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Abstract

Quarantine and serial testing strategies for a disease depend principally on its incubation period and infectiousness profile. In the
context of COVID-19, these primary public health tools must be modulated with successive SARS CoV-2 variants of concern that
dominate transmission. Our analysis shows that (1) vaccination status of an individual makes little difference to the determination of
the appropriate quarantine duration of an infected case, whereas vaccination coverage of the population can have a substantial effect
on this duration, (2) successive variants can challenge disease control efforts by their earlier and increased transmission in the disease
time course relative to prior variants, and (3) sufficient vaccine boosting of a population substantially aids the suppression of local
transmission through frequent serial testing. For instance, with Omicron, increasing immunity through vaccination and boosters—
for instance with 100% of the population is fully immunized and at least 24% having received a third dose—can reduce quarantine
durations by up to 2 d, as well as substantially aid in the repression of outbreaks through serial testing. Our analysis highlights the
paramount importance of maintaining high population immunity, preferably by booster uptake, and the role of quarantine and testing
to control the spread of SARS CoV-2.

Keywords: severe acute respiratory syndrome, variants of concern, public health, disease time course, omicron

Significance Statement :

Serial emergent SARS CoV-2 variants with divergent properties have dominated transmission over the pandemic, even as vaccina-
tion and boosting have affected risks. Quarantine and serial testing strategies should be adjusted to account for these factors. For
example, successive variants have exhibited earlier and greater transmission compared to prior variants, limiting the effectiveness
of some disease control efforts; and up-to-date vaccination and boosting continue to lower the probability of contracting disease.
Using a data-driven model to quantify onward transmission, we found that population-level vaccination coverage impacts quar-
antine duration. Moreover, increasing booster coverage substantially enhances the effects of serial testing on reducing community
transmission. High population immunity through vaccination and boosting substantially aids the prevention of transmission via
quarantine and testing.

Introduction
Quarantine and testing have been essential public health tools to
curb the spread of SARS CoV-2 (1–4). The successive emergence
and dominance of variants of concern (VOC)—each with distinct
clinical traits and transmissibility—have challenged these control
efforts, even with the aid of vaccination (5, 6). Consequently, the

effectiveness and practicality of quarantine and serial testing in
a population are subject to change. Initial quarantines for close
contacts of a COVID-19 case lasted 14 d, later were shortened to
seven, and then 5 d (7, 8). Recently, some countries have stipulated
quarantine durations dependent on the vaccine status of the in-
dividual (7, 9). Some organizations have further conducted serial
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testing (as part of screening programs) to mitigate outbreaks in
their populations (10, 11), while adjusting the testing frequency
based on community prevalence or the incubation period (12, 13).
These policy directives respond to a widespread perception that
public health interventions require adaptation to increasing pop-
ulation immunity and virus evolution. However, the appropriate
quarantine and testing policies for diverse vaccination levels in
the face of successive VOCs have not been evaluated to gauge
changing policy effectiveness for mitigating transmission.

Here we adapt previous approaches (1–3) to compare the prob-
ability of post-quarantine transmission (PQT) and the effective
reproduction number with serial testing and isolation for the
original SARS CoV-2 strain and three VOCs—Alpha, Delta, and
Omicron—at different levels of vaccination. Our findings demon-
strate that quarantine and testing strategies depend not only on
the incubation period but also on the transmissibility and level of
population immunity against infection.

Results
Using the specified infectivity profile, the temporal diagnostic
sensitivity of a rapid antigen test, and proportion of cases self-
isolating due to the appearance of symptoms, we computed the
number of secondary infections. The comparison of the number of
post-quarantine secondary infections between unvaccinated and
vaccinated individuals demonstrates that the vaccination status
of an individual has only a limited effect on quarantine dura-
tion. A shorter duration of viral shedding in breakthrough infec-
tions after two vaccine doses compared to primary infection in
unvaccinated individuals (14) leads to fewer secondary infections
(Fig. 1B), but simultaneously decreases the probability of detect-
ing a case (Fig. 1D). Furthermore, vaccinated cases are less likely
to exhibit symptoms than unvaccinated, resulting in less frequent
self-isolation. These decreases in case detection and self-isolation
increase the probability of releasing an infectious case from quar-
antine. The tradeoff between lower infectivity and higher risk of
release leads to marginal differences in PQT between unvacci-
nated and vaccinated cases (Fig. 1E).

Successively predominant VOCs analyzed in this study ex-
hibited consecutively shorter incubation periods and increas-
ing transmission rates. These two characteristics contribute to a
greater risk of transmission earlier in the disease time course than
the original SARS CoV-2 strain (Fig. 1F), making effective outbreak
suppression through serial testing challenging.

Determining optimal disease control strategies also depends on
the level of population immunity. Increasing population immu-
nity through vaccine and booster uptake mitigates transmission
(Fig. 1G–H). Specifically, improving two-dose vaccine uptake leads
to a substantial decrease in PQT and transmission during serial
testing (Fig. 1G). In contrast, increasing booster uptake provides
only substantive benefit to serial testing compared to quarantine
(Fig. 1G vs. Fig. 1H; Fig. 2). The decrease in PQT concomitant with
an increase in booster uptake diminishes as quarantine durations
lengthen (Fig. 1G). The effectiveness of serial testing in reducing
transmission is greatly improved through an increase in booster
uptake (Fig. 1H).

Despite the shorter incubation period of Omicron compared
to the previous VOCs, a longer quarantine duration relative to
the incubation period could be needed to obtain a probability of
PQT that is equal to or lower than a 7-d quarantine plus exit test
applied to the original variant in a completely immunologically
naive population (Fig. 2A). Scaling up vaccine-acquired immunity
from no vaccination to 100% booster uptake would yield a reduc-

tion in quarantine by 6 d for the original SARS CoV-2 strain, but
only yield a reduction in quarantine by 2 d for the Omicron vari-
ant (Fig. 2A–B). In a population with 100% two-dose vaccination,
scaling up booster uptake could justify a reduction of quarantine
by as much as 3 d (Fig. 2B). However, boosting only has a moder-
ate impact on quarantine duration for Omicron, decreasing it by
at most a day (Fig. 2B). In the absence of boosters, even daily serial
rapid antigen testing could not reduce the effective reproduction
number RE of Omicron below one (Fig. 2C). In contrast, increasing
booster uptake can result in striking differences in the required
frequency of serial testing. For instance, increasing booster uptake
from 60% to 85% reduces the necessary serial testing frequency
from every day to every three days to bring RE below one for Omi-
cron (Fig. 2D).

Discussion
Here we have shown that the vaccination status of an infected
individual has limited influence on the post-quarantine trans-
mission. VOCs have produced increasing amounts of transmis-
sion earlier in the disease time course, challenging the effec-
tiveness of current quarantine and testing strategies in the sup-
pression of transmission. We show that increasing population
immunity through vaccination not only decreases transmission,
but can also allow for substantial relaxation of requirements
for quarantine and testing. For quarantine, increasing uptake of
two doses enables notable reductions in quarantine durations.
The additional reduction in PQT obtained through boosting was
limited—especially for highly transmissible variants such as Omi-
cron. In the context of serial testing for the less transmissible
variants, higher population uptake of two doses could justify less
frequent surveillance. In contrast, highly transmissible variants
like Omicron require frequent testing and a high booster vac-
cination uptake to effectively reduce community transmission.
Therefore, our results demonstrate that despite increasing trans-
mission and immuno-evasion of successive VOCs, high popula-
tion immunity against infection—preferably conferred through
vaccination—can mitigate transmission.

Rapid antigen testing is conducted in many workplaces to iden-
tify and isolate infected workers. The testing frequency that is
necessary to contain and suppress any workplace transmission
is crucial to prevention of large-scale outbreaks. Our results in-
form the minimum frequency of rapid antigen testing required
to contain and suppress workplace transmission for varying de-
grees of vaccination in relevant workforces. We accounted for iso-
lation of those who test positive, but not for quarantining of close
contacts or the use of additional non-pharmaceutical interven-
tions such as mask wearing. Rapid antigen testing requires a fre-
quency of every 6 d for surveillance to curtail transmission within
a population that is 100% boosted. The knowledge that the pres-
ence of higher proportions of boosted workers enable reduced
frequencies of rapid antigen testing should encourage booster
uptake.

Some countries have eliminated quarantine for vacci-
nated/boosted individuals—requiring only testing, strict mask
use, and isolation upon symptom onset (7, 9). At the individual
level, removing quarantine for vaccinated individuals might
seem reasonable because the probability of entering quarantine
as a breakthrough case is lower than an unvaccinated case
due to the effectiveness of the vaccine in preventing infection.
However, removing quarantine for vaccinated individuals is only
appropriate to the extent that they are less likely to turn out to be
infected; any single breakthrough infection leads to PQT that is
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Fig. 1. Influence of SARS CoV-2 infection characteristics on disease control efforts. The (A) relationship between the Ct value and relative infectivity for
the time prior to peak infectivity (solid line) and the time following peak infectivity (dashed line) for which Ct values greater than 40 were determined
from a linear extrapolation, (B) infectivity over the disease time course, (C) the relationship between the relative infectivity and the RT-PCR diagnostic
sensitivity for the time prior to peak infectivity (solid line) and the time following peak infectivity (dashed line), (D) temporal rapid antigen test
diagnostic sensitivity, and (E) probability of post-quarantine transmission for an individual infected with an original strain of SARS-CoV-2 who has not
been vaccinated (blue) and who has received two vaccine doses (orange). The (F) infectivity over the disease time course for original SARS-CoV-2 strain
(green dotted) and the Alpha (orange dashed), Delta (purple dash dot), and Omicron (pink solid) variants. For a case infected by Omicron with no
vaccination (gray dashed), 100% uptake of two vaccine doses and 0%, 30%, 70%, and 100% boosting, the (G) probability of post-quarantine transmission
for quarantine durations from 0 to 14 d with a rapid antigen test on exit, and (H) the effective reproduction number (RE > 1: red, RE < 1: green, and
RE = 1: black line) for no testing and for testing frequencies from every day to every 14 d.

comparable to an infection in an unvaccinated individual. Indeed,
as vaccine uptake increases, more cases entering quarantine will
be breakthrough infections. We have shown that the quarantine
duration required to attain a particular level of transmission risk
depends on the vaccine-induced immunity in the population into
which a quarantined individual is released. Infection-acquired
immunity can also influence optimal quarantine and testing
strategies. Thus, surveillance of the immunological status of
the population is much more important than the status of the

quarantined individual when determining effective quarantine
durations (1).

After the emergence of Omicron, the US Centers for Disease
Control and Prevention shortened their recommended 7-d quar-
antine of close contacts to 5 d for the unvaccinated and no quar-
antine for vaccinated (7, 8). This adjusted quarantine policy might
not effectively mitigate transmission, in part due to a joint con-
sequence of the immuno-evasive capabilities and high transmis-
sibility of Omicron, the inadequate (∼66%) full immunization in
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Fig. 2. Optimal quarantine and serial testing strategies using a rapid antigen test for four SARS CoV-2 variants. The minimum quarantine duration
with a rapid antigen test on exit that provides equivalent or lower probability of post-quarantine transmission than a 7-d quarantine with a rapid
antigen test for the original strain in an immunologically naive population (gray dotted), for (A) up to 100% two-dose uptake, and for (B) 100% two-dose
uptake plus 0% to 100% booster uptake for the original strain(s) (green dotted), as well as Alpha (orange dashed), Delta (purple dash–dotted), and
Omicron variants of concern (pink solid). The minimum frequency of serial rapid antigen testing to obtain an effective reproduction number (RE)
below one with (C) 0% to 100% two-dose uptake and (D) with 100% two-dose uptake plus 0% to 100% booster uptake. When daily testing was
determined to be insufficient to suppress an outbreak (i.e. RE ≥ 1; only occurring with serial testing for Omicron), the minimum frequency of testing
line was plotted level at the top of the y axis.

the US, and even lower rate of ∼46% booster uptake of eligible
individuals as of 2022 May 8 (15). Increasing immunity through
vaccination enables a moderate reduction in quarantine duration
for Omicron. Increasing booster uptake, however, was shown to
have a more significant effect on reducing Omicron transmission.
To lessen the burden on healthcare systems, continued efforts to
administer vaccines and booster doses is essential in preventing
large outbreaks with emerging VOCs or their subvariants.

Method
Infectivity
To construct the infectivity over the course of disease for each
variant, we used the approach described by Ferretti et al. (16),
as well as variant-specific incubation periods, basic reproduction
numbers, and temporal changes in Ct values (14, 17) (Supplemen-
tary Material). The temporal changes of the Ct values for each

variant were informed by the linear slopes computed in previous
studies (14, 17).

To account for the effect of vaccination and VOCs on infectivity,
we constructed a mapping from the Ct value to infectivity using
the measurements from the original SARS CoV-2 strain (Fig. 1A;
Supplementary Material).

Rapid antigen test diagnostic sensitivity
The diagnostic sensitivity of the rapid antigen test (Abbott Pan-
bio) is the product of the % positive agreement (PPA) and RT-PCR
diagnostic sensitivity for the specified time post-infection (1, 3).
To determine the temporal RT-PCR diagnostic sensitivity for each
VOC, we constructed a mapping between the relative infectivity
and RT-PCR diagnostic sensitivity (Fig. 1C; Supplementary Mate-
rial). Similarly, the temporal PPA for each VOC was constructed
using a mapping between the relative infectivity and PPA.
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To calculate the temporal RT-PCR diagnostic sensitivity for our
benchmark incubation period, we fitted a log-Normal distribution
to serial testing data from Hellewell et al. (18) using a maximum-
likelihood approach (3). For our benchmark PPA curve, a linear
logit model was fitted to data of the PPA between Abbott Panbio
and RT-PCR tests post-symptom onset (19, 20) using a maximum-
likelihood approach (1, 3). The studies providing the PPA for the
Abbott Panbio rapid antigen test were conducted in community
testing centers in the Netherlands and in Aruba (19), as well as in
healthcare settings in Madrid (20).

Post-quarantine transmission (PQT)
To calculate the PQT for random entry into quarantine and

rapid antigen test on exit, we accounted for the infectivity pro-
file specific to the variant upon exit from quarantine where cases
that exhibited symptoms or tested positive isolated (1–3). To de-
termine the probability of PQT, the estimated number of sec-
ondary cases were specified to be negative-binomially distributed
(2, 3).

Serial testing
To determine the extent of transmission for rapid antigen se-
rial testing with a specified testing frequency and uniform risk
of infection between tests, we calculated the number of sec-
ondary infections based on the infectivity profile for the vari-
ant in the context of individual and population vaccination,
while incorporating isolation of cases that test positive or exhibit
symptoms (3).

Vaccination status
We stratified the population into unvaccinated, fully vaccinated
(with only two-doses of the vaccine), and boosted (i.e. fully vac-
cinated with a booster dose). In the fully vaccinated group, the
effectiveness of the vaccine is parameterized by values based
on a 6-month or longer period since receiving the second dose.
The boosted group refers to those who have received a third
dose of vaccine at least 6 months after receiving the second
dose.

Supplementary Material
Supplementary material is available at PNAS Nexus online.
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