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Abstract Since the start of the COVID-19 pandemic, two mainstream guidelines for defining

when to end the isolation of SARS-CoV-2-infected individuals have been in use: the one-size-fits-all

approach (i.e. patients are isolated for a fixed number of days) and the personalized approach (i.e.

based on repeated testing of isolated patients). We use a mathematical framework to model

within-host viral dynamics and test different criteria for ending isolation. By considering a fixed

time of 10 days since symptom onset as the criterion for ending isolation, we estimated that the

risk of releasing an individual who is still infectious is low (0–6.6%). However, this policy entails

lengthy unnecessary isolations (4.8–8.3 days). In contrast, by using a personalized strategy, similar

low risks can be reached with shorter prolonged isolations. The obtained findings provide a

scientific rationale for policies on ending the isolation of SARS-CoV-2-infected individuals.

Introduction
Since the first case of a novel coronavirus (SARS-CoV-2) was identified in China in December of

2019, its associated disease, COVID-19, spread quickly around the world, with the number of cases

reaching 80 million by the end of 2020. During this time, nonpharmaceutical interventions (NPIs)

were used on a massive scale to suppress or mitigate SARS-CoV-2 transmission (Cowling et al.,

2020). As of January 2021, several countries had started vaccination campaigns aimed at controlling

SARS-CoV-2 spread (Centers for Disease Control and Prevention, 2021). Still, until such
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vaccination programs reach a sizable fraction of the population, NPIs will likely continue to play a

crucial role for epidemic control (Yang et al., 2021a).

A simple but effective NPI is the isolation of SARS-CoV-2-infected individuals. This can be done

either in the infected person’s place of residence (as is the case for most Western countries

[European Centre for Disease Prevention and Control, 2020b]) or in dedicated facilities (as is the

case in China [Burki, 2020]). In both cases, a criterion for determining when to end the isolation

phase is needed. Although a longer isolation period may decrease the chance of transmission, it also

entails both a higher burden on the mental and physical health of the patient (Mian et al., 2021)

and cause higher economic loss (Ash et al., 2021). Scientifically sound guidelines for determining

when to end isolation are thus warranted.

So far, two main approaches have been adopted by countries around the globe. The first

approach is to isolate patients for a fixed time period (i.e. a one-size-fits-all approach). For example,

the Centers for Disease Control and Prevention (CDC) created guidelines for health care practi-

tioners concerning the discontinuation of transmission-based precautions for COVID-19 patients in

health care settings that are based on the time since symptom onset or disappearance (i.e. symp-

tom-based strategy) (Centers for Disease Control and Prevention, 2020a). In the CDC guidelines,

those with mild to moderate illness can end isolation (or precautions) when the following three con-

ditions are met: ‘At least 10 days have passed since symptoms first appeared,’ ‘At least 24 hr have

passed since last fever without the use of fever-reducing medications,’ and ‘Symptoms (e.g. cough,

shortness of breath) have improved.’ However, such a one-size-fits-all approach does not account

for the individual variability in viral load (Iwanami et al., 2020), which is associated with both severity

(Zheng et al., 2020) and persistence of symptoms (Long et al., 2020), and may thus not fully pre-

vent further transmission.

The second approach is based on the assessment of the viral load of each isolated patient (i.e.

personalized approach), and isolation ends when the viral load drops below a certain threshold

value, which is associated with a low risk of further spreading the pathogen (He et al., 2020). The

viral load can be measured by reverse transcription polymerase chain reaction (PCR), which can be

used not only for diagnosing infection but also in determining when to end the isolation period. As

an example, the CDC recommends using PCR testing in particular circumstances, such as for

patients with severe immunodeficiency. The guidelines include both the resolution of symptoms and

PCR test results, that is, ‘Results are negative from at least two consecutive respiratory specimens

collected �24 hr apart’ (Centers for Disease Control and Prevention, 2020a).

The purpose of this study was to assess whether the personalized approach based on PCR test

results minimizes the length of the isolation period while limiting the risk of prematurely releasing

infectious individuals as compared with the one-size-fits-all approach. Moreover, we define best

practices for the use of a PCR-based personalized approach. To do so, we developed a mathemati-

cal model of SARS-CoV-2 viral load dynamics (Ejima et al., 2020; Iwanami et al., 2020) that

accounts for individual heterogeneity and is calibrated on longitudinal viral load data.

Results

Descriptive statistics
We identified four papers meeting the inclusion criteria (Kim et al., 2020a; Wölfel et al., 2020;

Young et al., 2020; Zou et al., 2020). Among the patients reported in these four studies, 30

patients (approximately 60% of the participants in the original studies) met our inclusion criteria

(Table 1). Three studies were from Asia and one was from Europe. The lowest and highest detection

limit among those studies were 15.3 copies/mL and 68 copies/mL, respectively. These are relatively

lower than the commonly used threshold values (the median was 100 copies/mL [Fung et al., 2020;

Giri et al., 2021; van Kasteren et al., 2020]). The data were collected by February of 2020, which

was during the early phase of the COVID-19 pandemic. Participants were hospitalized patients of

ages ranging from 28 to 78 years; the sex ratio was mostly even.

Model fitting
Three models were fitted to the data: the baseline model, the ‘eclipse phase’ model, and the ‘innate

immune response’ model. The estimated model parameters, the estimated (mean) curves and the
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individual fitted curves are reported in Supplementary file 1, Figure 1, respectively. Although all

the three models lead to similar results (Figure 1), the baseline model shows a longer tail than the

two other models, due to the lower estimated death rate of infected cells (Supplementary file 1).

Table 1. Summary of the viral load data used for modeling.

Source Country
# of included (excluded)
patients Sampling site Reporting unit

Detection limit
(copies/mL)

Symptom onset of
patients Age‡

Sex
(M:F)

Young
et al.

Singapore 12 (6) nasopharynx cycle threshold* 68.0 1/21 - 1/30 37.5
(31–56)

6:6

Zou
et al.

China 8 (8) nose cycle threshold* 15.3 1/11 - 1/26 52.5
(28–78)

3:5

Kim
et al.

Korea 2 (7) nasopharynx and
oropharynx

cycle threshold* 68.0 NA NA NA

Wölfel
et al.

Germany 8 (1) pharynx viral load (copies/
swab)†

33.3 1/23 - 2/4 NA NA

*Viral load was calculated from cycle threshold values using the conversion formula: log10ðViral load ½copies=mL�Þ ¼ �0:32� Ct values ½cycles� þ 14:11

(Peiris et al., 2003).

† One swab = 3 mL (Wölfel et al., 2020).

‡ Median (range).
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Figure 1. Estimated viral load curves from the three analyzed models. The solid lines are the estimated viral load curves of the three models for the

best fit parameters (Blue: baseline model, Green: ‘ecliplse phase’ model, Yellow: ‘innate immune response’ model). The shaded regions correspond to

95% predictive intervals. The 95% predictive interval was created using bootstrap approach.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Estimated viral load curves from the three analyzed models.

Figure supplement 1. Observed and estimated viral load for individual patients.
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Further, the three models showed similar values of the Akaike information criterion (AIC) and the

Bayesian information criterion (BIC) (Supplementary file 2). Unless otherwise stated, the results pre-

sented in thereafter refer to the baseline model.

One-size-fits-all approach
By considering a fixed time of 10 days since symptom onset as the criterion for ending isolation, the

probability of releasing patients who are still infectious was estimated to be 0.9% (95%CI: 0.6 to

1.2), with a lengthy prolonged isolation of 6.8 days (95% empirical CI: 1 to 8) when considering 105

copies/mL as the infectiousness threshold value (Figure 2AB). The estimated probability of prema-

turely ending isolation becomes 6.6% (95%CI: 5.8 to 7.4) and 0% with a prolonged isolation of 4.8

days (95% empirical CI: �2 to 8) and 8.3 days (95% empirical CI: 6 to 10) if we consider 104.5 and

105.5 copies/mL as infectiousness threshold values, respectively (Figure 2A). To guarantee a proba-

bility lower than 5%, we estimated that patients need to be isolated for 7 days, 11 days, and 5 days

for infectiousness threshold values of 105.0, 104.5, and 105.5 copies/mL, respectively (Figure 2A). In

this case, again, the length of the prolonged isolation was estimated to be substantial (Figure 2B):

3.8 days (95% empirical CI: �2 to 5), 5.8 days (95% empirical CI: �2 to 8), and 3.3 days (95% empiri-

cal CI: 0 to 4) for infectiousness threshold values of 105.0, 104.5, and 105.5 copies/mL, respectively. In

sum, to guarantee low probabilities to prematurely end the isolation and thus release patients who

are still infectious, the associate cost is to have unnecessary long isolations for the majority of

patients.

Personalized approach using PCR test results
By considering two consecutive negative test results repeated at an interval of 1 day as the criterion

for ending isolation, the probability of prematurely ending isolation was estimated to be 8.1% (95%

CI: 7.2 to 9.0) with a negligible length of prolonged isolation of 1.2 days (95% empirical CI: �1 to 3)

when considering 105.0 copies/mL as the infectiousness threshold value (Figure 3A). By acting on
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Figure 2. One-size-fits-all approach. (A) Probability of prematurely ending the isolation of infectious patients for different lengths of the isolation

period and for different infectiousness threshold values. (B) Mean length of unnecessarily prolonged isolation for different lengths of the isolation

period and for different infectiousness threshold values. Color keys and symbols apply to both panels. Note that the symbols correspond to the

shortest isolation periods when the condition is met.

The online version of this article includes the following source data for figure 2:

Source data 1. Probability of prematurely ending isolation and mean length of unnecessarily prolonged isolation under the one-size-fits-all approach.
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the testing strategy, we can control both the probability of prematurely ending isolation and the

length of prolonged isolation. The probability of ending isolation of infectious patients decreased

with a longer interval between testing and more consecutive negative results (the upper panel in

Figure 3A). However, the length of prolonged isolation increased at the same time (the lower panel

in Figure 3A). If a 5% or lower risk of prematurely ending isolation is considered, three consecutive

negative test results with the tests performed every day minimizes the length of unnecessary isola-

tion (2.3 days [95% empirical CI: 0 to 5]) (Figure 3A). We repeated the same analyses using different

infectiousness threshold values (104.5 and 105.5 copies/mL). Both the probability of prematurely end-

ing isolation and the length of prolonged isolation were not much influenced by infectiousness

1

2

3

4

5

1 2 3 4 5

Interval between tests (days)

C
o

n
s
e

c
u

ti
ve

 n
e

g
a

ti
ve

 r
e

s
u

lt
s

−5

0

5

10

15

20

25

1

2

3

4

5

1 2 3 4 5

Interval between tests (days)

C
o
n
s
e
c
u
ti
ve

 n
e
g
a
ti
ve

 r
e
s
u
lt
s

1e−04

0.001

0.01

0.1

1

1

2

3

4

5

1 2 3 4 5

Interval between tests (days)

C
o
n
s
e
c
u
ti
ve

 n
e
g
a
ti
ve

 r
e
s
u
lt
s

1e−04

0.001

0.01

0.1

1

1

2

3

4

5

1 2 3 4 5

Interval between tests (days)

C
o
n
s
e
c
u
ti
ve

 n
e
g
a
ti
ve

 r
e
s
u
lt
s

−5

0

5

10

15

20

25

1

2

3

4

5

1 2 3 4 5

Interval between tests (days)

C
o
n
s
e
c
u
ti
ve

 n
e
g
a
ti
ve

 r
e
s
u
lt
s

−5

0

5

10

15

20

25

1

2

3

4

5

1 2 3 4 5

Interval between tests (days)

C
o

n
s
e

c
u

ti
ve

 n
e

g
a

ti
ve

 r
e

s
u

lt
s

1e−04

0.001

0.01

0.1

1

!"#$%&'()*"$**+&,-$*,(./+0+12!"# %(3'$*456 !"#$%&'()*"$**+&,-$*,(./+0+12$"! %(3'$*456

!
"#
$
%
$
&'&
()
*#
+*
,
"-
.
%
(/
"-
')
*-
0
1
&0
2
*&
3
#
'%
(&
#
0

4
-
0
2
(5
*#
+*
/
0
0
-
6
-
3
3
%
"&
')
*,
"#
'#
0
2
-
1
*&
3
#
'%
(&
#
0

! "
!"#$%&'()*"$**+&,-$*,(./+0+12!"! %(3'$*456

#

!"#$%&'()*"+,'--#%'./

Figure 3. Personalized approach. (A) Probability of prematurely ending isolation (upper panels) and mean length of unnecessarily prolonged isolation

(lower panels) for different values of the interval between PCR tests and the number of consecutive negative results necessary to end isolation; the

infectiousness threshold value is set to 105.0 copies/mL. The areas surrounded by purple and pink dotted lines are those with 1% or 5% or lower of risk

of prematurely ending isolation of infectious patients, respectively, and the triangles and circles correspond to the conditions which realize the shortest

prolonged isolation within each area. (B) Same as A, but for an infectiousness threshold value of 104.5 copies/mL. (C) Same as A, but for an

infectiousness threshold value of 105.5 copies/mL. Color keys and symbols apply to all panels.

The online version of this article includes the following source data for figure 3:

Source data 1. Probability of prematurely ending isolation of infectious patients with different guidelines (with 105.0 copies/mL as an infectiousness

threshold value).

Source data 2. Length of unnecessarily prolonged isolation with different guidelines (with 105.0 copies/mL as an infectiousness threshold value).

Source data 3. Probability of prematurely ending isolation of infectious patients with different guidelines (with 104.5 copies/mL as an infectiousness

threshold value).

Source data 4. Length of unnecessarily prolonged isolation with different guidelines (with 104.5 copies/mL as an infectiousness threshold value).

Source data 5. Probability of prematurely ending isolation of infectious patients with different guidelines (with 105.5 copies/mL as an infectiousness

threshold value).

Source data 6. Length of unnecessarily prolonged isolation with different guidelines (with 105.5 copies/mL as an infectiousness threshold value).
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threshold values, because the viral load is directly measured in the personalized approach

(Figure 3B,C).

Comparison between the one-size-fits-all and the personalized
approach
To highlight the differences between the one-size-fits-all and the personalized approaches, we sys-

tematically compared the two approaches by looking at the length of the prolonged isolation for a

5% or lower (Figure 4A) or 1% or lower (Figure 4B) risk of prematurely ending isolation. For the per-

sonalized approach, the best combination of the number of consecutive negative test results and

the interval of tests was selected for each infectiousness threshold value. The personalized approach

was not influenced by the infectiousness threshold values and yielded to shorter prolonged isolation

compared with the one-size-fits-all approach. However, because the prolonged isolation for the one-

size-fits-all approach was influenced by infectiousness threshold values, the difference between the

one-size-fits-all and personalized approaches in prolonged isolation became smaller with higher

infectiousness threshold values.

Influence of model selection
Figure 5 shows the length of the prolonged isolation for a 5% or lower or 1% or lower risk of prema-

turely ending the isolation for all the analyzed models. Regardless of the considered models, the

personalized approach allows shorted length of unnecessarily isolation. Nonetheless, it is important

to remark that the length of prolonged isolation is slightly different among the analyzed models. For

example, under the one-size-fits-all approach, it was longer for the ‘innate immune response’ model

as compared with the other two; this is due to larger variability in viral load especially at the late

phase of the infection (Figure 1). Under the personalized approach, the length of prolonged isola-

tion was longer in the baseline model as compared to the two alternative models (Figure 1). In
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Figure 4. Comparison between the one-size-fits-all and the personalized approach. (A) Mean length of prolonged isolation for different infectiousness

threshold values and for the two approaches when considering a 5% or lower risk of prematurely ending isolation. Note that for the personalized

approach, the interval between PCR tests and the number of consecutive negative results necessary to end isolation were selected to minimize the

duration of prolonged isolation. (B) Same as A, but considering a 1% or lower risk of prematurely ending isolation. Color keys apply to both panels.

The online version of this article includes the following source data for figure 4:

Source data 1. Mean length of unnecessarily prolonged isolation (days) with different guidelines and infectiousness threshold values controlling the risk

of prematurely ending isolation � 5% and � 1%.
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summary, by comparing the three models, we can conclude that the one-size-fits-all approach is sen-

sitive to the variability of the viral load curve, whereas the personalized approach is sensitive to the

decay speed of the viral load.
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Figure 5. Comparison between alternative models. (A) Mean length of prolonged isolation for different infectiousness threshold values and for the two

approaches when considering a 5% or lower risk of prematurely ending isolation and for the three analyzed models. Note that for the personalized

approach, the interval between PCR tests and the number of consecutive negative results necessary to end isolation were selected to minimize the

duration of prolonged isolation. (B) Same as A, but considering a 1% or lower risk of prematurely ending isolation. Color keys apply to both panels.

The online version of this article includes the following source data for figure 5:

Source data 1. Mean length of unnecessarily prolonged isolation (days) with different guidelines and infectiousness threshold values controlling the risk

of prematurely ending isolation � 5% and � 1% for the three analyzed models.
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Discussion
Guidelines for ending the isolation of COVID-19 patients that balance the risk of prematurely ending

isolation with the burden of prolonged isolation are a crucial topic of discussion. Here, we propose a

highly flexible modeling framework to quantify both viral dynamics and measurement errors. Using

this approach, we tested alternative policies regulating the isolation of SARS-CoV-2-infected individ-

uals by accounting for individual variability in the immune response. We estimated the probability of

prematurely ending isolation and the length of unnecessarily prolonged isolation with two

approaches: the one-size-fits-all approach and the personalized approach using PCR test results.

By considering a risk of 5% or lower of prematurely ending the isolation of a SARS-CoV-2-infected

individual, our central estimate for the one-size-fits-all approach requires an isolation period of 7

days after symptom onset, with a prolonged isolation phase lasting about 4 days, depending on the

threshold for infectiousness considered. On the other hand, the personalized approach entails a pro-

longed isolation phase of approximately 2 days, independently of the considered infectiousness

threshold values. The better performance of the personalized approach is not surprising. In this

approach, viral load is observed directly and is compared against the threshold by using PCR test

results. By contrast, the one-size-fits-all approach considers only the time since symptom onset and

does not refer to viral load, which has substantial interindividual variation. Further, the personalized

approach can be optimized by choosing the best testing schedule (i.e. interval of testing and the

number of consecutive negative test results). However, it should be noted that the personalized

approach is more costly, due to the need for performing multiple PCR tests, thus entailing logistic

challenges because patients need to be tested by health care professionals. The logistics of testing

isolated patients is particularly challenging in Western countries, where patients not requiring hospi-

tal care are isolated in their place of residence (European Centre for Disease Prevention and Con-

trol, 2020b), in contrast with countries like China, where they are isolated in dedicated facilities

(Burki, 2020). The development of PCR tests using saliva samples may help to overcome some of

these challenges, promising to decrease the work burden and lower the risk of infection for health

care workers (Azzi et al., 2020; Tu et al., 2020; Wyllie et al., 2020). Indeed, the viral load measured

from saliva is comparable to or slightly higher than that from nasopharyngeal samples, which guaran-

tees a similar level of sensitivity (Tu et al., 2020; Wyllie et al., 2020).

In this study, we used PCR tests to define the end of an isolation period in the personalized

approach. PCR tests provides quantitative viral load estimates, which can be directly compared

against the infectiousness threshold. Meanwhile, reverse transcription loop-mediated isothermal

amplification (RT-LAMP) tests and rapid antigen tests for SARS-CoV-2 have been developed and rec-

ommended for repeated screenings, given that they are less expensive and with a shorter turn-

around time than PCR tests (less than an hour vs. a day or two) (Butler et al., 2021; Dao Thi et al.,

2020; Larremore et al., 2021; Yang et al., 2021b). Although these tests have lower sensitivity (the

detection limit is about 105.0 copies/mL; Butler et al., 2021; Dao Thi et al., 2020; Miyakawa et al.,

2021; Yang et al., 2021b) than PCR tests, they can help mitigating SARS-CoV-2 transmission when

used for population screenings (Larremore et al., 2021) and contact tracing (Quilty et al., 2021); in

fact, the viral load threshold of infectiousness is considered to be higher than the detection limits of

RT-LAMP tests and rapid antigen tests. Epidemiological studies are needed to assess whether isola-

tion strategies based on RT-LAMP or rapid tests have a similar mitigation effect to those based on

PCR testing.

Two guidelines for ending isolation were considered in this study. In most countries, the one-size

fits-all approach is employed; however, the duration is slightly different among countries. The WHO

recommends isolation for 10 days after symptom onset or a positive test for asymptomatic individu-

als (World Health Organization, 2020). The ECDC recommends isolation of 10 or 20 days for mild/

moderate or severe cases, respectively, whereas for asymptomatic individuals, 10 days isolation after

a positive test is recommended (European Centre for Disease Prevention and Control, 2020a).

However, these durations actually vary from 7 to 14 days depending on each member state of the

European Union (European Comission, 2020).

We submit that our approach can be used as a scientific backup or to adjust isolation guidelines

currently in use in different countries. Nonetheless, the following limitations should be kept in mind.

First, the number of samples analyzed were relatively small (30 patients), they did not cover all age

groups, and pertained to symptomatic hospitalized patients only. This did not allow us to test
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whether the duration of the isolation is influenced by the severity of the disease. In particular, the

duration may be shorter than that predicted in this study, as the analyzed samples were composed

by hospitalized patients. Guidelines considering fixed durations of the isolation depending on dis-

ease severity may be easier to implement and limit the length of unnecessary prolonged isolations.

Still concerning the analyzed sample, it is important to stress that patients were infected in the early

stages of the pandemic and thus likely infected by the historical SARS-CoV-2 lineages. To what

extent our findings can be generalized to other categories of individuals (e.g. asymptomatic infec-

tions) and SARS-CoV-2 variants remains to be seen. The confidence intervals reported in this paper

need to be cautiously interpreted as the extent and quality of relevant viral load data is unfortunately

quite limited. Further, should the input data be non-representative, this could have caused a bias in

our estimates of the duration of the isolation period. It is, however, important to stress that exactly

in light of this scarcity of longitudinal data, model-based simulations are a powerful tool for properly

integrating temporal trends in the collected data and for assessing individual variabilities. Second,

we did not explicitly model the longitudinal clinical course of symptoms in SARS-CoV-2-infected indi-

viduals because of the lack of data associating the clinical course with viral load. Further research in

this direction is warranted (He et al., 2020), especially as several countries (including the US) con-

sider the presence or absence of symptoms among the criteria for ending isolation. Third, a deeper

knowledge of the association between the viral load and the transmission risk would be a key to nar-

row the uncertainty surrounding the minimum viral load level that still allows SARS-CoV-2 transmis-

sion. Specifically, 104.5, 105.0, and 105.5 copies/mL were used and were based on epidemiological

observations of transmission events from contact tracing data (Hu et al., 2020; Sun et al., 2021).

Other studies used a different perspective to approach the same research question and investigated

the threshold relying on experimental virological data (i.e. culturability). For example, van Kampen

et al., 2021; Wölfel et al., 2020 found that the virus was culturable if the viral load is above 106.0

copies/mL. Such uncertainty is reflected in the high variability in the results obtained for the one-

size-fits-all approach; on the other hand, the personalized approach provided stable results with

respect to the infectiousness threshold values. Fourth, we considered arbitrary values for the risk of

prematurely ending isolation (namely, 1% or 5%). Whether such risks are acceptable depends on sev-

eral factors such as the epidemiological context (e.g. the prevalence of the infection and disease

burden), the aim of the adopted policies (e.g. suppression of transmission, mitigation of disease bur-

den), propensity to take risks. Nonetheless, it is worth remarking that, if for a certain level of risk, the

difference between the personalized and one-size-fits-all approaches is small, the fixed duration

approach may have the advantage in terms of simplicity, cost, and resources. We also note that in

the personalized approach, we used qualitative PCR test results only (i.e. whether the viral load is

above or below a given threshold). The use of quantitative PCR test results may enable us to predict

the optimal day to end isolation for each patient. Finally, although some of patients were tested

(and isolated) before symptom onset or a few days after symptom onset, in this study, we assumed

the testing starts immediately after symptom onset. As this analysis primarily focuses on the time

when the viral load crosses the infectiousness threshold, we do not expect that the timing of the first

test does not influence much our findings. However, starting the tests too early since isolation (or

symptom onset) might be impractical and it should be determined based on operational and cost

constraints. Future research could be dedicated to examining whether the starting day of testing

could be defined on the basis of disease severity.

The guidelines regulating the length of isolation of COVID-19 patients require further updating

following new epidemiologic and clinical knowledge, patient characteristics, and the capability of

health sectors, such as test availability. Indeed, in several countries, these guidelines have been

updated several times throughout the course of the pandemic (Centers for Disease Control and

Prevention, 2020a; European Centre for Disease Prevention and Control, 2020a; Public Health

England, 2020) and the emergence of new variants can spark new adjustments in the future as well.

Our proposed modeling framework is very flexible and could be easily adapted to simulate the

immune response and effect of antiviral therapies as well as to the study of other infectious diseases.

In particular, it might prove quite relevant should new SARS-CoV-2 variants show different temporal

infectiousness profiles than the historical lineage (Davies et al., 2021).

In conclusion, until the vaccination effort successfully suppresses the widespread circulation of

SARS-CoV-2, nonpharmaceutical interventions, and patient isolation in particular, will continue to be
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a primary tool for mitigating SARS-CoV-2 spread. Understanding when isolated patients may be

released will thus remain a key component in the fight against COVID-19.
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Figure 6. Schematic of the adopted methodology.
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Materials and methods

Viral load data
We searched PubMed and Google Scholar for papers reporting longitudinal viral load data of

COVID-19 patients. We set five inclusion criteria: (1) multiple observations of the viral load were

reported per patient (if cycle thresholds were reported instead of viral load, they were transformed

to viral load by using the following conversion formula [Zou et al.,

2020]: log10ðViralload½copies=mL�Þ ¼ �0:32� Ctvalues½cycles� þ 14:11); (2) viral load was measured

from upper respiratory specimens (i.e. nose, pharynx) for consistency; (3) viral load along with the

time since symptom onset was reported; (4) the patients were not under antiviral treatment (antiviral

therapy can directly influence the viral dynamics); and (5) patients were symptomatic (because we

used the time since symptom onset as the time scale). We used the de-identified secondary data

from published studies, and thus ethics approval for this study was not necessary.

Modeling SARS-CoV-2 viral dynamics
We developed a mathematical model of SARS-CoV-2 viral dynamics (Ikeda et al., 2016; Kim et al.,

2020b; Perelson, 2002). The model is composed of two components: (1) the ratio between the

number of uninfected target cells at time t and the number of uninfected target cells at time 0 (t ¼ 0

corresponds to the time of symptom onset), f tð Þ; and (2) the amount of virus per unit in sample spec-

imen (copies/mL) at time t, V tð Þ. V tð Þ exponentially increases since infection, reaches a peak, and

starts declining because of the depletion of target cells, which is consistent with the observed viral

dynamics. Model parameters were calibrated by fitting the longitudinal data with a mixed-effect

model. Details on the model and the fitting procedure are reported in Appendix 1. To account for

individual variability in the viral dynamics, we simulated V tð Þ for 1000 patients by sampling from the

posterior distributions of the model parameters. To simulate the viral load measured by a PCR test,

V tð Þ, we added a measurement error to V tð Þ (see Appendix 1 for details). The model used here

(baseline model) is one of the simplest models for viruses causing acute respiratory infection. Given

that the biological infection process has not been fully understood yet, we believe using a simple

model represents an appropriate baseline choice. Specifically in the literature of SAS-CoV-2 studies,

several different models have been used including the baseline model (Gonçalves et al., 2020;

Goyal et al., 2020; Goyal et al., 2021; Kim et al., 2020b). Nonetheless, to investigate to what

extent the model choice affects our findings, we considered two alternative models: the ‘eclipse

phase’ model (Baccam et al., 2006; Gonçalves et al., 2020) and the ‘innate immune response’

model (Baccam et al., 2006). The detailed description of the analyzed models is reported in Appen-

dix 1.

Assessment and comparison of the one-size-fits-all and the personalized
approach
In the one-size-fits-all approach, we assumed isolation to end after a fixed time since symptom

onset, whereas in the personalized approach using PCR tests, isolation ends after obtaining a given

number of consecutive negative test results (with a given time interval between the tests). As the

baseline scenario for the one-size-fits-all approach (here referred to as the ‘symptom-based strat-

egy’), we considered a fixed time of 10 days. As the baseline scenario for the personalized approach

(here referred to as the ‘test-based strategy’), we considered two consecutive negative test results

repeated at a daily interval (in agreement with the CDC guidelines [Centers for Disease Control

and Prevention, 2020a]). Here, we assumed the testing starts immediately after symptom onset.

Epidemiological studies based on contact tracing data suggest that infectiousness nearly disap-

pears 8 days after symptom onset (Hu et al., 2020; Sun et al., 2021). According, to Kim et al.,

2020b, the 97.5 percentile of the viral load 8 days after symptom onset is 105.0 copies/mL

(Kim et al., 2021). We thus use 105.0 copies/mL as threshold to define whether a patient is still infec-

tious (i.e. able to transmit the infection). All the obtained results are reported also by considering

viral load threshold values of 104.5 copies/mL and 105.5 copies/mL as sensitivity analyses.

To evaluate the different strategies, we computed two metrics based on the simulated viral loads:

the probability of prematurely ending isolation and the length of unnecessarily prolonged isolation.

The probability of prematurely ending isolation is the chance that infected patients are released
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from isolation while they are still infectious. The length of prolonged isolation is defined as the differ-

ence between the time at which a patient is no longer infectious and the time when her or his isola-

tion ends. Note that when the prolonged isolation is negative, it means that the isolation period has

ended when the patient is still infectious.

As sensitivity analyses, we considered the length of isolation in the range of 2 to 20 days for the

one-size-fits-all approach. For the personalized approach, the frequency of testing (i.e. the interval

between consecutive tests) was considered to vary between 1 and 5 days and the number of conse-

cutive negative test results to vary between 1 and 5. Details about the performed analyses are

reported in Appendix 1 and a schematic of the methodology is shown in Figure 6.
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Appendix 1

Data
In the study from Singapore (n=12), (Young et al., 2020) specimens (blood, stool, urine samples,

and nasopharyngeal swabs) were collected over time for the first 2 weeks since study enrollment (all

patients were hospitalized) and viral load was quantified by PCR. Viral load as measured in the naso-

pharyngeal swabs was used in the analysis for consistency with the other datasets. In the study from

Zhuhai, China (n=8), (Zou et al., 2020), both nasal and throat swabs were collected, and the viral

load was quantified by PCR. We used the viral load measured in the nasal swabs because the cycle

threshold values were generally lower than the values for the throat swabs. In the second study from

Germany (n=8), (Wölfel et al., 2020) viral load was measured from sputum, pharyngeal swabs, and

stool collected every day. We used the data from the pharyngeal swabs for the analysis. In the study

from Korea (n=2), (Kim et al., 2020b) upper (nasopharyngeal and oropharyngeal) and lower (spu-

tum) respiratory specimens were collected daily or every other day after the diagnosis of infection.

The viral load data measured in upper respiratory specimens were used for the analysis.

Eight cases reported from China and one case reported from Germany were excluded because

their viral load was above the detection limit only two times or fewer. Five cases who received lopi-

navir-ritonavir treatment and one case with less than two data points from Singapore were excluded.

Seven cases from Korea were excluded because they were under lopinavir-ritonavir treatment.

A mathematical model for SARS-CoV-2 virus dynamics
Baseline model

SARS-CoV-2 viral dynamics without antiviral treatment is described by a mathematical model previ-

ously proposed and applied in Ikeda et al., 2016; Kim et al., 2020b; Perelson, 2002:

dTðtÞ

dt
¼�bTðtÞVðtÞ; (1)

dIðtÞ

dt
¼ bTðtÞVðtÞ� dIðtÞ; (2)

dVðtÞ

dt
¼ pIðtÞ� cVðtÞ; (3)

where the three variables TðtÞ, IðtÞ, and VðtÞ are the number of uninfected target cells, the number

of infected target cells, and the amount of virus per unit of sample specimens (copies/mL) at time t,

respectively. Note that time after symptom onset is used as the timescale; thus, t¼ 0 is the time of

symptom onset (the date on which symptoms of COVID-19 [fever, cough, and shortness of breath]

first began [Centers for Disease Control and Prevention, 2020b]). The parameters b, d, p, and c

denote the rate constant for virus infection, the death rate of infected cells, the virus production

rate, and the virus clearance rate, respectively. Because the virus clearance rate, c, is typically much

larger than the death rate of the infected cells, d, in vivo, (Ikeda et al., 2016; Martyushev et al.,

2016; Nowak and May, 2000) a quasi-steady state (QSS) for the amount of virus can be assumed:

dVðtÞ=dt¼ 0. Then IðtÞ ¼ cVðtÞ=p is derived by solving Equation 3. Substituting this into Equation 2,

we obtain

dVðtÞ

dt
¼
pb

c
TðtÞVðtÞ� dVðtÞ: (4)

Further, we define the ratio between the number of uninfected target cells at time t and the num-

ber of uninfected target cells at time 0: f ðtÞ ¼ TðtÞ=Tð0Þ. The original three-dimensional system

(Equation 1-3) is reduced to the following two-dimensional system:

df ðtÞ

dt
¼�bf ðtÞVðtÞ; (5)
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dVðtÞ

dt
¼ gf ðtÞVðtÞ� dVðtÞ; (6)

where g¼ pbTð0Þ=c corresponds to the maximum viral replication rate. Note that f ðtÞ is a monotoni-

cally decreasing function.

‘Eclipse phase’ model

A model considering an eclipse phase of infection, which slows viral growth, has been used to

describe the virus dynamics of SARS-CoV-2 and other viruses (Baccam et al., 2006;

Gonçalves et al., 2020). This model is driven by the following system of differential equations:

dfTðtÞ

dt
¼�bfTðtÞVðtÞ;

dfIðtÞ

dt
¼ bfTðtÞVðtÞ� kfIðtÞ;

dVðtÞ

dt
¼ gfIðtÞ� dVðtÞ;

where fT tð Þ is the ratio of uninfected cells at time t to those at time 0, fI tð Þ is the ratio of infected cells

in the eclipse phase and to the uninfected cells at time 0, and V tð Þ is the concentration of virus (cop-

ies/mL). 1=k is the mean length of the eclipse phase. To decrease the number of parameters to be

estimated, parameters fI 0ð Þ and k were fixed at 0.1 and 3.0, respectively, as previously estimated for

SARS-CoV-2 (Gonçalves et al., 2020).

‘Innate immune response’ model

A model considering an innate immune response (e.g., interferons [IFNs]) was used in previous influ-

enza studies (Baccam et al., 2006). The model is regulated by the following system of differential

equations:

df ðtÞ

dt
¼�

1

1þhFðtÞ
bf ðtÞVðtÞ;

dVðtÞ

dt
¼

1

1þhFðtÞ
gf ðtÞVðtÞ� dVðtÞ;

dFðtÞ

dt
¼ sVðtÞ�aFðtÞ;

where f ðtÞ is the ratio of uninfected cells at time t to those at time 0, VðtÞ is the concentration of virus

(copies/mL), and FðtÞ is the concentration of IFNs produced from infected cells. 1=h means the con-

centration of INFs that produces a half-maximum rate constant for viral replication. s and a are the

rate constant which is proportional to secretion of INFs from infected cells and the rate of removal

of IFNs, respectively. Parameters h, s, and a were assumed to decrease the number of free parame-

ters and guarantee convergence.

Parameter estimation with the nonlinear mixed-effect model

A nonlinear mixed-effect model was used to fit the model to the longitudinal viral load data. A

mixed model was used (Best et al., 2017; Gonçalves et al., 2020) because it can capture the het-

erogeneity in viral dynamics. Both a fixed effect (same among individuals) and a random effect (dif-

ferent between individuals) in each parameter are considered. Specifically, the parameter for patient

k, #kð¼ #� epk Þ is a product of # (a fixed effect) and epk (a random effect), where pk follows the nor-

mal distribution: Nð0;WÞ. Fixed effects and random effects were estimated using the stochastic

approximation Expectation/Maximization (SAEM) algorithm and empirical Bayes method, respec-

tively. To account for the left-censoring problem (i.e., when the viral load is under the detection limit,

or tests negative), the likelihood function was developed using a left-truncated Gaussian distribution

assuming such data are in the censoring interval (0 to the detection limit) (Samson et al., 2006).

Finally, we fit the normal distribution (Nð0;sÞ) to the residuals (i.e., difference between true viral load
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and measured viral load) to quantify the measurement error used in the subsequent simulation. Fit-

ting was performed on MONOLIX 2019R2 (http://www.lixoft.com) (Traynard et al., 2020).

Simulation of viral dynamics
We randomly resampled the parameter set (i.e., b, g, d, and Vð0Þ) from the estimated distribution

and ran the model. We assumed viral load obtained by running the model over time, VðtÞ, is true (or

expected) viral load. However, the viral load quantified by the PCR test is influenced by a measure-

ment error. Thus, we added the measurement error to the true viral load and obtained measured

viral load, bVðtÞ: bVðtÞ ¼ VðtÞ þ "; "~Nð0;sÞ: The variance of the error, s2, was estimated in the fitting

process (see the previous section). We assumed the error is independent and identically distributed

(i.e., the errors are not correlated among patients or among multiple measurements from the same

patients).

Probability of prematurely ending isolation and the length of
prolonged isolation for the personalized approach
Although the interval of tests and the consecutive negative results necessary to end isolation can

vary, for the purpose of illustration in the following explanation, we assumed that the tests were per-

formed every day and that two consecutive negative results were necessary.

By running the model with parameter sets resampled from the estimated distributions, we obtain

true viral load, VðtÞ (thick black lines in Figure 6), and measured viral load, bVðtÞ (gray dots in Fig-

ure 6) over time since symptom onset for 1000 ‘virtual patients’. Negative results correspond to the

measured viral load below an infectiousness threshold value (gray dots circled in blue in Figure 6).

We denoted the timing of the second negative results as si and the day when the true viral load

drops below the infectiousness threshold value as si for patient i.

Then, we computed the probability that true viral load is above the detection limit when the sec-

ond consecutive negative result is obtained:

p¼
X1000

i¼1

IðViðsiÞ > infectiousness thresholdvalueÞ=1000

where I is the identity function. In the upper panel in Figure 6, the true viral load is below the detec-

tion limit when the second consecutive negative result is observed. The length of unnecessarily pro-

longed isolation for patient i was defined as the difference between the time of ending isolation, si;

and the time that the true viral load drops below the infectiousness threshold value, ŝi: si � ŝi. The

95% confidence intervals (CIs) of the probability of prematurely ending isolation, p, was computed

assuming a binominal distribution: p� 1:96
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð1� pÞ=1000

p
.
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