.

The respiratory tract viral load in the host at the time of an exposure is also clearly
associated with infectiousness, with higher viral loads associated with greater likeli-
hood of transmission.“® In a pre-delta era cohort study in Spain that included 282 in-
dex cases and 753 close contacts, secondary attack rate was directly related to the
respiratory tract viral load of the index case at diagnosis.®® A study of 1058 students
with SARS-CoV-2 infection at the University in Colorado, 860 of whom lived in multiple
occupancy rooms, found that the average viral load in the 116 index cases who trans-
mitted to a roommate was 6.5 times higher compared with the 414 who did not.>" Ina
Danish household contact study that included 66,311 index cases and 213,576 house-
hold contacts, the risk of transmission was also directly related to the viral load.®?

Other host factors that may impact infectiousness include immune status and the
age of the index case. Certain immunocompromised hosts may be more likely to
transmit, but few studies have quantified this risk. A household contact study of 58
households in the United States found that immunocompromised index cases had a
higher risk of transmission; however, just 2 of the 58 index cases were considered
immunocompromised.®® Early in the pandemic, there was some evidence suggesting
that young children aged less than 10 years were less susceptible to infection by
ancestral SARS-CoV-2.":545% Whether this decreased susceptibility persists in the
era of the delta variant is currently unknown, although it is notable that large numbers
of unvaccinated children have developed delta infection in settings where many adults
are vaccinated like the United States and United Kingdom.®®%” A household study of
delta transmission in Singapore found that older age was associated with a greater
likelihood of transmission, although this finding may relate to contact patterns within
households rather than inherent host factors.>®

Viral factors also impact infectiousness. As described, the in vitro replication rate of
delta is higher than that for alpha.'® The spike protein of delta more efficiently binds to
the host cell membrane angiotensin-conerting enzyme 2 protein, which is the key host
cell entry receptor.®® This may correlate with significantly higher in vivo respiratory
tract viral loads for delta. In an outbreak of delta in Guangdong province in China,
the peak viral load was much higher compared with the ancestral virus with a median
peak cycle threshold of 20.6 for delta infections versus 34.0 for a historical cohort
(P<.001).%° Although the increased transmissibility and fitness of delta compared
with prior variants is not disputed, studies have been mixed about whether the peak
viral load is in fact higher for delta.®'-%5 Additional mutations outside of the spike re-
gion may enhance viral replication in other ways. Researchers showed that mutations
in the nucleocapsid protein found in delta and other more transmissible variants
enhance messenger RNA (mRNA) delivery and packaging into virions and are associ-
ated with a more rapid viral replication.®®

A number of environmental factors also predict the likelihood of transmission. The
most important is ventilation, with outdoor transmission almost never identified."-¢” In-
door environments were noted to be important very early after the emergence of
SARS-CoV-2 based on associations with clusters of transmission in Japan during
its first wave.®® Environmental factors like lower ambient temperatures and higher rela-
tive humidity may also be associated with an increased transmission risk.®® Socioeco-
nomic deprivation has repeatedly been shown to be associated with an increased risk
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for infection, likely because it is associated with an increased probability of more
frequent and higher risk exposures.”%74

THE PERIOD OF INFECTIOUSNESS AND SERIAL INTERVAL

A person with SARS-COV-2 infection has a discrete period of infectiousness that has
been well-defined for immunocompetent hosts. After an individual is exposed, there
is an incubation period, defined as the time from exposure to symptom onset. Two
key early papers examining the early cases in Wuhan, China, in the pre-delta era esti-
mated the incubation period as 5.2 days (95% ClI, 4.1-7.0) with 97.5% developing
symptoms by 12.5 days (when reviewing the first 425 known cases)’® and
5.1 days (95% ClI, 4.5-5.8 days), with 97.5% developing symptoms by 11.5 days af-
ter exposure (for 181 cases with a known exposure and symptom onset) (Fig. 1).”¢
The incubation period for delta seems to be significantly shorter than for prior
SARS-CoV-2 viruses (Table 2).°° An analysis of 68 infections from 24 clusters
from a contained delta outbreak in Guangdong, China, found the mean incubation
period was 4.4 days (95% Cl, 3.9-5.0).”” The incubation period for SARS-CoV-2,
including the delta variant, is significantly longer and more variable than the incuba-
tion period for influenza. In 1 example, the incubation period for pandemic H1N1
influenza A virus in 2009 was approximately 2 days, with a standard deviation of
approximately 2 days.”®

Because 20% to 30% of people never develop symptoms, the latent period, which
is the period from exposure to first detectable polymerase chain reaction (PCR), is also
useful for understanding the transmission risk.*®”° Among 101 confirmed delta cases
from the Guangdong outbreak, the mean latent period was 4.0 days (95% Cl, 3.5-4.4),
with 95% of cases having detectable viral RNA by 8.2 days (95% Cl, 7.1-9.3).%° This
interval is shorter than the mean latent period estimated in the pre-delta period, which
was 5.5 days (95% Cl, 5.1-5.9), with 95% of cases having detectable viral RNA by
10.6 days (95% Cl, 9.6-11.6).”°

These viral characteristics lead to the observed serial interval, or the time between
symptom onset in a primary and secondary case. A meta-analysis in the pre-delta era
estimated the serial interval as 5.4 days (95% Cl, 5.19-5.61).%" Some studies have

[ «—Serial Interval—*]

|
* |

[

Incubation Period* ]

Viral Load

[Latent Period*]

Day -4 Day 0
Time (Days)

Y Transmission event from index case to secondary case
l Symptom onset of each case

* For case 2

Fig. 1. Virologic characteristics of a transmission.
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Table 2

Incubation period, latent period, and serial interval for Wuhan-Hu-1 and the delta variant
Prior SARS-CoV-2 Viruses Delta

Mean incubation period 5.2d (95% Cl, 4.1-7.0)"° 4.4d (95% Cl, 3.9-5.0)77

Mean latent period 5.5d (95% Cl, 5.1-5.9)7° 4.0d (95% Cl, 3.5-4.4)%°

Serial interval 5.4 d (95% Cl, 5.2-5.6)%" Not yet well defined

observed a shorter serial interval for delta compared with earlier variants,””-8%-82
although others have not.2% The long and variable incubation period and significant
proportion of presymptomatic transmission make it difficult to estimate a mean serial
interval for recently emerged variants, because it takes data from numerous well-
defined transmission pairs to generate a reliable estimate. The degree to which a
possible shorter serial interval contributes to the more rapid spread of delta, which
is also more transmissible than prior SARS-CoV-2 viruses (discussed in the section
on Transmissibility and heterogeneity), is not known at this time.

For those who develop symptoms, the infectious period begins before symptom
onset, with presymptomatic transmission a major driver of the COVID-19 pandemic
(see Fig. 1). A detailed study of 25,381 people with SARS-CoV-2 infection in Germany
from February 2020 through March 2021 found that, among those who develop symp-
toms, the respiratory tract viral load peaked 1 to 3 days before symptom onset with
higher viral loads among sicker patients.®* Detailed viral load data from an analysis
of the delta outbreak in Guangdong suggest that viral loads peak around the time of
symptom onset®® and researchers estimated that 73.9% of transmissions may have
occurred before symptom onset in the index case.®°

Although individuals may remain PCR positive for weeks after infection, late trans-
missions occur very rarely, if at all. An early rigorous contact tracing study from
Taiwan in the pre-delta era that included nearly 3000 close contacts of 100 cases
found no linked cases from exposures occurring after an index case had symptoms
for 6 days.?* The National Basketball Association had a closed environment for their
2020 season, with systematic and frequent testing, allowing for detailed descriptions
of transmission in this setting that included nearly 4000 individuals.®® Their policies
allowed individuals with infection to discontinue isolation at 10 days after symptom
onset or first positive PCR test. They found no secondary infections after that time,
despite 36 individuals remaining persistently PCR positive on nasopharyngeal
testing.

The period of infectiousness is related to SARS-CoV-2 viral load dynamics, which
are quite different than those of other severe coronavirus infections like SARS-CoV-
1 and MERS-CoV. As noted elsewhere in this article, index case viral load is a key
determinant of transmission risk.“®:°° For SARS-CoV-2, transmissions occur starting
1 to 2 days before symptom onset as the viral load increases and peaks around or
just after symptoms onset, before decreasing thereafter.® The viral load, therefore,
peaks well before most people with severe cases of SARS-CoV-2 are hospitalized
and explains why more SARS-CoV-2 aerosols are found in homes of index cases
than critical care wards for affected patients.®® In contrast, in both SARS-CoV-1
and MERS-CoV, the respiratory tract viral load peaks after inevitable symptom onset
(neither are known to have asymptomatic cases), peaking around day 10 for SARS-
CoV-1 and days 7 to 10 for MERS-CoV.° The transmission risk is greater later in infec-
tion, after symptom onset for SARS-CoV-1 and MERS-CoV, making transmission
mitigation of those infections easier than for SARS-CoV-2.
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TRANSMISSIBILITY AND HETEROGENEITY

The basic reproductive number (Rg) of an infectious disease is a measure of its trans-
missibility. The Rg is defined as the mean number of secondary infections resulting
from an infected person in a susceptible population. The Rg is influenced by the
rate of contacts within a given population, the probability of transmission during a
given contact, and the duration of infectiousness. Infectious diseases with an Rq of
greater than 1 can result in epidemics depending in part on the degree of population
immunity. Estimates of the Ry are, thus, useful for a general understanding of the
epidemic threat of a given pathogen, but vary significantly by setting and the method-
ology used for estimation.®” For SARS-CoV-2, approximations of the R, have
increased as the dominant virus has evolved from the ancestral strain (Ry = 3) to
the alpha variant (R, = 4.5) to the delta variant (R, = 8) (Table 3).88-%°

Because the Ry is an average, it does not describe individual variation in transmis-
sion. This individual variation, or heterogeneity, can be an important feature of some
infectious diseases, with implications for epidemic control. Heterogeneity is typically
described using the dispersion parameter of a negative binomial distribution, or
k.1°° When the k is very small, transmission displays overdispersion, meaning that a
relatively high proportion of secondary infections result from a relatively low proportion
of index cases. Highly overdispersed pathogens are characterized by superspreading
events—discrete transmission events with unusually large numbers of secondary
cases. Investigations early during the pandemic using a variety of methodologies
documented high degrees of overdispersion with SARS-CoV-2 transmission, with
10% to 20% of index cases leading to approximately 80% of secondary infec-
tions, °1-1%* and numerous examples of superspreading events (Fig. 2).'°°'1° Despite
the delta variant’s increased overall transmissibility, manifested by an increased R,
there is early evidence that transmission continues to display a similar degree of het-
erogeneity.®""" Superspreading events continue to be identified in the delta era,
including in highly vaccinated populations.’'? Although superspreading occurs for
other highly transmissible respiratory pathogens like influenza and the measles, it is
generally thought to be less important as compared with SARS-CoV-2, with higher
dispersion parameters for these other pathogens (Table 4)."'® Note that increased
overdispersion for measles has been reported in the postvaccination era, likely owing
to heterogeneity of susceptibility.''#11°

Many factors can contribute to the likelihood of a superspreading event, including
those related to the virus (eg, timing relative to peak viral load), host (eg, presence

Table 3

Basic reproductive number (R,) for various pathogens

Pathogen Approximate Basic Ry
MERS-CoV?'":92 0.7-1.3
Ebola®94 1.6-2.0
Pandemic influenza 2009°° 1.8
Pandemic influenza 1918°° 2.0
SARS-CoV-1°7 2.2-3.6
Original SARS-CoV-2%8 3.0
SARS-CoV-2 alpha variant®® 4.5
SARS-CoV-2 delta variant®®2° 8.0
Measles®®%° 10.0-18.0
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Fig. 2. Example of proportion of secondary cases from SARS-CoV-2 index cases.

of symptoms), environment (eg, ventilation, proximity), and behavior (eg, singing,
masking).''” Transmission heterogeneity is also heavily driven by the concentration
of exposure risk factors within specific networks, including among frontline and low-
wage workers, and in congregate settings such as nursing homes, prisons, and home-
less shelters.''® The heterogeneity of transmission clusters can be visualized when
transmission chains are depicted pictorially (Fig. 3).

Although superspreading events are rare, they make an outsized contribution to
epidemic growth. As a result, public health interventions that reduce superspreading
events (so-called cutting the tail interventions) can meaningfully decrease transmis-
sion, with modeling suggesting that elimination of transmission events with greater
than 10 secondary infections could result in a reduction in the Ry of ancestral virus
from 3.00 to 1.09."7°

TRANSMISSION PREVENTION WITH VACCINATION

Prevention of SARS-CoV-2 through vaccination can be achieved through direct pro-
tection (prevention of infection or disease among vaccinated individuals) and indirect
protection (prevention of infection among all community members through decreases
in transmission). In the early months after vaccination and before the delta era, ran-
domized controlled trials and large-scale observational studies demonstrated high de-
grees of direct protection from vaccines using a variety of platforms, particularly
against symptomatic and severe disease.'2%'2" Similarly, infection-acquired immunity
showed substantial protection against reinfection of at least 80%.'22

Table 4

Estimated dispersion parameter (k) for selected highly transmissible respiratory pathogens
Respiratory pathogen Dispersion

SARS-CoV-2 (Wuhan-Hu-1 strain) 0.1 (95% Cl 0.05-0.2)"°2
Measles (prevaccination era) 0.83 (95% Cl 0.70-0.94)""4
Measles (postvaccination era) 0.40 (95% Cl 0.19-1.99)"">

Pandemic influenza HIN1 (1918) 0.94 (95% Cl 0.59-1.72)"'®
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Fig. 3. Chains and clustering of SARS-CoV-2 transmission.

Indirect protection can be generated through 2 distinct mechanisms. First, vaccines
may decrease the overall risk of infection by protecting against both symptomatic and
asymptomatic infections—put simply, if a person never becomes infected, they
cannot transmit the virus to another person. Second, a vaccine may decrease the
transmission potential of a vaccinated person who does become infected, leading
to a lower secondary attack rate compared with unvaccinated people with infection.
During the early months of the vaccine roll out, before the global dominance of delta,
the sum of the evidence from well-designed studies using a variety of methodologies
suggested a large decrease in transmission through both of these mechanisms.*°
Although the exact amount of the decrease varied by vaccine and transmission
context, the overall protection against infection was at least 50%, and the decrease
in transmission potential among the vaccinated relative to the unvaccinated was
also 50% or greater, equivalent to an approximate transmission reduction of at least
75%.%° In the delta era, however, we must consider 2 additional factors that may in-
fluence the effects of vaccines on transmission—that is, the impact of the delta variant
itself and changes in immunity over time since vaccination.

Delta’s Impact on Vaccine Protection against Transmission

When compared with alpha, direct protection by the vaccines against symptomatic
delta infections seems to be modestly decreased—by about 10% to 20% —with no
change in the relative protection against severe outcomes.’?>'?4 An increased risk
of symptomatic reinfection also seems to be greater with delta compared with alpha,
with surveillance data from the United Kingdom showing an adjusted odds ratio of
1.46 (95% CI, 1.03-2.05) for symptomatic reinfection for delta compared with
alpha.’®® Importantly, even though the relative protection by vaccines against illness
and severe disease is largely preserved when compared with pre-delta viruses, the
increased overall transmissibility seen with delta results in a substantially increased
absolute risk of these outcomes among vaccinated people.

Understanding how vaccine effectiveness against all infections changes in the
context of delta is critical to informing expectations about the vaccines’ continued in-
direct protection. To reliably estimate this change, observational studies must use
systematic or regular testing regardless of symptom status. To date, the most rigorous
study to use this approach was a population representative survey of randomly
selected households in the United Kingdom that included 384,543 individuals,
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conducted scheduled PCR testing of participants, and adjusted for a number of
important potential confounding variables.'2® After 2 doses of the ChAdOx1 vaccine,
they found a lower vaccine effectiveness against infection of 67% (95% ClI, 62%-71%)
during a period dominated by delta, relative to 79% (95% CI, 56%-90%) during a
period dominated by alpha. For the mRNA-1273 vaccine, they found no difference
in protection against infection by delta compared with alpha, with an 82% vaccine
effectiveness (95% Cl, 75%-87 %) during the delta period and 77% vaccine effective-
ness (95% Cl, 66%-84%) during the alpha period. One other study of 4217 frontline
workers in the United States similarly used regular testing and control of confounders,
finding a combined vaccine effectiveness against overall infection for mRNA-1273,
BNT162b2, and (to a much lesser extent) Ad26.COV2.S, against overall infection of
91% (95% ClI, 81%-96%) before delta dominance and 66% (95% ClI, 26%-84%) dur-
ing a period of delta dominance.’?” The limited reliable data to date thus suggest sub-
stantial preservation in relative vaccine effectiveness against all infections by delta,
with a decrease of 0% to 25% compared with pre-delta viruses. As before, this metric
needs to be distinguished from the absolute risk of delta infection for vaccinated peo-
ple, which is considerably increased because of delta’s increased overall transmissi-
bility relative to earlier variants.

The impact of delta’s emergence on the second component of indirect protection—
the decrease in transmission potential among vaccinated people who become
infected —has been scrutinized intensely ever since it was shown that the amount of
SARS-CoV-2 viral RNA present at diagnosis (as measured semiquantitatively by the
cycle threshold of PCR assays) did not differ by vaccination status for people with
delta infection.'?® For pre-delta viruses, the cycle threshold value at diagnosis had
been consistently found to be higher (meaning lower viral levels) for vaccinated peo-
ple,*° so this finding suggested that the transmission potential had possibly become
more similar between vaccinated and unvaccinated people in the context of delta.
However, a subsequent study in Singapore used longitudinal sampling to show that,
although cycle threshold values at diagnosis were similar between vaccinated and un-
vaccinated people, there was a much more rapid decay in the cycle threshold value
among those who had been vaccinated,?° a finding that has since been replicated.®®
They also found that vaccinated people with delta infection had far fewer symptoms
relative to unvaccinated people, which has also been associated with reduced trans-
mission potential.*” 30 Several studies have attempted to examine whether the rela-
tionship between cycle threshold values and presence of replication-competent virus
differs by vaccination status, with mixed findings.'3"'%2 One study of 24,706 health
care workers found that infectious virus was present in 69% of 162 infections after
vaccination (91% of which were delta), relative to 85% of infections among the unvac-
cinated.’®? There was a significantly lower probability of culture positivity with vacci-
nation after adjusting for the cycle threshold value. Another study found infectious
virus in 37 of 39 vaccinated people (95%) infected with delta, relative to 15 of 17 spec-
imens (88%) from unvaccinated people, with both groups having similar cycle
threshold values at diagnosis.'"

Regardless of these virologic findings, rigorously designed contact tracing studies
provide the most direct evidence about the transmission potential of people with delta
infection after vaccination. The largest such study used contact tracing data from En-
gland and included 108,498 index cases with 146,243 contacts.'*® After adjusting for
potential confounders, investigators found that 2 BNT162b2 doses (adjusted risk ratio,
0.;,95% Cl, 0.39-0.65) and 2 ChAdOx1 doses (adjusted risk ratio, 0.76; 95% CI, 0.70-
0.83) reduced delta transmission, but that this was less than for alpha transmission
(BNT162b2 adjusted risk ratio, 0.32; 95% ClI, 0.21-0.48; ChAdOx1 adjusted risk ratio,
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0.48; 95% Cl, 0.30-0.78). Of note, these estimated decreases were early after vacci-
nation and transmission reduction attenuated over time, as we discuss elsewhere in
this review. Another household contact tracing study of 4921 index cases and 7771
contacts in the Netherlands found a decrease in the transmission potential for delta
after full vaccination of the index case of 63% (95% Cl, 46%-75%).'* A much smaller
contact tracing study of a delta outbreak in China similarly found a similar decrease in
transmission after 2 doses of an inactivated SARS-CoV-2 vaccine (65% decrease;
95% Cl, 16%-88%).8° In contrast, a contact tracing study of 1024 household contacts
linked to 301 index cases in Singapore did not find a significant difference in the trans-
mission risk based on index case vaccination status (adjusted odds ratio, 0.73; 95%
Cl, 0.38-1.40), although the confidence interval was relatively wide.® Finally, a con-
tact tracing study of 471 delta index cases and 602 contacts in the United Kingdom
that collected daily upper respiratory tract samples for up to 20 days found similar sec-
ondary attack rates in contacts of vaccinated (25%; 95% Cl, 15%-35%) and unvac-
cinated (23%; 95% Cl, 15%-31%) index cases.®® The discrepant findings between
this study and the larger contact tracing studies may relate to its smaller sample
size, intensive sampling strategy, and/or greater time since vaccination among the in-
dex cases.

Importantly, these contact tracing studies are likely to underestimate the reduction
in transmission potential resulting from vaccination for people infected with delta for 2
reasons. First, index cases with a greater number and severity of symptoms are more
likely to be identified and included in these studies. Because vaccines decrease the
severity of symptoms, and more severe symptoms are associated with an increased
risk of transmission, there is likely to be selection bias present. Second, some con-
tacts may have been infected outside the household, potentially even during the
same exposure as the index case.'3*

Transmission Risk in the Context of Waning Immunity

Although the majority of observational analyses assessing changes in vaccine protec-
tion over time since vaccination are highly vulnerable to biases inherent to their study
design,'®° there are several reliable lines of evidence showing modest decreases in
protection against symptomatic and overall infection over time, as well as an attenu-
ation over time in the reduction in transmission potential after vaccination. The stron-
gest evidence comes from the randomized controlled trials of mMRNA-1273 and
BNT162b2, which continued to follow participants after the placebo group crossed
over to receive the vaccine about 5 to 6 months after the trials began, resulting in early
and late vaccinated groups. Symptomatic infection rates were modestly higher in the
early vaccine group for both vaccines nearly 1 year after initial vaccination, when the
delta variant was dominant in the United States. Vaccine efficacy against symptomatic
infection at close to 1 year after vaccination can be approximated after considering the
change in protection caused by delta for the more recently vaccinated group (Table 5).

Further evidence for waning protection against infection regardless of symptom sta-
tus comes from the previously described community-based study in the United
Kingdom, which used representative population sampling and systematic testing.'2°
These investigators found a modest decrease in vaccine effectiveness against infec-
tion (as above, the critical outcome for transmission prevention) from 14 to 90 days
after the second dose for BNT162b2 (85% at 14 days [95% CI, 79%-90%]; 75% at
90 days [95% CI, 70%-80%]) and ChAdOx1 (68% at 14 days [95% ClI, 61%-73%];
61% at 90 days [95% ClI, 53%-68%]). The previously described study of 4217 frontline
workers in the United States who underwent regular testing found a vaccine effective-
ness after full vaccination of 85% (95% ClI, 68%-93%) at 14 to 119 days, 81% (95%
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Table 5

Vaccine efficacy against symptomatic delta

Assumed baseline Vaccine efficacy vs symptomatic Vaccine efficacy vs symptomatic
vaccine efficacy vs delta, 10-12 mo after delta, 10-12 mo after vaccination,
symptomatic delta’® vaccination, BNT162b2'3¢ mRNA-1273"37

0.9 0.87 0.84

0.85 0.8 0.76

0.8 0.73 0.69

0.75 0.66 0.61

0.7 0.6 0.53

0.65 0.53 0.45

Cl, 34%-95%) at 120 to 149 days, and 73% (95% ClI, 49%-86%) at 150 days or
more.'?’

The decrease in the transmission potential resulting from vaccination among people
who become infected also seems to attenuate over time, as shown by the detailed
contact tracing study of 108,498 index cases and 146,243 contacts in England.’®?
This analysis found no transmission decrease at 12 weeks after vaccination for index
cases vaccinated with ChAdOx1 (2%, 95% CI, -2% to 6%) and a significantly atten-
uated decrease for those vaccinated with BNT162b2 (24%, 95% ClI, 20%-28%). This
finding is further supported by virologic data from Israel, where viral loads at diagnosis
were found to be lower among vaccinated individuals with delta infection within
2 months of vaccination relative to unvaccinated people, but that this difference dis-
appeared by 6 months after vaccination.3®

In summary, the considerable indirect protection seen during the early months of the
vaccine roll out, although still substantial in the delta era, has likely been diminished to
some extent because of a modest decrease in the relative protection against infection
and increased transmission potential of vaccinated individuals who become infected.
The durable impact of booster doses on transmission remains to be seen, though they
have shown early promise in short-term follow-up. 3841

TRANSMISSION PREVENTION

Extensive accumulated evidence supports multiple additional strategies for effective
transmission prevention. Of note, most of the evidence supporting these strategies
comes from the pre-delta era. Besides vaccination, the other major tools to prevent
transmission of SARS-CoV-2 include ventilation, physical distancing, rapid case con-
tact tracing and isolating, and effective personal protective equipment.

The role of improved ventilation in preventing transmission of SARS-CoV-2 has
been shown in a variety of ways. In a crossover study looking at the effect of portal
air/UV filtration devices in hospital wards with patients with COVID-19, SARS-CoV-2
was detected in aerosols when the filters were not in use, but not when the devices
were turned on."#? In a study of household transmission in China, opening a window
to allow for better ventilation was associated with a decreased infection risk.'*® In a
study that included 169 primary schools in the state of Georgia, schools that had
improved ventilation had a lower incidence of SARS-CoV-2 cases, with an adjusted
relative risk of 0.61 (95% ClI, 0.43-0.87)."** Dilution methods alone, including opening
doors and windows, or combining dilution with filtration (with installation of HEPA air
filters) were protective against incident SARS-CoV-2 infections. The importance of
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ventilation in decreasing transmission of respiratory pathogens was widely recognized
even before the COVID-19 pandemic; for example, opening windows in hospitals and
homes was found to provide excellent ventilation and decrease tuberculosis transmis-
sion risk. 145146

The protective role of masking has been shown in multiple settings. In community
settings, a large, prospective, cluster randomized controlled trial including nearly
350,000 people from 600 villages in Bangladesh from November 2020 through April
2021 found 11.2% lower cases (estimated via history of symptoms with a positive
serology) in villages randomized to surgical masks.'#” In the trial, people living in towns
in the intervention arms were given free masks and information about the importance
of masking, and observed masking was 13.3% in control villages and 42.3% in treat-
ment villages, with a regression adjusted increase of 28.8% increase in masking asso-
ciated with the intervention (95% Cl, 27%-31%). The investigators found no
statistically significant benefit for their primary outcome in villages randomized to cloth
masking. The only other randomized control trial of community masking individually
randomized 4862 Danish participants to recommendations to wear surgical masks
outside the home or not and found that 1.8% of the mask group and 2.1% of the con-
trol group developed infection in the following month, a difference that was not statis-
tically significant.’*® The broader importance of this study is limited by individual
randomization (because of the hypothesized importance of masks for source control)
and the low prevalence of infection. A systematic review of 6 studies evaluating the
impact of face masking found that wearing a mask was associated with a significantly
decreased risk of SARS-CoV-2 infection with an adjusted odds ratio of 0.19 (95% ClI,
0.11-0.33)."%° Another systematic review that assessed the effect of masking on se-
vere coronavirus infections from SARS-CoV-2, SARS-CoV-1, or MERS-CoV found
that face masks were associated with a reduced risk of infection (adjusted odds ratio,
0.15; 95% ClI, 0.07-0.34)."°° Observational studies of mask mandate policies have
also suggested a benefit to community masking.'" A study comparing 15 counties
in Kansas with a mask mandate with 68 counties without mask mandates found a
mean 60% decrease in cases and hospitalizations and a 65% decrease in deaths in
counties with mask mandates.’®®> These observational studies must be interpreted
with caution because of secular trends and other policies that were implemented
concurrently.

Universal masking in health care settings has also played an important role in
decreasing transmission in health care settings, which have the potential to be impor-
tant sites of SARS-CoV-2 transmission.®? A systematic review found masking in health
care settings may have decreased the infection risk by 70% (unadjusted odds ratio,
0.29; 95% Cl, 0.18-0.44)."*° Universal masking policies were also associated with
fewer health care worker infections at large hospital systems.'3~'% An outbreak at
a Veterans Affairs hospital ended after the implementation of universal masking.'®®

Despite the clear dominance of aerosol transmission for SARS-CoV-2 and other res-
piratory viruses, the benefit of N95 masks over surgical masks has not been shown
conclusively for preventing transmission. In the pre-COVID-19 era, a cluster random-
ized trial of nearly 3000 health care workers did not find a benefit for the prevention of
influenza A infections for those who used N95 versus surgical masks.'>” A meta-
analysis examining masking for SARS-CoV-2 and other viral infections found greater
benefits with N95 versus surgical masks, though the interaction was not significant
(P = .09)."°° In an unadjusted analysis of transmissions at a large hospital system in
Michigan between April and May 2020, those wearing an N95 at time of exposure
to a patient with COVID-19 were significantly less likely to be seropositive (10.2%)
compared with those wearing surgical or cloth masks (13.1%) or no mask (17.5%).1%8
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Observational studies in health care settings have suggested that eye protection
may incrementally increase protection for health care workers. A systematic review
of 13 studies from SARS-CoV-1, MERS-CoV, and SARS-CoV-2 found that eye protec-
tion was associated with a lower risk of infection (unadjusted relative risk, 0.34; 95%
Cl, 0.22-0.52)."°9 Numerous case and cluster reports have also suggested a potential
role for eye protection, including in a detailed outbreak investigation at a hospital in
Boston where staff members who developed infection were less likely to have worn
eye protection during encounters with index cases, although the difference was not
statistically significant (30% vs 67%; prevalence ratio, 0.44; 95% Cl, 0.18-1.08)."°°

Although universal masking policies seem to be effective at substantially reducing
the risk of transmission in health care settings, it does not bring the risk to zero.
Most residual cases occur in settings where masking is impractical or not possible,
like break rooms, shared work rooms, or shared patient rooms or open wards.3%:41:160
However, a few cases of well-documented transmission between a masked source
patient and masked health care worker wearing eye protection have been
described.'®" These cases seem to occur with prolonged exposure at close proximity
with source patients with very high respiratory tract viral loads at the time of contact.

Rapid case identification and contact tracing with testing and isolation has been
used to help control the COVID-19 pandemic. During the initial outbreak in South Ko-
rea, the roll out of rapid contact tracing with testing before symptom onset brought the
effective Ry from 1.3 to 0.6 compared with the preceding period, when testing was
symptom driven.’®? In another pre-delta study, the launch of an immediate trace
and test program on the Isle of Wight in the UK was associated with a decrease in
the Ry from 1.3 to 0.5.7%% In contrast a retrospective study in Portugal that compared
98 cases identified through contact tracing with 453 found through routine testing did
not find a difference in the secondary attack rate (13.3% vs 17.2%; P = .406).'5* A
mathematical model suggests that although contact tracing can be helpful early in
an outbreak, the benefit is lost once cases outnumber contact tracing capacity by
more than 10 to 1.75°

Given the efficiency with which SARS-CoV-2 can be transmitted, multiple mitigation
strategies are typically used at times of outbreaks, including improving ventilation and
encouraging physical distancing and indoor universal masking, as well as additional
layers of protection for people in certain high-risk environments like health care
settings.

PRELIMINARY UNDERSTANDING OF TRANSMISSION DYNAMICS OF THE OMICRON
VARIANT

In November 2021 the omicron variant, with more than 50 total mutations including 15
in the spike protein’s receptor binding domain, was identified in South Africa.'®® It
rapidly spread throughout South Africa and the globe, leading to massive surges in in-
fections. Evidence of the characteristic features of omicron transmission are rapidly
emerging but remain highly preliminary as of this writing.

Initial estimates suggested a 5.4-fold (95% CI, 3.1- to 10.0-fold) weekly growth
advantage for omicron over delta.'®® Although omicron’s Ry is estimated to be 3.19
(95% CI, 2.82-3.61) times greater than delta, much of the transmission advantage
seems to be driven by an increased risk of infection among people with existing immu-
nity.'®” This finding is supported by a large Danish household transmission study,
which found similar attack rates among unvaccinated people living in households
with an omicron or delta index case, but much higher risk of infection for fully vacci-
nated and boosted household members for omicron compared with delta (adjusted
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odds ratio, 2.61 [95% ClI, 2.34-2.90] and 3.66 [95% ClI, 2.65-5.05], respectively).'%®
This finding corroborates in vitro data showing a substantially attenuated neutraliza-
tion of omicron with sera from vaccinated or convalesced individuals.'®®7° Whether
omicron has intrinsically increased transmissibility over prior variants is unknown at
this time.

Another characteristic feature of early omicron outbreak reports is a shorter incuba-
tion period of about 3 days, with very high rates of symptoms among vaccinated peo-
ple.’”172 viral load increases, peaks, and decreased over a period of about 10 days,
similar to findings from prior variants, with somewhat lower peak viral loads compared
with delta.””3174 Preliminary evidence from Japan suggests that the peak viral load
may occur 3 to 6 days after symptom onset, which may be later than was seen with
prior variants.'”®> Occasional long-range transmission continues to be documented
along with superspreading events, although additional data are needed."®8171:176

These preliminary reports suggest that omicron is more rapidly transmitted than
delta with a shorter incubation period and marked immune evasion that greatly in-
creases risk of infection among vaccinated and recovered individuals. Very prelimi-
nary reports suggest that the viral load may peak later for omicron infections
compared with those from prior variants. More data are needed to confirm these find-
ings and to determine whether there are changes in the infectious period of each case
and the exact degree of overdispersion characterizing transmission of omicron.

SUMMARY

The SARS-CoV-2 delta variant transmits more rapidly and efficiently than prior SARS-
CoV-2 viruses. The predominant mode of transmission of SARS-CoV-2 is via short-
range aerosols. Vaccines prevent transmission both by blocking cases and by
decreasing the risk of secondary cases from a vaccinated index case. However, the
effect of vaccination on transmission reduction has been attenuated owing to the
significantly increased transmissibility of the delta variant and waning protection for in-
dividuals remotely vaccinated. Besides vaccination, ventilation, masking, eye protec-
tion, and rapid case identification with contact tracing and isolation have all been
shown to decrease transmission.
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