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Abstract

Background In the absence of effective pharmaceutical interventions early in an infectious
disease outbreak, non-pharmaceutical measures, especially isolating infected individuals,
critically limit its impact. The ongoing COVID-19 pandemic has sparked debates on optimal
isolation guidelines. This study proposes a variable isolation period approach (variable-
period approach), tailoring isolation durations for distinct population groupswith varied viral
load dynamics.
Methods To compare our variable-period approach with a fixed-period strategy, we
developed a simulation model generating synthetic longitudinal SARS-CoV-2 viral load
data. The data was generated from the viral dynamics model parameterized using SARS-
CoV-2 Delta patient data in Singapore, accounting for age and vaccination status.
Results Findings show that age and vaccination status significantly influence viral
dynamics, with younger age and vaccination linked to shorter viral shedding durations.
The variable-period framework suggests longer isolation lengths for older and unvaccinated
individuals. By setting the leaking risk (risk of remaining infectious at the end of isolation)
below 10%, the optimal fixed-period isolation is 14 days, with an average excess isolation
burden of 7.4 unnecessary days. In contrast, the variable-period guideline reduces the
excess isolation burden to 6.0 days, with the optimal isolation periods ranging from 9 to
16days, depending on the populationgroup.Weconfirmedsimilar resultswhenweused the
effective reproduction number as an alternative to the leaking risk.
Conclusions In this case, study using the SARS-CoV-2 Delta variant, our analysis
demonstrates that unnecessary time spent in isolation can be reducedby adopting variable-
period guidelines based on patient characteristics.

Since the second year of the COVID-19 pandemic, multiple effective
pharmaceutical interventions (PIs), such as vaccines and antivirals, have
been developed and distributed globally. These substantially contributed to
reducing the rates of severe illness and death from COVID-19. Non-
pharmaceutical interventions (NPIs), such as isolation, contact tracing, and
social distancing, instead represented the first line of defense early in the
pandemic. However, new variants have continuously emerged, and vaccine
effectiveness against infection has shown a gradual reduction1–3. Thus, NPIs

may still play a role in minimizing the COVID-19 burden should more
severe variants emerge and will be key in epidemic/pandemic prepared-
ness plans.

Isolation is an effective NPI but places considerable costs on both the
isolated patient and society. To minimize this burden, isolation should
ideally end as soon as a patient is no longer infectious. However, this time
period is highly variable between patients and cannot be observed directly
without viral tests. In practice, the length of isolation has been fixed (fixed-
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Plain language summary

The isolation of infected patients is crucial in
minimizing the impact of a pandemic.
Nevertheless, it can significantly burden the
patients themselves. Therefore, guidelines for
isolation should be established to decrease
unnecessary isolationperiods,without relying
solely on viral tests. Here, we introduce a
protocol to evaluate guidelines with fixed and
variable isolation periods. Our analysis
revealed that adjusting isolation lengths
based on age and vaccination status, rather
than enforcing a uniform period for all
patients, can reduce the necessary isolation
period by 1.4 to 1.8 days per person on
average. Customizing the isolation period
according topatient characteristics is justified
to decrease the duration of redundant
isolation, concurrently mitigating the risk of
further transmission.
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period guideline) or determined by viral tests (test-based guideline). In the
early stages of the pandemic, most developed countries, including Singa-
pore, adopted a test-based guideline, which recommended multiple and
consecutive negative PCR test results to end isolation4,5. As clinical and
epidemiological information accumulated and performing viral tests to end
isolation became impractical given the surge in the number of cases, fixed-
period guidelines were adopted.

There has been an extensive debate on how to design ideal isolation
guidelines. In our previous studies, we considered two factors: the leaking risk
and excess isolation burden6,7. The leaking risk is defined as the probability of
ending isolationwhen an individual is still infectious, while the excess isolation
burden is defined as the length of unnecessary isolation of an individual who
is no longer infectious. These factors work in opposite directions, such that
reducing one tends to increase the other (e.g., stricter isolation guidelines
reduce leaking risk but increase excess isolation burden). Finding the optimal
balance between these conflicting priorities while aiming to minimize both is
key to designing the best isolation policies. We previously demonstrated that
the test-based approach yields a smaller excess isolation burden while
maintaining the risk at a low level compared with the fixed-period approach
because the fixed-period guideline imposes redundant isolation for patients
due to the variability in viral dynamics6. However, performing viral tests
multiple times is challenging due to cost and logistical constraints, which are
further influenced by the epidemiological situation (i.e., the number of cases
and their contacts) and testing technology (e.g., PCR or antigen tests).
Therefore, most countries have primarily relied on fixed-period guidelines,
and turned to test-based guidelines only under specific circumstances4,5,8. For
example, in the US, multiple testing is still recommended for moderately or
severely immunocompromised patients as of 29 August 20244,8.

In this study, we propose a variable isolation period approach (vari-
able-period approach) that considers different lengths of isolation for dis-
tinct population groups. The variable-period approach reduces the excess
isolation burden compared to fixed-period guidelines by accounting for
individual variability in viral dynamics. Our simulation model mimics the
viral dynamics of SARS-CoV-2 infection and evaluates the effectiveness of
both fixed-period and variable-period guidelines. Using data from theDelta
variant collected in Singapore, we find that the variable-period approach
offers a more balanced strategy by minimizing unnecessary isolation while
maintaining safety. While the numerical results may vary by country, virus
variant, and specific virus, the computational protocol for assessing and
comparing isolation guidelines is broadly applicable and can be adapted to
different scenarios.

Methods
Overview
First, we developed a simulation model to generate longitudinal viral load
data. The simulation model is based on a viral dynamics model, which is a
mathematical model that describes the time course change in viral load
within an infected individual. Themodelwasfitted to longitudinal viral load
data from patients infected by the SARS-CoV-2 Delta variant in Singapore.
In the model fitting process, we tested if age and vaccination status influ-
enced viral dynamics. Second, we implemented different isolation guide-
lines on viral load data and simulated them by using the parameterized
model. Synthetic longitudinal viral load datawas generated using themodel;
the leaking risk and excess isolation burden of thefixed-period and variable-
period guidelines were estimated from the generated data together with the
expected number of secondary infections under isolation programs (i.e.,
effective reproduction number). Third, we compared those two guidelines
considering a certain level of risk (e.g., leaking risk of 10% and effective
reproduction number of 1) and explored which length of isolation yielded
the smallest excess isolation burden.

COVID-19 clinical data and longitudinal viral load
Electronic medical records of adult patients aged ≥18 years admitted to the
National Center for Infectious Diseases, Singapore, from 1 April to 14 June
2021were reviewed9. In this study,we focusedon symptomatic patientswho

were infected by the Delta variant and had three or more viral load mea-
surements. The analyzed sample of patients includes a substantial propor-
tion of both vaccinated and unvaccinated patients. SARS-CoV-2 viral load
was measured from nasopharyngeal swabs collected as part of routine
clinical care and testedusing a variety of commercial PCRassays,with a 1–3-
day interval over 76 days since symptomonset atmaximum. To obtain viral
load from cycle threshold (Ct) values, the conversion formula was used10:

log10 viral load copies=mL
� �� � ¼ �0:32×Ctvalues cycles

� �þ 14:11 ð1Þ

The detection limit wasCt = 50, corresponding to 10−1.89 copies/mL. In
addition to viral load, age and vaccination status were collected from each
patient. The information about patients’ gender was not available. Note that
we couldnot use similar data from theOmicronvariant as all patients in that
dataset were vaccinated. We aimed to quantify the effect of vaccination on
viral dynamics.

The IRB review was exempted at Nanyang Technological University
(IRB-2022-1041) for the data analysis in this study, as the data were de-
identified before being shared with us. The data were provided by the
corresponding author of the original multicenter cohort study9.

SARS-CoV-2 viral dynamics model
Viral dynamicsmodels have beenused toquantify the change in viral loadof
infectious diseases from infection to recovery. Specifically, to describe the
viral load dynamics of SARS-CoV-2, we used the target-cell limited
model6,7,11–14:

df tð Þ
dt

¼ �βf tð ÞV tð Þ ð2Þ

dV tð Þ
dt

¼ γf tð ÞV tð Þ � δV tð Þ ð3Þ

Themodel includes two variables: the ratio of uninfected target cells at
time t to that at time 0, f tð Þ (f 0ð Þ ¼ 1 bydefinition), and the amount of virus
(copies/mL) at time t, VðtÞ. The three model parameters, β, γ, and δ
represent the rate of cell infection, the maximum rate of virus replication,
and the rate of infected cell loss, respectively. The time scale is the day after
symptom onset. Only age (as a continuous linear term) and vaccination
information were available in the dataset, thus they were accounted as
potential covariates and the final set of covariates for each parameter was
selected based on the model that gave the lowest Bayesian information
criteria (BIC). Model parameters were estimated using a non-linear mixed
effect model to account for individual variability in viral load dynamics.
Random effects were considered for all parameters.

Assessing the leaking risk and excess isolation burden under
different isolation guidelines
To account for individual variability, the model was run using parameter
values sampled from the estimated joint posterior distributions for each
simulated patient. The age distribution of the simulated patients was the
same as the population structure in Singapore at the end of June 202315, and
vaccination coveragewas assumed to be 50%. For each simulatedpatient,we
implemented the fixed-period guideline and the variable-period guideline
considering different lengths of isolation. The length of isolation was fixed
across all patients under the fixed-period guideline, while it was dependent
on age and vaccination status under the variable-period guideline. To
identify the best length of isolation under a certain guideline and compare
between the two guidelines, the leaking risk and excess isolation burden of
isolation were estimated and compared.

First, the leaking risk was estimated as:

X

i

I Vi si
� �

> infectiousness threshold
� �

=N ð4Þ
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where N is the number of patients (= 1000), i is the patient’s ID, si is the
timing of ending isolation for patient i,Vi si

� �
is the viral load of patient i at

time si, and I is the identity function. Associated with the leaking risk, we
also considered the expected secondary transmission produced by a patient
(i.e., the effective reproduction number) under isolation programs, Re,
which is defined as an average of the expected secondary transmission
producedby symptomatic patients,Re;S; and that by asymptomatic patients,
Re;A, respectively:

Re ¼ pRe;A þ 1� p
� �

Re;S ð5Þ

where p is the asymptomatic ratio. Assuming the same transmission
potential for symptomatic and asymptomatic patients given that the viral
load dynamics are similar regardless of symptom presence7, and that iso-
lation is performed only for symptomatic cases, Re is estimated as:

Re ¼ p

P
i

R
Ki
θPi sð Þds
N

þ 1� p
� �

P
i

R
Li
θPi sð Þds
N

ð6Þ

where θ is the contact rate per day and PiðsÞ is per contact probability of
infection of patient i at time s.Ki and Li are both time after infection, but Li
excludes the time of isolation (assuming that isolation is implemented only
for symptomatic cases). PiðsÞ is dependent on the viral load of patient i at

time s: Pi sð Þ ¼ ViðsÞα
ViðsÞαþλα, where λ is the viral load at whichPi sð Þ reaches 50%,

and α is the slope parameter16 (note: Pi sð Þ and ViðsÞ are positively asso-
ciated). Following previous literature using the wildtype SARS-CoV-216, we
set λ ¼ 107 and α ¼ 0:8. These parameters (λ and α) were estimated using
viral load data, individual reproduction numbers, and serial intervals. Note
that the effective reproduction number without isolation is defined as

Re;0 ¼
P

i

R
Ki
θPiðsÞds

N . θ was computed assuming Re;0 ¼ 3. p was taken to
be 20%17.

Second, the average per-patient excess isolation burden (excess isola-
tion burden) was estimated as:

X

i

si � ui
� �

=N ð7Þ

where ui is the time whenVi first drops below the infectiousness threshold,
which was set as Ct = 25, corresponding to 106.11 copies/mL, based on our
earlier study18. Note that the excess isolation burden is negative when more
relaxed guidelines are implemented.

In general, strict guidelines yield lower risk but higher excess isolation
burden, thus balancebetween the two should be considered.Here, assuming
a 10% leaking risk and 1 as an effective reproduction number at the end of
the isolation period, we explored the best length of isolation that minimizes
the excess isolation burden. As the 10% of leaking risk is arbitrary (i.e., the
threshold is determined by various factors such as characteristics of the
disease [transmission potential and severity] and socioeconomic conditions
of the society), we performed the same analysis using 5%and 20%of leaking
risk. Furthermore, in our sensitivity analysis, we explored different infec-
tiousness thresholds of Ct = 20 (107.71 copies/mL) and Ct = 30 (104.61 copies/
mL) because there are different estimates for the infectiousness threshold in
the literature19, and using different thresholds allows us to explore different
scenarios on this duration. Isolation was assumed to start immediately after
symptom onset.

We employed a variable-period approach, tailoring isolation lengths
based on age (below or above 60) and vaccination status (vaccinated or
unvaccinated). The 60-year age threshold was selected in alignment with
Singapore’s age-stratified COVID-19 public health interventions, such as
the initial prioritization of COVID-19 vaccines for individuals aged 60 and
older20.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Descriptive statistics of the clinical data
The clinical data comprises a total of 192 patients infected by the Delta
variant. Themeanageof the samplewas 48.0 (range: 17–94), and62patients
(32.3%)were vaccinated. On average, the viral loadwasmeasured 5.4 times,
with the first test performed 2.2 days after symptom onset. The tests were
performed at 1 to 76 days after symptom onset. Symptoms were defined by
the physician in charge (typically fever, cough, shortness of breath, sore
throat, and runny nose, which are standard for an ARI). 134 symptomatic
patients (69.8%) had at least three viral load measurements and were used
for subsequent analysis. Of the analyzed samples, the mean age was 47.9
(range: 19–94), 32 patients (23.9%) were vaccinated, and the mean number
of viral load measurements was 6.5 times, with the first test performed
2.4 days after symptom onset. Thus, the characteristics of the analyzed
samples are similar to those of the whole samples (Table 1). The viral load
trajectories for the analyzed patients are plotted in Fig. 1.

Estimated viral load curves
Age (as a continuous linear term) and vaccination status were accounted as
potential covariates, and thefinal set of covariateswas selected based onBIC
(Table 2). Agewas a significant covariate on the rate of cell infection (β), and
the vaccination statuswas a significant covariate on thedeath rate of infected
cells (δ), the rate of cell infection (β), and the viral load at symptom onset
(V 0ð Þ). To intuitively assess the impact of the covariates, the viral dynamics
for those aged 20 and 60 with different vaccination statuses were drawn
(Fig. 2). The estimated rate of cell infection (β) was lower for older indivi-
duals and for vaccinated individuals, which translates to a slower growth
rate of viral load at the early phase of infection. Furthermore, the death rate
of infected cells (δ) was larger for vaccinated individuals, which translates
into a slower growth rate of viral load in the early phase of infection and a
faster decline rate in the late phase. Overall, the duration of the viral shed-
ding (i.e., the durationwhenviral load is above the infectiousness threshold)
was substantially longer for unvaccinated patients. The viral load was above
the infectiousness threshold when symptoms first appeared (i.e., V 0ð Þ >
infectiousness threshold) regardless of vaccination status, which is in line
with the epidemiological findings suggesting pre-symptomatic
transmission21–23. The impact of age was relatively minor compared with
that of vaccination. Examples of fitted curves of individual patients are
available in Supplementary Fig. 1.

Estimated leaking risk and excess isolation burden under
different isolation guidelines
Under the fixed-period guideline, the length of the isolation period was
negatively associated with the leaking risk and effective reproduction
number (Fig. 3a, b), whereas it was positively associated with the excess
isolation burden (Fig. 3c). In other words, stricter guidelines yield less risk
butmore excess isolationburden (i.e., average excess isolationburden across
all patients in the simulated population). Thus, the best length of isolation
needs to be set considering the balance between leaking risk and excess
isolation burden. The best isolation lengths tominimize the excess isolation
burdenwere 14 days or 11 days after symptomonsetwhen using the leaking
risk below 10% and effective reproduction number below 1 as a metric,
respectively, using Ct = 25 as the infectiousness threshold (Fig. 3a, b). The
corresponding excess isolation burdens were 7.4 days and 4.4 days,
respectively (Fig. 3c). The effective reproduction number continuously
drops with a longer isolation period and falls below 1 with 11 days of
isolation when using Ct = 25 as the infectiousness threshold (Fig. 3b). We
also performed sensitivity analyses where we changed the infectiousness
thresholds (Ct = 20 and30) and the acceptable leaking risks (5%and20%).A
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higher infectiousness threshold (Ct = 20) and higher acceptable leaking risk
(20%) were associated with a shorter best length of isolation and shorter
excess isolation burdenwhenusing the leaking risk as the riskmetric.When
using the effective reproduction number as the risk metric, the optimal
length of isolation is not influenced by the infectiousness threshold; how-
ever, the excess isolation burden increases with a high infectiousness
threshold (Ct = 20) as infected individuals lose infectiousness earlier.

Under the variable-period approach, we set different isolation lengths
depending on age (below or above 60 years old) and vaccination status
(vaccinated or unvaccinated). First, we set different isolation lengths
depending on vaccination status. The corresponding leaking risk, effective
reproduction number, and excess isolation burden using Ct = 25 as the
infectiousness threshold are depicted inFig. 4a–c, respectively. Similar to the
fixed-period guideline, a longer isolation period is associated with a lower
leaking risk and a lower effective reproduction number but a higher burden.
Theupper-right regions of eachpanel separatedby red andyellow solid lines
inFig. 4a, b correspond to theboundaries considering a 10% leaking risk and

the effective reproduction number below 1, respectively. We explored the
combination of isolation periods for those with and without vaccination to
determine the smallest burden maintaining the leaking risk below 10%,
which was 17 and 9 days for unvaccinated and vaccinated patients,
respectively (red triangle in Fig. 4a). The corresponding burdenwas 6.4 days
(red triangle in Fig. 4c). When the effective reproduction number was used
as a riskmetric, 13 and6 days for unvaccinated and vaccinatedpatientswere
the best combinations with a burden of 2.9 days (yellow diamond in
Fig. 4b, c). Table 3 summarizes the optimal length of isolation and excess
isolation burden computed in the simulation using Ct = 25 as the infec-
tiousness threshold. Indeed, by simply setting different isolation lengths
depending on vaccination status, we could reduce the excess isolation
burdenby 1.0 day (from7.4 to 6.4) or 1.5 (from4.4 to 2.9) days using leaking
risk <10% and Re<1 as a criterion, respectively (Table 3). The isolation
length is longer for unvaccinated individuals (Table 3) as the duration of
viral shedding is longer (Fig. 2). Sensitivity analyses using different infec-
tiousness thresholds (Ct = 20 and 30) and acceptable leaking risks (5% and
20%) are available in Supplementary Fig. 2.

From our exhaustive simulations, the best combination of isolation
periods using the leaking risk <10%as themainmetricwere 16, 14, 10, and 9
days of isolation for unvaccinated cases below the age of 60 years, unvac-
cinated cases above the age of 60 years, vaccinated cases below the age of 60
years, and vaccinated cases above the age of 60 years, respectively (Table 3).
In this case, the estimated burden of excess isolation was 6.0 days. The best
combinationof isolationperiods usingRe<1 as a criterionwere 12, 13, 6, and
7 days of isolation for unvaccinated cases below the age of 60 years,
unvaccinated cases above the age of 60 years, vaccinated cases below the age
of 60 years, and vaccinated cases above the age of 60 years, respectively. In
this case, the estimated burden of excess isolation was 2.6 days (Table 3).
Thus, by optimizing the isolation length for each group with different age
andvaccination status, theburdenwas reducedbyabout 1.4 (from7.4 to 6.0)
and 1.8 (from 4.4 to 2.6) days using the leaking risk and the effective
reproduction number as themainmetric tomeasure the risk of the strategy,
respectively (Table 3). However, as the age impact on the duration of viral
shedding is limited (Table 3), accounting for age in addition to vaccination
status does not dramatically reduce the excess isolation period (0.4 and

Table 1 | Summary of clinical data from SARS-CoV-2 Delta
patients

Variables Overall
sample (N = 192)

Analyzed
samplea

(N = 134)

Symptomatic cases (%) 161 (83.9%) 134 (100%)

Vaccinated cases (%) 62 (32.3%) 32 (23.9%)

Age range in years [17, 94] [19, 94]

Mean age in years (SD) 48.0 (18.8) 47.9 (19.1)

<60 years old (%) 139 (72.4%) 96 (71.6%)

≥60 years old (%) 53 (27.6%) 38 (28.4%)

Mean number of viral load
measurements (SD)

5.42 (4.25) 6.48 (4.53)

Mean days from symptom
onset till the first test (SD)

2.15 (3.06) 2.44 (3.46)

aconsists of symptomatic patients with three or more observations.

Fig. 1 | Viral load trajectories of symptomatic SARS-CoV-2 Delta patients. The
solid lines are viral load trajectories of the analyzed symptomatic SARS-CoV-2Delta
patients in Singapore, split by age and vaccination status. The day since symptom

onset was used as the time scale. Points colored in red are below the limit of detection
and are hence plotted at the detection limit value of Ct = 50 (10−1.89 copies/mL). The
red dotted line is the infectiousness threshold of Ct = 25 (106.11 copies/mL).
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0.3 days reduced using leaking risk <10% and Re<1 as a criterion, respec-
tively) (Table 3). In the sensitivity analyses changing the infectiousness
thresholds and acceptable leaking risk, we confirmed that considering
vaccination status substantially reduces the excess isolation burden, but the
reduction by considering age in addition to vaccination status is limited
(Supplementary Fig. 3). Further, consistent with the fixed-period guideline,
a higher infectiousness threshold (Ct = 20) was associated with shorter best
length of isolation and shorter excess isolation burden when using the
leaking risk as a riskmetric (Supplementary Fig. 3).Meanwhile, when using
the effective reproduction number as a risk metric, the optimal length of
isolation is not affected by the infectiousness threshold; however, the excess
isolation burden increases with a high infectiousness threshold (Ct = 20).

Discussion
In hospital settings, isolating infected patients from non-infected patients is
a standard infection prevention and control (IPC) intervention. Its appli-
cation to emerging infectious diseases is attractive as a low-tech solution that
can effectively interrupt transmission. However, isolation places a sig-
nificant burden on patients and governments for its organization and
enforcement. IPC guidelines balance the risk from pathogen transmission
with the burden caused by isolation. In this study, the risk of onward
transmission and the burden associated with optimal isolation were esti-
mated for two guidelines: a fixed-period guideline and a variable-period
guideline. The former considers patients to be isolated for a fixed period,
whereas the latter considers different isolation lengths depending on patient
characteristics. Using the SARS-CoV-2 Delta variant as a case study, we
found that age and vaccination status impact viral dynamics. Specifically,
vaccination and, to a lesser extent, younger age were associated with a
shorter duration of viral shedding. Thus, we set different lengths of isolation
depending on age and vaccination status under a variable-period guideline
framework. By setting the leaking risk of isolation at 10%, we found that by
using a variable-period guideline, the burden could be reduced to 6.0 days as
compared to 7.4 days under a fixed-period guideline. A slightly better
performance of variable-period guidelines as compared to fixed-period
guidelines was also confirmed when considering the effective reproduction
number as the risk metric to be minimized.

In this study, we only considered guidelines that do not require viral
tests, as viral tests are expensive and logistically challenging. Indeed, in the
US and Singapore, testing is not recommended to determine when to end
the isolationofCOVID-19patients as ofAugust 29, 20244,5,8.However, aswe
demonstrated in our previous studies6,7, the test-based approach using PCR
tests or antigen tests could substantially reduce the burden if they are
incorporated into isolation guidelines. Thus, if shortening the isolation
period is important regardless of costs (and logistics) relevant to viral tests,
the test-based approach might be the most suitable option. In fact, such a
personalized approach better accounts for individual variability in viral
dynamics. Nonetheless, the use of variable-period guidelines still represents
a step forward in accounting for population variability in viral dynamics as
compared to a “one-size-fits-all” approach. It is also important to stress that
combining variable-period guidelines with test-based guidelines could
represent another valuable option. For example, as of 2023, in the US, a
fixed-period guideline is used for the general population; however, a test-
based approach is recommended for categories with a substantially longer
infectious period (e.g., immunocompromised patients)8.

It should be noted that we are not the first to propose the variable-
period approach in practice. For example, in Singapore, a 7-day-isolation
period is recommended for those who are fully vaccinated or below the age
of 12 years old, and a 14-day-isolation period is recommended for the other
cases5. However, our study provides solid scientific evidence. Our study
provides scientific support for isolation guidelines that are tailored to an
individual’s age and vaccination status, at least within the context of the
SARS-CoV-2 Delta variant. However, it is crucial to distinguish between
scientific guidelines and enforceable public health policies. We are not
advocating for the implementation of mandatory isolation protocols based
on age and vaccination status. Rather, our research provides evidence thatT
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could inform the development of nuanced public health recommendations
that consider these factors.

A strength of our study is that the proposed simulation framework
solely relies on viral load data, enabling easy assessment and comparison of
the risk and burden associated with various isolation guidelines. Data was
collected during a period when an initial period of assessment and isolation
in the hospital was in place for all patients diagnosed with COVID-19.
Hence, our cohort primarily includes patients with mild infections who
would largely be managed in the community today, which is where the
proposed variable-period isolation guidelines are most relevant. A second
strength of our work is that throughout our series of studies6,7, including the
current one, we compared fixed-period, variable-period, and test-based
guidelines using the same approach. This allowed for a fair comparison of

the three types of isolation based on the exact samemethodology. Lastly, in
addition to the leaking risk, we estimated the transmission potential, which
may represent a more suitable metric to inform isolation guidelines.

Our study has several limitations that warrant discussion and further
research. First, while our previous studies on ancestral SARS-CoV-2
lineages demonstrated similarities in viral dynamics with the Delta
variant6,7,24, we recognize that these patternsmay not hold forOmicron sub-
lineages or future variants, thus limiting the generalizability of our results.
Furthermore, some parameters derived from ancestral lineages were not
available for Delta, introducing uncertainty that warrants further investi-
gation. Second, another factor potentially limiting thewidespread use of our
approach lies in thepotential scarcity of longitudinal viral loaddata available
at the onset of an outbreak. Although efforts have beenmade to improve the
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Fig. 3 | The fixed-period guideline. The proportion of patients who are still
infectious when they end isolation (a leaking risk), the expected number of sec-
ondary cases produced by a single case (b effective reproduction number, Re), and
the mean length of redundant isolation after they lose infectiousness (c excess iso-
lation burden). The length of isolationwas varied stepwise in the samemanner for all

individuals and repeated using different infectiousness thresholds. Note that the
color and symbol keys apply to a, c only because Re considers the entire area under
the viral load curve and is not bounded by a viral load threshold. Each symbol
corresponds to the shortest isolation duration when each condition is met.

Fig. 2 | Estimated viral load curves for symptomatic SARS-CoV-2 Delta patients
with different age and vaccination status. The solid lines are the estimated viral
load curves with the best-fit population parameters for different ages (20 and 60

years old) and vaccination status. The light-shaded areas are 95% prediction
intervals, which were determined by simulating 1000 parameter sets. The red dotted
line is the infectiousness threshold of Ct = 25 (106.11 copies/mL).
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collection of such data or proxies like longitudinal RT-qPCR, even before
the COVID-19 pandemic, in countries including Singapore9,25, the timely
and widespread availability of this data remains a potential limitation. We
hope that highlighting the relevance of longitudinal viral load data will
encouragewidespreaddata collection efforts. Third, our study is constrained
by the lack of data on patient characteristics on comorbidities, gender, race/
ethnicity, historyof previous infection, anddetailed vaccinationhistory (e.g.,
vaccine product, number of doses, time of vaccination). These factors are
possibly associated with viral load26,27. While we incorporated age and
vaccination status, future research should aim for a more inclusive under-
standing by considering these additional factors. Fourth, our study relies on
the assumption of the relationship between viral load and
transmissibility18,19. Since we lack data on contact tracing and onward
transmission, this limits our ability to refine this assumption. Future studies
integrating field epidemiological data with longitudinal viral load data on
the traced patients could provide novel insights to establish amore nuanced
understanding of the relationship between viral load and transmission.
Fifth, the isolation of asymptomatic individuals presents further challenges.
While crucial for controlling the spread of many infectious diseases,
including COVID-19, the effectiveness of isolating asymptomatic indivi-
duals relies heavily on contact tracing orwidespread screening programs for
the timely identification of asymptomatic carriers. Our modeling design

does not allow the simulation of such programs, limiting our ability to
explore isolation guidelines for asymptomatic individuals. Further research
incorporating both viral dynamics and between-hosts transmission
dynamics into a unified framework would be warranted to explore such
policies28. Sixth, while our study focused on the leaking risk and transmis-
sion potential as primary metrics for the assessment of the effectiveness of
isolation guidelines, it is key to stress that a broader range of factors,
including economic and societal costs, mental health impacts, and indivi-
dual adherence, are essential considerations in determining the real-world
effectiveness of a policy29. These factors are beyond the scope of our current
study and the capabilities of our model, but they represent critical areas for
future research.

In conclusion, the COVID-19 pandemic has imposed a substantial
burden on our economic and educational activities. In the early phase of the
pandemic, the isolation of infected individuals has been employed by most
countries, but we still lack scientific data to pinpoint an optimal design for
isolation guidelines. In this study, we have made an incremental step
towards this goal by developing a computational framework to quantita-
tively compare different isolation guidelines. In the context of SARS-CoV-2,
our study has shown that variable-period guidelinesmay reduce the burden
of isolation as compared to fixed-period guidelines. Nonetheless, the
development of a flexible framework that goes beyond SARS-CoV-2 is

Table 3 | Simulated excess isolation burden under different isolation guidelinesa

Criteria of acceptable leaking risk/ Re Isolation guidelines Length of isolation (days) Excess isolation burden (days)

Leaking risk <10% Fixed-period 14 7.4

Variable-period (vaccination status) 17 (unvaccinated)
9 (vaccinated)

6.4

Variable-period (vaccination status, age) 16 (unvaccinated, <60)
14 (unvaccinated, >60)
10 (vaccinated, <60)
9 (vaccinated, >60)

6.0

Re<1 Fixed-period 11 4.4

Variable-period 13 (unvaccinated)
6 (vaccinated)

2.9

Variable-period (vaccination status, age) 12 (unvaccinated, <60)
13 (unvaccinated, >60)
6 (vaccinated, <60)
7 (vaccinated, >60)

2.6

aThe infectiousness threshold was set as Ct = 25 (106.11 copies/mL).

< 1Best isolation period using threshold of

Fig. 4 | The variable-period guideline. The proportion of patients who are still
infectious when they end isolation (a leaking risk), the expected number of sec-
ondary cases produced by a single case (b effective reproduction number, Re), and
the mean length of redundant isolation after they lose infectiousness (c excess iso-
lation burden) using Ct = 25 (106.11 copies/mL) as the infectiousness threshold. The
length of isolation was varied stepwise for those with and without vaccination

independently. The upper-right regions separated by red and yellow lines corre-
spond to the leaking risk below a certain level (i.e., 5%, 10%, 20%) and effective
reproduction number below 1, respectively. Note that Re considers the entire area
under the viral load curve and is not bounded by a viral load threshold. Each symbol
corresponds to the combination of the isolation lengths to minimize the excess
isolation burden in the region when each condition is met.
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crucial. Such a framework could integrate data collection of epidemiological
and virological data withmodeling analyses to inform public health policies
in real-time as the epidemiological and virological situation evolves during
an epidemic.

Data availability
The viral load data that support the findings of this study are available from
the corresponding authors upon reasonable request. Source data underlying
the other main figures are provided in Supplementary Data 1–3.

Code availability
All analyses were performed with the statistical computing software R
(version 4.3.3). The analysis using non-linear mixed effects models was
performed on MONOLIX 2019R2 (www.lixoft.com). The study’s sup-
porting codes can be found at Zenodo30 (https://doi.org/10.5281/zenodo.
10077030).

Received: 9 February 2024; Accepted: 5 March 2025;

References
1. Lau, J. J. et al. Real-world COVID-19 vaccine effectiveness against

the Omicron BA.2 variant in a SARS-CoV-2 infection-naive
population. Nat. Med. 29, 348–357 (2023).

2. Andrews, N. et al. Covid-19 vaccine effectiveness against the
Omicron (B.1.1.529) variant. N. Engl. J. Med. 386, 1532–1546 (2022).

3. Menegale, F. et al. Evaluation of waning of SARS-CoV-2
vaccine–induced immunity: a systematic review and meta-analysis.
JAMA Netw. Open 6, e2310650–e2310650 (2023).

4. Centers for Disease Control and Prevention. Ending isolation and
precautions for people with COVID-19: interim guidance. https://
www.cdc.gov/coronavirus/2019-ncov/hcp/duration-isolation.html.
(2022).

5. Government of Singapore. Updates to health protocols. https://www.
gov.sg/article/updates-to-health-protocols (2022).

6. Jeong, Y. D. et al. Revisiting the guidelines for ending isolation for
COVID-19 patients. eLife 10, e69340 (2021).

7. Jeong, Y. D. et al. Designing isolation guidelines for COVID-19
patients with rapid antigen tests. Nat. Commun. 13, 4910 (2022).

8. Centers for Disease Control and Prevention. Infection control
guidance: SARS-CoV-2. https://www.cdc.gov/covid/hcp/infection-
control/index.html.

9. Chia, P. Y. et al. Virological and serological kinetics of SARS-CoV-2
Delta variant vaccine breakthrough infections: a multicentre cohort
study. Clin. Microbiol. Infect. 28, 612.e611–612.e617 (2022).

10. Zou, L. et al. SARS-CoV-2 viral load in upper respiratory specimens of
infected patients. N. Engl. J. Med. 382, 1177–1179 (2020).

11. Ejima, K. et al. Time variation in the probability of failing to detect a
case of polymerase chain reaction testing for SARS-CoV-2 as
estimated from a viral dynamics model. J. R. Soc. Interface 18,
20200947 (2021).

12. Ejima, K. et al. Estimation of the incubation period of COVID-19 using
viral load data. Epidemics 35, 100454 (2021).

13. Iwanami, S. et al. Detection of significant antiviral drug effects on
COVID-19 with reasonable sample sizes in randomized controlled
trials: a modeling study. PLoS Med. 18, e1003660 (2021).

14. Kim, K. S. et al. A quantitative model used to compare within-host
SARS-CoV-2, MERS-CoV, and SARS-CoV dynamics provides
insights into the pathogenesis and treatment of SARS-CoV-2. PLoS
Biol. 19, e3001128 (2021).

15. Singapore Department of Statistics. Singapore residents by single
year of age and sex, at end June. https://tablebuilder.singstat.gov.sg/
table/TS/M810731 (2024).

16. Goyal, A., Reeves, D. B., Cardozo-Ojeda, E. F., Schiffer, J. T. &Mayer,
B. T. Viral load and contact heterogeneity predict SARS-CoV-2
transmission and super-spreading events. eLife 10, e63537 (2021).

17. Chen, X. et al. Ratio of asymptomatic COVID-19 cases among
ascertained SARS-CoV-2 infections in different regions and
population groups in 2020: a systematic review and meta-analysis
including 130,123 infections from 241 studies. BMJ Open 11,
e049752 (2021).

18. Young, B. E. et al. Viral dynamics and immune correlates of
coronavirus disease 2019 (COVID-19) severity. Clin. Infect. Dis. 73,
e2932–e2942 (2021).

19. Wölfel, R. et al. Virological assessment of hospitalized patients with
COVID-2019. Nature 581, 465–469 (2020).

20. Ministry of Health Singapore. COVID-19 vaccination. https://www.
moh.gov.sg/covid-19/vaccination (2023).

21. He, X. et al. Temporal dynamics in viral shedding and transmissibility
of COVID-19. Nat. Med. 26, 672–675 (2020).

22. Arons, M. M. et al. Presymptomatic SARS-CoV-2 infections and
transmission in a skilled nursing facility. N. Engl. J. Med. 382,
2081–2090 (2020).

23. Kimball, A. et al. Asymptomatic and presymptomatic SARS-CoV-2
infections in residents of a long-term care skilled nursing facility - King
County, Washington, March 2020.MMWRMorb. Mortal. Wkly. Rep.
69, 377–381 (2020).

24. Jeong, Y. D. et al. A modeling study to define guidelines for antigen
screening in schools and workplaces to mitigate COVID-19
outbreaks. Commun. Med. 5, 2 (2025).

25. Chua,H. K. et al. Defining thecritical requisites for accurate simulation
of SARS-CoV-2 viral dynamics: patient characteristics and data
collection protocol. J. Med. Virol. 97, e70174 (2025).

26. Janes, H. et al. Association between SARS-CoV-2 viral load and
COVID-19 vaccination in 4 phase 3 trials. J. Infect. Dis. 230,
1384–1389 (2024).

27. The HEROES-RECOVER Network. Association of mRNA vaccination
with clinical and virologic features of COVID-19 among US essential
and frontline workers. JAMA 328, 1523–1533 (2022).

28. Ventura, P. C. et al. Characterizing Sars-Cov-2 transmission patterns
using viral load dynamics. In: 9th International Conference on
Infectious Disease Dynamics https://ssrn.com/abstract=4655067
(2023).

29. Walport, M. Executive summary to the Royal Society report “COVID-
19: examining the effectiveness of non-pharmaceutical
interventions”. Philos. Trans. A Math. Phys. Eng. Sci. 381, 20230211
(2023).

30. Ejima, K. et al. Age- and vaccination status-dependent isolation
guidelines based on simulation of SARS-CoV-2 delta cases in
Singapore. Available at Zenodo: https://doi.org/10.5281/zenodo.
10077030 (2023).

Acknowledgements
This study was supported in part by the Ministry of Education, Singapore,
under its Academic Research Fund Tier 1 Seed Award
(RLMOE100201900000001) and a Lee Kong Chian School of Medicine
startup grant (LKCMedicine-SUG, #022487-00001) to K.E., and M.A.
acknowledges funding from the Cooperative Agreement number
NU38OT000297 from theCenters for DiseaseControl andPrevention (CDC)
and the Council of State and Territorial Epidemiologists (CSTE).

Author contributions
Conceivedanddesigned thestudy:K.E.,K.B.T.,D.C.L.,B.E.Y.Obtainedand
analyzed the data: K.E., A.S., H.K.C., L.P., Y.W., Y.D.J., S.I., P.Y.C.,
S.W.X.O., K.B.T., D.C.L., B.E.Y. Wrote the paper: K.E., M.A., B.E.Y. All
authors read and approved the final manuscript.

https://doi.org/10.1038/s43856-025-00797-8 Article

Communications Medicine |            (2025) 5:76 8

http://www.lixoft.com
https://doi.org/10.5281/zenodo.10077030
https://doi.org/10.5281/zenodo.10077030
https://www.cdc.gov/coronavirus/2019-ncov/hcp/duration-isolation.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/duration-isolation.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/duration-isolation.html
https://www.gov.sg/article/updates-to-health-protocols
https://www.gov.sg/article/updates-to-health-protocols
https://www.gov.sg/article/updates-to-health-protocols
https://www.cdc.gov/covid/hcp/infection-control/index.html
https://www.cdc.gov/covid/hcp/infection-control/index.html
https://www.cdc.gov/covid/hcp/infection-control/index.html
https://tablebuilder.singstat.gov.sg/table/TS/M810731
https://tablebuilder.singstat.gov.sg/table/TS/M810731
https://tablebuilder.singstat.gov.sg/table/TS/M810731
https://www.moh.gov.sg/covid-19/vaccination
https://www.moh.gov.sg/covid-19/vaccination
https://www.moh.gov.sg/covid-19/vaccination
https://ssrn.com/abstract=4655067
https://ssrn.com/abstract=4655067
https://doi.org/10.5281/zenodo.10077030
https://doi.org/10.5281/zenodo.10077030
https://doi.org/10.5281/zenodo.10077030
www.nature.com/commsmed


Competing interests
M.A. acknowledges funding from the Cooperative Agreement number
NU38OT000297 from theCenters for DiseaseControl andPrevention (CDC)
and the Council of State and Territorial Epidemiologists (CSTE). The study
doesnot necessarily represent the viewsofCDCandCSTE.The fundershad
no role in the design and conduct of the study; collection, management,
analysis, and interpretation of the data; preparation, review, or approval of
the manuscript; and decision to submit the manuscript for publication.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43856-025-00797-8.

Correspondence and requests for materials should be addressed to
Keisuke Ejima or Barnaby E. Young.

Peer review information Communications Medicine thanks Natalie M.
Linton and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

1LeeKongChianSchool ofMedicine,NanyangTechnologicalUniversity,Singapore,Singapore. 2TheTokyoFoundation forPolicyResearch,Tokyo, Japan. 3Laboratory
for Computational Epidemiology and Public Health, Department of Epidemiology and Biostatistics, Indiana University School of Public Health, Bloomington, IN, USA.
4School of Biological Sciences, Nanyang Technological University, Singapore, Singapore. 5Interdisciplinary Biology Laboratory (iBLab), Division of Biological Science,
Graduate School of Science, NagoyaUniversity, Nagoya, Japan. 6Institute ofMathematics for Industry, KyushuUniversity, Fukuoka, Japan. 7Institute for the Advanced
Study of Human Biology (ASHBi), Kyoto University, Kyoto, Japan. 8NEXT-Ganken Program, Japanese Foundation for Cancer Research (JFCR), Tokyo, Japan.
9Interdisciplinary Theoretical andMathematical Sciences Program (iTHEMS), RIKEN, Saitama, Japan. 10ScienceGroove Inc, Fukuoka, Japan. 11National Mie Hospital,
Mie, Japan. 12DiseaseControl andPreventionCenter,NationalCenter forGlobalHealth andMedicineHospital, Tokyo, Japan. 13NationalCentre for InfectiousDiseases,
Singapore, Singapore. 14Tan Tock SengHospital, Singapore, Singapore. 15Division of Communicable Disease, Ministry of Health, Singapore, Singapore. 16Saw Swee
Hock School of Public Health, National University of Singapore, Singapore, Singapore. 17Yong Loo Lin School of Medicine, National University of Singapore,
Singapore, Singapore. e-mail: keisuke.ejima@ntu.edu.sg; barnaby_young@ncid.sg

https://doi.org/10.1038/s43856-025-00797-8 Article

Communications Medicine |            (2025) 5:76 9

https://doi.org/10.1038/s43856-025-00797-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:keisuke.ejima@ntu.edu.sg
mailto:barnaby_young@ncid.sg
www.nature.com/commsmed

	Age- and vaccination status-dependent isolation guidelines based on simulation of SARS-CoV-2 Delta cases in Singapore
	Methods
	Overview
	COVID-19 clinical data and longitudinal viral load
	SARS-CoV-2 viral dynamics model
	Assessing the leaking risk and excess isolation burden under different isolation guidelines
	Reporting summary

	Results
	Descriptive statistics of the clinical data
	Estimated viral load curves
	Estimated leaking risk and excess isolation burden under different isolation guidelines

	Discussion
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




